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Abstract: Herein, we report the preparation, purification, and characterization of a mixed trimetallic nitride
endohedral metallofullerene, CeSc2N@C80. Single-crystal X-ray diffraction shows that CeSc2N@C80 consists
of a four-atom asymmetric top (CeSc2N) inside a C80 (Ih) carbon cage. Unlike the situation in most
endohedrals of the M3N@C2n type, the nitride ion is not located at the center of the carbon cage but is
offset by 0.36 Å in order to accommodate the large CeIII ion. The cage carbon atoms near the endohedral
Ce and Sc atoms exhibit significantly larger pyramidal angles than the other carbon atoms on the C80

cage. Surprisingly, at ambient temperature, the 13C NMR spectrum exhibits isotropic motional averaging
yielding only two signals (3 to 1 intensity ratio) for the icosahedral C80 cage carbons. At the same
temperature, the 45Sc NMR exhibits a relatively narrow, symmetric signal (2700 Hz) with a small temperature-
dependent Curie shift. A rotation energy barrier (Ea ) 79 meV) was derived from the 45Sc NMR line-width
analysis. Finally, the XPS spectrum for CeSc2N@C80 confirms a +3 oxidation state for cerium, Ce3+-
(4f15d0).This oxidation state and the Curie shift are consistent with a weakly paramagnetic system with a
single buried f electron spin.

Introduction

Since the beginning of fullerene chemistry, metal-containing
endohedral fullerenes have attracted particular interest since the
encapsulated metal atoms can impart unusual physical and
chemical properties.1-6 Also, the metal can readily donate charge
to the cage which in certain cases stabilizes reactive empty cage
fullerenes, such as the IPR-obeying C74

7 (IPR ) isolated
pentagon rule) and the non-IPR obeying C66

8 and C68 cages.9

However, progress in exploring the structures and properties
of endohedal metallofullerenes (EMFs) has been hampered by
their low production yields and by purification difficulties.
Nevertheless, in the past two decades, scandium, cerium,

praseodymium, terbium, gadolinium, neodymium, lanthanum,
erbium, holmium, dysprosium, lutetium, thulium, samarium,
europium, and ytterbium have been encapsulated to yield a
mono- or dimetallofullerene species via the Kra¨tschmer-
Huffman electric-arc process.7,10-18 In 1996, the cerium mono-
metallofullerene and di-metallofullerene, Ce@C82 and Ce2@C80,
were synthesized by Yang and co-workers.16 The UV-vis-
NIR absorption spectra and XPS patterns suggested that cerium
in both Ce@C82 and Ce2@C80 should be in the Ce3+ oxidation
state, although earlierab initio calculation suggested that the
electronic structure of Ce@C82 should be formally described
as Ce2+@C82

2-.19 Recently, the magnetic properties of Ce@C82
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have been investigated by examining the magnetic field-induced
changes in the magnetic susceptibility of Ce@C82.20 The
magnetic anisotropy of cerium endohedral metallofullerenes is
believed to be associated with the off-center geometry of the
Ce3+ ion in the cage.20

In 1999, our laboratories reported the synthesis and charac-
terization of novel trimetallic nitride template (TNT) endohedral
metallofullerenes in high yields, by introducing nitrogen gas
into the Krätschmer-Huffman generator.21 Since this discovery,
many new members of this interesting family, e.g., A3N@C80

(A ) Er,21 Gd,22,23Ho,24 Tb,25 Dy,26 Tm,27 Lu,28 Y29) have been
reported with the nitrogen atom located at the geometric center
of the molecule. For example, the most common trimetallic
nitride, Sc3N@C80, can be formally viewed as a positively
charged planar tetra-atom cluster inside a negatively charged
icosahedral (Ih) carbon cage, [Sc3N]+6@[C80]-6.30c,31 Each
scandium atom transfers one electron to the nitrogen atom and
two electrons to the carbon cage which forms a stabilized closed-
shell electronic structure [C80]-6.30 In an earlier13C NMR study,
the existence of a second isomer of Sc3N@C80 (D5h)32 was
established, and its structure was confirmed in a recent X-ray
crystallographic study.33 Also, other examples ofD5h isomers
have been reported for Dy3N@C80,26 Tm3N@C80,27 and a third
isomer of Dy3N@C80 has been reported.34 Until now no X-ray
crystallographic structures have been reported for these cases.
In contrast to the homonuclear A3N cluster, there is a paucity
of mixed metal cluster cases (AB2N) reported to date. A notable
exception is ErSc2N@C80 which has been characterized by a
single-crystal X-ray diffraction study.35 Another series of mixed-
metal species of TNT-EMFs, Lu3-xAxN@C80 (x ) 1, 2; A )
Ho, Gd), were prepared in 2002,28a but these have not been
isolated and characterized. With the exceptions noted above,
most mixed-metal (AB2N) based TNT-EMFs have not been
isolated in pure form because of difficulties in the separation
and purification process. We now report the first synthesis,
structure, and characterization of CeSc2N@C80.

Experimental Section

Production of CeSc2N@C80. Graphite rods (0.25 in. diameter, 6
in. length) were core-drilled and subsequently packed with a mixture
of graphite powder, Sc2O3, CeO2, and FexN (x ) 2 to 4). The weight
ratio of the components in the mixture is C/Sc2O3/CeO2/FexN ) 1.0:
0.33:0.41:0.40. FexN serves as a catalyst. These rods were then
vaporized in a Kra¨tschmer-Huffman generator under a dynamic flow
of He and N2 (flow rate ratio of N2/He ) 3:100) with a total pressure
of ca. 300 Torr to obtain soot containing CeSc2N@C80. The resulting
soot was then extracted with refluxing toluene for 20 h to obtain the
initial endohedral extract. A portion of the negative ion desorption
chemical ionization (NI-DCI) mass spectrum of the initial extract is
shown in the Supporting Information.

Separation of CeSc2N@C80. The extract was applied to a glass
column (28 cm× 22 mm,h × d) packed with approximately 20 g of
cyclopentadiene-functionized Merrifield resin in toluene. Toluene was
flushed through by gravity feed (around 20 mL/h). The eluent was
further separated using two-stage HPLC approaches. First, the pent-
abromobenzyloxypropyl silica, 5PBB, column (25 cm× 4.6 mm,
Alltech Associates) was employed with toluene as the mobile phase.
The peak of CeSc2N@C80 from this 5PBB column was collected and
further separated with a 2-(1-pyrenyl)ethyl silica, 5PYE column (25
cm × 10 mm, Nacalai Tesque) using toluene as a mobile phase to
obtain the purified CeSc2N@C80 sample. From five packed graphite
rods, approximately 3.0 mg of purified CeSc2N@C80 was obtained.
The NI-DCI mass spectrum and final HPLC trace are shown in Figure
1a.

UV-vis Spectrum of CeSc2N@C80. The spectra of CeSc2N@C80

and Sc3N@C80 (Ih) dissolved in toluene were recorded on a Cary 50
UV-vis spectrophotometer (Varian, USA).

XPS of CeSc2N@C80. A CeSc2N@C80 film was prepared on a gold
foil. To clean the gold surface, a small piece of gold foil was dipped
in acetone and dried in N2 gas. Several drops of a concentrated solution
of CeSc2N@C80 in carbon disulfide were transferred to the cleaned
gold foil, and the evaporation of the solvent left a uniform film of
CeSc2N@C80. The gold foil with the film on was heated at ca. 150°C
in a vacuum line for 20 min. The XPS spectrum was recorded on a
Perkin-Elmer physical electronics model 5400 spectrometer.

NMR of CeSc2N@C80. The 125 MHz 13C NMR spectrum of
CeSc2N@C80 in CS2/acetone-d6 (v/v 9:1) was recorded on a JEOL 500
MHz instrument. Chromium(III) acetylacetonate (10 mg) was added
as a relaxation agent. The 121.5 MHz45Sc NMR spectrum of
CeSc2N@C80 in 1,2-dichlorobenzene at room temperature was recorded
on a JEOL 500 MHz instrument, and the 97.2 MHz45Sc NMR spectra
at various temperatures were recorded on a Unity 400 MHz instrument.

Crystal Growth for CeSc2N@C80‚NiII (OEP)‚2C6H6. Crystals of
CeSc2N@C80‚NiII(OEP)‚2C6H6 were obtained by layering a solution
of ca. 0.7 mg of CeSc2N@C80 in 0.5 mL of benzene over a solution of
NiII(OEP) in benzene. After the two solutions diffused together over a
14 day period, black crystals formed.

X-ray Crystallography and Data Collection. The crystals were
removed from the glass tube in which they were grown together with
a small amount of mother liquor and immediately coated with a
hydrocarbon oil on the microscope slide. A suitable crystal was mounted
on a glass fiber with silicone grease and placed on the goniometer head
in the cold dinitrogen stream from a CRYO Industries low-temperature
apparatus at 90(2) K. The diffractometer was Bruker SMART Apex
with an Apex II CCD and utilized Mo KR radiation. No decay was
observed in 50 duplicate frames at the end of data collection. Crystal
data are given below. The structure was solved by direct methods and
refined using all data (based onF2) with the software of SHELXTL
5.1. A semiempirical method utilizing equivalents was employed to
correct for absorption.36 Hydrogen atoms were added geometrically and
refined with a riding model.
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Crystal Data for CeSc2N@C80‚NiII (OEP)‚2C6H6: C128H56CeN5-
NiSc2, fw, 1952.51; black parallelepiped; crystal size, 0.10× 0.07×
0.04 mm3; monoclinic; space group,C2/c; a ) 25.3588(6) Å,b )
14.9668(3) Å,c ) 39.4062(9) Å,â ) 95.315(2)°, V ) 14891.9(6) Å3;
λ(Mo KR), 0.71073 Å;Z ) 8, dcalcd ) 1.742 Mg/m3; µ(Mo KR) )
1.096 mm-1; 2θmax ) 30.51°; T, 90(2) K; 120 547 refl. collected, 22 723
[R(int) ) 0.0906] included in the refinement; 1242 parameters, no
restraints,wR2 ) 0.117 for all data; conventionalR1 ) 0.044 computed
for 13 837 observed data withI > 2σ(I).

Results and Discussion

Synthesis of the CexSc3-xN@C80 (x ) 0, 1) Family and
Isolation of CeSc2N@C80. The vaporization of graphite rods
packed with a mixture of Sc2O3, CeO2, FexN, and graphite
powder was conducted in a Kra¨tschmer-Huffman fullerene
generator under a dynamic flow of helium and nitrogen gas,
producing a black soot as shown in Scheme 1 and described in
the Experimental Section. In contrast with the earlier reported
ErxSc3-xN@C80 (x ) 0-3) family,21 no significant peaks
corresponding to Ce2ScN@C80 and Ce3N@C80 were observed
in the NI-DCI mass spectrum. This is probably related to the

greater lanthanide ion contraction for an erbium ion relative to
a cerium ion (ionic radii: Er3+, 103 pm vs Ce3+, 115 pm).37

Recently, we reported a new purification protocol to obtain pure
TNT EMFs, A3N@C80 (A ) lanthanide atom) directly from
crude soots in a single, facile step based on the greater kinetic
stablility of the TNT-EMFs relative to empty-cage fullerenes
and classic EMFs, such as Ax@C2y (x ) 1-3, y ) 30-50).38

Utilizing this method, the CeSc2N@C80 sample was isolated
from the mixture. Final purification involved a two-stage, high-
performance liquid chromatographic (HPLC) separation with
the final HPLC trace and NI-DCI mass spectrum shown in
Figure 1a.

Electronic Structure of CeSc2N@C80. A. UV-visible
Spectroscopy.A comparison of the UV-visible absorption
spectra for CeSc2N@C80 and Sc3N@C80 metallofullerenes is
illustrated in Figure 1c. Both molecules show similar absorption
spectra. The CeSc2N@C80 UV-vis spectrum is similar to
Ce2@C80,16b which also exhibits a monotonically decreasing
absorption coefficient with increasing wavelength without well-
defined sharp spectral features. Generally, the UV-vis spectrum
of a metallofullerene depends on the cage structure (size and
symmetry) as well as the charge on the cage. The similarities
of these UV-vis spectra suggest that Sc3N@C80 and
CeSc2N@C80 possess the same cluster charge transfer andIh

cage structure. These results, together with the13C NMR and
XPS data described below, suggest that CeSc2N@C80 can be
formally represented by [CeSc2N]+6@[C80]-6 which is similar
to the formal charges found for Sc3N@C80

21 and Ce2@C80
16b

.

B. XPS.The XPS binding energies for the Ce 3d core levels
of CeSc2N@C80 are shown in Figure 2. The Ce region of the
spectrum is quite similar to those of Ce@C82 and Ce2@C80 with
the two prominent features for the 3d3/2 and 3d5/2 levels. The
binding energy of these two peaks (884.0 eV for 3d5/2 and 902.6
eV for 3d3/2) indicates the absence of Ce4+ in CeSc2N@C80,
since Ce4+ has a characteristic 3d peak at a binding energy of
approximately 914 eV arising from a transition from the initial
state 3d104f0 to the final state 3d94f0.16bFurthermore, the location
and shape of the Ce (3d) peaks in the XPS spectrum of
CeSc2N@C80 are quite similar to those of cerium trihalides,39

suggesting that the Ce atom encaged in C80 is in the form of a
Ce3+ ion. The carbon, scandium, and nitrogen binding energies
are also consistent with those found for Sc3N@C80

21 and are
illustrated in the Supporting Information.

NMR Studies of CeSc2N@C80. A. 13C NMR. The ambient
temperature45Sc and13C NMR spectra are shown in Figure 1b
and related data are given in Table 1. The13C NMR spectrum
of CeSc2N@C80 consists of two sharp signals in a 3/1 intensity
ratio and is similar to those of Sc3N@C80 (Ih isomer),21

Lu3N@C80 (Ih isomer),28 and Ce2@C80.40 It is surprising that

(37) Enghag, P.Encyclopedia of the Elements: Technical Data, History,
Processing, Applications; Wiley-VCH: Weinheim, 2004; pp 386, 418.
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Soc.2005, 127, 16292-16298.

(39) Suzuki, S.; Ishii, T.; Sagawa, T.Physica Fennica1974, 9, 310-312.

Figure 1. (a) The HPLC chromatogram for the purified sample of
CeSc2N@C80 (5PYE column 10 mm× 250 mm, toluene as eluent at a
flow rate of 1.0 mL/min, detector set at 390 nm) and the inset shows the
NI-DCI mass spectrum of this sample. (b) 121.5 MHz45Sc NMR spectrum
of CeSc2N@C80 in 1,2-dichlorobenzene (25°C, 140,000 scans) and 125
MHz 13C NMR spectrum of CeSc2N@C80 in CS2/acetone-d6 (v/v 9:1) (25
°C, Cr(acac)3 added, 21,000 scans). (c) Comparison of the UV-vis
absorption spectra of CeSc2N@C80 (deep blue) and Sc3N@C80(Ih) (pink)
in toluene.

Scheme 1
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at ambient temperature the C80 cage carbon atoms are still
isotropically motionally averaged yielding only two unique
resonances even with the CeSc2N acentric top inside. These data
and the45Sc NMR data below suggest a relatively small energy
barrier for rotation of the CeSc2N cluster inside the carbon cage.
The buried f electron spin of the Ce3+(4f15d0) ion produces only
relatively minor effects on the13C NMR spectrum. For example,
the only chemical shift difference between CeSc2N@C80 and
Sc3N@C80 is a subtle upfield shift of approximately 1.5 ppm
for both of the 13C signals of CeSc2N@C80. In contrast, a
somewhat larger13C NMR shift range was reported for
Ce2@C80

40 which utilizes the same icosahedral cage (C80)-6 but
contains two encapsulated Ce3+ ions.

B. 45Sc NMR. The dynamic behavior of the Sc atoms
encapsulated in carbon cages is conveniently monitored by45Sc
NMR. In a fashion similar to that of the data reported for the
Sc2@C84 isomer (III)41 and Sc3N@C80 (Ih),21 the 45Sc NMR
spectrum for CeSc2N@C80 (Figure 1b) exhibits a single,
symmetric peak at room temperature. Furthermore, when the
temperature is raised from 313 K to 383 K, the45Sc NMR line
width decreases from∼2700 Hz to∼1370 Hz (Figure 3). These
results suggest that the internal motion provides the same
average electronic environment for the two Sc atoms in the
CeSc2N cluster. With the assumption that the correlation time
can be expressed byúc ) ú0 exp(Ea/kT),41 whereú0 is a constant
andEa represents a rotation energy barrier, the line widths at
different temperatures can be plotted to yield activation energy,
Ea ) 79( 6 meV for the rotation energy barrier of CeSc2N@C80

in 1,2-dichlorobenzene. This energy barrier is the same as that
of Sc3N@C80 Ih isomer (75( 8 meV in 1,2-dichlorobenzene;
see Supporting Information) within the experimental error.
However, it should be noted that this energy barrier is modulated
by not only the internal motion of the endohedral cluster but
also the overall rotational motion of the carbon cage.

The45Sc NMR chemical shift (δ) of CeSc2N@C80 exhibits a
temperature-dependent Curie upfield chemical shift temperature

that probably originates from the buried f electron spin
remaining on the Ce3+(4f15d0) ion. As illustrated in Figure 3, a
temperature increase from 313 K to 383 K yields an upfield
shift in the resonance frequency of the45Sc signal from
approximately 257.3 to 235.7 ppm (relative to external ScCl3).
As shown in the equation below, the chemical shifts of
paramagnetic molecules in solution are generally composed of
three contributions from diamagnetic (δdia), Fermi contact (δfc),
and pseudocontact (δpc) shifts.42

The paramagnetic termδfc is proportional toT-1 while δpc

is proportional toT-2 (T ) absolute temperature). Since the
diamagnetic model molecule, [CeSc2N@C80]+, was not avail-
able, the chemical shift of Sc3N@C80 was employed as the value
of δdia in this case. The line-fitting plots ofδ vs T-1 (see
Supporting Information) showed the extrapolated value atT-1

) 0, 134.6 ppm, is quite different from the observed scandium
chemical shift of 196.4 ppm for Sc3N@C80,21 while the value
extrapolated by the line-fitting plot withT-2 (see Supporting
Information) atT-2 ) 0, 189.9 ppm, is in reasonable agreement
with the observed scandium shift of Sc3N@C80. Assuming our
diamagnetic reference is appropriate, these results suggest that
the pseudocontact (δpc) term dominates the chemical shift in a
fashion similar to the situation reported for Ce@C82.43 A
dominant Fermi contact interaction is also less likely, because
it would only be possible via spin polarization transfer from
Ce to the Sc nucleus through the Ce-N and N-Sc bonds.

Structure of CeSc2N@C80 as Determined by Single Crystal
X-ray Diffraction. As previously shown,21,22,35,44-47 cocrystal-
lization of endohedral fullerenes with MII(OEP) (M) Ni, Co;
OEP is the dianion of octaethylporphyrin) is a useful method
to obtain diffraction quality crystals, since most endohedral
metallofullerenes themselves do not readily crystallize in an
ordered fashion. Suitable crystals were obtained by diffusion
of a benzene solution of NiII(OEP) into a solution of CeSc2N@C80

in benzene over a 2 week period. Black crystals with the
composition CeSc2N@C80‚NiII(OEP)‚2C6H6 were obtained and
characterized by X-ray diffraction. Figure 4 shows a drawing

(40) Yamada, M. et al.J. Am. Chem. Soc.2005, 127, 14570-14571.
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M.; Mizorogi, M.; Nagase, S.; Kadish, K. M.J. Am. Chem. Soc., 2006,
128, 1400-1401

Figure 2. XPS spectrum of CeSc2N@C80 on a gold foil in the core level
region of Ce (3d). The colored lines are fitting curves of the spectral peaks.

Table 1. Comparison of Chemical Shifts in13C NMR Spectra of
Several Endohedral Metallofullerenes

metallofullerene 13C NMR chemical shifts (ppm)

Sc3N@C80(Ih)21 144.57 137.24
Lu3N@C80(Ih)28 144.0 137.4
CeSc2N@C80 142.85 135.90
Ce2@C80

40 148.6 124.7

Figure 3. 97.2 MHz45Sc solution NMR spectra of CeSc2N@C80 in 1,2-
dichlorobenzene (b-f) at various temperatures and Sc3N@C80 (Ih) in 1,2-
dichlorobenzene (a) at 313 K.

δ ) δdia + δfc + δpc
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of the endohedral and its relationship to the porphyrin. Both of
these molecules reside in general positions and have no
crystallographically imposed symmetry. In addition there is a
molecule of benzene in a general position and two others at
half occupancy, each located on a two-fold axis.

Endohedrals that are cocrystallized with metalloporphyrins
can show some degree of disorder in either the cage orientation,
in thelocationof themetal ionsinsidethecage,orboth.21,22,28b,35,46,47

However, in CeSc2N@C80‚NiII(OEP)‚2C6H6, the fullerene cage
and the CeSc2N unit are bothfully ordered. The C80 unit has
the Ih isomeric structure, which is generally the more abundant
of the two cage isomers (Ih and D5h) so far observed in C80-
containing endohedrals. Inside the cage, the two scandium ions
are situated in close proximity to the metalloporphyrin, while
the cerium ion is located on the far side of the cage. The Sc2-
N-Sc1angle is 116.87(12)°, and the Sc2-N-Ce and Sc1-N-
Ce angles are 121.67(11)° and 121.45(11)°, respectively. The
CeSc2N unit is planar, since the sum of these three angles about
the central nitrogen is 359.99°. Previous studies have shown
that the trimetallic nitride cluster is planar in the cases of
Sc3N@C80,21 ErSc2N@C80,35 Sc3N@C78,47 Sc3N@C68,46 and
Lu3N@C80,28b although the cage sizes and geometries vary
significantly in these TNT endohedral fullerenes. In contrast,
due to the large size of Gd(III), the Gd3N unit in Gd3N@C80,22

is pyramidal with the nitrogen atom displaced by 0.522(8) Å
from the plane of the three gadolinium ions.

As might be expected on the basis of ionic radii, the Ce-N
distance, 2.184(2) Å, in CeSc2N@C80 is considerably longer
than the Sc1-N and Sc2-N distances, 1.942(2) and 1.933(2)
Å, respectively. For comparison the Sc-N distances are longer
in related endohedrals: 1.9931(14), 2.0323(16), and 2.0526-
(14) Å in the Ih isomer of Sc3N@C80;21 1.988(7), 1.983(15),
and 2.125(5) in Sc3N@C78;47 and 1.961(4), 1.974(4), and 2.022-

(3) in Sc3N@C68.46 Note that the cage size is reduced in the
latter two endohedrals and yet the Sc-N distances are still
longer than those in CeSc2N@C80 where the large cerium ion
acts to compress the two Sc-N bonds. Also notice that in
ErSc2N@C80 the Sc-N distance, 1.968(6) Å, is longer than the
Sc-N distances in CeSc2N@C80, while the Er-N distance,
2.089(9) Å, is shorter than the Ce-N distance. The large size
of the cerium ion also pushes N1 0.36 Å away from the center
of the C80 cage and toward the two scandium ions.

Figure 5 shows the locations of the metal ions relative to the
cage. The figure consists of projections of the metal ions onto
the least squares planes of the carbon atoms as viewed from
the inside of the cage. The cerium ion is positioned above the
center of a hexagon. In contrast the scandium ions are located
near 6:5 ring junctions with a displacement toward the hexagon.
The metal ion placement differs from that seen in ErSc2N@C80

where all the metal ions lie over carbon atoms at the intersection
of two hexagons and one pentagon.35

Consideration of the pyramidalization of the carbon atoms
in the C80 cage as measured byθp

44 (θp for graphite) 0°; θp

for C60 ) 11.6°) reveals that the adjacent metal ions inside and
outside the cage exert a measurable effect on the cage structure
of CeSc2N@C80. Figure 6 shows a plot ofθp for all of the cage
carbon atoms in CeSc2N@C80‚NiII(OEP)‚2C6H6. In the Ih C80

cage, there are two types of carbon atoms: 60 (show as squares
in Figure 6) are part of pentagons, while 20 others (shown as
circles) do not reside in pentagons but are located at the
confluence of three hexagons. The carbon atoms that are part
of pentagons have an averageθp of 9.92(6)°, while those at the
confluence of three hexagons have an averageθp of 8.82(2)°.
In calculating these averages we have omitted carbon atoms
near the metal centers since these metal ions perturb the cage
geometry. Thus, the four carbon atoms (C17, C37, C44, and
C64) nearest to scandium atoms with Sc-C distances in the
range 2.34-2.39 Å have the highest pyramidalization and appear
as deep pink squares in Figure 6. The six carbon atoms that
surround the cerium ion also have elevated values: these are
shown in blue. Also the four carbon atoms (deep pink circles)
that are 2.34-2.39 Å from one of the scandium ions exhibit
elevated values ofθp. Thus, the pattern clearly emerges that
the carbon atoms near internal metal ions show enhanced
pyramidalization. In contrast, the carbon atom (C46) nearest
the external nickel ion in the porphyrin shows a reducedθp

value of 8.3 when compared to other carbon atoms like it that
are part of pentagons. This observation is consistent with the
situation seen in another well-ordered endohedral structure, that
of theD5h isomer of Sc3N@C80‚Ni(OEP)‚2benzene, where again
the carbon atoms nearest the nickel ion are slightly flatted.33

Conclusions

In summary, CeSc2N@C80, a TNT endohedral metallo-
fullerene with a nitrogen atom offset from its center and buried
f electron spin, has been synthesized and isolated in high purity.
The purified CeSc2N@C80 has been characterized by mass
spectrometry,13C and45Sc NMR spectroscopy, UV-vis spec-
troscopy, XPS spectroscopy, and a single-crystal X-ray diffrac-
tion study of the cocrystallized solid, CeSc2N@C80‚Ni(OEP)‚
2C6H6. The 13C NMR spectrum of CeSc2N@C80 exhibits two
lines with a 3:1 intensity ratio, indicating that the C80 cage has
Ih symmetry. The similarities of UV-vis spectra between

(44) Haddon, R. C.; Raghavachari, K. InBuckminsterfullerenes; Billups, W.
E.; Ciufolini, M. A., Eds.; VCH: New York, 1993; Chapter 7.

(45) Reich, A.; Panthofer, M.; Modrow, H.; Wedig, U.; Jansen, M.J. Am. Chem.
Soc. 2004, 126, 14428-14434.

(46) Olmstead, M. M.; Lee, H. M.; Duchamp, J. C.; Stevenson, S.; Marciu, D.;
Dorn, H. C.; Balch, A. L.Angew. Chem., Int. Ed.2003, 42, 900-902.

(47) Olmstead, M. M.; de Bettencourt-Dias, A.; Duchamp, J. C.; Stevenson, S.;
Marciu, D.; Dorn, H. C.; Balch, A. L.Angew. Chem., Int. Ed.2001, 40,
1223-1225.

Figure 4. A perspective view of the relative orientations of CeSc2N@C80

and NiII(OEP) within crystalline CeSc2N@C80‚NiII(OEP)‚2C6H6. Thermal
ellipsoids are shown at the 50% level.
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CeSc2N@C80, Sc3N@C80, and Ce2@C80 suggest that the
CeSc2N@C80 can be formally represented by [CeIIIScIII

2N-III ]+6@
[C80]-6. The XPS pattern of the Ce 3d core level in CeSc2N@C80

indicates a+3 valence state of cerium. The internal motion of
the trimetallic nitride cluster was demonstrated by45Sc NMR.
The rotation activation barrier is approximately 79 meV, which

is nearly the same as that of Sc3N@C80 (75 meV) within the
experimental error range. Also, the temperature-dependent45Sc
NMR study reveals the paramagnetic nature of CeSc2N@C80.
The crystallographic characterization indicates the structure of
CeSc2N@C80 consists of a planar CeSc2N unit surrounded by
an icosahedral C80 cage. The cerium ion within the cage is
positioned below the center of a hexagon, while the scandium
ions are located near 6:5 ring junctions with displacements
toward the hexagons. Due to the large size of the Ce ion, the N
atom is pushed 0.36 Å away from the central position toward
the two scandium ions, which makes the compressed Sc-N
bond lengths even shorter than those in Sc3N@C68 (1.942(2)
and 1.933(2) in CeSc2N@C80 vs 1.961(4), 1.974(4), and 2.022-
(3) in Sc3N@C68).
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Figure 5. Drawings that show the positions of the metal ions with respect to the adjacent walls of the C80 cage in CeSc2N@C80‚NiII(OEP)‚2C6H6. The metal
ions are projected onto the least-squares planes of the sets of carbon atoms shown as seen from the inside of the cage.

Figure 6. Pyramidalization angles,θp, for the carbon atoms in CeSc2N@C80.
The 60 carbon atoms that are part of pentagons are shown as squares, while
the 20 others that do not reside in pentagons are shown as circles. Carbon
atoms nearest internal metal atoms are colored (deep pink for the atoms
near a scandium ion, blue for atoms near a cerium atom), and the remaining
carbon atoms are represented by black symbols. A1 and B1, carbon atoms
with no close contact with metal atoms inside the cage; A2, carbon atoms
in pentagons near Ce; A3, carbon atoms in pentagons near Sc; B2, carbon
atoms not in pentagons near Ce; B3, carbon atoms not in pentagons near
Sc.
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