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Electron diffraction study of one-dimensional crystals of fullerenes
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A variety of fullerene molecules are found to be fully packed in the interior space of a single-wall carbon
nanotube~SWNT! and form a novel one-dimensional crystal with a regular intermolecular distance. Using
electron diffraction, we have successfully measured the ‘‘lattice constants’’ for these crystals of various
fullerenes and found that the intermolecular spacing of adjacent fullerenes in SWNTs is smaller than that of the
three-dimensional bulk crystal but larger than that of polymerized crystal. It is also revealed that elongated
fullerenes with a certain aspect ratio@such as C70 and C80(D5d)# exhibit polymorphic packing structures with
different intermolecular distances due to their constrained orientations with respect to the tube axis. The
packing orientations of elongated fullerenes strongly depend on the diameter of the host nanotube.
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INTRODUCTION

After finding the empty hollow carbon nanotubes,1 filling
of the interior space of a carbon nanotube has been repo
by one of the present authors2 and has been occasional
studied by others.3,4 More recently C60 molecules and othe
materials were found to be encaged inside single-wall car
nanotubes~SWNTs!.5–7 Such a hybrid structure of fullerene
and SWNTs should be of dual interest in realizing truly
one-dimensional crystal of fullerenes in a limited nanome
sized space. First, the molecular interaction between adja
fullerene molecules can be affected by the interaction w
the surrounding nanotube, and therefore specific arran
ments of fullerene molecules are envisioned within SWN
Second, the regular arrangement of fullerene molecules
side a SWNT will modify the host SWNT electronically an
mechanically. Therefore the hybrid structures may open u
new area of SWNTs in both science and industrial appli
tions.

The low filling rate of fullerenes was an obstacle in ch
acterizing the hybrid structures. This difficulty has be
overcome recently by using the vapor-phase reaction by
group,9 and we have succeeded in preparing fullere
encapsulated SWNTs with extremely high filling ratio.8–10

This allows us to make electron-optical measurements w
enough statistics and therefore to discuss more deta
analysis on the nature of fullerene-encapsulated nanotu
In the present study, we employ the electron diffracti
method to characterize the one-dimensional fullerene c
tals formed in the interior spaces of SWNTs. The experim
tal results are then analyzed in terms of a Fourier transf
of a simple model for the linear arrangement of fullere
molecules. Our filling method is not limited to emp
fullerenes such as C60, C70, and higher fullerenes Cn
~n576, 78, 80, 82, and 84!, but also endohedral metallo
fullerenesMl@Cn @M5Gd ~Ref. 9!, Sc, Sm, and La, etc.#.
The present paper reports structural details of such hy
structures.
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EXPERIMENT

Fullerene-encapsulated SWNTs were prepared by dop
fullerenes into the central hollows of SWNTs in the vapo
phase reaction. Various higher fullerenes and endohe
metallofullerenes were produced and purified by the met
reported.11 The purity of these fullerenes was more th
99.8% as revealed by LD time-of-flight~TOF! mass spec-
trometry. SWNTs used in this study were produced by pul
Nd:YAG ~YAG denotes yttrium aluminum garnet! laser va-
porization of a graphite target containing Fe and Ni in pu
Ar buffer gas at 1200 °C.12 After purifying SWNTs by re-
fluxing in HNO3 for 8 h,13 they were heated in dry air a
420 °C for 20 min in order to open their tips. The treatmen
essential for efficient filling of fullerene in SWNTs.9

Throughout the present experiments, care was taken
using the SWNTs from the same batch of the doped sp
mens, so that the size distribution of the SWNTs was k
constant. The average diameter of the SWNTs was ab
1.43 nm.14 The SWNTs prepared in this way were vacuum
sealed together with fullerenes in a Pyrex glass tube
subsequently heated at 400–500 °C for more than 248

Here the temperature was set at slightly higher than the s
limation temperatures of fullerenes.15 The products were
sonicated in hexane and collected on specimen grids
transmission electron microscope~TEM! observation. An
electron microscopic study was performed with a JE
2010F electron microscope at an acceleration voltage of
kV with the spatial resolution of about 0.14 nm.

RESULTS AND DISCUSSION

Figures 1~a! and 1~b! show a high-resolution transmissio
electron microscope~HRTEM! image of a typical fullerene-
encapsulated nanotube and its schematic illustration, res
tively. The inside fullerenes are C60, and therefore
(C60)n@SWNT. Two parallel dark lines in Fig. 1~a! corre-
spond to the wall of a SWNT parallel to the incomin
©2001 The American Physical Society20-1
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electron-beam direction, and the space between the line
an empty and hollow region. Ring-shaped objects are att
uted to individual C60 molecules and they are aligned almo
linearly along the tube axis. Figure 1~c! is a typical HRTEM
image of (Sc2@C84)n@SWNTs, demonstrating fully packe
fullerene molecules inside the individual SWNTs even at
central portion of the bundle. Since the inside fulleren
seem to be spaced quite regularly with a certain distance
average intermolecular distance can be measured by e
ining many such electron microscope images with a rule

Although the fullerene spacing seems quite regular in
HRTEM image, an alternative and more precise way to m
sure the intermolecular distance is to use the electron diff
tion method, which is suitable for examining periodic micr
structures in local areas. A HRTEM image from a part o
single bundle of (C60)n@SWNTs and its selected-are
electron-diffraction pattern are shown, respectively, in Fi
2~a! and 2~b!. Several diffuse streaks~arrowhead positions!
together with a typical electron diffraction pattern from t
SWNT bundle are seen in the direction perpendicular to
bundle axis. It should be noted that the streaks are
present in the electron diffraction pattern taken from
bundle of empty SWNTs@see Fig. 2~d! for the image and
2~e! for the electron diffraction pattern in Fig. 2~b!#. Accord-
ingly these streaks are caused undoubtedly by a regula
rangement of the fullerenes in individual SWNTs. Its valid

FIG. 1. ~a! HRTEM image and~b! its schematic illustration of
an individual fullerene-encapsulated single-walled carbon nano
@~C60!n@SWNT#, the so-called peapod.~c! A general view of the
fullerene-encapsulated nanotubes of (Sc2C84)n@SWNTs.
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is proved by the similar streaks appearing in an opti
diffraction pattern@Fourier transform of Fig. 2~a!# as shown
in Fig. 2~c!, but not in Fig. 2~f! @Fourier transform of Fig.
2~d!#.

Following a simple diffraction theory describing that
linear array of points gives rise to a set of regularly spac
lines in its Fourier transformation, a set of streaks appea
periodically in the reciprocal space imply a regular arran
ment of fullerene molecules. Namely, a set of fairly sha
streaks with a regular separation (1/a) in the diffraction pat-
tern tell us that the fullerene molecules align periodica
with a constant spacinga along the tubular axis. It is empha
sized here that the linear array of the fullerene molecules
be considered as an almost ideal one-dimensional~1D! mo-
lecular crystal, which is suspended in a nearly free sp
with some interaction with a surrounding wall of the ho
SWNT. More structural details of the fullerene-encapsula
carbon nanotubes will be discussed in terms of electron
fraction analysis.

It should be remembered that the observed diffraction p
terns also involve the contribution of fullerene cage sha
Since each lattice point of a 1D C60 crystal consists of a

be

FIG. 2. ~a! HRTEM image from a part of the (C60)n@SWNT
bundle. Interior spaces of the SWNT are almost fully packed w
fullerenes. ~b! Electron diffraction pattern corresponding to th
bundle shown in~a!. In addition to a typical diffraction pattern of an
empty SWNT bundle in~e!, several streaks appear perpendicular
the bundle axis and align with regular spacing. These streaks
associated with the linear arrangement of fullerenes in individ
SWNTs.~c! An optical diffraction pattern~Fourier transform! of ~a!.
Some streaks also appear as seen in~b!. ~d! HRTEM image from a
part of the empty SWNT bundle.~e! Electron-diffraction pattern
corresponding to the bundle shown in~d!. ~f! An optical diffraction
pattern~Fourier transform! of ~d!.
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TABLE I. Intermolecular spacings of various fullerenes in interior of the SWNT.

Fullerene~symmetry!

Intermolecular spacing of adjacent fullerenes~nm!

In 1D crystal
inside SWNT

In bulk
3D crystal

In polymerized
crystal

C60 0.9760.02 1.002a 0.91b

C70 1.0260.04 1.044c

C78 (C2v8) 1.0060.02
C80 (D5d) 1.0860.04
C82 (C2) 1.1060.03 1.14d ~toluene present!

Gd@C82 1.1060.03e

La@C82 1.1160.03
C84 ~mixture of D21D2d! 1.1060.03 1.12f

Sc2@C84 1.1060.03 1.12g

aReference 16
bReference 21
cReference 17
dReference 18.
eReference 9.
fReference 19.
gReference 20.
ee

ea
th
f
dl
ts

tro

-
al
th
ce
n
he
e
fo

le

r

a
te
-
ve
c

ro
is
is
In

ub
e

r-
was

e

e
ee of
s of
ut it
en
the
the
ther
arp
of

ave
nd
s.
o-
i-

lus-
ed

a
the
ed
dis-
ainly
the
di-
the

tial
the
spherical shell of fullerene, the feature of the streak is ind
modulated by the Bessel function.16 Caution should be taken
because the discrete intensity distribution within the str
lines does not always imply the cross-talking among
tubes in a bundle~it is even misleading to the ordering o
fullerenes along the direction perpendicular to the bun
axis! but is likely due to the convolution of the lattice poin
and the fullerene cage shape.

From the separation between adjacent streaks in elec
diffraction patterns recorded from single bundles of C60
fullerene-encapsulated SWNTs, we estimate an average
termolecular distancea of inside fullerenes. Table I summa
rizes the intermolecular distances obtained experiment
from various fullerenes encapsulated into SWNTs, and
values are compared with known intermolecular distan
for those corresponding to the bulk fullerene crystals. O
can find that intermolecular distances for most of t
fullerenes encapsulated in SWNTs are smaller than thos
the bulk crystals. For example, the distances
(C60)n@SWNT and (C70)n@SWNT are 0.9760.02 and
1.0260.04 nm, respectively, which are about 3% smal
than those for the bulk crystals.17,18 Moreover, the intermo-
lecular distance for 1D C60 in a SWNT is about 4% large
than those reported for the polymerized C60 crystal.22 Since
the graphitic tube wall surrounds a chain of fullerenes,
interaction between fullerenes and the tube wall is expec
in all of the (fullerene)n@SWNT. The degree of the inter
action will be dependent on the tubule diameters for a gi
a fullerene size. One of the reasons for smaller intermole
lar distances in SWNTs would be some charge transfer f
fullerene molecules to SWNT, which might cause small d
tortion to the host SWNTs. Detection of the distortion
beyond the capability of our electron optical technique.
this regard Raman spectroscopy on those hybrid nanot
in now under way in our laboratory. For the higher fulleren
11542
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of C82 including its metallofullerenes, a measurable diffe
ence among their intermolecular distance was found and
constantly 1.1060.03 nm except for the La@C82 metallo-
fullerene. The intermolecular distance for La@C82 in
SWNTs is slightly larger than those of others but it will b
within the error.

The filling of fullerenes into SWNTs is restricted to som
obvious reasons such as diameters of SWNTs and a degr
opening of tubes. Smaller nanotubes below the diameter
fullerene molecules are no way to encase the fullerenes b
is of interest to know what the threshold size is for a giv
diameter of a fullerene molecule. It is also essential for
fullerene molecules to be able to find in the entrance on
tube, which depends on the processing for the doping. O
reason is morphological defects of the SWNTs such as sh
kinks on the tubes and stuffed inclusions in the hollows
the tubes. Keeping those filling parameters in mind, we h
tried to improve the filling rate as high as possible, a
looked for those parameters on electron diffraction effect

In the following section we examined packing morphol
gies of fullerene molecules in the SWNTs. The SWNT ind
cated by an arrow in Fig. 1~c! is not fully filled with fullerene
molecules, but a few fullerene molecules appear to be c
tering. This is one of common observations on partially fill
fullerene molecules, which tend to coagulate and to form
cluster. It is noted that even in a short chain of fullerenes
intermolecular distance is similar to that of fully extend
chains. This is not surprising because the intermolecular
tance between the adjacent fullerenes can be reduced m
by the total energy gain in the hybrid system due to
optimized interaction between fullerene and SWNT for in
vidual fullerene molecules. Because of such interaction,
fullerene-packed region in SWNT shows a lower poten
than the empty region; this potential barrier results in
0-3
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attractive force between the adjacent fullerenes, working
pressure for individual fullerenes in any number of fullere
clusters.23 Hence the electron diffraction pattern from su
clusters does not affect much the positions of the diffu
lines corresponding to the intermolecular distance.

Broader diffraction streaks as compared with those
served for (C60)n@SWNT have been confirmed in th
fullerenes with higher aspect ratio~namely, without a per-
fectly spherical shape! such as C70(D5h) or C60(D5d) ~Ref.
24! ~like rugby-ball-shaped fullerenes!. This fact means tha
such elongated fullerenes align with random orientation in
entire bundle and therefore that their intermolecular d
tances slightly vary with the orientations of the adjacent m
ecules. However, in (C70)n@SWNT, we often find in its
diffraction pattern~Fig. 3! that the streaks split into two line
as indicated by the arrowhead, suggesting that there are
different dominant values for the intermolecular spacin
1.10 and 1.01 nm. Here we note that the difference betw
the two spacings is almost equal to the difference betweea-
andc-axis diameters of C70 ~0.086 nm!. Therefore this split-
ting can be attributed to the difference betweena- andc-axis
diameters of C70 ~shorter and longer diameters!, proving that
two types of preferred orientation exist for the C70 alignment
in SWNTs. The distances of these two types of orientati
correspond toda and dc in Fig. 3, which are explained by
taking into account the distribution of the tube diamet
Namely the tube diameter may restrict an inserting direct
of rugby-ball-like molecule. Therefore, C70 molecules should
take a certain orientation inside the specific SWNT. For
ample, in a smaller diameter tube, thec axis of C70 should be
parallel to the tube axis.

FIG. 3. An example of diffraction pattern of the bundle
(C70)n@SWNT and a schematic illustration for two kinds of dom
nant orientations of fullerene molecules in SWNTs, depending
the tubule diameter. In the diffraction pattern, streaks split toa and
b, corresponding to the distances 1.10 and 1.01 nm, respectiv
11542
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For (C80)n@SWNT, the anisotropy of the packing is als
seen as shown in Fig. 4. In Fig. 4~a! the C80 molecules are
aligned in the SWNT with thec ~longer! axis parallel to the
tube axis, while they are aligned with thec axis perpendicu-
lar to the tube axis in the Fig. 4~b!. This variation must be
due to the difference of the host nanotube diameter. T
SWNT in Fig. 4~a! with 1.29 nm diameter, should be slightl
small for the C60 longer diameter~c axis!. Although, in a
larger tube, each C80 molecule seems to be oriented ra
domly @in Fig. 4~b!, with 1.43 nm diameter#, the separations
between adjacent molecules are 1.0 nm and almost cons
which is equal toda ~1.01 nm! in Fig. 3 for both C70(D5h)
and C80(D5d). This suggests that C80 molecules have also a
preferred orientation being the direction of smaller diame
parallel to the tubule axis, and the fullerenes can only rot
on the tubule axis. Althoughda is slightly larger than C60-C60
intermolecular distance in the SWNT, the diameters
C70(D5h) and C80(D5d) along thea axis are the same as tha
of C60. This fact suggests the difference of intermolecu
interaction between C60 molecules and C70 or C80 molecules.

The orientation anisotropy of fullerene molecules
SWNTs satisfied the close-packing arrangement. Moreove
recent total energy calculation for the hybrid fulleren
SWNT system suggested an energetically stable state
fullerene molecule in the SWNT.25 Therefore, we infer that a
completely aligned fullerene crystal with a fixed orient
tional direction is possible by controlling the diameter of t
host nanotube.

CONCLUSION

One-dimensional crystals of a variety of fullerenes enc
sulated in the SWNT were characterized by HRTEM, opti
method, and electron-diffraction pattern measurements.
electron diffraction pattern is interpreted as a mixture of
ordinary pattern from the ‘‘empty’’ SWNT bundle with a se
of diffused streaks perpendicular to the bundle axis. Th
streaks originate from the linear alignment of fullerene m
ecules with the structure factor convolution associated w
both the shape of a fullerene molecule and its linear arran
ment in SWNTs. Therefore the streaks are direct evidence
periodically aligned fullerenes in individual SWNTs with
quite regular spacing. The results indicate that the interm
lecular distances of fullerenes in SWNTs are considera

n

ly.

FIG. 4. HRTEM images of two kinds of individua
(C80)n@SWNT. In these SWNTs, the spacings between adjac
molecules are almost regular for each~;1.15 and 1.01 nm!, and the
diameters of these SWNTs were 1.29 and 1.43 nm, respectiv
This suggests that C80 molecules have a preferred orientation, bei
the direction of smaller or longer diameter parallel to the tubule a
similar to a andb in Fig. 3.
0-4
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smaller than those of the bulk crystal of fullerenes, sugg
ing a subtle competition between two kinds of interactio
namely, the fullerene-fullerene and fullerene-tube inter
tions. This is unique to the one-dimensional crystalli
fullerenes in SWNTs and has never been found in the th
dimensional bulk crystals. Especially for the fullerenes w
a nonspherical shape such as C70 and C80, two kinds of ori-
entations in individual SWNTs are clearly distinguished
the present study. This also reveals the substantial fullere
ro
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d
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tube interaction, which determines the orientation of th
elongated fullerenes in the SWNT.
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