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Abstract

Motivation. Corannulene is widely accepted as a particularly important fragment of the fullerene C60. We
consider that corannulene alone cannot explain the origin of the lowest–allowed electronic absorption band of
C60. Here we clarify what else is needed other than corannulene, and propose triphenylene as a more important
partial structure of C60 for the electronic absorption.
Method. Full SECI calculations are made in the semiempirical CNDO/S approximation. We first observe how
the degenerated MO–energy levels of C60 split as the molecular symmetry Ih breaks into two different elongated
shapes, D5d with its C5–axis through a pair of corannulene parts and D3d with its C3–axis through a pair of
triphenylene parts.
Results. Components of the molecular orbitals of C60 that play principal roles in the lowest–allowed electronic
absorption are all found in the vicinity of the HOMO–LUMO gap of triphenylene, whereas some part is missing
in corannulene. The lowest–allowed electronic transitions of larger triphenylene derivatives tend to converge to 
the lowest absorption band of C60.
Conclusions. A pair of triphenylene molecules separated by the diameter of C60 in the staggered conformation
(D3d) makes a good model system to explain the origin of the lowest–allowed absorption band of C60. As the C60
molecule has 20 equivalent 6–membered rings, there are ten choices for such a pair. On the other hand, a pair of
corannulene molecules in the staggered conformation (D5d) lacks one component of the HOMO of C60, which we
have found in the encircled cis–polyene of ten ethylene units at the equatorial belt of C60.
Keywords. Fullerene C60; absorption spectrum; triphenylene; corannulene; semiempirical MO method.

Abbreviations and notations
AM1, Austin model 1 LUMO, lowest unoccupied MO
CNDO/S, complete neglect of differential overlap, RPA, random–phase approximation
for spectroscopic use MO, molecular orbitals
CSF, configuration state function SCF–MO, self–consistent field MO
HOMO, highest occupied MO SECI, singly–excited configuration interaction
INDO, intermediate neglect of differential overlap

# Dedicated to Professor Haruo Hosoya on the occasion of the 65th birthday.
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1 INTRODUCTION

After fifteen years since the discovery of fullerene–C60 [1], chemists finally succeeded in
synthesizing it by rational chemical methods [2,3]. On the other hand, the understanding of the 
characteristic absorption spectrum of C60 in the full range of 200 nm – 400 nm is still far from 
satisfactory. However, the lowest–energy band that peaks at ca. 3.8 eV (325 nm) has been 
unambiguously assigned to the lowest allowed transition 11Ag  11T1u which is essentially due to
excitations of an electron from the highest occupied hu–shell to the lowest unoccupied t1g– and hg–
shells [4]. 

In this article we investigate the origin of the lowest allowed transition of C60 in relation to the
two smallest fullerene fragments: corannulene and triphenylene. For this purpose we will consider
simple model systems consisting of a pair of corannulene molecules and a pair of triphenylene or
triphenylene–derivative molecules, all in the staggered conformation. The model system of 
corannulene therefore has the symmetry D5d, and those of triphenylene and triphenylene derivatives 
have the D3d, while the symmetry of C60 is Ih. In our simple model systems, interactions between 
paired molecules are ignored so that a photon is practically absorbed by a single molecule of
corannulene, triphenylene, or its derivative. Therefore, SECI calculations will be made on single 
molecules rather than pairs of molecules. We will also discuss how the degenerate MO–energy
levels of C60 split as the symmetry breaks from Ih to D5d and D3d along the C5 and C3 rotation axes, 
respectively (see Figure 1). 

5C

3C

(a) (b)

Figure 1. The fullerene C60. (a) The C5–rotation axis goes through the centers of a pair of
pentagonal faces in the staggered conformation. The bisector vertical to the sheet is one of 
the five d–planes around the C5–axis; (b) The C3–rotation axis goes through the centers of
a pair of hexagonal faces in the staggered conformation. The bisector vertical to the sheet is 
one of the three d–planes around the C3–axis.
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2 CALCULATION 

All SCF–MO calculations and SECI calculations were made in the CNDO/S approximation [5–
9]. All the singly–excited configurations were included in the SECI calculations. The computed
results on C60 are taken from Ref. [4], where large–scale SECI matrices were reduced according to 
the irreducible representations of Ih by the use of the projection operators and the reduced matrices
in much smaller sizes were diagonalized. The geometrical structures of the fullerene fragments used 
in the present calculations are those optimized with the molecular computational software
MacSpartan [10] at the AM1 (Austin model 1) level [11]. 

In Ref. [4], we made calculations on C60 not only in the CNDO/S approximation but also in the
INDO/S approximation. (See Ref. [12] for the INDO approximation and Refs. [13–15] for its 
spectroscopic parameterization.) The INDO/S results of excitation energies through the full SECI 
calculations were a little higher than the CNDO/S, but all within 3% for the allowed transitions. 
Therefore, in the present study, we adopt the CNDO/S as it is simpler and more commonly used 
than the INDO/S. The accuracy of the INDO/S–SECI method was checked by Feng et al. [16] on 
corannulene. Needless to say, more reliable methods, e.g., ab initio calculations are desirable, but 
such a calculation is impracticable for the excited states of C60, and in fact no successful ab initio
calculation has been reported to date. 

3 RESULTS AND DISCUSSION

In our earlier study [4], the full SECI calculation on C60 gave the lowest–allowed transition 
11Ag  11T1u at 3.47 eV (357 nm) with the oscillator strength f = 0.34. The weight of transitions of 
an electron from the highest occupied hu–shell to the lowest unoccupied t1g–shell was 0.49, and that 
to the lowest unoccupied hg–shell was 0.30. The full RPA (random–phase approximation)
calculation which takes into account a certain type of electron correlations that are missing in the
SECI calculation gave it at 3.35 eV (370 nm) with f = 0.54. The weight was then 0.61 and 0.15, 
respectively. The computed results on the fullerene fragments are given in the following sections. 

3.1 Molecular Orbitals
Molecular orbitals (MO’s) of C60 are highly degenerate due to its high symmetry Ih, as shown in 

Figure 2(a) for the vicinity of the HOMO – LUMO gap. As described above, important MO’s 
pertinent to the lowest–allowed transition 11Ag  11T1u are those of the highest occupied hu–shell
and the lowest unoccupied t1g– and hg–shells. The hu– shell and hg–shell are 5–fold degenerate, and 
the t1g–shell is 3–fold degenerate. 
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Figure 2. MO–energy levels of C60 in the vicinity of the HOMO–LUMO gap, calculated in the
CNDO/S approximation. (a) The Ih – C60, with two CC bond lengths of 1.397 and 1.449Å; (b) The
elongated D5d – C60 (see the text for details); (c) The elongated D3d – C60 (see the text for details).

To see how these MO–energy levels of C60 split as the symmetry breaks from Ih to D5d and D3d,
we made SCF–MO calculations on two slightly elongated C60 molecules, D5d – C60 and D3d – C60.
The D5d – C60 molecule is a C60 molecule elongated along the C5–axis of the D5d symmetry in such
a way that its upper corannulene cap of 20 C–atoms and its lower cap of 20 C–atoms are all shifted
by +0.1 Å and –0.1 Å, respectively, leaving the central belt of 20 C–atoms unaltered. The D3d – C60

molecule is another C60 molecule elongated along the C3–axis of the D3d symmetry in such a way
that the upper triphenylene–derivative cap of 24 C–atoms and the lower cap of 24 C–atoms are all 
shifted by +0.1 Å and –0.1 Å, respectively, leaving the central belt of 12 C–atoms unaltered. The
Figure 2 shows the MO–energy levels of these two elongated C60 molecules.

In Figure 2, we see that five degenerate MO’s in the highest occupied hu–shell of the Ih – C60

molecule split into the highest occupied a1u–MO and two occupied e2u– and e1u–shells as the 
symmetry breaks from Ih to D5d. Also, three MO’s in the lowest unoccupied t1g–shell split into the 
lowest unoccupied e1g– and a2g–shells, and five MO’s in the lowest unoccupied hg–shell split into
the e1g–, a1g–, and e2g–shells. Similarly, we see that the five degenerate HOMO’s of the Ih – C60

molecule split into the two highest occupied eu–shells and the highest occupied a1u–shell as the 
symmetry breaks from Ih to D3d. Also, three MO’s in the lowest unoccupied t1g–shell split into the 
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lowest unoccupied eg– and a2g–shells, and five MO’s in the lowest unoccupied hg–shell split into the
a1g–shell and the two eg–shells.

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

or
bi

ta
l e

ne
rg

y 
(a

. u
.)

e1
e2

e1

e2
a2e2

a1e1

e2

e1

e2

e1

a1

a2e2

e1

e2

(a) (b)

144
138

144

138

Figure 3. (a) Corannulene and (b) its MO–energy levels in the vicinity of the HOMO – LUMO 
gap, calculated in the CNDO/S approximation. The geometry was determined with MacSpartan at 
the AM1 level. The CC bondlengths are given in nm.

MO–energy levels of corannulene are shown in Figure 3. The geometrical structure determined
with MacSpartan at the AM1 level was used for the SCF–MO calculation. The most striking 
difference from Figure 2(b) in the corresponding MO’s is that the highest occupied a1u–MO of D5d – 
C60 is missing in corannulene. In fact, we have found that this a1u–MO of D5d – C60 is practically
localized at the 20 C–atoms in the equatorial zone, i.e., at the encircled cis–polyene of ten ethylene 
units. This indicates that corannulene alone can not provide all the components of the highest
occupied hu–shell of C60.

The SCF–MO calculations were made on triphenylene and two derivatives whose structures are 
shown in Figure 4. Model 1, triphenylene, is a planar molecule with symmetry D3h. Model 2 is a
bowl–shaped triphenylene derivative, bridged with methylene forming three 5–membered rings
between phenyl groups. Model 3 is a radialene with three ethylene groups at vertices of 5–
membered rings of Model 2. 
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Figure 4. Triphenylene (Model 1) and two derivatives (Models 2 and 3). (a) Model 1 (planar: D3h); (b) Model 2
(methylene–bridged, bowl–shaped: C3v); and (c) Model 3 (methylene–bridged radialene, bowl–shaped: C3v). The
geometrical structures were determined with MacSpartan at the AM1 level. The CC bond lengths are given in nm.
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Figure 5. MO–energy levels in the vicinity of the HOMO–LUMO gap, calculated in the CNDO/S
approximation. Symbols classifying the energy levels denote the irreducible representations of C3v.
Compare these levels with those in Figure 2(c) for D3d – C60.

Figure 5 shows the MO–energy levels of Models 1, 2 and 3 in the regions of the HOMO–LUMO 
gaps, calculated in the CNDO/S approximation. On the contrary to corannulene, all MO 
components of the original C60 are found in Models 1–3. This may be clarified by comparing these 
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energy levels with those in Figure 2(c) for the elongated D3d – C60 molecule. The pattern of the 
energy levels in the region near the HOMO – LUMO gap becomes more like the one of D3d – C60 as 
the system becomes larger from Model 1 to Model 3. The lowest unoccupied shell of Model 3 is 
non–degenerate just as the one of D3d – C60, although the highest occupied shells are all doubly 
degenerate for the three Models 1–3 and D3d – C60.
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Figure 6. MO–energy levels of (a) the Ih – C60, (b) the D3d – C60 molecule with the cap separation increased by
0.02Å, and (c) the D3d – C60 molecule with the cap separation increased by 0.2Å which is the same as Figure 2(c).

Figure 6 shows how MO–energy levels of C60 split as the symmetry breaks from Ih to D3d in the
vicinity of the HOMO–LUMO gap. The figures (a) and (c) in Figures 6 are the same as those in 
Figure 2. Figure 6(b), however, shows MO–energy levels of only a very slightly elongated D3d – 
C60 molecule in which the separation between the upper and lower caps is increased only by 0.02 Å
from the spherical one rather than by 0.2 Å in the D3d – C60 molecule for Figure 6(c). It is then
clear, for instance, that the two closely lying unoccupied MO’s of a2g and a1g in Figure 6(c) are 
originating from the unoccupied t1g– and hg–shells of the C60, respectively. 

3.2 Excitation Energies and Oscillator Strengths
The C3v symmetry is assumed for triphenylene and its derivatives in our group–theoretical 

analysis, so that the electronic transitions from their ground states (1A1) are allowed only to the 1E
states. Pairs of these molecules in the staggered conformation take the D3d symmetry, and their 
allowed transitions are from the 1A1g ground state to the 1Eu states. Table 1 shows the computed
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spectra, i.e., the excitation energies ( E /eV) and oscillator strengths (f) for some lowest allowed
transitions of these molecules (Models 1, 2, and 3). The f–values in Table 1 are doubled for two 
components of the 1E states. Only those of the excitation energies less than 5 eV are shown here. 
Table 1 also shows primitive excitations between occupied and unoccupied shells and their weights
for each of the 11A1 n1E transitions. 

Table 1. Excitation Energies ( E in eV, and Wavelengths  in nm), Oscillator Strengths (f), and Their Primitive
Excitations with the Weights for the Allowed 11A1 n1E Transitions of Triphenylene and Its Derivatives.
Model n E f weight [primitive excitations] a

1 4.40 282 0.708 0.26 [e  a1], 0.19 [e  e], 0.17 [a2  e],
2 4.50 276 0.040 0.32 [e  a1], 0.25 [a2  e], 0.15 [e  2e]1
3 4.80 259 1.905 0.67 [e  e], 0.07 [a2  e] 
1 3.74 332 0.295 0.36 [e  e], 0.19 [a2  e], 0.15 [e  a1], 0.09 [e  2e]
2 3.90 318 0.106 0.47 [e  a1], 0.10 [a2  e], 0.09 [e  a2]
3 4.36 284 0.915 0.41 [e  e], 0.24 [e  2e], 0.11 [a2  e] 

2

4 4.59 270 0.006 0.20 [e  a2], 0.19 [a2  e], 0.15 [e  a1], 0.08 [e  2e]
1 3.23 384 0.065 0.76 [e  a1], 0.05 [a2  e], 0.05 [2e  e] 
2 3.69 336 0.434 0.28 [a2  e], 0.27 [e  e], 0.13 [e  2e]
3 3.93 315 1.156 0.43 [e  e], 0.20 [e  2e], 0.09 [2e  a1], 0.06 [a2  e] 
4 4.44 279 0.112 0.20 [e  a2], 0.15 [a2  e], 0.13 [e  2e], 0.06 [a2  2e]

3

5 4.87 255 0.580 0.34 [2e  a1], 0.12 [2e  e], 0.12 [2e  e], 0.11 [3e  a1], 0.07 [e  2e]
a [e a1], for instance, denotes primitive transitions from the highest occupied (HO) e–shell to the lowest
unoccupied (LU) a1–shell. 2e stands for the 2nd LU or the 2nd HO e–shell. Primitive excitations with the weight
of less than 0.05 are not shown.

The first allowed transition of Model 3, the largest Model, has the excitation energy 3.23 eV and 
the oscillator strength 0.065. We identify this as the very origin of the lowest–allowed transition
11Ag 11T1u of C60 that was found in our SECI calculation [4] at 3.47 eV (357 nm) with the 
oscillator strength f = 0.34. The excitation energy 3.23 eV is a little lower, but the value is
adjustable according to the way of dealing with the correlation energy of the ground state. The 
oscillator strength 0.065 should be at least doubled for a pair of the two caps in the D3d staggered 
conformation. Furthermore, as there are ten choices of such a pair, this should be even more
multiplied although one should realize that the pair of the Model 3 molecules already amounts to
2 24 C–atoms, 80% of C60. It is important that 76% of this allowed transition of Model 3 is due to 
primitive excitations between the highest occupied e–shell and the lowest unoccupied a1–MO.

The highest occupied e–shell and a2–MO of Model 3 should give the eu– and eg–shells and the 
a1u– and a2g–MO’s, respectively, when the molecules are paired in the D3d conformation. Similarly
the lowest unoccupied a1–MO and e–shell should give the a2u– and a1g–MO’s and the eu– and eg–
shells, respectively. On the other hand, as clearly seen in Figure 6 by comparing (a) and (b), the
highest occupied hu–shell of C60 consists of the occupied a1u–MO and two eu–shells, and the lowest 
unoccupied hg–shell consists of the unoccupied a1g–MO and two eg–shells. Similarly, the lowest
unoccupied t1g–shell consists of the unoccupied a2g–MO and eg–shell. Therefore, the primitive
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excitations between the highest occupied e–shell and the lowest unoccupied a1–MO in the Model 3 
molecule are equivalent to those between the highest occupied hu–shell and the lowest unoccupied 
hg–shell of C60. It is rather disappointing that the unoccupied one here is found to be the hg–shell,
but not the t1g–shell as was expected from our SECI calculation on C60. Figure 6 shows how the
unoccupied a2g–level and a1g–level emerge from the original t1g–level and hg–level of C60,
respectively, as the two triphenylene–like caps in the northern and southern hemispheres are 
separated. The unoccupied a2g–level moves up while the unoccupied a1g–level moves down, 
suggesting that they would reverse the order at a larger separation of the two caps. In fact, the
unoccupied a1–level lies below the a2–level in Models 1–3 as shown in Figure 5. This suggests that 
the D3d model of triphenylene–like caps can be improved for the origin of the lowest–allowed 
absorption band of C60 if the interactions between the cap molecules are taken into account. This 
study is currently proceeding. 

4 CONCLUSIONS 

We have shown that the lowest–allowed absorption band of C60 is fairly well explained in terms
of the allowed transitions of its triphenylene–like partial structures. The model can be improved by 
taking into account the interactions between the two triphenylene–like caps in the staggered D3d

conformation. On the contrary, if one tries to explain the absorption band of C60 using its
corannulene–like partial structures, one must also include the encircled cis–polyene of ten ethylene
units at its equatorial belt. This is due to the fact that corannulene lacks one component of the 
HOMO’s of C60 that belongs to the encircled cis–polyene.

The Ih – C60 molecule has only two different CC bond lengths. In our calculations we often use 
1.397 and 1.449 Å [17]. Note that the CC bond length of ethylene is 1.337 Å and that of ethane is 
1.534 Å, while that of benzene is 1.397 Å [18]. The shorter bond length of C60 appears to be the
same as the CC bond length of benzene, but this is a pure coincidence and does not mean the –
conjugation as strong as benzene. We should make rather emphasis on the existence of the bond 
alternation in C60.

The fact that the shorter bond length is a little longer than the C=C bond length of ethylene and 
the longer one is a little shorter than the C–C bond length of ethane reflects the –conjugation to a
certain extent. The whole network of C60 consists of 30 shorter CC–bonds and 60 longer CC–bonds. 
We can therefore visualize the –conjugation system of C60 as a supermolecular system of 30 
ethylene units placed on a circumscribing sphere. There are, however, certain ways of coupling 
among these ethylene units that lead to various low–lying electronic transitions of C60. In the 
present study, we have shown that the triphenylene–like network leads to the lowest–allowed 
absorption band of C60. Super aromaticity of fullerenes was recently discussed in a review article
[19].
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