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Abstract

Cois a fullerene with a conformation that has been proposed as T, Dy, D4y and D sy symmetry groups. The correct structure
has not been determined because it has not been possible to isolate the molecule, but there have been several studies of minor
fullerenes that include it. In this work we present a theoretical study at the GAUSSIAN 94 HF/3-21G level that gives answers
about the principal differences between the mentioned structures and the possible thermodynamic stability of each one.
Furthermore, we include a similar study on the new D, structure that we propose. © 1998 Elsevier Science B.V.
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1. Introduction

Since the discovery of Cg, [1] there have been
numerous experimental and theoretical studies on
the fullerenes, exploring the structures of these types
of compounds (see for example {2]). It has been found
that C4y and C4 are the stable ones; the structure
of the Cq is very well know to be a truncated
icosahedron with symmetry 7, [3]. Several studies
have been done to determine the structure of other
fullerenes, mainly directed towards bigger fullerenes
since they can be detected experimentally (see for
example [4]). Other studies have looked at small
carbon-only compounds, C,, but these have been
limited to special experimental techniques as laser
vaporization [5], mass spectroscopy [6,7] and photo-
electron spectroscopy [8]. These studies have shown
that for small n the structures are linear chains or
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cyclic forms, and that only when #» = 32 are cages
formed.

On the theoretical side, most of the work has
concentrated on the Cq. The geometry has been opti-
mised by several methods [9-13] and all of them
predict an [/, symmetry and bond alternation.
Raghavachari and Binkley [14] have done an accurate
ab initio calculation for carbon clusters for n = 2—10;
they find that for odd n, the geometries of the clusters
are linear chains while for even #, cyclic structures are
preferred. Bakowies and Thiel {15] did MNDO calcu-
lations with complete geometry optimisation for 30
polyhedral carbon clusters for 20 = n = 540 and
provided structures, heats of formation and orbital
energies.

Cyp is one of these cages and several symmetries
have been proposed. Bakowies and Thiel [15] found
that the optimised geometry has symmetry Dsy, Ying-
Duo and Herndon [16] studied fullerenes that have two
four-membered rings and found that symmetry Dy;, is
preferred and Adams et al. [17], using first-principle
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guantum molecular dynamics, found again the Dy
symmetry. Two other symmetries have been
proposed, D4 and T4 [17], but no quantum molecular
calculations have been reported. Finally, in addition to
those four symmetries we found that there is one more
possibility, Dy, This feature opens the question about
which structure will be preferred by this compound.
This is the subject of this paper.

In Fig. 1 the five structures under study are shown.
For the D5y symmetry there are two possible struc-
tures, one where a five-membered ring is surrounded
by five six-membered rings Fig. 1(d) and the other
where the five-membered ring is surrounded by five
five-membered rings Fig. 1(e).

2. Methodology

All calculations were carried out at the HF/3-21G
level using the GAUSSIAN 94 code [18]. The magnetic
susceptibilities were calculated using the continuous
set of gauge transformation method [19]. To relax all
the configurations the following procedure was used:
first, the molecule was constructed with the con-
sidered geometry and an initial relaxation was done
using molecular mechanics with the universal para-
meters [20]. Next, a second minimisation at HF/3-21G
was done keeping the symmetry considerations, and
finally, a geometry optimisation was carried out
removing the symmetry considerations.

For cages with initial symmetry 74 and D3, the full
geometry optimisation reduced the symmetry and the
final geometries obtained were: Dy starting from the
T4 (Fig. 1(b)) and C, starting from the Ds4 (Fig. 1(e)).
The other three geometries, Dy, D4y, and Day, did not
have any problem and even after the full minimisation
they kept the same symmetry with which they started.

3. Results

C4 has been viewed or proposed as belonging to
several possible symmetry groups; as was mentioned
in the Introduction, it is difficult to elucidate which
one is preferred because it has not been isolated.
However, fullerene C4, could appear in some syn-
theses and it is then possible that it could have several
structures.

Some of the isomers proposed are unstable, since
the many symmetrical conformations of C 4 can suffer
some kind of symmetry reduction into a subgroup of
the higher symmetrical group and even the less sym-
metrical isomers are unstable with respect to other
groups of more stable conformations. Among these
stable structures, we found some proposed by Ying-
Duo and Herndon [16], with square faces. Further-
more, we have also included in this set of stable
molecules, a totally new structure designed by us
that belongs to the D, symmetry group. This is a
very interesting structure in which fused five-
membered rings are found. The analysis of the
isomers under study is as follows,

The final geometries show the following features.

® Dsy: the two central five-membered rings are
perfectly regular with a side length of 1.471 A
and are flat; all the other rings are irregular and
slightly twisted (4.1° for the six-membered
rings and 14° for the five-membered rings).
The maximum angle distortion for the six-
membered rings is 1.8° and the side length
variation is 0.132 A. For the other five-
membered rings the maximum angle distor-
tion is 1.0° and the side length variation is
0.172 A.

e Dy, the two four-membered rings are per-
fectly regular with a side length of 1.486 A
and are flat; the six- and five-membered
rings are slightly twisted (10.5 and 11° respec-
tively). The maximum angle distortion for the
six-membered rings is 1° and the side length
variation is 0.177 A. For the five-membered
rings the maximum angle distortion is 1° and
the side length variation is 0.109 A.

¢ D,y there are no regular or flat rings. The
maximum torsion angle is 20°, the largest
bond length is 1.511 A and the shortest
1.389 A. The maximum angle distortion is
1.2° for the six-membered rings and 3.7° for
the five-membered rings.

® Dy there are no regular or flat rings. The
biggest torsion angle is 13.7°, the largest and
shortest bond lengths are 1.513 and 1.321 A,
respectively, the maximum angle distortion is
4° for the six-membered rings and 3.6° for the
five-membered rings.
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Fig. 1. The structure of the five symmetries of C under study: (a) Dyy; (b) Dy initially 7y; (¢) Doy (d) Dsg4; (e) C, initially Ds4. The numbers
indicate the distances in Angstroms. Other distances can be obtained by symmetry.



248 R. Salcedo, L.E. Sansores/Journal of Molecular Structure (Theochem) 422 (1998) 245252

e (,: there are no regular or flat rings. The lar-
gest and shortest C—C distance corresponding
to the original bonds are 1.763 and 1.275 A,
respectively. The maximum angle distortion
for the six- and five-membered rings are 19.9
and 19.1° respectively.

Table 1 shows the total energy (corrected with the
zero point energy) for the Cy in the five symmetries.
The most stable one is the Dsy4 and the least stable the
C,. The energy difference between the Dsy and the
Dy, 1s small (0.90 eV) and that between the Dy, and
the D4 is 0.84 eV. The energy difference between the
D»4 and the D,y is 3.06 eV and that between the D,
and C, is 22.03 eV. It is remarkable that this con-
figuration is stable despite the presence of two cyclo-
butadienes (four-membered rings). Ying-Duo and
Herndon [16] studied several C, structures containing
cyclobutadienes and concluded that for n < 60 the
fullerenes with four-membered rings were more
stable. As expected, the HOMO-LUMO difference
for the Dsg is the biggest one and that for the C, is
the smallest, but the trend is broken by the D, which
has a smaller gap than the Dy This is due to the
presence of the two four-membered rings.

Table 1 also presents the magnetic susceptibilities.
It should be noted that the two most stable structures
are those with higher magnetic susceptibilities.
These structures are antiaromatic since they are 4n
w-electron systems. The Dy, with respect to the Dsy
has a bigger antiaromatic character as indicated by the
reduction of the magnetic susceptibility.

Fig. 2(a—d) shows the HOMOs for the Dsg4, D4y, Dag
and Dy, structures respectively and Fig. 3(a—d) the
LUMO:s for the same. The HOMO and the LUMO
of the D54 are doubly degenerate, the HOMOs are
evenly spread on the six-membered rings, while the

Table 1

LUMGOs are located on the five-membered rings. For
the Dy, structure the HOMO is located on the five-
membered rings that form a belt and none on the two
four-membered rings; however, the LUMO has con-
tributions at the four-membered rings and also at the
belt. The HOMO in the D,q structure is located mainly
on the double bonds, while the LUMO is mainly on
the single bonds and the charge is more evenly spread;
in this case the LUMO is double degenerate. The Dy,
structure has a belt of hexagons, two of them on
opposite sides, has four five-membered rings and
two six-membered rings as neighbours, the HOMO
and LUMO divide the structure in two halves making
a ring around this type of six-membered ring and two
more rings each around a pair of pentagons.

Taking into account the distribution of the HOMO
and the LUMO and the calculated values for the
magnetic susceptibilities it is to be expected that the
four structures Dy, D4y, D2y and D5, are antiaromatic.
In the case of the Dy, there is a shift of the electron
distribution from the four-membered rings to the belt
of the six-membered rings that reduces the anti-
aromatic character, similar to that observed in the
metallic compounds of cyclobutadiene.

Fig. 4(a—c) shows the vibrational spectra (Raman at
the top and infrared at the bottom) for the three most
stable structures Dy, Dy, and Doy, In all of the spectra,
the frequency axis has been scaled by a factor of 0.89
and each peak is broadened with a Lorentzian of 10cm ™
width. In the infrared spectrum of the Dsy structure, the
main peak corresponds to the rocking of the double
bonds and in the Raman spectrum the main peak is
due to a breathing mode of the five-membered ring.
For the Dy, structure the situation is similar; the main
peak in the infrared spectrum corresponds to a rocking
of the bonds, leaving the four-membered ring undis-
torted, while that of the Raman spectrum corresponds

Total energy”, isotropic magnetic susceptibility and dipole moment for the five symmetries under study

Symmetry Total energy/a.u Xm/Ppm Energy gap/eV Dipole moment/Debyes
Dsy - 1505.3287 —144.54 7.29 0.0001
D — 1505.2957 (0.033) - 129.88 6.08 0.004
Dy ~ 1505.2647 (0.064) - 129.15 6.55 0.003
Dy, — 1505.1522 (0.1765) - 100.76 6.01 0.004
C, ~ 1504.3424 (0.9863) — 3841 5.01 2.266

“ The total energy has been corrected for zero point vibration. Numbers in parentheses are energies relative to the Dy structure.
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c)HOMO of D2h d)HOMO Of DSd

Fig. 2. The HOMGOs for the four symmetries of Cy, both phases are shown: (a) Dy (b) D24 (¢) Doy (d) Dsa.
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a)LUMO of Dgy b)LUMO of D, 4

C)LUMO of D,4 d)LUMO of Dgg

Fig. 3. The LUMOs for the four symmetries of C, both phases are shown: (a) Dyy; (b) Dag: (¢) Day; (d) Dsg.

to the breathing of the four-membered rings keeping the 4. Conclusions

square shape. In the second structure, the main peak in

the infrared spectrum corresponds to the rocking of the Cyp is a fullerene-type molecule that can belong to
single bonds and that of the Raman spectrum to the different symmetry groups; however, only three of

stretching of the double bonds between pentadienes. them are likely to be stable forms, those that belong
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Fig. 4. The vibrational spectra for Cy in the three most stable
symmetries: (a) Dsq, (b) Dy, and (c) Dy Top, Raman spectra;
bottom (upside down), infrared spectra. The frequency axis has
been scaled by a factor of 0.89 and the peaks are simulated with
Lorentians of 10 cm™" width.

to the Dsy, Dy, and D,y symmetry groups. Of these,
the Dsy structure is the most stable one. The Dy,
structure is not as antiaromatic as expected; this
feature seems to be a consequence of the dissipation
of the electronic charge of the cyclobutadiene faces
in the delocalized system of the six- and five-
membered rings, an effect similar to that found in
organometallic derivatives of cyclobutadiene. The
other two isomers are also stable, but less favoured
than the Dy,
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