
This journal is© the Owner Societies 2017 Phys. Chem. Chem. Phys., 2017, 19, 12633--12636 | 12633

Cite this:Phys.Chem.Chem.Phys.,

2017, 19, 12633

The shielding cone in spherical aromatic
structures: insights from models for spherical
2(N + 1)2 aromatic fullerenes†

Alvaro Muñoz-Castro ab

A direct correlation between p- and spherical aromaticity of the

aromatic structures was established by showing that they shared a

characteristic shielding cone, resulting from a specific orientation

of the applied field. Herein, we revealed the presence of a related

long-range shielding cone in spherical aromatic species that was

demonstrated through C20, C32, C50, and C60 Hirsh aromatic fullerenes.

It was found that while for planar aromatics, the cone is reserved only

for a perpendicularly applied field, for spherical aromatic compounds,

the three-dimensional cage allows the formation of a shielding cone

according to the given orientation of the external field.

Since Kekulés seminal work on the rationalization of the benzene
structure, involving conjugated single and double bonds within
the ring,1–3 aromatic molecules continue to attract the interest
from the scientific community.4–12 An indubitable characteristic
of these systems is their capacity to exhibit a free p-electron
precession under an external applied magnetic field. This current
circulation of electrons builds up an induced magnetic field,
opposing or shielding the external field at the center of the ring,
being complemented by a deshielding region at the outer contour,
rationalized through the early Pople ring current model.13 This
resulting shielding cone6,14–18 exhibits a long-range behavior,
leading to changes in the nuclear shielding of neighboring
molecules, as observed from regular NMR experiments.19–21

A relevant extension of the concept of aromaticity is the
realization of three-dimensional aromatic systems, involving a
spherical aromatic behavior. The Hirsch 2(N + 1)2 electron
count is particularly useful in determining the electronic structure
requirements, in analogy to the Huckel (4n + 2)p rule, widely
employed for planar structures. The fascinating spherical structure
of buckminsterfullerene (C60),22 is the prototypical example of a

potential spherical aromatic structure.23 However, its aromatic
character has been the focus of controversy,24 where a non-
aromatic character appears as a more appropriate definition,
due to the fact that C60 with 60 p-electrons does not satisfy the
Hirsch rule.25–31

A truly aromatic counterpart is given by the hypothetical
C60

10+, depicting a 50 p-electron system (N = 4).27,32,33 This
favors electron delocalization and thus bond equalization. In
consequence, the endohedral shielding is drastically enhanced
from �2.8 ppm for C60 to �81.4 ppm for C60

10+ at the origin of
the structure,34 as expected for spherical aromatic species.9

Generally, the description of the spherical aromatic behavior by
the magnetic criteria9 is based on the response inside the cage
structure, in connection to the studies of planar aromatics. Herein,
we went one step further by accounting for the response at the
surroundings of the cage, which has been studied to a lesser
extent. In this context, we explored the behavior of models for
spherical aromatic fullerenes when they are exposed to a certain
orientation of the applied field, based on 18-, 32-, and 50-p electron
fullerenes (N = 2, 3 and 4), ranging from the smaller cage to the C60

cage, represented by C20
2+, C32, C50, and C60

10+.
Geometry optimizations and subsequent calculations were

performed using DFT methods, employing the ADF 2016 code35

with an all-electron triple-x Slater basis set plus the double-
polarization (STO-TZ2P) basis set in conjunction with the Becke–
Perdew (BP86) functional within the generalized gradient approxi-
mation (GGA).36,37 The nuclear and nucleus-independent shielding
tensors6,14,38 were calculated within the GIAO formalism, employing
the Perdew, Burke, and Ernzerhof39,40 GGA exchange expression
and all-electron STO-TZ2P basis set. To evaluate the magnetic
response or induced field (Bind) upon an external magnetic field
(Bext) at the molecular surroundings, a map representation of the
nucleus-independent shielding tensor (sij) was obtained, where
Bind

i = �sijB
ext
j .6,14,41–43 For convenience, the i and j suffixes were

related to the x-, y-, and z-axes of the molecule-fixed Cartesian
system (i, j = x, y, z). Bind is given in ppm in relation to Bext.

In Fig. 1, the orientational-averaged magnetic (isotropic)
response for C60, given by Bind

iso = �(1/3)(sxx + syy + szz)B
ext
j , is
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similar to that observed by Kleinpeter et al.,44 denoting an
alternate shielding/deshielding short range response at the six
and five-membered rings, respectively. For certain orientations
of the applied field, a similar response was found, denoting the
short-range or local character of the response, which remains
close to the C60 backbone.34 This is due to the diminished
response33 for the 60-p electron system in comparison to the
related Hirsch aromatic counterpart. In contrast, Bind

iso for C60
10+

exhibits a shielding response in both six and five-membered
rings, leading to a shielding sphere. Under a specific orientation
of the applied field, the complexity of the overall magnetic
behavior of fullerene can be unraveled, from which a long-
range shielding response parallel to the applied field was
found, with a complementary deshielding region contained in
the perpendicular plane.

Interestingly, from the three-dimensional representation of
Bind

i (I = x-, y-, and z-axis), the shielding response when exposed
to a certain orientation of the field, nicely resembles the long-
range shielding cone widely discussed in planar aromatic
rings.6,24,25,31–33 Moreover, the complementary deshielding
region is always located in a perpendicular plane in relation
to the external field. This observation allows a direct correlation
between the shielding cone of benzene and that obtained in
C60

10+ (Fig. 2). Thus, another connection between planar and
spherical aromatic compounds is revealed,45 due to the formation
of a long range shielding cone in both structures.

Note that for the smaller fullerene cage fulfilling the Hirsh
rule, namely C20

2+, the same behavior was observed (Fig. 3). The
orientational-averaged magnetic response is similar to that of
C60

10+, which also exhibits an overall shielding response. From
the specific orientation of the applied field, a shielding cone

was also obtained, revealing a strong similarly between the
18- and 50-p electron Hirsh aromatic fullerenes.

The next spherical aromatic fullerene expected from the
2(N + 1)2 rule when N = 3 is given by the neutral form of C32.
For this structure, two low-lying isomers were depicted with a
near spherical cage, namely D3- and D4-C32, according to the
respective point group. Our calculation suggests a separation of
5.6 kcal mol�1, favoring the D4 isomer, in agreement with
previous reports.46,47 Contrary to D4-C32, D3-C32 exhibits five-
and six-membered rings, involving an additional four-membered
face, denoting structural differences between these isomers. Both
C32 isomers show a similar behavior as observed for 18- and 50-p
electron fullerenes, with an overall shielding response for the
orientational-averaged magnetic response and a shielding cone
for the specific orientation of the external field (Fig. 3).

Another example of a 50-p electron fullerene is given by the
neutral C50 where two low-lying isomers, namely D3- and
D5h-C50, has been ascribed to the ground state.48,49 The D3 isomer
is more stable, depicting a near spherical cage, in contrast to the
D5h-C50, featuring an oblate structure. From earlier reports,
following the characterization of the first fullerene derivative,50

D3-C50 has been depicted as highly aromatic and D5h-C50 as non-
aromatic. Recently, this spherical aromatic character has been
revisited,51 pointing out the importance of exhibiting a spherical
shape. By comparing both isomers, the orientational-averaged
magnetic response for the former is similar to that for the Hirsch
aromatic fullerenes discussed above, depicting a shielding
response as a spherical region. However, for D5h-C50, both
short-ranged shielding and deshielding regions originate. This
behavior resembles that of buckminsterfullerene (C60), where
deshielding zones are located over the five-membered rings and
shielding zones are located at the six-membered rings, denoting
the local nature of the response. This supports the non-aromatic
character of C50, which is similar to that of C60 (Fig. 1 and 3).

When the field is applied from certain orientations, D3-C50

nicely resembles the behavior observed for 18-, 32-, and 50-p

Fig. 1 Three-dimensional representation of the magnetic response (induced
magnetic field, Bind) for C60 and C60

10+, in relation to the orientational-averaged
(iso), and certain orientations of the applied field (Bext

i , i = x, y, and z). Isosurface
values set at 2 ppm relative to the external field. Shielding, Blue/Deshielding,
Red.

Fig. 2 Comparison of the induced shielding cone of benzene (left) and
C60

10+ (right) under an external field oriented along the z-axis. Isosurface values
set at 2 ppm relative to the external field. Shielding, Blue/Deshielding, Red.

Fig. 3 Three-dimensional representation of the magnetic response Bind

for different fullerenes, in relation to the orientational-averaged external
field (Bext

iso), and a specific orientation of the applied field (Bext
z ). Isosurface

values set at 2 ppm relative to the external field.
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spherical fullerenes, where a long-range shielding cone response
is originated parallel to the external field. In contrast, D5h-C50

exhibits a short-range response, as observed for Ih-C60, owing to
its non-aromatic character.33

A comparison of the response between different fullerenes
studied is given in Fig. 4. Interestingly, for the non-aromatic
C60, the response under a specific orientation of the external
field and the orientational-averaged response are similar,
denoting the short-range character of the response dominated
by the antiaromatic character of the five-membered rings.33 In
contrast, for the Hirsh aromatic fullerenes, the isotropic
response is similar along the series, in which under a specific
orientation, the characteristic long-range shielding cone from
planar aromatic compounds is recovered (see above). In this
sense, for C20

2+, the shielding region of the shielding cone
amounting to �5 ppm is located at 4.6 Å from the center, and
that of �2 ppm is located at 6.0 Å. For both C32 isomers, the
region of �5 and �2 ppm are located at 4.7 and 7.8 Å, which
increases to 7.3 and 10.0 Å in the D3-C50 structure. In C60

10+, the
shielding cone with �5 ppm is located at 8.9 Å from the center
and that with �2 ppm is located at 12.5 Å. This demonstrates
the long-range character of the obtained shielding cone in
spherical aromatic compounds. In benzene, the shielding cone
exhibits these values at 3.6 and 5.2 Å.

As a result, planar and three-dimensional aromatic compounds
share an inherent characteristic provided by the shielding cone,
resulting from a specific orientation of the applied field.
Interestingly, for planar aromatics, this property is reserved
only for a perpendicularly applied field, whereas for spherical
aromatic compounds, the three-dimensional cage allows the
formation of the shielding cone according to the given orientation
of the external field. Several orientations of Bext were tested for
C60

10+ (Fig. S1, ESI†), and the findings supported the abovemen-
tioned statement. Moreover, the hypothetical spherical structure of
gaudiene, with 72-p electrons (N = 6), exhibits a similar behavior.52,53

Conclusions

In summary, the extension of the study of the magnetic response
from the isotropic to an axis-specific orientation of the applied field
in spherical Hirsh aromatic compounds revealed the generation
of a shielding cone for three-dimensional aromatics. The study

of spherical structures containing 18-, 32-, and 50-p valence
electrons exhibits a similar response under specific orientations
of the applied field. For these structures, the long-range character
of the shielding cone was observed, in contrast to non-aromatic
fullerenes, which can be informative in further NMR study of
these materials. Our results expose a clear and direct connection
between two- and three-dimensional aromatic structures when
they are exposed to a certain orientation of the field, which may
be extended to other organic and inorganic spherical aromatic
structures.
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33 A. Muñoz-Castro, Chem. Commun., 2015, 51, 10287–10290.
34 Z. Chen and R. B. King, Chem. Rev., 2005, 105, 3613–3642.
35 Amsterdam Density Functional (ADF 2016) Code, Vrije Uni-

versiteit: Amsterdam, The Netherlands, Available at: http://
www.scm.com.

36 J. P. Perdew, Phys. Rev. B: Condens. Matter Mater. Phys., 1986,
33, 8822–8824.

37 A. D. Becke, Phys. Rev. A: At., Mol., Opt. Phys., 1988, 38, 3098–3100.
38 G. Merino, T. Heine and G. Seifert, Chem. – Eur. J., 2004, 10,

4367–4371.

39 J. P. Perdew, K. Burke and Y. Wang, Phys. Rev. B: Condens.
Matter Mater. Phys., 1996, 54, 16533–16539.

40 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865–3868.
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