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Atomic structure and stability of elliptical carbon onion
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Abstract. Elliptical carbon onions were produced from amorphous carbon by electron beam irradiation.
Atomic structure and structural stability of the onion were investigated by high-resolution electron mi-
croscopy, molecular mechanics calculation and molecular orbital calculation, and a structure model of
C24@C84 was proposed at the center of the elliptical onion.

PACS. 61.48.+c Fullerene and fullerene-related materials – 61.16.-d Electron, ion, and scanning probe
microscopy – 31.15.Ct Semi-empirical and empirical calculations (differential overlap, Hünkel,
PPP methods, etc.)

1 Introduction

Carbon nanostructures have been studied in recent years,
since they have a high potential for many technological ap-
plication [1-5]. They have various structures such as C60,
giant fullerenes, nanocapsules, onions, nanopolyhedra,
cones, cubes and nanotubes. Cluster-included fullerene
materials are especially interesting because they have ap-
plications such as nano-ball bearings and biotechnologies.
The formation of carbon onions with sphere shape by
electron-beam irradiation has been reported, which is a
useful method for the in-situ synthesis [6–8].

The purpose of the present work is twofold. The first is
to prepare a new onion structure. An electron-beam irra-
diation technique was used for the formation. The second
purpose is to investigate the produced onion structures by
high-resolution transmission electron microscopy (HREM)
and theoretical calculations.

2 Experimental procedures

Amorphous carbon was fabricated by annealing polyvinyl
alcohol at 400 ◦C in Ar [9]. The amorphous carbon was
irradiated by an electron beam for 30 min under a beam
current of 100 µA cm−2 at 1250 kV. This beam current is
twenty times as large as that of ordinary observation by
electron microscope [10,11]. To understand the formation
mechanism of the cage structures, high-resolution electron
microscopy was carried out for microstructure analysis.
Theoretical calculations for structure stability were car-
ried out by molecular mechanics calculations (MM2) and
molecular orbital calculations (MOPAC).
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Table 1. Calculated values of C24 and C84.

C24 C84

Lateral size (nm) 0.463 0.947

Vertical size (nm) 0.333 0.674

Inter-atomic distance

of the 5-membered rings (nm) 0.1523 0.1441

Inter-atomic distance

of the 6-membered rings (nm) 0.1423 0.1424

Total steric energy (kcal/mole) 144 178

Heat of formation (kcal/mole) 776 990

3 Results and discussion

A HREM image of an elliptical onion with six carbon lay-
ers after electron-beam irradiation of amorphous carbon is
shown in Fig. 1(a). The carbon vibration was also observed
at the surface of the onion. There would be C24 and C84

cluster at the center of the elliptical onion from the sizes
of 0.4 nm and 0.9 nm. The structure models of C24 and
C24@C84 are proposed, as shown in Figs. 1(b) and 1(c).
The C24 and C84 structures are optimized by molecular
orbital calculations using PM3. The inter-atomic distances
of the carbon atoms are listed in Table 1. The inter-atomic
distance of 5-membered rings of C24 is larger than that
of C84, which would be due to the adjacent 5-membered
rings of C24 and the calculation results indicates that
the C24 would be more stable than C84. The C24@C84

cluster is also optimized by molecular mechanics calcu-
lations (MM2), and the C84 cluster shrank slightly after
the calculations. The lateral and vertical size of C24@C84

are 0.926 nm and 0.782 nm, respectively. If outer clus-
ters were calculated together, the size of the onion would
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Fig. 1. (a) HREM image of the elliptical carbon onion. Struc-
ture models of (b) C24 and (c) C24@C84 clusters.

additionally shrink and agree well with the observed im-
age. HREM images of C24 and C24@C84 calculated along
the [100] direction of the projected unit cell as a function
of defocus values are shown in Figs. 2(a) and 2(b), respec-
tively. The experimental data agree with HREM images
calculated at the defocus value of 50 nm.

The onion would be formed from outside because C24

is too unstable to be fabricated, compared to C60 and
related giant fullerenes. The most outside layer would be
formed first time, and inside layers would be formed by
gradation. In the end, the number of remaining carbon
atoms is important to construct the structure at the center
of the onion, so that C24 would be formed in the present

Fig. 2. Calculated HREM images of (a) C24 and (b) C24@C84

clusters as a function of defocus values.

work. Concerning the shape and the size of the onion, the
center of the onion would be C24, and the onion would
have any effect from the carbon layer located outside.

4 Summary

The new elliptical-onion structure with 6 carbon layers
was produced. HREM observation, image calculations,
molecular mechanics calculations and molecular orbital
calculation were performed for structure analysis. The
structure model of C24 was proposed at the center of the
elliptical onion, and the heat of formation was calculated
to be 776 kcal/mole. The stability of C24@C84 were also
calculated, which indicates they are stable. Image simu-
lations of the C24@C84 clusters agree with the observed
images of the elliptical onion.



H. Kitahara et al.: Atomic structure and stability of elliptical carbon onion 363

The authors would like to acknowledge Prof. K. Hiraga and
Mr. E. Aoyagi for allowing us to use the electron microscope.
This work was partly supported by Grant-in-Aid for Scientific
Research, Ministry of Education, Science, Sports and Culture,
Japan.

References

1. H.W. Kroto, J.R. Heath, S.C. O’Brien, R.F. Curl, R.E.
Smalley, Nature 318, 162 (1985).

2. S. Iijima, Nature 354, 56 (1991).
3. Y. Chai, T. Guo, C. Jin, R.E. Haufler, L.P.F. Chibante, J.

Fure, L. Wang, J.M. Alford, R.E. Smalley, J. Phys. Chem.
95, 7564 (1991).

4. R.S. Ruoff, D.C. Lorents, B. Chan, R. Malhotra, S.
Subramoney, Science 259, 346 (1993).

5. M. Tomita, Y. Saito, T. Hayashi, Jpn J. Appl. Phys. 32,
L280 (1993).

6. D. Ugarte, Nature 359, 707 (1992).
7. Q. Ru, M. Okamoto, Y. Kondo, K. Takayanagi, Chem.

Phys. Lett. 259, 425 (1996).
8. F. Banhart, P.M. Ajayan, Nature 382, 433 (1996).
9. T. Oku, K. Niihara, K. Suganuma, J. Mater. Chem. 8,

1323 (1998).
10. T. Oku, T. Hirano, K. Suganuma, S. Nakajima, J. Mater.

Res. 14, 4266 (1999).
11. T. Oku, T. Hirano, M. Kuno, T. Kusunose, K. Niihara, K.

Suganuma, Mater. Sci. Eng. B 74, 206 (2000).


