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Metallofullerenes as potential candidates for the explanation
of astrophysical phenomena

This work discusses the potential relevance of metallofullerenes,
either exohedral or endohedral, along with unexplained data
or poorly explained astrophysical phenomena, in light of
recent advances from both laboratory infrared spectroscopy
experiments and quantum chemistry calculations on
metallofullerenes from the authors. In particular, the impact
of metallofullerenes on understanding the carriers of
unidentified infrared emission bands and diffuse interstellar
bands was highlighted. This work is expected to gain great
attention in the JWST era.
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Detection of complex organic species in space has been one of the biggest challenges of the
astrophysical community since the beginning of space exploration, with Cgo-fullerene representing one
of the largest molecules so far detected. The presence of small metal-containing organic molecules, like
MgNC or CaCN, in space, promoted the idea that Cgo may also interact with metals and form
metallofullerenes based on the fact that in certain circumstellar and interstellar environments, the
ingredients for the formation of metallofullerenes, i.e., metal and fullerenes, are abundant. In this
perspective, we summarized the current effort to explore the presence of metallofullerenes in space,
which started soon after the discovery of fullerenes about 40 years ago. Several implications of astro-
physical phenomena were briefly discussed and shown to be addressable as the possible consequence
of metallofullerenes’ presence. We highlighted the spectral fingerprints that might be followed to
achieve the future detection of cosmic metallofullerenes from a combined effort of laboratory and
quantum chemical calculations. These results are expected to gain great importance with the James
Webb Space Telescope (JWST), whose capability of unprecedented high sensitivity and high spectral
resolution in the far- to mid-infrared range could aid the unequivocal detection of metallofullerenes
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1. Introduction

One of the biggest challenges for astrophysics is to detect
complex organic species in space. To date, about 300 mole-
cules, composed of different chemical elements, have been
detected in a variety of cosmic environments: interstellar/
circumstellar medium, protoplanetary disks, and exoplanets,
among others."”” The majority of these molecules are carbon-
based species, which have been observed in circumstellar and
interstellar media.”* Fullerenes, including Cgg, Cso, and Ce,",
are the largest carbon-based molecules detected so far in
space, for example in hydrogen-rich circumstellar/interstellar
environments.>"® The presence of Cq, is deduced from its four
infrared emission bands at 7.0, 8.5, 17.4, and 18.9 um by Cami
et al. in 2010,> which raises a new era for cosmic fullerene
chemistry. Fullerene-based molecules have been highlighted as
potential candidates to explain several astrophysical phenom-
ena, for instance, the unidentified infrared emission (UIE)
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bands, the UV-bump or the diffuse interstellar bands (DIBs)."”*
Both UIE bands and DIBs include multiple spectral signals that
have not yet been assigned to any molecular species,”'® driving
the effort to search for new candidates.

Interestingly, metal-containing organic molecules (with
metals such as Mg, Na, Al, K, Fe, and Ca) have been detected
in the circumstellar environments of evolved stars, where Cgq
has also been confirmed to exist."*™"? Undeniable examples of
these metal-organic molecules include MgNC, NaCN, CaNC,
etc., implying that organic species and metals can coexist in the
circumstellar environment and form more complex metal-
organic species.”'*'> In addition, the circumstellar medium
of evolved stars is rich in terms of metal abundances,'®"’
making it plausible that in a medium which is rich in both
fullerenes and metals, metallofullerenes can also form
and exist.

In fact, metallofullerenes have already been employed to
explain several astrophysical observations, but mainly specula-
tively until recently.”®'® In this perspective, we focus on the
current efforts to understand the relevance of metallofullerenes
as astrophysical species. The comparison of the infrared emis-
sion spectra from astrophysical objects against laboratory
measurements and theoretical simulations is overviewed
towards the future detection of cosmic metallofullerenes, and
their infrared spectral fingerprints are highlighted as important
signatures to confirm or refute their presence. The astrophysical
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implications of metallofullerenes are discussed, permitting their
potential significance in the James Webb Space Telescope

(JWST) era.

2. Early intends of metallofullerenes
search

Already after the discovery by Kroto, Smalley, Curl, and coworkers
in 1985, the remarkable thermal and radiative stability of Cgq-
fullerene led Kroto to speculate that fullerene derivatives could be
present as potential complex species in space.”" Later on, experi-
mental evidence of endohedral and exohedral metallofullerenes
showed the propensity of alkaline and alkaline earth metals to
complex with fullerenes.”>>* These findings motivated the pre-
diction of electronic transition energies of metallofulerenes, either
exohedral or endohedral, through a first order approximation.
Based on an electron hopping model (see Fig. 1), Kroto and Jura
described the charge-transfer (CT) mechanism of the metalloful-
lerene taking place during photoprocessing.”® Accordingly, the
charge transfer would produce specific electronic bands in the
ultraviolet spectral regime for metals such as Na, K, Ca, and Al,
while manifesting in the mid-infrared spectral region for metals
like Fe. This prediction assumes that the CT transitions of
metallofullerenes solely depend on the ionization potentials of
Ceo and metals and neglects the effect of the exact geometries.
Hence, these CT bands are virtually the same for both exohedral
and endohedral metallofullerenes according to the assumption.
Although the assumption is vague and thus the estimated band
positions are not accurate, they are still meaningful for providing
a first model for the possible track of their electronic transitions
in space as experimentally measuring these transitions is of
significant challenge.” Nonetheless, Kroto and Jura are among
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Fig. 1 Schematic of the electron hopping assumption by Kroto and Jura
to describe the electronic transition of a metallofullerene following a first
order approximation. Note that here we employ endohedral metallofuller-
enes for demonstration purpose. Different colours denote the charged
and neutral states of the carbon cage and metal, respectively. The red
square highlights the values of the CT transition energies in wavelength
(ref. 25).

the first to speculate about metal-containing species in space,
beyond those already known at that time, e.g. MgS or (Mg,Fe),SiO,
(olivine), among other minerals.**>

However, the above-mentioned speculations by Kroto and
Jura are not seriously considered until 2010, when Cgo and Cy,
fullerenes were confirmed in circumstellar and interstellar
environments.® The detection of fullerenes has been achieved
mostly in cosmic objects rich in hydrogen, such as planetary
nebulae, R Coronea Borealis stars, protoplanetary nebulae,
and in the interstellar medium or even in oxygen-rich
environments.**3373% Thereafter, the interest in metallofuller-
enes reemerges because both metals and fullerenes are abun-
dant enough to possibly form new metal-organic species.

3. Metallofullerenes in the laboratory

One of the most intriguing astrophysical puzzles is the enrich-
ment of carbonaceous dust with other elements because the
dust is ejected into the interstellar medium, affecting the
interstellar chemistry and subsequent stellar evolution.***”
Experimental investigation showed that endohedral metallo-
fullerenes might be relevant to the evolution of carbon dust in
the interstellar medium. Dunk et al.*® experimentally explored
carbon condensation, one possible mechanism of fullerene
formation,*>*° and the interaction with Na under highly ener-
getic conditions. They found that for a metallofullerene, like
Na@Ceo, to be astrochemically viable, the endohedral metal
atom must be an element that could readily incorporate into
the fullerene cage. Furthermore, they also explored the for-
mation of metallofullerenes under astrochemically relevant
conditions with oxygen and hydrogen-rich environments in
the experiment.

The experimental procedure includes ablating a Na-doped
carbon rod to produce plasma in a He flow and the nucleation
of the Na atom inside the carbon cage to form a metallofuller-
ene. An entire family of endohedral metallofullerenes has been
obtained using this approach, with Na@Cs, being the most
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Fig. 2 Mass spectrometry of clusters formed during Na-doped carbon
condensation. The Na@Cgg signal is clearly resolved from Cg,. The inset
shows the relative abundances of Na@C,, species. Figure reprinted with
permission from ref. 38. Copyright 2013 National Academy of Sciences.

abundant among Na@C,,, clusters (Fig. 2). In fact, the distribu-
tion of Na@C,,, clusters shown in Fig. 2 indicates that similarity
may exist in the formation mechanism of metallofullerenes,
which has been considered as a metal-containing carbon
nucleation process.’>*® The formation of Cg, during carbon
nucleation kinetically hinders the production of other fuller-
enes, making it predominant with respect to smaller and larger
fullerenes. The inset in Fig. 2 shows a similar trend with a
predominant abundance of Na@Cg, over other Na@C,, clusters,
implying the structural resemblance between Cg, and Na@Csg.
Also in Fig. 2, it can be seen that the abundance of Na@Cse, is
lower than the empty carbon cages (e.g. Co, Ceo, and Csg).
Relative abundance of Na@Cg, decreases when flows of H and
O are added to simulate the hydrogen and oxygen-rich circum-
stellar/interstellar environments, showing that in cosmic envir-
onments, it could be possible to form metallofullerenes.*®
Endohedral metallofullerenes could also be obtained using
an electric arc plasma discharge technique of a metal-doped
graphite, which might be slightly less harsh compared to

Li Be
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laser ablation.*" Using this technique, Dunk et al. produced a
series of endohedral metallofullerenes (M@C,,) with different
metals, including alkaline metals, alkaline earth metals, and
transition metals (Fig. 3). A striking trend has been observed
regarding the abundance distribution of M@C,,, which
depends on the charge and chemical nature of the metals, as
well as the fullerene size. They found that charge transfer
(metal to carbon cage) and ionic radii are the main factors
driving the formation of M@C,,,. Such a finding is somewhat in
accordance with the earlier proposal by Kroto and Jura that
the charge transfer is important to understand the cosmic
relevance of metallofullerenes.

Fig. 3 shows that not all metal elements could form endo-
hedral metallofullerenes using the electric arc plasma dis-
charge technique, for example, endohedral metallofullerenes
have not been found for several cosmically abundant elements,
such as Li, Mg, and Fe. However, other techniques, for instance,
the ion implantation technique followed by light oxidation and
stabilization with the corresponding counterion may be utilized
to produce endohedral fullerenes for those metals not obtain-
able by using the electric arc plasma discharge technique.®*™*
In this synthetic approach, metallofullerenes are accompanied
by a counterion to stabilize the charge balance, and it is useful
to provide laboratory samples for the spectral analysis of these
species, although this formation route seems clearly not possi-
ble under the astrophysical conditions.*®

In order to estimate the abundance of fullerenes or metallo-
fullerenes in cosmic environments, it is essential to obtain the
laboratory spectroscopic property, for instance in the infrared
spectra, to compare with astronomical observations. Estimation
of the abundance involves the information about the molar extinc-
tion coefficient (¢) and the integrated molar absorptivity () of the
infrared bands.***® In this sense, Garcia-Hernandez et al.** studied
the mid- and far-infrared property of highly purified [Li@Cgo] PFs
salt and obtained the ¢ and i values. They found that
[Li@Cgo] PFs~ can emit in a similar mid-infrared spectral region
as Cg, even with several overlapping infrared bands (Table 1).

Furthermore, far-infrared spectra demonstrate the dynamics
of the lithium atom inside the carbon cage of [Li@Cso]’, and
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Fig. 3 Specific elements for which endohedral metallofullerenes are synthesized using the electric arc plasma discharge technique. Metallofullerenes
are obtained only for the chemical elements filled in light blue, while the opposite occurs for those in gray. Extracted from ref. 41.
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Table 1 Molar extinction coefficient (¢) and integrated molar absorptivity (/) of [Li@CeolPFg vs. Cgo. Extracted from ref. 42

Wavenumber (cm™') Wavelength? (um) [Li@Ceo]PFs (¢) (L mol ' ecm™") Cyp (¢) (L mol " em ™) [Li@Cgo]PFs () (km mol ") Cgo (1) (km mol )

1421 7.04 106
1180 8.47 145
960 10.42 53
837 11.95 1103
578 17.30 166
560 17.86 393
554 18.05 216
530 18.87 428

¢ Astrophysical community uses the wavelength notation.

two far-infrared bands at 152 and 164 cm ™ are assigned to the
movement of lithium inside the Cq, cage, with the aid of
theoretical calculations.*® It is worthwhile to note that the band
at 76 cm™ " is accompanied by a weak shoulder at 64 cm™ " that
is provoked by the interaction between [Li@Cso]" and its counter-
ion PFy .*>*° These studies suggested that endohedral metallo-
fullerenes are likely to be more easily detected in the far-infrared
regime of cosmic objects because Cg lacks far-infrared bands,
eliminating the potential band overlapping (Fig. 4).*°

In addition, Garcia-Hernandez et al. also studied the thermal
effect on the infrared fingerprint of [Li@Cg,]'PFs~ because
Ceo-fullerene has been detected under different thermal condi-
tions of the cosmic environments in space.’**** They found that

63 10.8 10.4
61 8.1 9.4
2.0
234.8
101 3.7 16.2
9.2
23.3
234 24.2 30.2

the infrared bands of fullerenes shift as a function of tempera-
ture,”® suggesting that endohedral metallofullerenes might have
similar behavior. The derived set of semiemperical equations for
predicting the temperature-dependent frequencies of the infrared
bands of [Li@Cs] PFs  is summarized as mentioned below. It is
found that the bands coincident between Cqo and [Li@Cgo] PFs
(Table 1) almost fulfill the same equations.

vy = —0.0176T + 1426.6

v3 = —0.0087T + 1182.1

v, = —0.0059T + 579.6

[LI@C4,]PF, in Csl at +250 °C

[Li@CeglPF, in Csl at +150 °C

I T 1T 1T ] 1T T 7T I

T T T T T T I T T T T
[Li@Eeo]PF6 in Csl at +75 °C

L —

N |
[Li@Cg]PF¢ in Csl at 50 °C long vacuum

NN

T ] T T T T I

T T T T T T I T T T T
[Li@E4,]PF, in CJI at 20 °C

I ——

N |
[Li@C,]PF in Csl at 180 °

L
1 1 1
LI

A
-

1400 1300 1200

1100 1000

900 800 700 600 500
Wavenumber (cm™)

Fig. 4 Mid-infrared spectra of [Li@CgolPFe recorded at different temperatures. The range of temperature is denoted in each graphic. Figure digitized

from ref. 42.
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In general, the increment of the temperature provokes a down-
shift of the mid-infrared bands, although the band at 530 cm™*
for both Cgo and [Li@Cso] PFs~ is thermally insensitive. This
interesting work also implies that endohedral metallofuller-
enes preserve a similar high thermal stability as Cg, allowing
them to survive the highly energetic conditions of cosmic
environments.

Recently, Hou et al. have developed a state-of-the-art experi-
mental protocol to synthesize and measure the laboratory
infrared spectroscopy of gas-phase fullerene-metal complexes,
more specifically the singly charged exohedral metallofuller-
enes, via dual laser ablation and messenger-tagged infrared
multiple photon dissociation (IRMPD) spectroscopy.'®*'™>?
Fig. 5 presents the mass distributions of the synthesized
CeoFe’ complexes and the laboratory IRMPD spectrum of
Ar-tagged CeoFe', as well as the simulated infrared spectrum
of CeoFe' obtained from quantum chemical calculations. It can
be seen from Fig. 5b that apart from the four main features that
coincide with the neutral C¢, bands, as indicated by the vertical
red dotted lines, many more vibrational bands appear.
A comparison of Fig. 5¢c and b shows that the theoretical
calculations can reproduce essentially all observed infrared
features, except that certain band intensities show a slight
discrepancy. This is common when comparing the intensity
from quantum chemical calculations with IRMPD experiments
due to the multiple-photon excitation effect,'®'** and similar
results have been obtained for CgqRh*, C¢V' and its water
absorbed complexes.'®>'**> These findings lend confidence
that quantum chemical calculations can reliably predict the
infrared spectra of Cg, complexes with cosmically abundant
metals, such as Li, Na, K, Mg, Ca, and Al® Theoretical calcula-
tions show that all these exohedral metallofullerenes have
similar infrared spectral patterns as that of Cg,Fe' (see Fig. A3
in ref. 19). Detailed vibrational analysis suggests that most of
the infrared features come from the motions of the Cg4, cage,
perturbed by the attaching metal atoms. Hence, they concluded
that the laboratory spectrum of Cg,Fe' can be considered as a
model for various cationic exohedral metallofullerenes to inves-
tigate the potential spectral impact of the presence of exohedral
metallofullerenes in space.

They further compared the laboratory infrared spectrum of
the CqoFe' complex with the Spitzer infrared spectra of several
fullerene-rich planetary nebulae (PNe), and found a strong
positive linear cross-correlation. Interestingly, they found that the
co-existence of different exohedral fullerene-metal complexes in
the same object could slightly modify the band positions and
intensities, which may explain the shoulders and asymmetric band
profiles observed in the 17-20 um region (see in Fig. 6), and
regulate the ratios of the four Cqy bands by the varied spectral
intensities for different metals, thus potentially resolving the long-
standing issue of the wide-spread observational intensity ratios of
the four Cg bands.**”” In addition, they found that the infrared
spectra of fullerene-metal complexes may also explain several other
yet unidentified features.'*"®

Fig. 6 shows the temperature and abundance required for
each species to replicate the observed emission spectra of the
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Fig. 5 Laboratory synthesis and infrared spectroscopy of CgoFe™. (a) Mass
distributions of CgoFe* and its Ar-tagged complexes synthesized using a
dual-laser ablation source, with (red) and without (black) the infrared
irradiation at 515 cm™%. (b) IRMPD spectrum of Ar-tagged CgoFe®. The
four neutral Cgo bands are indicated using vertical red dotted lines. (c)
Theoretically simulated spectrum of CgoFe™ at the BPW91/6-31G(d) level
(red curve) with its calculated structure shown as the inset. The calculated
intensities are plotted with sticks and convolved using Lorentzian line
shapes of 6 cm™ full width at half maximum. The convolved spectrum is
enlarged by a factor of four between 650 and 1150 cm™ (black curve).
Figure reprinted with permission of ref. 19. Copyright 2023 American
Astronomical Society.

four fullerene-rich PNe, based on thermal emission models that
treat the fullerene-metal complexes as a microcanonical
ensemble. They found that about 2.6-7.7x 10~ ° solar mass
(M) of pure Cgo is required to reproduce the four main
emission bands. While for CgoFe®, about 0.69-2.1 x 1077 Mg
of CgoFe' or 1.9-6.1% of the available carbon with excitation
temperatures above 400 K can give an equally good fit, in
addition to the fact that they could also account for some
additional emission features. Since both Cg, and CgoFe have
low ionization potentials, their ionized form could be favored,
although it would be challenging to accurately estimate the
fractions considering the complicated charge balance, invol-
ving competition among ionization, electron attachment, and
recombination events as well as the lack of parameters asso-
ciated with those processes.

Based on the high cross-correlation coefficients and good
fits of the thermal emission model, Hou et al.® proposed that

This journal is © the Owner Societies 2024
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Fig. 6 Comparison between the Spitzer infrared spectra of four fullerene-rich PNe (black) and the thermal emission model for Cgq (red) and CgoFe*
(blue). (a) Tc 1, (b) LMC 56, (c) SMC 16, and (d) Lin49. The excitation temperatures and mass derived from the thermal emission models based on a
microcanonical ensemble are indicated at the left in each panel. (e) Laboratory infrared spectrum of CgoFe™. (f) Summed theoretical spectrum of cationic
exohedral fullerene—metal complexes. The blue and gray dashed lines indicate the four observational or calculated Cgo bands, and strong atomic
emission lines, respectively. Figure reprinted with permission of ref. 19. Copyright 2023 American Astronomical Society.

gaseous ionized fullerene-metal complexes are potentially pro-
mising candidates for explaining the infrared emission spectra
of the fullerene-rich PNe in addition to neutral Cg, opening the
door for a real consideration of Kroto’s hypothesis over 30 years
ago. Moreover, they found that the complexation of metals with
fullerenes could lead to a far richer spectrum in the visible and
near-infrared spectral range than fullerenes themselves, due
to the charge transfer from the metal to the carbon cage,
making them potential candidates for diffuse interstellar bands
(DIBs).” The recent findings performed by Campbell et al.,**°"
about the synthesis of Cg," ions tagged with helium and its UV-
visible spectrum measurement, show experimental possibility
that would support the speculations by Hou et al.’® about the
charge transfer process of metallofullerenes and their contribu-
tion to the visible regime. Metals are widely known to be active
catalysts for the synthetic production of various carbon nanos-
tructures, including carbon cages under oxygen- and hydrogen-
rich conditions as found by Dunk et al*®*" Then, one may
speculate from the study of Hou et al'® that metal atoms

This journal is © the Owner Societies 2024

and their ions might also play a catalytic role in fullerene
formation in space, as metallofullerenes, if present, could be
considered as byproducts of this catalytic process. Further
consideration of the role of metals in cosmic chemical trans-
formations could lead to a breakthrough in our understanding
of cosmic carbon chemistry. Seemingly, the challenges in
detecting metallofullerenes are quite similar to those once
faced by Cqgp .

Besides infrared emission, near-infrared and UV-visible were
essential in order to unequivocally assign Cg," as one of the
carriers of more than 600 DIBs observed by astronomers. In this
sense, the recently reported electronic transitions in endohedral
fullerenes, like He@Cgo', H,O0@Ceo" and D,0@Cs,', using labora-
tory techniques for their synthesis and spectra measurement,
exemplify the strong efforts performed in order to understand
the astrophysical observations through the comparison with labora-
tory data.®”® Such efforts could also improve the search of
metallofullerenes, which present structural resemblances with
these species. Thus, carrying out similar laboratory studies will
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move forward to the final detection of metallofullerenes under the
astrophysical conditions.

4. Metallofullerenes by quantum
chemical calculations

Undoubtedly, the detection of fullerene species (Cg) in diverse
cosmic environments has raised the possibility that fullerene
derivatives, for instance metallofullerenes, might be ubiquitous
in space,®®* as discussed already above. The possible detection
of a molecular species in space requires at least laboratory data
that can match with astronomical observations. However, such
laboratory efforts have proven to be tremendously challenging,
as exemplified by verifying Cg," as a carrier of DIBs.” In this
regard, quantum chemical calculations, to some extent, provide
a realistic approach to predict both the physical and chemical
properties of fullerenes and their derivatives, in particular
when there is no laboratory work available. The calculations
can be employed to compare and potentially explain certain
astrophysical observations. Furthermore, quantum chemical
calculations can be combined with astrophysical modelling of
the circumstellar/interstellar medium, in order to include more
realistic thermal and radiative processes occurring in space.
As a result, a more accurate prediction of the species’ abun-
dances in space can be achieved, thus, their implications on the
infrared spectra can be accounted.

4.1. Metallofullerenes and the Cg, 17.4/18.9 pm band ratio
problem

The Cgo 17.4/18.9 um or 578/530 cm ™ * band ratio problem is an
anomaly noted in several previous publications.>®>” Typically,
the Cgo 17.4/18.9 pm band ratio displays values between 0.41
and 0.79 according to both experimental and theoretical
data.®>®® However, Brieva et al. found that in fullerene-rich
planetary nebulae, this ratio can reach a value of 1.2, which
cannot be explained either by the thermal excitation model or
by the fluorescence mechanism.>® Alternatively, they proposed
that if other species that can emit at the same wavelengths as
Ceo and contribute to the observational band intensity, then the
problem may be resolved.

Recently, Barzaga et al. have carried out quantum chemical
calculations on twenty-eight charged and neutral endo- and
exohedral metallofullerenes, aming to understand the infrared
emission spectra of these species.'® They found that both
endohedral and exohedral metallofullerenes, either neutral or
charged, could (i) significantly contribute to the four infrared
bands normally attributed to neutral Ce, in fullerene-rich
planetary nebulae and (ii) offer an explanation for the Cg,
17.4/18.9 pm band ratio problem, similar to the proposal of
Hou et al.*® They noted from quantum chemical calculations
that different metallofullerenes have infrared bands close or
similar to neutral Cg, (see Fig. 1-4 in ref. 18), and metalloful-
lerenes may affect the 17.4/18.9 pm band ratio, especially the
neutral ones. Neutral endo(exo)hedral metallofullerenes ([M@Ceo]
and [M-Ce]) produce an inversion of the 17.4/18.9 pm band ratio,
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Fig. 7 Infrared spectra of metallofullerenes obtained from the combi-
nation of all the species. (a) Total spectrum obtained purely from quantum
chemical calculations. (b) Total weighted spectra from quantum chemical
simulations under the assumption of astrophysical conditions. The inset
shows the dependence on the effective temperature of the central star in
the planetary nebulae, against the infrared intensity of the weighted
spectra. Figure reprinted with permission of ref. 18. Copyright 2023
American Astronomical Society.

with values for exo- and endo-hedral metallofullerenes of 1.89 and
2.55, respectively.

However, Barzaga et al'® demonstrated that quantum
chemical calculations may bias the prediction of the 17.4/
18.9 um band ratio. Under the assumption of astrophysical
metal abundances,'®'” ionization processes, and possible for-
mation reactions of metallofullerenes, they constructed the
infrared spectra that may describe more accurately the effect
of cosmic environments (Fig. 7). Accordingly, the interpretation
of the simulated and pure quantum-chemical spectra is dras-
tically different in terms of infrared intensities. Consequently,
the 17.4/18.9 pm band ratio shown in Fig. 7b exhibits a value
of 1.03.

The infrared intensities depend significantly on the level of
metal ion production and metal abundances in each cosmic
environment, for example planetary nebulae and R Coronae
Borealis stars.>?*?* The trend shown in Fig. 7 shows that
neutral metallofullerenes have higher contribution to the infra-
red spectra (gray shaded area) due to the larger abundances of
metals, against ions, in these environments. In general, the
simulated spectra suggest that metal abundance is more rele-
vant than other properties of the cosmic environments.

The astrophysical objects herein are planetary nebulae
and R Coronae Borealis stars, which are fullerene-rich
objects consisting of a central star surrounded by a dust ring
(envelope).®”®® The central star’s temperature or effective tem-
perature (T.g) can vary according to the astrophysical object,
ranging from ~30000 to 50000 K for fulleren-rich planetary
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nebulae®® and around 19500 K for the hottest R Coronae
Borealis star.” An inset in Fig. 7 displays the negligible change
in the infrared intensity as the temperature increases on the
central star of the planetary nebulae, which is likely due to the
large metal abundances of Fe and Mg. These two metals
present abundances below oxygen, which is a more abundant
element, but in only one order of magnitude according to
nucleosynthesis model predictions performed by Karakas
et al"” (mass fraction O ~ 107% Fe and Mg ~ 10~ *). Thus,
despite that the formation of metallofullerenes could be lim-
ited by the presence of oxygen, Fe and Mg should be the ones
which react more with Cgy. In fact, the above mentioned
experiments performed by Drunk et al. about the formation
of endofullerenes in oxygen and hydrogen-rich environments
indicate that even under such conditions, metalloendofuller-
enes can form.*® The concept of employing quantum-chemical
calculations and astrophysical quantities to simulate the infra-
red spectra is further extended by Barzaga et al'® using an
ionization probability of neutral metallofullerenes combining
with a modification of the coefficients in the following
chemical reactions:

M + Cgp — a[M@Cso] Or H[M-Cg]

M" + Cgp = a[M@Cqgo]" or H[M-Cqgq]"

M@Cyy] 2 M@Cq*

hv
[M_Coo] I [M_Cso}+

where the coefficients @ and b in the first two chemical reac-
tions manipulate the endo- to exo-hedral metallofullerene
concentration, while the above photoionization reactions affect
the overall production of charged metallofullerenes at the
expense of the neutral ones. As a result, different correlation
curves are obtained using the 17.4/18.9 pm band ratio as
a function of the ionization level of neutral metallofullerenes
(see Fig. 8).

The result of Barzaga et al.'® lies in the good agreement
between the curves in Fig. 8 and the observed 17.4/18.9 um
band ratios in different cosmic environments. The predicted
values for the planetary nebulae range from ~ 0.7 to 1.2, which
agree reasonably well with those reported for galactic and
extragalactic fullerene-rich planetary nebulae ranging from
~0.2 to 1.2.**°° In contrast, the match is quite exceptional
for planetary nebulae of the Large Magellanic Cloud (LMC), for
which 17.4/18.9 pm band ratios have been reported in ranging
from ~0.7 to 1.2** (see LMC48 and LMC99 in Fig. 8).

Interestingly, the consistency of the quantum-chemical-
simulation approach is proved by the explanation of the strik-
ing 17.4/18.9 nm band ratio observed for R Coronae Borealis
stars, for which the values reported are ~1.4 and 2.3 for DYCen
and V845Cen, respectively.”'® The predicted values for these
two astrophysical objects vary from ~1.1 to 2.0, which agree
very well for DYCen observation, although for V845Cen, these
values deviate with respect to the observation (see Fig. 8).
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Fig. 8 The 17.4/18.9 um band ratio as a function of the ionization level of
neutral metallofullerenes. Colour is used to identify each curve corres-
ponding to different cosmic environments, which have been sorted
according to the effective temperature: Planetary nebulae — PNe (red),
Cold R Coronae Borealis — RCB star (blue) and Hot R Coronae Borealis —
RCB star (green). In addition, symbols on the curves denote the concen-
tration of the different exo-/endo-hedral metallofullerenes. The horizontal
dashed lines indicate the 17.4/18.9 pm band ratio observed in two
fullerene-rich PNe (LMC48, LMC99%) and two RCB stars (DYCen,’
V845Cen’®). Figure reprinted with permission of ref. 18. Copyright 2023
American Astronomical Society.

Nevertheless, the deviation in the case of V845Cen is attributed
to an important contribution of carbon aromatic species in this
object.> The combined method of quantum-chemical calcula-
tions and astrophysical quantities by Barzaga et al.*® provides
an explanation for the fundamental problem of the large range
of 17.4-18.9 um band ratios observed in different fullerene-rich
astrophysical objects. Furthermore, Barzaga et al. demonstrate
that using the predicted 17.4/18.9 um band ratios is able to
reproduce, at least, this region on the emission spectra of some
R Coronae Borealis stars (see Fig. 9).”°

4.2. Reliable scaling factors

The quantum-chemical modelling of metallofullerenes in cos-
mic environments requires an accurate comparison of labora-
tory and observational infrared spectra. Nevertheless, infrared
frequencies obtained from quantum chemical calculations may
deviate from the laboratory data, and the deviation may depend
on the quantum-chemical methods, in particular for density
functional theory based calculations. To possibly tackle this
problem, scaling factors could be developed to make the
calculated harmonic frequencies closely resemble the labora-
tory data. In this regard, Xu et al. recently compiled a VibFul-
lerene database that includes all the so far experimentally
measured infrared frequencies of fullerene-related species,
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Fig. 9 Comparison of the continuum-subtracted Spitzer Space Tele-
scope (top) and representative metallofullerenes simulated IR spectra
(bottom) for two fullerene-rich objects showing very different Ceq 17.4/
18.9 um band ratios and chemical abundances: the PN LMC 99 and the
RCB star DY Cen. The guidelines show the features of pristine Cgq at 7.09,
8.53, 17.34, and 18.91 um, according to Barzaga et al.*® The intensity has
been normalized according to the 17.4/18.9 um band ratio under the
assumption that metallofullerenes are the only emitters causing the 17.4/
18.9 um anomaly in the spectra; i.e., the more intense feature of the 17.4/
18.9 um pair has been used to establish the reference for normalization.
Figure has been reprinted with permission of ref. 70. Copyright 2023
American Astronomical Society.

including Ceg, C50, Ceo ' Ce00", CeoOH', CooH', and C,,H', with
totally 92 vibrational frequencies.”! They carried out a systema-
tic theoretical study on these species using several popular
density functional theory methods. Following a least-square
fitting procedure by minimizing the root mean square error
(RMSE), they derived a set of range-specific scaling factors for
vibrational frequencies (Table 1). They verified the reliability of
the fitted factors by comparing the scaled theoretical and
experimental infrared spectra of the CgoV' complex and found
good agreement, illustrating the usefulness of the scaling
factors in predicting the infrared property of metallofullerenes.
Accordingly, they noted that the functionals with higher
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Hartree-Fock (HF) components tend to overestimate the calcu-
lated harmonic frequencies more, necessitating smaller scaling
factors. Overall, it seems that the functionals with low-HF
components exhibit smaller RMSE and median error values,
showing slightly better performance (Table 2).

From the systematic study, they suggested that the general-
ized gradient approximations (GGAs), i.e., BP86 and BPWO1,
offer a good balance between the accuracy and computational
efficiency, providing interesting choices for simulating the
infrared spectra of fullerene-related species. To facilitate the
potential search, analysis, and interpretation of these fullerene-
related species, like metallofullerenes, in space, they summar-
ized all the scaled harmonic frequencies (see Table 4 in ref. 71).
However, the conclusive identification of specific species in
space remains challenging due to the potential coincidence of
band features from different species or their concealment
within the broad emission plateaus. Nevertheless, the work of
Xu et al. provides a useful quantum-chemical procedure to
model the band features of fullerene-related species, which
could be used, in combination with astrophysical models, to
potentially identify the presence of metallofullerenes in space.

4.3. Challenges in near-IR and UV-Vis simulations

Clearly, the detection of metallofullerenes not only relies on the
simulation of their mid-IR transition, as discussed so far, but
also on other spectral regimes like near-IR and UV-Vis, which
include electronic transitions that could be affected by some
internal chemical process like charge transfer from the metal to
Ceo cage. However, near-IR and UV-Vis simulations of endohe-
dral fullerene species have proven to be computationally
demanding and are not straightforward.”””* The description
of quantum dynamics processes between the light and the
molecules encapsulated inside the Cg, becomes one of the
initial challenges that should be tackled in order to go further
in the accurate near-IR and UV-Vis simulations. These quantum
dynamic effects have been accurately described in the
translation-rotational scheme, which combined with experi-
mental data, allowing the description of the inelastic neutron
scattering spectra of small molecules inside the Cg, carbon
cage.”” Ideally, similar quantum dynamic effects should be also
included in the description of electronic transitions, which can
improve the simulation of near-IR and UV-Vis spectra. How-
ever, these quantum dynamic effects imply the inclusion of
more states in order to describe all the processes affecting

Table 2 Scaling factors obtained for several different functionals with the 6-31G** basis set. Extracted from ref. 71

Functionals (HF%) Scaling factors RMSE Med. error Time* (s)
BP86 (GGA) 1.0212 for <700 cm™* 0.9941 for >700 cm ™" 10.2 5.3 1351
BPWO91 (GGA) 1.0165 for <700 cm™* 0.9905 for >700 cm™* 10.7 5.5 1354
TPSSh (10%) 0.9972 for <700 cm™* 0.9701 for >750 cm™* 10.1 6.3 3321
B3LYP (20%) 0.9807 for <750 cm ™" 0.9697 for >750 cm™* 11.0 5.2 3189
PBEO (25%) 0.9755 for <750 cm™* 0.9472 for >750 cm™* 9.6 6.3 3390
MO06 (27%) 0.9833 for <750 cm™* 0.9519 for >750 cm™* 10.6 7.0 4184
M06-2X (54%) 0.9631 for <1250 cm ™! 0.9485 for >1250 cm™* 16.4 8.3 3702
®B97XD 0.9635 for <750 cm™* 0.9475 for >750 cm™* 16.8 8.5 4407

% Time is evaluated by the frequency analysis of Cg, On a 52-core SE24HIJTP workstation.
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electronic transitions (e.g. spin-orbit coupling), making them
unfeasible with current computational implementation.
In contrast, the state-of-the-art time dependent DFT (TDDFT)
stands as one of the main tools to perform UV-Vis simulation,
however, its results depend on the method used to describe
the nuclei-electron interaction (exchange-correlation). Thus,
depending on the exchange—-correlation selected, the electronic
transition energies (wavelength) may vary considerably,
particularly, in those systems where charge transfer and charge
reordering affect the UV-Vis spectra as in the case of
metallofullerenes.”®’”” As for near-IR spectroscopy, simulations
in this case require a pure and full-anharmonic description of
the vibrational states beyond the fundamental transition. Using
Generalized 2nd-order vibrational perturbation theory (GVPT2),
it is possible to obtain the near-IR spectra but at the expense of
significant computational time.”® Recent methods have been
developed to overcome this limitation by using combined
quantum mechanics with molecular mechanics (QM/MM)
within GVPT2, but the current performance is limited to
~30 atoms.”® The link between near-IR and UV-Vis spectro-
scopies with the possible contribution of metallofullerenes to
the DIBs, similar as C, ", could become the future driving force
to move forward these limitations and achieve a more accurate
modelling of the spectral fingerprint of these species under the
astrophysical conditions.

5. Conclusions

We have reviewed the state-of-the-art advances towards the
detection of metallofullerenes in space, tracking different
astrophysical phenomena hinting their presence. The funda-
mental aspects of the spectral fingerpints of metallofullerenes,
particularly in the mid-infrared region, have been presented to
illustrate the uniqueness of these fullerene-related species.
Laboratory methods described in this perspective show that
metallofullerenes containing the most cosmically abundant
metals can be synthesized, establishing the ground-base for
their possible formation in space. Both experimental and
theoretical calculations suggest that metallofullerenes, if con-
firmed to exist in space, could possibly contribute to the four
features previously attributed to neutral Cg,. We showed the
implications of metallofullerenes in space in explaining the
large infrared emission band ratios of Cg, in different fullerene-
rich circumstellar envelopes and in their potential contribution
to DIBs. Furthermore, we highlight that metallofullerenes have
several features beyond the mid- and near-infrared region,
which may serve as an specific spectral region free of fullerenes
for dectecting them in circumstellar and interstellar environ-
ments. The challenge, thus, remains to pinpoint the features
associated with the presence of metallofullerenes in space,
something that could be achievable by JWST. The JWST has
unprecedented spectral resolution and sensitivity in the
4.9-28.3 pm spectral range obtained by the Mid-Infrared
Instrument (MIRI) on board, providing great opportunity for
distinguishing these species. In addition, the JWST with its
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near infrared spectrogragh (NIRSpec) operating in the 0.6-5 um
region, extends the spectral capability beyond that achieved by
its predecesor, the Spitzer telescope. It is expected that such in-
depth knowledge about the distinctive infrared signatures of
these large carbon species would undoubtedly contribute to our
understanding of the organic inventory and carbon evolution in
the universe.
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