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1 Introduction Filling the SWCNTS cavity with full-
erene molecules or with an inner tube will alter the electronic
and mechanical properties of the nanotubes. It is also
possible to fine-tune the nanotubes’ properties by changing
the filler [1, 2]. Filling the SWCNTs with Cgy molecules
can be discussed in terms of stabilization energy. For
small-diameter SWCNTs with diameter d < 1.2nm the
interaction between Cgy and SWCNTSs is endothermic and
the formed system is unstable [3]; however, for large
diameters ~1.22—1.6 nm the interaction is exothermic and
the system is stable [3]. At a critical diameter of SWCNTSs
d > 1.37 nm the t;,, state of Cg, molecules just start to overlap
with the nearly free electron (NFE) state of the SWCNTSs, so
that the 7 electron cloud around the nanotube will decrease,
that is, the effective tube diameter of the SWCNTs will
decrease [3, 4]. As the tube diameter increases above the
critical value d~1.37nm, the overlapping between the
nanotubes and the Cgy molecules becomes significant [5].
For thinner SWCNTs with d~1.22-1.37nm, the space
between the nanotubes and the Cgy molecules is not sufficient
enough to generate the NFE state and hence the effective
tube diameters will increase due to the filling [4, 6].
According to the results from optical measurements, for
smaller diameter SWCNTs with d=1.22-1.37nm, the
average tubes’ diameter increases with Cg( molecules filling

and leads to a red shift in the absorptions bands, in contrast to
larger diameter tubes (d = 1.4—1.6 nm), where a blue shift is
found [4, 6].

Raman measurements on Cqo@SWCNT peapods show a
blue shift of the radial breathing modes (RBMs) compared to
the empty SWCNTs with average tube diameters ~1.37 nm
[5, 7] and a red shift in the case of SWCNTSs with average
tube diameters ~1.4—1.6 nm [5, 8, 9]. The hardening of the
RBMs for the small tube diameters was attributed to the
hindrance of the radial motion of the tubes with the Cg
molecules filling [5, 7]. In contrast, the red shift of the RBMs
in the case of thicker tubes was attributed to the C—C bond
softening of the SWCNTs due to the charge transfer between
the SWCNTs and Cgo molecules [3, 8, 9]. Scanning tunneling
microscopy found a modification of the total electronic
structure of the SWCNTs after filling with Cgy molecules
[10, 11].

Here, we report the preparation of high-yield of
SWCNTs encapsulating Cgq fullerene molecules and also
the preparation of DWCNTs derived from the C@SWCNT
peapods. The prepared samples were characterized by
Raman and optical spectroscopy. The effects of the
interaction between the fillers (fullerene molecules, inner
tube) and the SWCNT on the electronic and vibrational
properties are discussed.
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2 Experimental Bundled SWCNTs were purchased
from Carbon Solutions Inc. (Type P2, average diameter
1.4nm). Cgp-fullerene with purity 99.98% was purchased
from Term USA. To obtain peapods with a high filling ratio,
the gas phase method was used [12]. The typical preparation
method is the following: the caps of the SWCNTSs were
opened by heating the sample in furnace at 575 °C for 30 min.
Weighted amounts of SWCNTs and Cg, were degassed
under dynamic vacuum at 200 °C for 24 h, after that both
samples were sealed in quartz tube under vacuum and heated
at 750 °C for 5 days continuously. The non-reacted fullerene
molecules were removed by heating the sample at 700 °C
under dynamic vacuum for 3 h. The prepared peapods were
then transformed to DWCNTs by tempering the purified
sample at 1250 °C for 24 h under dynamic vacuum and
subsequently cooling the furnace to room temperature.
Free-standing films from SWCNTs and DWCNTs for IR
spectroscopy measurements were prepared from Triton
X-100 suspension [13].

Raman spectra were recorded at room temperature with a
triple Raman spectrometer T64000 (Horiba Jobin Yvon),
interfaced to an Olympus BX-40 microscope (100x
objective) and the 488 nm line of an argon ion laser. The
laser power impinging on the sample was 0.1 mW.

Transmission data were obtained at ambient conditions
in the frequency range 2500-20,000cm ' using a Bruker
IFS 66v/S Fourier transform infrared spectrometer in
combination with an infrared microscope (Bruker IR
Scope II) with a 15x magnification objective. The
intensity Igmpie(w) of the radiation transmitted through
the free-standing film and, as reference, the intensity
Lef(w) of the radiation transmitted through air was
measured. From [ mpie(®) and I.(w) the transmittance
and absorbance spectra were calculated according
to T(®) = Lample(®) /It (@) and A(w) = —log, T (),
respectively.

3 Results and discussion The RBMs of the
SWCNTs, peapods, and the outer tubes of the DWCNTSs
appear in the low-frequency range (140-200cm ") of the
Raman spectra, as depicted in Fig. 1. The peaks are located
between 160 and 192cm™'. The spectra were fitted with
Lorentzian functions, in order to specify the various
contributions, and the so-obtained peak positions are given
in the spectra. According to theoretical calculations the
diameter d of the tubes is related to the frequency w,
according to the relation d =A/(w,), where A is a constant.
Hereby, the small effect of the tube—tube interaction is
neglected. In the following we assume a mean value A ~ 234
[14]. In this case the uncertainty in the diameter calculations
is around 5% [14]. From the above relation the calculated
values for the SWCNTs diameters are ~1.45—-1.23 nm, in
agreement with the average tube diameter (~1.4 nm).

One notices that the RBMs of the peapods are shifted by a
small amount ~2cm ™' towards higher frequencies. Since
the average tube diameters is 1.4 nm and the Cg, molecule
diameteris 0.71 nm [15], the difference in the mean diameter
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Figure 1 (online color at: www.pss-b.com) Raman spectra of the
RBMs for(a) SWCNTSs, (b) peapods, and (¢) DWCNTSs. Modes in the
range 270-400cm ™" in (c) correspond to the RBMs of the inner
tubes. Raman spectra in the range 270-400 cm ! were multiplied by
a factor of 4. The red-dashed line is a fit to the data with Lorentzian
functions.

between the two species is ~0.7 nm. This value is consistent
with the 7 electron cloud thickness ~0.34 nm around the
SWCNTs wall, suggesting that the Cg( molecules are tightly
nested inside the nanotubes. Therefore, filling of 1.4nm
SWCNTs with Cgo will hinder the radial motion of the
nanotubes, and hence shift the RBM modes to higher
frequencies [5, 7]. On the other hand, the RBMs in
the DWCNTs are shifted towards lower frequencies by
~2-4cm™". This downshift can be attributed to the outer
tubes fattening with the long heat treatments (1250 °C and
24h) via several Stone-Wales transformation on the
SWCNTs surface [16].

In the frequency range 250-400 cm ™' no Raman features
are observed for the SWCNTSs and peapods. In contrast, in
the case of DWCNTSs several new peaks with quite low
intensity are found. These new peaks are associated with the
smaller ES, semiconducting secondary tubes with ~0.7 nm
inside the DWCNTs [8, 14]. The 488 nm excitation is
unsuitable for secondary tubes resonant enhancement, and
therefore the quite low intensity is expected [14]. According
to d=A/(w,) (see above), the values for the inner tubes’
diameters amount to 0.65-0.85 nm. These values are higher
than the diameter of the Cgn molecules (0.71 nm). This
difference could be attributed to the tubes fattening due to
long heat treatment [16].

Figure 2 shows the tangential mode region for (a)
SWCNTs, (b) peapods, and (¢c) DWCNTs. In the frequency
range 1400-1500cm™' no clear Raman features are
observed for the SWCNTs and DWCNTs. In contrast, in
the case of peapods, we can see the Raman-active mode
Ay(2) of the Cgy molecules at 1465 cm™'. The average
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Figure 2 (online color at: www.pss-b.com) Raman spectra of the
tangential mode for (a) SWCNTs, (b) peapods, and (c) DWCNTs.
The mode at 1465cm ™' in (b) corresponds to the Ay(2) of the Cgg
molecules. Raman spectra in the range 1400—1500 cm ' were multi-
plied by a factor of 10. The red-dashed line is a fit to the data with
Lorentzian functions.

integrated intensity ratio A,(2)/G-mode =4 x 10~ suggests
that the Cgy molecules are encapsulated inside the nanotubes
and indicates a high filling ratio of the peapods [17, 18]. The
filling ratio of the Cgo peapod and DWCNT samples was
determined by HRTEM (not shown) to be >95% [19]. In the
frequency range 1500—-1650cm ™' the broad tangential G
modes are observed for all studied samples. For the
SWCNTs the mode centered at 1593 cm ™" is related to the
G peak [20, 21]. The two lower-frequency bands appeared
at 1554 and 1571 cm ™" are related to the G~ peak. The extra
peak around 1600cm ™' originates from the ET (M, S)
modes [20, 21]. For the peapods (Fig. 2b) the three
components of the G mode are blue shifted. This could be
attributed to the radial overlapping between the m states of
SWCNTs and Cg molecules which causes a reduction on the
C—C bond length [22]. In the case of DWCNTs (Fig. 2¢), we
can observe a new peak centered at 1577 cm ™! , which can be
assigned to the small secondary semiconducting tubes with a
mean diameter of 0.8 nm [14].

Figure 3 shows the background-subtracted absorbance
spectra of (a) SWCNTs, (b) peapods, and (c) DWCNTs free-
standing films. The absorption bands S;; and M;; correspond
to the ith optical transition in the semiconducting and
metallic SWCNTSs, respectively. The inset of Fig. 3 depicts
the raw absorbance spectrum of the free-standing SWCNTSs
and the absorbance spectrum after the background subtrac-
tion. The broad background is due to the 7—z* absorption
centered at around 5 eV and follows an approximately linear
behavior. The fine structure of the absorption bands is due to
the diameter distributions. The absorption bands were
fitted with Lorentzian oscillators and the contributions are
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Figure 3 (online color at: www.pss-b.com) Background-sub-
tracted absorbance spectra of (a) SWCNTs, (b) peapods, and
(c) DWCNTs together with the fit of the absorption bands using
Lorentzian oscillators. The vertical, dashed line marks the position of
the S;; band in SWCNTs. Inset: absorbance spectrum for the
SWCNTs film together with the linear background (dashed red line)
and the absorbance spectrum after background subtraction.

listed in Table 1. According to Fig. 3, in peapods all the
Lorentzian contributions are slightly shifted to higher
energies, and in DWCNTs all contributions are slightly
shifted to lower energies compared to the corresponding
features in SWCNTS (see Table 1). In the case of peapods, a
hybridization between the NFE state of the SWCNTSs and
the t,, state of the Cgg is expected, since the average tube
diameter is nearly equal to the critical value at which the

Table 1 Peak positions in cm ™' of the Lorentz contributions of
the S11, S5, M1, and S33/44 for SWCNTS, peapods, and DWCNTs.

St S My, S33/44
SWCNTs 4800 8960 13,300 17,763
5255 9610 14,180 18,873
6920 10,330 15,098 19,909
peapods 4866 9020 13,440 16,875
5350 9670 14,260 17,911
6940 10,340 15,120 18,947
DWCNTs - 8930 13,270 17,700
5185 9580 14,100 18,780
6870 10,300 - 19,835
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hybridization starts. In this case the hybridization is expected
to reduce the effective tube diameter, and hence the optical
absorption bands are blue-shifted [4, 22]. In case of the
DWCNTs, due to the fattening of the tubes with long heat
treatment the effective tube diameters will increase [16], and
hence the absorption bands will be shifted to lower energies
according to the Kataura plot [23].

4 Conclusions We have prepared high-yield
Ceo-peapods and DWCNTSs and compared their vibrational
and electronic properties to SWCNTS. In the case of peapods
the Cgy molecules hinder the radial motion of the SWCNTS,
causing a shift of the RBMs to higher frequencies. In
DWCNTs the downshift of the RBMs demonstrate a
diameter increase compared to SWCNTs due to tube
fattening. The inner tubes’ diameters in the DWCNTSs range
from 0.65 to 0.85 nm, as derived from the RBM frequencies.
Filling the tubes with Cgy molecules shifts the G mode to
higher energies due to the shorting of the C—C bonds of the
SWCNTs. In the case of DWCNTSs the new mode centered at
1577 cm ™' is due the small secondary semiconducting tubes
with mean diameter of 0.8 nm. In comparison with SWCNT's
all the optical transitions shift to higher energies in the case of
peapods due to average tube diameter reduction, whereas
they shift to lower energies in the case of DWCNTSs due to
tube fattening. These findings reflect that in the tube diameter
range ~1.37-1.4 nm, the Cgo molecules play two roles: (i)
hindrance of the radial motion of SWCNTSs and shifting the
RMBs to higher frequencies and (ii) overlapping with the
NFE states of the SWCNTSs causing a reduction of the
electron cloud around the nanotube.
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