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Encapsulating fullerenes, magnetic fullerenes, 13 C isotope enriched fullerenes, and organic solvents
inside SWCNTs enables to yield unprecedented insight into their electronic, optical, and interfacial
properties and to study SWCNT growth. In addition to customary methods of their studies such as
e.g., optical absorption or Raman spectroscopy, these efforts enables to employ electron spin resonance (ESR) and nuclear magnetic resonance (NMR) spectroscopy. Encapsulated C60 fullerenes
are transformed to inner tubes by a high temperature annealing. The diameter distribution of the
inner tubes follow that of the outer ones and their unique, low defect concentration makes them an
ideal model system for high resolution and energy dependent Raman studies. The observation of
Raman modes of individual inner-outer tube pairs allows to measure the inner-outer tube interaction
strength that is also well described theoretically. Reversible closing and opening of SWCNT can be
studied in a diameter selective manner by encapsulating C60 and transforming it to an inner tube.
The growth of inner tubes can be achieved from 13 C enriched encapsulated organic solvents, which
shows that the geometry of the fullerene does not play a particular role in the inner tube growth as
it was originally thought. In addition, it opens new perspectives to explore the in-the-tube chemistry.
Growth of inner tubes from 13 C enriched fullerenes provides a unique isotope engineered heteronuclear system, where the outer tubes contain natural carbon and the inner walls are controllably
13
C isotope enriched. The material enables to identify the vibrational modes of inner tubes which
otherwise strongly overlap with the outer tube modes. The 13 C NMR signal of the material has an
unprecedented speciﬁcity for the small diameter SWCNTs. Temperature and ﬁeld dependent 13 C
T1 studies show a uniform metallic-like electronic state for all inner tubes rather than distributed
metallic and isolating behavior. A low energy, 3 meV gap is observed that is tentatively assigned to
a long sought Peierls transition in the small diameter SWCNTs. Encapsulating magnetic fullerenes,
such as N@C60 and C59 N opens the way for local probe ESR studies of the electronic properties
of the SWCNTs.
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The nano-era can be originated from the discovery of
carbon nanotubes (CNTs) by Sumio Iijima in 1991.1
Before 1991, nanoscience and nanotechnology usually
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meant small clusters of atoms or molecules with seemingly
of fundamental interest only. The originally discovered
multi-wall CNTs were soon followed by the discovery
of single-wall CNTs,2 3 which are both believed to be
of paramount importance for applications. The principal
interest in CNTs comes from the fact that they contain
carbon only and all carbons are locally sp2 bound, like
in graphite, which provides unique mechanical and transport properties. This, combined with their huge, >1000,
aspect ratio (the diameters being 1–20 nm and their lengths
over 1 micron), endows them with their enormous application potential. The not exhaustive list of applications
includes ﬁeld-emission displays (exploiting their sharp
tips),4 cathode emitters for small sized X-ray tubes for
medical applications,5 reinforcing elements for CNT-metal
composites, tips for scanning probe microscopy,6 high current transmitting wires, cables for a future space elevator,
elements of nano-transistors,7 and elements for quantum
information processing.8
Carbon nanotubes can be represented as rolled up
graphene sheets, i.e., single layers of graphite. Depending on the number of coaxial carbon nanotubes, they
are usually classiﬁed into multi-wall carbon nanotubes
(MWCNTs) and single-wall carbon nanotubes (SWCNTs).
Some general considerations have been clariﬁed in the past
14 years of nanomaterial research related to these structures. MWCNTs are more homogeneous in their physical
properties as the large number of coaxial tubes smears out
individual tube properties. This makes them suitable candidates for applications where their nanometer size and
the conducting properties can be exploited such as e.g.,
nanometer sized wires. In contrast, SWCNT materials are
grown as an ensemble of weakly interacting tubes with different diameters. The physical properties of similar diameter SWCNTs can change dramatically as the electronic
structure is very sensitive on the rolling-up direction, the
so-called chiral vector.9 10 The chiral vector is characterized by the (n,m) vector components which denote the
direction along which a graphene sheet is rolled up to form
a nanotube. Depending on the chiral vector, SWCNTs can
be metallic or semiconducting.10 This provides a richer
range of physical phenomena as compared to the MWCNTs, however signiﬁcantly limits the range of applications.
To date, neither the directed growth nor the controlled
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selection of SWCNTs with a well deﬁned chiral vector
has been performed successfully. Thus, their broad applicability is still awaiting. Correspondingly, current research
is focused on the post-synthesis separation of SWCNTs
with a narrow range of chiralities11–14 or on methods which
yield information that are speciﬁc to SWCNTs with different chiralities. Examples for the latter are the observation
of chirality selective band-gap ﬂuorescence in semiconducting SWCNTs15 and chirality assigned resonant Raman
scattering.16 17
Clearly, several fundamental questions need to be
answered before all the beneﬁts of these novel nanostructures could be fully exploited. Recent theoretical
and experimental efforts focused on the understanding of
the electronic and optical properties of single-wall carbon nanotubes. It has been long thought that the onedimensional structure of SWCNTs renders their electronic
properties inherently one-dimensional.9 10 This was suggested to result in a range of exotic correlated phenomena such as the Tomonaga-Luttinger (TLL) state,18 the
Peierls transition,19 20 ballistic transport,21 and bound excitons.22–25 The presence of the TLL state is now ﬁrmly
established,26–28 there is evidence for the ballistic transport
properties21 and there is growing experimental evidence
for the presence of excitonic effects.29 30 The Peierls transition, however remains still to be seen.
An appealing tool to study the SWCNT properties originates from the discovery of fullerenes encapsulated inside
SWCNTs by Smith, Monthioux, and Luzzi.31 This peapod structure is particularly interesting as it combines
two fundamental forms of carbon: fullerenes and carbon nanotubes. A high-resolution transmission electron
microscopy (HR-TEM) image of a peapod is shown in
Figure 1. It was also shown that macroscopic ﬁlling with
the fullerenes can be achieved.32 33 This, in principle,
opens the way to encapsulate magnetic fullerenes which
would enable the study of the tube electronic properties using electron spin resonance as it is discussed in
this review. Another interesting follow-up of the peapod structure discovery is that the encapsulated fullerenes
can be fused into a smaller diameter inner tube34 35
thus producing a double-wall carbon nanotube (DWCNT).
DWCNTs were ﬁrst observed to form under intensive electron radiation32 in a high resolution transmission electron
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HR-TEM image of C60 @SWCNT peapods.

microscope from C60 peapods. Following the synthesis of
C60 peapods in macroscopic amounts,33 bulk quantities
of the DWCNT material are available using a high temperature annealing method.35 Alternatively, DWCNTs can
be produced with usual synthesis methods such as arcdischarge36 or CVD37 under special conditions. According
to the number of shells, DWCNTs are between SWCNTs
and MWCNTs. Thus, one expects that DWCNTs may provide a material where improved mechanical stability as
compared to SWCNTs coexists with the rich variety of
electronic properties of SWCNTs. There are, of course, a
number of yet unanswered questions e.g., if the outer tube
properties are unaffected by the presence of the inner tube
or if the commensurability of the tube structures plays a
role. These questions should be answered before the successful application of these materials.
The inner tubes grown inside SWCNTs from peapods
turned out to be a particularly interesting system as they
are remarkably defect free which results in very long
phonon life-times, i.e., very narrow vibrational modes.38 In
addition, their smaller diameters results in a larger energy
spread, i.e., larger spectral splitting, for diameter dependent phonon modes such as e.g., the radial breathing mode
(RBM). These two effects make the inner tubes very suitable to study diameter dependent physics of the small
diameter tubes with precision. Here, we review how to
employ the inner tubes as probes of the outer tube properties. The additional beneﬁt of the inner tube growth from
fullerenes is that the starting carbon source can be tailored at wish, e.g., when 13 C isotope enriched fullerenes
are encapsulated inside the SWCNT host tubes, 13 C isotope enriched inner tubes are grown. In Figure 2 we show
the schematics of such a DWCNT.
Here, we review the efforts to study the SWCNTs properties through encapsulation using Raman and magnetic
resonance spectroscopy. The reviewed phenomena include
J. Nanosci. Nanotechnol. 7, 1197–1220, 2007

Fig. 2. Schematic structure of an isotope engineered DWCNT with
(14,6) outer and (6,4) inner tubes. 12 C and 13 C are shown in black and
blue, respectively. The inner tube is 89% 13 C enriched and the outer
contains natural carbon (1.1% 13 C abundance), which are randomly distributed for both shells.

the precise characterization of diameter distribution of
SWCNTs, the study of reversible hole engineering on the
SWCNTs, study of the inner tube growth mechanism with
the help of 13 C isotope labeling, the study of local density of states on the tubes using nuclear magnetic resonance (NMR) on the 13 C isotope enriched inner tubes, and
the electron spin resonance (ESR) studies of the SWCNTs
using encapsulated magnetic fullerenes. This review is
organized as follows. First, we present the general properties of DWCNTs using Raman, discuss the electronic
and vibrational properties of the inner tubes, which are
the probes in the subsequent studies. Second, we present
the use of the inner tubes to probe the host outer tube
diameter distribution and to study the opening and closing
of holes on the outer tubes. Third, we present a study on
the inner tube growth mechanism using isotope enriched
carbon. Fourth, we discuss the NMR results on the isotope enriched inner tubes and in particular we present the
observation of a low energy spin-gap in the density of
states of SWCNTs. Fifth, we discuss the efforts related
to studying the SWCNT properties by encapsulating magnetic fullerenes using ESR.

2. EXPERIMENTAL METHODS AND
SAMPLE PREPARATION
2.1. Sample Preparation
2.1.1. The Starting SWCNT Samples
SWCNTs from different sources and prepared by different
methods were used in the studies described. Arc-discharge
grown SWCNTs with 50% supplier provided weight
purity were purchased from Nanocarblab (Nanocarblab,
Moscow, Russia) and laser ablation prepared SWCNTs
1199
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with 10% weight purity were purchased from Tubes@Rice
(Tubes@Rice, Houston, USA). This latter material was
puriﬁed through repeated steps of air oxidation and washing in HCl. Some laser ablation prepared and puriﬁed samples were obtained from Kataura. The puriﬁed samples are
usually well opened to enable fullerene encapsulation. If
not, annealing in air at 450  C for 0.5 hour makes them
sufﬁciently open. The HiPco samples used as reference
were purchased from CNI (Carbon Nanotechnologies Inc.,
Houston, USA). Most samples were used in the form of a
buckypaper, which is prepared by ﬁltering a suspension of
SWCNTs. We found that commercially available SWCNTs
already meet a required standard in respect of purity and
quality. In addition, for the amount of experimental work
described here, reproducible samples i.e., a large amount
of SWCNTs from similar quality, were required. The commercial samples can meet this requirement, which compensates for their slightly inferior quality as compared to
laboratory prepared ones.
2.1.2. Synthesis of Peapods
Encapsulation of fullerenes at low temperatures inside
SWCNTs (solvent method) was performed by sonicating
the fullerene and opened SWCNT suspensions together
in organic solvents following Refs. [39–42]. For fullerene
encapsulation at high temperatures (the vapor method), the
SWCNTs and the fullerenes were sealed under vacuum in
a quartz ampoule and annealed at 650  C for 2 hours.33
Fullerenes enter the inside of the SWCNTs at this temperature due to their high vapor pressure that is maintained in
the sealed environment. Non-encapsulated fullerenes were
removed by dynamic vacuum annealing at the same temperature for 1 hour. High purity fullerenes were obtained
from a commercial source (Hoechst AG, Frankfurt, Germany). The ﬁlling of SWCNTs with the fullerenes was
characterized by observing the peapod structure in highresolution transmission electron microscopy (HR-TEM),
by X-ray studies of the one-dimensional array of fullerenes
inside the SWCNTs and by the detection of the fullerene
modes from the cages encapsulated inside the SWCNTs
using Raman spectroscopy.33 43
2.1.3. Synthesis of DWCNTs
DWCNTs were prepared by two routes: from fullerene
peapods and using chemical vapor deposition (CVD)
growth technique.44 The peapods were transformed to
DWCNTs by a dynamic vacuum treatment at 1250  C for
2 hours following Ref. [35]. Again, the DWCNT transformation was followed by HR-TEM and by the observation
of the DWCNT structure factors using X-ray studies. In
addition, new Raman modes emerge after the 1250  C heat
treatment particularly in a frequency range that is clearly
upshifted from the outer tube RBMs.
For the CVD DWCNT growth, the catalyst was a
modiﬁed version of the Fe/Mo/MgO system developed by
1200
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Liu et al.45 for SWCNT synthesis. The catalyst possessed a
molar Fe : Mo : MgO ratio of 1 : 0.1 : 110. Nanotubes were
synthesized in a ﬁxed bed horizontal quartz tube reactor.
The gas stream was a C2 H2 : Ar (10 cm3 /min : 150 cm3 /min
volumetric ﬂow rate at ambient temperature and pressure)
reaction mixture. The reactor was pushed into the furnace
and kept there at 850  C for 20 minutes. The catalyst was
removed from the sample by dissolving in excess of concentrated HCl solution at room temperature. The remaining carbonaceous material was ﬁltered and washed with
distilled water and dried at 120  C.
Both kinds of DWCNTs have certain advantageous and
disadvantageous properties. For peapod template grown
DWCNTs, the inner tube is known to ﬁll only up to ∼ 70%
of the outer tube length.46 This is the consequence of insufﬁcient carbon in the fullerenes: the C60 peapods have 60
carbon atoms per 1 nm (the lattice constant of the peapod)
whereas the (9,0) inner tube with d = 07084, which is representative of the most abundant 7 nm diameter inner tube
contains 36 carbon atoms per the c0 = 04238 nm lattice
constant.47 In contrast, CVD grown inner tubes ﬁll up to
the total length of the outer tubes, however such samples
have usually a less well deﬁned tube diameter distribution
due to the inevitable growth of small diameter SWCNTs
and large diameter DWCNTs.48 Peapod template grown
DWCNTs can be grown with relatively narrow diameter
distribution due to the available narrow diameter distribution of the SWCNT host tubes. This also allows for a
good control over the DWCNT diameter as described in
Ref. [49] and is discussed below.
2.1.4. Synthesis of Isotope Engineered DWCNTs
Commercial 13 C isotope enriched fullerenes (MER Corp.,
Tucson, USA) were used to prepare fullerene peapods
C60 ,C70 @SWCNT with enriched fullerenes. Two supplier
speciﬁed grades of 13 C enriched fullerene mixtures were
used: 25 and 89%, whose values were slightly reﬁned
based on the Raman spectroscopy. The 25% grade was
nominally C60 , and the 89% grade was nominally C70
with C60 /C70 /higher fullerene compositions of 75 : 20 : 5
and 12 : 88 : <1, respectively. The above detailed standard
routes were performed for the peapod and the DWCNT
productions.
2.2. Raman Spectroscopy
Raman spectra were measured with a Dilor xy triple spectrometer using various lines of an Ar/Kr laser, a He/Ne
laser and a tunable Ti : sapphire and Rhodamin dye-laser
in the 1.54–2.54 eV (805–488 nm) energy range. Tunable lasers allow to record the so-called Raman map16 17
i.e., to detect the SWCNT resonance energies through the
Raman resonance enhancement,50 which ultimately allows
the chiral index assignment. The spectra can be recorded in
normal (NR) and high resolution (HR) mode, respectively
J. Nanosci. Nanotechnol. 7, 1197–1220, 2007

Single-Wall Carbon Nanotubes Through Encapsulation: From Optical Methods Till Magnetic Resonance

( ¯NR = 13 cm−1 for blue and  ¯HR = 04 cm−1 in the
red). The samples in the form of bucky-paper are kept in
dynamic vacuum and on a copper tip attached to a cryostat,
which allows temperature variation in the 20–600 K temperature range. Raman spectroscopy was used to characterize the diameter distribution of the SWCNTs, to determine
the peapod concentrations, and to monitor the DWCNT
transformation of the peapod samples.

×20

×50

C60 peapods

SWCNTs

The peapod and the reference SWCNT materials were
mixed with the ESR silent high purity SnO2 in a mortar to separate the pieces of the conducting bucky-papers.
The samples were sealed under dynamic vacuum. A typical microwave power of 10 W and 0.01 mT magnetic
ﬁeld modulation at ambient temperature were used for the
measurements in a Bruker Elexsys X-band spectrometer.

150

300

450

600

750

1350

1500

1650

Raman shift (cm–1)
Fig. 3. Transformation of fullerene peapods to DWCNTs as followed
with Raman spectroscopy at 496.5 nm laser excitation and 90 K.
The SWCNT Raman spectra (lower curve) is shown as reference. The
fullerene related peapod modes (dots) in the middle curve disappear upon
the heat treatment. Note the sharp RBMs appearing in the 250–450 cm−1
for the DWCNT sample.

HR-TEM34 and structures similar to that shown in Figure 4
were observed. The small diameter tubes with d ∼ 07 nm
would have RBM modes in the ∼250–450 cm−1 spectral
range, which clariﬁes the identiﬁcation of these modes.
The identiﬁcation of the inner tube RBMs is possible due
to the strong d dependence of this Raman mode.52 Assignment of less diameter dependent modes such as the G
mode10 to inner and outer tubes are more difﬁcult although
a number of small intensity new modes are observed for
the DWCNT sample in Figure 3. It is shown in Section 3.2
that unambiguous assignment can be given with the help
of selective isotope enrichment of the inner walls.
The assignment of the dispersive SWCNT G mode10
mode to inner and outer tube modes was also possible
due to the (weaker) diameter dependence and the high
energy of this mode.54 In Figure 5, we show this mode for

3. RESULTS AND DISCUSSION
3.1. Inner Tubes in DWCNTs as Local Probes
3.1.1. Electronic and Vibrational
Properties of DWCNTs
Encapsulating fullerenes and their transformation into
inner tubes by the high temperature annealing process35
provides a unique opportunity to study the properties of
the host outer tubes. In Figure 3 we show the evolution of
the SWCNT Raman spectrum upon C60 fullerene encapsulation and the DWCNT transformation after Ref. [38]. The
series of sharp modes in the peapod spectrum, which are
related to the encapsulated fullerenes,43 disappear upon the
heat treatment and a series of sharp modes appear in the
250–450 cm−1 spectral range. The presence of inner tubes
after this protocol have been independently conﬁrmed by
J. Nanosci. Nanotechnol. 7, 1197–1220, 2007

5 nm

Fig. 4. HR-TEM micrograph of a peapod template based DWCNT.
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2.4. Electron Spin Resonance

×1

DWCNTs

2.3. Nuclear Magnetic Resonance
Nuclear magnetic resonance (NMR) is usually an excellent
technique for probing the electronic properties at the Fermi
level of metallic systems. The examples include conducting polymers, fullerenes, and high temperature superconductors. However the 1.1% natural abundance of 13 C with
nuclear spin I = 1/2 limits the sensitivity of such experiments. As a result, meaningful NMR experiments has
to be performed on 13 C isotope enriched samples. NMR
data were taken with the samples sealed in quartz tubes
ﬁlled with a low pressure of high purity Helium gas.51 We
probed the low frequency spin dynamics (or low energy
spin excitations, equivalently) of the inner-tubes using the
spin lattice relaxation time, T1 , deﬁned as the characteristic
time it takes the 13 C nuclear magnetization to recover after
saturation. The signal intensity after saturation, Mt, was
deduced by integrating the fast Fourier transform of half
the spin-echo for different delay times, t.

×20

inner RBMs

Raman signal (arb.u.)
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a)
DWCNT

b)

Raman signal (arb.u.)

Raman signal (arb.u.)

SWCNT

DWCNT

2500

2600

2700

2800

HiPco

2900

Fig. 5. Raman spectra in the G mode range of (a) SWCNT and
(b) DWCNT samples at DWCNT 515 nm laser excitation. Dashed
curves shows deconvolution to inner (lower frequency) and outer (higher
frequency) tubes. Reprinted with permission from [53], R. Pfeiffer
et al., Phys. Rev. B 71, 155409 (2005). © 2005, American Physical
Society.

DWCNTs. Clearly, the DWCNT G mode consists of two
components. Other modes, such as the SWCNT D and G
modes are less diameter sensitive and assignment of inner
and outer tube D and G modes requires the use of isotope
enriched DWCNTs as shown below.
A variety of additional information can be gained about
the inner tube properties when their RBMs are studied
using the additive mode, i.e., high-resolution of the Raman
spectrometer. In Figure 6, we show the inner tube RBMs at
90 K with high-resolution in comparison with an SWCNT
sample with similar tube diameter prepared by the HiPco
process. Three striking observations are apparent in the
comparison of the two spectra:
(i) there are a larger number of inner tube RBMs than
geometrically allowed and they appear to cluster around
the corresponding modes in the SWCNT sample,
(ii) the inner tube RBMs are on average an order of magnitude narrower than the SWCNT RBMs in the HiPco
sample38 and
(iii) the Raman intensity of the inner tubes is large in view
of the ∼3 times less number of carbon atoms on them.54
Points (ii) and (iii) are explained by the long phonon and
quasi-particle life-times of inner tubes which are discussed
further below.
Observation (i), i.e., the clustering behavior of the
observed inner tube RBMs around SWCNT RBMs, is further evidenced in energy dispersive Raman measurements.
In Figure 7, we show the Raman map for the DWCNTs
from Ref. [55]. The advantage of studying Raman maps
is that the optical transition energies are also contained
in addition to the Raman shifts. These two quantities
uniquely identify the chirality of a nanotube.10 56 57 The
1202
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Raman shift (cm–1)
Fig. 6. Raman spectra of the RBMs in DWCNT and HiPco (SWCNT)
samples at 594 nm laser excitation and 90 K in the high resolution spectrometer mode.

analogous Raman map for HiPco SWCNTs were measured
by Fantini et al.16 and Telg et al.17 Their results are also
shown in Figure 7 with squares and circles for metallic and
semiconducting tubes, respectively. It turns out that family
(6, 5)

2.1

100.0

(6, 4)

20
27

2.0

Laser energy (eV)

REVIEW

Raman shift (cm–1)

23

30

19

1.9
10.00
1.8
26
22
1.7

1.6

1.000
150

200

250

300

350

400

Raman shift (cm–1)
s
Fig. 7. Raman map of DWCNTs. Circles and squares are the E22
and
m
E11 peaks as measured in a HiPco sample 16, respectively. The family
numbers and the chiral indexes for the (6,5) and (6,4) tubes are indicated.
Dashed lines join chiralities in the same family. Laser excitation was
not available in the missing area. Reprinted with permission from [55],
R. Pfeiffer et al., Phys. Rev. B 72, 161404 (2005). © 2005, American
Physical Society.
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patterns with 2n + m = const can be identiﬁed for which
the tube resonance energies and Raman shifts are closely
grouped together.15 The comparison of the HiPco results
and the DWCNT Raman map conﬁrms the above statement, i.e., that a number of inner tube modes are observed
for the DWCNT where only a few (or one) SWCNT chirality is present. This is best seen for the (6,5) and (6,4)
chiralities which are well resolved from other modes.
In Figure 8, we show the Raman maps for the two samples near the energy and Raman shift regions for the (6,5)
and (6,4) tube modes.15–17 The comparison of the Raman
maps of the two kinds of samples shows that the corresponding tube modes are split into up to 15 components
for the inner tube RBMs. This is explained by the innerouter tube interaction in the DWCNT samples: an inner
tube with a particular chirality can be grown in outer tubes
with different diameters (chiralities). The varying innerouter tube spacing can give rise to a different Raman shift
for the split components. The large number of split components is a surprising result as it is expected that an inner
tube with a given diameter is grown in maximum 1–2 outer
tubes where its growth is energetically preferred.
To further prove the origin of the splitting and to quantify this effect, model calculations on the inner-outer tube
interactions were performed55 58 following the continuum
model of Popov and Henrard59 that is discussed here.
The DWCNT is represented by two nested cylinders with
diameters di and do of the inner and outer shells, respectively. The inner-outer tube interaction is described by the
Lennard-Jonnes (LJ) potential: the interaction between two
points at a distance r on the two shells is given by
V r = 4/r12 − /r6 
J. Nanosci. Nanotechnol. 7, 1197–1220, 2007

(1)

the
the
for

(2)

Here mi and mo are the masses (per unit length) and ki
and ko are the force constants of the inner and outer shells,
respectively.  is the inner-outer tube interaction energy.
The force constants can be determined from the RBM frequencies for separate inner and outer SWCNTs using ﬁrst
principles calculations such as in Ref. [52]. The inner-outer
tube interaction energy,  is a sum of the elastic energies
of both tubes and the tube-tube interaction energy, ELJ :
 = Y1 !/2di0 di /di 2 + do0 do /do 2  + ELJ

(3)

Here di0 and do0 are the diameters for separate inner
and outer tubes, respectively and di and do are their
changes in the DWCNTs. Y1 = Yd, Y = 106 TPa is the
graphene in-plane Young’s modulus, and d = 0335 nm
is the tube wall thickness. The relaxed diameters of the
inner and outer tubes are obtained from minimizing the 
interaction energy.
In Figure 9(a), we show the calculated upshift of the
inner tube RBMs for a (6,4) tube as a function of the
diameter difference to various outer tubes. Clearly, up
to 35 cm−1 Raman shift variations can be reproduced.
The question remains, however whether such inner-outer
tube diameter differences really appear in a sample. In
Figure 9(b), we show the assumed Gaussian distribution
for the outer tube abundance that was used for the simulation of an inner tube spectrum taking into account
the effect of outer tubes. This simulation is shown in
Figure 9(c). This procedure assumes equal Raman matrix
elements for all members of a cluster which is justiﬁed
by the inner tube having the same chirality. The calculated frequencies were scaled with a factor of 0.98. To
get the best agreement between theory and experiment, the
parameters of the Gaussian were "0 = 3489 cm−1 and
 = 52 cm−1 . For the intermediate frequencies, experiment, and theory are in good agreement. For lower
and higher frequencies, the components deviate from the
experiment. The maximum of the simulated spectrum is
found for a diameter difference of about 0.66 nm, which is
smaller than the experimental value of 0.72 nm reported in
Refs. [46] and [49]. This shows, that the parameterizations
of the LJ potential for graphite is not exact for the curved
sp2 networks of DWCNTs.
A progressive transition energy downshift for a given
inner tube chirality for the split components with increasing Raman shifts is observed in Figure 8. Similarly to the
frequency upshift, this can be understood by an increasing
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Fig. 8. Raman map comparison of the (6,5) and (6,4) tube RBM ranges
for DWCNT and SWCNT (HiPco) samples. Ellipsoids indicate the corresponding tube modes. Note the progressive transition energy downshift
for the split components of the inner tubes and the 30 meV transition
energy difference between the two kinds of samples, which are discussed
in the text.

where  = 2964 meV and  = 03407 nm are
parametrized values for graphite.60
The inner tube RBM frequencies are obtained from
eigenvalues of the DWCNT dynamical matrix written
the RBMs:


ki +  2 /di2  2 /di do
1
D = −√
mi mo  2 /do di
ko +  2 /do2
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Fig. 9. (a) RBM frequency of a (6,4) inner tube as a function of the
diameter difference to various outer tubes (indicated by their chiral vectors). (b) The abundance of the corresponding outer tubes used in the
model calculation. (c) Raman line pattern for the RBM of the (6,4) inner
tube as obtained from experiment (solid line) and from theory (dashed
line) as described in the text. Reprinted with permission from [55]
R. Pfeiffer et al. Phys. Rev. B 72, 161404 (2005). © 2005, American
Physical Society.

interaction between the two shells for decreasing diameter
difference. This interaction acts on the inner shell like a
radial pressure. The pressure dependence of E22 for the
(6,4) and the (6,5) inner tubes was calculated in Ref. [61]
using an extended tight-binding method. The corresponding values are –7.8 meV/GPa and –2.5 meV/GPa. After
Ref. [62], the frequencies shift with about 1.1 cm−1 /GPa.
Thus one obtains –7.1 meV/cm−1 and –2.3 meV/cm−1 ,
respectively. The signs and the order of magnitude compare well with the experimental values. Additionally,
one gets –3.6 meV/cm−1 from the measured pressure
S
transition63 for a (6,5) tube of
induced shift of the E22
–4 meV/GPa, which is very close the experimental value
of –2.7 meV/cm−1 .
In summary, the splitting of the inner tube modes to a
large number of components as compared to the SWCNTs
with the same chiralities is explained by the possibility of
ﬁnding the same inner tube in a large number of outer ones
with different diameters. The varying shell to shell distance for different inner-outer tube pairs for a ﬁxed inner
tube gives rise to signiﬁcant shifts in the vibrational and
transition energies, which can be quantitatively explained.
3.1.2. Phonon and Quasi-Particle
Life-Times in DWCNTs
Now, we turn to discussion of the observed very narrow
line-widths of the RBMs. This is the most important
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property of the inner tube RBMs, which will be exploited
throughout in this work. Intrinsic line-widths can be determined by deconvoluting the experimental spectra with the
spectrometer response ﬁt a Voigtian ﬁt, whose Gaussian
component describes the spectrometer resolution and the
Lorentzian gives the intrinsic line-width. The Lorentzian
component for some inner tube RBMs is as small as
0.4 cm−1 ,38 which is an order or magnitude smaller than
the values obtained for isolated individual tubes in a normal SWCNT sample.64 The narrow line-widths, i.e., long
phonon life-times of the inner tube RBMs was originally
associated to the perfectness of the inner tubes grown from
the peapod templates.38 It was found, however, that inner
tubes in chemical vapor deposition (CVD) grown DWCNTs have similarly small line-widths.44 In Figure 10, the
high resolution spectra for the inner tube RBMs in CVD
and peapod template grown DWCNTs is shown. This suggests, that the tube environment plays an important role in
the magnitude of the observable RBM line-width.
The tube-tube interactions have been shown to give
rise to up to ≈30 cm−1 extra shift to the RBMs.55 The
principal difference between SWCNTs and inner tubes in
DWCNTs (irrespective whether these are CVD or peapod
90 K, HR
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Fig. 10. High resolution Raman spectra taken at 676 nm laser excitation
and 90 K on the CVD- and PEA-DWCNT and an SWCNT reference
(HiPco) sample. The deconvoluted spectrum is also shown for the CVDDWCNT sample. The narrow line-widths indicate the long RBM phonon
life-times of the inner tubes in both DWCNT materials. Reprinted with
permission from [44], F. Simon et al., Chem. Phys. Lett. 413, 506 (2005).
© 2005, Elsevier.
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Fig. 11. Temperature dependent Raman resonance proﬁle for the (6,4)
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300 K, : 600 K. For the DWCNT, the strongest, 347 cm−1 component
is shown. Solid curves show ﬁts with the resonant Raman theory as
discussed in the text.
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the (6,4) tube mode at 337 cm−1 is shown. The temperature dependent resonant Raman data can be ﬁtted with the
conventional resonance Raman theory for Stokes Raman
modes:50 66
2



1

IEl  ∝ 
(4)
El − Eii − i% El − Eph − Eii − i%  
Here, the electronic density of states is assumed to
be a Dirac function, the matrix elements describing the
electron-phonon interactions are assumed to be identical
for a tube with the same chirality irrespective of the surrounding and temperature independent and are dropped
from the equation, El is the exciting laser energy, Eii is the
transition energy, Eph is the phonon energy and % is the
damping parameter, i.e., the inverse of the quasi-particle
life-time. The temperature dependence of the resonant
Raman scattering is included in the T dependence of Eii
and % . For the (6,4) chirality, the E22 optical transition is
observed.55 The ﬁtted curves are shown with solid lines in
Figure 11.
Clearly, the resonance width is always smaller for the
DWCNT than for the SWCNT sample. In other words, the
life-time of the optically excited quasi-particle is longer
lived for the DWCNT. This explains why very strong
inner tube modes are observed as the resonant Raman
intensity is proportional to % −4 . The quasi-particle lifetime is an important parameter for the application of carbon nanotubes in optoelectronic devices.24 25 As a result,
DWCNTs appear to be superior in this respect than their
one-walled counterparts.
3.1.3. Probing the SWCNT Diameter Distribution
Through Inner Tube Growth
As discussed above, the Raman spectra of inner tubes have
several advantages compared to that of the outer tubes: (i)
their RBMs have a ∼ factor 2 times larger splitting due
to the smaller diameters, (ii) the line-widths are about 10
times narrower. The larger spectral splitting and narrower
line-widths of the inner tube RBMs enable to characterize
the inner tube diameter distribution with a spectral resolution that is about 20 times larger as compared to the analysis on the outer tubes. To prove that studying the inner
tubes can be exploited for the study of outer ones, here we
show that there is a one-to-one correspondence between
the inner and outer tube diameter distributions following
Ref. [49].
In Figure 12, we compare the inner tube RBM Raman
spectra for four different DWCNT materials based on
SWCNTs with different diameters and produced with different methods. The SWCNTs were two arc-discharge
grown SWCNTs (SWCNT-N1 and N2) and two laser ablation grown tubes (SWCNT-R and SWCNT-L). The diameter distributions of the SWCNT materials were determined
from Raman spectroscopy66 giving dN1 = 150 nm, N1 =
010 nm, dN2 = 145 nm, N1 = 010 nm, dR = 135 nm,
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template grown) is the different surrounding of a small
diameter SWCNT with a given chirality: for the SWCNT
sample, each tube is surrounded by the ensemble of other
SWCNTs. For a close packed hexagonal bundle structure,65 this involves 6 nearest neighbors with random chiralities. This causes an inhomogeneous broadening of the
RBMs. However, the nearest-neighbor of an inner tube
with a given chirality is an outer tube also with a well
deﬁned chirality. A given inner tube can be grown in several outer tubes with different diameters, however the chiralities of an inner-outer tube pair is always well deﬁned,
therefore the nearest neighbor interaction acting on an
inner tube is also well-deﬁned. As shown above, the
interaction between most inner-outer tube pairs is strong
enough to separate the inner tube RBMs from each-other
thus giving rise to the well resolved split components of a
given inner tube chirality.58
In addition to the long phonon life-times of inner tubes,
the life-time of optical excitations, i.e., the life-time of
the quasi-particle associated with the Raman scattering is
unexpectedly long. To demonstrate this, we compare the
resonant Raman scattering data for an inner tube and a
SWCNT with the same chirality. In Figure 11 we show the
energy proﬁle of the resonant Raman scattering at some
selected temperatures for two (6,4) tube modes: one is an
inner tube in a DWCNT sample, the other is a SWCNT
in a CoMoCat sample. Such energy proﬁles are obtained
by taking an energy (vertical) cross section of a Raman
map such as shown in Figure 8. The Raman intensities
for a given excitation energy were obtained by ﬁtting the
spectra with Voigtian curves for the tube modes, whose
Gaussian component accounts for the spectrometer resolution and whose Lorentzian for the intrinsic line-width. For
the DWCNT sample, the strongest (6,4) inner tube component at 347 cm−1 and for the SWCNT CoMoCat sample
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Fig. 12. As measured Raman spectra of the inner nanotube RBMs for
four DWCNT samples (lower curves in each quarter) at 647 nm laser
excitation. The upper spectra (shown in red) are smart scaled from the
lower left spectrum. The Gaussian diameter distribution is shown for the
DWCNT-L sample. Reprinted with permission from [49], F. Simon et al.,
Phys. Rev. B 71, 165439 (2005). © 2005, American Physical Society.

R = 009 nm, and dL = 139 nm, L = 009 nm for
the mean diameters and the variances of the distributions,
respectively.
The spectra shown are excited with a 647 nm laser that
is representative for excitations with other laser energies.
The RBMs of all the observable inner tubes, including the
split components,38 can be found at the same position in all
DWCNT samples within the ±0.5 cm−1 experimental precision of the measurement for the whole laser energy range
studied. This proves that vibrational modes of DWCNT
samples are robust against the starting material.
As the four samples have different diameter distributions, the overall Raman patterns look different. However,
scaling the patterns with the ratio of the distribution functions (smart scaling) allows to generate the overall pattern
for all systems, starting from e.g., DWCNT-L in the
bottom-left corner of Figure 12. It was assumed that the
inner tube diameter distributions follow a Gaussian function with a mean diameter 0.72 nm smaller than those
of the outer tubes following Ref. [46] and with the same
variance as the outer tubes. The empirical constants from
Ref. [67] were used for the RBM mode Raman shift versus inner tube diameter expression. The corresponding
Gaussian diameter distribution of inner tubes is shown for
the DWCNT-L sample in Figure 12. A good agreement
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between the experimental and simulated patterns for the
DWCNT-R sample is observed. A somewhat less accurate
agreement is observed for the DWCNT-N1, N2 samples,
which may be related to the different growth method: arc
discharge for the latter, as compared to laser ablation for
the R and L samples. The observed agreement has important consequences for the understanding of the inner tube
properties. As a result of the photoselectivity of the Raman
experiment, it proves that the electronic structure of the
inner tubes is identical in the different starting SWCNT
materials.
The scaling of the inner tube Raman spectra with the
outer tube distribution shows that the inner tube abundance
follows that of the outer ones. This agrees with the ﬁndings
of X-ray diffractomery on DWCNTs46 and is natural consequence of the growth of inner tubes inside the outer tube
hosts. As a result, the inner-outer tube diameter distributions are similar to that shown schematically in Figure 13:
the width of the inner outer tube distributions are the
same, and the mean values differ by 0.72 nm. A cut-off in
the inner tube diameter distribution was imposed at d ≈
048 nm due to the inability of C60 to enter into outer tubes
smaller than 1.2 nm.68–70
In summary, the RBM frequencies of inner tubes with
neighboring diameters are on the average four times more
separated from each other than those of the outer ones.67
In addition, the outer tube RBMs have a typical FWHM
of 10 cm−1 (Ref. [64]) as compared to the FWHM of the
inner tube RBMs of 0.4–0.5 cm−1 .38 As a result, the available spectral resolution is at least 20 times larger when the
RBMs of the inner tubes are investigated. This allows to
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Fig. 13. Schematic diameter distribution of inner and outer tubes. Vertical lines denote a tube with a given chirality. Inner-outer tube relative
abundances are not to scale. Note the inner tube abundance cut-off at
∼0.5 nm. The diameter distribution for a HiPco SWCNT sample is shown
for comparison.

J. Nanosci. Nanotechnol. 7, 1197–1220, 2007

Ferenc Simon

Single-Wall Carbon Nanotubes Through Encapsulation: From Optical Methods Till Magnetic Resonance

study chirality or at least diameter selective reactions of
the outer tubes by analyzing the inner tube response.

647 nm, 90 K
(b)

3.1.4. Studying the Reversible Hole
Engineering Using DWCNTs
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Fig. 14. Raman spectra in the spectral range of the inner shell tube
RBM for nanotubes after special pre-treatment. Bottom: after ﬁlling
as purchased tubes with C60 and standard transformation; Center: after
annealing the as purchased tubes at 1000  C for two hours, ﬁlling with
C60 and standard transformation; Top: after re-opening the annealed samples, ﬁlling with C60 , and standard transformation. All spectra recorded
at 90 K for 647 nm excitation and normalized to the response of the
outer tube RBM of the pristine tubes. Insert: the RBM of the outer tubes
before (a) and after (b) annealing at 1000  C. Reprinted with permission from [73], F. Hasi et al., J. Nanosci. Nanotechnol. 5, 1785 (2005).
© 2005, American Scientiﬁc Publishers.

derived from the pristine and from the reopened tubes are
identical in all details. This means no dramatic damages
by cutting a large number of holes into the sidewalls have
happened. Consequently, the sidewalls of the tubes remain
highly untouched by the opening process. Thus, it is suggested that fullerenes enter the tubes through holes at the
tube ends.
The dependence of tube closing on annealing temperature and time was studied in more detail. Spectra for the
RBM response were recorded for standard ﬁlling and standard transformation after various annealing temperatures
and annealing times. The most important lines were evaluated with respect to their peak intensity. This intensity was
related to the peak intensity of inner shell modes of DWCNTs grown from untreated starting material. This ratio is a
quantitative measure for the fraction of tubes which remain
open after the annealing procedure. I0 and Iannealed are the
intensity for the pristine and annealed tubes after standard ﬁlling and transformation, respectively. Results are
depicted in Figure 15 for annealing at 800  C (1073 K).
A dramatic decrease of concentration for tubes remaining open after the annealing treatment is immediately
recognized in Figure 15 with decreasing tube diameter
(increasing RBM frequency). For tubes with 1.8 nm diameter (240 cm−1 ) 98% remain open for a 20 min annealing at 800  C whereas for the same annealing conditions
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Soon after the discovery of the peapods,31 it was
recognized33 71 that opening the SWCNTs by oxidation
in air or by treating in acids is a prerequisite for good
ﬁlling. Good ﬁlling means a macroscopic ﬁlling where
the peapods are observable not only by local microscopic
means such as HR-TEM but also by spectroscopy such
as Raman scattering. On the other hand, a heat treatment
around 1000  C was known to close the openings which
results in a low or no fullerene ﬁlling. It was also shown
that the geometrically possible maximum of ﬁlling can be
achieved when puriﬁed SWCNTs were subject to a 450  C
heat treatment in ﬂowing oxygen.72 However, these studies
have concerned the overall fullerene ﬁlling, with no knowledge on the precise dependence on the thermal treatment
or tube diameter speciﬁcity.
The high diameter and chirality sensitivity of Raman
spectroscopy for the inner tubes allows to study the behavior of tube openings when subject to different treatments.
More precisely, openings which allow fullerenes to enter
the tubes can be studied. This is achieved by studying the
resulting inner tube RBM pattern when the outer tube host
was subject to some closing or opening treatments prior to
the fullerene encapsulation.73 Annealing of as purchased
or opened tubes was performed at various temperatures
between 800  C and 1200  C in a sealed and evacuated
quartz tube at a rest gas pressure of 10−6 mbar. Opening
of the tubes was performed by exposure to air at various
temperatures between 350  C and 500  C.
Figure 14 shows the Raman response of tubes after the
standardized DWCNT transformation conditions but different pre-treatment. Only the spectral range of the inner
tube is shown in the main part of the ﬁgure. The spectrum
at the center was recorded under identical conditions but
the SWCNT was pre-annealed before the standardized ﬁlling and standardized transformation. Almost no response
from inner shell tubes is observed for this material, which
means no fullerenes had entered the tubes: the tubes were
very efﬁciently closed by the annealing process. The small
response just below 300 cm−1 could originate from some
small leaks in the cage were a few C60 molecules or even
more likely some carbon contamination had entered the
primary tubes on a level which leads to less than 20% inner
tubes for the larger diameter tubes and less than 3% for
the smaller diameter tubes. The insert in Figure 14 depicts
the RBM response from the outer tubes before and after
annealing. The two spectra are almost identical, which
proves that no outer tube coalescence had occurred at the
temperature applied. The spectrum at the top in Figure 14
was recorded after reopening the annealed tubes at 500  C
on air and standard ﬁlling and transformation. The spectra
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Fig. 15. Relative intensities, Iannealed /I0 , of inner tube RBMs versus frequency (tube diameter) after various annealing conditions as indicated in
the inserted legend. All spectra are normalized to the outer tube intensities. The upper scale shows the corresponding outer tube diameters.
Reprinted with permission from [73], F. Hasi et al. J. Nanosci. Nanotechnol. 5, 1785 (2005). © 2005, American Scientiﬁc Publishers.

and tubes with 1.3 nm diameter (345 cm−1 ) only 15%
remain open.
This technique can also be used to study the diameter
selective tube opening process. Figure 16 depicts Raman
spectra of the RBM recorded for 647 nm excitation for
tubes which were closed at 1000  C for two hours and
then reopened by exposure to air at the temperatures indicated. As an overall result, the opening process becomes
less and less efﬁcient with decreasing temperature. However, the reduction in efﬁciency hardly depends on the tube
diameter. The latter behavior is more evidently seen from
an analysis of the response for the individual peaks as
depicted in part (b) of Figure 16. For opening at 500  C
95% of the closed tubes could be reopened, nominally
independent of tube diameter. For opening at 400  C only
about 60% of the tubes could be opened. Surprisingly,
as plotted this fraction is even slightly decreasing with
decreasing tube diameter. Similarly, for opening at 350  C
only 45% of the tubes could be opened again, with a slight
decrease of this fraction for small diameter tubes.
In summary, the reaction activity of holes in SWCNTs
can be investigated by studying the process of ﬁlling the
tubes with C60 fullerenes and transforming the latter to a
set of small diameter inner tubes. Reversible closing and
opening of the tubes can be achieved. The tube opening
process is sensitive to temperature but insensitive to tube
diameter. The almost identical Raman spectra for the pristine and for the opened tubes with respect to line positions, line-widths and line intensities suggest that the tube
walls remain untouched and the holes for the tube ﬁlling
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Fig. 16. Raman response of the RBM of inner shell CNTs for standard
ﬁlling and transformation procedures after the pristine tubes had been
closed and reopened at temperatures indicated (a). Part (b) depicts evaluated relative intensities versus Raman shift for the three different opening
conditions. The upper scale provides outer tube diameters. Reprinted with
permission from [73], F. Hasi et al., J. Nanosci. Nanotechnol. 5, 1785
(2005). © 2005, American Scientiﬁc Publishers.

are located at the tube ends. After tube closing, a small
amount of inner tubes can be grown mostly in high defect
areas of the tubes. In contrast to tube opening, the tube
closing process is highly diameter sensitive.
3.2. Growth Mechanism of Inner Tubes Studied by
Isotope Labeling
The growth of inner tubes from fullerenes raises the question, whether the fullerene geometry plays an important
role in the inner tube growth or it acts as a carbon source
only. Theoretical results suggest the earlier possibility.74 75
In addition, it needs clariﬁcation whether carbon exchange
occurs between the two tube walls. Here, we review 13 C
isotope labeled studies aimed at answering these two open
questions. 13 C is a naturally occurring isotope of carbon with 1.1% abundance. In general, isotope substitution provides an important degree of freedom to study
the effect of change in phonon energies while leaving
the electronic properties unaffected. This have helped to
unravel phenomena such as e.g., the phonon-mediated
superconductivity.76
J. Nanosci. Nanotechnol. 7, 1197–1220, 2007
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Fig. 17. Raman spectra of DWCNTs with natural carbon and 13 C
enriched inner tubes at 676 nm laser excitation and 90 K. The inner
tube RBM (a) and D and G mode spectral ranges (b) are shown. Arrows
and ﬁlled circles indicate the D (left) and G (right) modes corresponding to the inner and outer tubes, respectively. Reprinted with permission
from [51], F. Simon et al. Phys. Rev. Lett. 95, 017401 (2005). © 2005,
American Physical Society.

J. Nanosci. Nanotechnol. 7, 1197–1220, 2007

The magnitude of the enrichment and the origin of the
broadening are discussed below.
The RBM lines are well separated for inner and outer
tubes due to the RBM ∝ 1/d relation and a mean inner tube
diameter of d ∼ 07 nm.46 49 However, other vibrational
modes such as the defect induced D and the tangential G
modes strongly overlap for inner and outer tubes. Arrows
in Figure 17(b) indicate a gradually downshifting component of the observed D and G modes. These components
are assigned to the D and G modes of the inner tubes.
The sharper appearance of the inner tube G mode, as compared to the response from the outer tubes, is related to
the excitation of semiconducting inner tubes and metallic
outer tubes.38 49
The shifts for the RBM, D, and G modes can be analyzed for the two grades of enrichment. The average value
of the relative shift for these modes was found to be
 0 − / 0 = 001093 and 003223 for the 13 C025 and 13 C089 -DWCNT samples, respectively. Here, 0 and
are the Raman shifts of the same inner tube mode in
the natural carbon and enriched materials, respectively. In
the simplest continuum model, the shift originates from
the increased mass
 of the inner tube walls. This gives
 0 − / 0 = 1− 12 + c0 /12 + c, where c is the concentration of the 13 C enrichment on the inner tube, and
c0 = 0011 is the natural abundance of 13 C in carbon. The
resulting values of c are 0.277(7) and 0.824(8) for the 25
and 89% samples, respectively.
The growth of isotope labeled inner tubes allows to
address whether carbon exchange between the two walls
occurs during the inner tube growth. In Figure 18, we show
the G spectral range for DWCNTs with natural carbon
and 13 C enriched inner walls with 515 nm laser excitation. The G mode of DWCNTs is discussed in detail in
Ref. [58] and it was introduced in Figure 5: the upper G
mode component corresponds to the outer tubes and the
lower to the inner tubes. The outer tube G components are
unaffected by the 13 C enrichment within the 1 cm−1 experimental accuracy. This gives an upper limit to the extra
13
C in the outer wall of 1.4%. This proves that there is no
sizeable carbon exchange between the two walls as this
would result in a measurable 13 C content on the outer wall,
too. This is important for the contrast of the NMR signal between the two walls as it is discussed further below:
were the outer shell also enriched, one could not obtain
a reliable information about the density of states on the
inner shell alone.
The narrow RBMs of inner tubes and the freedom to
control their isotope enrichment allows to precisely compare the isotope related phonon energy changes in the
experiment and in ab-initio calculations. This was performed by Kürti and Zólyomi in Ref. [51]. The validity
of the above simple continuum model for the RBM frequencies was veriﬁed by performing ﬁrst principles calculations on the (n,m) = (5,5) tube as an example. In the
calculation, the Hessian matrix was determined by DFT
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First, we discuss the inner tube growth from isotope
labeled fullerenes,51 and secondly we present the growth
of inner tubes from isotope labeled organic solvents.77
Commercial 13 C isotope enriched fullerenes with two
different enrichment grades were used to grow isotope
enriched inner tubes. Fullerene encapsulation33 and inner
tube growth was performed with the conventional methods.35 This results in a compelling isotope engineered
system: double-wall carbon nanotubes with 13 C isotope
enriched inner walls and outer walls containing natural
carbon.51
In Figure 17(a), we show the inner tube RBM range
Raman spectra for a natural DWCNT and two DWCNTs
with differently enriched inner walls, 25% and 89%.
These two latter samples are denoted as 13 C25 - and 13 C89 DWCNT, respectively. The inner wall enrichment is taken
from the nominal enrichment of the fullerenes used for the
peapod production, whose value is slightly reﬁned based
on the Raman data. An overall downshift of the inner tube
RBMs is observed for the 13 C enriched materials accompanied by a broadening of the lines. The downshift is clear
evidence for the effective 13 C enrichment of inner tubes.
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Fig. 18. G spectral range of DWCNTs with natural carbon and 13 C
enriched inner walls with 515 nm laser excitation. Note the unchanged
position of the outer tube G mode indicated by a vertical line.

using the Vienna Ab Initio Simulation Package.78 Then,
a large number of random 13 C distributions were generated and the RBM vibrational frequencies were determined
from the diagonalization of the corresponding dynamical
matrix for each individual distribution. The distribution of
the resulting RBM frequencies can be approximated by a
Gaussian where center and variance determine the isotope
shifted RBM frequency and the spread in these frequencies. The difference between the shift determined from the
continuum model and from the ab-initio calculations is
below 1%.
The broadening for the 13 C enriched inner tubes is best
observed for the narrow RBMs. In Figure 19(a–b) we show
the RBMs of some inner tubes for the Nat C and 13 C025
samples. Curves (1) are the line-shapes after deconvolution with the Gaussian response of our spectrometer. In
Figuer 19(a), the resulting line-shapes are Lorentzians, but
in Figure 19(b), the line-shape still contains a Gaussian
component, as discussed below. The FWHMs of the resulting line-shapes are 0.764, 0.764, 0.444, 0.544, and
1.286, 1.306, 1.126, 1.166 for the inner tube RBMs
shown in Figure 19 of the Nat C and 13 C025 materials,
respectively. The origin of the extra broadening is due to
the random distribution of 12 C and 13 C nuclei. Calculations
indicate that the ratio between the half width of extra
broadening and the shift,  / 0 − , is approximately
0.19 for a 30% 13 C enriched sample. The corresponding
broadened line-shapes are shown in Figure 19(b) as curve
(3). When the magnitude of the Gaussian randomness
related broadening was ﬁt (curve (2) in Fig. 19(b)), we
found that  / 0 −  = 015. Similar broadening was
observed for the 89% sample which can also be reproduced by the calculation.
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Fig. 19. RBMs of some inner tubes at 676 nm laser excitation with
0.5 cm−1 spectral resolution. (a) natural carbon-, (b) 25% 13 C enriched
inner shell DWCNT. Curves are the line-shapes after deconvolution by
the spectrometer response (1), the simulated line-shape with an extra
Gaussian broadening to the intrinsic lines of the Nat C material (2), and the
calculated line-shape (see text) (3). Reprinted with permission from [51],
F. Simon et al. Phys. Rev. Lett. 95, 017401 (2005). © 2005, American
Physical Society.

The known characteristics of isotope labeled inner
tubes allow to study the possibility of inner tube growth
from non-fullerene carbon sources.77 For this purpose, we
choose organic solvents containing aromatic rings, such
as toluene and benzene. These are known to wet the carbon nanotubes and are appropriate solvents for fullerenes.
As described in the following, the organic solvents indeed
contribute to the inner tube growth, however only in the
presence of C60 “stopper” molecules.77 In the absence
of co-encapsulated fullerenes the solvents alone give no
inner tube.
The fullerene + organic solvents encapsulation was performed by dissolving typically 150 g fullerenes in 100 l
solvents and then sonicating with 1 mg SWCNT in an
Eppendorf tube for 1 h. The weight uptake of the SWCNT
is ∼15%51 that is shared between the solvent and the
fullerenes. The peapod material was separated from the
solvent by centrifuging and it was then greased on a sapphire substrate. The solvent prepared peapods were treated
in dynamic vacuum at 1250  C for 2 hours for the inner
tube growth. The inner tube growth efﬁciency was found
independent of the speed of warming.
The growth of inner tubes from the solvents can be
best proven by the use of C60 containing natural carbon
J. Nanosci. Nanotechnol. 7, 1197–1220, 2007
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Fig. 20. (a) The G mode of toluene + C60 peapod based DWCNTs with
varying 13 C enrichment at 515 nm laser excitation. From top to bottom: 74%, 54%, 26.5% and natural 13 C content. (b) The G mode of the
inner tubes after subtracting the experimental SWCNT spectrum. A small
residual peak is observed around 2710 cm−1 (denoted by an asterisk) due
to the imperfect subtraction. Arrows indicate the spectral weight shifted
toward lower frequencies. Reprinted with permission from [77], F. Simon
and H. Kuzmany, Chem. Phys. Lett. 425, 85 (2006). © 2006, Elsevier.
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as explained in the text as a function of 13 C enrichment of benzene and
toluene. Lines are linear ﬁts to the data and are explained in the text.
Reprinted with permission from [77], F. Simon and H. Kuzmany, Chem.
Phys. Lett. 425, 85 (2006). © 2006, Elsevier.

smaller diameter nanotubes might be higher 13 C enriched
as they retain the solvent better than larger tubes.
To quantify the 13 C enrichment of the inner tubes, the
downshifted spectral weight of the inner tube G mode was
determined from the subtracted spectra in Figure 21(b).
The subtraction does not give a ﬂat background above
2685 cm−1 , however it is the same for all samples and
has a small spectral weight, thus it does not affect the
current analysis. The line-shapes strongly deviate from an
ideal Lorentzian proﬁle. Therefore the line positions cannot be determined by ﬁtting, whereas the ﬁrst moments
are well deﬁned quantities. The effective 13 C enrichment
of the
 inner tubes, c, is calculated from  0 − / 0 =
1 − 12 + c0 /12 + c, where 0 and
are the ﬁrst
moments of the inner tube G mode in the natural carbon
and enriched materials, respectively, and c0 = 0011 is the
natural abundance of 13 C in carbon. The validity of this
“text-book formula” is discussed above and it was veriﬁed
by ab-initio calculations for enriched inner tubes in Ref.
[51]. In Figure 21, we show the effective 13 C content in the
inner tubes as a function of the 13 C content in the starting
solvents. The scaling of the 13 C content of the inner tubes
with that in the starting solvents proves that the source of
the 13 C is indeed the solvents. The highest value of the
relative shift for the toluene based material,  0 − / 0 =
000412, corresponds to about 11 cm−1 shift in the ﬁrst
moment of the inner tube mode. The shift in the radial
breathing mode range (around 300 cm−1 )56 would be only
1 cm−1 . This underlines why the high energy G mode is
convenient for the observation of the moderate 13 C enrichment of the inner tubes. When ﬁt with a linear curve with
c0 + A ∗ x, the slope, A directly measures the carbon fraction in the inner tubes that originates from the solvents.
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and a solvent mixture consisting of 13 C enriched and
natural carbon containing solvents with varying concentrations. Toluene was a mixture of ring 13 C labeled (13 C6 H6 –
NAT
CH3 ) and natural toluene (NAT C7 H8 ). Benzene was a
mixture of 13 C enriched and natural benzene. The labeled
site was >99% 13 C labeled for both types of molecules.
The 13 C content, x, of the solvent mixtures was calculated
from the concentration of the two types of solvents and by
taking into account the presence of the naturally enriched
methyl-group for the toluene. In Figure 20(a), we show the
G modes of DWCNTs with varying 13 C labeled content
in toluene + C60 based samples and in Figure 20(b), we
show the same spectra after subtracting the outer SWCNT
component. A shoulder appears for larger values of x on
the low frequency side of the inner tube mode, whereas
the outer tube mode is unchanged. Similar behavior was
observed for the benzene + C60 based peapod samples
(spectra not shown) although with a somewhat smaller
spectral intensity of the shoulder. The appearance of this
low frequency shoulder is evidence for the presence of a
sizeable 13 C content in the inner tubes. This proves that
the solvent indeed contributes to the inner tube formation as it is the only sizeable source of 13 C in the current
samples. The appearance of the low frequency shoulder
rather than the shift of the full mode indicates an inhomogeneous 13 C enrichment. A possible explanation is that

13C
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3.3. NMR Studies on Isotope Engineered
Heteronuclear Nanotubes
The growth of the “isotope engineered” nanotubes, i.e.,
DWCNTs with highly enriched inner wall allows to allows
to study these samples with NMR with an unprecedented
speciﬁcity for the small diameter carbon nanotubes. This
allows a unique study of the electronic properties of such
nanotubes. For normal SWCNTs, either grown from natural or 13 C enriched carbon, the NMR signal originates from
all kinds of carbon like amorphous or graphitic carbon.
NMR allows to determine the macroscopic amount of
enriched tubes in our sample as it is sensitive to the number of 13 C nuclei in the sample. In Figure 22, we show the
static and magic angle spinning spectra of 13 C enriched
DWCNTs, and the static spectrum for the SWCNT material. The mass fraction which belongs to the highly
enriched phase can be calculated from the integrated signal
intensity by comparing it to the signal intensity of the 89%
13
C enriched fullerene material. We found that the mass
fraction of the highly enriched phase relative to the total
sample mass is 13(4)%. The expected mass ratio of inner
tubes as compared to the total sample mass is 15%, which
is obtained from the SWCNT purity (50%), ∼70% volume
ﬁlling for peapod samples,72 and the mass ratio of encapsulated fullerenes to the mass of the SWCNTs. Thus, the
measured mass fraction of the highly enriched phase is
very similar to that of the calculated mass fraction of inner
tubes. This suggests that the NMR signal comes nominally from the inner tubes, and other carbon phases such
as amorphous or graphitic carbon are non 13 C enriched.
The typical chemical shift anisotropy (CSA) powder
pattern is observed for the SWCNT sample in agreement
with previous reports.79 80 However, the static DWCNT
spectrum cannot be explained with a simple CSA powder pattern even if the spectrum is dominated by the
inner tube signal. The complicated structure of the spectrum suggests that the chemical shift tensor parameters are
highly distributed for the inner tubes. It is the result of
the higher curvature of inner tubes as compared to the
outer ones: the variance of the diameter distribution is the
1212
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The synthesis of inner tubes from organic solvent proves
that any form of carbon that is encapsulated inside
SWCNTs contributes to the growth of inner tubes. As
mentioned above, inner tubes are not formed in the
absence of fullerenes but whether the fullerene is C60 or
C70 does not play a role. It suggests that fullerenes act only
as a stopper to prevent the solvent from evaporating before
the synthesis of the inner tube takes place. It also clariﬁes that the geometry of fullerenes do not play a distinguished role in the inner tube synthesis as it was originally
suggested.74 75 It also proves that inner tube growth can be
achieved irrespective of the carbon source, which opens a
new prospective to explore the in-the-tube chemistry with
other organic materials.
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Fig. 22. NMR spectra normalized by the total sample mass, taken with
respect to the tetramethylsilane (TMS) shift. (a) Static spectrum for nonenriched SWCNT enlarged by 15. Smooth solid line is a chemical shift
anisotropy powder pattern simulation with parameters published in the
literature [79]. (b) Static and (c) MAS spectra of 13 C089 -DWCNT, respectively. Asterisks show the sidebands at the 8 kHz spinning frequency.
Reprinted with permission from [51], F. Simon et al., Phys. Rev. Lett. 95,
017401 (2005). © 2005, American Physical Society.

same for the inner and outer tubes81 but the corresponding bonding angles show a larger variation.82 In addition,
the residual line-width in the MAS experiment, which is a
measure of the sample inhomogeneity, is 60(3) ppm, i.e.,
about twice as large as the ∼35 ppm found previously for
SWCNT samples.79 80 The isotropic line position, determined from the MAS measurement, is 111(2) ppm. This
value is signiﬁcantly smaller than the isotropic shift of the
SWCNT samples of 125 ppm.79 80 However, recent theoretical ab-initio calculations have successfully explained
this anomalous isotropic chemical shift.83 It was found
that diamagnetic demagnetizing currents on the outer walls
cause the diamagnetic shift of the inner tube NMR signal.
In addition to the measurement of the line position, the
dynamics of the nuclear relaxation is a sensitive probe of
the local electronic properties.85 The electronic properties
of the nanotubes was probed using the spin lattice relaxation time, T1 , deﬁned as the characteristic time it takes
the 13 C nuclear magnetization to recover after saturation.84
The signal intensity after saturation, St, was deduced
by integrating the fast Fourier transform of half the spinecho for different delay times t. The data were taken with
excitation pulse lengths !/2 = 30 s and short pulse
separation times of ) = 15 s.85 The value of T1 was
obtained by ﬁtting the t dependence of St to the form
J. Nanosci. Nanotechnol. 7, 1197–1220, 2007
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St = Sa − Sb · Mt, where Sa  Sb (>0) are arbitrary
signal amplitudes, and
Mt = exp−t/T1e + 

(5)

is the reduced magnetization recovery of the 13 C nuclear
spins. Figure 23 shows the results of Mt for the innertubes as a function of the scaled delay time t/T1e , under
various experimental conditions listed in the Figure. We
ﬁnd that Mt does not follow the single exponential form
with + = 1 (dashed line), but instead ﬁts well to a stretched
exponential form with +  0655, implying a distribution in the relaxation times T1 . The data in Figure 23 is
displayed on a semi-log scale for the time axis in order
to emphasize the data for earlier decay times and to illustrate the collapse of the data set for the upper 90% of
the NMR signal. For a broad range of experimental conditions, the upper 90% of the Mt data is consistent with
constant +  0655 (see inset), implying a ﬁeld and temperature independent underlying distribution in T1 . The
lower 10% of the Mt data, corresponding to longer delay
times, comes from the non-enriched outer-walls which
have much longer relaxation times under similar experimental conditions.79 80
The collapse of the data set in Figure 23 to Eq. (5) with
constant + = 0655 is a remarkable experimental observation. From an experimental point of view, it implies that
all one needs in order to characterize the T and H dependence of the underlying T1 distribution is the bulk (or average) value, T1e (Eq. (5)). From an interpretational point of
view, it implies that each inner-tube in the powder sample
J. Nanosci. Nanotechnol. 7, 1197–1220, 2007
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Fig. 23. Reduced nuclear magnetization recovery, Mt, as a function
of the scaled delay time t/T1e (see Eq. (5)), for various temperature and
magnetic ﬁeld values. Both axes are dimensionless. Solid curve shows
stretched exponential ﬁt with + = 065 and dashed curve shows single
exponential with + = 1. Inset shows temperature dependence of the best
ﬁt values of + at 3.6 Tesla (•) and 9.3 Tesla (), and average value of
the data set + = 065 (solid line). Reprinted with permission from [84],
P. M. Singer et al., Phys. Rev. Lett. 95, 236403 (2005). © 2005, American
Physical Society.

has a different value of T1 , yet all the T1 components and
therefore all the inner-tubes follow the same T and H
dependence within experimental uncertainty. This ﬁnding
is in contrast to earlier reports in SWCNTs where Mt ﬁts
well to a bi-exponential distribution, 1/3 of which had a
short T1 value characteristic of fast relaxation from metallic tubes, and the remaining 2/3 had long T1 corresponding
to the semiconducting tubes,79 80 86 87 as expected from a
macroscopic sample of SWCNTs with random chiralities.
The data for the inner-tubes in DWCNTs differ in that a
similar bi-exponential ﬁt to Mt is inconsistent with the
shape of the recovery in Figure 23. Furthermore, if there
were 1/3 metallic and 2/3 truly semi-conducting innertubes in the DWCNT sample, one would expect the ratio of
T1 between semiconducting and metallic tubes to increase
exponentially with decreasing T below the semiconducting gap (∼5000 K), and therefore one would expect an
increasingly large change in the underlying distribution in
T1 with decreasing T . This change would manifest itself
as a large change in the shape of the Mt, however this is
not the case as shown in Figure 23. The possibility of two
components in T1 with different T dependence can therefore be ruled out, and instead it could be concluded that
all T1 components (corresponding to distinct inner-tubes)
exhibit the same T and H dependence within experimental
scattering.
The experimentally observed uniform metallicity of
inner tubes is a surprising observation. This is suggested
to be caused by the shifting of the inner tube Fermi levels due to charge transfer between the two tube walls.
Indeed, using ab-initio calculations Okada and Oshiyama
have found that DWCNTs made of non-metallic zig-zag
inner-outer tubes, such as the (7,0)@(16,0) DWCNT, are
metallic.88 The direction of the charge transfer goes against
the Faraday effect as inner tubes are electron and outer
tubes are hole doped. Although, calculations are difﬁcult
if not impossible for an arbitrary inner-outer tube pair,
this result conﬁrms that two non-metallic tubes when producing an inner tube can render the electronic structure
metallic.
With these arguments, the bulk average T1e deﬁned in
Eq. (5) can be considered and its uniform T and H dependence can be followed. The Mt data can be ﬁtted with
the constant exponent + = 0655, which reduces unnecessary experimental scattering in T1e . In Figure 24 we show
the temperature dependence of 1/T1e T in for two different
values of the external magnetic ﬁeld H . The data can be
separated into two temperature regimes; the high temperature regime 150 K, and the low T regime 150 K. At
high temperatures, 1/T1e T is independent of T which indicates a metallic state85 for all of the inner tubes. A strong
magnetic ﬁeld dependence for T1 was also observed, which
was explained by a 1D spin diffusion mechanism for T1 .84
The origin of the unusual T dependence of 1/T1e T in
the low temperature regime (150 K) is very peculiar.
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Fig. 24. Temperature dependence of spin-lattice relaxation rate divided
by temperature, 1/T1e T , in units of (103 ×s−1 K−1 ). Grey curves are best
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Rev. Lett. 95, 236403 (2005). © 2005, American Physical Society.

Some trivial explanations can be ruled out as its origin.
Firstly, one can rule out the possibility of an activation type
mechanism where T1 is dominated by ﬂuctuating hyperﬁne
ﬁelds with a characteristic time scale ) which increases
with decreasing T (i.e., glassy slowing). This would result
in a peaked relaxation with a strongly ﬁeld dependent peak
value,85 which is clearly not the case. Furthermore at low
T , 1/T1e T drops below its high temperature value, which
rules out the possibility of a T independent component in
1/T1e T plus an activated component on top. Secondly, the
possibility of a simple 1/T Curie-like T dependence in
1/T1e T as a result of paramagnetic centers in the sample
can be ruled out. This can be inferred from the pronounced
gap in 1/T1e T , together with the fact that no loss of 13 C
NMR signal intensity in the entire temperature range of
the experiment was observed. This implies that all the 13 C
nuclei measure a gap in the spin excitation spectrum which
cannot be explained by a Curie-like mechanism.
Following these considerations, one is lead to consider
the simplest possible explanation for the experimental data
in a non-interacting electron model of a 1D semiconductor with a small secondary gap (SG). The SG may be a
result of the ﬁnite inner-wall curvature.9 89 90 47 The 1/T1e T
data can be ﬁtted using this non-interacting model with
only one free parameter, the homogeneous SG, 2. The
normalized form of the gapped 1D density-of-states nE

E

√
for E > 

2
E − 2
nE =
(6)


otherwise
0
here, E is taken with respect to the Fermi energy). The
total DOS of an inner tube is shown schematically in
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Fig. 25. Schematics of the density of states proposed to explain the
relaxation results. A small energy, 2 a few meV secondary gap opens
at the Fermi level of metallic inner tubes, which is displayed not to scale.
Note the van Hove singularities (vHs) at ±. The unaffected vHs of the
original band structure are shown for the ﬁrst optical transition (E11 ).

Figure 25. Eq. (7) is used to calculate 1/T1e T 91 as such
1
= /"
T1e T


−

nEnE + " −

0f
dE
0E

(7)

where E and " are in temperature units for clarity, f is the
Fermi function f = expE/T  + 1−1 , and the amplitude
factor /" is the high temperature value for 1/T1e T . The
results of the best ﬁt of the data to Eq. (7) are presented
in Figure 24, where 2 = 433 K (≡3.7 meV) is H independent within experimental scattering between 9.3 and
3.6 Tesla. We note that at the largest external ﬁeld of 9.3
Tesla, " = 45 mK   T , however, " must be retained
inside the integral. This is a direct consequence of the one
dimensionality which gives a logarithmic divergence inside
the integral (solved numerically) of the form lnT /" for
T  . At the lowest temperatures T  5 K), T1e (300 s)
becomes so long that the low energy excitations speciﬁc
to the homogeneous properties of the inner-tubes become
inefﬁcient, and other excitations take over, possibly defect
related. In such cases we ﬁnd that the recovery shape is
no longer universal and the underlying distribution in T1
is smoothed out, possibly due to spin-diffusion effects.
The origin of the experimentally observed gap still
remains to be clariﬁed. Tight binding calculations predict
that applied magnetic ﬁelds can induce SG’s of similar
magnitude for metallic SWCNT.92 However, such a scenario can be excluded due to the absence of any ﬁeld
dependence of the gap. The NMR data would be more
consistent with a curvature induced SG for metallic
tubes,9 89 90 47 however for the typical inner-tubes the predicted values, ∼100 meV, are over an order of magnitude
larger than our experimental data. Other scenarios, such
as quantization of levels due to ﬁnite short lengths of the
nanotubes could be considered as well, however, in all
J. Nanosci. Nanotechnol. 7, 1197–1220, 2007
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3.4. ESR Studies on Encapsulated
Magnetic Fullerenes
Observation of the intrinsic ESR signal of pristine
SWCNTs remains elusive.94 95 Now, it is generally
believed that intrinsic ESR of the tubes can not be
observed as conduction electrons on metallic tubes are
relaxed by defects too fast to be observable. In addition,
one always observes a number of ESR active species in a
sample, such as graphitic carbon or magnetic catalyst particles, which prevent a meaningful analysis of the signal.
In contrast, local probe studies could still allow an ESR
study of tubes, provided the local spin probe can be selectively attached to the tubes. This goal can be achieved by
using magnetic fullerenes, such as e.g., N@C60 or C59 N,
since fullerenes are known to be selectively encapsulated
inside SWCNTs31 and can be washed from the outside
using organic solvents.33 As the properties and handling
of the two magnetic fullerenes are quite different, the synthesis of the corresponding peapods and the results are
discussed separately.
N@C60 is an air stable fullerene96 but decays rapidly
above ∼200  C97 which prevents the use of the conventional vapor method of peapod preparation which requires
temperatures above 400  C. To overcome this limitation
and to allow in general the synthesis of temperature sensitive peapod materials, low temperature peapod synthesis (solvent method) was developed independently by four
J. Nanosci. Nanotechnol. 7, 1197–1220, 2007
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Fig. 26. Raman spectra of vapor and solvent ﬁlled C60 @SWCNT at
488 nm excitation and 90 K. The spectra are normalized to the amplitude
of the SWCNT G mode. Reprinted with permission from [40], F. Simon
et al., Chem. Phys. Lett. 383, 362 (2004). © 2004, Elsevier.

groups.39–42 These methods share the common idea of mixing the opened SWCNTs with C60 in a solvent with low
fullerene solubility such as methanol39 or n-pentane.40 The
encapsulation is efﬁcient as it is energetically preferred for
C60 to enter the tubes rather than staying in the solution.
After the solvent ﬁlling, excess fullerenes can be removed
by sonication in toluene, which is a good fullerene solvent as it was found that fullerenes enter the tube irreversibly. HR-TEM has shown an abundant ﬁlling with the
fullerenes39 41 but here we discuss macroscopic characterizations using Raman spectroscopy, which has proven that
peapods prepared by the solvent method are equivalent to
the vapor prepared peapods.
In Figure 26, we show the comparison of the Raman
spectra of vapor- and solvent-ﬁlled C60 peapod samples.
The Raman spectra of peapod samples in the plotted frequency range consist of the SWCNT G and D modes
at 1590 and 1355 cm−1 , respectively and narrow lines
related to the Raman active modes of the C60 inside
the SWCNT.33 43 We show enlarged the most signiﬁcant
Raman active line of C60 peapod, the Ag (2) mode. We
observe a single Ag 2 line at 1466 cm−1 for both peapod
materials which is consistent with the relatively large, d =
14 nm, tube diameter.54 The observation of the 1466 cm−1
C60 Ag (2) mode is characteristic43 for the encapsulated C60 .
Its observation for the solvent prepared sample with the
same intensity as for the vapor prepared sample proves the
effective macroscopic ﬁlling. The absence of an extra line
at 1469 cm−1 , that is the Raman shift of the Ag (2) of crystalline C60 is evidence that no C60 is present apart from
those encapsulated in the nanotubes.
The low temperature synthesis allows to encapsulate the
N@C60 fullerene. The N@C60 : C60 endohedral fullerene:
fullerene solid solution can be produced in a N2 arcdischarge tube following Ref. [98] with a typical yield of
a few 10 ppm.99 In Figure 27, the ESR spectra of the starting SWCNT, (N@C60 : C60 )@SWCNT, and N@C60 : C60
are shown. The ESR spectrum of the pristine SWCNT for
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these cases a behavior independent of tube size and chirality is certainly not expected.
This suggests that electron–electron interactions play an
important role for the metallic inner tubes. It has been predicted that electron–electron correlations and a TomonagaLuttinger (TLL) state leads to an increase in 1/T1 T with
decreasing T ,93 which is a direct consequence of the 1D
electronic state. The correlated 1D nature may also lead to
a Peierls instability10 with the opening of a small collective gap 2 and a sharp drop in 1/T1 T below  ∼ 20 K.
Therefore, the presence of both a TLL state and a Peierls
instability could possibly account for the data.
Summarizing the NMR studies on DWCNTs, it was
shown that T1 has a similar T and H dependence for all
the inner-tubes have, with no indication of a metallic/
semiconducting separation due to chirality distributions. At
high temperatures (T  150 K) 1/T1e T of the inner tubes
exhibit a metallic 1D spin diffusion state. Below ∼150 K,
1/T1e T increases dramatically with decreasing T , and a gap
in the spin excitation spectrum is found below  20 K. A
1D correlated state was suggested to be responsible for the
opening of a small collective gap in the excitations, possibly a Peierls instability.10 56 Certainly, theoretical work
on the electronic properties of inner wall nanotubes in
DWCNT, and on the incidence of 1D correlation effects
are needed to clarify the exact nature of the ground states.
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Fig. 27. X-band electron spin resonance spectrum of the (a) pristine
SWCNT, (b) crystalline N@C60 : C60 , (c) (N@C60 : C60 )@SWCNT, and
(d) the triplet component of the (N@C60 : C60 )@SWCNT ESR spectrum
at ambient temperature. Reprinted with permission from [40], F. Simon
et al., Chem. Phys. Lett. 383, 362 (2004). © 2004, Elsevier.

the magnetic ﬁeld range shown is dominated by a signal
that is assigned to some residual carbonaceous material,
probably graphite. Figure 27(c). shows, that after the solvent encapsulation of N@C60 : C60 in the NCL-SWCNT,
a hyperﬁne N triplet ESR is observed, similar to that
in pristine N@C60 : C60 , superimposed on the broad signal present in the pristine nanotube material. Figure 27(d)
shows the triplet component of this signal after subtracting the signal observed in pristine SWCNT. The hyperﬁne
triplet in N@C60 : C60 is the result of the overlap of the
4
S3/2 state of the three 2p electrons of the N atom and the
14
N nucleus, with nuclear spin, I = 1. The isotropic hyperﬁne coupling of N@C60 : C60 is unusually high as a result
of the strongly compressed N atomic 2p3 orbitals in the
C60 cage thus it unambiguously identiﬁes this material.96
The hyperﬁne coupling constant observed for the triplet
structure in the encapsulated material, A = 057±001 mT,
agrees within experimental precision with that observed in
N@C60 : C60 ,96 which proves that the encapsulated material is (N@C60 : C60 )@SWCNT. The ESR line-width for
the encapsulated material, Hpp = 007 mT, is signiﬁcantly
larger than the resolution limited Hpp = 001 mT in the
pristine N@C60 : C60 material, the lines being Lorentzian.
The most probable cause for the broadening is static
magnetic ﬁelds from residual magnetic impurities in the
SWCNT.79 The ESR signal intensity is proportional to the
number of N spins, and this allows the quantitative comparison of N concentrations in (N@C60 : C60 )@SWCNT
1216
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and N@C60 : C60 . Taking the ﬁlling value from the EELS
measurement, we obtain that the N spin concentration in
(N@C60 : C60 )@SWCNT is ∼2.5 times smaller than in the
starting N@C60 : C60 material. This cannot be due to a loss
of N spins during the synthesis as N@C60 : C60 is stable
below 100  C and N loss becomes rapid above 220  C
only.97 However, the observed difference may be caused
by the limited accuracy of the ESR intensity measurement
also caused by microwave losses as the conducting buckypaper pieces are separated from each-other in a poorly
controlled way.
As seen from the ESR results on encapsulated N@C60 ,
relatively limited information can be deduced about the
tubes themselves. This stems from the fact that the N
spins are well shielded in N@C60 100 and are thus are relatively insensitive to the SWCNT properties. In contrast,
N@C60 @SWCNT peapods might ﬁnd another application as building elements of a quantum computer as proposed by Harneit et al.8 A better candidate for magnetic
fullerene encapsulation is the C59 N monomer radical as
here the unpaired electron is on the cage and is a sensitive
probe of the environment. This material can be chemically prepared,101 however it forms a non-magnetic dimer
crystal (C59 N)2 . It appears as a spinless monomer in an
adduct form102 or attached to surface dangling bonds.103
The magnetic C59 N monomer radical is air sensitive but it
can be stabilized as a radical when it is dilutely mixed in
C60 .104 As a result, a different strategy has to be followed
to encapsulate C59 N inside SWCNT, which is discussed in
the following along with preliminary ESR results.105
To obtain C59 N peapods, air stable C59 N derivatives,
(C59 N-der in the following) were prepared chemically
by A. Hirsch and F. Hauke following standard synthesis
routes.102 106 The C59 N-der was 4-Hydroxy-3,5-dimethylphenyl-hydroazafullerene whose structure is shown in
Figure (28). The C59 N derivatives were encapsulated either
pure or mixed with C60 as C59 N-der : C60 with 1 : 9 concentrations using a modiﬁed version of the low temperature
encapsulation method. In brief, the mixture of the dissolved fullerenes and SWCNTs were sonicated in toluene

Fig. 28. Schematic structure of the 4-Hydroxy-3,5-dimethyl-phenylhydroazafullerene. Reprinted with permission from [105], F. Simon et al.
Carbon 44, 1958 (2006). © 2006, Elsevier.
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material to 10 cm−1 FWHM in the encapsulated one. This
is similar to the values found for encapsulated C60 .43
The integrated intensity of the observed Ag (2) derived
mode of the C59 N is approximately 5 times larger than
that of a C60 peapod prepared identically when normalized by the SWCNT G mode intensity. This, however, can
not be used to measure the encapsulation efﬁciency as
Raman intensities depend on the strength of the Raman
resonance enhancement and the Raman scattering matrix
elements.50 For C60 peapods the Raman signal was calibrated with independent and carbon number sensitive
measurements: EELS studies gave the total number of
C60 related and non-C60 related carbons72 and the mass
of encapsulated C60 s was determined from NMR studies
using 13 C enriched fullerenes.51 84 In the current case, neither methods can be employed and we determined the
ﬁlling efﬁciency for the azafullerene by encapsulating a
mixture of the azafullerene and C60 . In Figure 30, the
Raman spectra of the encapsulated C59 N-der : C60 mixture
with weight ratios of 1 : 9 in the starting solvent is shown.
The Raman spectrum of the encapsulated mixture was
simulated with a weighted sum of the separately recorded
B
A

Experiment
90% C60
10% C59N-der

*

(a)
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C59N-der Experiment

1380

1410

/20

1440

1470

1500

Raman shift (cm–1)
1400

1500

1600

Raman shift (cm–1)
Fig. 29. Tangential mode of the Raman spectra of the C59 N-der before
(a) and after encapsulation (b) excited with a 488 nm laser. Labels mark
the position of the strongest C59 N-der mode in the two samples. The
Raman G-mode of SWCNT dominates the peapod spectrum in the 1550–
1650 cm−1 range. Reprinted with permission from [105], F. Simon et al.,
Carbon 44, 1958 (2006). © 2006, Elsevier.
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Fig. 30. Raman spectra of the encapsulated C59 N-der : C60 mixture at
the 488 nm laser excitation. The spectra for the C59 N-der and C60 peapods
is shown together with their weighted sum as explained in the text.
A and B mark the components coming nominally from the superposing
two phases. The asterisk marks a mode that is present in the pristine
SWCNT material. Note the different scale for the C59 N-der peapod material. Reprinted with permission from [105], F. Simon et al., Carbon 44,
1958 (2006). © 2006, Elsevier.
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and ﬁltered. It is expected that the C59 N monomer radical
can be obtained after a heat treatment in dynamic vacuum,
which is discussed below.
Raman spectroscopy was performed to characterize the
SWCNT ﬁlling with the C59 N-der. In Figure 29, the
Raman spectra of the pristine and encapsulated C59 N-der
is shown. The Raman spectra of the peapod sample (lower
curve in Fig. 29) in the plotted frequency range consist of
the SWCNT G modes around 1550 cm−1 and additional
lines related to the Raman active modes of the encapsulated azafullerene derivative.43 The major Raman modes
of the pristine C59 N-der are similar to those of the (C59 N)2
dimer.107 The strongest mode is observed at 1459.2 cm−1
which is derived from the C60 Ag (2) mode and is downshifted to 1457 cm−1 after the encapsulation procedure.
The 2.2 cm−1 downshift proves the encapsulation of the
molecule inside the SWCNT. When encapsulated inside
SWCNTs, the corresponding Ag (2) mode of C60 downshifts with 3 cm−1 , which is assigned to the softening
of the C60 Ag (2) vibrational mode due to the interaction
between the ball and the SWCNT wall.43 The slight difference between the downshift for the azafullerene and for the
C60 peapods might be attributed to the different structure
of the two molecules. The encapsulation also manifests in
a line broadening: the main component of the 1457 cm−1
mode is broadened from 4.5 cm−1 FWHM in the pristine

spectra for encapsulated C59 N-der and C60 . The best agreement between the simulated and the experimental spectra
is for a C59 N-der content of 0.12(2). This value is close to
the expected value of 0.1 and it proves that the azafullerene
enters the tubes with the same efﬁciency as C60 .
In Figure 31, we show the ESR spectra of the encapsulated mixture, (C59 N-der : C60 )@SWCNT, after 700  C
vacuum annealing. The spectra of C59 N : C60 , a C59 N
monomer embedded in C60 ,104 is also shown for comparison. A triplet structure similar to that in C59 N : C60 is
observed in the heat-treated (C59 N-der : C60 )@SWCNT
overlapping with a broader line. The broader component
is present in reference samples without encapsulated azafullerenes and is identiﬁed as a side-product. The broad
line was numerically deconvoluted from the triplet component by ﬁtting Lorentzian for all the signal. In Figure 31
a ﬁt for the triplet component is shown with solid lines.
However, the triplet pattern appears only after the 700  C
vacuum annealing. The ESR spectra of C59 N : C60 is well
understood:104 at room temperature it consists of a triplet
pattern due to the hyperﬁne interaction with the 14 N
nucleus (I = 1) and a series of doublet peaks due to
the interaction of the electron delocalized over the entire
fullerene cage with 13 C nuclei (I = 1/2). The isotropic
hyperﬁne coupling, Aiso = 03704 of the triplet pattern in
(C59 N-der : C60 )@SWCNT closely agree with those found
for C59 N monomers in solvents Aiso = 0373108 and Aiso =
037109 or Aiso = 03631 in the C60 matrix.104 This proves
that after the 700  C heat treatment, a sizeable amount
of rotating C59 N monomer radicals are present in the

C59N:C60

ESR signal (arb.u.)
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sample. This is not surprising in the view of the ability to form C59 N monomers from (C59 N)2 dimers at similar temperatures,110 however the current process is not
reversible and the remnants of the side-groups are probably
removed by the dynamic pumping. Although, the production of C59 N monomers inside SWCNTs was proved,111
further work is required to understand the spectral details,
to improve the background to triplet signal ratio, and in
particular temperature dependent studies are required to
study the tube properties.

4. SUMMARY
In summary, we reviewed how molecules encapsulated
inside SWCNTs can be used to study various properties
of the tubes themselves. Inner tubes grown from encapsulated fullerenes were shown to be an excellent probe
of diameter dependent reactions on the outer tubes. Inner
tubes grown from isotope labeled fullerenes and organic
solvents allowed to understand the role of the different
carbon phases in the growth of the inner tubes. In addition, isotope labeled inner tubes were shown to yield an
unparalleled precision to study the density of states near
the Fermi level using NMR. It was reviewed how magnetic
fullerenes can be encapsulated inside SWCNTs yielding
linear spin chains with sizeable spin concentrations and
also to allow ESR studies of the tube properties.
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