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Abstract

The filling and depletion of carbon nanotubes with Cg fullerenes is reported using solvents. We use X-ray diffractometry and Raman
spectroscopy to show that large diameter carbon nanotubes can be filled with fullerenes using methanol with a high efficiency and can be
also removed from the inside of the tubes using dichlorobenzene. The latter solvent effectively removes weakly bound Cgps from inside
the large diameter tubes, which is explained by the high solubility of Cg in dichlorobenzene.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Single wall carbon nanotubes (SWCNTs) have received
increased attention since their discovery [1,2]. Apart from
other potential applications, their property to deliver drugs
has already been recognized [3]. Fullerenes and their deriv-
atives also possess a range of medical applications such as,
e.g., HIV inhibitor [4], photosensitive oxidizing agent
against malignous skin cancer [5,6], or antioxidant activity
healing neurodegenerative illnesses. The ability of SWCNTs
to encapsulate fullerenes [7], the in-the-tube functionaliza-
tion, provides a further degree of freedom to exploit the
drug delivery properties of fullerenes provided the con-
trolled fullerene release from the tubes could be achieved.
An important obstacle is, however, that encapsulation is
known to be irreversible, i.e., encapsulated fullerenes could
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not be pulled out of the tubes due to the energetics of the
fullerene encapsulation [8].

Usually, fullerenes are encapsulated efficiently by sub-
jecting the SWCNTSs to fullerene vapor. Recently, the pos-
sibility to encapsulate fullerenes and fullerene derivatives
was reported by suspending SWCNTSs in the solution of
fullerenes [9-11]. Importantly, efficient encapsulation is
achieved with solvents with low fullerene solubility [10]
and it was attributed to a balance in the energetics of ful-
lerene encapsulation and dissolution in the solvent. This
observation motivates attempts to remove fullerenes from
the nanotubes using solvents with high fullerene solubility.

Here, we report the reversible filling of carbon nano-
tubes with fullerenes. The key element of the method is
the use of nanotubes with large diameters, d = 1.5 nm,
where the so-called fullerene silo-crystals [12] are formed
and the use of low fullerene solubility solvent (methanol)
for the insertion, and high fullerene solubility solvent
(dichlorobenzene) for its removal. We use high-resolution
transmission electron microscopy, X-ray diffractometry
and Raman spectroscopy to characterize the insertion
and removal process. With the extension of the current
procedure for water soluble functionalized fullerenes, we
expect that viable drug delivery could be achieved in bio-
logical environments.
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2. Experimental

The large diameter commercial SWCNTs (L-SWCNT,
Nanocyl SA, Sambreville, Belgium) were used in the cur-
rent study. The material was produced with the catalytic
chemical vapor deposition (CCVD) method which results
in nanotubes with a broad diameter distribution and the
sample also contains some double-wall carbon nanotubes.
The Raman characterization of this commercial sample
indicated that it is very similar to a laboratory produced
material with a public recipe [13]. We also used a smaller
diameter commercial SWCNT (S-SWCNT, Nanocarblab,
Moscow, Russia) with d = 1.4 nm and ¢ = 0.1 nm for the
mean and variance of the tube diameter distribution,
respectively, as determined from a multi-frequency Raman
analysis [14]. Both materials were purified by the supplier
to >50 wt% purity. As a side product, purification results
in opened tubes that can be filled with fullerenes. Cgo was
filled with the vapor method by sealing the SWCNT sam-
ples in a quartz tube together with the Cgy powder and sub-
jected to 650 °C for 2 h [15]. The resulting material was
annealed for two more hours at 650 °C in a dynamic vac-
uum which is known to effectively remove the outside fulle-
renes [13] as their sublimation temperature is 450 °C [16].
Solvent filling was performed by sonicating typically 5 mg
SWCNT and 5mg Cg mixture in 10 ml methanol for
4 h. The resulting nanotube suspension was filtered and
dried and non-encapsulated fullerenes were removed by
650 °C dynamic vacuum heat treatment. Fullerene removal
was performed by sonicating the nanotube peapods in
dichlorobenzene for 2 h, which removes about 80% of the
encapsulated fullerenes. Longer sonications do not detecta-
bly reduce the encapsulated fullerene content. The steps of
solvent filling and solvent removal could be reversible
repeated several times for a given sample. We also deliber-
ately closed and re-opened holes on the tubes by vacuum
annealing at 1250 °C for 4 h and by heating them in air
at 450 °C for 30 min following Ref. [17], respectively. These
procedures allow to check whether the inside of the tubes
are filled with the fullerenes.

2.1. Raman spectroscopy

Vibrational analysis was performed on a Dilor xy triple
Raman spectrometer at ambient conditions.

2.2. X-ray studies

X-ray diffraction was measured with Cu K, radiation
from a rotating anode X-ray generator and a pinhole cam-
era, equipped with a two-dimensional, position-sensitive
detector. Radial averages of the two-dimensional spectra
were evaluated to obtain the scattering curves g = 4n/Asin 6,
with 26 being the scattering angle and 4 = 0.1542 nm being
the X-ray wavelength. The strong increase in scattering
intensity, that is always observed for SWCNT towards
small ¢, is subtracted by a power-law [18].

2.3. Transmission electron microscopy

High-resolution transmission electron microscopic (HR-
TEM) studies were performed on a TECNAI F20 field
emission microscope equipped with a Gatan Image Filter
(GIF 2001) operated at 120 kV or 200 kV. Electron trans-
parent samples were prepared by drying a suspension of
peapod material and N,N-dimethylformamide on a holey
carbon grid.

3. Results and discussion

In Fig. 1, we show the radial breathing mode (RBM)
[19] spectral range for the L-SWCNT sample for two laser
excitations. The RBM mode allows to determine the tube
diameter distribution in the sample due to the one-to-one
correspondence between the tube diameter, d, and the
RBM frequency: vgpm = C/d, where, C is around
236 cm ™! nm [20]. The RBM modes are clearly distributed
over a large spectral range: 155-310 cm ™' indicating a tube
diameter distribution over the 0.7-1.5 nm range. In fact,
the diameter distribution is even larger toward large dia-
meter tubes as shown by previous HR-TEM work on the
same SWCNT samples [21], however the strongly resonant
behavior of SWCNT Raman modes prevents the observa-
tion of very large diameter tubes [14]. The large diameter
spread in the CVD made nanocyl SWCNT samples was
recognized previously [21] and in fact the sample contains
not only SWCNTs but also double-wall carbon nanotubes
(DWCNTs). For the results presented here, the important
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Fig. 1. The RBM mode range for the L-SWCNT sample for (a) 488 nm

and (b) 676 nm laser excitations. Note the large spectral spread of the

modes from 155 to 310 cm™.
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factor is the presence of nanotubes with large inner diame-
ter, irrespective whether these are SWCNTs or DWCNTs.

In Fig. 2, we show the spectral range that contains the
Ceo pentagonal pinch mode (PPM) or A4,(2) mode at
1469 cm™! [22] and the nanotube G modes around
1590 cm ™! [19] for the L-SWCNT sample after filling (a)
and after removal (b) normalized by the intensity of the
G mode. The presence of a strong PPM mode for the filled
sample indicates an abundant filling with Cgy. The same
signal is absent for L-SWCNT tubes which are closed prior
to the fullerene filling with a heat treatment following Ref.
[17]. The PPM signal is present again with the same magni-
tude as in Fig. 2a (spectrum not shown) in L-SWCNT
samples which are filled with fullerenes after closing and
re-opening by air oxidation. These experiments prove that
the PPM signal indeed comes from fullerenes encapsulated
inside the tubes.

When normalized by the G-mode, the PPM intensity
provides a direct measure of the encapsulated Cgo content
in the filled and fullerene depleted samples [23,24]. Clearly,
at least 80% of the encapsulated fullerenes are removed for
the depleted sample. We verified that the filling and
removal can be arbitrarily repeated on the same sample.
Similar removal attempts were not successful for the S-
SWCNT sample, which proves that the diameter of the
tubes play an important role.

The absolute amount of encapsulated Cgy can be cali-
brated against the relative intensity of the PPM and the
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Fig. 2. The L-SWCNT G mode around 1590 cm ™! and the fullerene PPM
spectrum at 1469 cm™! for the (a) vapor filled peapods, (b) after fullerene
removal in dichlorobenzene at 488 nm laser excitation and ambient
temperature and (c) the spectra after filling closed L-SWCNT with Cgo
with a clear absence of any fullerene modes.

G modes for SWCNTs with a narrow diameter distribution
such as that of the S-SWCNT sample [24]. This gives Ippni/
I =8x10"" [24] at the 488 nm excitation for the L-
SWCNT sample that is larger than the corresponding value
for S-SSWCNTs of Ippm/IG ~ 4 x 107>, This shows that the
magnitude of the PPM mode in the L-SWCNT sample is
consistent with a good fullerene filling and the factor two
difference can be explained by the larger inner volume in
the L-SWCNT sample (due to the number of large dia-
meter tubes).

HR-TEM studies on the peapod L-SWCNT samples
show the so-called silo-crystal arrangement [12] for larger
diameter tubes and regular chain of fullerenes for the smal-
ler diameter tubes. This is in agreement with Ref. [21],
where peapods from nanotubes from the same source were
studied. After the fullerene removal, the same type of nano-
tubes appear depleted, although a more quantitative char-
acterization is not possible with microscopy.

The spectroscopic details of the peapod PPM mode hold
information about the tube—fullerene interaction. It is well
known that the tube—Cg interaction causes a 3 cm ™! down-
shift of this mode in peapods to 1466 cm™' from the
1469 cm ™! value in crystalline Cgy [22,25]. In Fig. 3, we
show this for the S-SWCNT based peapod samples (b in
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Fig. 3. The PPM mode of fullerenes for crystalline Cg (a), small diameter
S-SWCNT peapods (b), large diameter L-SWCNT peapods (c), and for
depleted L-SWCNT peapod measured with the 4 =488 nm laser excita-
tion. The Raman shift values as determined from fits are given. (c) and (d)
are normalized together by the G-band intensity. Vertical dashed line are
intended to guide the eye.
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Fig. 3). Surprisingly, the PPM mode for the L-SWCNT
sample (c in Fig. 3) is only shifted by 0.5 cm™! which is
within our experimental accuracy (0.5 cm™!) of the Raman
shift measurement, indicating a weaker-interaction between
the tubes and the fullerenes. The strength of the tube—fuller-
ene interaction and the corresponding Raman shift proba-
bly shows a distribution due to the largely distributed
nature of the tube diameters in the L-SWCNT sample.
When fullerenes are removed from the L-SWCNT sam-
ple (Fig. 3d) the PPM signal of the residual fullerenes can
not be described by a single Lorentzian line as shown in
the figure. The line shift can be rather described by the first
spectral moment that is 1467 cm™!. This means fullerenes
with unshifted PPM modes are selectively removed from
the sample, confirming the previous result that fullerenes
are removed from the large diameter tubes, whereas they
remain encapsulated in the smaller diameter ones.
Additional information about the peapod structure for
the L-SWCNT sample can be gained from structural anal-
ysis with X-ray diffractometry. In Fig. 4, we show the dif-
fraction profiles for the empty and peapod SWCNT
samples with large and small diameters. For small diameter
peapods (Fig. 4b) it is known that the structure-factor of
the one-dimensional Cgy-chain inside the tubes causes a
modulation of the Bragg pattern from the hexagonally
arranged SWCNTs (to so-called bundle-peaks, arrows in
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Fig. 4. X-ray diffraction profile for empty and C filled L- and S-SWCNT
samples (a—b). Arrows and asterisks indicate the bundle- and chain-peaks
as defined in the text, respectively. The diffraction profiles are normalized
to the intensity of the low ¢ background. The difference between the
peapod and empty L-SWCNT diffractograms shows the modulation of the
bundle-peaks due to the 1D Cgp-chain structure-factor. The simulated
profile for the latter is also shown.

the figure) [26,27,10]. The Bragg peak at 4.5nm™' is
reduced and the Bragg peaks in the range of 6-8 nm™!
and around 13nm~' are increased (the so-called chain
peaks, asterisks in the figure) in the vicinity of the struc-
ture-factor maxima of the 1D Cgo-chain (simulation shown
in the figure).

The starting empty L-SWCNT sample does not show
well resolved bundle-peaks, which can be explained by
the larger spread in tube diameter distribution, which
clearly affects the diffraction profile. However, the differ-
ence in scattering intensity between the peapod and empty
L-SWCNT samples, clearly shows an increase in the dif-
fraction intensity in the peapod L-SWCNT sample for
the ranges where the 1D Cgg-chain structure-factor has a
maximum. This, we identify as evidence for the modulation
of the empty L-SWCNT (diffraction profile due to the
encapsulated fullerenes, and therefore, as evidence for a
large filling of the L-SWCNT samples with fullerenes. No
crystalline Cgo phases were observed. Therefore, the nomi-
nal C4 Raman signal arises from the encapsulated fulle-
renes. It is interesting to note here, that the nominally
larger tube diameters and the resulting staggered arrange-
ment of the fullerenes [12]in the L-SWCNT sample reduces
the linear Cgo—Cgo lattice constant and the chain-peaks
appear at higher scattering vector values than for the pea-
pod S-SWCNT sample.

Our experiments shows that the encapsulation and
depletion have a delicate energetics: Cgos are strongly
enough bound inside the tubes so that temperatures up
to 650-800 °C does not remove them, however weakly
enough bound so that a solvent such as dichlorobenzene
can dissolve from the inside. For d~ 1.4 nm tubes the
energy yield per encapsulated Cgy is ~1 ¢V [8]. As men-
tioned, fullerenes can not be removed from such tubes.
We thus suggest that Cgy binding energy is substantially
lower for the larger diameter tubes in agreement with the
trend shown by the calculations [28]. It is also possible that
not only the energetics of the encapsulation but the geo-
metry of the fullerenes also plays a role as for the larger
diameter tubes there is a larger effective surface where the
solvent can surround the encapsulated fullerenes and ulti-
mately dissolve them.

4. Conclusion

In summary, we report on the reversible encapsulation
and removal of fullerenes inside large diameter carbon
nanotubes where the so-called silo-crystals are formed.
We expect that the same procedure could be applied for
water soluble functionalized fullerene adducts with the
use of solvents with different solubility for the adduct. It
is anticipated that eventually the described method finds
applications in biological environments as a drug delivery
method.

Note added in proof

During the preparation of this manuscript, similar
results about the release of fullerenes from nanotubes were
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reported by Fan et al. [29]. However, in that work mainly
HR-TEM was used for the analysis and the tube diameters
studied were considerably larger than in our case.
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