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Abstract: The isolated-pentagon rule (IPR) is a determining structural
feature accounting for hollow fullerene stabilization and properties
related to C, (n = 60) cages. The recent characterization of an
unprecedented non-IPR hydrofullerene, Cy-CgHa4, bearing two
heptagons with adjacent fused-pentagons motif, largely dismiss this
feature. Herein, employing DFT calculations, we explore the *C-NMR
pattern and aromatic behavior of C,-CgeHs. Our results show the
presence of three m-aromatic circuits at the bottom boat section of
CesHs indicating the unique features of this hydrofullerene in
comparison to pristine Cg. In addition, under specific orientations of
the external field, certain Tr-aromatic circuits are enabled, resulting in
a more aromatic fullerene than Cg, but lower in comparison to the
spherical aromatic Cg® fulleride. Noteworthy, under a field-aligned
along with the saturated carbon atoms, non-aromatic characteristics
are exposed. This reveals that spherical-like cages can involve a
complex magnetic response that heavily depends on the orientation
of the applied field.

Introduction

The unique properties of fullerenes and related species have
been of interest since the initial observation of
Buckminsterfullerene, Ceo,1* as part of Kroto's research interest

in microwave spectroscopy of the outer-space® carbon structures.

The early characterization of Cgo™™? triggered efforts devoted to
understanding the mechanism of synthesis!® and the relationship
between its polyhedral structure and fullerene properties,”-*2 with
a wide range of applications from biomedicine to material
science. 320

The highly symmetrical Cgo structure resulting in an
aesthetically-pleasing cage involves 12 pentagonal and 20
hexagonal rings obeying the isolated-pentagon rule (IPR)?-23
that states that the most stable fullerene structures are those that
present the 12 pentagons isolated from each other. Species
involving modifications of the Ceo Structure are of interest because
they inform us how the physicochemical properties change in
comparison to the spherical cage of pristine Cgo. Usually, these
modifications result in fused pentagons (non-IPR cages) that can
be stabilized either by endohedral metal clusters® or by external
atoms or groups, as characterized for a series of halogenated
fullerenes by Xie and coworkers? (CsoClio) among others, with
interesting aromatic properties.[?6-30

Recently, Zheng and coworkers characterized the
unprecedented formation of a non-IPR hydrofullerene, CeggHa,
which includes two motifs of a heptagon with two adjacent fused
pentagons obtained from low-pressure combustion of a benzene-
acetylene-oxygen mixture.B CgHs exhibits a Cy-cage with
nineteen unique carbon atoms, which is in contrast to Cego
displaying the equivalence for all its 60 carbon atoms (i.e., one
unique atom type) as indicated by the characteristic single **C-
Nuclear Magnetic Resonance (**C-NMR) resonance pattern
observed at 143.15 ppm at room temperature.[32l

The spherical structure of Cg was coined as the first
example of a spherical aromatic molecule'?2 being the
prototypical species for this class of compounds.?*-37 However,
its aromatic character has been put on controversy®®! due to its
local aromatic hexagons and local antiaromatic pentagons rising
a non-aromatic character, as a more appropriate definition given
by its 60 T-electron system not fulfilling the Hirsch rule.[1.30.39-48]
Indeed, Cqois considered spherically 1-antiaromatic or at least
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non-aromatic.*” However, its hexaanion form, Cegf, is TI-
aromatic.*? §(°He) in 3He@Csq® is strongly shifted to higher
field*148 and NICSa/NICS;, in the center of the cage diminishes
from 0.1/21.2 to -46.2/-24.4 ppm when Cg is reduced to Cgo®.[*2

Interestingly, the changes introduced in CesHs4 may be able
to create different aromatic pathways in the roughly spherical
cage since the departure from sphericity and inclusion of
heptagons*® modify the behavior of its m-surface. This, in turn,
may lead to a diverse pattern of its *3C-NMR fingerprint. This
provides an interesting case to evaluate how fullerene cages
behave when bearing different defects such as heptagons, fused-
pentagons, and saturated carbon atoms. The results obtained
could be informative towards a concise picture of the structure-
property relationship in fullerenes and the related aromatic
character, as an extension of the well-discussed aromaticity of
IPR fullerenes.

Herein, we explore the characteristics of the m-surface of
CssH4 in terms of the different mr-circuits along its fullerene cage,
by employing density functional theory (DFT) methods to
characterize the *C-NMR pattern owing to the different unique
carbon atom types and the resulting local and global magnetic
response. In addition, the tr-aromatic circuits are scrutinized by
the electron density of delocalized bonds (EDDB),5%5U and
gauge-including magnetically induced currents (GIMIC)52-54
calculations. A recent work® has demonstrated that the
aromaticity observed in closo-boranes and -carboranes is also
present in their nido “open” counterparts, and consequently,
aromaticity in boron clusters survives major structural changes.
Following this idea, we aim to analyze whether hydrogenation of
fullerenes destroys or (more or less) maintains the aromaticity
(understood in terms of electron delocalization and presence of
diatropic ring currents) of the fullerenic cage.

Computational Details

Geometry optimizations and subsequent calculations were
performed at the DFT level employing the ADF code.5%57 We
used the all-electron triple-¢ Slater basis set augmented with
double polarization functions (STO-TZ2P) and the non-local
Becke-Perdew (BP86) functional within the generalized gradient
approximation (GGA).[58-% | ondon dispersion corrections to DFT
were made using the pairwise method of Grimme (DFT-D3),1%4 in
addition to the BP86 functional, BP86-D3. The nuclear magnetic
shielding tensors were calculated with the NMR module of ADF
using gauge-including atomic orbitals (GIAQ)®%65 with the
exchange expression proposed by Handy and Cohen,[5® the
correlation expression proposed by Perdew, Burke, and
Ernzerhofl®”] (OPBE), and an all-electron STO-TZ2P basis set. It
has been shown that OPBE/TZ2P yields **C-NMR chemical shifts
of similar quality as those provided by CCSD(T)/aug-cc-pVTZ.[8l
To account for the *C-NMR chemical shifts, we used benzene as
a secondary reference relative to tetramethylsilane (TMS),
according to §C = §CBenzene cTCBenzene_ch where §CBenzene = 128 06
ppmi® and cCBenzene = 64.91 ppm. This approach agrees well with
experimental data as observed in previous studies of fused ring
systems, " which does not requires further use of scaling factors
allowing further direct comparison of the calculated values
between different fullerenes and hydrocarbon species. For 'H-
NMR &H = gHBenzene GHBenzene_cH, where §HBenzene — 7 14 ppm[GQ]
and oMBenzere = 2375 ppm. Root-Mean-Square Deviations
(RMSD) were obtained by the Chemcraft™  structural
comparison feature. Finally, electron delocalization studies with
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the EDDB method and magnetically induced currents analysis
with GIMIC354721 have been performed at the CAM-B3LYP/6-
311G(d,p)//B3LYP/6-31G(d) level.’*" Recent studies shows
that long range corrected functionals provide better estimates of
electron delocalization than noncorrected exchange-correlation
functionals.l’®7"1 Gaussian 09 software packages!”® and NBO 6.0
program!™ were used in NICS, EDDB, and GIMIC calculations.

Results and Discussion

The characterized CgsHa structure shows two motifs containing a
heptagon with two adjacent fused pentagons and four saturated
carbon atom in a Cy,-cage (Figure 1).BY The calculated structure
is in a good agreement with the experimental one. The
geometrical similarity between the two molecular structures is
given by the RMSD of 0.04 A. The calculated *H-NMR signals at
6.06 and 5.65 ppm are similar to the characterized (6.07 and 5.93
ppm) for both groups of hydrogens,®! with the H atoms nearby
the heptagons located at low-field. The resulting structure exhibits
a charge depletion at the region showing the heptagons and fused
pentagons motif owing to the saturated character of involved
atoms, with an accumulation at the bottom boat shape, as
denoted by the electrostatic potential surface (Figure 1b).

Figure 1. a) Two side-views of CgsH4 denoting heptagons (green),
hexagons (red), and pentagons (blue). In addition, b) electrostatic
potential surface is mapped on isosurfaces of 0.001 a.u. of
electron density. The boat region is highlighted with dashed lines.
Different views of the electrostatic potential surface are provided
in the Supporting Information.

13C-NMR spectra is a valuable technique to obtain relevant
information about molecular symmetries and detailed insights into
the individual chemical environment from each carbon atom type
in fullerenes.[32:3380-821 Dye to its high symmetry, Cqo exhibits the
equivalence of its all 60 atoms denoted by the *C-NMR single
resonance located at 143.15 ppm.B23 In contrast, the cage
landscape raised by CgsH, results in nineteen unique carbon atom
types leading to a more complicated spectrum that has not been
discussed in the literature to date. In order to explore the particular
BBC-NMR pattern of CesHs, we performed NMR calculation
parameters®®3 showing a pattern of seventeen well-resolved
peaks, since two signals are overlapped at ~151.7 ppm (Figure
2). Four sp?-C atoms from heptagons are located at higher-field
(133.5 ppm 129.7 ppm), whereas the sp2-C atoms bonded directly
to the saturated carbon are expected at 153.0 ppm. sp3-C are
expected at 63.3 ppm for carbons closing the heptagon, and at
64.9 ppm for carbons member of the top hexagon. The remaining
sp?-atoms from the top hexagon are calculated at 153.3 ppm.
Moreover, the incorporation of the saturated atoms and
heptagons results in strong modification of the remaining sp?-
carbons, which ranges from 152 to 140 ppm at the bottom boat
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shape. This observation denotes that the upper motif is able to
modify the remaining sp?-carbon network.

ppm
oy +10

— Ceoo

11 Wl
0

16 140 12 100 80 60

0
ppm

Figure 2. Calculated *C-NMR spectra for CgsHs in color code +10
ppm relative to Ceo (calculated at 142.37 ppm, experimental
143.15 ppm). *denotes calculated *C-NMR peak for Cgo (142.37

ppm).

NICS analysis provided by the calculated values at ring
centroids allows to evaluate the local aromaticity of individual
rings in the fullerene cage, which are also influenced by the fused
ring architecture and the upper IPR-violating zone. Cso shows
paratropicity (anti-aromaticity) and small diatropicity (minor
aromaticity), for five- and six-membered rings (5- and 6-MRs),
respectively,#484-88 with values of 11.8 and -2.4 ppm (NICS(0)iso).
For Cso®, we observe diatropic ring currents in both rings with
negative NICS(0)iso values (-21.9 ppm for the 6-MRs and -21.2
ppm for the 5-MRs).8788] |nstead of quantifying aromaticity of the
rings simply based on NICS values, we focus on the variance of
diatropicity and paratropicity of 5-MRs and 6-MRs, which is clearly
marked with the out-of-plane index NICS(0),, (Figure 3). For
CesHa, rings consisting of only sp? carbons show decreased
paratropicity (42.9 to 54.0 ppm for 5-MRs) compared with Cgo (5-
MRs: 61.9 ppm) and mediate diatropicity (-2.0 to 14.9 ppm for 6-
MRs) compared with Cgo (6-MRs: 16.3 ppm) and Ceo® (6-MRS: -
18.3 ppm). Rings involving sp3-carbons exhibit values (22.8 to
34.3 ppm) in-between those of 6-MRs (16.3 ppm) and 5-MRs in
Cso (61.9 ppm). Thus, the capping motif involving heptagons,
fused-pentagons and top hexagon range from non-aromatic to
antiaromatic regime, with the bottom boat section displaying
lesser antiaromatic pentagons and more aromatic hexagons in
comparison to Ceg, suggesting increased aromaticity in the bottom
boat section.
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Figure 3. NICS(0),, values at ring centers for Co and Cgo® (a) and
CesHa in three different views (b). Carbon-hydrogen bonds are
depicted in blue. Level of theory: B3LYP/6-31G(d). Negative
values accounts for regions displaying diatropic currents related
to different degrees of aromaticity, whereas positive values
accounts for regions compromising paratropic currents related to
different degrees of antiaromaticity. The bottom boat region of
CessH4 exhibits decreased paratropicity compared with Cgo while
the cap region shows medium paratropicity.

To provide a global picture of the possible enhanced
aromatic character of CesH4 in comparison to Cgo and Cgo®, the
induced magnetic field (B9 was evaluated. The results for
CesHa depicted in Figure 4 shows regions with shielding and
deshielding character similar to those found in Cg with
antiaromatic pentagons and aromatic hexagons. In addition, the
top hexagon shows a sizable deshielding region.

Within the magnetic criteria of aromaticity,®! aromatic
species enable a 1-electron precession under an external applied
magnetic field along with a certain orientation, which in turn builds
up an induced magnetic field opposing or shielding the external
field, which is useful to rationalize the effect of functional groups
or molecules in NMR spectroscopy according to the anisotropy
effect.’>°4 For global aromatic species, the r-precession is
extended along most of the structural backbones, whereas for
local aromatics, this is confined in certain isolated rings.!® For Cqo,
a short-ranged response is obtained under different orientations
of the external field in line to its non-aromatic character (Figure
4).42 Interestingly, for CeeHs some modifications are observed
owing to the enhanced diatropicity (aromaticity) of hexagons
leading to a more extended shielding region resulting in an
induced shielding cone for two orientations given by B and B™,,
which is similar but to a lesser extent to the found for the spherical
aromatic Cgo® fulleride.®® However, B*°, shows a decreased
shielding cone shape leading to a similar situation to Cgo, With a
bifurcated complementary deshielding region indicating a non-
aromatic behavior under the z-orientation of the applied field.
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Figure 4. Three-dimensional representations of the induced
magnetic field (B"¥) accounting for the orientational-averaged
(Iso), and specific orientations of the applied field (B ; i = x, y,
z) for Ceo, CesHa, and Cgo®. Isosurface set at +2.0 ppm, Blue:
shielding; red, deshielding.

Thus, CesH4 is an interesting case, the first depicted to date,
where the low symmetric cage exhibits different aromatic
characteristics upon the different orientation of the field, which is
introduced by the heptagons/fused-pentagons motif contrasting to
Cso and other spherical aromatic fullerenes.®8%! This observation
greatly complements the current knowledge on the magnetic
behavior in fullerenes, showing that some of them can exhibit a
complex pattern dependent on the orientation of the applied field.
The origin of this unique pattern for CesHa is driven by the different
n-circuits along the sp?-backbone located at the bottom boat
shape section.

To clarify the possible T-aromatic circuits within the CesHa
structure, the electron density of delocalized bonds (EDDB)
method was used,® as it provides a uniform approach to quantify
and visualize electron delocalization in topologically diversified
aromatic systems, and in contrast to the magnetic-response
methods, it is derived from the unperturbed 1-electron density.
Table 1 includes the maximum, minimum, and average values of
atomic contribution and the total values of w-EDDB in the
investigated fullerenes Cgo and CgeHa4, in addition to Cge® for
comparison. It is worth noticing that the population of delocalized
m-electrons in Cgo is almost the same as that in CesHa despite the
different cage characteristics, but sizable lower in comparison to
the spherical aromatic Cgo®" fulleride.

Due to inequivalent ratios of 1T electrons and carbon atoms,
the atomic contributions of T-EDDB are not comparable between
these fullerenes. Therefore, we normalized the values using the
following equation:

EDDBrom = (EDDB/Ny)XNagom 1)

where nn and naom are the numbers of T electrons and sp? carbon
atoms, respectively. The sp® carbons of CesH, are not taken into
account, and thus for all neutral systems (Ceo, and CeeHa) the ny
equals the naom. The normalized atomic contribution of m-EDDB
values (Table 2) indicates the most effective electron
delocalization in Ceo® (0.97e). According to the average values,
the magnitude of overall delocalization is the largest in Cg® and
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smallest in CeeHs (CosHa < Coo < Ceo®). However, the lower
symmetry of CesHa (C2v) suggests that the aromatic stabilization
effect resides in specific regions (Figure 5).

Table 1. Atomic contribution of T-EDDB for Cgo, CgsHa, and Ceo®,
and the related normalized atomic contribution of T-EDDB (see

text). (Level of theory: CAM-B3LYP/6-311G(d,p)//B3LYP/6-
31G(d))
mw-EDDB Cso CesHa | Ceo®
Max. 0.80 0.88 1.07
Min. 0.80 0.61 1.07
Avg. 080 | 078 | 107
Total 47.89 | 48.24 | 64.14
Normalized | Ceo CesHa | Ceo®
m-EDDB
Max. 0.80 0.88 0.97
Min. 0.80 0.61 0.97
Avg. 0.80 0.78 0.97

Figure 5 shows the delocalization patterns by using different
colors corresponding to the magnitude of normalized atomic
contribution of T-EDDB. Electron delocalization in CgsHa is
comparable to Cg. In contrast, the hexaanion Cg® features
spherical aromatic behavior (despite not following the Hirsch
rule, it has a closed t;, subshell electronic structure), in line with
the discussed above. Moreover, the sp® carbons of CesH4 have a
negligible contribution (0.01e) to 1 electron delocalization in the
molecule, and the surrounding area appears to be affected and
exhibit weaker delocalization (0.61-0.75e). The remaining part of
CesHs in boat shape (0.80-0.88e) could be considered more
aromatic than Ceo. Therefore, CesHas could be considered as a
partially aromatic fullerene. In fact, CesHs has two main parts: i)
the region containing the heptagon ring together with the C sp®
atoms can be considered as non-aromatic, and ii) the rest of the
fullerenic cage has an aromaticity that is in between that of Cgo
and Ceoe'.

®<075®075~085 @085~095 @=095
Figure 5. Normalized atomic contribution of T-EDDB for Ceo (In),
CesHa (C2y), and Ceo® (In). Note, two views of CgeHy4 are given.

From the T-EDDB isosurfaces (Figure 6), we could confirm
that electron delocalization in Cgo® is highly efficient, while Ceo
shows weaker delocalization, especially in the outer sphere.
Delocalization observed in the outer spheres of CegHs at the
isovalue of 0.015, indicates stronger aromaticity compared with
Ceo, in Which isosurface discontinuities are better marked. Based
on the larger atomic contribution of m-EDDB values and the more
continuous isosurfaces as indicated in Figure 6, we also conclude
that in CgsH4 the five-membered rings close to the non-aromatic
moiety are considerably stabilized by the aromaticity of the bottom
boat region. From the analysis of CeHs, we can draw the
conclusion  that hydrogenation (or more generally
functionalization) of fullerenes has an important effect on the local
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aromaticity of the hydrogenated C atoms and surroundings but
does not make the aromaticity of the rest of the fullerenic cage
vanish, even in cases where the IPR rule is not followed. This
behavior opposes that of classical planar monocyclic aromatic
annulenes for which hydrogenation reduces the aromaticity
significantly (although in some cases aromaticity can be partially
preserved through homoaromaticity or hyperconjugation).l7-%

Figure 6. Visualization of T-EDDB with an isovalue of 0.015, for
Cso (In), CesHa (C2v), and Ceo® (In). Note, two views of CesHg are
given. The dashed circle highlights the more continuous
isosurfaces of a pentagon in CgsHa compared with Ceo.

Furthermore, three main delocalization Tr-circuits, or
aromatic paths, have been investigated as a source of the
aforementioned electron delocalization pathways ascribed to the
CesHs cage (Figure 7). The path 3, following a “naphthalene”
circuit has a narrower range of atomic contribution of EDDB (0.28-
0.31e). Paths 1 and 2 have a large number of delocalized
electrons per C atom, indicating more favorable delocalization
pathways, despite having a relatively small value (0.24e)
pertaining to the lower 5-MR. Although gauge-including
magnetically induced currents (GIMIC) computed for such
pathways in CgsHs sustain diatropic induced ring currents
observed along the outer perimeters regardless of the direction of
Bo(X,y,z) (see supporting information), it is not a straightforward
task to determine the aromatic character of CgsHs based only on
the GIMIC plots. Interestingly, path 1, which is the one with the
highest delocalization, coincides with a path of diatropic
circulations in the GIMIC plot.

3.67e 3.00e
(0.31e per atom) (0.30e per atom)
Path 2 Path 3

Figure 7. a) Signed modulus density plot of GIMIC and b-d)
EDDB results for pathways (in black). Isovalues for GIMIC and
EDDB surfaces are 0.02 and 0.01, respectively. The magnetic
field is specified along the +x direction. Density isosurfaces of
GIMIC with diatropic and paratropic contributions are respectively
colored blue and vyellow. EDDB atomic contributions are
presented along the pathways.
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Conclusion

CssHa exhibits unique features in comparison to its parent and
highly symmetric 1,-Ceo owing to the incorporation of two
heptagon/fused-pentagon motifs introducing four saturated sp®-
carbon atoms. The remaining sp®-carbon atoms lead to the
formation of three-main t-aromatic circuits ascribed at the bottom
boat section of this fullerene derivative. This results in more
aromatic features, in comparison to the non-aromatic Ceo, but
decreased in relation to the spherical-aromatic Cg® fulleride,
allocating CesHs as an intermediate case. At variance with planar
monocyclic aromatic annulenes, aromaticity in CesHs does not
vanish when one or several C atoms are hydrogenated, although
it is almost completely extinguished in the region formed by the
sp® C atoms and their neighborhood, zone where the IPR rule is
broken.

Noteworthy, the lower symmetry and the presence of
saturated atoms at the top of the structure results in a unique
behavior showing a more aromatic character along two specific
orientations of the field aligned along the molecular “equator”, but
showing non-aromatic characteristics when the field is oriented
along with the saturated carbon atoms. This behavior contradicts
the spherical aromatic pattern depicted for Ceo® for comparison,
revealing that spherical-like cages can involve a more complex
aromatic character dependent on the orientation of the applied
field, which is enabled by the different m-aromatic circuits drawn
at the fullerene surface. This shows how the incorporation of
different defects in relation to pristine Cgo modifies the electron
delocalization within the fullerene cage. Our results may open
new avenues in relation to aromatic fullerenes, where the quest
for a dual aromatic/antiaromatic fullerene is on the way.
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