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ABSTRACT: The carbon soot obtained by electric arc vaporization of carbon rods doped
with Sm,Oj3 contains a series of monometallic endohedral fullerenes, Sm@C,,,, along with
smaller quantities of the dimetallic endohedrals Sm,@C,, with n = 44, 45, 46, and the
previously described Sm,@D34(822)-C 4. The compounds Sm,@C,,, with n = 44, 45, 46
were purified by high pressure liquid chromatography on several different columns. For
endohedral fullerenes that contain two metal atoms, there are two structural possibilities: a
normal dimetallofullerene, M, @C,,, or a metal carbide, M, (u-C,) @C,,_,. For structural
analysis, the individual Sm,@C,, endohedral fullerenes were cocrystallized with Ni-
(octaethylporphyrin), and the products were examined by single-crystal X-ray diffraction.
These data identified the three new endohedrals as normal dimetallofullerenes and not as
carbides: Sm,@D,(35)-Cgs, Smy@C;(21)-Cop, and Sm,@D5(85)-Coy. All four of the
known Sm,@C,,, endohedral fullerenes have cages that obey the isolated pentagon rule
(IPR). As the cage size expands in this series, so do the distances between the variously

disordered samarium atoms. Since the UV/vis/NIR spectra of Sm,@D,(35)-Cgs and Sm,@C;(21)-Cy are very similar to those
of Gd,Cgy and Gd,Cy,, we conclude that Gd,Cog and Gd,Co; are the carbides Gd, (1-C,) @D5(35)-Csg and Gd, (u-C,)@C,(21)-

Coo, respectively.

B INTRODUCTION

While Cg4y and C, are the most abundant and well-known
fullerenes, endohedral metallofullerenes,"* which consist of a
closed carbon cage with one or more metal atoms trapped inside,
represent a related class of molecules whose properties can be
altered by changing the nature and number of the metal atoms
inside. Thus, endohedral fullerenes containing gadolinium have
been shown to be effective as relaxation agents for use in magnetic
resonance imaging (MRI)>* and may be instrumental in devel-
oping new types of MRI contrast agents that effectively encap-
sulate the potentially hazerdous gadolinium ions.” Likewise,
endohedral fullerenes containing lutetium atoms have potential
as X-ray imaging agents due to the high absorptivity of the en-
capsulated Lu.

Generally, the fullerene cages that encapsulate metal atoms are
larger than Cgo. Numerous endohedral fullerenes involving carbon
cages in the C,4—Cg, range have been structurally identified by
single-crystal X-ray diffraction,”® but far fewer X-ray crystal
structures are available for endohedral fullerenes with larger
carbon cages. Nevertheless, a number of endohedrals with larger
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cage sizes have been reported. For example, a series of soluble
digadolinium endohedrals that extends from Gd,Cyy to Gd,-
Ci24 has been detected in the carbon soot produced by the
Kratschmer—Huffman electric arc method of fullerene formation
with graphite rods filled with Gd,05.”

For endohedral fullerenes that contain two metal atoms such
as the Gd,Co9—Gd,C14 series, there are two structural possibi-
lities. The compound may exist as a normal dimetallofullerene,
M,@C,,, or the compound may involve a metal carbide and have
the formula, M, (u-C,) @C,,,_,. Well-characterized examples of
the normal dimetallofullerene, Mo,@C,,, class that have been
isolated and structurally characterized include: the IPR obeying
endohedrals Er,@C,(6)-Cg,,'® Er,@C;,(8)-Css,"' Lay,@I,-
Cso,'> Mb@D3;,-Crs (M = Ce,"® La'*), and M,@D,(10611)-
Cr, (M=La" or Celé) and the non-IPR La,@C,(10611)-C-,."”
Examples of the metal carbide class include: Sc,(4-C,)@Cegg, ™
S6, (U-C) @C5,(5)-Cgo, " the three isomers of M,(u-C,)@Csg,
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Figure 1. Chromatograms of the isolated Sm,@C,, (n = 44—46)
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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Figure 2. LDI-TOF mass spectra of the purified samples of Sm,@C,,
(n = 44—46). The insets show expansions of the measured and
calculated isotope distributions.

(M =S¢, Y) with different fullerene cage geometries (C,, C,,, and
Cs,) that were characterized by *C NMR spectroscopy,” and
Sc>(U-C,) @D»4-Css.” One of the two isolated isomers of Gd,Coy
has been shown by X-ray crystallography to have the carbide
structure, Gd,(u-C, ) @D5(85)-Cao,.” In this carbide, the Gd,(1-C,)
unit has a butterfly shape with the (#-C,) unit perpendicular to a
line drawn between the two Gd atoms.

The nanocapsule, Sm,@D3;(822)-C oy, is the lar%est dime-
tallofullerene to be structurally characterized to date.”” This fact
is somewhat surprising, because samarium-containing endohe-
dral fullerenes are generally groduced in lower yields than found
for other lanthanum metals.** Previous papers have reported the
formation of an extensive series of monosamarium containing en-
dohedrals that run from Sm@C,4 to Sm@Cos, > *° but these
articles did not report the observation of any disamarium endohedrals.
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Figure 3. UV/vis/NIR absorption spectra of the isolated Sm,@C,,, (n =
44—46) endohedral fullerenes dissolved in carbon disulfide.

Here, we report the isolation and structural characterization of
three new disamarium endohedrals and compare their properties
with the corresponding digadolinium endohedrals. In making com-
parisons between endohedrals containing these two metals, it is
important to note that gadolinium belongs to the class of metals
that transfer three electrons to the carbon cage and is present as
Gd>" when encapsulated, while samarium is one of the lantha-
nides that transfers only two electrons to the fullerene cage and is
present as Sm>* ¢

B RESULTS AND DISCUSSION

Isolation and Characterization of Sm,@C,,, Endohedral
Fullerenes. Carbon soot containing the samarium endohedral
fullerenes along with empty cage fullerenes was obtained by
vaporizing a graphite rod filled with Sm, O3 and graphite powder
in an electric arc as outlined earlier.'"®*” The soot was extracted
with o-dichlorobenzene and concentrated. This soluble extract
was subjected to a four-stage, high performance pressure liquid
chromatographic (HPLC) isolation process that resulted in the
separation and successful characterization by X-ray crystallogra-
phy of four Sm,C,,, species with n = 44, 45, 46, and 52. Figure 1
shows the chromatograms of the three new endohedrals that
were isolated, and Figure 2 shows their laser-desorption ioniza-
tion time-of-flight (LDI-TOF) mass spectra. The UV—vis—NIR
absorption spectra of the individual endohedrals are shown in
Figure 3.

While procedures for the isolation of these three new Sm,C,,
species have been found, it is important to note that these com-
pounds are found in much smaller amounts than are the series of
monosamarium endohederals, Sm@C-, to Sm@Cy, reported
earlier.”! “** Thus, under similar conditions, the formation of
Sm-containing endohedrals differs significantly from the forma-
tion of Gd-containing endohedrals.” With samarium, the forma-
tion of Sm@C,, dominates over the formation of Sm,C,,
species, while with gadolinium the formation of Gd,C,, endo-
hedrals is the major process. Only a few monogadolinium en-
dohedrals (Gd@Cyg,”* Gd@Csg,>”*°) have been reported.

Single-Crystal X-ray Diffraction Studies of the Three New
Sm,@C,,, Endohedral Fullerenes. All of the fullerenes were
cocrystallized with Ni(OEP) to aid crystal growth and structure
refinement, as previously described.’” Crystallographic analysis
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Figure 4. A portion of the structure of Sm,@D,(35)-Cgs-Ni-
(OEP) - 2toluene showing 35% probability displacement ellipsoids for
non-hydrogen atoms. Only the major sites (74% occupancy) for the
fullerene and for the Sm atoms (54% for Sm1 and Sm2) are shown. For
clarity, the hydrogen atoms and toluene molecules are omitted. The
Sm---Sm distance shown is 4.216(3) A. The range of Sm- + - C distances
is 2.51-2.66 A.

Figure 5. A portion of the structure of Sm,@C;(21)-Coo-Ni-
(OEP) - 2toluene showing the major cage orientation (66% occupancy)
and major Sm sites (64% occupancy for Sm1, 43% for Sm2) with 35%
probability displacement ellipsoids for non-hydrogen atoms. The to-
luene molecules are omitted. The Sm---Sm distance shown is
4.1459(10) A. The range of Sm- - - C distances is 2.33—2.72 A.

has resulted in the structural identification of three of the dimetal
endohedrals as Sm,@D,(35)-Cgs, Sm,@C,;(21)-Cq, and
Sm,@D;(85)-Co,. All of the structures show some degree of
disorder in the position of the fullerene cage and in the positions
of the samarium ions on the inside. Details of the disorder are
given in the Experimental Section. Solvate toluene molecules are
also present for Sm,@D,(35)-Cgg, Sm,@C;(21)-Cay, but chloro-
benzene is present in Sm,@D5(85)-Cos,.

Views of all three new dimetal endohedral isomers in their
major occupancy, their relationship to Ni(OEP), and the major
Sm positions are displayed in Figures 4, 5 and 6. In these drawings,
the solvate molecules are omitted for clarity. The shortest
Ni- - - C distances are shown with a dashed line. These distances

Figure 6. A portion of the structure of Sm,@D,(85)-Co,- Ni-
(OEP) - 2chlorobenzene showing 35% probability displacement ellip-
soids for non-hydrogen atoms with the chlorobenzene molecules
omitted. The Sm---Sm distance between the major sites with 74%
occupancy is 4.6190(6) A. The range of Sm---C distances is
2.50—2.77 A.

range from 2.982(4) to 2.989(S) to 2.793(3) A for Sm,@D,-
(35)-Cgg*Ni(OEP), Sm,@C;(21)-Coo-Ni(OEP), and Sm,@-
D3(85)-Co, * Ni(OEP), respectively. The Sm---Sm line subtends
an angle with respect to the porphyrin plane of 11.1°, 9.2°, and
39.1°, respectively, which can be compared to the value of 15.4°
for Sm,@D34(822)-Co4* Ni(OEP). Both steric and van der
Waals effects appear to control how the fullerene is arranged.
Specifically, the flatter “waist” regions that are more coronene-
like align themselves parallel to the porphyrin plane. This
enhances T—7 interactions, but the larger size and steric bulk
of the Cy, cage forces it to tip and utilize more of the “cap” to fit
in the porphyrin host. Notably, the latter position leads to a
closer Ni- - - C contact. The six shortest contacts from Sm to
carbon are shown with dashed lines. All three fullerenes show
short Sm”*+ - - C contacts that have 77® geometry, although the
most symmetrical interaction is seen in the Cgg cage. In the
structure involving the C;o4 cage, the two samarium ions occupy
positions near to the 3-fold axis where three hexagons join and do
not follow this trend.

The cage isomers all obey the isolated pentagon rule (IPR),
which places five hexagons about any pentagon and prohibits
pentagon—pentagon contact. The number of possible IPR-obeying
isomers increases dramatically as the number of carbon atoms in
the fullerene cage increases. Considering only isolated pentagon
isomers, the number of possible isomers is 35, 46, and 86 for the
Cssy Coo and Cog, cages, respectively.z’2 In the case of our
previously reported Sm,@D54(822)-C 04, there were 823 pos-
sible isomers. None of the structures of these samarium endohe-
drals involves a carbide, although Sm,@D5(85)-Cy, and Gd, (u-C,)-
@D5(85)-Co, utilize the same fullerene cage.9 It also should be
pointed out that these three new endohedral fullerenes with cage
isomers having D,, C;, and D3 symmetry are chiral, whereas the
fullerene is situated at a crystallographic site with mirror sym-
metry. Thus, a racemate of the endohedral occupies a common
crystallographic site in a disordered fashion.

Figure 7 shows how the axes of the fullerene cages are aligned

relative to the porphyrin plane. The heavier lines show the principal
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Figure 7. The disposition of the principal symmetry axes of the
fullerene with respect to the cocrystallized Ni(OEP).

rotation axes of Sm,@D,(35)-Cgg* Ni(OEP) and Sm,@D5(85)-
Co,*Ni(OEP) and the major and minor cage axes in Sm,@C;-
(21)-Cgo*Ni(OEP). For Sm,@C;(21)-Cgy, the longest and
shortest perpendicular axes are shown. In the Cgg cage, there
are three perpendicular 2-fold axes with lengths defined by (1)
hexagon ring centroids with a distance of 8.518 A; (2) 6:6 ring
junctions with a distance of 8.915 A, viewed out of page; and (3)
6:6 ring junctions with a short distance of 7.241 A, which face the
porphyrin. The main samarium site lies along the axis (1) that
passes through the hexagons and allows it to have a symmetrical
7° interaction while still maintaining a long Sm---Sm distance. In
the Cqg cage, there are no axes of symmetry, but the longest di-
mension is 9.058 A and corresponds to the distance between two
opposing pentagon—hexagon—hexagon junctions (PHJ). There
is a short perpendicular distance passing through a hexagon—
hexagon—hexagon junction (THJ) of 7.589 A that faces the
porphyrin. The two Sm atoms lie in a line that is tipped by 24.1°
from the major axis, allowing them to reside in the position for
optimal 776 interaction with the cage. In the C,, cage, the
principal 3-fold axis passes through a THJ with a C1---C92
distance of 9.574 A. Similar to the Coq case, the Sm atoms prefer
to achieve a long separation while maintaining an 7° orientation
toward the cage and reside to the side of the major axis. There are
three perpendicular 2-fold axes with distances computed from
6:6 ring junction centroids. Their mean distance is 8.263 A with
an average deviation from the mean of 0.014 A.

Figure 8 shows the positions of the samarium atoms inside the
three cages as viewed down the shortest cage axis. The occu-
pancies of the various Sm sites are given in the caption. In these
three endohedrals, the samarium atoms are arranged in a ring that
is perpendicular to the shortest cage axis. However, in Sm,@D; -
(822)-C oy, there are only three Sm positions (disorder 0.74/
0.17/0.09), very close to the poles of the long axis beneath the
canopy of the triple hexagons through which the 3-fold axis
passes. Disorder in the positions of the Sm** ions inside the
fullerene cage can be expected to correlate to a Boltzman distri-
bution of sites corresponding to potential energy surfaces with
relatively low barriers between minima. In other midsized en-
dohedral fullerenes, Laz@Ih-C80,33’34 Cez@Ih-C30,35 Er,@C,(6)-
Csz;m Erz@C3v(8)—C82,n and SC2(/‘2‘O)@Cs(6)'C82;36 the dis-
ordered metal sites are found along bands of 10 contiguous
hexagons, but such bands are lacking in the Sm,@C,, endohe-
drals. In these midsized cages, the two metal cations must coexist
without significant bonding at a distance only slightly larger than
the sum of their covalent radii. In the smallest characterized di-
metalloendohedral fullerenes, Ce,@C-,"° and La,@Co,,”” the
IPR cage is simply too crowded, and the stable isomer is a non-IPR
cage with two pentalene “noses” that accommodate the metal ions,
thus allowing them to be further apart. However, even with only
one metal cation, a similar circular array of disordered samarium

Sm@D,(35)-Cgg

Smy@C+(21)-Coo

=)

: ,‘ J“li Smy@D5(85)-Co

Figure 8. Views looking down the shortest cage dimension showing the
distribution of Sm positions. The longest cage dimension is horizontal.
Those Sm atoms labeled “A” are generated by the crystallographic
mirror plane. Occupancies for Sm,@D,(35)-Cgg- Ni(OEP) are: Sml1,
0.27; Sm2, 0.27; Sm3, 0.15; Sm4, 0.15; Sm5, 0.06; Sm6, 0.05; Sm7, 0.05.
For Smy@C;(21)-Coo-Ni(OEP): Sm1, 0.322; Sm2, 0.216; Sm3, 0.146;
Sm4, 0.146; Sm3, 0.119; Sm6, 0.051. For Smy@D-(85)-Cs,: Sml, 0.38;
Sm2, 0.38; Sm3, 0.06; Sm4, 0.06; Sm5, 0.05; Sm6, 0.02; Sm?7, 0.02; Sm,
0.015; Sm9, 0.015.

atom positions is seen in the four Sm@Cy, isomers recently
described.** In our larger cages > Cgg, where there are two metal
cations and no contiguous bands of hexagons, the major site or
sites prefer to position the two nonbonded metal ions as distant
as possible along the long axis of the cage.

Table 1 shows the cage dimensions for the Sm,@C,,, endohe-
drals along with the separations between the samarium ions.
These data indicate that expansion of the cage size results in
increased distances between the samarium ions. This behavior is
consistent with repulsive Coulombic interactions between the
samarium ions.
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Table 1. Cage Dimensions and Samarium Atom Separations

SmZ@D2(35)'C88

longest cage dimen(s), A 8.518,8.915
shortest cage dimen(s), A 7.241

major Sm---Sm distances, A 4.216,4.206
range Sm---Sm distances, A 3.804—4.228

SmZ@CI(ZI)'CEiO

9.058
7.589
4.147

3.824—

sz@D3(85)—C92 sz@D3d(822)-C104“

9.574 10.840
8.247,8.254,8.289 8.241,8.255, 8.296
4.619,4.604 5.832

4.366 4.326—4.648 5.428—5.832

“ Data from: Mercado, B. Q;; Jiang, A.; Yang, H.; Wang, Z. M,; Jin, H. X; Liu, Z. Y.; Olmstead, M. M.; Balch, A. L. Angew. Chem,, Int. Ed. 2009, 48,

9114—9116.

Figure 9. View of the packing of Sm,@D;(85)-Cao,* Ni(OEP) - 2chloro-

benzene.

Figure 10. View of the packing of Sm,@C,4-2Ni(OEP)- chloro-
benzene.

The three new endohedrals crystallize in the monoclinic space
group C2/m. The packing of fullerene, Ni(OEP), and solvate
(toluene or chlorobenzene) is similar in all three structures.
Figure 9 gives an example of the packing arrangement as found in
the structure of Sm,@D5(85)-Cy,* Ni(OEP) - 2chlorobenzene.
There is a back-to-back arrangement of two Ni(OEP) molecules
about a center of symmetry, encapsulation of the fullerene in the
eight ethyl groups that project outward in the same direction

16915
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Figure 11. UV/vis/NIR absorption spectra of the isolated Gd,C,, (n =
44—46) endohedral fullerenes dissolved in carbon disulfide.

from the porphyrin plane, and face-to-ball packing of the aromatic
rings of the solvate groups with the fullerene. The stoichiometry
of fullerene:porphyrin:aromatic molecule is 1:1:2. The disor-
dered fullerene and the porphyrin are located on crystallographic
mirror planes, but the fullerene cage itself does not have mirror
symmetry. Only one side of the fullerene shows a close porphyrin
contact. The remaining sides are in close contact with chloro-
benzene molecules.

As shown in Figure 10, this structural type is not replicated in
the crystal structure of Sm,@D34(822)-Co4+2Ni(OEP) - chloro-
benzene when it is crystallized under the same conditions. Instead,
the crystal system is monoclinic, space group P2,/n, and the
fullerene is surrounded by two molecules of Ni(OEP) and has
only one chlorobenzene in the formula unit, giving a stoichiom-
etry of 1:2:1. In this case, the fullerene has true crystallographic
inversion symmetry.

Spectroscopic Comparison of Sm,@C,,, and Gd,C,, En-
dohedral Fullerenes. Figure 11 shows the UV/vis/NIR spectra
of Gd,Cog, Gd,Coy, and Gd,(u-C,) @D3(85)-Coy, whose prep-
arations were reported earlier.” Their chromatographic behavior
and mass spectra are given in the Supporting Information. The
UV /vis/NIR spectra of endohedral fullerenes are known to depend
upon the cage size and cage isomer found in a particular molecule."”
Thus, sz@D3(85)—C92 and Gdz(ﬂ—Cz)@Dg,(SS)—ng are ex-
pected to display and indeed do display similar UV/vis/NIR
spectra, because they both have been shown crystallographically

dx.doi.org/10.1021/ja206244w |J. Am. Chem. Soc. 2011, 133, 16911-16919
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Figure 12. Correlations between relative stability of the fullerene tetra-anions and IPSI as well as the number of pyracylene units in all of the IPR cages of
Cgs, Cog, and Co,, respectively. The calculations were carried out at the B3LYP/3-21G level. The isomers of metallofullerenes with a red mark were

experimentally identified in this work.

to involve the same D3(85)-Cy, cage. Because the UV/vis/NIR
spectra of Gd,Cgyy and Gd,Cy, are nearly identical to those of
Sm,@D,(35)-Cgg and Sm,@C;(21)-Coy, we suggest that Gd,Coy
and Gd,Co, are the carbides Gd,(u-C,)@D,(35)-Cgs and Gd,-
(u-Co)@C1(21)-Cy, respectively.

Computations Regarding the Stability of the Cage Iso-
mers. Metal containing endohedral fullerenes involve significant
electron transfer from the electropositive metal atoms to the
carbon cage.7 In the case of endohedrals containing two samar-
ium atoms, the cage will acquire a 4— charge as a result of the
transfer of electrons that produces two Sm>" ions on the inside.
Likewise, four electron transfer to the cage is involved in the

16916

carbides containing a {(Gd*>"),(u-C,>")}*" unit. Theoretical
studies have shown that the most stable isomer for a particular
cage size depends upon two factors: the molecular orbital HOMO—
LUMO gap for the corresponding anionic empty cage fullerene
and the need to maximally separate the pentagons, which are the
sites of negative charge in the fulleride anions.>®*° For Cgg, Coo,
and Cg, with tetra-anionic cages, the computed HOMO—LU-
MO gap is only large for two of the Co, cages, D3(85)-Cg, (0.86 eV)
and C,(67)-Co, (0.84 €V), while the gaps for the isomers of
Cgg and Cy cages are smaller.*® Thus, consideration of the
HOMO —LUMO gap does not allow a clear prediction of which
cage will be favored for the tetra-anions of Cgg and Cg.

dx.doi.org/10.1021/ja206244w |J. Am. Chem. Soc. 2011, 133, 16911-16919
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Table 2. Crystal Data and Data Collection Parameters
Sm,@D,(35)-Cgs - Ni(OEP) - 2toluene

formula C138HgoN4NiSm,
fw 213331

color, habit black, parallelepiped

crystal system monoclinic

space group C2/m

a, A 25.108(5)

b A 15.372(3)

oA 20.633(4)

p, deg 94.469(2)

v, A° 7939(3)

V4 4

T, K 120

radiation (4, A) synchrotron, 0.68890
unique data 12 105 [R(int) = 0.034]
obsd (I > 20(I)) data 10949

R1“ (obsd data) 0.0604

wR2" (all data) 0.1709

Sm,@C,(21)-Cqq -Ni(OEP) - 2toluene

Sm,@D5(85)-Co, - Ni(OEP)- 2chlorobenzene

Cr40HgoN,NiSm, C40Hs4CLN,NiSm,
2157.33 2006.98

black, parallelepiped black, parallelepiped
monoclinic monoclinic

C2/m C2/m

25.4420(13) 25.5870(9)
15.4299(8) 14.9402(6)
20.6732(11) 21.3995(7)
95.291(5) 97.638(2)

8081.0(7) 8107.9(5)

4 4

100 100

synchrotron, 0.77490 synchrotron 0.77490
18152 [R(int) = 0.050] 17327 [R(int) = 0.033]
15318 13411

0.1022 0.0473

0.3027 0.1412

“ For data with I > 20(I), R1 = (2||Fo| — |Fc||)/(E|Fo])- * For all data, ((Z[w(Fo” — Fc?)])/ (Elw(Eo?)*1))"2

Two criteria have been developed to evaluate the separation of
the pentagons in a particular fullerene cage isomer.” The inverse
pentagon separation index (IPSI) (see eq 1 where R;; is the
separation between the centers of pentagons) is a simple geo-
metric measure of the separation between pentagons. Addition-
ally, minimization of the number of pyracylene units in a cage
isomer structure results in a great pentagon separation.

12 12

IPSI = Y Y 1/R; (1)

i=1j>i

Figure 12 shows the correlations between relative stability of
the fullerene tetra-anions and the inverse pentagon separation
index (IPSI) and the number of pyracylene units in Cgg, Cop,
and Cy, IPR cages. These two criteria agree that the D,(35)-Cgg
and D;(85)-Co, cages are the best hosts for the {(Sm>*"),}*" and
{Gd,(u-C,)} *guests, but the situation is less clear for the Coy
cage. As noted earlier, entropic factors may be significant in
determining which cage isomer predominates at the relatively
high temperatures used for the formation of these endohedrals.*"**

Bl CONCLUSIONS

The three new disamarium endohedrals with IPR-obeying cages
have been purified and structurally characterized as Sm,@D,-
(35)-Cgs, Smy@C,(21)-Cog, and Sm,@D3(85)-Co,. The cage
found in Sm,@D,(35)-Cgg has been encountered previously in
TbsN@D,(35)-Cgg, the only other endohedral with this cage
size that has been characterized by X-ray crystallography.*
Likewise, sz@Dg,(SS)-ng and Gdz(ﬂ—Cz)@Dg,(SS)—ng, the
only other endohedrals involving 92 carbon atoms to be crystal-
lographically identified, share a common fullerene cage as noted
earlier. In contrast, the carbon cage found in Sm,@C,(21)-Cg
has never before been characterized by X-ray diffraction, although
the arl}rstal structures of three empty cage isomers of Coq (Ds;(1)-
Coo, ™ C1(30)-Cop, and C;(32)-Cop**) have been reported along
with those of four isomers of Sm@Cqy (Sm@C,(40)-Coo,
Sm@Cy(42)-Coo, Sm@Cy,(45)-Cop, and Sm@C;(46)-Coo).”

Under similar conditions, monosamarium containing endo-
hedrals, Sm@C,,, are formed in greater abundance than the
disamarium endohedrals, Sm,@C,,, while digadolinium-
containing endohedrals dominate over the formation of monoga-
dolinium endohedrals, Gd@C,,. However, the structures of the
disamarium and digadolinium endohedrals differ. All of the dis-
amarium endohedrals discussed here are normal endohedrals,
not carbide containing endohedrals. In contrast, carbide forma-
tion appears to dominate in the digadolinium endohedrals, at least
for the smallest members of the series: Gd, (1-C,) @D, (35)-Cgs,
Gd,(u-C,)@C,(21)-Cog, and Gd,(u-C,) @D5(85)-Co,. Never-
theless, for all of the compounds considered here (Sm,@D,(35)-
Css) Smy@C;(21)-Cop, Smy@D3(85)-Cop, Smy@D34(822)-Ciosy
Gd,(u-C2) @D5(35)-Css, Gdy (1-C2) @C1(21)-Co, and Gd, (u-
C,)@D5(85)-Cy,), the carbon cage bears a 4— charge, while the
interior atoms carry a 4+ charge as {(Sm>"),}*" or {(Gd*"),-

(u-Cy> ).

B EXPERIMENTAL SECTION

Synthesis of the Sm,@C,, Endohedrals. A 8 x 150 mm
graphite rod filled with Sm, O3 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 the solvent was removed
with a rotary evaporator, chlorobenzene was added to redissolve the dry
extract. The resulting solution was subjected to a four-stage HPLC
isolation process without recycling. Chromatographic details are given in
the Supporting Information.

The purity and composition of the samples were verified by laser
desorption ionization time-of-flight mass spectrometry (LDI-TOF-MS).
Ultraviolet—visible—near-infrared (UV—vis—NIR) spectra were ob-
tained through the use of a UV-3600 spectrophotometer (Shimadzu
Corp.) with samples dissolved in carbon disulfide.

Crystal Growth. Co-crystals of the Sm,@C,, endohedrals and
Ni"'(OEP) were obtained by layering a nearly saturated solution of the
endohedral in toluene or chlorobenzene over a red toluene solution of
Ni"(OEP) in a glass tube. Over a 14-day period, the two solutions
diffused together and black crystals formed.

16917 dx.doi.org/10.1021/ja206244w |J. Am. Chem. Soc. 2011, 133, 16911-16919



Journal of the American Chemical Society

Crystal Structure Determinations. Crystal data are given in
Table 2. Black crystals of Sm,@D,(35)-Cgg - Ni(OEP) - 2toluene were
mounted in the 120(2) K nitrogen cold stream provided by an Oxford
Cryostream low temperature apparatus on the goniometer head of a
Rigaku Crystal-Logic Kappa diffractometer equipped with a Saturn
724+ detector, 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 wavelength of 0.68890 A.
Black crystals of Sm,@C;(21)-Cgp+ Ni(OEP) - 2toluene and Sm,@D,-
(85)-Cq, - Ni(OEP) - 2chlorobenzene were mounted in the nitrogen
cold stream provided by an Oxford Cryostream low temperature ap-
paratus 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 (4 = 0.77490 A). All three data
sets were reduced with the use of Bruker SAINT,46 and a multiscan
absorption correction was applied with the use of SADABS.*” The
structures were solved by direct methods (SHELXS97) and refined by
tull-matrix least-squares on F* (SHELXL97).*

Sm,@D,(35)-Cgg - Ni(OEP) - 2toluene. The Cgg 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 the Cgg ball. Because of the crystallographic mirror
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 0.37 (74%) and 0.13 (26%), respectively. The major
orientation was refined with anisotropic displacement 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 displacement parameters.

There are seven different sites for the samarium atom, which were
required to sum to occupancy of 1.0000 by the use of free variables and
subsequently refined with fixed occupancies. Only the six sites with
highest occupancy were refined with anisotropic displacement para-
meters; the remaining site utilized isotropic displacement parameters.

Sm,@C;(21)-Coo- Ni(OEP) - 2toluene. The Cyy cage is disor-
dered with respect to a crystallographic mirror plane, and there are
two orientations of the Cqg cage. The structure was solved for the major
isomer by atom picking, and the second orientation was determined by
trial and error fitting of the rigid group calculated from the original Cg
followed by rigid group refinement. In the major orientation, atoms C38,
C56, CS7, C60, and C61 reside on the mirror plane; atoms C14, C15,
C26, C27, C28, C29, C31---C37, C39---C53, and C62 are disordered
with respect to reflection, and the remaining atoms utilize the mirror
symmetry. The occupancy of this orientation was initially refined and
then fixed at 0.33 total (out of 0.50), or 66%. Atoms C201---C290
comprise the second orientation at 0.17 (or 34%) occupancy. There is
the possibility of at least a third orientation, but it was not possible to
include it. Distance restraints, as free variables, were applied to atoms of
similar geometric positions, according to the nature of the five- and six-
membered ring junctions. Also, specific distance restraints were applied
to five atom pairs. There are six positions for Sm atoms in the structure,
and they were initially refined with fixed thermal parameters and variable
occupancy. In the final cycles of refinement, the occupancies were fixed,
and the thermal parameters were allowed to become anisotropic.

Sm,@D,(85)-Cq, - Ni(OEP) - 2chlorobenzene. The fullerene
cage is disordered with respect to mirror site symmetry. The refinement
utilized only one orientation of the cage. There are two major sites for
samarium and seven others at lower occupancy. The occupancies were
initially refined and constrained to add to 1.0000 and then fixed.

Computations on the Hollow Cgg, Coo, and Co, IPR Cages.
The geometries of each of the IPR cages of Cgg, Coo, and Cgy were
optimized using density functional theory at B3LYP/3-21G level, and
those of the tetra-anions were also optimized using the same method.

The inverse pentagon separation index (IPSI) for each of the tetra-
anions was calculated on the basis of the optimized geometries. In ad-
dition, the numbers of pyracylene units in these cages were enumerated
using a small program written by us.

B ASSOCIATED CONTENT

© Supporting Information. Complete ref 29, and HPLC
chromatograms and MS spectra of the purified samples of the
three samarium endohedral fullerenes and the two gadolinium
endohedral fullerenes. X-ray crystallographic files in CIF format
for Smy@D,(35)-Cgs* Ni(OEP) - 2toluene, Smy@C;(21)-Cog* Ni-
(OEP) - 2toluene, and Sm,@D5(85)-Co,* Ni(OEP) - 2chloroben-
zene. This material is available free of charge via the Internet at

http://pubs.acs.org.
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