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ABSTRACT: Three isomers of Sm@C82 that are soluble in
organic solvents were obtained from the carbon soot produced
by vaporization of hollow carbon rods doped with Sm2O3/
graphite powder in an electric arc. These isomers were
numbered as Sm@C82(I), Sm@C82(II), and Sm@C82(III) in
order of their elution times from HPLC chromatography on a
Buckyprep column with toluene as the eluent. The identities of
isomers, Sm@C82(I) as Sm@Cs(6)-C82, Sm@C82(II) as Sm@
C3v(7)-C82, and Sm@C82(III) as Sm@C2(5)-C82, were
determined by single-crystal X-ray diffraction on cocrystals
formed with Ni(octaethylporphyrin). For endohedral fullerenes like La@C82, which have three electrons transferred to the cage
to produce the M3+@(C82)

3− electronic distribution, generally only two soluble isomers (e.g., La@C2v(9)-C82 (major) and La@
Cs(6)-C82 (minor)) are observed. In contrast, with samarium, which generates the M2+@(C82)

2− electronic distribution, five
soluble isomers of Sm@C82 have been detected, three in this study, the other two in two related prior studies. The structures of
the four Sm@C82 isomers that are currently established are Sm@C2(5)-C82, Sm@Cs(6)-C82, Sm@C3v(7)-C82, and Sm@C2v(9)-
C82. All of these isomers obey the isolated pentagon rule (IPR) and are sequentially interconvertable through Stone−Wales
transformations.

■ INTRODUCTION

The interior space of fullerenes offers the chemist an unusual
environment in which a variety of atoms, molecules, and atomic
clusters can be trapped to form an endohedral fullerene.1,2

Despite their isolation, the trapped entities retain their physical
properties such as light absorption and emission, magnetism,
and nuclear stability. Consequently, these endohedrals have
numerous potential applications in optoelectronic devices, solar
energy collection, magnetic resonance imaging, and nuclear
medicine.3−5

The simplest soluble endohedral fullerenes contain only a
single atom. When that atom is an electropositive metal,
electrons are transferred from the metal onto the empty π-type
orbitals of the carbon cage so that an electronic structure of the
type Mx+@(C2n)

x− results.6,7 For most lanthanide metals,
including Sc, Y, La, Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, and Lu,
three electrons are transferred to the cage to produce the
M3+@(C2n)

3− type structure. The alkaline earth endohedrals
adapt an M2+@(C2n)

2− type structure, which is also observed
for the less electropositive lanthanides: Sm, Eu, Tm, and Yb.

Endohedral fullerenes that utilize the C82 cage are among the
most intensively studied molecules of this type. Indeed, La@
C82 was the first soluble endohedral to undergo purification and
isolation.8 Subsequently, numerous C82-endohedrals enclosing
one or two metal atoms or metal atom/main group atom
clusters have been detected and isolated.1,2 Considerable effort
has been expended to produce covalently bonded adducts of
the family of M3+@(C82)

3− endohedrals.9 For the C82 cage,
there are nine possible isomers that obey the isolated pentagon
rule (IPR), which ensures cage stability by avoiding the steric
stain caused when two pentagons abut.10 The particular cage
that is used for an individual endohedral depends upon the
species entrapped and the number of electrons that are
transferred to the cage.6,7

When six electrons are transferred to the cage, as is the case
for Gd3N@Cs(39663)-C82, a non-IPR cage, a Bucky egg, with
one pair of adjacent pentagons is utilized.11 Consequently, it
appears that none of the nine isomers that obey the IPR are

Received: May 18, 2012
Published: August 3, 2012

Article

pubs.acs.org/JACS

© 2012 American Chemical Society 14127 dx.doi.org/10.1021/ja304867j | J. Am. Chem. Soc. 2012, 134, 14127−14136

pubs.acs.org/JACS


suitable to house this trimetallic nitride cluster. However, for
endohedral fullerenes of the type Er2@C82, IRP-obeying cages
are used in the isomers Er2@Cs(6)-C82

12 and Er2@C3v(8)-
C82.13

For endohedral fullerenes containing metal ions or clusters
that can transfer four electrons to the cage, the preferred cage
isomers are [Cs(6)-C82]

4− and [C3v(8)-C82]
4−. Computational

studies suggest that the [C3v(8)-C82]
4− should be the most

stable at 0 K, but entropic factors cause the [Cs(6)-C82]
4−

isomer to become more stable at higher temperatures.14,15

Several endohedral fullerenes of this type have been
characterized by single-crystal X-ray diffraction in pristine
form, including Sc2(μ2-S)@Cs(6)-C82 and Sc2(μ2-S)@C3v(8)-
C82,

16 Sc2(μ2-C2)@C3v(8)-C82,
17 Sc2(μ2-O)@Cs(6)-C82,

18,19

along with Sc2(μ2-C2)@Cs(6)-C82.
20

For soluble molecules like La@C82, which have three
electrons transferred to the cage to produce the
M3+@(C82)

3− electronic distribution, the most prevalent isomer
utilizes another type of cage, the C2v(9)-C82 isomer.21 La@
C2v(9)-C82 has been characterized crystallographically both as
exohedral adducts and in pristine form.22−24 A minor soluble
isomer of La@C82, La@Cs(6)-C82, has also been characterized
through 13C NMR spectroscopic measurements.25

When only two electrons are available for transfer as is the
case for endohedrals containing Ca, Sm, Eu, Tm, and Yb, a
more extensive series of soluble isomers of M@C82 is formed.
For example, four isomers of Ca@C82 have been isolated.26,27

Of these isomers, Ca@C82(I) is the first to elute during high
pressure liquid chromatography, Ca@C82(II) is the second to
elute, and so forth. 13C NMR studies have identified the
symmetry of these isomers as follows: Ca@C82(I), one of three
Cs isomers; Ca@C82(II), one of two C3v isomers; Ca@C82(III),
one of three C2 isomers; and Ca@C82(IV), the C2v isomer.

28

Further insight into the structure of M2+@(C2n)
2− type

endohedrals was obtained through a study of the 13C NMR
spectra of Yb@C82 coupled with DFT computations that
simulated the spectra.29 That work identified three of the Yb@
C82 isomers as Yb@Cs(6)-C82, Yb@C2(5)-C82, and Yb@C2v(9)-
C82. However, no crystallographic work has been performed on
any of the M2+@(C2n)

2− type endohedrals.
Here, we report the isolation of three isomers of a

M2+@(C2n)
2− type endohedral, Sm@C82, and their crystallo-

graphic characterization. Crystallographic data on endohedral
fullerenes are particularly valuable, because they can provide
information regarding which cage isomer is present, the
positioning of the metals inside the cage, and the metric
dimensions of the molecule. Such studies can be conducted on
samples that would be too small to give 13C NMR data, whose
analysis would also be complicated by the presence of the
paramagnetic samarium ion. Previous studies of Sm@C82
endohedrals by Okazaki et al. reported the isolation of three
isomers,30,31 while Liu et al. reported the identification of four
isomers of Sm@C82.

32

■ RESULTS
Isolation of Three Isomers of Sm@C82. As described

previously, carbon soot containing the samarium endohedral
fullerenes was obtained by electric arc vaporization of hollow
graphite rods filled with Sm2O3 and graphite powder.33,34 The
soot produced by this arc process was extracted with o-
dichlorobenzene under sonocation. After concentration, the
soluble extract was subjected to a four-stage, high-pressure
liquid chromatographic (HPLC) process involving three

complementary chromatographic columns (Buckyprep, Bucky-
prep-M, and 5PBB) with either chlorobenzene or toluene as the
eluent. Three isomers of Sm@C82 were identified and purified.
Figure 1 shows the HPLC chromatograms of the purified
samples of the Sm@C82 isomers on a Buckyprep column.
Figure 2 shows the laser-desorption ionization time-of-flight

(LDI-TOF) mass spectrum of Sm@C82(II). The insets show
expansion of the parent ion peaks and the spectrum computed
on the basis of isotope abundances. The mass spectra for the
other two isomers are nearly identical as can be seen in the
Supporting Information. The UV−vis−NIR absorption spectra
of the individual isomers are shown in Figure 3. Sm@C82(I) has
the lowest energy onset of absorption at 1648 nm and
absorption maxima at 1478, 1224, 486, 786, and 465 nm. Sm@
C82(II) has its onset of absorption at 1295 nm, which is the
highest energy for these isomers, and absorption maxima at
1202, 926, 661, 527s, and 496 nm. For Sm@C82(III), the onset
of absorption is 1402 nm, and there are absorption maxima at
1205, 1037, 887s, 780, 669, and 610s nm.

Crystallographic Characterization of Sm@C3v(7)-C82.
Black crystals of Sm@C3v(7)-C82·Ni(OEP)·2toluene were

Figure 1. Chromatograms of the purified Sm@C82 isomers on a
Buckyprep column. HPLC conditions: flow rate, 4.0 mL/min;
detection wavelength, 450 nm; eluent, toluene.

Figure 2. LDI-TOF mass spectrum of a purified sample of Sm@
C82(II). The insets show expansions of the experimental and
theoretical spectra. The mass spectra of the other two isomers are
similar and can be found in the Supporting Information.
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obtained by layering a toluene solution of Sm@C82(II) over a
toluene solution of Ni(OEP). This cocrystallization process was
used to obtain crystals with sufficient order so that single-crystal
X-ray diffraction data could be obtained and analyzed.35 Figure
4 shows two drawings of the structure of Sm@C3v(7)-C82. In
the upper part, the molecule is aligned so that the C3 axis, which
passes through C82 and the hexagon opposite C82, is vertical.
In the lower view, the C3 axis passes through C82 and the
center of the hexagon immediately behind C77. The C3 axis in
C3v(7)-C82 passes through the center of a coronene patch,
which is shown in Scheme 1. This patch is a distinguishing
feature of the C3v(7)-C82 cage. The other C3v isomer of C82
lacks this patch, but has a sumanene patch in a similar location
with the C3 axis passing through its center. The hydrocarbon
coronene is a planar molecule, and incorporation of a coronene
patch into a fullerene must incur some strain within the
molecule. Previously, the empty cage fullerene, Cs(16)-C86, was
isolated and shown to contain a coronene patch within its
carbon network.36

Figure 5 shows the relative dispositions of the Sm@C3v(7)-
C82 molecule and the nickel porphyrin. As is usual in such
structures, all eight of the ethyl groups of Ni(OEP) embrace
the fullerene cage. The coronene patch of Sm@C3v(7)-C82 is
situated closest to the Ni(OEP) porphyrin plane.
The position of the samarium ion within the fullerene cage is

disordered. There are four crystallographic sites for the
samarium ion with occupancies of 0.23 for Sm1, 0.23 for
Sm2, 0.02 for Sm3, and 0.02 for Sm4. Only the two major sites
and the two equivalent sites generated by the crystallographic
mirror plane are shown in Figures 4 and 5. These sites cluster
about the C3 axis of the fullerene and are located on the
opposite side of the cage from the coronene patch. The closest
contacts of the samarium ion and the carbon cage are as follow
(Å): Sm1−C81, 2.533(5); Sm2−C80, 2.520(3); Sm1A−C82,
2.555(5); and Sm2A−C82, 2.552(5).

Crystallographic Characterization of Sm@Cs(6)-C82.
Black crystals of 0.6667 Sm@C3v(7)-C82/0.3333Sm@Cs(6)-
C82·Ni(OEP)·2toluene were obtained by layering a toluene
solution of Sm@C82(I) over a toluene solution of Ni(OEP).
The sample of Sm@C82(I) used in this particular crystallization
effort came from a purification effort that did not produce
adequate separation of isomers I and II. Subsequently, we were
able to obtain samples of Sm@C82(I) with better isomeric
purity, but these samples did not yield crystals that produced
any improved X-ray diffraction data. We collected five different
data sets on various crystals. The solutions we obtained for
these all indicated that the Sm@Cs(6)-C82 isomer was present.
Here, we report the best structure we obtained.
Crystals of 0.6667 Sm@C3v(7)-C82/0.3333Sm@Cs(6)-

C82·Ni(OEP)·2toluene are isostructural with those of Sm@
C3v(7)-C82·Ni(OEP)·2toluene. The structures of the two
fullerene cages are closely related. Figure 6 shows a drawing
that illustrates how the two molecules are interrelated. The

Figure 3. UV−vis−NIR absorption spectra from carbon disulfide
solutions of the purified isomers of Sm@C82.

Figure 4. Two views of Sm@C3v(7)-C82 from the crystallographic
study of Sm@C3v(7)-C82·Ni(OEP)·2toluene. In the upper view, the
carbon atoms in the coronene fragment are shown in green, and the
vertical line indicates the location of the C3 axis. These drawings show
the two major samarium sites with fractional occupancies of 0.23 along
with their crystal-symmetry-generated counterparts, Sm1A and Sm2A.

Scheme 1. Coronene and Sumanene Patches
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fullerene cages Cs(6)-C82 and C3v(7)-C82 may be transformed
into one another by a single Stone−Wales operation, which
interchanges the locations of two carbon atoms within the
fullerene as shown in Scheme 2. Thus, in Figure 6, the C3v(7)-
C82 cage is formed by the 82 black carbon atoms. The two blue
atoms, C17A and C18A, are not used to form this isomer. The
Cs(6)-C82 cage is formed by 80 of the black carbon atoms and
the two blue carbon atoms, C17A and C18A. In this cage, C17
and C18 are not present. The occupancies of these two pairs of
sites were initially refined and then fixed at 0.6667/0.3333. The
cocrystallization of closely related fullerene cages at a common
site has been observed previously in the structure of (η2-
D2d(23)-C84)Ir(CO)Cl(PPh3)2, where the D2(22)-C84 isomer is
also present.37 The isomers D2d(23)-C84 and D2(22)-C84 are
related by a single Stone−Wales transformation. Similarly,
crystalline Cs(16)-C86/C2(17)-C86·Ni(OEP)·2toluene contains

two isomers of C86 in a common site.38 These isomers are
interconverted by a Stone−Wales transformation.

Crystallographic Characterization of Sm@C2(5)-C82.
Black crystals of Sm@C2(5)-C82·Ni(OEP)·2benzene were
obtained by layering a benzene solution of Sm@C82(III) over
a benzene solution of Ni(OEP). Three drawings of the
structure of Sm@C2(5)-C82 are shown in Figure 7. In the top
drawing, the C2 axis is vertical. The middle drawing is oriented
so that the viewer looks down the C2 axis, which passes through
the top hexagonal ring and through the midpoint of a C−C
bond on the opposite side. Figure 8 shows the relative
orientations of Sm@C2(5)-C82 and the porphyrin in Sm@
C2(5)-C82·Ni(OEP)·2benzene.
There is disorder in the location of the samarium ion. There

are six samarium ion positions with occupancies of 0.25 for
Sm1, 0.09 for Sm2, 0.06 for Sm3, 0.06 for Sm4, 0.06 for Sm5,
and 0.01 for Sm6. Because there are two orientations of the C82
cage, there are two rather different positions for the major
samarium site within the cage. In one orientation shown in (A)
and (B) of Figure 7, the major samarium site is located under
the hexagonal ring that is bisected by the C2 axis and lies near
that C2 axis. The second location is shown in part (C) of Figure
7. Crystallographically, there is no way to determine whether
either or both of these two locations are occupied. However,
computational studies, vide infra, reveal that the site shown in
(A) and (B) of Figure 7 lies at an energy minimum, while the
site shown in (C) does not. At the site shown in (A) and (B) of
Figure 7, the Sm1−C distances to the closest hexagon range
from 2.596(7) to 2.783(8) Å.

Computational Studies of the Relative Stabilities of
the Sm@C82 Isomers. To examine the stabilities and
electronic structures of the Sm@C82 isomers, geometric

Figure 5. Relative orientations of Sm@C3v(7)-C82 and the porphyrin
in Sm@C3v(7)-C82·Ni(OEP)·2toluene with 30% thermal ellipsoids.
This drawing shows the two major samarium sites with fractional
occupancies of 0.23 along with their crystal-symmetry-generated
counterparts, Sm1A and Sm2A. The toluene molecules are not shown.

Figure 6. Two views of the fullerene cage(s) in 0.6667 Sm@C3v(7)-
C82/0.3333 Sm@Cs(6)-C82·Ni(OEP)·2toluene. The cage for Sm@
C3v(7)-C82 involves C17 and C18, while C17A and C18A are absent.
The cage for Sm@Cs(6)-C82 involves C17A and C18A, while for this
isomer C17 and C18 are absent. These drawings show the two major
samarium sites with fractional occupancies of 0.30 and 0.28 along with
their crystal-symmetry-generated counterparts, Sm1A and Sm2A.

Scheme 2. Stone−Wales Transformation and Isomerization
Paths
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optimizations using DFT methodology were conducted for all
nine IPR isomers. The results in terms of the relative energy,
HOMO−LUMO gap, atomic charge, and spin density on Sm
are presented in Table 1. These calculations indicate that Sm@
C2(5)-C82 is the most stable isomer, but that the Sm@C2v(9)-
C82, Sm@Cs(6)-C82, and Sm@C3v(7)-C82 isomers are relatively
close in energy. Sm@C3v(7)-C82 and Sm@C2(5)-C82 have
larger HOMO−LUMO gaps than the other two low-energy
isomers.
As noted above, the electronic distribution for samarium-

containing endohedral fullerenes may be represented by the
ionic model, Sm2+@(C2n)

2−, with the cage acquiring two
electrons from the interior metal atom. Consequently,
calculations were also performed to determine the relative
stabilities of the dianions of the nine IPR isomers of C82. Those
relative stabilities are listed in Table SI-1 (see the Supporting
Information). Figures 9, 10, and 11 show the molecular orbital
energies of the neutral, di-, tri-, and tetra-anionic forms of the
empty cage isomers, C3v(7)-C82, Cs(6)-C82, and C2(5)-C82,
obtained through DFT methods. These computations show
that the HOMO−LUMO gaps are maximized at the dianionic
and trianionic stages for C2(5)-C82 and Cs(6)-C82, while the
neutral molecule has the largest HOMO−LUMO gap for
C3v(7)-C82 with triplet ground state of electronic structure.
The computed structures and spin distributions in the Sm@

C3v(7)-C82, Sm@Cs(6)-C82, and Sm@C2(5)-C82 are shown in
Figure 12. As expected, the spin density is largely localized on
the samarium ion. However, very minor amounts of opposite
spin are transferred to some of the nearby carbon atoms of the
fullerene cage. Notice that for Sm@C2(5)-C82 these computa-
tions place the samarium ion in a position that corresponds to
the site shown in (A) and (B) of Figure 7.
The relationship between the endohedrals and Ni(OEP)

molecules appeared in many cases to favor placement of
relatively flat regions of the fullerene with the porphyrin, but
some notable exceptions have recently appeared: for example,
La2@D5(450)-C100 where the curved poles of the fullerene are
closest to the porphyrin.39 Consequently, we have begun to
seek other factors that might influence the relationship between
the fullerenes and the porphyrins. Figure 13 compares plots of
the electrostatic potential in terms of total electron density for
Sm@C3v(7)-C82, Sm@Cs(6)-C82, and Sm@C2(5)-C82. These
plots show the portion of each cage that faces the Ni(OEP)
molecule. The red arrows point to the carbon atoms closest to
the nickel atoms in each crystal. The blue-green color in the
regions close to the porphyrin indicates regions of significant
positive potential on the endohedral fullerene. In contrast, the
regions of the porphyrin that are closest to the fullerene display
negative potential in the vicinity of the four nitrogen atoms.40

Similar arrangements that place regions of positive potential on
the fullerene near regions of negative potential on the
porphyrin have been reported previously for empty cage
fullerenes such as D5h(1)-C90

34 and for endohedral fullerenes
such as Sm@C1(42)-C92.

41 These electrostatic interactions
appear to be significant in producing some degree of
orientational order in the cocrystals used for X-ray diffraction.

■ DISCUSSION
This work has described the isolation of three isomers of Sm@
C82 and the first structural characterization by X-ray diffraction
of three M2+@(C2n)

2− type endohedral fullerenes: Sm@C3v(7)-
C82, Sm@Cs(6)-C82, and Sm@C2(5)-C82. The two cage
isomers, Sm@C3v(7)-C82 and Sm@C2(5)-C82, have not yet

Figure 7. Three views of Sm@C2(5)-C82 from the crystallographic
study of Sm@C2(5)-C82·Ni(OEP)·2benzene. (A) and (B) show
orthogonal views with the samarium in site Sm1. (C) shows a
drawing with the samarium in the mirror-related site Sm1A. The C2
axis of the fullerene is aligned vertically in (A) and (C).

Figure 8. Relative orientations of Sm@C2(5)-C82 and the porphyrin in
Sm@C2(5)-C82·Ni(OEP)·2benzene with 30% thermal ellipsoids. Only
one orientation of the major samarium site is shown. The benzene
molecules are not shown.
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been observed for any soluble form of the M3+@(C2n)
3− type

endohedral fullerenes such as La@C82. However, endohedral
fullerenes that are otherwise insoluble can be extracted with
1,2,4-trichlorobenzene from arc-generated carbon soot.42,43

During the extraction, reactive dichlorophenyl radicals are
formed, and these radicals add to the endohedral fullerenes to
form covalent adducts. In this fashion, two dichlorophenyl
adducts of the otherwise insoluble La@C3v(7)-C82 have been
formed and isolated.44 As noted in the introduction, an
analogue of Sm@Cs(6)-C82, La@Cs(6)-C82, has been charac-
terized through 13C NMR spectroscopic measurements.25

It is useful to consider the relationships between the
compounds reported here and other endohedral fullerenes of
the M2+@(C2n)

2− type. Because the UV−vis−NIR spectra of
endohedral fullerenes reflect the cage structure and charge
distribution, it is possible to correlate information on a variety
of related endohedrals. Table 2 provides information from
several studies on isomers of Sm@C82, Eu@C82, Tm@C82,
Yb@C82, and Ca@C82. The rows in this table show the
individual isomers identified in different laboratories, along with
appropriate references. The columns each contain compounds
with similar UV−vis−NIR spectra. Where there is overlap, the
results obtained by X-ray diffraction on Sm@C82 isomers agree
with the structural assessments obtained from the 13C NMR
studies. Thus, Sm@C82(III) and Yb@C82(II) have similar UV−
vis−NIR spectra and contain the C2(5)-C82 cage as shown by
crystallography and 13C NMR spectroscopy, respectively.29

Additionally, a previous 13C NMR study showed that the
fullerene cage in Ca@C82(II) was one of two C3v isomers.

26

Now we can infer that Ca@C82(II) is Ca@C3v(7)-C82, based on
the UV−vis−NIR spectral similarity to crystallographically
characterized Sm@C3v(7)-C82.
In regard to the Sm@C82 isomers, it appears that the three

studies reporting their isolation have produced five individual
isomers, although a different set of isomers was produced in
each laboratory. Liu et al. produced four isomers denoted Sm@
C82(I

L) to Sm@C82(IV
L).29 Their isomer Sm@C82(I

L) was not
produced in either of the other two studies on Sm@C82
isomers. Its structure remains unknown. Okazaki et al. isolated

Table 1. Relative Energies (ΔE, kcal mol−1), HOMO−LUMO Gaps (in eV), Ground State, Atomic Charge, and Spin Density of
Sm@C82 Isomersa

isomer ΔE (kcal mol−1) HOMO−LUMO gap (eV) ground state atomic charge on Sm spin density on Sm

Sm@C2(5)-C82 0.00 1.67 7A 1.68 6.03

Sm@C2v(9)-C82 0.64 1.46 7B1 1.68 6.03

Sm@Cs(6)-C82 1.67 1.44 7A′′ 1.68 6.03

Sm@C3v(7)-C82 3.31 2.05 7A′′ 1.68 6.03

Sm@C3v(8)-C82 8.33 1.14 7A 1.69 6.02

Sm@Cs(4)-C82 12.90 1.31 7A′ 1.68 6.03

Sm@C2(1)-C82 19.48 1.61 7A 1.66 6.03

Sm@C2(3)-C82 22.49 1.22 7B 1.66 6.03

Sm@Cs(2)-C82 29.82 0.90 7A′′ 1.68 6.02
aGeometries optimized at the B3LYP level with a 3-21g basis set for carbon and a cep-31g basis set for samarium.

Figure 9. Molecular orbital energy levels (in eV) for the neutral form
as well as di-, tri-, and tetra-anions of the empty C3v(7)-C82 molecule.
The calculations were conducted at the B3LYP/6-31G(d) level.

Figure 10. Molecular orbital energy levels (in eV) for the neutral form
as well as di-, tri-, and tetra-anions of the empty Cs(6)-C82 molecule.
The calculations were conducted at the B3LYP/6-31G(d) level.

Figure 11. Molecular orbital energy levels (in eV) for the neutral form
as well as di-, tri-, and tetra-anions of the empty C2(5)-C82 molecule.
The calculations were conducted at the B3LYP/6-31G(d) level.
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three isomers denoted as Sm@C82(I
O), etc.30,31 The UV−vis−

NIR spectrum of our Sm@C82(I) corresponds to the spectra of
Sm@C82(II

L) and Sm@C82(I
O). Our Sm@C82(II), which is

Sm@C3v(7)-C82, was not observed by Liu et al. or by Okazaki et
al. The spectra of our Sm@C82(III) (which is Sm@C2(5)-C82),
Sm@C82(III

L), and Sm@C82(II
O) are similar to the spectrum

of Yb@C82(II), which has been identified as Yb@C2(5)-C82 by
13C NMR spectroscopy. Likewise, the spectra of Sm@C82(IV

L)
and Sm@C82(III

O) are similar to the spectrum of Yb@C82(III),

which has been identified as Yb@C2v(9)-C82, again by 13C
NMR spectroscopy.
The different distributions of Sm@C82 isomers produced in

three different laboratories appear to reflect differences in the
methods of fullerene formation. In particular, the source of the
samarium used in these laboratories differed. In our laboratory,
hollow graphite rods were doped with Sm2O3 and graphite
powder. Okazaki et al. used a mixture of graphite powder,
silicon carbide, and Sm2Co17 alloy as their samarium

Figure 12. Computed structures and spin density distribution in Sm@C3v(7)-C82, Sm@Cs(6)-C82, and Sm@C2(5)-C82 at the isovalue of 0.0005 e/
bohr3.

Figure 13. Plots of electrostatic potential (in eV) in terms of total electron density (0.001 e/bohr3) mapped on the isosurface facing the Ni(OEP)
molecule for the three isomers of Sm@C82. Two-dimensional projections of the bonds onto the plots are also shown for clarity. The red arrows
indicate the carbon atoms nearest the nickel ion.

Table 2. Classification of the Structures of M2+@(C82)
2− Isomers on the Basis of Similarities of UV−Vis−NIR Spectra

cage symmetry

ref unknown Cs(6)-C82 C3v(7)-C82 C2(5)-C82 C2v(9)-C82

this work Sm@C82(I)
a Sm@C82(II)

a Sm@C82(III)
a

32 Sm@C82(I
L) Sm@C82(II

L) Sm@C82(III
L) Sm@C82(IV

L)
30 Sm@C82(I

O) Sm@C82(II
O) Sm@C82(III

O)
62 Eu@C82(I) Eu@C82(II) Eu@C82(III)
63 Tm@C82(I)

b Tm@C82(II)
b Tm@C82(III)

b

64 Tm@C82(B) Tm@C82(A) Tm@C82(C)
29 Yb@C82(I)

b Yb@C82(II)
b Yb@C82(III)

b

65 Yb@C82(I) Yb@C82(II) Yb@C82(III)
26 Ca@C82(I) Ca@C82(II) Ca@C82(III) Ca@C82(IV)
27 Ca@C82(I) Ca@C82(II) Ca@C82(III), Sr@C82, Ba@C82 Ca@C82(IV)
28 Ca@C82(I)

c Ca@C82(II)
c Ca@C82(III)

c Ca@C82(IV)
c

aStructure determined by single-crystal X-ray diffraction, this work. bStructure determined by 13C NMR spectroscopy and DFT computation.
cStructure determined by 13C NMR spectroscopy.
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source.30,31 Liu et al. used SmNi2 alloy mixed with graphite
powder to produce their samarium endohedrals.29 Previously,
we noted that these same three laboratories produced different
sets of Sm@C84 isomers, and we again attributed the variations
in isomers produced to the different samarium sources
involved.45 The relative yields of different isomers are likely
controlled by the method of formation rather than solely
thermodynamic considerations. There are other studies that
also suggest that chemical additives influence the pattern of
fullerenes that are produced during the electric arc generation
of fullerenes.46,47

As shown in Scheme 2, the Stone−Wales transformation
provides a means of isomerization of a fullerene though
rotation of a single C2 unit.

10 All of the nine IPR-obeying C82
cages lie on a single interconversion map, which shows the path
of isomerization of fullerenes that are possible through Stone−
Wales transformations. Consequently, the four isomers of Sm@
C82 whose structures are reasonably well established can be
interconverted through Stone−Wales transformations. As
Scheme 2 indicates, Sm@Cs(6)-C82 can be converted into
any one of the other three isomers (Sm@C2(5)-C82, Sm@
C3v(7)-C82, and Sm@C2v(9)-C82) through a single Stone−
Wales transformation. Similarly, the structurally characterized
isomers of Sm@C84

48 and Sm@C90 are also related to one
another through Stone−Wales transformations. However, the
two known isomers of Sm@C92 are not related by such
interconversions. Stone−Wales transformations may be occur-
ring during the process of fullerene formation and may be
responsible as paths to allow particular isomers to form and
possibly equilibrate. Note that the isomerization of C78 has
been observed in the gas phase at ca. 1000 K.49 However, the
formation of the two known isomers of Sm@C92, which are not
connected through Stone−Wales isomerization, indicates that a
Stone−Wales transformation path is not necessary to produce
these particular isomers.
The positioning of the metal ions inside the C82 cage isomers

has been at times a somewhat contentious issue. For the

molecules we have structurally identified, the positioning of the
samarium ions is rather clearly established. For Sm@C3v(7)-
C82, the samarium sites cluster near the 3-fold symmetry axis
and are well away from the coronene portion of the molecule.
In the case of Sm@C2(5)-C82, the computational results
suggest that the samarium ion occupies a site below a hexagon
and near the 2-fold axis of the cage, that is, the crystallographic
site shown in (A) and (B) of Figure 6. For the highly studied
La@C2v(9)-C82, computational and experimental work in-
dicates that the lanthanum ion is similarly positioned beneath
a hexagon and near the 2-fold axis.50−52 However, anomalous
metal ion locations have been suggested to occur in the related
endohedrals, Gd@C2v(9)-C82 and Eu@C2v(9)-C82.

53,54 In
contrast, other studies suggest that these two molecules have
a more normal metal ion placement analogous to the situation
in La@C2v(9)-C82.

55−57

■ CONCLUSIONS
Three soluble isomers of Sm@C82 were obtained from the
carbon soot produced by vaporization of hollow carbon rods
doped with Sm2O3/graphite powder in an electric arc, and the
structures of these isomers, Sm@C3v(7)-C82, Sm@Cs(6)-C82,
and Sm@C2(5)-C82, were determined by single-crystal X-ray
diffraction. When combined with studies in other laboratories,
the structures of four soluble isomers of Sm@C82 (Sm@C2(5)-
C82, Sm@Cs(6)-C82, Sm@C3v(7)-C82, and Sm@C2v(9)-C82) are
reasonably well established.

■ EXPERIMENTAL SECTION
Formation and Isolation of the Sm@C82 Isomers. An 8 × 150

mm hollow graphite rod was filled with Sm2O3 and graphite powder
(Sm:C atomic ratio 1:40) and subsequently vaporized as the anode in
DC arc discharge. The raw soot was dissolved in o-dichlorobenzene
with sonocation for 8 h and then vacuum filtered. After removal of the
solvent on a rotary evaporator, the dry extract was dissolved in
chlorobenzene. The resulting solution was subjected to a four-stage
HPLC isolation process without recycling. Chromatographic details
are given in the Supporting Information.

Table 3. Crystal Data and Data Collection Parameters

Sm@C3v(7)-C82·
Ni(OEP)·2toluene

0.6667Sm@C3v(7)-C82/0.3333Sm@Cs(6)-C82·
Ni(OEP)·2toluene

Sm@C2(5)-C82·
Ni(OEP)·2benzene

isomer Sm@C82(II) impure Sm(I) Sm@C82(III)
formula C132H60N4NiSm C132H60N4NiSm C130H56N4NiSm
fw 1910.90 1910.90 1882.85
color, habit black block black block black block
crystal system monoclinic monoclinic monoclinic
space group C2/m C2/m C2/m
a, Å 25.2726(8) 25.3373(11) 25.3364(4)
b, Å 14.9311(5) 14.8267(11) 15.0718(2)
c, Å 20.3162(6) 20.4311(11) 19.7948(3)
β, deg 96.892(2) 97.050(2) 94.208(4)
V, Å3 7610.9(4) 7617.3(8) 7538.57(19)
Z 4 4 4
T (K) 90(2) 90(2) 90(2)
radiation (λ, Å) synchrotron 0.77490 Mo Kα 0.71073 Mo Kα 0.71073
unique data 17 239 [R(int) = 0.0303] 12 552 [R(int) = 0.0351] 14 174 [R(int) = 0.0245]
parameters 1055 1102 1098
restraints 0 1065 2752
obsd (I > 2σ(I)) data 14 816 10 309 11 674
R1a (obsd data) 0.0495 0.0690 0.0678
wR2b (all data) 0. 1276 0.1607 0.2036
aFor data with I > 2σI, R1 = (∑||Fo| − |Fc||)/(∑|Fo|).

bFor all data, wR2 = (∑[w(Fo
2 − Fc

2)2])/(∑[w(FO
2)2]).
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The purity and composition of the samples of isomers of Sm@C82

were verified by laser desorption ionization time-of-flight mass
spectrometry (LDI-TOF-MS). Ultraviolet−visible−near-infrared
(UV−vis−NIR) spectra were obtained through the use of a UV-
4100 spectrophotometer (Hitachi High-Technologies Corp.) with
samples dissolved in carbon disulfide.
Crystal Structure Determinations. A crystal of Sm@C3v(7)-

C82·Ni(OEP)·2toluene was mounted in the nitrogen cold stream
provided by an Oxford Cryostream low temperature apparatus on the
goniometer head of a Bruker D8 diffractometer equipped with an
ApexII CCD detector at the Advanced Light Source, Berkeley, CA,
beamline 11.3.1. Data were collected with the use of silicon(111)
monochromated synchrotron radiation (λ = 0.77490 Å). Black crystals
of Sm@C2(5)-C82·Ni(OEP)·2benzene and 0.6667 Sm@C3v(7)-C82/
0.3333Sm@Cs(6)-C82·Ni(OEP)·2toluene were mounted in the nitro-
gen cold stream provided by a Cryo Industries low temperature
apparatus on the goniometer head of a Bruker SMART diffractometer
equipped with an ApexII CCD detector. Data were collected with the
use of MoKα radiation (λ = 0.71073 Å). Crystal data are given in
Table 3. The structures were solved by direct methods (SHELXS97)
and refined by full-matrix least-squares on F2 (SHELXL97).58

The crystals of Sm@C3v(7)-C82·Ni(OEP)·2toluene and 0.6667Sm@
C3v(7)-C82/0.3333Sm@Cs(6)-C82·Ni(OEP)·2toluene show disorder in
the orientation of the C82 molecule. Carbon atoms C40, C71, and C78
reside on the mirror plane. The remaining 79 carbons were refined at
0.5 occupancy. There are two molecules of toluene that are disordered
with respect to crystallographic mirror planes. There is disorder in the
Sm positions; occupancies were initially refined and then fixed. The
occupancies for Sm@C3v(7)-C82·Ni(OEP)·2toluene, which sum to 0.5,
are Sm1, 0.23; Sm2, 0.23; Sm3, 0.02; and Sm4, 0.02. Only Sm1 and
Sm2 were refined with anisotropic thermal parameters.
There are two orientations of the C82 molecule in the structure of

Sm@C2(5)-C82·Ni(OEP)·2benzene. Both are disordered with respect
to the crystallographic mirror plane. The major orientation (occupancy
of 0.447) was refined with anisotropic thermal parameters. The minor
orientation of the C82 cage was refined as a rigid group, whose
structure was based on the geometry found for the major orientation.
One of the benzene solvate molecules is disordered and was refined in
two orientations. There are six Sm positions with occupancies ranging
from 0.25 to 0.01 (Sm1, 0.25; Sm2, 0.09; Sm3, 0.06; Sm4, 0.06; Sm5,
0.06; Sm6, 0.01); the occupancy sum is 0.50000. Only Sm1, Sm2,
Sm3, and Sm4 were refined with anisotropic thermal parameters.
Computational Details. Geometries of the nine isomers of Sm@

C82 were fully optimized by nonlocal density functional calculations at
the B3LYP level.59 The effective core potential and basis set developed
by Stevens et al. were used for samarium (CEP-31g),60 and the split-
valence 3-21G basis set was used for carbon. All calculations were
carried out with the Gaussian 03 program.61
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