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ABSTRACT: Single crystals of three soluble Yb@C82
isomers, namely, Yb@C2(5)-C82, Yb@Cs(6)-C82, and Yb@
C2v(9)-C82, cocrystallized with NiII(octaethylporphyrin), al-
lowed accurate crystallographic elucidation of their molecular
structures in terms of both cage symmetry and metal location.
Multiple metal positions were found in all these isomers, but
the major metal sites were found in some specific regions
within these cages. Specifically, the Yb2+ ion prefers to reside
close to a hexagonal ring in Yb@C2(5)-C82 and Yb@C2v(9)-
C82 but a [5,6,6]-junction carbon atom in Yb@Cs(6)-C82.
Theoretical calculations at the B3LYP level revealed that these metal positions all correspond to energy minima from the
electrostatic potential maps and give rise to the most stable configurations of these Yb@C82 isomers. Furthermore, it is
noteworthy that this is the first report on X-ray crystallographic studies of such metallofullerenes with the popular C2v(9)-C82
encapsulating a divalent metal ion, described as M2+@[C2v(9)-C82]

2−.

■ INTRODUCTION

Metal doping of the interior of fullerene cages generates a new
class of hybrid molecules with unique structures, novel
properties, and potential applications in such fields as
photovoltaics, biomedicine, and materials science.1,2 As the
simplest examples of endohedral metallofullerenes (EMFs),
such compounds containing only one metal ion have been of
particular interest throughout the research era of EMFs. Since
the first report on the solvent extraction of EMFs from raw
soot,3 M@C82-type (M = Sc, Y, lanthanide) species have
attracted wide attention because of their relatively high yield
and good solubility in common organic solvents.4 In these
species, three electrons are transferred from the internal metal
to the fullerene cage, while strong electrostatic interactions
attract the metal ions to the walls of the fullerene cage.5

Meanwhile, structural elucidation of EMFs is of high
importance because their intrinsic properties are highly
susceptible to these structural issues. NMR spectroscopy has
been widely used to characterize the cage structures of EMFs.
For example, the cage symmetry of the major isomer of the
prototypical La@C82 was revealed to be C2v(9)-C82 by 13C
NMR spectrometry performed on its anion, and the minor
La@C82 isomer was found to be La@Cs(6)-C82 in combination
with theoretical results.6 Similar methodology has also been
applied to other M@C82 isomers to determine their cage

structures. It was very interesting to find that even when La is
replaced with a different rare-earth metal (e.g., Y, Ce, Pr, or
Gd), the EMFs always utilize the C2v(9)-C82 cage, sometimes
with M@Cs(6)-C82 also being observed.7 Again, all these
compounds feature the transfer of three electrons from the
metal to the cage.
Nonetheless, the NMR technique generally provides valuable

information about the cage symmetry but not the metal
position inside the fullerene cage. Subsequently, many
derivatives of M@C2v(9)-C82 particularly suitable for single-
crystal growth have also been obtained. Accordingly, most of
them have been structurally characterized by single-crystal X-
ray diffraction (XRD) crystallographic studies, which have
produced valuable information about the metal position and
metal−cage interactions in these prominent molecules.8

Alternatively, the motion of the spherical EMF molecules in
the crystal lattice can also be stopped by cocrystallization with a
metal porphyrin in order to obtain crystals with sufficient order
for XRD analysis. This methodology has been widely adopted
to get structural information on fullerenes and EMFs. More
than 60 examples of EMFs or empty fullerenes cocrystallized
with metal porphyrins have been reported, but most of the
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studies have focused on such compounds with a metal cluster
inside or on large cages such as C84, C90, or C94 containing a
single metal ion.9 For cocrystals of M@C82, very few reports are
available. La@C2v(9)-C82 and Gd@C2v(9)-C82 are the first two
compounds of M@C82 whose structures were determined by
XRD crystallography using the cocrystallization method.10 The
results showed that the single metal ion tends to reside under a
hexagonal ring along the two-fold axis. Very recently, three
isomers of Sm@C82, namely, Sm@C2(5)-C82, Sm@Cs(6)-C82,
and Sm@C3v(7)-C82, were also structurally characterized with
XRD crystallography through the cocrystal formation with
NiII(OEP), where OEP is the dianion of 2,3,7,8,12,13,17,18-
octaethylporphyrin.11 In contrast to the nearly fixed positions
of trivalent La3+ and Gd3+ ions in the C2v(9)-C82 cage, multiple
metal positions were observed for the divalent Sm2+ cation in
these C82 cages, indicating a dynamic metal ion inside.
However, it is not conclusive whether the different motional
behaviors of the trivalent (La3+ and Gd3+) and divalent (Sm2+)
ions in these C82 cages are caused by their different electronic
configurations or by the different cage symmetries.
We recently obtained a series of typical divalent EMFs

containing an ytterbium atom, which donates two valence
electrons to the surrounding cage. By means of 13C NMR
spectroscopy in combination with computational studies, the
cage symmetries of these EMFs were established as Yb@
C2v(3)-C80, Yb@C2(5)-C82, Yb@Cs(6)-C82, Yb@C2v(9)-C82,
Yb@C2(11)-C84, Yb@C2(13)-C84, and Yb@C1(12)-C84, respec-
tively.12 As mentioned above, however, it was not possible to
determine the metal position in these cages from the NMR
results. Accordingly, single-crystal XRD measurements were
attempted. The first crystallographic study of a Yb EMF was
conducted on Yb@C2v(3)-C80 through cocrystal formation with
Ni(OEP), and the results revealed that the metal ion is
localized under a hexagonal ring that is off to the side of the axis
of symmetry.13 In this article, we report a systematic X-ray
crystallographic study of the structures of the three Yb@C82

isomers mentioned above, namely, Yb@Cs(6)-C82, Yb@C2(5)-
C82, and Yb@C2v(9)-C82.

■ EXPERIMENTAL SECTION
Procedures for the synthesis, isolation, and spectroscopic character-
ization of the three Yb@C82 isomers followed those reported in
previous studies,12 and the data are presented in Figures S1−S3 in the
Supporting Information.

Black crystalline rods of the three isomers of Yb@C82 with
NiII(OEP) were obtained by layering a benzene solution of NiII(OEP)
on top of a CS2 solution of the appropriate EMF in a glass tube (φ = 7
mm) at 273 K. It was interesting to find that only benzene molecules
were present in the crystal lattice, while CS2 molecules were absent.
This is most probably due to the high volatility of CS2. XRD
measurements were performed at 90 K on a Bruker AXS instrument
equipped with an Apex II CCD detector with Mo Kα radiation (λ =
0.71073 Å). The multiscan method was used for absorption
corrections. The structures were solved by direct methods and refined
using SHELXL 97.14 Crystal data for these isomers are given in Table
1.

■ COMPUTATIONAL DETAILS
Density functional theory (DFT) calculations were conducted using
the Gaussian 09 program.15 As in ref 12, the molecular structures were
first optimized at the B3LYP/3-21G∼CEP level [B3LYP density
functional with the 3-21G basis set for C atoms and the CEP-4G basis
set with the CEP effective core potential (ECP) for Yb] and then
reoptimized at the B3LYP/6-31G*∼SDD level (B3LYP functional
with the 6-31G* basis set for C and the SDD basis set with the SDD
ECP for Yb).16 Energy minima were checked using B3LYP/3-
21G∼CEP vibrational analysis.16 The electrostatic potential maps were
calculated at the B3LYP/6-31G* level.16 The complexes of Yb@C82
with NiII(OEP) were optimized at the M06-2X/3-21G∼SDD level.16h

■ RESULTS AND DISCUSSION
Single-Crystal X-ray Structural Analysis of Yb@C2(5)-

C82·NiII(OEP)·2(benzene). As commonly encountered in
cocrystals formed from EMFs and Ni(OEP), this compound
crystallizes in the monoclinic space group C2/m (Table 1).
Thus, the asymmetric unit contains half of the NiII(OEP)
molecule and two halves of the C2(5)-C82 cage.

2f,17 The fully
ordered nickel porphyrin is present on the crystallographic
mirror that bisects N1, Ni1, and N3 (Figure 1), so an intact
NiII(OEP) molecule was readily obtained by combining the

Table 1. Crystal Data for the Three Yb@C82 Isomers Cocrystallized with NiII(OEP)

Yb@Cs(6)-C82·Ni
II(OEP)·2(benzene) Yb@C2(5)-C82·Ni

II(OEP)·2(benzene) Yb@C2v(9)-C82·Ni
II(OEP)·2(benzene)

isomer label12 I II III
formula C130H56N4NiYb C130H56N4NiYb C130H56N4NiYb
formula weight 1905.54 1905.54 1905.54
color, habit black, block black, block black, block
crystal system triclinic monoclinic monoclinic
space group P1̅ C2/m C2/m
a (Å) 14.613(2) 25.335(3) 25.264(4)
b (Å) 14.816(2) 15.045(2) 15.169(2)
c (Å) 19.934(3) 19.813(3) 19.869(3)
α (deg) 86.130(2) 90.00 90.00
β (deg) 86.023(2) 94.270(2) 95.078(2)
γ (deg) 61.312(2) 90.00 90.00
V (Å3) 3774.2(11) 7531.3(17) 7584(2)
Z 2 4 4
radiation (λ/Å) fine-focus sealed tube (0.71073) fine-focus sealed tube (0.71073) fine-focus sealed tube (0.71073)
unique data (Rint) 46939 (0.0309) 47691 (0.0280) 48930 (0.0377)
obsd data [I > 2σ(I)] 19878 10460 10980
R1
a (obsd data) 0.0636 0.0690 0.0857

wR2
b (all data) 0.1762 0.2002 0.2421

aFor data with I > 2σ(I). R1 = ∑||Fo| − |Fc||/|∑Fo|.
bFor all data. wR2 = {∑[w(Fo

2 − Fc
2)2]/∑[w(Fo

2)2]}1/2.
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existing half-molecule with its mirror image. However, the
chiral C2(5)-C82 cage resides in such a way that its two-fold axis
is not coincident with the crystallographic mirror plane. As a
result, a complete C82 cage was finally obtained by combining
one of the halves of the fullerene cage with the mirror image of
the other. Accordingly, the occupancies of the two cage
orientations are 0.50.
Figure 1 shows the two cage orientations and their

relationships to the NiII(OEP) molecule. Only the major
ytterbium site (Yb1 with 0.18 occupancy; see below) is shown.
The nearest cage−Ni contacts involve C56 or C56A with a
distance of 2.79(3) Å. It was interesting to find that the major
metal site in both cage orientations is under a hexagonal ring,
highlighted in green for the cage orientation shown in Figure 1a
and in red for the other orientation shown in Figure 1b. The
Yb−cage distances in the two configurations are similar:
2.43(2)−2.64(1) Å for the green-highlighted part and 2.33(1)−
2.81(1) Å for the red-highlighted part. This implies that the
divalent metal still prefers to stay close to a cage hexagon in
C2(5)-C82. Unfortunately, there was no way to determine
crystallographically whether either or both of these two
locations are occupied. However, theoretical calculations (see
below) revealed that the site shown in Figure 1a lies at an
energy minimum. Surprisingly, the relationship between Yb@

C2(5)-C82 and NiII(OEP) (Figure 1a) is very similar to the
situation in the Sm@C2(5)-C82·Ni

II(OEP) system.11 Indeed,
Yb@C2(5)-C82·Ni

II(OEP)·2(benzene) is isostructural with
Sm@C2(5)-C82·Ni

II(OEP)·2(benzene). It is interesting to
note that the metal ion positions in the two crystals are also
remarkably similar.11

Inside the cage, there are five sites for the ytterbium cation,
with occupancies of 0.18 for Yb1, 0.15 for Yb2, 0.12 for Yb3,
0.03 for Yb4, and 0.02 for Yb5. Figure 2 shows a drawing of one

cage orientation containing all of the metal positions (sites
labeled with “A” were generated by symmetry operations). It is
evident that the metals are gathered into three groups inside
the cage, each near a hexagonal ring.

Single-Crystal X-ray Structural Analysis of Yb@Cs(6)-
C82·NiII(OEP)·2(benzene). Fortunately, this crystal belongs to
the triclinic space group P1 ̅, in which an intact pair of the EMF
and NiII(OEP) molecules are present together with two
benzene molecules filled in the unit cavities. This has the
advantage over the monoclinic space group C2/m in providing
more reliable information about the metal position and metal−
cage relationship. There are two orientations of the Cs(6)-C82
cage with fractional occupancies of 0.57 and 0.43. Figure 3
shows the major and minor cage orientations and their
relationships to the NiII(OEP) molecule. Only the most
abundant metal site (Yb1 with 0.35 occupancy; see below) is
shown in these two drawings. The shortest Ccage−Ni distances
are 2.75(1) Å for the major cage and 2.83(2) Å for the minor
one. In both cage orientations, Yb1 resides under a [5,6,6]-
junction carbon. The shortest Yb1−cage distances range from
2.37(1) to 2.990(4) Å for the major cage orientation (green
part in Figure 3a) and from 2.28(2) to 3.04(2) Å for the minor
cage orientation (red part in Figure 3b).
Within these cages, there are 11 ytterbium sites at general

positions. The major site (Yb1) has a fractional occupancy of
0.35, and the other minor sites have fractional occupancies
ranging from 0.13 to 0.02. Figure 4 shows the major cage
encapsulating all 11 metal sites. These ytterbium positions are
gathered into three specific groups inside the Cs(6)-C82 cage. In
one area, Yb2 and Yb8 are very close and approach a [5,6,6]-
junction, while in another place, Yb7 and Yb10 are near a
different [5,6,6]-junction that is symmetrically related to the

Figure 1. ORTEP drawings of Yb@C2(5)-C82·Ni
II(OEP) with 30%

thermal ellipsoids. Only the major metal site (Yb1 with 0.18
occupancy) is shown in both views, while solvent molecules, the
minor metal positions, and H atoms have been omitted for clarity. The
crystallographic mirror plane bisects N1, Ni1, and N3 and lies
perpendicular to the plane of the page. Symmetry code: A = +x, −y,
+z. The cages shown in (a) and (b) are mutual mirror images. In both
structures, Yb1 is located close to a hexagonal carbon ring. C56 and
C56A are the cage carbon atoms nearest to NiII(OEP).

Figure 2. Diagram showing all of the metal sites in Yb@C2(5)-C82.
The dotted line illustrates the noncrystallographic two-fold axis of
C2(5)-C82.
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previous one. For the other metal sites where Yb1, Yb3, Yb4,
Yb5, Yb6, Yb9, and Yb11 reside with a summed occupancy of
0.74, a [6,6]-bond junction or a [5,6,6]-junction closest to the
symmetry mirror is more preferred by the metal ion. The
location of the major metal ion site is in agreement with the

electrostatic potential valley in [Cs(6)-C82]
2− (see below) and

the optimized structure of Yb@Cs(6)-C82 (Figure S4 in the
Supporting Information). This crystallographic study indicates
that Yb2+ ion might jump from the major site to the other sites
corresponding to Yb2, Yb8, Yb7, and Yb10 or vice versa.

Single-Crystal X-ray Structural Analysis of Yb@C2v(9)-
C82·NiII(OEP)·2(benzene). Again the crystal belongs to the
monoclinic space group C2/m, where half of the Yb@C2v(9)-
C82 molecule and half of a Ni

II(OEP) are present. Both the cage
and the internal metal are disordered. Interestingly, three cage
orientations are observed in this crystal. The major orientation
of the C2v(9)-C82 cage with 0.46 occupancy exists with one of
its two symmetry planes coincident with the crystallographic
mirror plane. Thus, an entire cage can be assembled by
combining its mirror image with the existing half. The two
minor cage orientations reside at common sites. Each site has
an occupancy of 0.27. Figure 5 shows the major metal ion site
(Yb1, 0.18 occupancy), the three cage orientations, and their
relationships to NiII(OEP). The shortest distances between a
carbon ion of Yb@C2v(9)-C82 and the nickel ion in NiII(OEP)
is 2.79(3) Å, which is similar to the values of 2.78(2) Å found
in La@C2v(9)-C82·Ni

II(OEP) and 2.784(8) Å in Gd@C2v(9)-
C82·Ni

II(OEP). In the major cage orientation (Figure 5a), Yb1
is located under a hexagonal ring but slightly away from the
two-fold axis of the C2v(9)-C82 cage, as previously observed for
the trivalent Gd3+ ion in Gd@C2v(9)-C82.

10b The distances
between Yb1 and the carbon atoms of the nearest hexagonal
ring (green part in Figure 5a) vary from 2.30(2) to 2.77(2) Å
(Figure 5a). In the two minor cage orientations, however, Yb1
is situated under two different [5,6]-bond junctions with similar
Yb−cage distances.
Inside the cage, eight metal sites were detected; three sites

(Yb1, Yb5, Yb6) exist on the crystallographic mirror plane, and
the remaining five are on general positions. Accordingly, five
additional metal ion sites are generated by reflection. The major
site, Yb1, is on the crystallographic mirror plane and has a
fractional occupancy of 0.18. The other sites have occupancies
in the range from 0.12 to 0.02. Figure 6 shows the major cage
orientation containing all 13 of these metal ion sites. As was the
case with Yb@C2(5)-C82, crystallographic results alone cannot
determine the true metal ion position in Yb@C2v(9)-C82.
However (see below), the calculated electrostatic potential
valley of [C2v(9)-C82]

2− and the optimized structure of Yb@
C2v(9)-C82 indicate that the Yb2+ ion is located under the
hexagon along the two-fold axis of the C2v(9)-C82 cage (see
Figure 5a). Similar results regarding the position of the metal
ion were obtained for La@C2v(9)-C82 and Gd@C2v(9)-C82,
where computational and experimental work indicated that the
metal ion (La3+ or Gd3+) is also positioned beneath a hexagon
near the two-fold axis.10 For Yb@C2v(9)-C82, there is no metal
site close to the [6,6]-bond junction, which was the location
proposed for the divalent Eu2+ ion in Eu@C2v(9)-C82 on the
basis of synchrotron radiation powder diffraction coupled with
Rietveld treatment of the diffraction data and the maximum
entropy method.18 All of these results suggest that Eu@C2v(9)-
C82 may also have a normal metal ion placement analogous to
the situation in La@C2v(9)-C82, Gd@C2v(9)-C82, and Yb@
C2v(9)-C82.

Computational Studies. For C82, there are nine isomers
obeying the isolated pentagon rule (IPR).19 In an earlier report
on the NMR characterizations of Yb@C82, we computed the
relative stabilities for the three C2-C82 cages and the three Cs-
C82 cages.

12 In this work, we performed DFT calculations on

Figure 3. ORTEP drawings of Yb@Cs(6)-C82·Ni
II(OEP) with 30%

thermal ellipsoids showing the relationship between the fullerene cage
and NiII(OEP) in Yb@Cs(6)-C82·Ni

II(OEP)·2(benzene). There are
two orientations of the Cs(6)-C82 cage with fractional occupancies of
(a) 0.57 and (b) 0.43. Only the major ytterbium ion site (Yb1 with
0.35 fractional occupancy) is shown in each cage. For clarity, the
benzene molecules, minor metal sites, and H atoms have been
omitted.

Figure 4. Diagram showing all of the ytterbium sites in the major
Cs(6)-C82 cage orientation with 0.57 occupancy. The symmetric mirror
plane of the Cs(6)-C82 passes through C41_1, C42_1, C81_1, and
C82_1 and is perpendicular to the page.
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the relative stabilities of all nine of these IPR-obeying C82
isomers encapsulating an Yb2+ ion at the B3LYP/6-31G*∼SDD
level. Table 2 contains the calculation results. It is evident that
the most stable Yb@C82 isomer is Yb@C2v(9)-C82, followed by
Yb@Cs(6)-C82 and Yb@C2(5)-C82, all of which were obtained
experimentally and structurally confirmed by single-crystal
XRD measurements in this work. Furthermore, we found that
all of these isomers have relatively large HOMO−LUMO gaps,
consistent with their closed-shell electronic configurations.
To pursue theoretical support for the multiple metal ion

(Yb2+) positions found in the XRD measurements, we
computed the electrostatic potential maps of [C2(5)-C82]

2−,

[Cs(6)-C82]
2−, and [C2v(9)-C82]

2− at the B3LYP/6-31G* level.
As shown in Figure 7, the electrostatic potential values are all
negative (i.e., stabilization for cations) inside these three C82
cages. Interestingly, an electrostatic potential valley was found
to reside close to a specific region in each of these cages, and
the Yb2+ ion should be most stabilized when it falls into the
bottom of this valley. Specifically, the minimum of the
electrostatic potentials in C2(5)-C82 is located above a
hexagonal carbon ring along the two-fold axis. The minimum
in Cs(6)-C82 is close to a [5,6,6]-bond junction across the
symmetric mirror plane, while in Yb@C2v(9)-C82, the minimum
was found to be under a hexagon along the two-fold axis.
Indeed, when the Yb2+ ion was placed inside these three

cages, we found that the most stable structures corresponded to
the electrostatic potential minima. The optimized structures of
Yb@C2(5)-C82, Yb@Cs(6)-C82, and Yb@C2v(9)-C82 are shown
in Figure S4 in the Supporting Information. It is noteworthy
that in Yb@C2v(9)-C82, the configuration with Yb2+ slightly off
the symmetric axis is 0.189 kcal/mol more stable than that with
the Yb2+ cation right along the axis. This shows perfect
agreement with the X-ray results (cf. Figure 5a). Our theoretical
work also confirmed that the cocrystal formation of the EMFs
with NiII(OEP) does not change the metal position
significantly. As shown in Figure S5 in the Supporting

Figure 5. ORTEP drawings of Yb@C2v(9)-C82·Ni
II(OEP) with 30%

thermal ellipsoids: (a) the major cage orientation, with 0.46
occupancy; (b, c) the two minor cage orientations, each with 0.27
occupancy. Only the major metal site (Yb1 with 0.18 occupancy) is
shown in each drawing. A crystallographic mirror plane bisects Ni1,
N1, N3, and Yb1 and lies parallel to the page. For clarity, the benzene
molecules, minor metal ion sites, and H atoms have been omitted.

Figure 6. Diagram showing all of the ytterbium sites in the major
C2v(9)-C82 cage orientation with 0.47 occupancy. A crystallographic
mirror plane is aligned vertically across the center of the molecule and
perpendicular to the page, coincident with one of the two symmetry
planes of C2v(9)-C82. Symmetry code: A = +x, 1−y, +z.

Table 2. Relative Energies and HOMO−LUMO Gaps of
Nine IPR-Satisfying Yb@C82 Isomers Calculated at the
B3LYP/6-31G*∼SDD level

isomer ΔE (kcal/mol) HOMO−LUMO gap (eV)

Yb@C2(1)-C82 18.21 1.61
Yb@Cs(2)-C82 24.96 1.13
Yb@C2(3)-C82 17.41 1.21
Yb@Cs(4)-C82 14.66 1.29
Yb@C2(5)-C82 4.20 1.64
Yb@Cs(6)-C82 1.86 1.37
Yb@C3v(7)-C82 9.53 1.90
Yb@C3v(8)-C82 11.16 1.10
Yb@C2v(9)-C82 0.00 1.40
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Information, the metal positions in these three isomers are not
changed after cocrystallization with NiII(OEP).

■ CONCLUSIONS
We have presented unambiguous crystallographic investigations
of the three Yb@C82 isomers cocrystallized with NiII(OEP),
unraveling their molecular structures as Yb@Cs(6)-C82 for Yb@
C82(I), Yb@C2(5)-C82 for Yb@C82(II), and Yb@C2v(9)-C82 for
Yb@C82(III), respectively. The results from these crystallo-
graphic studies agree with the results of previous 13C NMR
studies that determined only the cage isomers present for these
three endohedral metallofullerenes.12 Moreover, we have found
that the Yb2+ ion tends to be localized in some specific areas
within the cages, regardless of the cage symmetry. These
locations correspond to electrostatic potential minima and give
the most stable configurations of these Yb@C82 isomers. Our
results have enhanced the knowledge of the structures and
properties of such less-explored divalent metallofullerenes and
are helpful in understanding the unusual metal−cage
interactions between a divalent metal ion and the popular
C82 cages.
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