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Gas-phase C60Hn
+q (n = 0–4, q = 0,1) Fullerenes and

Fulleranes: Spectroscopic Simulations Shed Light on
Cosmic Molecular Structures

Ricardo R. Oliveira,∗a Germán Molpeceres,∗b Ricardo Montserrat,a Felipe Fantuzzi,c Alexan-
dre B. Rochaa and Johannes Kästner.d

The discovery of C60, C +
60 , and C70 in the interstellar medium has ignited a profound interest in

the astrochemistry of fullerene and related systems. In particular, the presence of diffuse interstellar
bands and their association with C +

60 has led to the hypothesis that hydrogenated derivatives,
known as fulleranes, may also exist in the interstellar medium and contribute to these bands. In this
study, we systematically investigated the structural and spectroscopic properties of C60H

+q
n (n =

0-4, q = 0,1) using an automated global minimum search and density functional theory calculations.
Our results revealed novel global minimum structures for C60H2 and C60H4, distinct from previous
reports. Notably, all hydrogenated fullerenes exhibited lower ionization potentials and higher proton
affinities compared to C60. From an astrochemical perspective, our results exposed the challenges
in establishing definitive spectroscopic criteria for detecting fulleranes using mid-infrared and UV-Vis
spectroscopies. However, we successfully identified distinct electronic transitions in the near-infrared
range that serve as distinctive signatures of cationic fulleranes. We strongly advocate for further high-
resolution experimental studies to fully explore the potential of these transitions for the interstellar
detection of fulleranes.

1 Introduction

Today, there is a consensus that carbonaceous materials of
medium to large size (10–100 atoms) are the leading carriers
of the enigmatic spectral features known as diffuse interstellar
bands (DIBs).1–3 These bands, known since the early 1920s,4

have posed a significant puzzle to observational astronomy ever
since. In addition to the puzzling existence of these molecular
lines, we encounter further conundrums, such as the fraction
of atomic carbon confined within intricate molecular structures,
including polycyclic aromatic hydrocarbons (PAHs), graphene,
graphite, or the main family of compounds of interest in this
work, fullerenes. In fact, it is estimated that ca. 10% of the
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total interstellar carbon is locked in these classes of molecules,
as inferred from their infrared emission (see Table 12.3 in Tie-
lens 2021).5 From a physicochemical point of view, the preva-
lence of carbon-bearing molecules made up of condensed aro-
matic rings finds its origin in their resilience against photofrag-
mentation. Larger PAHs, for instance, exhibit a higher resis-
tance to photofragmentation compared to photoionization, thus
underscoring the correlation between PAH size and stability.6 In-
deed, a possible explanation for the formation of fullerenes in
space revolves around the successive photoisomerization of large
PAHs.7,8 Additionally, high-temperature condensation of PAHs
represents another mechanism implicated in the production of
fullerenes.9 These findings pose a series of requirements that
molecules must meet to be detectable within photodissociation
regions (PDRs).

The presence of buckminsterfullerene (C60) in the interstellar
medium (ISM) was inferred by detection of two distinct absorp-
tion features attributed to its ionized species (C +

60 ), at 9632
Å and 9577Å,10 in the characteristic region of DIBs. Further-
more, the detection of C60 has also been reported in planetary
nebulae.11 The ionization potential (IP) of C60 , which is 7.61
eV,12 falls below the Lyman limit of 13.6 eV. This implies that
in PDRs, the preferred form of C60 is its ionized state, C +

60 .
From a chemical point of view, C +

60 is highly reactive radical
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cation, readily engaging in reactions with both radical and neutral
species without the need for activation barriers.13–15 In PDRs, the
most abundant species is atomic hydrogen, H.1 Therefore, C +

60
is expected to experience hydrogenation in these regions. Follow-
ing a cycle of hydrogenation and ionization, subsequent additions
of H can be favored, leading to C60H+q

n species. In the gas phase,
the release of chemical energy in exothermic reactions can signif-
icantly influence the subsequent reaction pathway. In the case of
cationic carbon cages like C +

60 , addition reactions are preferred
for two main reasons. Firstly, the ionized state of the system en-
hances its reactivity propensity, as mentioned earlier. Secondly,
addition reactions contribute to the alleviation of strain energy in
the carbon cage through the formation of covalent bonds with the
added species.16

Based on the aforementioned reasons, it is anticipated that the
addition of hydrogen atoms to C60 and C +

60 plays a significant
role in interstellar chemistry. These reactions would result in the
formation of hydrogenated fullerenes of formula C60H+q

n , namely
fulleranes. These species are susceptible to astronomical detec-
tion, as demonstrated by Iglesias-Groth et al. 17 . Furthermore, the
hydrogenated fullerenes can act as reservoirs for hydrogen atoms,
similar to PAHs, contributing to the formation of H2 in interstellar
environments, as supported by previous studies.18–22 Our goal is
to investigate the main hydrogenation channels of C60H+q

n . How-
ever, exploring the chemical space of the different hydrogenation
channels is very challenging due to the exponential growth of
possible combinations, resulting from the appearance of compet-
itive hydrogenation pathways. Previous research by Zhang and
co-workers23, focused on the theoretical study of neutral C60Hn

fulleranes, especifically for even values of n up to 60 and q = 0,
and included the analysis of their infrared spectra. Additionally,
several efforts on synthesis and characterization were done fo-
cused on C60H2 and C60H4 fulleranes.24–30 Furthermore, a recent
successful and facile bottom-up synthesis of C40H10 from benzo-
corannulene, a structural isomer of coronene,31 further empha-
sizes the significance of fulleranes in the astrochemical context.

In this work, we expand on the works of Zhang and co-
workers,23 focusing on the characterization of low-lying iso-
mers of C60H+q

n for n = 0–4 and q = 0,1 using first-principles
simulations in combination with recently developed automated
conformer search engines based on the extended tight-binding
method.32 Similar methods were applied in the study of hydro-
genation of small carbon cages.33 To contribute to our ulterior
goal of proposing new C60H+q

n candidates for astronomical de-
tection, we have derived spectroscopic data in the ultraviolet
(UV) and infrared (IR) regions. These data hold the potential
to assist in future astronomical searches, including those con-
ducted with advanced instruments like the James Webb Space
Telescope (JWST). To ensure the reliability of our theoretical in-
vestigations, we have benchmarked our data against experimen-
tal results whenever available. Furthermore, we have identified
the most promising H-bearing derivatives of C60, which exhibited
significant potential in the chemical processes involved in the in-
terstellar formation of H2 from C60. The paper is organized as
follows: In Section 2 we present our computational approach to
the project. In Section 3.1 we describe the notation and the main

Table 1 Ionization potential (IP) and proton affinities (PA) for all global
minimum neutral species considered in this work obtained with B3LYP-
D3/def2-TZVP level of theory. In parenthesis, experimental values from
the literature.

Species IP (eV) PA (kJ mol−1)

C60 7.33 (7.61)a 864 (853-866)b

C60H 6.60 946
C60H2 7.03 889
C60H3 6.40 915
C60H4 6.81 -
aAs reported by Lichtenberger and co-workers12

bAs reported by McElvany and co-workers51

structures of of C60H+q
n . This is followed by Section 3.2 where

we present the main findings on the low-lying isomers of C60H+q
n ,

including their infrared spectral features. In Section 3.3 we dis-
cuss the absorption electronic spectra with special focus on the
low-energy transitions. Lastly, in Section 3.4, we synthesize our
findings and provide a comprehensive analysis of their implica-
tions within the context of interstellar chemistry.

2 Computational details
The starting geometries of C60 and C+

60 (D5d) were obtained from
the works of Schwerdtfeger et al.34 and Lykhinet al.35, respec-
tively. Then, geometry optimization and Hessian computations
were performed applying density functional theory (DFT) with
the B3LYP-D336–39 hybrid functional combined with the def2-
TZVP basis set.40 Furthermore, we conducted benchmark compu-
tations using time-dependent density functional theory (TDDFT)
with the PBE0,41,42 CAM-B3LYP43 and ωB97X-D344 hybrid func-
tionals, and revTPSS45 and r2SCAN46 within meta-generalized
gradient approximation (meta-GGA). The results are present in
the Supporting Information (SI), from which the r2SCAN func-
tional46 was selected because it was the functional that managed
to reproduce the absorption bands in the fullerene spectrum. In-
frared spectra were simulated at the B3LYP-D3/def2-TZVP level
and uncertainties on the wavenumbers are in between 10 cm−1

and 15 cm−1.47. Electronic absorption spectra (EAS) were ob-
tained at r2SCAN/def2-TZVP level, with an estimated uncertainty
around 0.3 eV and 0.6 eV for vertical transition energies.48,49 A
Lorentzian fit with full width at half maximum (FWHM) of 10
cm−1 was applied for the IR spectra simulations, while for EAS
a Gaussian function with FWHM of 15 nm was used. A scaling
factor of 0.9671 was applied50 to the IR wave numbers to take
into account the anharmonic effects.

Neutral (q = 0) and cations (q = +1) of C60Hn were ob-
tained applying the tautomerization routine for the prediction of
(de)protonation sites32,52,53 implemented in the extended tight
binding (xtb) program package through the Conformer-Rotamer
Ensemble Sampling Tool (CREST) based code.54 In this step, the
GFN2-xTB method was applied.55 To select C60H and C60H2 iso-
mers, an energy threshold of 60 kcal mol−1 was considered and
the final geometries were reoptimized using the PBEh-3c com-
posite method.56 Due to computational limitations, smaller en-
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Table 2 Dipole moment (µ) and carbon−hydrogen distances (rC–H) for
all species considered in this work obtained with B3LYP-D3/def2-TZVP
level of theory.

Species rC–H (Å) µ (Debye)

q = 0 q =+1 q = 0 q =+1

C60 - - 0.00 0.00
C60H 1.099 1.101 1.51 3.55
C60H2 1.093 1.094 2.61 3.56
C60H3 1.093 1.097 3.55 5.56
C60H4 1.093 1.093 2.77 3.71

ergy thresholds were applied for C60Hn (n = 3,4). For the C60H3

search, the lowest four energy structures from C60H2 were con-
sidered as input structures and the energy threshold was set to
30 kcal mol−1. In turn, for the the C60H4 system, the lowest
ten energy structures from C60H3 were used as input geome-
tries and the energy threshold was established between 20 and
30 kcal mol−1. All geometries selected from the CREST code
were optimized at the PBEh-3c level and further (re)optimized
at the B3LYP-D3/def2-TZVP level of theory. For the TDDFT com-
putations, the r2SCAN/def2-TZVP level was used in the B3LYP-
D3/def2-TZVP geometries. We used 300 electronic states in this
step.

The IPs were computed by the following equation:

IP =U0
mol+ −U0

mol (1)

where U0
mol and U0

mol+
are the internal energies at 0 K of the neu-

tral and cationic structures, respectively. In turn, proton affinities
(PAs) are given by:

PA = (H◦
mol +H◦

H+)−H◦
mol-H+ (2)

where H◦
mol is the standard enthalpy of the molecular (mol)

species and H◦
H+ is the proton enthalpy at 298.15 K (6.14 kJ

mol−1) taken from the literature.57 This computational approach
was previously applied in the study of polycyclic aromatic phos-
phorus heterocycles (PAPHs).58 All DFT and xtb calculations were
performed using the ORCA 5.059 and xTB 6.4 software packages,
respectively.

3 Results and discussion

3.1 Notation, molecular structures and relative enthalpies
We used a notation of the form Nz for neutrals and Nz-c for
cations. The "N" represents the number of hydrogen atoms and
the letter "z" represents the energetic (final) order (a for the first
isomer, b for the second, ...). For the cations, we added the letter
"c" indicating the charge state of the cation. In Figure 1, all low-
energy structures obtained from the automated script using the
CREST tool after optimization at the B3LYP-D3/def2-TZVP level
of theory are presented. The numbers below each structure label
are the relative enthalpies for a given molecular series, i.e., for
a specific N and charge state. A larger version of this figure can
be found in the SI (Figures S1 to S5). The relative enthalpies for
low-energy isomers can also be found in the SI (Tables S1, S2,

and S3).

It is important to note that in the mentioned tables and Figure
1 there is an additional notation, Nz+. This notation signifies
that Nz+ species was obtained using the Nz optimized geometry.
For instance, in Table S1 we indicated that 2a-c (C60H+

2 global
minimum) is identical to 2a+ (cation from 2a). On the other
hand, 2c-c is derived from the ionization of 2d (which we also
referred as 2d+). Also, ZGM stands for Zhang’s global minimum.

3.2 Structural features, properties and simulated infrared
spectra

The simulated IR spectrum of C60 is shown in Figure S6 (top left
panel). The scaling factor of 0.9671 was applied50 for a better
comparison with the experimental spectrum. A good agreement
was obtained; the four bands (A: 526 cm−1, B: 576 cm−1, C: 1182
cm−1, and D: 1428 cm−1) that represent the normal modes T1u

(IR active) were reproduced.60 Also, our results are very close
to previously reported DFT simulations.61,62 Furthermore, the IP
computed at the B3LYP-D3/def2-TZVP level is 7.33 eV (Table 1),
close to the experimental value of 7.61 eV.12 In the cationic state
(C+

60), fullerene exhibits a Jahn-Teller distortion making the iso-
mer with D5d symmetry the global minimum.35 Consequently,
due to the symmetry reduction, more normal modes are IR ac-
tive. In Figure S6 (bottom left panel), a comparison between
our result and the experimental one is presented with reasonable
agreement.63,64

The C60 theoretical PA of 864 kJ mol−1 (Table 1) is within the
range of experimental measurements (853 – 866 kJ mol−1).51

The protonation process strongly reduces the C60 symmetry and
consequently, the IR spectrum of C60H+ is more complex than
the spectra of C60 and C+

60 (Figure S6, right panels). Endohedral
protonation is unlikely to occur, as already demonstrated, i.e.,
only the exohedrally protonated isomer should be formed.62

As pointed out earlier by Palotás and co-workers,62 the C60H+

spectrum has intense bands in the range of 1150–1570 cm−1

(6.4–8.7 µm) and the main contributions are C–C stretching and
C–C–H bending modes. The intense band around 1400 cm−1

is also present in the C60 and C+
60 spectra. Furthermore, there

are two strong bands around 525 and 565 cm−1 (19.1 and 17.7
µm) that are present again in the C60 and C+

60 spectra. How-
ever, the relative intensity is weaker than that of the neutral
and stronger than that of the cation fullerene bands. The cage
(skeleton) deformation modes are present in 760 and 955 cm−1

(13.15 and 10.45 µm) but are relatively weak. The single C–H
stretching mode was not revealed experimentally, but for solid hy-
drogenated fullerenes65 this band is present around 2900 cm−1

(3.44 µm) and our (scaled) result is 2870 cm−1 (3.48 µm); see
Figure S9. This discrepancy is due to the high anharmonicity in
the hydrogen stretching region. Concerning the IR spectrum of
the neutral single hydrogenated species, C60H, in contrast to the
case of the cation, only one strong band is present above 1200
cm−1 around 1400 cm−1 (7.14 µm). In addition, the two intense
bands below 600 cm−1, centered around 585 cm−1 (17.09 µm)
and 530 cm−1 (18.86 µm), are more intense than the ones in the
cation IR spectrum. However, the C–H stretching mode exhibits
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Fig. 1 Molecular structure of all species studied in this work. The label beneath each structure represents its identification, while the number indicates
the enthalpy in kcal mol−1 relative to the corresponding global minimum energy structure. Carbon: gray. Hydrogen: white.

the same wavenumber but lower intensity, probably due to the
difference in the dipole moments from 1.51 to 3.55 D for C60H

and C60H+, respectively. The C–H distance (rC–H) was unaffected
(see Table 2) and its ionization potential of 6.60 eV (see Table 1)
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is smaller than that of C60.
There are several hydrogenation pathways to form C60H2 sys-

tems (n = 2). We found a global minimum (2a) with two
vicinal hydrogen atoms in between two six-membered rings
(naphthalene-like unit); see Figure S1 in the SI. The second iso-
mer in energy (2b) is 7.29 kcal mol−1 above 2a. The third (2c)
and forth 2d structures are high-energy isomers with relative en-
ergies of 17.6 and 19.5 kcal mol−1, respectively (Table S1). In
terms of the IR spectra in Figure 2, 2a and 2b have similar profiles
compared to C60H while 2c and 2d have more complex patterns,
especially in the region between 600 cm−1 and 1000 cm−1 where
some intense bands are present due to skeleton distortion and C–
C–H bending modes. The C–H distance value of rC–H = 1.093
Å in 2a is very close to the C60H case but the dipole moment and
IP are higher, 2.61 D (Table 2) and 7.03 eV (Table 1), respectively.
It is worth noting that the 2a isomer was not reported by Zhang
et al.23 The lowest energy isomer reported by them was 2c and
the simulated IR spectra are in reasonable agreement with ours.
The IPs for all low-energy isomers are presented in Table S9. The
mean values are very close to the IP of the global minimum struc-
tures.

The PA of C60H forming 2a-c is higher than C60 which indicate
that C60H+

2 can be formed if H+ and C60H are available. This
structure is the C60H+

2 global minimum and it is similar to that of
2a. Consequently, we can refer to 2a-c also as 2a+. Both are pre-
sented in Table S1 for all reported C60H+

2 isomers. Furthermore,
the dipole moment and distances rC–H are very close to the C60H+

values. The second isomer in energy is 2b-c (or 2b+) and is 7.52
kcal mol−1 above 2a-c. The next two isomers are 2c-c (2d+) and
2d-c (2c+) are 10.01 and 11.81 kcal mol−1 above 2a-c. Note that
in Table S1 the energy differences between the cations are smaller
than the neutral ones.

In the IR spectra of 2a-c, intense bands around 1530, 1390
and 1180 cm−1 (6.53, 7.19 and 8.47 µm) are present with the
main contribution from C–C stretching modes. At 1162 cm−1

(8.60 µm), the bending mode C–C–H represents the most intense
band in this spectrum. The C–H stretching mode appears at 2939
cm−1 (3.40 µm). In the next isomer (2b-c) spectrum, the band
around 1530 cm−1 has lower intensity compared to 2a-c and
there is a band splitting around 1400 cm−1. The most intense
band in this case was centered at 1153 cm−1 (8.67 µm) due to
the C–C stretching and C–C–H bending modes. A small redshift
of 39 cm−1 in the C–H stretching mode was obtained. The most
prominent features in the IR spectra of 2c-c and 2d-c are the
intensity increase in the C–C stretching (1300–1600 cm−1) and
skeleton (400–600 cm−1) distortion regions when compared to
the 2a-c and 2b-c ones. The C–H stretching mode for all C60H2

isomers (neutral and cation charge states) appears in between
3.4–3.5 µm (2941–2857 cm−1), see Figure S10.

The global minimum (3a) of C60H3 (n = 3) has three neigh-
boring hydrogen atoms. Our results suggest that all low energy
isomers (from 3b to 3f) in Figure S2 can be formed from the 2a
+ H reaction. The energy differences in this family (n = 3) are
lower than those of n = 2. The relative energies (Table S2) are
1.9, 3.0, 3.0, 4.0 and 4.1 kcal mol−1 for 3b, 3c, 3d, 3e and 3f,
respectively. The IP of 3b that forms the global minimum cation,

3a-c (3b+) is 6.40 eV. The distances between C and H are equal
to C60H2 (rC–H = 1.093 Å) and the proton affinity of 2a forming
3a-c is 889 kJ mol−1 (Table 1).

The next isomer (3b-c) is equivalent to 3a+, which is only 0.43
kcal mol−1 higher in energy compared to 3a-c. Again, the dif-
ferences in energy are smaller for the cation isomers (see Table
S2). Also, the fourth structure, 3d-c, is formed from the ioniza-
tion process of the ninth neutral isomer, 3i. The rC–H values were
very similar to the n = 2 case, but the dipole moments are higher,
3.55 and 5.56 Debye for the neutral and cation, respectively (Ta-
ble 2). The spectroscopic profiles are very similar to the C60H2

case, exhibiting intense bands near 600 cm−1 (skeleton distor-
tion) and 1400 cm−1 (C–C stretching), as can be seen in Figure
3. Moreover, small differences can be pointed out. In the 3b spec-
trum, the band between 400 cm−1 and 600 cm−1 has three peaks
instead of two, and the one around 1400 cm−1 was split into two
peaks. The same is true for the cation spectra, but in this case,
the high-intensity bands between 1100 and 1600 cm−1 (Figure
3), in which the main contributions are C–C stretching and C–C–
H bending modes, have small differences, such as the number of
peaks and relative intensities. In the C–H stretching region, 3a
has three bands centered at 2890, 2915 and 2959 cm−1 (3.46,
3.43 and 3.37 µm) while 3a-c has a band at 2877 cm−1 (3.47
µm). In general, C60H3 infrared spectra have more bands than
C60H+

3 related to C–H stretching modes, as can be seen in Figure
S11.

Taking into account the C60H4 system, several low-lying energy
isomers were obtained. It is worth mentioning that the global
minimum (4a) can be formed from hydrogen addition to 3c in-
stead of 3a. Also, Zhang’s global minimum (ZGM)23 structure
was not found during our global search. Nevertheless, we consid-
ered this structure and the related cation and computed the total
energies and Hessians. The ZGM is above 4a by 6.0 kcal mol−1,
indicating that we found a new GM for the C60H4 system. Fur-
thermore, none of the low energy isomers (from 4b to 4k) can be
formed from 3a, revealing complex reaction branches for synthe-
sizing highly hydrogenated fullerenes. Structures from 4a to 4c
exhibit two groups of vicinal hydrogen atoms, and the latter two
are 1.4 and 1.6 kcal mol−1 above the global minimum. The cation
global minimum, 4a-c (equivalent to 4a+), can be formed from
the ionization of 4a which has an ionization potential of 6.81 eV,
slightly higher than 3a. The C–H distances (rC–H) in 4a and 4a-c
are equal to the 3a distance, 1.093 Å. However, the dipole mo-
ments are smaller than the n = 3 ones, which are 2.77 and 3.71
Debye for the neutral and the cation, respectively (see Table 2).
4b-c is very close in energy to 4a-c, only 0.42 kcal mol−1, indi-
cating a competition for the global minimum position (see Table
S3).

In general, the IR spectra of C60H4 exhibits an intensity de-
crease of the band around 1400 cm−1 (C–C stretching region);
see Figure 4. An intense band related to the C–H stretching mode
appears at 2942 cm−1 (3.39 µm) in the 4a spectrum. Also, 4h
exhibits a similar IR spectrum to 3b probably due to geometric
similarities, and 4h can be formed from "3b + H" reaction. In the
cation IR spectrum of 4a-c in Figure 5, a difference can be seen
in the bands between 1100 and 1600 cm−1 (C–C stretching and
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Fig. 2 Simulated infrared spectra of C60H2 and C60H+
2 at the B3LYP-D3/def2-TZVP level of theory.

C–C–H bending region) compared to the n = 2, 3 cations. Three
groups of bands have a progressive increase in intensity, but, in
general, a complex intensity pattern is noticed for most cation
isomers with n = 3, 4 (see Figures 3 and 5). Again, for the cation
global minimum (4a-c) the most intense band in the C–H stretch-
ing region is located at 2942 cm−1 (3.39 µm). For the C60H4 at

neutral charge states, the C–H stretching bands are more intense
than the cation ones; see Figures S12 and S13. Also, for neutral
species, several IR spectra exhibit double band between 3.4–3.5
µm (2941–2857 cm−1).

For the open shell systems, we found that IPs are smaller and
PAs are higher, i.e., for C60H and 3a molecules. Also, the dipole
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Fig. 3 Simulated infrared spectra of C60H3 and C60H+
3 at the B3LYP-D3/def2-TZVP level of theory.

moments are higher for the C60H3 species due to the hydrogen
atoms proximity inducing a structural cage distortion in the same
region and, consequently, increasing the dipole moments of 3a
and 3a-c. Moreover, an overall trend for spectroscopic properties
was not obtained probably due to the limited number of hydro-
genated species studied in this work. The trends are present in
Figures S15, S16 and S17.

The trends for the IR spectra are, for neutral species there are
intense bands around 500-600 cm−1 (20.00-16.66 µm) due to
skeleton (delocalized) deformation normal modes. However, the
cation spectra exhibit intense bands in the range of 1200-1600
cm−1 (8.33-6.25 µm), related to C–C stretching and C–C–H bend-
ing (localized) normal modes. A possible explanation is, for the
cations (protonated species), the dipole moments are higher in-
dicating a more distorted carbon cage structure. Consequently,
several C–C stretching and C–C–H bending modes will further in-
crease the dipole along the normal mode resulting in an intensity
enhancement of the bands in the 1200-1600 cm−1 region.

3.3 Electronic transitions

The simulations of the electronic spectra of C60 are shown in Fig-
ure S7. From the experimental results, the allowed transitions
were obtained in the 190 nm – 410 nm wavelength range and
were characterized as 1Ag −→ 1T1u.66 Transitions with very low
intensities were also obtained between 410 nm and 620 nm due
to vibronic coupling through Jahn-Teller distortions.66 The three
main bands in the experimental spectrum were well reproduced
with r2SCAN and revTPSS but with hybrid functionals the agree-
ment is very poor, revealing that meta-GGA are a suitable choice
for electronic spectra simulations of fullerenes. The best result
was obtained with r2SCAN and, consequently, all results reported
from now on were obtained with this functional. It is important
to note that the vertical energy transitions are very close to the
experimental results, in which the higher deviation is about 0.06
eV (see Table S4).

In the case of fullerene cation (C+
60), the Jahn-Teller coupling is

even more important because of low-energy isomers with differ-
ent symmetries. The C+

60 vertical transitions were obtained with
the global minimum structure which has D5d symmetry and they
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Fig. 4 Simulated infrared spectra of C60H4 at the B3LYP-D3/def2-TZVP level of theory.

are shown in Table S4. Lykhin et al. performed a detailed sim-
ulation of the lowest electronic transitions of C+

60.35 The authors
demonstrated that the strong DIBs at 9632 and 9577 Å are due
to the Jahn–Teller split of the lowest E1g excited state. Also, the
weak DIBs at 9428 Å and 9365 Å are due to vibronic coupling.
Indeed, the vibronic coupling is also important, as highlighted in
the work by Soler and collaborators.67 The vertical transitions
(obtained with TDDFT) from the global minimum (D5d) with
larger oscillator strengths are around 892 and 801 nm. However,
the vibronic coupling effect makes the bandwidth larger, reaching
around 1000 nm. Our results obtained with r2SCAN are in good
agreement with the vertical transitions previously reported (Table
S4).35,67 In this case the main vertical transitions obtained in this
work have a higher deviation of 0.04 eV, which is very small.

The electronic transitions of C60H and C60H+ are shown in Fig-
ure S8. These structures show maxima between 200 nm and
300 nm, as well as the other protonated molecules shown be-
low. However, it should be noted that the electronic transitions
for C60H and C60H+ begin in the near-IR region. Thus, an inset
highlighting the spectrum above 850 nm is also reported for each
system. This procedure is repeated for all the spectra that exhibit

transitions in the near-IR. Both C60H and C60H+ exhibit large red-
shifts in the energies of the first excitations compared to C60 and
C+

60. The first four transitions of the cation (C60H+) are slightly
shifted to smaller energies compared to C60H. On the other hand,
two additional transitions are observed for C60H above 900 nm.

None of the observed transitions for 2a and 2b are in the near-
IR region (Figure 6). Nevertheless, the simulated 2a EAS is in
good agreement with available experimental data reproducing
the band around 250 nm (see Figure S14).24–27 Still, the 2c and
2d isomers show one and two excitations, respectively, in this re-
gion of the spectrum. Similarly to the results discussed previously,
the cations present redshifts compared to the neutral counter-
parts. The 2a-c and 2b-c cations have weak transitions occurring
up to very high wavelengths of 3832 nm (0.32 eV) and 4429 nm
(0.28 eV), respectively. Furthermore, these species show other
bands below 900 nm. 2c-c and 2d-c isomers also exhibit sev-
eral transitions in this range. However, these ionized molecules
present the first bands up to ca. 2000 nm (0.62 eV).

Interestingly, neutral fullerenes containing three hydrogen
atoms (C60H3) show the low-energy region of the spectra vary-
ing between 1250 nm (0.99 eV) and 1150 nm (1.08 eV). Figure 7
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Fig. 5 Simulated infrared spectra of C60H+
4 at the B3LYP-D3/def2-TZVP level of theory.

shows that these values are red-shifted compared to species with
one and two hydrogen atoms in the structures as shown previ-
ously. However, the first excitations of the cations (C60H+

3 ) ex-
hibit higher energies compared to the C60H+

2 species. The cations
show transitions with wavelengths longer than those of the neu-
tral analogs, which is a pattern also seen in the C60H and C60H2

systems.

The electronic absorption spectra for the C60H4 isomers and
their cations (C60H+

4 ) are shown in Figures 8 and 9, respectively.
There is a good agreement between 4a and the experimental EAS
of C60H4, in which a sharp band between 410 nm and 420 nm is
present (see Figure S14). But, there is a small mismatch between
500 nm and 450 nm probably due to the missing bands from
the other isomers.25,27 All the neutral molecules display bands
that emerge in the visible spectrum or its close vicinity. However,
the cationic counterparts are particularly intriguing. Similar to
the C60H+

2 cations, the C60H+
4 isomers also show remarkably long

wavelengths for their first electronic transitions. For instance, 4i-
c and 4j-c show weak transitions with energies smaller than 4000
nm (0.31 eV). Additionally, all the other cations within this group
display allowed excitations above 2100 nm (below 0.59 eV), with

the exception of 4c-c.

3.4 Discussion

The detailed description of the spectroscopic behavior of fuller-
anes has been provided in Sections 3.2 and 3.3. In this section,
we summarize and contextualize our results in the context of the
detectability of fulleranes and their similarities and differences
with PAHs, which is the main carbon-bearing family of molecules
in PDRs.5

The IR spectral fingerprint of fulleranes is particularly sensi-
tive to the charge state, as shown in Section 3.2. This is remark-
ably similar to the situation found for PAHs.68–72 In PAHs, it is
recognized that the 7.7 µm band originates from large cationic
PAHs. For charged and neutral fulleranes, the main spectral dif-
ference we found is the significant decrease in intensity of the
low-frequency bands between 19–16 µm and a consequential in-
crease in the 9–6.5 µm bands. The latter range includes the 7.7
µm band probing charged PAHs, making it difficult to disentangle
the contribution from fulleranes and charged PAHs. Our theoret-
ical calculations estimate that most fulleranes must be ionized in
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Fig. 6 Simulated electronic absorption spectra of C60H2 and C60H+
2 at the r2SCAN/def2-TZVP level of theory.

PDRs, owing to the low IP, in all cases below that of C60. In gen-
eral, C–H functionalization in fulleranes reduces the ionization
potential between 0.60 and 1.00 eV (see Table 1 for the global
minimum values of each C60Hn and Table S9 in the SI for all rel-
evant isomers), indicating that ionized fulleranes are expected
over neutral ones. The spectral IR fingerprint of interstellar fuller-
anes should then be closer to that shown in the respective panels
of Figures 2, 3, and 5. Still, we do not find IR spectra to be a
reliable detection tool for fulleranes because of their blend with
characteristic PAH frequencies. The C–H stretching region, with

the spectra shown in the SI, is rather uninformative, with vibra-
tional modes at ∼ 2800-2900 cm−1, e.g., mixing with those of
PAHs and the much more abundant CH3 and CH2 symmetric and
asymmetric stretches found for hydrogenated amorphous carbon,
an abundant constituent of cosmic dust.73

The spectral similarity between PAHs and fulleranes is main-
tained in the UV spectra presented in this work. Therefore, we
do not expect UV-Vis to be a reliable detection tool for fuller-
anes either. However, in this work, we have extended the spec-
tral range under study to encompass electronic transitions in the
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Fig. 7 Simulated electronic absorption spectra of C60H3 and C60H+
3 at the r2SCAN/def2-TZVP level of theory.

near-infrared, characteristic of DIBs. Our study reveals that near-
infrared features for fulleranes are very sensitive to the hydro-
gen position and charge state and can be used as fingerprints for
the individual decomposition of interstellar fulleranes. Certainly,
our DFT predictions are qualitative. We encourage further exper-
iments to study this spectral window, producing abundant data
that can be conducive to new interstellar detections. Specifically,
we observe that for an even number of hydrogens in the structure,
DIBs are inhibited, both for n = 2 and n = 4 in neutral fulleranes.
For n = 2, the high energy isomers 2c and 2d show electronic
transitions in the NIR, but are significantly less resolved than for
C60H3. Charged fulleranes are therefore an excellent candidate
for laboratory study.

Although this work focuses on the spectroscopic character-
ization of fulleranes, a brief comment on their role as cata-
lysts in the formation of H2 is pertinent. It is recognized that
small hydrogenated PAHs are the key in the formation of H2 in
PDRs.18,19,21,74 Likewise, fulleranes should be excellent catalysts,
considering that the surface area for H sticking is higher in them
than in PAHs, and their resilience on PDRs. A subsequent work
on the importance of fulleranes on the chemistry of PDRs, based

on the structural conclusions presented in this work, will be the
subject of future work by us.

4 Conclusions
In this work, an automated search for hydrogenated fullerenes
was performed and several low-energy isomers of C60Hq+

n were
selected for simulations of IR and UV spectra based on density
functional theory calculations. Interestingly, from our results, we
propose new global minimum candidates for C60H2 and C60H4

which differs from previous results23 highlighting the importance
of automated workflows for global minimum optimizations. Prob-
ably, our results are different from those obtained by Zhang and
co-workers due to the fact that they generated the structures man-
ually and applied a double-zeta basis set (pc-1). In addition to the
systematic search, our results for the structures were obtained us-
ing the hybrid functional B3LYP and triple-zeta basis set, which
are quite suitable for structural and IR spectra simulations. Fur-
thermore, we report the low-energy isomers of C60H+

2 , C60H3,
C60H+

3 and C60H+
4 .

In general, the C–H distances present small variations and
the dipole moment are higher for cations than for the neutral
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Fig. 8 Simulated electronic absorption spectra of C60H4 at the r2SCAN/def2-TZVP level of theory.

molecules. All hydrogenated fullerenes exhibit IP smaller than
the IP of C60 and also below the Lyman limit. Regarding PA, all
hydrogenated fullerenes have higher values than C60 indicating
that sequential hydrogenation can occur in different astronomi-
cal environments. A possible explanation for the lower IP and
higher PA of hydrogenated species is that the first hydrogen ad-
dition in C60 causes a great strain due to the formation of sp3

carbon atom. For the following hydrogenations, the strain effect
is smaller and after the formation of C60H36, the carbon cage has
a small stability.23 Similar effects can be postulated for the IP.
After the ionization of C60, a great structural reorganization oc-
curs lowering the symmetry, turning the IP of C60 greater than the
already distorted C60Hn systems.

The IR spectra have similar features for neutral species as in-
tense bands around 500–600 cm−1 (20.00–16.66 µm) due to
cage (skeleton) deformation modes. The cation spectra exhibit
additional features, particularly in the range of 1200-1600 cm−1

(8.33–6.25 µm), which correspond to C-C stretching and C-C-H
bending modes. Consequently, cations can contribute to the 6.2

µm emission band of Unidentified Infrared Bands (UIRs). In gen-
eral, the decrease in symmetry caused by hydrogenation turns the
IR spectra more complex.

Remarkably, several neutral hydrogenated fullerenes exhibit
electronic transitions in the near-infrared range. Exceptions are
two low-energy C60H2 isomers and C60H4 species. In particular,
all low-energy cations considered in this work present electronic
transitions above 900 nm, indicating that these species can con-
tribute to the DIBs. Extreme cases are some C60H+

2 and C60H+
4

isomers in which some transitions are in the 3000–4000 nm wave-
length range. We hope that our work can assist fullerene cations
astronomical and laboratory detections.

From an astrochemical perspective, the spectral similarity be-
tween PAHs and fulleranes makes it difficult to provide appro-
priate spectroscopic guidelines for the detection of the latter us-
ing (mid-infrared) MIR and UV-Vis spectroscopies. However, we
found that electronic transitions in the NIR, characteristic of DIBs,
act as selective fingerprints of fulleranes, in particular cationic
and with an odd number of hydrogen atoms. We strongly encour-
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Fig. 9 Simulated electronic absorption spectra of and C60H+
4 at the r2SCAN/def2-TZVP level of theory.

age further high-resolution investigation of these bands to build
on our computational predictions.

This work serves as the beginning for an extended study of the
role of fulleranes in the chemistry of the ISM.
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