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A computational study on the experimentally detected Sc3N@C68 cluster is reported, involving quantum
chemical analysis at the B3LYP/6-31G* level. Extensive computations were carried out on the pure C68 cage
which does not conform with the isolated pentagon rule (IPR). The two maximally stable C68 isomers were
selected as initial Sc3N@C68 cage structures. Full geometry optimization leads to a confirmation of an earlier
assessment of the Sc3N@C68 equilibrium geometry (Nature2000, 408, 427), namely an eclipsed arrangement
of Sc3N in the C68 6140 frame, where each Sc atom interacts with one pentagon pair. From a variety of
theoretical procedures, aD3h structure is proposed for the free Sc3N molecule. Encapsulated into the C68

enclosure, this unit is strongly stabilized with respect to rotation within the cage. The complexation energy
of Sc3N@C68 cage is found to be in the order of that determined for Sc3N@C80 and exceeding the complexation
energy of Sc3N@C78. The cage-core interaction is investigated in terms of electron transfer from the
encapsulated trimetallic cluster to the fullerene as well as hybridization between these two subsystems. The
stabilization mechanism of Sc3N@C68 is seen to be analogous to that operative in Sc3N@C78. For both cages,
C68 and C78, inclusion of Sc3N induces aromaticity of the cluster as a whole.

I. Introduction

Encapsulating metal atoms into fullerene enclosures gives rise
to novel phenomena of relevance for the fundamentals of cluster
science as well as technological application.1 Thus, it has been
found that the cage structures of endohedral metallofullerenes
may differ from the most stable geometries of the respective
pure cages, as observed for composites based on C80

2 and C82.3

Numerous applications of metallofullerenes in the fields of
nanoscale materials science, photochemistry and biomedical
technology are envisaged.4,5 For instance, recent experimental
studies suggest that fullerene cages enclosing gadolinium atoms
may be utilized as highly effective and biocompatible magnetic
resonance imaging (MRI) contrast agents.6

H. C. Dorn and co-workers recently discovered novel
metallofullerenes of composition MxSc3-xN@C68 with M ) La,
Gd, Ho, Er, and Tm andx ) 0-2.7,8 It is among the interesting
features of this newly characterized family of metallofullerenes
that they do not conform with theisolated pentagon rule(IPR)
that has served as a valuable heuristic principle in exploring
pure fullerene clusters.9 This rule states that the most stable
fullerenes correspond to structures in which the pentagons are
entirely surrounded by adjacent hexagons. The reason for the
deviation from this rule as observed for metallofullerenes based
on C68 is purely topological: Only fullerenes CN with N g 70
admit isolated pentagons, excepting C60. Therefore, all possible
C68 cages based on five and six-membered rings contain
adjacent, or “fused” pentagons. The non-IPR unit Sc2@C66 that
has been described recently in the literature10 represents a case
comparable to MxSc3-xN@C68. Within the latter cluster family,

the species Sc3N@C68 has been detected with particularly high
abundance.7 The NMR spectrum of this metallofullerene was
found to be compatible with 11 cage structures combined of
pentagon and hexagon rings, all of them characterized byD3

or S6 symmetry, and chosen from a set of 6332 possible isomers,
as generated by the spiral algorithm.11 The minimal number of
fused pentagon pairs in these selected C68 cages turned out to
be three. A first tight binding density functional theory (DFT)
calculation12 singled out two cages, labeled 6140 and 6275, as
maximally stable within the pool of the 11 competitors.
Combining13C NMR spectroscopy measurements with energy
minimization arguments, a unique structure consisting of three
fused pentagon pairs withD3 symmetry was identified as the
most likely geometry for the cage of Sc3N@C68. This structure,
exhibiting the smallest possible number of pentagon pairs, is
in keeping with the pentagon adjacency penalty rule (PAPR).13

According to this rule, maximally stable non-IPR cages contain
the minimal number of fused pentagons since each [5:5] junction
enhances the ring strain of the cluster as a whole.14

The initial assessment of the preferred Sc3N@C68 geometry
was supported by X-ray spectroscopy on Sc3N@C68‚[Ni II-
(OEP)]‚2C6H6 crystals8 from which the structure displayed in
Figure 1a emerged as the most probable candidate for the
ground-state equilibrium geometry. In this unit, the Sc3N core
is planar, and each Sc atom is located above the midpoint of a
pentalene motif of the cage, more specifically the center of the
[5:5] junction, i.e., the bond shared between two fused penta-
gons.

Two further members of the metallofullerene series Sc3N@CN

have been reported, namely withN ) 7815 andN ) 80.2c The
cages of both species conform with the IPR rule. For Sc3N@C78,
spectroscopy yielded an equilibrium geometry closely related
to that proposed for Sc3N@C68 (see Figure 1b). As a marked
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difference between the two units, however, each Sc atom of
Sc3N@C78 occupies a position above the junction between two
adjacent hexagons, while Sc in Sc3N@C68 attaches to pentagon
pairs. The structural observations on the former species were
confirmed by the computational work of Campanera et al.16 on
the basis of geometry optimizations performed by use of the
local spin density approximation (LSDA).17 The experimentally
identified D3h geometry of Sc3N@C78 was found to be most
stable within the series of investigated isomers. For Sc3N@C80,
Ih symmetry was found which is remarkable since theIh isomer
of the C80 cage has been determined by computation to be the
least stable among all C80 species that satisfy the IPR.18 The
cage symmetry of metallofullerenes, however, may deviate
substantially from that of the respective empty cage. Since
sizable electron transfer between the trimetallic core and the
fullerene enclosure has been recorded for both species, Sc3N@C78

and Sc3N@C80,16 resulting in a formal charge of-6 au on the
cage, it is misleading to compare the neutral fullerene with the
metallofullerene cage. Indeed, it has been shown that the
hexaanionicIh isomer of C80 unit is of substantially higher
stability in relation to the competing isomers than the neutral
Ih C80 cluster.19 It is noteworthy that the Sc3N molecule in C78

is strongly stabilized in the position shown in Figure 1b while
in C80, it has been found to be free to rotate.

In this work, we present the first computational investigation
of the Sc3N@C68 cluster. The emphasis of this effort is on the
understanding of the interaction between the encapsulated metal

cluster core and the fullerene enclosure. In these investigations,
the IPR system Sc3N@C78 provides a natural reference for
comparison.

II. Computational Details

All species considered in this work have been subjected to
quantum chemical analysis by density functional theory (DFT)
using the B3LYP hybrid density functional method in conjunc-
tion with the d polarized 6-31G* basis set implemented in the
Gaussian 98 program.20-22 Each unit reported here was fully
optimized without symmetry constraints, taking into account
all electrons. The structures resulting from geometry optimiza-
tion have been classified as local minima or stationary points
on their respective potential energy surfaces according to the
number of their imaginary frequencies. The frequency analysis
has been performed at the B3LYP/3-21G level, as necessitated
by the considerable sizes of the systems analyzed in this work.
For selected clusters, however, the results of the B3LYP/3-21
approach were reexamined by a subsequent computation at the
B3LYP/6-31G* level. Thus, both methods confirmed the
staggered Sc3N@C68(6275) structure (see subsection IIIc) as a
transition state. A variety of DFT, ab initio and hybrid
procedures was employed to assess the ground-state geometry
of the cluster Sc3N.

For the composites Sc3N@C68 and Sc3N@C78, complexation
energies, i.e., adiabatic binding energies between the cage and
the trimetallic core, were computed as the release of energy
upon incorporation of the endohedral cluster into the fullerene
enclosure according to

The fullerenes C68 and C78, the corresponding endohedral
clusters Sc3N@CN with N ) 68, 78 and several species of the
form C14H8 have been investigated with respect to aromaticity.
For this purpose, the nucleus independent chemical shift
(NICS)23 was evaluated at the centers of all inequivalent six
membered and five membered rings of the studied species. The
calculations were carried out by use of the gauge-independent
atomic orbital (GIAO) method.24

The natural atomic charges were calculated at the B3LYP/
6-31G* level with the natural bond orbital (NBO) program25

implemented in the Gaussian 98 package.

III. Results and Discussion

In this section, we will comment first on our results on the
pure C68 cage. Subsequently, we will present our findings on
the isolated core molecule Sc3N, to be followed by a discussion
of the composites Sc3N@C68 and Sc3N@C78, with special
emphasis on the comparison between these two species.

a. The Pure C68 Cage.The 11 C68 structures singled out by
mass spectrometry in combination with NMR measurement7 are
compatible with either aD3 or S6 symmetry assignment.
Utilizing the spiral algorithm, one finds 11 structures that satisfy
this condition.11 The previous optimization of these units at the
DFT tight binding level12 has been repeated by use of the
B3LYP/3-21G and B3LYP/6-31G* procedures. Energetic prop-
erties of the 11 C68 isomers are summarized in Table 1. As in
the previous analysis by Stevenson et al.,7 the two units that
share a regular arrangement of three fused pentagons, labeled
6140 and 6275, turn out to be maximally stable within this
group. In keeping with the PAPR, both of these clusters contain
three pairs of fused pentagons. Their equilibrium structures are
shown in Figure 2. The total energies of these two clusters are

Figure 1. Equilibrium structures of Sc3N@C68 (a) and Sc3N@C78 (b).

Ecmplx(Sc3N@CN) ) E(Sc3N@CN) - E(Sc3N) - E(CN)
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separated by a difference of 0.78 according to our B3LYP/6-
31G* calculation (0.45 eV as the 3-21G basis set is employed),
while the earlier computation yielded 1.24 eV.12 Although the
stability difference between the two competitors is markedly
lower in the present than in the previous assessment, isomer
6140 still emerges as the lowest energy structure by a
pronounced margin. Comparing our results obtained with the
3-21G and the 6-31G* basis set we note that the differences
pertaining to geometry are negligible. The relative energies∆E,
however, show deviations between the approaches which
average 12%. The more sizable basis set leads consistently to
higher values of∆E than the smaller one.

b. The Free Sc3N Molecule. A previous computational
investigation on the free Sc3N molecule yielded a pyramidal
C3V geometry with an Sc-N equilibrium bond length of 1.957
Å and an Sc-N-Sc bond angle of 99.1°.16 In this work, the
local spin density approximation25 was used with the Vosko-
Wilk-Nusair (VWN)26 parametrization for correlation and with
Becke27 and Perdew28 nonlocal corrections. TheC3V symmetry
assignment for the free cluster species implies that the interaction

between the fullerene cage and the Sc3N core molecule changes
the shape of this molecule from pyramidal to planar, since planar
geometry has been established by X-ray analysis for the core
of Sc3N@C68, Sc3N@C78, and Sc3N@C80.2c,8,15 From the
computations presented here, however, the structural modifica-
tion of the Sc3N by the fullerene cage does not appear to be a
cogent conclusion. Performing a geometry optimization of the
pure Sc3N by use of the B3LYP/6-31G* method adopted in
our work on the endohedral composite, we arrive at a planar
D3h structure, in contrast to the earlier finding. The Sc3N C3V
pyramid results as unstable in spin singlet condition. Examining
theC3V spin triplet, we find stability; however, this isomer turns
out to be higher in total energy than the spin singlet by the
considerable margin of 1.13 eV. To clarify the ambiguous
situation with respect to the equilibrium geometry of the free
Sc3N unit, we carried out further calculations, employing a large
range of different quantum chemical procedures in conjunction
with a variety of basis sets. Our findings are summarized in
Table 2. Some trends pervading the data listed in this table can
be identified, related to the employed computational technique,
i.e., a pure DFT approach, a hybrid or a pure ab initio method.

TABLE 1: Relative Energies, Lowest Vibrational
Frequencies, and Point Groups (PG) of the Eleven C68 Cages
Considered in This Work, As Evaluated at the B3LYP/
6-31G* and 3-21G Levelsd

relative energy

isomers PG 3-21G 6-31G* ωa
HOMO-LUMO

gapb [degeneracy]c

6140 D3 0.0 0.0 222 1.264 [2/2]
6275 D3 0.45 0.78 214 1.301 [1/1]
6059 D3 1.31 1.49 211 1.338 [1/1]
6263 S6 2.38 2.57 212 1.581 [2/2]
6015 D3 2.41 2.68 212 1.339 [1/2]
2189 D3 3.11 3.44 191 1.135 [1/1]
3862 D3 4.16 4.68 199 1.994 [2/1]
3875 D3 4.39 4.85 197 1.434 [1/2]
3093 D3 5.34 5.59 189 1.280 [2/1]
3993 D3 10.03 10.84 196 1.216 [1/1]
663 D3 10.86 11.85 177 1.489 [1/1]

a Lowest frequencies as obtained at the B3LYP/3-21G level.b Cal-
culated at the 6-31G* level.c [degeneracy of HOMO/degeneracy of
LUMO]. d All energies are in eV. All structures have been found to be
stable from frequency analysis at the 3-21G level.

Figure 2. Equilibrium structures of the two C68 cages found maximally
stable, labeled6140and6275.

TABLE 2: Comparison of Sc3N in D3h and C3W Symmetry
As Obtained by Various Quantum Chemical Proceduresk

natural charge

energy (kcal/mol) D3h C3V

method D3h C3V N Sc N Sc

HF/TZV 0.0 (0) -2.19 0.73
MP2a/TZV 0.0 (0) -2.19 0.73
MP2/6-311+G(3df) 0.0 (0) -2.26 0.75
MP2/6-31G(d) 0.0 (0) -2.19 0.73
QCIS(T)b/TZV 0.0 (0) -2.19 0.73
B3c-LYPd/TZV 0.0 (0) -1.68 0.56
B3LYP/6-311+G(3df) 0.2 (0) 0.0 (0) -1.77 0.59
B3LYP/6-31G(d) 0.0 (0) -1.71 0.57
B3-P86e/TZV 0.0 (0) -1.67 0.56
B3-PW91f/TZV 0.0 (0) -1.68 0.56
S-VWN/TZV 11.0 (3) 0.0 (0) -1.51 0.50 -1.40 0.47
SVWN/6-311+G(3df) 16.5 (3) 0.0 (0) -1.59 0.53 -1.50 0.50
SVWN/6-31G(d) 9.7 (1) 0.0 (0)-1.55 0.52 -1.49 0.50
Sj-LYP/TZV 8.2 (3) 0.0 (0) -1.51 0.50 -1.40 0.47
S-P86/TZV 9.4 (1) 0.0 (0) -1.51 0.50 -1.40 0.47
S-PW91/TZV 10.5 (1) 0.0 (0) -1.52 0.51 -1.40 0.47
Bg-LYP/TZV 7.0 (3) 0.0 (0) -1.55 0.52 -1.45 0.48
BLYP/6-311+G(3df) 11.9 (3) 0.0 (0) -1.65 0.55 -1.57 0.52
BLYP/6-31G(d) 5.7 (3) 0.0 (0) -1.60 0.53 -1.55 0.52
B-P86/TZV 8.4 (3) 0.0 (0) -1.56 0.52 -1.44 0.48
B-PW91/TZV 9.6 (3) 0.0 (0) -1.56 0.52 -1.44 0.48
B-VWNh/TZV 9.9 (3) 0.0 (0) -1.55 0.52 -1.43 0.48
B-VWN5i/TZV 8.8 (3) 0.0 (0) -1.56 0.52 -1.44 0.48

a MP2: Møller-Plesset correlation energy correction, truncated at
the second order.29 b QCIS(T): Quadratic CI calculation including
single and double substitutions with a triples contribution to the energy
added.30 c B3: Becke’s three parameter functional.20 d LYP: the
correlation functional of Lee, Yang, and Parr, which includes both local
and nonlocal terms.22 e P86: the nonlocal correlation functional
provided by the Perdew 86 expression.31 f PW91: Perdew and Wang’s
1991 gradient-corrected correlation functional.32 g Becke’s one pa-
rameter hybrid functional with his 1996 correlation function.33 h VWN:
Vosko Wilk Nusair correlation functional fitting the RPA solution to

the uniform electron gas, often referred to as Local Spin Density (LSD)
correlation.26 i VWN 5: the Vosko Wilk Nusair functional, as obtained
from a fit of the Ceperley-Alder solution to the uniform electron gas.26

j S: Slater Local Spin Density exchange, with a coefficient of 2/3.k In
each case, the number of imaginary frequencies is given in parentheses
behind the relative energy. The ground state energy is set to zero.
Wherever no optimization result has been obtained, the respective entry
is left blank. Ab initio procedures are distinguished by boldface type,
and hybrid methods by italic type. The remaining procedures are DFT
variants.
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In particular, we notice the following features: (1) Without
exception, the pure DFT procedures yield stability for theC3V
structure while all optimization results for theD3h alternative
lead to stationary points, in most cases with as much as three
imaginary frequencies. (2) For the hybrid methods, a hybrid
picture arises. More specifically, we find a pronounced basis
set dependence in this case. Uniform behavior results from the
use of thetriple-ú valence (TZV) and the 6-31G* basis set. In
all of these cases, theD3h geometry emerges as stable while no
convergence is reached forC3V symmetry. This changes as one
moves to the 6-311+G(3df) basis, i.e., the basis set of highest
complexity employed in the context of this work. Utilizing this
basis in combination with the B3LYP method one finds both
alternatives stable and near-degenerate with a difference in total
energy of 0.2 kcal/mol. (3) The full ab initio approach, where
the MP2 procedure has been combined with the three basis sets
considered here, yields stability for theD3h geometry throughout.
As in point 2, the optimizations performed for theC3V isomer
do not converge for any of the bases except for that of highest
complexity. Here, however, we observe that the initialC3V
geometry deforms to relax eventually into the planarD3h shape.
(4) The three classes of methods considered here, ab initio,
hybrid, and DFT, yield clearly distinct values for the natural
charges on the N or Sc atoms. The most sizable electron transfer
between Sc and N is obtained from the ab initio, the lowest
from the DFT computations. (5) The three computational
approaches lead to strongly deviating density of states (DOS)
distributions around the Fermi level. This is demonstrated in
Figure 3 which compares the total DOS distributions yielded
by calculations at the MP2/TZV, the B3LYP/TZV and the
S-VWN/TZV level for Sc3N in D3h symmetry. The energy gap
is high for the ab initio procedure, intermediate for the hybrid
method, and vanishing for DFT.

As the analyzed system exhibits a substantial amount of
electron transfer, and thus charge localization, it may be
described more adequately by ab initio and hybrid procedures
than by DFT. This consideration suggests a planarD3h geometry
as the equilibrium structure of the free Sc3N unit, implying that
Sc3N does not undergo a change of symmetry as it is
incorporated into the fullerene cage. We want to emphasize that
the B3LYP procedure yields a consistent result when applied
to the Sc3N (D3h) structure, predicting stability for all of the
basis sets employed in this work, with a small variation of the
N-Sc bond length on the order of less than 1%. Also, its results
are in agreement with those of the most accurate methods used
in the present context, namely the MP2/6-311+G(3df) and
QCIS(T)/TZV procedures. It is worth while emphasizing that
the three classes of computational methods compared above
converge in their prediction of a planar Sc3N core of Sc3N@CN

with N ) 68, 78, 80.
c. Sc3N@C68 and Sc3N@C78. For the two C68 cages of

minimal energy, labeled6140 and 6275 in Table 1, we
performed full optimizations of Sc3N@C68 using the B3LYP
method in conjunction with the 6-31G* and 3-21G basis sets.
In each case we adopted an eclipsed as well as a staggered
structure as initial geometry. The terms “eclipsed” and “stag-
gered” refer here to the geometric relation between the three
Sc atoms of the core and the three fused pentagons of the cage,
as shown in Figure 4 which displays two different perspectives
on both geometric alternatives for both cages. The staggered
initial structure is generated from the eclipsed by rotation of
the Sc3N molecule by 60° about the 3-fold symmetry axis of
the cluster. Both clusters shareD3 symmetry. From our
computations, an eclipsed arrangement of Sc3N in the6140C68

Figure 3. Total density of states (DOS) for Sc3N at D3h symmetry as
emerging from MP2/TZV (a), B3LYP/TZV (b), and S-VWN/TZV (c)
computations. The arrows point to the HOMO (H) and LUMO (L)
levels.
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frame results as the structure of highest stability (see Figure
4a). Characteristically, each Sc atom in this cluster is oriented
toward one pentagon pair. Figure 5 shows a fragment of the
cluster of highest stability. The presented substructure consists
of the Sc3N core combined with the pentagon pairs of the C68

cage. From the indicated bond lengths it can be seen that the
Sc3N unit undergoes a small bond elongation of 4% when

encapsulated into C68; the corresponding increase of C-C
distances in the shown cage fragment averages to about 5%. It
should be noted that the obtained N-Sc equilibrium bond length
in Sc3N@C68 is in keeping with the results of X-ray measure-
ments performed on this metallofullerene.7 These investigations
yielded an average value of 1.98 Å for this quantity. Our finding
of d(N-Sc)) 1.982 Å agrees perfectly with the experimental
bond length.

The analogous minimum for the6275C68 cage with enclosed
Sc3N is separated from the ground-state candidate by a large
difference in total energy of 4.24 eV. In this case, the N-Sc
bond stretching is somewhat more pronounced, amounting to
6%, while the deviation of the C-C distances in the C8
fragments adjacent to the Sc atoms is found to be 4% on the
average. All optimized structures were subjected to frequency
analysis at the B3LYP/3-21G level, verifying that both eclipsed
structures are true minima. The staggered structures, in contrast,
result as stationary points of third and first order for the
Sc3N@C68 complexes based on the C68 cages6140and6275,
respectively. For the former unit, we find a markedly higher
energy difference between the eclipsed and the staggered
alternative than for the latter, i.e., 4.52 vs 0.622 eV. While the
Sc3N core is well stabilized with respect to rotation within the
cages about their 3-fold axes, this effect is more pronounced
for the proposed Sc3N@C68 ground-state equilibrium structure
than for its less stable competitor.

An alternative6140 based structure, which is intermediate
between the eclipsed and the staggered alternative, was inves-
tigated as well. In thisC3 geometry, the Sc atoms are positioned
at “particle sites” , as they locate above one of the two C atoms
shared by the fused pentagons. The respective hypothetical
geometry, however, was found to converge toward the eclipsed
minimum, emphasizing once more the strong stabilization of
Sc3N with respect to rotation within the fullerene enclosure.
While the C3 unit could not be confirmed as an isomer of
Sc3N@C68, its counterpart for Sc3N@C78 has been identified,16

being separated from the ground-state energy of the latter species
by the small margin of 0.1 eV.

The substantial stability of the eclipsed geometry of Sc3N
within the 6140 cage is further reflected by its complexation
energyEcmplx. We compute for this quantity a high value of
-12.07 eV. This may be compared to the result given in ref 16
for the complexation energy of Sc3N@C78 in equilibrium
geometry,Ecmplx ) -9.73 eV. To rule out method related
uncertainties that could impact the comparison of the two
metallofullerenes, we subjected the Sc3N@C78 structure to a

Figure 4. Investigated geometries of Sc3N@C68 for the6140(a) and
the6275(b) fullerene cage. The eclipsed structures are stable isomers,
the staggered alternatives saddle points of third (a) and first (b) order.

Figure 5. Fragment of the of Sc3N@C68 (6140) ground-state structure,
showing the Sc3N cluster with pentalene-like ligands.
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geometry optimization on the basis of the procedure employed
in this work, i.e., the B3LYP/6-31G* method with inclusion of
all electrons. This computation yieldedEcmplx ) -9.62 eV for
Sc3N@C78 which is close to the earlier result. The complexation
energy obtained for Sc3N@C68 even exceeds the one calculated
for Sc3N@C80, namely-11.6 eV according to ref 16. We note
that another computation ofEcmplx(Sc3N@C80)35 arrived at a
deviating value of-10.72 eV. The latter result was generated
by a single point calculation using the B3LYP method applied
here; however, the geometry optimization was performed at the
BLYP level with basis sets of somewhat reduced size, and thus
with a lower degree of accuracy than the calculation ofEcmplx.
Both results for Sc3N@C80 allow to conclude that the com-
plexation energy of Sc3N@C68 rivals that of Sc3N@C80.

This finding is relevant in the context of a recent experiment,36

where the differences between complexation energies of the
species Sc3N@CN

z+ and Sc3N@CN-2
z+, with N ) 78, 80 andz

) 1, 2, were determined. The respective values were inferred
from measured kinetic energy distributions for unimolecular loss
of C2. Within the experimental accuracy of 0.6 eV, no
dependence of the stabilization energy on the fullerene size has
been found for these cations. The similarity of the complexation
energies for neutral Sc3N@C68 and Sc3N@C80, as established
in this work, suggests that a very weak dependence ofEcmplx

over a sizable interval of fullerene cage sizes, ranging fromN
) 68 to N ) 80, is indeed conceivable.

The high degree of stabilization experienced by the C68 cage
upon incorporation of the Sc3N molecule is rooted in the
electronic interaction between the trimetallic core and the
fullerene enclosure. This interaction is likely to be dominated
by a significant loss of electrons from the core to the cage. Thus,
for Sc3N@CN with N ) 78, 80, a formal transfer of six electrons
from the Sc atoms to the fullerene enclosure has been reported.16

Investigating the empty C68 6140 cage and the Sc3N@C68

structure of highest stability with respect to molecular orbital
symmetries in the frontier orbital region, we find the sequence
(A2)(E)(E) for the highest occupied and (E)(E)(A1) for the lowest
unoccupied orbitals in the case of the pure C68 unit. For
Sc3N@C68, the six highest occupied molecular orbitals are
labeled (E)(E)(A2)(E)(E)(A1), repeating the succession of the
low lying virtual orbitals found for C68. This observation is
consistent with a formal transfer of six electrons from Sc3N to
C68 and thus suggests a similarity between Sc3N@C68 and C68

with six added electrons. We followed this idea by performing
a full geometry optimization of C68

6- at the B3LYP/6-31G*
level. The result is a unit ofD3 symmetry. To assess the extent
of bond length stretching and thus distortion as one goes from
C68 to C68

6-, we focused on a cage fragment consisting of the
pentagon pair and two adjacent hexagons, as shown in Figure
6. We will refer to this cage substructure as a 6-5-5-6 unit
and distinguish it in the subsequent discussion from the inverse
5-6-6-5 unit. Figure 6 includes the bond lengths between
neighboring C atoms within this motif for three species, namely
C68, C68

6-, and Sc3N@C68. We note that the average bond
elongation from C68 to C68

6- is found to be 1.33%; from C68
6-

to Sc3N@C68 it amounts to 0.39%. This demonstrates that the
transition from the hexaanionic to the endohedral unit involves
a substantially smaller degree of structural distortion than that
from the neutral to the hexaanion.

The formal charge assignment (Sc3N)6+@C68
6- is modified

by natural charge analysis. Thus, the net natural charge on the
cage amounts to-2.95 au. The two polar C atoms, i.e., those
that are positioned on the 3-fold axis of the cluster acquire
positive charges of 0.031 au while the natural charges of all

other C atoms are negative. The difference between the formal
and the natural cage charges is indicative of a substantial amount
of hybridization between contributions of the Sc3 subsystem and
the cage, as found for the highest occupied orbitals of
Sc3N@C68. This observation is in accordance with earlier
theoretical work on monometallofullerenes of composition
Sc@CN with N ) 60 37 and 8238 where strong metal-cage
hybridization was reported, related chiefly to the interaction of
Sc d valence orbitals with bonding and antibondingπ orbitals
of the cage. For Sc3N@C68, this feature is reflected by the partial
DOS distributions for selected subunits of Sc3N@C68, as shown
Figure 7 along with the total DOS. Thus, in the energy interval
[-14, -4 eV] adjacent to the HOMO-LUMO gap we find a
pronounced representation of fused pentagon contributions
accompanied by admixtures of Sc3. Both components form two
separated continua with correlated profiles.

In terms of natural atomic populations, we find that the 4s
valence orbital of Sc which is 2-fold occupied in the free Sc

Figure 6. Fragment (6-5-5-6) of the C68 cage. For each bond
between two C atoms, three bond length values are indicated, denoting
the bond length in C68 (6140) (highest entry), C68

6-, and Sc3N@C68

(lowest entry).

Figure 7. Sc3N@C68 density of states as a function of orbital energy.
The total DOS distribution (dotted line) is shown along with the
contributions of the C14 (6-5-5-6) fragments (dashed line) and of
Sc3 (solid line).
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atom, is nearly depleted in Sc3N@C68. From our analysis, only
10% of the original occupation are retained in the 4s orbital,
while 27% are transferred to the central N atom and another
14% are promoted from the 4s to the 3d level. The remaining
49% are donated to the cage.

To understand the cage-core interaction mechanisms in greater
detail, we considered the 6-5-5-6 motif with terminating H
atoms to saturate the dangling C bonds. The 6-5-5-6 cage
segments which are in close proximity of the Sc atoms carry
the highest charge density on the cage surface. The total natural
charge concentrated on these three substructures amounts to 76%
of the net charge residing on the cage.

We subjected the planar 6-5-5-6 unit with terminating H
atoms, as shown in Figure 8 to optimization at the B3LYP/6-
31G* level. Spin singlet conditions were assumed, and the
computation was performed for the neutral as well as the
dianionic species. The planarD2h units turned out to be unstable
as the related geometry optimizations resulted in a stationary
point with two imaginary frequencies and a transition state for

the neutral unit and the dianion, respectively. Deforming the
systems along their unstable coordinates leads to bent isomers
of C2V symmetry. As we analyze the two clusters with respect
to their energetic properties, we notice a very significant
widening of the HOMO-LUMO gap ∆EHL when going from
the neutral to the negatively charged unit. Specifically,∆EHL

changes from 1.55 eV for the neutral species to 4.29 eV for the
dianion, indicating a substantial stability gain as two electrons
are added.

In carbon based ring systems, transition from aromatic to
antiaromatic character is frequently seen to be accompanied by
a very marked increase of the HOMO-LUMO gap.39 In view
of the pronounced difference of∆EHL for the 6-5-5-6
complex when stabilized as a neutral and with two added
electrons we examined these units under the viewpoint of
aromaticity. For this purpose, we adopted the aromaticity
criterion proposed by Schleyer.23 This criterion makes use of a
correlation between the ability of a ring structure to sustain a
diatropic current and the magnetic shielding at the ring center.
In quantitative terms, a negative nucleus independent chemical
shift (NICS) at the ring center is indicative of aromaticity.
Utilizing this methodology, we computed NICS values for both
hexagons and both pentagons of the 6-5-5-6 neutral as well
as the dianion. Table 4 lists the NICS values for both species.
These values turn out to be consistently positive for the neutral
and negative for the dianion, reflecting a distinct change from
antiaromatic to aromatic character. We found a similar trend
for pure pentalene, i.e., a junction of two pentagons with added
terminating hydrogen atoms.

We point out that the 6-5-5-6 ring system is the inverse
structure of pyracelene, labeled 5-6-6-5 in the notation
adopted here. The latter system turns out to be of interest in
the context of Sc3N@C78.16 It has been shown that in the most
stable structure of this composite each Sc atom attaches to a
5-6-6-5 subunit, which is obviously analogous to the
interaction between Sc and the 6-5-5-6 motif. From Table
4, no uniquely antiaromatic character can be assigned to the
former species as the NICS values found for the hexagons are
very close to zero. For the corresponding dianion, however, they
are distinctly larger in magnitude and negative throughout.
Therefore, both ring systems, 5-6-6-5 and 6-5-5-6, turn
out to become aromatic upon addition of two electrons; however,
for the former the change of the magnetic screening properties
is less marked than for the latter. Correspondingly, we arrive at
a less drastic increase of the HOMO-LUMO gap for 5-6-
6-5 than 6-5-5-6, determining∆EHL to be 2.83 eV for the
neutral and 3.69 eV for the dianion.

The discussion given in the preceding paragraphs leads
naturally to the question for the aromaticity of Sc3N@CN with
N ) 68, 78. We thus calculated the NICS values at the centers
of the six (seven) inequivalent rings of C68 and Sc3N@C68 (C78

and Sc3N@C78). For the pure cages, no unanimous assignment

Figure 8. Equilibrium structure of C14H8 (6-5-5-6).

TABLE 3: Relative Energies and Number of Imaginary
Frequencies of the Sc3N@C68 Isomers (6140 and 6275) at the
B3LYP/6-31G* and 3-21G Levelsc

relative energy

isomers 3-21G 6-31G*Nimag
a

HOMO-LUMO
gap [degeneracy]b

Sc3N@6140 eclipsed 0.0 0.00 0 2.106 [1/1]
staggered 4.71 4.52 3 2.394 [2/2]

Sc3N@6275 eclipsed 4.06 4.25 0 1.959 [2/2]
staggered 4.77 4.87 1 1.881 [2/2]

a Numbers of imaginary frequencies, evaluated at the B3LYP/3-21G
level. b [degeneracy of HOMO/degeneracy of LUMO].c All complexes
shareD3 symmetry. The energies are in eVs.

TABLE 4: Nucleus Independent Chemical Shift (NICS) Values at the Centers of Five and Six Membered Rings for Various
Systems Discussed in the Text at the GIAO-B3LYP/6-31G* Level

system
no. of NICS

centers NICS values

C14H8 (6-5-5-6) 2 16. 35, 14.85
C14H8 (6-5-5-6)2- 2 -13.92,-12.11
C14H8 (5-6-6-5) 2 0.05, 17.04
C14H8 (5-6-6-5)2- 2 -20.68,-6.25
C68 6 -8.15,-8.02,-5.26,-3.93,-0.86,-0.17
Sc3N@C68 6 -21.77,-15.24,-12.17,-11.71,-10.36,-8.80
C78 7 -8.84,-8.53,-2.21,-0.97,-0.44, 2.97, 8.96
Sc3N@C78 7 -17.73,-8.58,-7.76,-5.69,-4.35,-3.13,-2.25
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of aromaticity or antiaromaticity is possible. This is due to the
occurrence of extremely small NICS values for C68, while for
C78 a mixture of positive and negative values is found. Upon
implantation of the Sc3N core, however, an unambiguous picture
emerges. Both composites exhibit distinct aromaticity. The
corresponding increase of the HOMO-LUMO gap amounts to
0.83 eV for Sc3N@C68 and 0.73 eV for Sc3N@C78, as
documented in Table 5.

The vertical ionization energies of both the C68 6140 cage
and the Sc3N@C68 composite resemble that of the 6-5-5-6
fragment (see Table 5). The vertical electron affinity of
Sc3N@C68 results as a compromise between that of Sc3N and
of C68. With a value of 1.88 eV, this quantity is found to be
relatively large, albeit distinctly smaller than the electron affinity
of C68. Analogous observations are made for Sc3N@C78 where
nevertheless, the ionization energy appears more strongly
determined by that of Sc3N than in the parallel case of
Sc3N@C68. We note that the ionization energy and electron
affinity values given in Table 5 for C78 and Sc3N@C78 are
consistently somewhat lower than those reported in ref 16, with
about 30%, as found for the electron affinity of Sc3N@C78, as
maximum deviation.

IV. Conclusions

In this contribution, the non-IPR composite Sc3N@C68 is
analyzed with respect to geometric, energetic and electronic
properties by use of the hybrid B3LYP potential. It is further
compared with the IPR unit Sc3N@C78. Considering the 11 C68

isomers that are consistent with experimental NMR findings,7

possible structures of Sc3N@C68 were studied for the two most
stable cages within this pool of candidates. From these
computations, a structure involving an eclipsed arrangement of
Sc3N within the 6140 isomer of C68 is proposed as the
maximally stable Sc3N@C68 geometry, confirming an earlier
assessment7 as well as an experimental result.8 As a character-
istic feature of the selected complex, each Sc atom is attached
to a fused pentagon site, or a 6-5-5-6 cage fragment which
is the inverse of the 5-6-6-5 motif that defines the Sc location
in the most stable isomer of Sc3N@C78. Rotation of Sc3N within
the C68 cage around the 3-fold axis is hindered by a very sizable
barrier of 4.52 eV which exceeds the rotational stabilization
found in the Sc3N@C78 cluster. Further, the complexation energy
of -12.07 eV obtained for Sc3N@C68 surpasses that of
Sc3N@C78 by 2.45 eV. Both units, however, exhibit a formal
charge transfer of six electrons from the trimetallic core to the
fullerene cage. This model is modified by inspection of high
lying occupied molecular orbitals which reveals a substantial
degree of hybridization between the Sc3 subunit and the fullerene
enclosure. This effect in conjunction with electron transfer to
the cage gives rise to aromaticity, as secured for both the
Sc3N@C68 and the Sc3N@C78 cluster by NICS calculation.

In continuation of this work, it will be worth while to close
the gap between Sc3N@C68 and Sc3N@C78 by theoretical
investigations of Sc3N@CN with N ) 70, 72, 74, and 76. This
project will be interesting under various aspects. Thus, the high
complexation energy found for Sc3N@CN with N ) 68 could
indicate a “magical” character of this unit or, in view of the
comparable complexation energy reported forN ) 80, a
relatively weak dependence ofEcmplx on the cage size for 68e
N e 80. This latter possibility is suggested by the recent
experiment of Gluch et al.36 For a more adequate interpretation
of this experiment, it will be relevant to perform computations
on cationic and dicationic Sc3N@CN with N ) 76, 78, 80.

Further, the present work emphasizes the finding that highly
stable complexes can emerge from non-IPR fullerenes. Con-
sidering this result in the context of the observation that the
PAPR does not necessarily apply to charged cages, as pointed
out recently by S. Diaz-Tendero,40 it is not a priori clear that
IPR cages CN will turn out to be the maximally stable enclosures
of Sc3N in the size region 70e N e 76. Addressing this problem
may be helpful for examining the validity of the IPR rule for
charged fullerenes or metallofullerenes with pronounced internal
charge-transfer characteristics.
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