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Abstract: A new cluster fullerene, Sc2O@Td(19151)-C76, has

been isolated and characterized by mass spectrometry,
UV/Vis/NIR absorption, 45Sc NMR spectroscopy, cyclic volt-
ammetry, and single-crystal X-ray diffraction. The crystall-

ographic analysis unambiguously assigned the cage struc-
ture as Td(19151)-C76, which is the first tetrahedral fullerene

cage characterized by single-crystal X-ray diffraction. This
study also demonstrated that the Sc2O cluster has a much

smaller Sc¢O¢Sc angle than that of Sc2O@Cs(6)-C82 and the

Sc2O unit is fully ordered inside the Td(19151)-C76 cage. Com-
putational studies further revealed that the cluster motion
of the Sc2O is more restrained in the Td(19151)-C76 cage than

that in the Cs(6)-C82 cage. These results suggest that cage
size affects not only the shapes but also the cluster motion

inside fullerene cages.

Introduction

Fullerenes are all-carbon compounds consisting of cages with
hollow space inside.[1, 2] With species encapsulated inside the
cage, endohedral fullerenes have been extensively studied

since the discovery of La@C82 in 1991.[3, 4] These compounds
have generated considerable recent research interest because

of their potential applications in the field of magnetic reso-
nance imaging agents, molecular electronic devices, and solar
cells.[5–9] Since the discovery of Sc3N@C80 in 1999,[10] cluster ful-
lerenes (CFs) have been of particular interest in the field of en-

dohedral fullerenes as a result of their exceptionally high yield
and excellent stability and the unique structural variety of
both clusters and cages, which results in their tunable physical
and chemical properties.[11–14] To date, a variety of cluster

fullerenes have been reported, including nitride (NCFs),[15–17]

carbide (CCFs),[18, 19] hydrocarbide (HCCFs),[20] oxide (OCFs),[21, 22]

sulfide (SCFs),[23–25] carbonnitride (CNCFs),[26, 27] and di/trimetallic
cluster fullerenes.[28, 29] In particular, the OCF family has demon-
strated exceptional structural versatility of the encapsulated

oxide clusters, which have included Sc2O,[21] Sc4O2,[22] and
Sc4O3

[30] structures. In contrast, the reported cage structures of

this family have been limited to Ih(7)-C80, Cs(6)-C82, and the very
recent C2(7892)-C70 cages.[31] Other cage structures still remain
unexplored.

Very recently, by following the strategy of ‘reactive gas

atmosphere’,[14, 25] we prepared an extensive OCF family (that is,
Sc2O@C2n, n = 35–47) by using CO2 as the oxygen source,
which renders us with opportunities to explore OCFs with
cages beyond Ih(7)-C80 and Cs(6)-C82.[31] Fullerene cages with
high symmetry (that is, Ih) are of great importance because of

their possible superconductivity and ferromagnetism.[9] Among
them, the Td-C76 carbon cage, which features the third highest

symmetry after Ih and I symmetry, has attracted great inter-
est.[32] Nevertheless, though several theoretical and spectro-
scopic studies have been devoted to the characterization of Td-

C76, besides a functionalized Cs-(Td-C76(CF3)12),[33] Lu2@Td-C76 is
the only discovered species so far.[32, 34–36] Moreover, the studies

of Lu2@Td-C76 did not provide a detailed structural analysis
because of the lack of unambiguous single-crystal X-ray char-
acterization. Thus, further study is very necessary to reveal the

structural features of the Td-fullerenes.
Herein, we report a new member of the OCF family,

Sc2O@C76. A combined study of UV/Vis/NIR absorption, single-
crystal X-ray characterization, and theoretical calculations un-

ambiguously assigned the cage structure as Sc2O@Td(19151)-
C76. This work offers not only the first crystallographic observa-
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tion of a tetrahedral-symmetry fullerene cage but also a better
understanding of the interaction between the endohedral

dimetallic oxide cluster and the isolated pentagon rule (IPR)
carbon cage. In addition, the current study revealed a hindered

cluster motion for Sc2O@Td(19151)-C76, probably as a result of
the compression effect of the small Td(19151)-C76 cage.

Results and Discussion

Preparation and purification

The OCFs were synthesized in a conventional Kr�tschmer–Huff-
man reactor with an atmosphere of helium and CO2. The as-

produced soot was Soxhlet extracted with chlorobenzene and
the raw extract was subjected to multistage HPLC to purify the
Sc2O@C76 (Figure S2 in the Supporting Information). Sc2O@C76

was obtained as the third most abundant fullerene in the OCF

family after Sc2O@C82 and Sc2O@C78 and the product yield of
this compound is around one-third of that obtained for

Sc2O@C82.

The MALDI-TOF spectrum of the isolated fraction shows
a single peak at m/z 1018.028(Figure 1). This molecular weight

and the isotopic distribution of the experimental MALDI-TOF
spectrum show excellent agreement with the corresponding

theoretical prediction.

Structure of Sc2O@Td(19151)-C76 as determined by single-
crystal X-ray diffraction

A cocrystal of Sc2O@C76/[NiII(OEP)] (OEP: octaethylporphyrin)

suitable for X-ray analysis was successfully obtained by slow

diffusion of a benzene solution of Sc2O@C76 into a CHCl3 solu-
tion of [NiII(OEP)] . The molecular structure was resolved and re-

fined in the monoclinic space group C2/m (No. 12). Figure 2
shows the structure of the endohedral fullerene and its rela-

tionship to the nickel porphyrin. In this case, the crystallo-
graphic data clearly indicate the presence of the Td(19151)-C76

cage in this endohedral structure despite the fact that the
cage is disordered. To the best of our knowledge, this is the

first report of the crystallographic observation of the Td-C76

cage and a tetrahedral-symmetry fullerene.

Two cage orientations were identified with a ratio of
0.371:0.129. Generally, the adjacent [NiII(OEP)] moiety is ap-

proaching the flat region of the fullerene cage. In this case, the

distances between the nickel ion in [NiII(OEP)] and the closest
carbon ion in the major and minor cage orientations are 2.790

and 2.793 æ, respectively ; these values are similar to those
found in most EMF/[NiII(OEP)] (EMF: endohedral metallofuller-

ene) cocrystals, which suggests similar interactions between
EMFs and [NiII(OEP)] .

Inside the fullerene cage, two Sc2O units were identified.

Nevertheless, the initial refinements suggested that the ratio of
these two Sc2O units was similar to that in disordered cages.

Thus, it was facile to assign each Sc2O unit to the cage with
similar occupancy and the two together were treated as a set

in the final refinement. In other words, the Sc2O unit is fully
ordered relative to each cage orientation. This is different from

what was obtained from the crystallographic studies of
Sc2O@Cs(6)-C82, in which relative orientations between the clus-
ter and cage are disordered. This difference suggests that the

internal motion of Sc2O might be more restrained in a smaller
C76 cage than that in the C82 cage.

Within the major Sc2O unit (0.371 occupancy), the Sc¢O
distances are 1.972(4) æ for Sc1 and 1.825(5) æ for Sc2; the

Sc1¢O1¢Sc2 angle is 133.9(4)8. For the minor Sc2O unit (0.129

occupancy), slightly longer Sc¢O distances (that is, 2.005(10) æ
for Sc3 and 1.912(15) æ for Sc4) and a comparable Sc3¢O1¢Sc4

angle (129.9(6)8) are observed. Further comparison between
this Sc2O@Td(19151)-C76 and the previously reported

Sc2O@Cs(6)-C82 reveals that their endohedral Sc¢O distances
are almost equal, whereas the Sc¢O¢Sc angle in Td(19151)-C76

Figure 1. Mass spectra of the purified Sc2O@C76. Inset : experimental and the-
oretical isotopic distributions for Sc2O@C76.

Figure 2. Ortep drawing of Sc2O@Td(19151)-C76/[NiII(OEP)] with 25 % thermal
ellipsoids, which shows the relationship between the fullerene cage and
[NiII(OEP)] . Only the major cage orientation with 0.371 occupancy and the
major Sc2O unit with the same occupancy are shown. For clarity, the solvent
molecules, minor cage orientation, and minor Sc2O unit are omitted.
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is much smaller than that in Cs(6)-C82 (156.6(3)8), probably be-
cause of the compressing effect of the smaller fullerene cage.

These results suggest that cage size plays an important role in
the shape of the endohedral Sc2O cluster.

However, as a result of the crystallographic mirror plane
being mismatched with the molecular symmetry, the relative

orientation between the Sc2O cluster and cage cannot be de-
termined from the crystallographic data alone. In fact, inside
the major cage, either the major cluster shown in Figure 2 or

that generated through the crystallographic mirror plane is
equally suggested by X-ray analysis. Theoretical calculations

were employed to determine the absolute structure of
Sc2O@Td-C76.

Computational studies

Besides the crystallographic characterization, we have

performed a computational study, which confirms that
Sc2O@Td(19151)-C76 is the most abundant OCF, among the

19151 possible isomers of C76, for the whole range of tempera-

tures. First of all, the structure for Sc2O@Td(19151)-C76 was opti-
mized at the DFT BP86/TZP level by using the Amsterdam

Density Functional (ADF) code (see the Supporting Information
for more details).[37–40] Structural parameters very similar to

those found for the X-ray structure were obtained; for
example, values of 1.884 æ for the Sc¢O distance and 146.98
for the Sc¢O¢Sc angle can be compared to the values found

from X-ray crystallography of 1.825–1.972 æ and 133.98,
respectively (Figure 3).

From an analysis of the frontier molecular orbitals of
Sc2O@Td(19151)-C76, we have verified that a formal transfer of

four electrons from Sc2O to the C76 cage takes place, (Sc2O)4 +

@(C76)4¢, as shown in the orbital interaction diagram in

Figure 4. The HOMO and LUMO are mainly localized on the C76

framework, so the first oxidation and reduction take place in
the cage (see below). Therefore, the electronic structure can

be explained by the ionic model with a formal transfer of four
electrons from the cluster to the cage, as for the rest of the

cluster fullerenes containing Sc2X (X : O or S) that are known so
far.[21, 24, 25, 41]

We have also computed (BP86/TZP) the energies of the

tetra-anions for all cages with two or fewer adjacent pentagon

pairs (APPs): 2 IPR isomers, 12 APP1 isomers, and 134 APP2 iso-
mers. The lowest-energy tetra-anionic cages, within a range of

40 kcal mol¢1, were selected and the corresponding Sc2O@C76

structures were optimized. Different orientations of the Sc2O

cluster in IPR and APP1 cages were taken into account. The IPR
cage Td(19151)-C76 was found to be, by a large difference, the

lowest-energy tetra-anion and the lowest-energy OCF as well

(Table 1). The non-IPR C76(19138), with a single APP, is the
second most stable isomer for both tetra-anions and OCFs (at

13.7 kcal mol¢1). These cages show the lowest number of pyra-
cylenes within the IPR and APP1 subsets, as is usually found

for the most stable and characterized cluster fullerenes.[42, 43] As
a general trend for the lowest-energy isomers shown in
Table 1, the relative stabilities of the OCFs (fourth column) are

somewhat smaller than those of the tetraanions (third
column), which might indicate that the interactions between
Sc2O and non-IPR cages are more favorable than those with
IPR cages. This stabilization, however, is not enough to reverse

the stability trend predicted by the ionic model, that is, for
tetra-anions, as found for other cluster fullerenes.[41]

The molar fractions of the lowest-energy Sc2O@C76 isomers
as a function of the temperature were also computed by using
the rigid rotor and harmonic oscillator (RRHO) approximation

and the related free-encapsulating model (FEM) as proposed
by Slanina et al.[44, 45] The two approximations predict

Sc2O@Td(19151)-C76 as the most abundant isomer for the
whole temperature range up to 4000 K, in good agreement

with the X-ray crystallography results (Figure 5 and the

Supporting Information). The abundance of isomer
Sc2O@C2v(19138)-C76 increases slightly at very high tempera-

tures but only to around 15 % of the total. This result is in
striking contrast with the predictions made by Zhao, Nagase,

and co-workers for the detected but not-yet-characterized
Sc2S@C76, in which Sc2S@Td(19151)-C76 was the lowest-energy

Figure 3. DFT-optimized structure of Sc2O@Td(19151)-C76.

Figure 4. Orbital interaction diagram for Sc2O@Td(19151)-C76. The fragments
Sc2O and Td(19151)-C76 are calculated with the geometry that they have in
the OCF.
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isomer at 0 K but an inversion of the relative abundances was
observed at high temperatures.[34]

Car–Parrinello molecular dynamics simulations (see the

Supporting Information for more details) at the temperature of
crystallographic determination (80 K), room temperature, and
the temperature of fullerene formation (2000 K) were also

done to gain more insight about the motion of the Sc2O clus-
ter inside the fullerene.[46] For trajectories that last 14 ps, we

have seen that the Sc2O unit is moving inside the cage, with
smaller or larger amplitudes that depend on the simulation

temperature (Figure 6). At 2000 K, the mobility of the Sc2O unit

to equivalent positions in the highly symmetric fullerene cage
is much more evident, as shown in Figure 6. The average Sc¢
O¢Sc angle for the trajectory at 80 K reasonably coincides with
the value found by X-ray crystallography (molecular dynamics:

130.08 ; experimental : 133.98), with oscillations of around 108.
Such oscillations become much more marked at higher tem-

peratures (100–1808 at 2000 K), which confirms the high flexi-
bility of the Sc2O unit inside this cage. To help in the determi-

nation of the absolute structure of Sc2O@Td(19151)-C76, the
two equally suggested orientations of Sc2O by X-ray analysis

were used as starting geometries for two additional Car–Parri-
nello simulations at 80 K. In one trajectory, the Sc2O cluster es-

sentially keeps the original (optimal) orientation during 7.2 ps.
For the other, however, the cluster changes the initial orienta-
tion to get finally the optimal one in 1.5 ps, which shows that

there is only one minimum-energy orientation for the isolated
molecule. These results are in agreement with the geometry

optimizations at the BP86/TZP level (see the Supporting
Information).

Spectroscopic characterization: UV/Vis/NIR and 45Sc NMR
spectroscopy

The purified sample has a deep-green color in toluene and CS2

solution. The sample dissolved in the CS2 solution was further

characterized by UV/Vis/NIR absorption (Figure 7). The charac-
teristic features of this spectrum include major absorption

peaks at 651, 713, and 836 nm, along with two broad absorp-
tions at 1136 and 1377 nm. These features are very similar to

those reported for Lu2@C76, which suggests an identical cage
structure shared by the two endohedral fullerenes.[32] On the

Table 1. Relative energies for the lowest-energy isomers of C76
4¢ and

Sc2O@C76.[a]

Isomer APP Relative energies [kcal mol¢1]
C76

4¢ Sc2O@C76

19151 0 0.0 0.0
19138 1 15.5 13.7
17459 1 24.5 20.2
17750 1 31.8 22.7
17894 1 31.6 25.4
17418 1 30.9 25.6
17491 2 30.1 26.8
19142 1 29.5 28.3
17508 2 32.1 28.6
17490 2 19.8 29.8
17465 2 28.1 30.7
19150 0 32.9 31.0

[a] Isomer number according to the spiral algorithm of Fowler and Mo-
nopoulos. APP: number of adjacent pentagon pairs.

Figure 5. Predicted molar fractions within the FEM approximation as a func-
tion of temperature for the five most abundant isomers of Sc2O@C76 (see
the Supporting Information for more details).

Figure 6. Representation of the motion of the Sc2O cluster inside the Td-C76

cage during 14 ps-long Car–Parrinello molecular dynamics trajectories at 80,
298, and 2000 K (right), as well as the variation of the Sc¢O¢Sc angle along
the trajectories (left).
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other hand, these absorption features are essentially different
from those of DySc2N@Cs(17490)-C76, which indicates a major

difference in the cage symmetry and the charge transfer be-
tween the clusters and outside carbon cages.[47] On the basis

of absorption onset at 1587 nm, the optical bandgap of this
compound was estimated to be 0.79 eV. By using 1.0 eV as the

limit to distinguish large- and small-bandgap fullerenes, we
can assign this isomer of Sc2O@Td(19151)-C76 as a small-bandg-
ap fullerene. This bandgap is notably smaller than that of

DySc2N@Cs(17490)-C76 (0.96 eV), which again suggests a major
difference in the electronic structures of the two C76-based
cluster fullerenes. On the other hand, although the two ful-
lerenes share the same cage symmetry, the bandgap for

Sc2O@Td(19151)-C76 is larger than that of 0.69 eV for Lu2@Td-C76,
which verifies again the significant impact of the encaged spe-

cies on the electronic structures of endohedral fullerenes. The

HOMO–LUMO gaps for these two endohedral fullerenes that
share the same high-symmetry C76 cage correlate with the ex-

perimental optical bandgaps: 0.75 eV for Sc2O@Td(19151)-C76

and 0.45 eV for Lu2@Td-C76. The computed UV/Vis/NIR spectrum

from time-dependent DFT calculations in the Vis/NIR region
(wavelengths larger than 500 nm) shows reasonable agree-

ment with the experimental one (Figure S7 in the Supporting

Information), despite the limitations of the methodology, as
found for the SCF family.[24, 41] There are no UV/Vis/NIR data re-

ported for other OCFs to be compared with, but the bandgap
of Sc2O@Td(19151)-C76 is smaller than all those of SCFs reported

so far, including Sc2S@Cs(10528)-C72 and two isomers of
Sc2S@C82, in line with the computed HOMO–LUMO gaps.[24, 25, 41]

We also carried out the first 45Sc NMR spectroscopy studies

on the OCF family. As Figure 8 shows, a single line at d=

76.9 ppm was recorded in the 45Sc NMR spectrum of Sc2O@C76.

The single signal for 45Sc suggests that the two Sc atoms in
the Sc2O cluster are essentially equivalent, which agrees with

the significant rotation of the cluster at room temperature (see
above) and the proposed highly symmetrical outside cage. On

the other hand, compared with the values obtained for SCFs,
the chemical shift of 45Sc for Sc2O@Td(19151)-C76 is significantly

different from d = 290 ppm for Sc2S@C3v(8)-C82 and d=

183.3 ppm for Sc2S@Cs(10528)-C72.[23, 24] It is evident that the dif-

ferent cages will have a major impact on the 45Sc chemical
shift, as observed for SCFs. However, the bond difference be-

tween the Sc2O cluster and Sc2S cluster is also likely to contrib-
ute to this major chemical shift difference between that of
Sc2O@Td(19151)-C76 and those of the above-mentioned SCFs.

The computed 45Sc NMR signals for Sc2O@Td(19151)-C76 and
Sc2S@Cs(10528)-C72 (d=¢132 and ¢28 ppm with respect to
Sc3N@Ih(7)-C80), although somewhat shifted from the experi-
mental ones (d=¢120 and ¢14 ppm), reproduce very well

their difference (theoretical : Dd = 103 ppm; experimental :
Dd= 106 ppm).

Electrochemical studies

The cyclic voltammogram of Sc2O@Td(19151)-C76 exhibits five

reduction peaks and one oxidation peak (Figure 9). The first re-
duction process and oxidation process are electrochemically
reversible, which agrees with the theoretical results predicting
that both the first reduction and the oxidation processes are

cage based instead of cluster based (see above). For the oxida-
tion processes, a second minor re-reduction peak, which does
not exist in the first oxidation process, appeared as the oxida-
tion processes swept further to 0.75 V. This might suggest that
a hidden second oxidation process, which is not evident in the

CV scan range, is electrochemically irreversible. In the
reduction processes, the second and third reduction peaks are

essentially overlapping with each other and are obviously
irreversible. The fourth reduction process, however, turned out
to be electrochemically reversible again, which is a rare

case in the study of the electrochemical behavior of the
cluster fullerenes.[9, 48]

Up to now, electrochemical studies of OCFs have been
carried out for only two structures, Sc4O2@Ih(7)-C80 and

Figure 7. UV/Vis/NIR absorption spectrum of Sc2O@Td(19151)-C76 in CS2 solu-
tion. The insets show an enlarged spectral range (1000–1600 nm) and the
photograph of Sc2O@Td(19151)-C76 dissolved in CS2.

Figure 8. 45Sc NMR spectrum of Sc2O@Td(19151)-C76.
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Sc2O@Cs(6)-C82.[8, 49] Sc4O2@Ih(7)-C80 demonstrated clus-

ter-based electrochemical processes, which agrees
with the localization of the HOMO and LUMO orbitals

on the oxide cluster.[8, 50] Sc2O@Cs(6)-C82, on the other
hand, shows cage-based redox processes.[49] The elec-

trochemical behavior of Sc2O@Td(19151)-C76 shows
much more similarity to that of Sc2O@Cs(6)-C82 rather

than Sc4O2@Ih(7)-C80. The computed HOMO and

LUMO orbitals (Figure 5), as well as the spin density
on the reduced and oxidized states of

Sc2O@Td(19151)-C76, confirm that the first reduction
and oxidation of Sc2O@Td(19151)-C76 are also cage-

based processes (see the Supporting Information).
The computed first cathodic and first anodic potentials (¢1.00
and 0.15 V), the second cathodic potential (¢1.49 V), and the

electrochemical gap (1.15 V) agree reasonably well with the ex-
perimental results, within the typical error found for other fam-
ilies of cluster fullerenes.[41, 50] However, the structural differen-
ces between the Td(19151)-C76 and Cs(6)-C82 cages seemingly

did not bring about major differences in their first reduction
and oxidation processes. As shown in Figure 9 and Table 2,

both the redox pattern and the redox potentials of the first
redox processes of these two structures are very similar to
each other. The differences between the rest of the reduction
processes of Sc2O@C76 and Sc2O@C82 are much more evident,
because the overall reduction pattern shows major differences

between the cyclic voltammograms of the two structures. In
particular, whereas Sc2O@C82 shows well-defined

quasireversible second and third reduction processes, the

second and third reduction processes of Sc2O@C76 are
obviously irreversible.

Effect of the cage on the oxide cluster: Sc2O@Td(19151)-C76

versus Sc2O@Cs(6)-C82

Sc2O@Td(19151)-C76 is the second crystallographic observation

of dimetallic oxide cluster fullerenes after Sc2O@Cs(6)-C82,
which offers a unique opportunity for us to experimentally

compare the two endohedral structures in detail and unveil
the cage–cluster interactions. The comparative studies of the
Sc¢O¢Sc angles of Sc2O@Td(19151)-C76 and Sc2O@Cs(6)-C82

have demonstrated that, with a smaller cage, the Sc¢O¢Sc
angle is considerably decreased as a result of the compressing
effect of the smaller fullerene cage. This result is consistent
with recent computational studies for Sc2S by Deng and

Popov, in which the carbon cage for Sc2S@C2n structures was
found to be able to dictate the shape adopted by Sc2S without

a pronounced increase in energy.[51] A similar effect has also

been reported by Dorn and co-workers in the studies of cage–
cluster interactions in Y2C2@C2n, in which a ‘nanoscale fullerene

compression’ was observed by combined theoretical and NMR
studies.[52] Besides cluster conformation, the carbon cage struc-

ture has also been found to have a major effect on the motion

of the clusters inside the cage. It is commonly observed inside

non-IPR cages, in which the endohedral cluster motion is large-
ly restrained as a result of the strong metal–pentalene interac-

tion, which does not exist in IPR cages. However, to the best
of our knowledge, the influence of cage size on the motion of
the cluster inside an IPR cage has rarely been addressed
before. An exceptional feature of Sc2O@Td(19151)-C76 is that

the cluster is completely ordered relative to the carbon cage.
In the case of Sc2O@Cs(6)-C82, however, the crystallographic
studies showed that the cluster is disordered inside the cage.

This difference suggested that, even without the strong metal–
pentalene interaction, in the IPR cages, a smaller cage size can

somehow restrain the rotation of the Sc2O cluster. Car–Parrinel-
lo molecular dynamics simulations at 80 K for Sc2O@Td(19151)-

C76 and Sc2O@Cs(6)-C82 confirm the more-hindered motion of

Sc2O inside the smaller Td(19151)-C76 cage, which is observed
even at the short timescale simulated here (60 ps; see the Sup-

porting Information). Oscillations of the Sc¢O¢Sc angle along
the trajectory, as well as the movement of the whole cluster in

the interior of the cage, measured by the root mean square
deviation of the Sc and O atoms (see the Supporting Informa-

Figure 9. Cyclic voltammograms of Sc2O@Td(19151)-C76 in (nBu)4NPF6/1,2-di-
chlorobenzene (o-DCB) with ferrocene as the internal standard; scan rate:
100 mV s¢1.

Table 2. Redox potentials of Sc2O@Td(19151)-C76, Sc2O@Cs(6)-C82, Sc2S@Cs(6)-C82, and
Sc2S@C3v(8)-C82 in (nBu)4NPF6/o-DCB with ferrocene as the internal standard.

Compound E0/ +

[V]
E0/¢

[V]
E¢/2¢

[V]
E2¢/3¢

[V]
E3¢/4¢

[V]
E4¢/5¢

[V]
DEgap,ec

[V]

Sc2O@Td(19151)-C76 + 0.32[a] ¢0.91[a] ¢1.40[b] ¢1.65[b] ¢1.93[b] ¢2.30[b] 1.23
Sc2O@Cs(6)-C82 + 0.35[a] ¢0.96[a] ¢1.28[a] ¢1.74[b] 1.31
Sc2S@Cs(6)-C82 + 0.39[a] ¢0.98[a] ¢1.12[a] ¢1.73[b] 1.37
Sc2S@C3v(8)-C82 + 0.52[a] ¢1.04[b] ¢1.19[b] ¢1.63[b] 1.56

[a] Half-wave potential (reversible redox process). [b] Peak potential (irreversible redox
process).
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tion), are significantly larger for Sc2O@Cs(6)-C82 than those for
Sc2O@Td(19151)-C76. Thus, these results suggest that the fuller-

ene cage compression not only influences the shape of the
cluster but also hinders the cluster motion inside IPR cages.

Conclusions

A new metallic oxide cluster fullerene, Sc2O@Td(19151)-C76, has

been isolated and characterized by mass spectrometry, UV/Vis/
NIR absorption spectroscopy, cyclic voltammetry, 45Sc NMR

spectroscopy, DFT calculations, and single-crystal X-ray diffrac-
tion. For the first time, the single-crystal X-ray diffraction clearly
demonstrated the detailed structure of an ordered Sc2O cluster
inside a highly symmetric Td-C76 cage. The Sc¢O¢Sc angle in

Td(19151)-C76 was found to be much smaller than that in Cs(6)-
C82, probably as a result of the compressing effect of the small-
er fullerene cage. Computational studies show that the Sc2O

cluster transfers four electrons to the C76 cage, (Sc2O)4 +@C76
4¢.

Td(19151)-C76 is the most stable cage for both empty C76
4¢ and

Sc2O@C76, which remains as the most abundant isomer in the
whole range of temperatures. We find again here, for the C76

family, that the selection of a given cage isomer by a cluster is

mainly driven by the formal charge transfer, provided that size
effects, that is, large clusters, do not invert the stability trend

given by the ionic model. The IPR Td(19151)-C76 cage is the se-
lected isomer for those clusters that formally transfer four elec-

trons, as proposed previously for the characterized Lu2@C76,[35]

whereas the non-IPR Cs(17490)-C76 cage, with two APPs, is the

cage selected by clusters that transfer six electrons (M3N, La2).

Moreover, the comparative studies of Sc2O@Td(19151)-C76 and
Sc2O@Cs(6)-C82, supported by both crystallographic and com-

putational observations, suggest that the motion of the Sc2O is
more restrained inside the smaller Td(19151)-C76 cage than in

the Cs(6)-C82 cage. This observation indicates that the cage size
affects not only the shapes but also the cluster motion inside

the carbon cages.

Experimental Section

General instruments

The separation and purification of Sc2O@Td(19151)-C76 were per-
formed by multistep HPLC by using an LC-9230 II NEXT machine
(Japan Analytical Industry Co., Ltd.) with toluene as the mobile
phase. MALDI-TOF mass spectrometry was performed by using an
Ultraflextreme spectrometer (Bruker Daltonics, Germany). UV/Vis/
NIR spectra were measured in CS2 by using a UV-3600 spectropho-
tometer (Shimadzu Corp., Japan). Cyclic voltammetry was per-
formed in o-DCB with 0.5 m (nBu)4NPF6 at a Pt working electrode
with a Zahner Zennium workstation (Zahner, Germany). The 45Sc
NMR spectroscopic measurements were performed at 145 MHz
with an Agilent Direct-Drive II 600 MHz spectrometer (Agilent, USA)
at room temperature in CS2 with D2O as the lock and a 0.4 m
Sc(NO3)3 solution in D2O as the reference.

Preparation and isolation of Sc2O@Td(19151)-C76

The OCFs were synthesized in a conventional DC arc-discharge
Kr�tschmer–Huffman reactor. A graphite anode doped with Sc2O3

and graphite powder (23:40 wt/wt ratio) was burned, along with
a graphite rod as the countered cathode, in the arcing chamber
under a 200 Torr He and 20 Torr CO2 atmosphere. The as-produced
soot was extracted with chlorobenzene. A multistage HPLC proce-
dure was utilized to isolate and purify Sc2O@C76. A Buckyprep-M
column (10 Õ 250 mm, Cosmosil, Nacalai Tesque Inc.) was employed
for the first-stage separation and a Buckyprep column (10 Õ
250 mm, Cosmosil, Nacalai Tesque Inc.) was employed for the
second-stage separation. The final separation and purification of
Sc2O@C76 was accompolished by a third step with a Buckyprep-M
column (10 Õ 250 mm, Cosmosil, Nacalai Tesque Inc.).

Single-crystal X-ray structure analysis

Black crystals of Sc2O@ C76/[NiII(OEP)] were obtained by layering
a saturated solution of the EMF in benzene over a solution of
[NiII(OEP)] in trichloromethane in a glass tube at 273 K for 15 d. The
crystal was mounted on Cryoloops with paratone and optically
aligned on a Bruker D8-Venture single-crystal X-ray diffractometer
equipped with a digital camera. The diffraction data were collected
by using a Turbo X-ray Source (MoKa radiation, l= 0.71073 æ) with
the direct-drive rotating anode technique and a complementary
metal–oxide–semiconductor detector under 123 K.

Crystal data for Sc2O@Td(19151)-C76·NiII(OEP)·0.88 C6H6·0.12 CHCl3 :
C117.40H49.40Cl0.36Sc2ON4Ni; Mr = 1693.20; 0.20 Õ 0.15 Õ 0.10 mm; mon-
oclinic; C2/m (no. 12) ; a = 25.1238(7), b = 14.9617(4), c =
19.5256(6) æ; b= 94.1431(9)8 ; V = 7320.4(6) æ3 ; Z = 4; 1calcd =
1.551 g cm¢3 ; m(MoKa) = 0.520 mm¢1; q= 2.73–28.508 ; T = 123 K;
R1 = 0.1218 and wR2 = 0.3118 for 9492 reflections (I>2.0s(I)) with
1181 parameters; maximum residual electron density: 1.453 e æ¢3.
CCDC 1047080 (Sc2O@Td-C76·[NiII(OEP)]) contains the supplementary
crystallographic data for this paper. These data are provided free
of charge by The Cambridge Crystallographic Data Centre.

Computational details

We have computed all of the tetra-anions of C76 with two or less
APPs by using DFT methodology with the ADF 2012 program. The
exchange-correlation functionals of Becke and Perdew (BP86) and
the Slater TZP basis sets were employed. The selected structures of
Sc2O@C76 were optimized at the same level of theory. We have
computed the UV/Vis/NIR spectrum by using time-dependent DFT
in the Vis/NIR region for wavelengths larger than 500 nm. Both
were performed at the BP86 level. The 45Sc NMR spectroscopic
chemical shifts were calculated at the PBE/TZP level. All of the
above calculations were performed with the ADF 2012 program.

Molecular dynamics simulations were carried out by using the Car–
Parrinello molecular dynamics program. The description of the
electronic structure was based on the expansion of the valence
electronic wave functions into a plane wave basis set, which was
limited by an energy cutoff of 40 Ry. The interaction between the
valence electrons and the ionic cores was treated through the
pseudopotential approximation (Martins–Troullier type). The func-
tional by Perdew, Burke, and Ernzerhoff was selected as the density
functional. We included the nonlinear core corrections in the Mar-
tins–Troullier pseudopotential for the scandium atom. We used
a fictitious electron mass of 800 a.u. The simulations were carried
out with periodic boundary conditions in a cubic cell with a side
length of 15 æ and a time step of 0.144 fs.
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