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’ INTRODUCTION

Endohedral fullerenes consist of closed carbon cages that
surround an atom, atomic cluster, or molecule.1,2 The simplest of
these are the endohedral fullerenes that contain only a single
atom. A rather diverse array of individual atoms can be trapped
inside fullerenes. The relatively inert nobel gas atoms He, Ne, Kr,
Ar, and Xe have each been trapped inside C60.

3 For example,
He@C60 is formed along with C60 during the preparation of
fullerenes using the classical electrical arc method that employs a
low-pressure helium atmosphere.4 However, only one out of
every million C60 molecules produced this way contains a helium
atom. 3He and 129Xe are spin 1/2 nuclei whose NMR spectra can
be observed. Thus, the 3He and 129Xe NMR spectra of 3He@C60

and 129Xe@C60 have been used to monitor the reactivity of the
outside of these cages.5 At the other end of the reactivity scale,
atoms of nitrogen or phosphorus have also been encapsulated in
C60. Atomic N and P are highly reactive atoms that few chemists
have directly encountered, yet N@C60 and P@C60 appear to
have considerable stability, while retaining spectroscopic features
similar to those of these gas-phase atoms themselves.6,7 The
shielded environment of the 4S3/2 electronic state of the nitrogen
atom in N@C60 gives it a long spin relaxation time. As a result,

the use of N@C60 as a component in solid-state quantum compu-
ters has been suggested.8

By far the most numerous endohedral fullerenes are those that
contain electropositive metal atoms: alkali, alkaline earth, and
lanthanide atoms. Indeed, the first endohedral to be observed,
La@C60,

9 belongs to this class, as does the first soluble endohe-
dral to be isolated, La@C82.

10 Subsequently, an intriguing array
of monometallic endohedral fullerenes have been prepared and
isolated. Since it is electropositive metals that are incorporated
into the carbon cages and these carbon cages are readily reduced,
there is charge transfer between the metal atom and the cage.
Thus, the interaction between the interior atom and the cage is
much greater for metal-containing endohedral fullerenes than is
the case for molecules like He@C60 and N@C60. For endohedral
fullerenes containing lanthanide ions, two classes of molecules
have been identified. For those containing Sc, Y La, Ce, Pr, Nd,
Gd, Tb, Dy, Ho, Er, and Lu, three electrons are transferred from
the metal to the cage. However, for those involving Sm, Eu, Tm,
and Yb, only two electrons are transferred to the cage, as is also
the case for endohedrals involving alkaline earth atoms.
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ABSTRACT: Four isomers with the composition SmC90 were
obtained from carbon soot produced by electric arc vaporization
of carbon rods doped with Sm2O3. These were labeled Sm@C90-
(I), Sm@C90(II), Sm@C90(III), and Sm@C90(IV) in order of
their elution times during chromatography on a Buckyprep
column with toluene as the eluent. Analysis of the structures
by single-crystal X-ray diffraction on cocrystals formed with
Ni(octaethylporphyrin) reveals the identities of the individual
isomers as follows: I, Sm@C2(40)-C90; II, Sm@C2(42)-C90; III,
Sm@C2v(46)-C90 and IV, Sm@C2(45)-C90. This is the most
extensive series of isomers of any endohedral fullerene to have
their individual structures determined by single-crystal X-ray
diffraction. The cage structures of these four isomers can be
related pairwise to one another in a formal sense through sequential Stone�Wales transformations.
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For endohedral fullerenes containing a single metal atom, a
wide range of cage sizes have been encountered, and for each
cage size there is the potential to form cage isomers. For example,
numerous endohedral fullerenes containing a single samarium
atom have been isolated from the carbon soot that is produced by
vaporizing samarium oxide-doped carbon rods in a conventional
fullerene generator.11�13 These endohedral fullerenes include
Sm@C74, Sm@C76 (two isomers), Sm@C78, Sm@C80, Sm@C82

(four isomers), Sm@C84 (three isomers), Sm@C86, Sm@C88

(three isomers), Sm@C90 (three isomers), Sm@C92 (two isomers),
Sm@C94 (three isomers), and Sm@C96. These samarium-contain-
ing endohedrals have been characterized by chromatographic re-
tention times, mass spectrometry, UV�vis�NIR spectroscopy,
and cyclic voltammetry. Examination of those with cages smaller
thanC86 by electron energy-loss spectroscopy (EELS) has indicated
that the oxidation state of the samarium is þ2.14,15 However,
definitive structural information is not yet available for any of
these 25 compounds.Here, we report the isolation of four isomers
of Sm@C90 in quantities that allowed us to obtain crystals suitable
for single-crystal X-ray diffraction studies on each isomer.

For C90 there are 46 isomers that obey the isolated pentagon
rule (IPR).16 The IPR requires that each of the 12 pentagons of a
fullerene is surrounded by 5 hexagons. Recently, we reported the
isolation and structural characterization ofD5h(1)-C90, a remark-
able and highly symmetric fullerene with a capped nanotubular
structure that was formed utilizing a conventional electric arc
with graphite rods doped with Sm2O3.

17 Since D5h(1)-C90 had
not been reported in other preparations of C90 isomers that used
undoped graphite rods,18 it appears that the presence of Sm2O3

altered the distribution of isomers that were produced. Crystal-
lographic studies of two other C90 isomers, which were formed
along with D5h(1)-C90 from doped graphite rods Sm2O3, have
shown that, unlike most fullerenes that are highly symmetrical,
they have only C1 symmetry.19 These two isomers, C1(30)-C90

and C1(32)-C90, are very similar in their structures and are
related by a single Stone�Wales transformation. In contrast, the
highly symmetricD5h isomer cannot be converted into any other
C90 isomer by such a transformation.

’RESULTS

Isolation of Four Isomers of Sm@C90. Carbon soot contain-
ing the samarium endohedral fullerenes along with empty cage
fullerenes was obtained by vaporizing a graphite rod filled with

Sm2O3 andgraphite powder in anelectric arc as outlined earlier.
17,20,21

The soot was extracted with o-dichlorobenzene and concentrated.
This soluble extract was subjected to a four-stage, high-pressure
liquid chromatographic (HPLC) isolation process that resulted in
the separation of four individual isomers of Sm@C90. The same
procedure also afforded three isomers of empty cage C90.

17,19 The
Sm@C90 isomers are labeled Sm@C90(I), Sm@C90(II), Sm@C90-
(III), and Sm@C90(IV) in order of their elution times during
chromatography on a Buckyprep columnwith toluene as the eluent.
Figure 1 shows the chromatograms of the four isomers that were
isolated. The relative abundances of the isolated isomers are
7 (I):20 (II):1 (III):8 (IV). Figure 2 shows the laser desorption
time-of-flight (LD-TOF) mass spectrum of Sm@C90(I) along with
the spectrum computed on the basis of isotope abundances. The
corresponding spectra (see the Supporting Information) for the
other three isomers are similar. Variations in the signal-to-noise ratio
are the principal differences between them.
The UV�vis�NIR absorption spectra of the individual iso-

mers are shown in Figure 3, along with pictures of the colored
solutions of the isomers. Previously, Liu et al. reported the isolation
of three isomers (here labeled IL, IIL, and IIIL) of Sm@C90.

13

Comparison of their UV�vis�NIR absorption spectra with the
data presented in Figure 3 shows that our isomers Sm@C90(I)
and Sm@C90(II) correspond to their isomers Sm@C90(I

L) and
Sm@C90(II

L). The spectrum we report for Sm@C90(III) is
unlike any of the spectra Liu et al. reported, and hence this is a
new isomer. The yield of Sm@C90(III) is the lowest of these
isomers, and so it is not surprising that its presence could have
been overlooked in the earlier study. The spectrum we obtained
for Sm@C90(IV) corresponds to the spectrum Liu et al. reported
for their isomer Sm@C90(III

L).
The four Sm@C90 isomers display different UV�vis�NIR

absorption spectra, while the two green ones, Sm@C90(I) and
Sm@C90(II), have similar strong absorption bands. The two
orange isomers, Sm@C90(III) and Sm@C90(IV), also show
some similarity, but Sm@C90(IV) shows a distinctly low energy
onset of 1530 nm.
Single-Crystal X-ray Diffraction Studies of the Four Iso-

mers.Analysis of the structures reveals the identities of the individual

Figure 2. LD-TOF mass spectra of the purified sample of Sm@C90(I).
The insets show expansions of the experimental and theoretical isotope
distributions. The experimental mass spectra of the other three isomers,
which appear in the Supporting Information, are nearly identical and
differ only in the signal-to-noise ratio in each spectrum.

Figure 1. Chromatograms of the isolated Sm@C90 isomers on a
Buckyprep column with toluene as the eluent. The HPLC conditions
are flow rate of 4.0 mL/min and detection wavelength of 450 nm.
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isomers: I, Sm@C2(40)-C90; II, Sm@C2(42)-C90; III, Sm@C2v-
(46)-C90; and IV, Sm@C2(45)-C90. All of the structures show
some degree of disorder in the position of the fullerene cage.
Details of the disorder are given in the Experimental Section.
Figure 4 shows the structure of the endohedral fullerene and

its relationship to the nickel porphyrin in the crystal of Sm@C2v-
(46)-C90 3NiOEP 3 2toluene. This is the structure in which the
samarium atom inside the fullerene is the most localized, with
0.58 fractional occupancy at the site shown. Additionally, this
crystal contains the most symmetric carbon cage of the four
isomers. As shown in Figure 4, the samarium atom resides on the
crystallographic 2/m axis with distances Sm1 3 3 3C89, 2.598(4) Å
and Sm1 3 3 3C90, 2.541(5) Å to a 6:6 ring junction.
Drawings of the carbon cages for all four isomers are displayed

in Figure 5. In these drawings the two-fold axis of each cage is

positioned perpendicularly to the plane of the page (or screen)
and runs through the middle of the central hexagon. A notable
feature of each cage is the existence of a band of 11 contiguous
hexagons that encircles the cage and is aligned horizontally in
Figure 5. For the three isomers with C2 symmetry, the presence
of a crystallographicmirror plane ensures that each crystal contains a
racemate.
Figure 6 shows the distribution of metal atoms sites inside the

most prevalent orientation of the fullerene cages. Each cage is
seen from a perspective that places the ring of 11 contiguous
hexagons perpendicular to the picture plane. The metal atoms'
positions are generally distributed along the bands of hexagons.
Similar arrangements of multiple metal atom sites along bands of
contiguous hexagons have been seen previously in Er2@Cs(6)-
C82,

22 Er2@C3v(8)-C82,
23 and Sc2(μ2-O)@Cs(6)-C82.

24 However,

Figure 3. (A) Photograph of isolated Sm@C90 isomers. (B) UV�vis�NIR absorption spectra of the isolated Sm@C90 isomers dissolved in carbon
disulfide.
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it should be noted that there are alternate orientations of the
cages in each crystal. Unfortunately, there is no way to correlate
the positions of the metal atoms that we have identified with any
specific cage oreintation. Since there are several cage orientations

in the crystal of each isomer, it is possible that fewer metal atom
positions are associated with particular cage orientations than those
shown in Figure 6. Nevertheless, it appears that the samarium
atoms occupy multiple positions within each of the different
isomers. At this stage there is no way to obtain further informa-
tion about the specifics of metal atom placement from the
crystallographic data.
The four isomers of Sm@C90 are all inter-related by the simple

reorientation of a pair of carbon atoms in a pyracylene unit, which

Figure 4. Interaction between the fullerene and porphyrin in Sm@C2v-
(46)-C90 3NiOEP 3 2toluene with 30% thermal elipsoids. Only the major
sites for the fullerene at 0.88 fractional occupancy and the samarium
atom with 0.58 fractional occupancy are shown. For clarity, the toluene
molecules are not shown. The vertical line shows the location of the non-
crystallographic two-fold axis of the carbon cage.

Figure 5. Drawings showing the carbon cages for the isomers: I,
Sm@C2(40)-C90; II, Sm@C2(42)-C90; III, Sm@C2v(46)-C90; and IV,
Sm@C2(45)-C90. The pentagons are highlighted in black. In each
drawing the two-fold axis of the fullerene lies perpendicular to the
picture plane and passes through the central hexagon and the vertical
bond immediately behind that hexagon. Only one, arbitrarily selected
enantiomer of each C2 isomer is shown.

Figure 6. Drawings showing the locations of the various partially
occupied sites for the samarium atom in I, Sm@C2(40)-C90; II,
Sm@C2(42)-C90; III, Sm@C2v(46)-C90; and IV, Sm@C2(45)-C90.
The fullerene cages are oriented so that the viewer is looking down
the center of the ring of 11 contiguous hexagons. The picture plane
bisects that ring.
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is known as the Stone�Wales transformation25 and shown in
Scheme 1. This scheme also demonstrates that each of the four
Sm@C90 isomers may be converted into another isomer through

a single Stone�Wales transformation. As an example, Figure 7
shows the structures of a representative pair: Sm@C2v(46)-C90

and Sm@C2(45)-C90. In this drawing the critical pyracylene
patches face the viewer and are highlighted with red atoms and
solid black connectors (bonds). Notice that while a pair of carbon
atoms within this patch rotates by 90�, the remaining carbon
atoms in the cage retain their locations, which are nearly identical
in the two isomers. Similar relationships exist between the
structures of Sm@C2(40)-C90 and Sm@C2(42)-C90 and be-
tween the structures of Sm@C2(40)-C90 and Sm@C2(45)-C90.
Figure 8 shows the electrostatic potential on the surfaces of the

Sm@C90 isomers that face the Ni(OEP) molecule in the crystal.
The lines in the drawing indicate the carbon atoms that are
closest to the Ni atom in Ni(OEP). It is remarkable that a similar
patch on the surface of each fullerene interacts with the porphyr-
in. In each case it is an electron-poor region of the fullerene that
faces the porphyrin, which presents an electron-rich region near the
nitrogen atoms of the porphyrin.17 Similar electron-poor regions
of other fullerenes have been found in contact withNi(OEP).17,19,26

Computational Studies of the Relative Stabilities of the
Sm@C90 Isomers. Computations were performed at the B3LYP
level with 3-21g(d) basis set to compare the relative stabilities of
the Sm@C90 isomers. The optimized cage structures obtained
from these computations agree with the crystallographically deter-
mined structures. Table 1 shows the relative energy, HOMO
�LUMO gap, and relative abundance of the four isomers in the
order of relative energy from the lowest to the highest. The relative
energies and the HOMO�LUMO gaps follow similar trends.
The data indicate that Sm@C2(42)-C90, which is the most
abundant of the four isomers, has the lowest relative energy
along with the largest HOMO�LUMO gap, and in general the
relative abundance of the isomers correlates with the computed
relative energies, which have omitted consideration of entropic
factors that become significant at the high temperature at which
these endohedrals are formed.27 The low band gap computed for
Sm@C2(45)-C90 is consistent with the observed low energy
onset of absorption seen in the UV�vis�NIR spectrum.

’DISCUSSION

Prior work on the identification of isomers of monometallic
endohedral fullerenes has focused largely on molecules with cage
sizes in the range C80�C84.

13C NMR studies of diamagnetic
endohedral fullerenes have been able to identify the cage
symmetry and, when coupled with computational simulation of
spectra, have been utilized to identify specific cage isomers. Thus,
for example, with metal ions that transfer two electrons to the
fullerene cage, four isomers of Ca@C82, where there are nine
possible isomers that obey the isolated pentagon rule, have been
shown to haveCs,C3v,C2, and C2v symmetry.28 Similarly, the one
isomer of Yb@C80 so far observed has been identified as
Yb@C3v(3)-C80.

29 The three isomers of Yb@C82 have been
shown be Yb@Cs(6)-C82, Yb@C2(5)-C82, and Yb@C2v(9)-
C82,

29 and three of the four known isomers of Yb@C84 have been
characterized as Yb@C2(13)-C84, Yb@C1(12)-C84, and Yb@C2

(11)-C84.
29 As the cage size of fullerenes increases, it becomes

more difficult to determine the specific isomers involved because
the number of possible isomers increases. For example, while C80

has seven cages that obey the isolated pentagon rule, C90 has 46
such isomers.

Our work has identified the geometric structures of the fourmost
abundant forms of Sm@C90: I, Sm@C2(40)-C90; II, Sm@C2(42)-

Scheme 1. Stone�Wales Transformation and Paths for
Stone�Wales Interconversion of Sm@C90 Isomers

Figure 7. Views of Sm@C2v(46)-C90 and Sm@C2(45)-C90 from a
perspective that shows that the carbon cages of the two isomers are related
by a single Stone�Wales transformation. The Stone�Wales patch is
highlighted with solid black bonds and red atoms. Note that all of the gray
atoms in each isomer have similar locations and connectivities.

Figure 8. Plots of electrostatic potential in terms of total electron
density (0.001 e/Bohr3) mapped on the isosurface facing the Ni(OEP)
for the four isomers of Sm@C90. Two-dimensional projections of the
bonds onto the plots are also shown for clarity. The lines indicate the
carbon atoms nearest the nickel ion.
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C90; III, Sm@C2v(46)-C90; and IV, Sm@C2(45)-C90. This is the
most extensive series of isomers of any endohedral fullerene to have
their individual structures determined by single-crystal X-ray diffrac-
tion. The cage structures of these four isomers are related pairwise to
one another through the Stone�Wales transformation as shown in
Scheme 1. It may be that these isomers interconvert through such
Stone�Wales transformations at the temperature at which they are
being formed in the electric arc process of fullerene generation.
Notice that the four isomers of Sm@C90 that have been isolated all
have cages that appear near the end of the list of C90 isomers pro-
duced by Fowler andManolopoulous.16 These are the isomers with
the largest separations between the pentagonal rings, which are the
sites where negative charge resides in the anionic fullerene cages.30

Several isomeric fullerenes with the C90 cage are now known
to be stable and are structurally characterized. The process that
produced the four isomers of Sm@C90whose structures are reported
here also produced three isomers of empty-cage C90: D5h(1)-
C90, C1(30)-C90, and C1(32)-C90.

17,19 These three empty-cage
fullerenes have been crystallographically characterized. Prior to
that, Achiba et al. utilized 13C NMR spectroscopy to show that a
sample of C90 isomers produced from undoped carbon rods
contained five C90 isomers: one withC2v symmetry, three withC2

symmetry, and one with C1 symmetry.18 A number of structural
studies have examined the products of functionalization of
empty-cage C90. Two trifluoromethyl adducts of C90, with the
composition C90(CF3)12, were obtained by addition of CF3I to a

mixture of higher fullerenes. The 19F NMR spectra of these two
adducts showed that the fullerene cage in each had onlyC1 symmetry,
but there are 16 isomers of C90 with C1 symmetry.31 One adduct
was shown to involve the C1(32)-C90 cage, but the specific
identity of the second isomer with C1 symmetry was unclear.
Treatment of a mixture of higher fullerenes with SbCl5 produced
a crystal that contained a mixture of two isomers with the
composition C90Cl32.

32 An X-ray diffraction study revealed that
one isomer was formed from the C2v(46)-C90 cage, while the
other was derived from the Cs(34)-C90 cage.

As shown in Figure 6, the samarium ion in each these four
isomers shows significant disorder but does tend to prefer
locations along a band of 11 contiguous hexagons. This sort of
behavior is not necessarily a property of large carbon cages con-
taining only a single metal atom. The structures of Tm@C3v-C94

and Ca@C3v-C94, which involve a larger cage size, both show the
metal ions confined to only three, nearly equivalent sites along
the C3 axis.

33

’EXPERIMENTAL SECTION

Synthesis of the Four Sm@C90 Isomers. An 8 � 150 mm
graphite rod filled with Sm2O3 and graphite powder (Sm:C atomic ratio
1:40) was vaporized as the anode in DC arc discharge under optimized
conditions. The raw soot was sonicated in o-dichlorobenzene for 8 h and
then filtered with the aid of a vacuum. After removal of the solvent with a

Table 2. Crystal Data and Data Collection Parameters

Sm@C2(40)-

C90 3Ni(OEP) 3 2chlorobenzene
Sm@C2(42)-

C90 3Ni(OEP) 3 2toluene
Sm@C2(46)-

C90 3Ni(OEP) 3 2toluene
Sm@C2(45)-

C90 3Ni(OEP) 3 2toluene

isomer I II III IV

formula C138H54Cl2N4NiSm C140H60N4NiSm C140H60N4NiSm C140H60N4NiSm

fw 2047.81 2006.98 2006.98 2006.98

color, Habit black parallelepiped black parallelepiped black parallelepiped black parallelepiped

crystal system monoclinic monoclinic monoclinic monoclinic

space group C2/m C2/m I2/a C2/m

a, Å 25.283(2) 25.274(7) 25.5939(13) 25.5045(7)

b, Å 15.3956(12) 15.378(4) 15.2087(6) 15.3357(4)

c, Å 20.7739(17) 20.749(6) 41.538(2) 20.6732(6)

β, deg 94.899(4) 94.921(3) 95.150(3) 95.399(2)

V, Å3 8056.7(11) 8035(4) 16103.3(14) 8050.1(4)

Z 4 4 8 4

radiation (λ, Å) synchrotron (0.77490) synchrotron (0.68890) sealed tube (0.71073) sealed tube (0.71073)

unique data 10 693 [R(int) = 0.045] 12 317 R(int) = 0.037] 25 610 [R(int) = 0.0327] 12 158 [R(int) = 0.025]

obsd (I > 2σ(I)) data 10 255 11 258 21 012 9 917

R1a (obsd data) 0.0660 0.0671 0.0775 0.0526

wR2b (all data) 0.1824 0.1868 0.2336 0.1520
a For data with I > 2σ(I). R1 = (∑||Fo| � |Fc||)/(∑|Fo|).

b For all data. wR2 = ((∑[w(Fo
2 � Fc

2)2])/(∑[w(Fo
2)2]))1/2.

Table 1. Results from DFT Computationsa

isomer relative energy, kcal/mol HOMO�LUMO gap, eV relative abundance

II, green, Sm@C2(42)-C90 0.000 1.731 20

IV, orange, Sm@C2(45)-C90 2.633 1.382 8

I, green, Sm@C2(40)-C90 3.253 1.546 7

III, orange, Sm@C2v(46)-C90 4.730 1.545 1
aDFT function, B3LYP; basis set, 3-21g for C, CEP-31g for Sm.
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rotary evaporator, chlorobenzene was added to redissolve the dry extract.
The resulting solution was subjected to a four-stageHPLC isolation process
without recycling. Chromatographic details are given in the Supporting
Information.

The purity and composition of the samples of isomers of Sm@C90

were verified by laser desorption time-of-flight mass spectrometry (LD-
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 Growth. Co-crystals of the Sm@C90 isomers and Ni

II(OEP)
were obtained by layering a nearly saturated solution of the endohedral
in toluene or chlorobenzene over a red toluene solution of NiII(OEP) in
a glass tube. Over a 14-day period, the two solutions diffused together,
and black crystals formed.
Crystal Structure Determinations. Black crystals of Sm@C2(46)-

C90 3Ni(OEP) 3 2toluene and Sm@C2(45)-C90 3Ni(OEP) 3 2toluene were
mounted in the nitrogen 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 Mo KR radiation (λ = 0.71073 Å). Crystal data are given in
Table 2. Black crystals of Sm@C2(40)-C90 3Ni(OEP) 3 2chlorobenzenewere
mounted in the 100(2) K 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, on beamline
11.3.1 at the Advanced Light Source in Berkeley, CA. Diffraction data were
collected using synchrotron radiation monochromated with silicon(111) to
a wavelength of 0.77490 Å.

Black crystals of Sm@C2(42)-C90 3Ni(OEP) 3 2toluene were mounted
in the 120(2) K nitrogen cold stream provided by an Oxford Cryo-
stream low-temperature apparatus on the goniometer head of a Rigaku
Saturn724þ diffractometer, on beamline I19 at the Diamond Light
Source Ltd. in Oxfordshire, UK. Diffraction data were collected using
synchrotron radiation monochromated with silicon(111) to a wave-
length of 0.68890 Å. All four data sets were reduced with the use of
Bruker SAINT34 and a multiscan absorption correction applied with the
use of SADABS.35

The structures were solved by direct methods (SHELXS97) and
refined by full-matrix least-squares on F2 (SHELXL97).36 Both enan-
tiomers of the chiral C90 cages found in isomers I, II, and IV co-exist on
the same site due to disorder with respect to a crystallographicmirror plane.
I, Sm@C2(40)-C90. The C90 fullerene cage is disordered with respect

to a crystallographic mirror plane that bisects the molecule but is not a
symmetry element for the fullerene. Thus, there are two orientations of
theC90 ball. Due to the crystallographicmirror plane, these two occupancies
must sum to 0.5. These orientations were initially refined with variable
occupancies and subsequently fixed at the converged values of 0.463 and
0.037, respectively. The major orientation was refined with anisotropic
thermal parameters. Theminor isomerwas pasted in, based on the geometry
of the major isomer, with the use of the FRAG command and kept fixed in
the final cycles of refinement using isotropic thermal parameters.

There are eight different sites for the Sm atom, which were required to
sum to occupancy of 0.5 by the use of free variables and subsequently
refined with fixed occupancies. These occupancies are as follow: Sm1,
0.13; Sm2, 0.13; Sm3, 0.08; Sm4, 0.05; Sm5, 0.05; Sm6, 0.04; Sm7, 0.01;
and Sm8, 0.01. Only the six sites with highest occupancy were refined
with anisotropic thermal parameters; the remaining two sites utilized
isotropic thermal parameters.
II, Sm@C2(42)-C90. The fullerene cage is again bisected by a mirror

plane, but in this case all 90 carbon atomswere refinedwith 0.50 occupancies.
There are ninedifferent sites for the Smatom,which sum tooccupancyof 0.5
by the use of free variables. The occupancies for Sm1�Sm9 are 0.112, 0.117,
0.065, 0.045, 0.025, 0.041, 0.056, 0.020, and 0.020, respectively.Only the four
sites with highest occupancy were refined with anisotropic thermal para-
meters; the remaining five sites were kept isotropic.

III, Sm@C2v(46)-C90. Although the fullerene cage has C2v symme-
try, none of the symmetry elements of the cage are coincident with those
of the crystal. The refinement included two orientations of the fullerene
with relative occupancies of 0.88 and 0.12. However, the final difference
map indicates that there may be another minor orientation that was not
modeled.

The fullerene contains one major site for Sm and seven others at
lower occupancy. The occupancies were initially refined and constrained
to add to 1.0000 and then fixed. The values are as follow: Sm1, 0.58;
Sm2, 0.11; Sm3, 0.08; Sm4, 0.09; Sm5, 0.06; Sm6, 0.03; Sm7, 0.03; and
Sm8, 0.02. Anisotropic thermal parameters were used for Sm1�Sm5 only.
IV, Sm@C2(45)-C90.TheC90 fullerene cage is disorderedwith respect

to a crystallographic mirror plane that bisects its location. There are two
orientations of the C90 ball. These orientations were initially refined with
variable occupancies and subsequently fixed at the converged values of
0.411(2) and 0.089(2), respectively. The major orientation was refined
with anisotropic thermal parameters. The minor isomer was pasted in,
based on the geometry of the major isomer, with the use of the FRAG
command and kept fixed in the final cycles of refinement using isotropic
thermal parameters.

There are six different sites for the Sm atom, which refined to
fractional occupancies of 0.292(2), 0.0688(13), 0.0577(12), 0.0375(7),
0.0272(16), and 0.0162(4) for Sm1�Sm6, respectively. Only the three
highest occupancy sites were refined with anisotropic thermal para-
meters; the remaining three were kept isotropic.
Computational Details. Geometries the four isomers of Sm@C90,

which were taken from the results of the single-crystal X-ray diffraction,
were fully optimized by non-local density functional calculations at the
B3LYP level.37 The effective core potential and basis set developed by
Stevens et al. were used for samarium (CEP-31g),38 and the split-valence
3-21g basis set was used for carbon. All calculations were carried out with
the GAUSSIAN 03 program.39
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bS Supporting Information. Complete ref 39; HPLC chro-
matograms and MS spectra of the purified samples of the four
Sm@C90 isomers; X-ray crystallographic files in CIF format for
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Sm@C2(46)-C90 3Ni(OEP) 3 2toluene. This material is available
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