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ABSTRACT: The hollow inner spaces of single-wall
carbon nanotubes (SWCNTs) can confine various types
of molecules. Many remarkable phenomena have been
observed inside SWCNTs while encapsulating organic
molecules (peapods). However, a mixed electronic
structure state of the surrounding SWCNTs has impeded
a detailed understanding of the physical/chemical proper-
ties of peapods and their device applications. We present a
single-chirality purification method for SWCNTs that can
encapsulate organic molecules. A single-chiral state of
(11,10) SWCNTs with a diameter of 1.44 nm, which is
large enough for molecular encapsulation, was obtained
after a two-step purification method: metal-semiconductor
sorting and cesium-chloride sorting. The encapsulation of
C60 to the (11,10) SWCNTs was also succeeded,
promising a route toward single-chirality peapod devices.

The recent advancements in purification techniques for
single-wall carbon nanotubes (SWCNTs) have enabled us

to obtain high-purity metallic, semiconducting, and single-chiral
state SWCNT samples.1 The preparation of SWCNT samples
with selected chirality is of great significance for understanding
their properties and applications on a large scale. Various
techniques, including polymers,2 monomers,3 DNA wrapping
extraction,4 density gradient sorting,5,6 and gel chromatog-
raphy,7,8 have been proposed for single-chiral purification. As a
result, obtaining single-chiral samples in high purity, such as
(6,5), (8,6), are now possible. Notably, the diameters currently
obtained single-chiral samples are approximately 1.0 nm or less.
As a result, encapsulating organic molecules into the inner
hollow spaces of SWCNTs is difficult. Recently, nearly single-
chiral state SWCNTs with a diameter of 1.3 nm have been
reported, but their extraction yield is significantly small.9

From the discovery of the encapsulation of fullerenes inside
nanotubes,10 SWCNTs with a diameter of approximately 1.4
nm have been shown to encapsulate various types of molecules.
SWCNTs that can encapsulate organic molecules are termed
peapods. Encapsulated molecules have exhibited unique
properties inside of the SWCNT inner hollow space, including
band gap modulation11 and energy transfers.12 The presence of
molecules influences the physical properties of SWCNTs, and

the encapsulation of molecules is an approach that is used to
tune nanotube properties. In addition, unique chemical
reactions have been observed inside the nanospace, such as
the production of double-wall carbon nanotubes with the
coalescence of encapsulated fullerenes.13 Various fascinating
physical and chemical phenomena have also occurred in
peapods. Previous SWCNT samples used for the production of
peapods have always existed in a mixed chirality state. Organic
molecules have been encapsulated in metallic or semiconduct-
ing SWCNTs14 but only in the mixed-chiral state. Such mixed
states prevent the detailed understanding of interactions
between the encapsulated molecules and nanotubes and
prohibit the preparation of peapod samples with uniform
electronic characteristics. Developing a technique to obtain a
single-chiral state of SWCNTs that can encapsulate organic
molecules (i.e., preparation of single-chiral SWCNTs with
approximately 1.4 nm diameters, which is large enough for the
encapsulation of C60) is essential.
Herein, we report the successful extraction of single-chiral

state of SWCNTs with (11,10) chirality (1.44 nm diameter).
We achieved the single chiral extraction through the following
two purification approaches: (a) Cesium chloride (CsCl) was
used as a density medium during the density gradient
ultracentrifugation for single-chiral extraction (CsCl sorting);
and (b) the single-chiral extraction was achieved using a two
steps purification process with CsCl sorting and metal-
semiconductor sorting (MS sorting) by usual density-gradient
ultracentrifugation.6 In addition, we succeeded to encapsulate
C60 to the (11,10) SWCNTs.
Figure 1 shows the optical absorption and photolumines-

cence spectra of (11,10) chirality SWCNTs. The purification
process details are available in the Supporting Information (SI).
As starting materials, we used SWCNTs that were produced by
arc-discharge method (ArcSO, Meijyo Nano Co.). We sorted
the metallic and semiconducting (Semi) types of SWCNTs
through typical MS sorting. MS sorting was performed in a
manner similar to a previous report.15 The optical absorption
bands caused by the S22, M11, and S33/S44 transitions were
identified in the starting sample (Mixture, Figure 1a), and an
average diameter of approximately 1.4 nm was estimated.15
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After MS sorting, high-purity semiconducting SWCNTs (Semi)
were obtained. The purities were estimated to be >95% due to
the lack of the M11 bands in the Semi. However, the optical
absorption bands in the Semi were rather broad, indicating the
presence of semiconducting SWCNTs with different chiralities.
The photoluminescence spectrum of the Semi (Figure 1b)
indicated that three main chiralities [(13,8), (11,10), (14.6)]
existed in the sample, which were identified with reference to
ref 16. A CsCl sorting procedure was applied to the Semi. After
CsCl sorting, very steep optical absorption bands in S22, S33, S44
regions were obtained (Figure 1a). The photoluminescence
spectrum of the sample clearly indicated the enrichment of
(11,10). Contribution from other chiral SWCNTs, such as
(13,8) and (14,6), cannot be identified in the photo-
luminescence (PL), suggesting a single-chirality state of the
sample.
Detailed procedures for the CsCl sorting of Semi are further

described (see also SI). The Semi sample was dispersed into a
2% sodium cholate (SC) (w/w) and 42.5% CsCl (w/w)
solution, and the homogeneous solution was delivered to a
centrifugation tube (the density gradient was not formed before
centrifugation). The solution was centrifuged at 65 000 rpm for
9 h (P65NT rotor, Hitachi-koki Co.). After centrifugation, a
density gradient was self-formed, and a band appeared around
the central position of the centrifugation tube, as shown in
Figure 2a. Small pieces of the band fractions, nearly 0.5 mL,
were then carefully extracted from the top. SWCNTs were
typically located in the density region from 1.42 to 1.50 g mL−1.
The optical absorption and Raman spectra (radial breathing
modes, RBM) of the fractions are shown in Figure 2b,c. As
shown in the figures, (11,10) chirality was selectively contained
in the top layer of the fractions (f1). In the RBMs of the f1
fraction, only one peak at 173 cm−1 is observed, corresponding
to a diameter of 1.43 nm,17 which is in agreement with the
tight-binding calculated diameter of (11,10) chirality (1.44
nm).16 The RBM can be fitted with a single Lorenz function
with half-width 5 cm−1, confirming the single-chiral state of the
sample. However, the lower regions of the fractions (f2 to f5)
contained several other chiralities. The PL spectra of the
fractions (Figure S1, SI) supported the fact. The PL signals

from (13,8) and (14,6) appeared in the lower band region.
Notably, a relative RBM peak intensity at 173 cm−1 decreased
in the lower fraction regions (f4 and f5), as compared to that of
the Semi. This result suggests that the (11,10) chirality was
selectively extracted to the top fraction, and additionally the
relative amount of (11,10) in lower fraction regions decreased
compared to the initial sample. These results are also in
agreement with the PL mapping of the lower fractions (Figure
S1, SI), where the peak signal from (11,10) is relatively small
when compared with that of Semi.
One of the reasons that the single-chirality state of 1.4 nm

SWCNTs is achieved is that CsCl sorting has good sorting
capability with respect to difference of densities. CsCl has been
used as one of gradient materials in biology for the separation
of DNA and proteins.18 But typically, iodixanol is used as a
gradient medium for the density gradient ultracentrifugation
sorting of SWCNTs, as first proposed by Arnold.6,19 The high-
purity metal-semiconductor purification of SWCNTs with a
diameter of 1.4 nm was achieved. However, the single-chirality
purification of 1.4 nm SWCNTs has not yet been achieved
using iodixanol. One of the advantages for using CsCl as a
gradient medium is that the density gradient formed by CsCl
after centrifugation is moderately curved (almost linear), as
shown in Figure S2, SI. In the case of iodixanol, the density
gradient becomes very steep after long centrifugation times,
reducing the sorting resolution. Therefore, CsCl is more
advantageous for gradient formation than iodixanol.
In the case of SWCNTs with diameters of approximately 0.8

nm, CsCl sorting tends to sort SWCNTs by diameters. Figure 3
shows results of CsCl sorting of approximately 0.8 nm
SWCNTs (CoMoCAT SG65, Aldrich). The details of sorting
are described in the SI. The optical absorption spectra indicate
that the S11 peaks shifted to a lower energy region as the
fraction number decreased (Figure 3b). As a result, extracting
the large diameter tube [(7,5), diameter 0.83 nm] from initial
(6,5) enriched sample [(6,5), diameter 0.76 nm] was possible
(Figure 3c). This finding indicates that the densities of
nanotubes with large diameters are smaller than those with
small diameters (the densities of the (7,5) enriched and the

Figure 1. (a) Optical absorption spectra of Mixture (top, before
sorting), Semi (middle, after MS sorting), and (11,10) SWCNTs
(bottom, after CsCl sorting). (b) PL mappings of the Semi (top) and
(11,10) SWCNTs (bottom, after CsCl sorting). Figure 2. (a) An image of a centrifugation tube after CsCl sorting. (b)

Optical absorption spectra of the fractions. (c) RBMs of the fractions.
The modes are obtained at an excitation wavelength of 514 nm.
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(6,5) enriched fractions were 1.46 ± 0.01 and 1.48 ± 0.01 g
mL−1, respectively). This tendency is similar to that reported
using iodixanol sorting 19 and can be explained by a simple
buoyant density model written in the SI.
In the case of SWCNTs with diameters of approximately 1.4

nm, such simple relationships are clearly violated. The (11,10)
chirality is not the largest nanotube diameter in the sample, as
clearly shown in the optical absorption, RBM, and PL spectra.
The (11,10) chirality was obtained in the lowest density region,
1.43 ± 0.01 g mL−1. The packing structures of SC on the
surface of the SWCNTs were predicted to influence the
buoyant density.20 To discuss the packing structure, we
calculated the minimum potential energies of SC in its
adsorption on the surfaces of the SWCNTs with approximately
1.4 nm diameters by using molecular dynamic (MD)
simulations (Figure S3, SI). The details of MD simulations
are described in the SI. The calculation indicates that the
potential energy of the SC adsorption on the surface of (11,10)
was the lowest among the other semiconducting SWCNTs,
(14,6) and (13,8) (Figure S3, SI). Therefore, the calculation
suggests the amount of the SC adsorbed on the surface of
(11,10) would be larger than (13,8) and (14,6), and then the
extraction volume of the (11,10)−SC complexes became larger,
making the density of (11,10) smaller than the other chiralities.
From what is currently known, the CsCl sorting method

cannot sort metal-semiconductor samples. In the case of CsCl
sorting, only SC can be used as a surfactant for monodispersed
SWCNTs. Other surfactants, such as sodium dodecyl sulfate
(SDS), sodium deoxycholate, sodium benzene sulfate, cannot
be used because the concentration of CsCl is 42.5%, and
dispersions of SWCNTs in such high concentrations of CsCl
are difficult. Thus, we cannot use SDS, which is usually a key
surfactant used for metal-semiconductor sorting.6−8 As a result
we have not achieved metal-semiconductor sorting of 1.4 nm
SWCNTs with CsCl. When CsCl sorting was performed on
pristine SWCNTs (Mixture, Figure 1a), only (11,10) SWCNTs
in a mixture state of metallic SWCNTs were extracted (Figure
S4, SI). The MD calculation indicates that the minimum
potential energies of the SC adsorption tended to be low as the
chiral angles of SWCNTs approached 30° (Figure S3, SI). The
minimum potential energies of the SC adsorption on the

armchair metallic (chiral angle: 30°) and (11,10) SWCNTs
(chiral angle: 28.4°) were lower than the other semiconducting
SWCNTs with similar diameter size but smaller chiral angles.
The above result demonstrates why we needed to apply a two-
step purification process, MS and CsCl sorting, for the single
chiral extraction of (11,10) SWCNTs. Notably, in the case of
CoMoCAT sorting, the chiral angles of (6,5) and (7,5) are
almost similar, 27.0° and 24.5°, but their diameters are
significantly different, 0.76 nm and 0.83 nm, respectively.
Therefore, the difference of their diameters would dominantly
contribute to the difference of their densities, as shown in
Figure 3.
The diameter of (11,10) SWCNTs is 1.44 nm, which is large

enough for encapsulation of various kinds of organic molecules.
For confirmation of molecular encapsulation, we encapsulated
C60 to the (11,10) SWCNTs obtained by CsCl sorting. We
prepared (11,10) SWCNTs encapsulating C60 [(11,10)
peapod] using a typical sublimation method (see SI). The
Raman spectrum of the (11,10) peapod (Figure 4a) clearly

shows the presence of the Ag(2) mode of the encapsulated C60,
1464 cm−1. Figure 4b shows the shift of the RBM by
encapsulation of C60 into (11,10). These results indicate the
success of encapsulation of C60.

21,22 For comparison, we
encapsulated C60 to Semi (Semi peapod), which was in a mixed
state of several semiconducting SWCNTs with different
chiralities, and the changes of RBMs in the Semi are also
shown (Figure 4b). In the case of the Semi, the changes of the
RBMs by encapsulation of C60 were very complicated, and
correct identifications of their shifts were rather difficult,
because the RBMs were composed of several peaks due to the

Figure 3. CsCl sorting of SWCNTs with diameters of approximately
0.8 nm, (CoMoCAT, SG65, Aldrich). (a) An image of a centrifuge
tube after CsCl sorting. (b) Optical absorption spectra of the fractions.
(c) PL spectra of the samples before sorting (top) and of (7,5)
enriched by CsCl sorting (bottom).

Figure 4. (a) The Raman spectrum of (11,10) peapod. The spectrum
was obtained at an excitation wavelength of 488 nm. The Ag(2) peak
of encapsulated C60 was enlarged and is presented in the inset. (b) The
changes of the Raman peaks of the radial breathing modes caused by
encapsulation of C60 into Semi and (11,10) SWCNTs (excitation
wavelength of 514 nm). The Raman spectra were normalized at the
peaks. Red and blue lines are before and after C60 encapsulation,
respectively.
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presence of the several different chiralities. However, in the case
of the (11,10), a clear down shift of its RBM peak from 173
cm−1 to 168 cm−1 was identified. The down shift would be
caused by the weak hybridization between the π states of
SWCNTs and those of C60.

23 The single-chirality state of
(11,10) made the sharp single RBM peak and enabled the clear
identification of its shift.
In summary, the single-chiral purification of (11,10)

SWCNTs, whose diameter was 1.44 nm and sufficiently large
for molecular encapsulation, was achieved after a two-step
purification method using MS and CsCl sorting. Our results
indicate the great potential of density-gradient sorting, the basic
idea of which is first proposed by Arnold et al,6 for the single-
chiral purification of various types of SWCNTs. Moreover,
single-chirality C60 peapods, (11,10) peapods, were also
prepared. This method will contribute to the clarification of
detailed physical/chemical properties of molecules inside
nanospaces and will also serve an essential role in applications
of peapod electronic devices due to their uniform surrounding
electronic structures.
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