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Filling of single-wall carbon nanotubes with C,,N azafullerene derivatives is reported from toluene sol-
vent at ambient temperature. The filling is characterized by high resolution transmission electron micros-
copy and Raman spectroscopy. The tube—azafullerene interaction is similar to the tube—C,, interaction.
The encapsulated C,,N monomer radical is observed using electron spin resonance spectroscopy after
vacuum annealing of the azafullerene derivatives.
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1 Introduction

The hollow space inside single-wall carbon nanotubes (SWCNTSs) has recently attracted considerable
attention. The area was opened by the discovery of Cg, fullerenes encapsulated inside SWCNTSs, the
peapods [1]. It was found that chemical reactions can take place inside the tube such as charge induced
polymerization [2] or fusion of the C, spheres to inner tubes [3, 4]. The breakthrough to further explore
the in-the-tube chemistry was the development of fullerene encapsulation at ambient temperatures [5—9].
Conventional peapod synthesis involves heating the sample above 400—500 °C [10, 11], which most
fullerene derivatives do not tolerate. Cs,N, the on-ball nitrogen doped modification of fullerene, has a
rich chemistry due to its enhanced reactivity as compared to pristine fullerenes and can be synthesized in
macroscopic amounts [12, 13]. The electronic state of C5,N and its derivatives is strongly modified com-
pared to Cg, [14]. Encapsulating azafullerene peapods would be advantageous as they are expected to go
preferably inside the SWCNTSs similarly to all-carbon fullerenes, however their sizeable dipole moment
adds a further degree of freedom for their applications in e.g. ambipolar transistor [15]. Cs,N forms a
non-magnetic dimer crystal, where the (Cs,N), units are non-magnetic singlets [12]. However, the mag-
netic Cs,N monomer radical can be stabilized when it is dilutely mixed in Cy, [16]. It is expected that
similarly, encapsulated C;,N monomers might be magnetic if separated by C.

Here, we present the encapsulation of azafullerene derivatives inside SWCNTs. We use a low tem-
perature synthesis method at ambient conditions. The encapsulation is proven by high-resolution trans-
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mission microscopy and Raman spectroscopy. The latter method shows that the tube—azafullerene inter-
action is similar to the tube—Cy, interaction. High temperature annealing removes the side-group giving
rise to the ESR active C5,N monomer radical.

2 Experimental

Commercial SWCNT (Nanocarblab, Moscow, Russia) grown with the arc-discharge method and purified
to 50 wt% was used to synthesize the peapods. The mean value, d =1.40 nm, and the variance,
o =0.1 nm, of the tube diameters were determined from multi-laser Raman measurements [17]. The
starting azafullerene, (Cs,N),, was prepared according to standard procedures [12]. The 4-hydroxy-3,5-
dimethyl-phenyl-hydroazafullerene (Cs,N-der in the following) was prepared from 60 mg (41.66 umol)
(C5N), and 135 mg (0.7 mmol, 10 eq.) p-toluenesulfonic acid dissolved in 100 ml 1,2-dichlorobenzene.
43 mg (351 pmol, 5 eq.) 2,6-dimethylpenol was added to this solution. The reaction mixture was heated
to 150 °C for 15 min while being in a constant air stream. The product formed was isolated by flash
chromatography with toluene eluent. The product was precipitated from CS,/pentane, washed three times
with pentane and dried in high vacuum and its molecular structure is shown in Fig. 1. The material was
characterized by 'H and *C NMR and mass spectroscopy. Fullerene encapsulation was performed with
the modification of the low temperature solvent method [7]: open SWCNTs were added to 1 mg/1 ml
fullerene—toluene solutions and sonicated for 1 h in an ultrasonic bath (ELMA T460H, 35 kHz, 600 W
power). The resulting material was filtered from the solvent, re-suspended in excess toluene to remove
non-encapsulated fullerenes and re-filtered. Raman spectroscopy was performed on the bucky-papers.
The material was then vacuum annealed at 1250 °C for 2 hours for the growth of inner tubes from the
encapsulated material following Ref. [3, 4]. The peapods were annealed in dynamic vacuum at 600 °C
for 15 min to remove the side-group. After this, the materials are air sensitive and were sealed under He
in quartz tubes.

High resolution transmission electron microscopy (HR-TEM) was performed on a TECNAI F20 field
emission microscope at 120 kV. Raman spectroscopy was done on a Dilor xy triple spectrometer in the
488—676 nm range with an Ar—Kr laser at room temperature. We used Raman spectroscopy to charac-
terize the diameter distribution of the SWCNTSs and to determine the concentration of encapsulated
fullerenes. ESR studies were performed with a microwave power of 0.1 mW and 0.02 mT magnetic field
modulation in a Bruker Elexsys X-band spectrometer in the 10—600 K temperature range. This power
and magnetic field modulation preserves the intrinsic ESR line-shapes.

3 Results and discussion

In Fig. 2, we show a HR-TEM micrograph of the Cs,N-der encapsulated inside SWCNTs. HR-TEM
shows an abundant filling of the tubes, however it does not provide a quantitative measurement of the

Fig.1 Schematic structure of the 4-hydroxy-3,5-dimethyl-
phenyl-hydroazafullerene.
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Fig.2 HR-TEM micrograph of Cy,N-der encapsulated inside SWCNTs. The solid line shows a cross-

section profile of the micrograph. Arrows indicate C,,N-der pairs whose centers are only 0.7—0.8 nm
apart.

filling efficiency that is determined from Raman spectroscopy. A cross section profile through the center
of the encapsulated azafullerenes enables to determine their separation as the low and high values of the
profile indicate bright and dark parts, respectively. Interestingly, we found 0.7—0.8 nm separation for
some C,,N-der pairs (indicated by arrows in Fig. 2) in contrast to the ~1 nm separation that is observed
for encapsulated Cgq, peapods [1, 18]. This might be attributed to the presence of the strongly polar side-
group of CsN-der.

In Fig. 3, we show the Raman spectra of the pristine and encapsulated C;,N-der. The Raman spectra
of the peapod sample (lower curve in Fig. 3) in the plotted frequency range consist of the SWCNT
G-modes around 1550 cm™' and additional lines related to the Raman active modes of the encapsulated
azafullerene derivative [2]. The major Raman modes of the pristine C;,N-der are similar to those of the
(C5N), dimer [19]. Here, we focus on the strongest mode that is observed at 1459.2 cm™'. This mode is
derived from the C4 4,(2) mode and is downshifted to 1457 cm™ after the encapsulation procedure. The
2.2 cm™ downshift proves the encapsulation of the molecule inside the SWCNT. When encapsulated
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a) Fig. 4 ESR spectra of C,N:Cy@SWCNT (a) and
crystalline C,,N:Cg, (b) at 300 K. Arrows indicate the
CyN:C @SWCNT C,,N—Cq, heterodimer component. Solid curves show
a deconvolution of the ESR signal into the triplet and
— the heterodimer components for the peapod material.
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inside SWCNTs, the corresponding 4,(2) mode of C,, downshifts with 3 cm™', which is assigned to the
softening of the Cy, 4,(2) vibrational mode due to the interaction between the ball and the SWCNT wall [2].
The slight difference between the downshift for the azafullerene and for the Cy, 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™' mode is broadened from 4.5 cm™ FWHM in the pristine material to
10 cm™ FWHM in the encapsulated one. This is similar to the values found for encapsulated Cy, [2].

In Fig. 4, we show the room temperature ESR spectra for the peapod sample after vacuum annealing
and also for a crystalline C;,N:Cy, from Refs. [16, 20]. C,, was co-encapsulated together with the aza-
fullerene derivative to separate the Cs,N monomers. The spectra consists of a "“N (/ = 1) hyperfine triplet
and an additional line (arrows in Fig. 4) from C;,N—Cg, covalently bound heterodimers [20]. A triplet
structure with somewhat asymmetric line-shapes and different line-widths is observed for the peapod
sample. The hyperfine coupling constant of the triplet structure is identical for both samples within ex-
perimental precision and is thus identified as the ESR signal of rotating Cs,N monomer radicals.

The additional component observed for the peapod sample (arrow in Fig. 4a) is identified as a CsoN—
Cgo heterodimer as it has an identical g-factor as in the crystalline material. For the peapod sample a
broader line with AH,, ~ 0.6 mT is also observed. All ESR signals appear upon heat treatment only,
however, the broader component is present in reference samples without encapsulated C;,N-der and is
identified as a side-product. Annealing at 600 °C is the optimal heat treatment as smaller temperatures
result in smaller triplet signal and higher temperatures only increase the broad impurity signal. The ob-
servation of encapsulated C;,N monomer radical is the second example after the encapsulated N@Cy, of
an encapsulated magnetic fullerene [7, 9].

4 Summary

In summary, we presented the preparation of fullerene peapods with a derivative of the azafullerene C;,N
using a low temperature synthesis method. The encapsulation efficiency of the azafullerene is the same
as that of C, fullerenes. We observed the C;)N monomer radicals embedded inside SWCNTSs upon heat
treating the azafullerene derivative peapods. The material is an important step toward the realization of
confined linear spin-chains, which might find application in e.g. quantum information processing.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com



Original

Paper

phys. stat. sol. (b) 243, No. 13 (2006) 3267

Acknowledgement This work was supported by the Austrian Science Funds (FWF) project Nr. 17345, by the
Hochschuljubildumsstiftung der Stadt Wien project H-175/2001, by the Hungarian State Grants No. TS049881,
F61733 and NK60984, by the Deutsche Forschungsgemeinschaft (DFG), and by the EU projects BIN2-2001-00580,
and MERG-CT-2005-022103. FS acknowledges the Zoltan Magyary postdoctoral fellowship.

References

rian W. Smith, Marc Monthioux, and David E. Luzzi, Nature 396, 323/324 (1998).
. Pichler, H. Kuzmany, H. Kataura, and Y. Achiba, Phys. Rev. Lett. 87, 267401-1—4 (2001).
. W. Smith and D. E. Luzzi, Chem. Phys. Lett. 321, 169—174 (2000).
. Bandow, M. Takizawa, K. Hirahara, M. Yudasaka, and S. lijima, Chem. Phys. Lett. 337, 48—54 (2001).
L. Noé and M. Monthioux, Sixth National Colloquium of GDR nl1752 CNRS on Carbon Nanotubes,
Villeurbanne, France, 2003.
[6] M. Yudasaka, K. Ajima, K. Suenaga, T. Ichihashi, A. Hashimoto, and S. Iijima, Chem. Phys. Lett. 380, 42—46
(2003).
[7]1 F. Simon, H. Kuzmany, H. Rauf, T. Pichler, J. Bernardi, H. Peterlik, L. Korecz, F. Fulop, and A. Janossy,
Chem. Phys. Lett. 383, 362—367 (2004).
[8] M. Monthioux and L. Noé, in: Proceedings of IWEPNM 2004, Kirchberg (Austria), AIP Conference Proceed-
ings Vol. 723 (AIP, 2004).
[91 A. N. Khlobystov, D. A. Britz, J. W. Wang, S. A. O’Neil, M. Poliakoff, and G. A. D. Briggs, J. Mater. Chem.
14, 2852-2857 (2004).
[10] B. W. Smith, M. Monthioux, and D. E. Luzzi, Chem. Phys. Lett. 315, 31-36 (1999).
[11] H. Kataura, Y. Maniwa, T. Kodama, K. Kikuchi, K. Hirahara, K. Suenaga, S. lijima, S. Suzuki, Y. Achiba, and
W. Kritschmer, Synth. Met. 121, 1195/1196 (2001).
[12] J. C. Hummelen, C. Bellavia-Lund, and F. Wudl, Heterofullerenes, Topics in Current Chemistry Vol. 199
(Springer, Berlin, Heidelberg, 1999), p. 93.
[13] A. Hirsch and B. Nuber, Acc. Chem. Res. 32, 795-804 (1999).
[14] T. Pichler, M. Knupfer, M. S. Golden, S. Haffner, R. Friedlein, J. Fink, W. Andreoni, A. Curioni, M. Kesha-
varz-K, C. Bellavia-Lund, A. Sastre, J.-C. Hummelen, and F. Wudl, Phys. Rev. Lett. 79, 3026—3029 (1997).
[15] T. Shimada, T. Okazaki, R. Taniguchi, T. Sugai, H. Shinohara, K. Suenaga, Y. Ohno, S. Mizuno, S. Kishimoto,
and T. Mizutani, Appl. Phys. Lett. 81, 4067—-4069 (2002).
[16] F. Fulop, A. Rockenbauer, F. Simon, S. Pekker, L. Korecz, S. Garaj, and A. Janossy, Chem. Phys. Lett. 334,
223 (2001).
[17] H. Kuzmany, W. Plank, M. Hulman, Ch. Kramberger, A. Griineis, Th. Pichler, H. Peterlik, H. Kataura,
and Y. Achiba, Eur. Phys. J. B 22, 307-320 (2001).
[18] K. Hirahara, K. Bandow, S. Suenaga, H. Kato, T. Okazaki, T. Shinohara, and S. Iijjima, Phys. Rev. B 64,
115420-1-5 (2001).
[19] H. Kuzmany, W. Plank, J. Winter, O. Dubay, N. Tagmatarchis, and K. Prassides, Phys. Rev. B 60, 1005—-1012
(1999).
[20] A. Rockenbauer, G. Csanyi, F. Filop, S. Garaj, L. Korecz, R. Lukdcs, F. Simon, L. Forr6, S. Pekker,
and A. Janossy, Phys. Rev. Lett. 94, 066603 (2005).

(1] B
2] T
[3] B
[4] S
(3]

www.pss-b.com © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



