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ABSTRACT

Time-dependent orientational changes of D5d-C80 and Ih-Er3N@C80 fullerenes inside single-walled carbon nanotubes (SWNTs) were demonstrated
by aberration-corrected transmission electron microscopy (TEM) at real atomic-level resolution. Detailed structure of the ellipsoidal D5d-C80

fullerene, e.g., the pyrene-like tetracyclic component in its cylindrical body, was unambiguously identified by the TEM images. The Er −Er
distances in Ih-Er3N@C80 were estimated to be 0.35 ± 0.03 nm, and the C3 symmetry axis of the Er 3N cluster was suggested to agree with one
of the S6 axes of the spherical Ih-C80 cage. Our results indicate that atomic-resolution TEM enables the investigation of the orientations of
individual molecules inside SWNTs in relation to the interactions of the molecules with the outer graphene walls.

One of the most attractive properties of carbon nanotubes
(CNTs) is the ability to encapsulate various chemical species,
such as inorganic crystals, organic molecules, and fullerenes.1-4

The cylindrical spaces within CNTs are desirable environ-
ments to observe the structures and dynamic behavior of
individual molecules by transmission electron microscopy
(TEM). In the previous TEM studies on the molecules
incorporated into single-walled CNTs (SWNTs), the nano-
tubes themselves have been regarded as almost contrast-less
container materials due to the limited spatial resolution.5-11

Recently, however, hexagonal networks of carbon atoms in
SWNTs have been directly detected by aberration-corrected
TEM, in which the spherical aberration coefficient (Cs) of
the electron lens is reduced to nearly zero in order to improve
the resolution.12,13 This observation technique should also
be able to visualize more detailed structures of encapsulated
species inside SWNTs, such as individual fullerene molecules
in so-called nanopeapods (fullerene-encapsulated nanotubes).

In our study,D5d-C80 and Ih-Er3N@C80 fullerenes were
incorporated into SWNTs for TEM observations. It has been
recognized that the emptyD5d-C80 fullerene has a cylindrical
body with hemispherical caps on both ends,14 whereas the
erbium nitride endohedral fullerene Er3N@C80 possesses a
tetra-atomic Er3N cluster inside the sphericalIh-C80 cage.15,16

Only a limited number of experimental studies on the
structures of these fullerene molecules have been reported
up to now,14-19 and their atomic-resolution images have never
been obtained by TEM. These fullerenes are allowed to
exhibit rotational motions inside SWNTs, which should be
clearly detected by aberration-corrected TEM at an atomic-
level resolution in the present study. Experimental procedures
are described in the Supporting Information.

We first examined the advantage of aberration-corrected
TEM in observation of individualD5d-C80 fullerene cages
by simulating their TEM images at large (uncorrected) and
small (corrected)Cs values. The orientation of aD5d-C80

fullerene is generally determined by parameters such as the
tilt angle of its 5-fold axis with respect to the basal plane
(e.g., a projection screen of TEM) and the rotation angle
around this axis.D5d-C80 cages at various tilt and rotation
angles are illustrated schematically in Figure 1a, and their
TEM images simulated at a largeCs value (0.5 mm) are
shown in Figure 1b. The chromatic aberration coefficient
(Cc) and defocus value (∆f) selected here are 1.1 mm and
-40 nm, respectively. A bold ellipsoidal outline (or a circular
one at a tilt angle of 90°) with a bright fringe is found for
eachD5d-C80 cage. Only the tilt angle of the cage can be
roughly estimated from the aspect ratio of this ellipsoidal
outline. Rotation of the cage around the 5-fold axis does not
significantly affect the contrast of the TEM image under the
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condition assumed here, in which the point resolution does
not exceed 0.22 nm.

The D5d-C80 cage should be visualized in significantly
more detail using aberration-corrected TEM with a high
resolution, pushed down to around 0.14 nm (Cs ) 1 µm, Cc

) 1.1 mm,∆f ) -5 nm), as shown in Figure 1c. The TEM

image exactly reflects both tilt and rotation angles of this
fullerene cage, which enables the precise determination of
the orientation.20 The cylindrical body of this fullerene cage,
in which the atomic arrangement is identical to that in a (5,5)
SWNT, is most distinctly detected at a tilt angle of around
30°. TheD5d-C80 cage with this orientation yields a charac-
teristic contrast profile with three dark dots on each sidewall
in its TEM image, as also observed experimentally, shown
in Figure 1d. These dark dots are ascribed to the projection
of the zigzag chains parallel to the incident electron beam
(Figure 1e).

The high spatial resolution and high detection ability of
aberration-corrected TEM, as described above, suggest its
significant advantage in monitoring the rotational motion of
individual fullerene molecules. Figure 2 shows sequential
TEM images of theD5d-C80 fullerene cages aligned in the
(18,1) SWNT. These fullerene cages inside the SWNT are
more distinctly visualized than those attached to the outside,21

since their motions are restricted in the confined space. The
contrast of one of these cages (indicated by the red arrows)
changes from frame to frame, which should be attributed to
variation in its orientation.22

The images of encapsulated fullerene cages in Figure 2
inevitably overlap with the lattice image of the outer (18,1)
SWNT, but the contrast of the latter image can be attenuated
by processing via fast Fourier transformation (FFT) and
inverse FFT (IFFT; see the Supporting Information, Figure
S1). Some characteristic features in the original TEM images

Figure 1. (a) Schematic illustration of theD5d-C80 fullerene cages
at various tilt and rotational angles (top and bottom rows,
respectively). (b), (c) Simulated TEM images of theD5d-C80

cages withCs values of 0.5 mm (b) and 1µm (c). (d) TEM
images ofD5d-C80 cages at tilt angles of around 30° in SWNTs
observed experimentally using the aberration-corrected micro-
scope. (e) Schematic illustration of theD5d-C80 cage tilted by
30°. A pair of five-membered rings penetrated by the 5-fold axis
(dotted line) in eachD5d-C80 cage is colored red in (a) and (e).
Characteristic contrast profiles found in (d) are indicated by blue
triangles.

Figure 2. Sequential TEM images of theD5d-C80 fullerene
molecules inside the (18,1) SWNT observed experimentally using
the aberration-corrected microscope. Orientational changes of the
molecule marked with red triangles are clearly seen.

Nano Lett., Vol. 7, No. 12, 2007 3705



of the marked cage are more clearly seen in the FFT-
processed images in Figure 3a. The orientation of this
fullerene cage can be determined based on these images, as
shown in Figure 3b. The bright spot appearing at the center
of the ellipsoidal cage at 0 s is ascribed to the staggered
pair of pentagons on the top and bottom sides (orange-
colored) that overlap with each other. In the second frame
(45 s), this fullerene is oriented with one of its five mirror
planes almost parallel to the projection screen. The four
bright spots in this TEM image correspond to the pyrene-
like tetracyclic components on both sides of the cage (orange-
colored). In the third frame (79 s), a pair of parallel dark
streaks from the anthracene-like tricyclic component on each
side (orange-colored) are observed across the cage. Thus,
the TEM images observed here strongly support the proposed
structure ofD5d-C80.14

The original TEM images in Figure 2 can be exactly
simulated by taking into account the interference between
the image of the encapsulatedD5d-C80 cage and that of the
outer (18,1) SWNT. Simulated TEM images that best fit the
observed images in Figure 2 are shown in Figure 3c, together
with the schematic illustrations of the assumed models. Not
only the orientation of the fullerene cage but also its relative
position inside the SWNT should be carefully determined
in order to reproduce the observed contrast profile. Figure
S2 in the Supporting Information shows simulated TEM
images of theD5d-C80 cages that are identically oriented at
slightly different positions inside the (18,1) SWNTs. The
contrast in the simulated TEM images that agree with the
observed images in Figure 2 is changed drastically when the
fullerene cage is moved as slightly as 0.1 nm downward or
upward along the nanotube axis. We can thus precisely
determine both the orientation of each individual fullerene
and its position inside a SWNT, based on the TEM images
obtained at the correctedCs value (see also the Supporting
Information, Figure S3).

Aberration-corrected TEM was also applied to the met-
allofullereneIh-Er3N@C80, in order to visualize its endohedral
structure at a highly improved resolution. A TEM image of
Ih-Er3N@C80 molecules aligned inside a (18,2) SWNT is
shown in Figure 4a. ThreeIh-Er3N@C80 molecules marked
in this figure (1, 2, and3) were observed to rotate without
suffering significant damage by the electron beam, as shown
in the sequential TEM images (Figure 4b). Three erbium
atoms encapsulated in each fullerene cage are distinctly
detected as dark dots, while the nitrogen atom bound to them
does not give enough contrast. These dots are found to
change their positions from frame to frame, due to the
rotational motion of theIh-Er3N@C80 molecule. The Er3N@C80

molecules1, 2, and3 at 28, 71, and 2 s, respectively, are
almost identically oriented with respect to the incident
electron beam. The Er-Er distances in these molecules are
estimated to be 0.35( 0.03 nm based on the contrast profiles
in the TEM images (Figure 4c), assuming that the Er3N
cluster possesses a 3-fold symmetry.23

The projected outline of eachIh-Er3N@C80 molecule in
Figure 4b is almost round in shape, indicating the spherical
structure of theIh-C80 cage. According to the structures
reported previously for theIh isomers of the M3N@C80-type
metallofullerenes such as ErSc2N@C80,17 Gd3N@C80,24

Dy3N@C80,25 Tb3N@C80,26 and Lu3N@C80,27 the shortest
Er-C distances inIh-Er3N@C80 are expected to be 0.22-
0.25 nm, and the Er-N distances are expected to be around
0.21 nm. Even such narrow gaps between theIh-C80 cage
and the Er atoms are distinctly resolved by aberration-
corrected TEM. The contrast inside theIh-C80 cages in the
TEM images of Er3N@C80 is determined almost exclusively
by the orientation of the Er3N cluster with respect to the
incident electron beam. The carbon-atom network in this
fullerene cannot be faithfully imaged compared to the empty
cages, due to disturbance by the encapsulated Er atoms with
the much higher contrast.

Figure 5a shows the FFT-processed TEM images of the
Ih-Er3N@C80 molecules1 at 37 s and3 at 2 s, in which the

Figure 3. (a) FFT-processed TEM images of theD5d-C80 fullerene
focused in Figure 2. (b) Suggested orientations of theD5d-C80 cage
(left panel) and simulated TEM images (right panel). (c) Possible
arrangement of theD5d-C80 cage inside the (18,1) SWNT (left
panels), and simulated TEM images that best agree with Figure 2
(right panels). Components in theD5d-C80 cage that give charac-
teristic contrast profiles in the TEM images are colored orange in
(b) and (c).
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contrast from the outer (18,2) SWNT is reduced. Charac-
teristic dotted profiles are found on the outlines of theIh-
C80 cages in these images (indicated by red circles), enabling
determination of the intracage orientation of the encapsulated
Er3N cluster. A possible structure of theIh-Er3N@C80

molecule is illustrated in Figure 5b, together with the
simulated TEM images that exactly reproduce the contrast
of the observed images in Figure 5a. The TEM images of
Ih-Er3N@C80 suggest that theC3 symmetry axis of the Er3N
cluster agree with one of theS6 axes of theIh-C80 cage, as
schematically shown in Figure 5c.

In summary, detailed structures of individual fullerene
molecules, such as the cylindrical body ofD5d-C80 and

encapsulated Er atoms inIh-Er3N@C80, were unambiguously
visualized for the first time using aberration-corrected TEM.
Both orientation and position of theD5d-C80 cage were
precisely determined with respect to the graphene structure
of the outer SWNT, and the intracage orientation of the Er3N
cluster inIh-Er3N@C80 could also be deduced from the TEM
images. Even a slight orientational change or a slight
translational motion of each fullerene cage encapsulated in
a nanotube could be detected by aberration-corrected TEM.
This observational technique should enable further discussion
of the dynamic behavior of individual molecules inside
SWNTs in relation to their atomic-level structures and to
their interactions with outer graphene walls.
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