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Theoretical Ph}’SiCS Institute \ Recently, there has been tremendous progress in the understanding of
University of Minnesota ‘ fullerenes—intriguing cage-like molecules of carbon atoms. Their physical
and chemical properties have been the subject of much attention. While the
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experimental fullerene extract is dominated by Cgp and Cro, larger fullerenes
Relative Stability of Crs Isomers such as Cyg, Crs, and Cgq, have also been isolated [1-5]. Experimental anal-
ysis by *C nuclear magnetic resonance (NMR) spectroscopy has been very
X.-Q. Wang useful in clarifying the structural properties of these molecules. Consistent
Theoretical Physics Institute, University of Minnesota, . ‘ with theoretical predictions, the ground-state geometries of Cgg, Crg, and Creg
116 Church Street S.E., Minneapolis, Minnesota 55455 R s 7 lb . _ ':| have been characterized to possess Ix, Dsi, and helical-D, symmetries [1,6,7],
and Center for Theoretical Studies of Physical Systems, l_ o . PR | ; res.pectively. A useful guideline for determining candidates for the ground-
Clark Atlanta University, Atlanta, Georgia 30314 s | ) -_ A state geometries of fullerenes is to search for cage structures composed of
C. Z. Wang, B. L. Zhang, and K. M. Ho Voo o \ o pentagons and hexagons, without any adjacent pentagons. This empirical
Ames Laboratory—U.S. Department of Energy, Department of L;:' - isolated-pentagon rule, arising from necessity of reducing the surface stress
Physics and Astronwiny, fowa State University, Ames, fow SB0ES of the cage, provides a practical way to predict the ground-state structure. In
‘f b= . ‘ i fact, for Cgp and Crg, each has only one isolated-pentagon isomer which cor-
The structural and electronic properties of the five Crg isolated-pentag§n e . responds to the ground-state configuration. For Cre, the chiral-D; structure

isomers are studied using all-electron local-density functional calculations is one of the two possible isolated-pentagon isomers [1,8].
with complete geometry optimization. The results are compared with avail-'"l"" ' R For Cys, there are five topologically distinct isolated-pentagon isomers [9],
able experimental data, and suggest that kinetic factors play an important 'K' i | ) | two with C,, symmetry, one with D3, and the other two with D3y, as shown in
role in the formation of large fullerenes. o P .- ; \ '.T,g Fig. 1. Using Hiickel theory, Fowler, Batten and Manolopoulos [9] predicted
PACS numbers: 31.20.Sy, 36.40.+d, 33.10.-n \\ ) = "7 » ‘,A T that the closed-shell D}, isomer of Fig. 1(e) should be the most stable
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geometry. However, empirical tight-binding calculation by Zhang, Wang,
and Ho [10] and modified neglect of differential overlap (MNDO) calculation
by Raghavachari {11] revealed that the Dj, isomer is in fact energetically
rather unfavorable. Recently, the structure of Csg has been studied using
NMR technique by two different groups [4,5]. As a step towards a complete
understanding of the structural and electronic properties of Cg isomers, we
have performed first-principles local-density-functional calculations for all
five isolated-pentagon isomers mentioned above. Our calculations show that
the C}, isomer has the lowest energy, and the ordering in binding energies for
the remaining isomers is D3y, Csy, D3, and Dj,. The results are compared
with the available experimental data.

The present calculation was carried out using first-principles density-
functional methods for molecules with analytical energy gradients [12]. The
Hedin-Lundqvist form [13] was used for the exchange-correlation energy of
the electron within the local-density-approximation (LDA). We used a double-
numerical basis set in the calculation. This scheme has been previously tested
for Cep and Cyo [14], and has been applied to Cs4 [14] for which two isomers,
one with D, and another with D,y symmetries, were predicted to be most
stable, consistent with recent experimental observation [5].

Our search for the optimized structures of the five C;5 isomers was per-

formed in three steps: (i) construction of the topological network using a

‘face-dual’ network generating scheme proposed by Zhang, Wang, and Ho
{10}, (i1) simulated annealing optimization with tight-binding molecular-
dynamics (TBMD) without symietry constraints, and finally, (i11) conjugate-
gradient minimization of the resultant structures using first-principles LDA
calculations. The optimized structures have carbon-carbon bond lengths
ranging from 1.364 to 1.458 A, 1.359 to 1.459 A, 1.363 to 1.475 A, 1.371 to
1.458 A, and 1.343 to 1.454 A for the five isomers shown in Figs. 1(a)-1(e),
respectively. To provide detailed information on the structural properties of
the isomers, we present in Fig. 2 the calculated radial distribution function
J(r). As seen in Fig. 2, the radial distribution functions for the five isomers
are similar except for a peak in the radial distribution of the Dj isomer near
5.8 A which is not present for the other isomers.

The results for the binding energies and the gaps between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of the five Cyg isomers are summarized in Table I, along
with the corresponding results of TBMD [10] for comparison. Our calculation
shows that the Cj, isomer shown in Fig. 1(a) is energetically most favorable.
The Dgy, Cay, D3, and Dj, isomers shown in Figs. 1(b)-1(e) have binding
energies per molecule of about 0.14, 0.19, 0.33, and 1.11 eV, respectively,
higher than that of the ground-state C}, isomer.

There is an interesting correlation between the binding energy and the



distribution of pentagons in the large fullerenes isomers. In our previous
study of Cg4 [14], we have noted that the lower energy isomers tend to have
less cap configurations (i.e. the configuration in which a hexagon is sur-
rounded by three non-adjacent pentagons). This tendency is also observed
here for the Crg isomers. In the lower energy Cj, and Dj; isomers, only two
cap configurations are found for each isomer. While in the higher-energy Dj
and Dj, isomers, the pentagons are confined in the pole regions, leading to
as many as eight cap configurations for each isomer. The C3, isomer of Fig.
1(c) has six cap configurations and its energy is intermediate between the
other four isomers. This correlation indicates a tendency to distribute the
pentagons as far apart as possible in order to minimize the local stress.

Experimental studies of the structure of C7g isomers have been reported

by Diederich et al. [4] and by Kikuchi et al. [5]. These two experimental -

groups obtained different products under slightly different synthesis condi-
tions. Diederich et al. [4] observed a mixture of the Cs, and Dj isomers
forming in a ratio of 5:1, while Kikuchi et al. [5] found a mixture consisting
of the Cj,, Cs,, and Dj; isomers in a ratio of 5:2:2. Our results are consistent
with the observation by Kikuchi et al. [5] that the C}, isomer shown in Fig.
1(a) is the most abundant isomer. However, it should be noted that apart
from the D, isomer, all the other four isomers are quite close in energy and

thus kinetic factors may play a role in determining the relative abundance

of the various isomers. It is interesting to note that the Dsy isomer, which
is the second best in energy among the five isomers, has not been observed
in both experiments. This seems to suggest that a complete explanation of
experimental results has to consider the details of the kinetics and mecha-
nism of fulleréne formation in addition to the energetics. In a systematic
study of structures and stabilities of carbon fullerenes in the range Cyo to
Co4 using tight-binding calculations, Zhang et al. {15] observed that the most
abundant fullerene isomers usually have both relatively low energy and rela-
tively large HOMO-LUMO gap. It is expected that, in general, isomers with
smaller HOMO-LUMO gaps tend to be more chemical reactive. We note
that the Dy, isomer has a relatively small HOMO-LUMO gap, and so does
the ground-state Cj, isomer. Thus, chemical reactions in the formation and
extraction process may provide a clue to understand the discrepancies in the
two experiments, and the fact that the D3, isomer was not found in both
experiments.

It is worth pointing out that the HOMO-LUMO gap is also directly re-
lated to the particle-hole excitations and the many-body correlation effects.
The discussion of many-body effects which can not be handled by the con-
ventional calculation methods based upon one-electron pictures (e.g., LDA
and tight-binding) is beyond the scope of this paper. We hope to pursue this

issue in a separate study.



Another piece of useful information concerning the molecule is its elec-
tronic density-of-states (DOS), which can be probed by photoemission and
inverse photoemission experiments. In Fig. 3, our results for the electronic
DOS of the five isomers are plotted. This should provide useful information
for future experimental studies. It should be noticed that the DOS for the five
isomers is pretty similar, but a double peak exists for D3, below the HOMO.
This may be a distinctive feature worth more experimental attention.

In summary, we have performed first-principles local-density functional
calculations of the electronic and geometric properties of all isolated-pentagon
isomers of C7s. The resulting picture indicates that kinetic factors in the
fullerene formation process may have a crucial influence on the yield of the
various isomers in the product.
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Figure Captions

FIG. 1. Optimized equilibrium geometry of (a) Cj,, (b) Da, (c) Cay, (d) D3,

and (e) Dj, Crg isomers. These notations were used in Refs. [4,5].

FIG. 2. Radial-distribution functions for the five Cs isomers. Here, J(r) is
defined such that J(r)dr gives the average number of atomns whose distance

from a given atom is between r and r + dr.

FIG. 3. Molecular energy levels of the five Csg isomers and the associated
density of states per cluster obtained by the Lorentzian broadening (0.25 eV)

of the discrete energy levels. Zero is defined as the energy position of HOMO.



Table 1: Binding energies per atom (in eV), HOMO-LUMO gaps (in eV), and
the number of distinct NMR lines for Cgp and five C7g molecules. Etg and
Eipa are binding energies calculated using TBMD and LDA, respectively.
Appa and Arg are HOMO-LUMO gaps calculated using LDA and TBMD,

respectively.

Molecule Symmetry Etp Eipa  Apa Ars NMR

Ceo Iy -8.0084 -8.0803 1.714 1.610 1

Crsa Cy, -8.0645 -8.1402 0.746 0.493 22
D3y, -8.0633 -8.1383 0.562 0.353 8
Cay -8.0609 -8.1377 1.123 0545 21
Dy -8.0604 -8.1359 0.775 0443 13

D, ~ -8.0528 -8.1259 1.668 1373 8

10




“U i
-
(b) ' Dy,
By
3 (C) CZ’U
S | e,

Density of States

00 20 40 60 80 100 -20.0 -10.0 0.0

(o) Dy

_M WW ;lll)llll LT RO O MRS AW

(e) Dy, ¢ Dan
LA A, Mmmﬁmﬁm

10.0



