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Metallofullerenes encapsulating metal atoms within the
hollow carbon cage are promising materials for molecular
devices such as a single molecular memory.[1,2] However, the
yield of metallofullerenes is usually extremely low.[3]

Recently, the macroscopic synthesis and complete isolation
of metallofullerenes encapsulating a lithium cation, Li+@C60,
have been achieved by the present group.[4] The cationic
Li+@C60 has a high tendency to form ion-pair states with an
anion such as SbCl6

� . The electrostatic attraction between Li+

and anions through the cage suggests an external control of
the position and thermal motion of Li+ inside the cage by the
species and arrangement of anions outside the cage. The
molecular arrangement and endohedral structure of Li+@C60

in the ionic crystals could be changed by replacing the anion.
The rock-salt (Na+Cl�) structure is one of the most well-

known and stable structures for ionic crystals, in which
a cation (Na+) is octahedrally coordinated by six anions (Cl�).
A rock-salt-type Li+@C60 crystal could also be produced by
pairing with adequate anions. In fact, a rock-salt-type hollow
C60 crystal has been found in alkali-metal-doped fullerenes,
MC60 (M = K, Rb, or Cs), wherein cations (M) occupy
octahedral voids of the face-centered-cubic (fcc) lattice of
freely rotating C60 anions at high temperature.[5]

Herein we report the synthesis and crystal structure
analysis of the cationic metallofullerene rock salt [Li+@C60]-

(PF6)
� . The detailed molecular structure of the cation,

Li+@C60, octahedrally coordinated by six PF6
� anions is

revealed by means of the synchrotron radiation (SR) X-ray
diffraction (XRD) at SPring-8 (Hyogo, Japan).

The crystal structure of [Li+@C60](PF6)
� at 400 K is shown

in the inset of Figure 1. The anions, PF6
� , having a disordered

orientation just fit into the octahedral voids of the fcc lattice
of the almost freely rotating cations, Li+@C60, in the
structure.[6] The fcc structure of rotating C60 cages is similar
to that of pristine C60 at 300 K.[7] The crystal is the first
example of a cationic metallofullerene crystal having sym-
metry (space group: Fm�3m) that is exactly the same as that of
the rock salt.

The rotating Li+@C60 can be modeled by a uniform double
spherical shell centered on the 4a sites at 0, 0, 0. The refined
radii of the outer shell for C60 and inner shell for Li+ are
3.548(1) and 1.3(1) �, respectively. The rotational motion is
regarded as a hindered rotation rather than a free rotation
from the charge-density distribution obtained by the max-
imum entropy method (MEM; see Figure S5a in the Support-
ing Information). The charge density is not uniform for each
shell. The charge density on the C60 shell is increased and
decreased in the h111i and h100i directions, respectively (see
Figure S5b). The non-uniform charge-density distribution
which demonstrates the hindered rotation of C60 is different

Figure 1. Temperature dependence of the lattice constant of [Li+@C60]-
(PF6)

� measured for the single crystal (open circle) and powder
sample (solid circle). The inset is the rock-salt-type fcc structure at
a temperature above the TC value.[*] Dr. S. Aoyagi
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from the atomic-density distribution of pristine C60 as it
decreases in the h111i direction,[8] but similar to that of C60 in
Li2CsC60.

[9] In contrast, the charge density on the Li+ shell is
increased in the h100i direction (see Figure S5c). This result
demonstrates that an attractive interaction exists between Li+

and PF6
� , whereas a repulsive interaction exists between the

carbon atoms and the Li+ and/or PF6
� .

PF6
� anions having a disordered orientation can be

modeled by a P atom on the 4b sites at 1/2, 1/2, 1/2, and
partially occupied F atoms on the 48i sites at 1/2 + d1, 1/2 + d1,
1/2, and 96k sites at 1/2 + d2, 1/2�d2, 1/2 + d3 with the site
occupancy of 1/6. The restricted rotational motion may be due
to the concave shape of the voids surrounded by rotating
Li+@C60 cations. The PF6

� anions have a concave face to
match the convex face of the adjacent rotating C60 cages (the
inset of Figure 1 and Figure S5a). A similar “rotor-stator”
molecular arrangement has been reported in the fullerene/
cubane solid, C60·C8H8, in which static cubane molecules fill
the octahedral voids of the fcc lattice of rotating C60.

[10]

The high-temperature fcc phase undergoes a phase tran-
sition to a low-temperature simple cubic (sc) phase at TC =

370 K with a jump in the lattice constant (Figure 1; see
Figure S2 in the Supporting Information). The orientations of
the C60 cages and PF6

� are perfectly ordered in the sc phase
(space group: Pa�3) at 300 K. A similar transition due to the
ordering of the orientations is observed for pristine C60 and
the hydrogen-encapsulating C60 H2@C60 at around
260 K.[7, 11,12] The higher TC value in [Li+@C60](PF6)

� suggests
that an interaction preventing the C60 rotation exists. In
contrast, decreases in the TC value as a result of encapsulation
of Ar and Kr have been reported for Ar@C60 (TC = 256 K)
and Kr@C60 (TC = 251 K), respectively.[13]

The lattice constants of [Li+@C60](PF6)
� (a = 14.3666(4) �

at 300 K) are larger than those of pristine C60 (a = 14.17(1) �
at 300 K).[7] Such lattice expansion has also been reported for
Ar@C60.

[13] The difference in the lattice constants between
Ar@C60 and pristine C60 is 0.002 � at 300 K. The lattice
expansion of [Li+@C60](PF6)

� is much greater than that of
Ar@C60, and mainly results from the filling of the octahedral
voids with PF6

� . A similar lattice expansion has been reported
for C60·C8H8 (a = 14.74 � at 300 K),[10] whereas a lattice
contraction has been reported for the rock-salt-type MC60

(M =K, a = 14.07 � at 473 K).[5] The lattice contraction in
MC60 is due to an electrostatic attraction between M+ and
C60

� . Such an electrostatic attraction between Li+ and PF6
�

could also be present in [Li+@C60](PF6)
� .

At a temperature below the TC value, the orientation of
C60 within [Li+@C60](PF6)

� is similar to the major of two
orientations that coexist for pristine C60 even at 5 K;[11] the
minor orientation is not observed in [Li+@C60](PF6)

� . The C60

orientation can be represented by an angle, f, which is an
anticlockwise rotation about the [111] direction of an ideal
molecular configuration with Fm�3 symmetry.[11] The angle f=

100.92(2)8 for [Li+@C60](PF6)
� at 22 K is calculated from the

refined atomic coordinates, and is slightly larger than that of
for pristine C60 at 5 K (f� 988) as determined by the neutron
powder diffraction.[11c]

The perfectly ordered C60 cages in [Li+@C60](PF6)
� enable

us to determine the detailed cage structure. The radial

distances of the ten independent carbon atoms from the
cage center range from 3.5409(8) to 3.5556(9) � at 22 K. The
carbon atoms having the longer and shorter distances are
oriented in the h111i and h100i directions, respectively.[6] The
spherical C60 cage is, thus, slightly compressed along the unit-
cell axes in [Li+@C60](PF6)

� . The radial distances of carbon
atoms are comparable with those for pristine C60 at 5 K which
range from 3.541(5) to 3.556(6) � within the experimental
error.[11c]

The C60 cage radii, r, are estimated by averaging the radial
distances of the carbon atoms and plotted against temper-
ature (Figure 2). The cage radius for [Li+@C60](PF6)

� (r =

3.550(1) � at 22 K) is also comparable with that for pristine
C60 as determined by the neutron powder diffraction (r =

3.548(6) � at 5 K) within the experimental error.[11c]

Although the experimental errors are not satisfactorily
small to accurately detect the small changes of r, the negative
thermal expansion (NTE) below 300 K can be seen in
Figure 2. The NTE of C60 has been proposed on the basis of
theoretical and experimental data.[14, 15] The volumetric ther-
mal expansion coefficient at around 100 K was estimated
from the data in Figure 2 to be about �2 � 10�5 K�1, a value
larger than that predicted theoretically (�1 � 10�5 K�1),[14] and
smaller than that determined by EXAFS measurements of
Ar@C60 (�5 � 10�5 K�1).[15] The NTE of C60 slightly elongates
the C�C bond lengths. The temperature dependence of the
C�C bond lengths are summarized in the Supporting Infor-
mation.

Interestingly, the temperature dependence of the lattice
constants given in Figure 1 and Figure S3 in the Supporting
Information also show a small NTE at a temperature below
25 K. The usual positive thermal expansion of the lattice
constant above 25 K is contrary to the NTE of the cage radius,
and is mainly due to the increase of the intermolecular
distance. The linear thermal expansion coefficients of the

Figure 2. Temperature dependence of the C60 cage radius r of
[Li+@C60](PF6)

� as estimated by averaging the radial distances of the
carbon atoms from the cage center.
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lattice constant above 25 K is comparable with that for
pristine C60 (see Figure S4).

In contrast to the static C60 cages, Li+ cations are moving
inside the cages. Our previous charge-density analysis of
[Li+@C60](SbCl6)

� at 370 K using MEM clearly reconstructed
charge-density peaks for one Li+ inside the cage.[4] Never-
theless, no MEM charge-density peaks are found inside the
cage of [Li+@C60](PF6)

� at 155 K (Figure 3a). To visualize the
delocalized Li+, model MEM charge densities calculated
based on the refined structure model without any Li+ are
subtracted from the experimental values.

The equidensity surface of the difference-MEM charge
densities at 0.015 e ��3 inside the C60 cage at 155 K is shown as
purple in Figure 4a. A shell-like positive difference-MEM
charge density for the delocalized Li+ is clearly found inside
the C60 cage. The equidensity surface exhibits a dynamic or
static positional disordering of Li+ on the shell with a radius of
about 1.5 �. The shell-like charge densities are a little higher
at near the centers of the six-membered rings, thus suggesting
that Li+ can occupy space under the twenty six-membered
rings of the C60 cage. Remarkably, the Li+ selectively occupies
the positions with the highest charge densities (0.025 e ��3)
under the eight six-membered rings around the threefold
inversion axis. Four of these are shown as red sticks in
Figure 4a. The other four are obtained by the inversion of
these six-membered rings at the cage center.

The disordered Li+ cations are gradually localized below
100 K without changes of the crystal symmetry. The MEM
charge-density map and difference-MEM equidensity surface
inside the cage at 22 K are shown in Figures 3b and 4b,
respectively. The delocalized charge densities for Li+ at 155 K
are gradually condensed into two equivalent (crystallo-
graphic) positions within the C60 cage on the threefold
inversion axis (8c sites at x, x, x) by decreasing the temper-
ature (see also Figure S6 in the Supporting Information). The
two positions having a charge density of 1.2 e ��3 at 22 K are
the most stable for Li+ given the twenty possible positions
beneath the six-membered rings. The Li+ localization through
decreasing the temperature implies that the disordered
distribution of Li+ over the twenty positions at 155 K
(Figure 4a) is not static but rather a dynamic hopping,
which is thermally excited. The thermal hopping of Li+ is
consistent with the 13C NMR spectrum of [Li+@C60](SbCl6)

�

in solution which shows a single peak.[4] More detailed
dynamics of Li+ confined within a static C60 should be
revealed by a solid NMR study of [Li+@C60](PF6)

� .
The position and anisotropic atomic displacement param-

eters of Li+ assumed at the 8c sites with the occupancy of 1/2
were refined.[6,16] The displacement of Li+ from the cage
center is 1.40(1) �, which is close to the theoretical
values.[17, 18] The off-centered endohedral structure is
common in mono-metallofullerenes,[3c,19] but is different
from the centered structure of the nonmetal endohedral
C60.

[12, 13a, 20] The nearest six-membered ring to Li+ has three
adjoined six-membered rings facing the coordinated PF6

� .
This arrangement tends to decrease the potential energy for
Li+ trapped under the six-membered rings (colored red in
Figure 4) through the attractive Li–F electrostatic interaction.
The symmetrical octahedral coordination of the PF6

� anions
around the C60 cage, on the other hand, should weaken the
electrostatic potential on Li+. As a result, the Li+ cations in
[Li+@C60](PF6)

� show a large thermal motion even at 155 K.
The attractive Li–F electrostatic interaction through the

six-membered rings should prevent the rotational motion of

Figure 3. MEM charge-density maps of [Li+@C60](PF6)
� on the (1–10)

plane at a) 155 and b) 22 K, respectively. The contour lines are drawn
from 0 to 4.0 e ��3 at intervals of 0.2 e��3.

Figure 4. Equidensity surfaces of the difference-MEM charge densities
for Li+ (purple) at a) 155 K and b) 22 K as viewed from the [111]
threefold inversion axis with the MEM charge densities (green). The
purple surfaces represent difference-MEM charge densities inside the
C60 cage at 0.015 and 0.100 e��3 in a) and b), respectively. The green
surfaces represent MEM charge densities (not difference) at 1.0 e��3,
which are partially cut to show the inside of the C60 cage.
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the C60 cage. The Li–F interaction increases the charge density
of Li+ within the vicinity of the PF6

� anions at 155 K
(Figure 4a), and also at 400 K above the TC value (see
Figure S5c in the Supporting Information). The electrostatic
attraction between PF6

� and Li+ hopping among sites under
twenty six-membered rings tends to fix the C60 orientation so
that the six-membered rings face PF6

� . The charge density on
the C60 shell decreased in the h100i direction at 400 K (see
Figure S5b) and can also be explained by the six-membered
rings facing the PF6

� . When the C60 cage is in the major and
minor orientation of pristine C60, the six- and five-membered
rings are facing the PF6

� anions. The fraction having the major
orientation in pristine C60 can be expressed by using
a Boltzmann distribution in which the energy difference
between the major and minor orientations is 11.0 meV.[11b]

The energy difference must be increased by the Li–F
interaction, which prefers the major orientation in [Li+@C60]-
(PF6)

� . As a result, the major orientation is stabilized and C60

cages exhibits no disorder of orientation in [Li+@C60](PF6)
� at

a temperature below the TC value.
The substantially higher observed TC value, relative to

that of pristine C60, could also be due to the Li–F interaction.
The TC value of pristine C60 increases with a lattice compres-
sion by pressure that increases the C60–C60 interaction driving
the ordering of the orientation.[21] Accordingly, the transition
temperature should decrease with a lattice expansion. In fact,
a decrease of the TC value involving a lattice expansion has
been reported for C60·C8H8 (TC = 140 K) and Ar@C60 (TC =

256 K).[10, 13] Importantly, the higher TC value for [Li+@C60]-
(PF6)

� , involving the lattice expansion, is contrary to this
effect. A similar increase of the TC value involving a lattice
expansion has been found in the Na-intercalated C60 Na1.3C60

(TC = 325 K), wherein the electrostatic interaction between
the C60 and Na+ at the tetrahedral voids stabilizes the ordered
phase.[22] The Li–F electrostatic attractive interaction which
tends to fix the C60 orientation should stabilize the ordered
phase for [Li+@C60](PF6)

� . This interaction is one of the main
reasons for the observed higher TC value. The difference
between the TC values of [Li+@C60](PF6)

� (TC = 370 K) and
pristine C60 (TC = 260 K) may correspond to the excitation
energy needed for Li+ to hop within the C60 cage.

The anisotropic thermal ellipsoids of the refined atomic
displacement parameters for Li+, at the two positions within
the cage at 22 K, do not overlap with each other.[16] Thus, Li+

occupying two positions within the cage at low temperature
could not be explained by thermal hopping but rather by
static disorder or tunneling. A static-disorder model for Li+ is
illustrated in Figure S10 in the Supporting Information. The
Li+ cations that were localized at either one of the two
possible polar positions in the model can be explained by
static disorder of the orientation of polar Li+@C60 cations. A
theoretical tunneling model for the dynamics of Li within
a C60 cage has been proposed.[18]

The crystal structure of the cationic metallofullerene rock
salt [Li+@C60](PF6)

� reported here evidently demonstrates
a strong interaction between Li+, residing inside the C60 cage,
and PF6

� residing outside the cage; the interaction occurs
through the six-membered rings. The interaction strongly
restricts the rotational motion of the C60 cages. The detailed

structure analysis of the perfectly ordered C60 cage at
a temperature below the TC value revealed a NTE and
slight compression along the unit-cell axes. The Li+ hops
thermally inside the C60 cage even at 155 K, and is localized at
the two polar positions at temperatures below 100 K because
of the Li–F interaction. The orientation of the polar Li+@C60

cations at low temperature should be biased by applying an
external electric field.[1] The external control of the molecular
orientation and Li+ position will be evaluated by dielectric
measurements and X-ray structure analysis under an electric
field.

Experimental Section
The high purity [Li+@C60](PF6)

� was obtained from [Li+@C60]-
(SbCl6)

� , which was synthesized by a previously reported
method.[4,6] The anion replacement was performed by high-perfor-
mance liquid chromatography (HPLC) using tetra-n-butylammonium
hexafluorophosphate (TBAPF6) as an electrolyte. The crystals of the
resultant [Li+@C60](PF6)

� were grown by slow vaporization of the
chlorobenzene/acetonitrile solution in a refrigerator.

The SR-XRD experiments for the [Li+@C60](PF6)
� crystals were

carried out at SPring-8 (Hyogo, Japan).[6] The X-ray oscillation
photographs of the single crystal were corrected by the large
cylindrical imaging plate camera at BL02B1 beamline. The crystal
structures at 17, 22, 45, 65, 85, 105, 155, 300 and 400 K were
successfully determined with good reliability factors, i.e., R1 = 0.0366
(for jF j> 3sF, d> 0.33 �) for 22 K.[6, 16] The powder diffraction
experiments of [Li+@C60](PF6)

� were also performed by the large
Debye–Scherrer camera at BL02B2 beamline.
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