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Density functional theory computations for Sc,(t43-0)2 @ I;-Cgg and Sc4(u3-0)3@ I5-Cg (Which is more stable than the
alternative Sc,4(u3-0), @ 1,-Cg0) reveal that the electronic structures of these two Sc-oxide endohedral metallofuler-
enes are different. Sc,4(u3-0)»@1,-Cgq involves a mixed valence cluster with the highest occupied molecular orbital
(HOMO) localized on the metal cluster while in Sc4(u3-0)3 @ 1,-Cgo the HOMO is localized on the carbon cage and the

electronic structure resembles that of ScsN@ /,-Cgg.

Introduction

Endohedral fullerenes are now known that contain metal
nitride,' metal carbide,” and metal oxide® clusters trapped
within closed cages of carbon atoms. Currently, Sc,(us-
0),@1,-Cg, whose structure is shown in Figure 1, contains
the largest known cluster to have been trapped inside a fullerene.
Here we report density functional theory (DFT) computations
of the electronic structure of Scy(u3-O)>@1;,-Cgy and Sc4O3Cg.
For the latter compound, whose structure is not determined yet,
two likely structures, as proposed by Stevenson and Balch,’
have been investigated: Scy(us-O);@1;,-Cg, with the additional
O atom as a part of the internal cluster, and Scy(u3-O),@
1,-Cg0, with the O atom forming an exohedral epoxide group.

Computational Details

All the calculations were carried out using the ADF 2007
code.* The exchange-correlation functionals of Becke and
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Perdew were used.’ Relativistic corrections were included by
means of the ZORA formalism. Triple-& polarization basis
sets were employed to describe the valence electrons of the C,
O, and Sc atoms. Frozen cores consisting of (i) the 1s shell for
C, O;and (i) the 1s to 2p shells for Sc were described by means
of single Slater functions. The calculations for predicting the
electrochemical (EC) gap were done in the presence of a
continuous model solvent by means of the conductor-like
screening model (COSMO)® implemented in the ADF code.”
To define the cavity that surrounds the molecules we use the
solvent excluding surface (SES) method and a fine tesserae.
The radii of the atoms, which define the dimensions of the
cavity surrounding the molecule, are chosen to be 1.00 A for
Sc, 1.55for O, and 1.70 for C. The dielectric constant is set to
9.8 so as to model o-dichlorobenzene (0-dcb) as solvent. The
EC gaps are computed as the difference between the oxida-
tion energy and the absolute value of the reduction energy
in o-dcb without taking into account neither thermal nor
entropic effects. This approximation has been shown to
predict more than acceptably the EC gaps for the family of
metal nitride endohedral fullerenes (MNEFs)® as well as in
more complex systems.’

Results and Discussion

Electronic Structure of Sc4(#3-0),@1I;-Cgg. The struc-
tures of nine isomers of Scy(u3-O),@1;-Cgg, in which the
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Figure 1. Crystallographically determined structure of Sc4(u3-O)>@ 1)~
Cg taken from reference 3.

Figure 2. Optimized structures of the four lowest-energy orientational
isomers of Scy(u3-O),@1;-Cgg analyzed in this work. The structure of the
Sc4(u3-O), cluster without the sorrounding 7,-Cg, unit is also represented
to the right of each isomer.

Table 1. Most Significant Distances and Relative Energies for the Four Lowest-
Energy Orientational Isomers of Scy(u3-0)>@1;-Cgo."

Iso 1 Iso 2 Iso 3 Iso 4 exp.
Sc2—Sc3 2.96 2.94 3.00 2.98 2.95
Scl1—Sc4 3.21 3.25 3.21 348 3.12
Scl,4—Sc2,3” 3.29 3.30 3.25 3.25 3.30
Sc—0° 2.01 2.00 2.00 1.98 2.05
Sc...Cc? 2.21 2.25 2.23 2.24 2.02
2.32 2.32 2.32 2.30 2.28
2.23 2.22 2.28 2.25 2.21
2.39 2.31 2.33 2.29 2.24
0...C¢ 2.77 2.79 2.81 2.71 2.72
2.68 2.68 2.74 2.65 2.56

AE 0.0 0.6 0.7 0.8 -
“Distances in angstroms (A) and energies in kcal mol 1. ? Average

for the Sc1—Sc2, Sc1—Sc3, Sc4—Sc2, and Sc4—Sc3 distances. © Average
Sc—O distance. “Closest Sc- - -C distance for each Sc atom. ¢ Closest
O...C distance for each O atom. For details about isomers 5—9 see
Supporting Information.

metal oxide cluster Scy(u3-O), is placed in different
orientations inside the 7,-Cg, cage, have been optimized.
Relevant data for the four most stable structures, shown
in Figure 2, are presented in Table 1 (data for other
isomers can be found in the Supporting Information).
Energy differences between these orientations are within
few kcal mol ', These results indicate that rotation of this
rather large cluster inside the 1,-Cg, cage is feasible. This
observation is in agreement with the fact that the Scy-
(u3-0O); cluster is disordered over different orientations in
the crystalline state.> For the lowest energy structure,
isomer 1, interatomic distances within the cluster and
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Figure 3. Orbitalinteraction diagram for the lowest-energy isomer (1) of
Sca(u3-0),@1;-Cgp. The fragments, Scy(u3-O), and 1;,-Cg, were calculated
with the geometry that they have in the EMF.

between the cluster and the cage are well reproduced at
our computational level, as can be seen from the data
presented in Table 1. Concerning the cluster, two signifi-
cantly different types of Sc—Sc distances exist: a short
distance for the Sc2—Sc3 unit that is bridged by two
oxygen atoms and longer distances for the other pairs
of scandium atoms. For the cluster- - -cage interaction,
Sc- - - C distances are comparable to the distances found
in ScsN@ 7,-Cgo, as pointed out by Stevenson and Balch.?
These distances are predicted to be somewhat longer than
the experimental values. Moreover, the closest O---C
contacts show that there are no unusual interactions
between the oxygen atoms and the carbon cage.

Analysis of the electronic structure of Scy(u3-O),@
1,-Cg( shows that in contrast to ScsN@ 1,-Cg,, where no
metal d electrons are found in the Sc;N cluster, ' both the
highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are mainly
localized on the Sc atoms of Scy4(u3-O), as seen in Figure 3.
This electronic structure confirms the mixed-valence-
cluster picture proposed by Stevenson and Balch.® In-
spection of the schematic orbital interaction diagram in
Figure 3 clearly shows a formal transfer of six electrons
from the three HOMOs of the internal cluster to the
I,-Cs cage (i.e., [Sca(u3-0),]° T @[1,-Cgol°7), as observed
for other stable 7,-Cgg-based endohedral metallofuller-
enes (EMFs), (i.e., [ScsN1® " @[1,-Cso]° ).

The topology of the HOMO, which is delocalized over
the four Sc ions (Figure 3), reveals that there are Sc—Sc
bonding interactions, especially for those Sc atoms that
are connected by less than two O bridges. The presence of
two O bridging atoms places the two Sc atoms much
closer than those having one or no O bridges, even though
the Sc—Sc interaction is somewhat larger for this latter
case. The bond distances within the Scy(u3-O), cluster can
be easily rationalized from its electronic structure. Before
the encapsulation, the four HOMOs of the cluster
show mainly (3d, 4s)-Sc contribution (Figure 4). In these
four orbitals, delocalized Sc—Sc bonding interactions
are present. HOMO-1 and HOMO-2 contain bonding
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Figure 4. Representation of the four highest molecular orbitals for the
free Scy(us-0); cluster.

Table 2. Atomic Charges for the Sc Ions in Scy(u3-O),@1;-Cgo and Scy(us-
0);@1)-Cyo

Sca(uz-0)>@1;,-Cgo

Sca(us3-0)3@1;-Cgo

Mulliken “ MDC-q° Mulliken ¢ MDC-q ®
Scl 0.64 0.45 1.01 0.95
Sc2 0.89 0.64 0.98 0.87
Sc3 0.89 0.65 1.09 0.67
Scd 0.60 0.45 1.01 0.92

“Mulliken partition. ” Multipole Derived Charge Analysis (MDC-q).

interactions between Scl and Sc4. At the same time,
HOMO-1 contains a bonding interaction between Sc2
and Sc3 whereas HOMO-2 shows a somewhat antibond-
ing interaction between these two atoms. HOMO-3,
which shows an important bonding interaction between
Scl and Sc4, becomes the HOMO of the EMF after the
encapsulation of the cluster in the carbon cage. Lower-
lying cluster orbitals are basically combinations of the
(2s, 2p)-O with small contributions of the 3d-Sc orbitals.
Because the cluster has lost six electrons that were occu-
pying orbitals with Sc—Sc bonding character, all the Sc—
Sc bonds within the cluster are significantly weakened
(see Supporting Information). The most important
changes are observed for the Scl—Sc4 distance, which is
enlarged 22%. This elongation points out the larger
contribution of Scl and Sc4 with respect to Sc2 and Sc3
in the three highest-occupied orbitals of the free Scy-
(u3-0), cluster as well as the fact that the interactions
between Scl and Sc4 in these three orbitals are all bonding
whereas the interaction between Sc2 and Sc3 in one of them
is rather antibonding (vide supra). Atomic charges were
computed according to the Mulliken partition scheme and
Multipole Derived Charge analysis (MDC-q). Both pro-
cedures confirm that Scl and Sc4 support more electronic
density than Sc2 and Sc3 (Table 2). Therefore, molecular
orbitals, bond distances, and atomic charges suggest that
the endohedral fullerene can be formally described as
(Sca3” M )a(Ser 4> A0 @ (I)-Cyo)*

Redox Properties for Scy(u3-O),@1;-Cgy. Figure 3
shows that the electronic structure of Scy(u3-O),@
I,-Cgo has a very low HOMO—-LUMO gap of only
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Table 3. Computed Redox Properties for the Two Sc-Oxide EMFs

Sca(u-O),@1)-Cgo

Sca(u-0)s@1;-Cgo

OE? +4.59 +5.26
RE“ -3.71 —3.65
EC’ +0.88 +1.61
H-L¢ +0.60 +1.49

“Reduction (RE) and oxidation (OE) energies at 0 K in o-dcb (ineV).
b Electrochemical gaps computed from RE and OE (in V). “‘HOMO—
LUMO gaps (H-L) of the neutral species in o-dcb (in eV).

S¢,0,@/;-Cgo™ S¢,0,@1,-Cgo”

Figure 5. Spin densities for the reduced (left) and oxidized (right) Sc,4-
(13-O)r@1,-Cg systems.

Table 4. Computed Sc—Sc Distances for Oxidized, Neutral, and Reduced Scq(uz-
0),@1;-Cgy"

oxidized neutral reduced
Sc2—Sc3 3.00 2.96 2.94
Sc1—Sc4 3.29 3.20 3.08
Sc1,4-Sc2,3 3.36 3.29 3.22

“Distances in angstrom (A).

0.60 eV, which may be compared with 1.18 eV for
ScsN@1,-Cgo.'° The small HOMO—LUMO gap suggests
that the EC gap will also be small. The computed redox
properties of Scy(u3-O),@1,-Cgq are set out in Table 3.
We predict a value of 0.88 V for the EC gap in o-dcb. This
value, which is a consequence of the small oxidation
energy (OE) of Scy(u3-O),@1,-Cgp in 0-dcb (+4.59 eV),
is much smaller than the predicted EC gaps for any of the
metal nitride endohedral fullerenes (MNEFs) synthesized
so far.® The reduction energy, —3.71 eV, is somewhat
larger than that found for the prototype of the family of
MNEFs, Sc;N@/1,-Cgo (—3.51 eV). Unfortunately,
Scy(u3-0),@1;,-Cgo has not been electrochemically char-
acterized yet, so comparison of these computed values
with experimental results is not possible.

An analysis of the singly occupied molecular orbitals
(SOMOs) and the spin densities in the reduced and
oxidized states, that is, the anion and cation radicals,
confirms that both reduction and oxidation take place in
the internal cluster (see Figures 4 and 5). For these
radicals, whose ground electronic states are doublets,
the shapes of the spin densities for the reduced and
oxidized species resemble very much those of the LUMO
and HOMO, respectively, of the neutral EMF as compar-
ison of Figures 3, 4, and 5 shows. The changes in the Sc—
Sc distances for the oxidized and reduced computational
models of Scy(u3-O),@1),-Cgo (Table 4) also confirm
the presence of direct Sc—Sc bonding interactions. The
effect of removing one electron from the HOMO is less
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Figure 6. Optimized structures of the four lowest-energy orientational
isomers of Scy(u-O);@1;-Cgg analyzed in this work. The structure of the
Sc4(u3-O); cluster without the surrounding 7,-Cg, unit is also represented
to the right of each isomer.

important on the Sc2—Sc3 distance and larger on the
Sc1—Sc4 one. The shortening when one electron is added
also agrees with the Sc—Sc bonding character of the
LUMO. We could describe this situation as a four-center,
two-electron interaction. The four Sc ions, however, do
not contribute exactly the same amount to the HOMO, as
observed for the three HOMOs of the free Scy(u3-O),
cluster (vide supra).

Structure and Electronic Properties of Sc4(13-0);@
I,-Cgy. For the structures with the Sc;O3Cgq formula,
we have found that Sc4(u3-O); @ 1,-Cgo, the EMF with the
additional O atom in the cluster, is much more stable (by
around 115 kcal molfl) than Scy(u3-0)>@1,-CgoO, the
EMF where the extra O atom is present as an exohedral
epoxide group (see the Supporting Information for dif-
ferent isomers of Scy(u3-O),@ 1;,-CgoO and their energies
relative to SC4(‘143-O)3@];,-C80). For SC4(/43-O)2@11,,-C800,
the frontier molecular orbitals are analogous to those
found for Sc4(us-O),@1,-Cgy with a small HOMO—
LUMO gap of 0.68 ¢V. From a stability criterion, we
propose Sc4(uz-O)3;@1;-Cgo to be the structure for
Sc403Cg. It is important to note that the energy differ-
ences between the 12 orientational isomers of Scy-
(u3-0O)s@1),-Cgy that we have computed are within less
than 5 kcal mol™', thus indicating that the seven-atom
Sc4(u3-0)5 cluster is also able to rotate inside the 7,-Cg
cage (see Figure 6 and Table 5). Interatomic distances for
the four lowest-energy isomers are presented in Table 5.
Similarly to Sc4(u3-O)>@1,-Cgp, the Sc—Sc distances for
those pairs of Sc atoms that are bonded
by two O bridges (Scl—Sc2, Sc2—Sc3 and Sc2—Sc4,
see Supporting Information, Figure S8) are shorter
(around 3 A) than the distances for those pairs of Sc ions
bonded by only one O bridge (Sc1—Sc3, Sc1—Sc4, and
Sc3—Sc4, around 3.4 A). Interestingly, this latter distance
is longer than in the case of Sc4(u3-O)>@1;-Cgp (3.43 vs
3.27 A). The Sc—O as well as the closest Sc---C and
O- - -Cdistances do not show important differences when
compared to Scy(us-0)>@1,-Cgo. Thus, the presence of an
additional O atom in the interior of the fullerene does not
lead to significant strain between the cluster and the cage.

The electronic structure of Scy(u3-O);@ 1),-Cgy 13, how-
ever, different from that of Scy(u3-O),@1),-Cgo, as shown
in the orbital interaction diagram of Figure 7. Within the

Valencia et al.

Table 5. Most Significant Distances and Relative Energies for the Four Lowest-
Energy Orientational Isomers of Scy(u3-0);@1;,-Cgo”

Iso 1 Iso 2 Iso 3 Iso 4
Sc—Sc” 2.98 2.98 2.98 2.99
3.45 3.44 3.45 3.42
Sc—0¢ 1.99 1.99 1.99 1.99
Sc...C? 2.25 2.25 2.25 2.26
2.36 2.48 2.40 2.40
2.24 2.23 2.27 2.24
2.28 2.25 2.25 2.32
0...Cc¢ 2.66 2.60 2.67 2.68
2.64 2.71 2.67 2.79
2.69 2.68 2.74 2.68
AE 0.0 0.8 0.9 1.2

“Distances in angstrom (A) and energies in kcal mol ™. ? First row:
average Sc—Sc distance for the Sc pairs that have two O atoms as
bridges; second row: average Sc—Sc distance for Sc pairs that have only
one O atom as bridge. ¢ Average Sc—O distance. “Closest Sc---C
distance for each Sc atom. “Closest O- - -C distance for each O atom.
For details about isomers 5—12 see Supporting Information.

14-Cao S¢,0;@/;-Cego Sc,0,
ev, — 268
#1h
& ARt 289
_____ —329 Sc
= (3d.4s)
— . —3.68 =376
7 - . —ae7 e

Ce— g4

LUMO

-5

Figure 7. Orbital interaction diagram for the lowest-energy isomer (1) of
Scy(u3-0);@1;-Cgp. The fragments, Scy(u3-O); and 7;,-Cg, were calculated
with the geometry that they have in the EMF.

ionic model, we can consider Sc4(us3-O);@1,-Cg
as (Sc® M)4(0%7);@(I,-Cso°”). Because the cluster con-
tains a third oxide ion, the four Sc ions have formal
charges of + 3. Each Sc atom has lost all of its d electrons,
resulting in a cluster that contains four completely oxi-
dized metal centers as compared to the mixed valence
cluster present in Scy(u3-O),(@1,-Cgo. The atomic charges
in Table 2 clearly show that the addition of a third oxide
entails a loss of charge density in particular for atoms Scl
and Sc4, which increase their formal oxidation states
from 2+ to 3+. For SC4(ﬂ3-O)3@Ih-C80, the HOMO is
localized on the carbon cage and the LUMO is localized
on the metal cluster (see Figure 7), as occurs for Sc;N@
I,-Cgo.'% Since there are no bonding interactions between
the Sc atoms that only have an O bridge, the corresponding
Sc—Sc distances are larger (see Tables 1 and 5). The three
HOMOs of the free Scy(us-O); cluster show delocalized
Sc—Sc bonding interactions, similar to Sc4(u3-O), (see
Supporting Information). As a consequence of the lower
energy of the HOMO as compared to Scy(u3-O),@.1;,-Cgo,
the computed OE for Sc4(u3-O);@1;,-Cgo in 0-dcb is now
much larger (+5.26 eV) and compares very well with that
of ScsN@1;,-Cgo (+5.21 eV), in good agreement with the
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fact that their HOMOs are very similar.*'" Accordingly,
the HOMO—LUMO and the EC gaps are now much
larger, 1.49 eV and 1.61 V, respectively. For comparison,
the EC gap for ScsN@1),-Cyg is predicted to be 1.70 V.

Conclusions

The electronic structures for the two title complexes have
been discussed. The structural parameters of the observed
Sca(us-0),@1,-Cgo were well reproduced by DFT methods,
the endohedral metallofullerene being formed by the formal
transfer of six electrons from the cluster to the carbon cage.
The HOMO and LUMO of the EMF reveal the presence of
some Sc---Sc interaction between the four metal atoms.
Analysis of atomic charges support the mixed-valence cluster
picture (Scy.3” M)a(Scr4>)2(07 )@ (1,-Cs0)°. The fullerene
encapsulating the Sc4O; cluster, Scy(us-O);@1,-Cgy, was
computed to be much more stable (> 115 kcal mol™") than
the isomer with an external epoxide, Scy(u3-O),@1;-Cg(O.
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Thus, the Scy(us-O),@1,-CgoO structure is not a viable
option for Sc403Cgp. In Scy(us-O);@1;-Cgp all of the Sc
atoms are in oxidation state of 3+ . Theoretical electroche-
mical studies for Scy(u3-O),@1),-Cgo suggest that this com-
pound should exhibit a very small electrochemical gap. In
contrast, Sc4(us-O);@1),-Cgq is predicted to have a more
conventional behavior with a larger electrochemical gap.
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