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Table 2 Overlap of D3 isomer molecular orbitals 17-25 with the real spherical harmonics Y 40

4
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4
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4,−1
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(gz3y), Y 42
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(g

z2(x2
−y2)), Y

4,−2

4
(gz2xy),

Y 43

4
(gzx3 ), Y

4,−3

4
(gzy3 ), Y 44

4
(gx4+y4 ) and Y

4,−4

4
(g

xy(x2
−y2)).

MO gz4 gz3x gz3y g
z2(x2

−y2) gz2xy gzx3 gzy3 gx4+y4 g
xy(x2

−y2) ∑(%)

17 0.00 0.00 0.00 0.00 0.08 89.75 0.00 0.00 0.05 89.88
18 0.00 0.08 0.90 66.80 3.08 0.00 0.11 25.79 1.22 97.97
19 0.00 2.48 0.07 3.08 65.66 0.01 0.02 1.21 25.84 98.36
20 96.85 0.01 0.34 0.00 0.00 0.00 0.06 0.00 0.00 97.25
21 0.00 0.02 0.01 4.47 18.48 0.06 0.00 12.44 51.16 86.63
22 0.00 0.00 0.04 18.47 4.46 0.03 0.00 51.20 12.44 86.62
23 0.07 18.65 47.60 0.14 0.31 0.00 14.51 0.26 0.13 81.66
24 0.06 35.71 30.63 0.20 0.49 0.00 13.99 0.32 0.26 81.64
25 0.03 23.35 0.43 0.09 0.42 0.00 64.12 0.06 0.21 88.70
∑(%) 97.01 80.31 80.00 93.24 92.97 89.87 92.81 91.28 91.30

31G basis set. The intermediate coordinates are obtained through
linear combinations (interpolation) of A and B leading to the in-
terconversion of A and B. While no energy well is observed, there
seems to be an avoided crossing at 0.6 B + 0.4 A (Fig. S1), co-
ordinate in which both A and B electronic structures coexist in a
resonant structure. The barrier between B and A amounts to 33
kcal/mol.

The Hückel calculation for the D5h graph, with all nearest
neighbour interactions equal, invariably yields the ground state of
the B isomer. However by changing the orbital occupation num-
bers of the frontier orbitals, one can study the bonding scheme
in the A isomer as well. The Hückel π bond order of C-C bonds
in equatorial pentagon-pentagon fusions clearly reproduces the
DFT results: in the A isomer this bond order is 0.528 in agree-
ment with the proposed Fries structure, while for B it is 0.385,
showing a preponderant Clar structure.

3.2 Spherical Parentages

Spherical parentages of occupied molecular π-orbitals have been
calculated on the basis of the Hückel eigenvectors, which only
take into account the connectivity of the cage. As an example
in Table 2 we report the results of overlap calculations between
the nine highest occupied Hückel MOs (HMOs 17-25) and the g-
type spherical harmonics. As can be seen the g-parentage of these
orbitals is never lower than 81%. A global survey of the overlap
percentages between HMOs and spherical harmonics is provided
in Table 3.

Table 3 Percentage of overlap between s, p, d, f, and g spherical

harmonics and HMOs for C50 isomers D3, D5h(A) and D5h(B).

l HMO D3 D5h (A) D5h (B)
0 (s) 1 100 100 100
1 (p) 2-4 ∼ 99.7 ∼ 99.8 ∼ 99.8
2 (d) 5-9 > 95 > 97 > 97
3 (f) 10-16 > 91 > 92 > 92
4 (g) 17-24 > 81 > 81 > 81
4 (g) HOMO 88 (a1 ’) 92.2 (a1 ’) 0 (a2 ’)

For the D3 cage the valence orbital shell shows a close match
with the particle on a sphere model: the 25 occupied orbitals
correspond to a closed spherical shell up to l=4. This is confirmed
by the energy diagram in Fig. 3. Since the symmetry and shape of
the Hückel and DFT MOs are similar, the spherical shell structure
is also retrieved in the DFT orbital ordering.

For D5h, on the other hand, the results show a large differ-
ence between the A and B isomers. The Hückel result for the D5h

cage yields a HOMO with a2’ symmetry, which corresponds to the
HOMO of the B-isomer. For this orbital the sign of the eigenvector
in the equator alternates ten times when going around, indicating
that it has an l=5 parentage. Indeed the overlap of this HOMO
with the l=4 g-harmonics is exactly zero, as the g-orbitals do not
subduce an a2’ symmetry:

Γl=4(D5h) = a′1 + e′1 + e′2 + e′′1 + e′′2 (4)

As a result the B isomer is found to be characterized by a
pseudo-spherical shell, in which one of the g-orbitals is replaced
by an h-orbital. The ground state of the B isomer thus is not a
spherical aromat, and consequently, the filling rule for spherical
shells does not apply. In contrast, in the A isomer the HOMO has
a1’ symmetry, and can be identified as the LUMO of the Hückel
calculation. This orbital has a close resemblance to the z4 har-
monic function of the g-shell. By occupying this orbital instead
of the a2’ HOMO, the occupation of the g-shell is completed, and
the sphericity of the electronic structure is nicely restored. The
results of overlap calculations thus indicate that for the D3 and
D5h(A) C50 isomers the projection of the occupied π-orbitals on
the spherical harmonics yields complete spherical shells, while
for the D5h(B) isomer it does not. However, as we pointed out in
the introduction while the mapping on closed spherical shells is
a criterion for spherical aromaticity, it is not sufficient. The de-
gree of distortion of sphericity is equally important. Ring current
density plots provide a way to investigate this further.
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effect becomes more pronounced in the frontier orbital region.
As an example total symmetry in the D5h point group was unable
to distinguish l=4 and l=5 components. This would imply that
one should direct the search for superaromats to clusters with
high symmetries. The highest point groups are the tetrahedral,
octahedral and icosahedral groups, but these give rise to atomic
orbit counts that are divisors of the group orders 24, 48, and 120
respectively, and these counts are mostly not commensurate with
magic numbers such as 32, 50 or 72.

Compatibility between magic counts and symmetry numbers
thus would require a different strategy, by adjusting electron
counts through doping with hetero-atoms. A successful exam-
ple is the endohedral U@C28 metallo-fullerene, where the car-
bon cage has tetrahedral symmetry and attains the magic electron
count of 32 by doping with four electrons from uranium37.

The link between fullerene stability and magic electron counts
is not well established either. The most stable fullerenes C60 and
C70 are not aromats. Clearly the stability of the neutral fullerenes
is dictated more by the frequency of occurrence of stable mo-
tifs, i.e. the fact that pentagons are isolated as in C60 and C70 or
the absence of pentagon triplets as in C50, rather than by elec-
tron count. Nevertheless the higher aromatic character of some
isomer can affect the expected stability by taking only into ac-
count the distribution of motifs. For the three analysed structures
of C50 the D3 isomer complies best with a spherical aromat. It
has a higher degree of sphericity and a neat closed shell spheri-
cal parentage. According to DFT calculations it is slightly more
stable than the D5h isomers, even though the PAPR rule would
predict it to be around 20 kcal/mol less stable. Therefore a most
favourable electronic structure (i.e. enhanced aromaticity) can
stabilize some isomers of neutral fullerenes and favour structures
with a worst distribution of structural motifs.

These effects should be more evident for negatively charged
fullerenes, and in these systems electronic effects can determine
the stability instead of strain. For instance in the case of endo-
hedral metallo fullerenes, were stability is mainly dictated by the
charge transfer to the carbon cage and the most stable isomers
correspond to the most stable negatively charged carbon cages,
the structure observed experimentally do not fulfil in many cases
the Isolated Pentagon Rule38. The stability of these isomers has
been directly related with the electronic structure of the π shell39

and with maximum aromaticity40.

Of the two D5h isomers, the A isomer fulfils the criteria for
spherical aromaticity, while the B isomer is an anti-aromat as
far as spherical parentage is concerned. While the relative sta-
bilities do not typically correlate with aromaticity, the magnetic
properties are very sensitive to the spherical shell nature of the
cages. The aromaticity of the D3 isomer is confirmed by a substan-
tial diamagnetic NICS value, and a global diatropic ring current.
The NICS values for the D5h isomers also reflect their spherical

shell character (Table 1). The main difference between A and
B isomers lies in the currents surrounding the equator, since the
cap current density plots look quite similar (diatropic except for
the apical pentagons, which are paratropic). The current density
maps however indicate paratropic currents even for the A isomer,
which is more aromatic. The reason is the strong hybridization
between the spherical shells in the frontier orbital region, made
possible by the prismatic symmetry of these isomers.

5 Conclusions

Spherical aromaticity appears to remain an elusive concept. Our
investigation of fullerenes with a magic number of 50 electrons
has confirmed that although the distribution of the pentagons is
dominating the fullerene energy landscape, enhanced spherical
aromaticity of some isomers can compensate the desestabiliza-
tion due to the presence of extra pair of adjacent pentagons. It
can also lead to a breakdown of the spherical filling rule, as we
have demonstrated for the case of the D5h(B) isomer, or to strong
hybridization of spherical components, due to symmetry break-
ing, as was found in the D5h(A) isomer. Nonetheless the quest
for spherical aromats should continue, preferably by considering
high-symmetry cages in combination with doping to achieve a
magic electron count.
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