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Corannulene-based fullerene fragments C,oH;o-CsoHj:
when does a buckybowl become a buckytube?
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Abstract. An ab initio study of the structural and
physical properties of fullerene fragments based on
corannulene shows a distinct defining point between
bowl and tube-like character.
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The introduction of a pentagon to a tessellation of
hexagons causes warping (bowling) of the surface, and,
if 12 pentagons are cooperatively arranged, a closed
surface is obtained [1]. Chemically, buckminsterfullerene
(1) [2] and corannulene (2) [3, 4] express these extremes.
When only six pentagons are added to the motif, it
would seem logical that a hemisphere results, to which
hexagons could be added forming a capped tube. Such
structures represent the minimalist bucky tube motif [5,
6], a family of carbon-rich structures with technological
promise [7—11]. Because curvature in graphitic networks
alters chemical properties such as dipole moment,
ionization potential, and metal binding, the question
arises: when does a buckybowl [12,13] become a
buckytube?

Despite the enormous power of chemical synthesis
[14], corannulene-based fullerene fragments CzoH;q-
CsoH o (3-5) are presently not to be had. As well, these
structures have proven a difficult computational chal-
lenge; low level computational methods have proven to
be ambiguous for quantitative information [15-17], and
only corannulene has been treated at correlated levels
with promising results [18-20]. Until recent advances in
supercomputer hardware, ab initio prediction of the
electronic structure of 2-5 at double-{ plus polarization
quality and beyond, SCF or correlated methods, would
not have been feasible. Following the lead of Jan Alml6f
[21-25], we have capitalized on these newer technologies
to tackle computational problems exceeding 1000 basis
functions (1 kiloBoys or 1 Pople) [26].
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Structural computations of the series 1-5 were per-
formed at RHF/DZV(2d,p)[27] using direct [28] SCF
methods within the T3E parallel version of GAMESS
[29], with select density functional theory, B3PWO91/
DZ(d,p), computations on 2-4, using GAUSSIAN94
[30], to uncover effects of dynamic electron correlation.
From the fully optimized structures, chemical and
physical properties such as ionization potential (Koop-
mans Theorem) [31, 32] dipole moment, bond localiza-
tion, and surface curvature (carbon pyramidalization)
[33-35] were derived. More extensive computations on
the smaller buckyfragments were performed to deter-
mine effects of basis set and correlation. These include
RHF/DZ(2df,2p), B3PW91/DZ(2d,p), and MP2[36]/cc-
pVDZ[37] levels of theory. The hybrid DFT methods
employ Becke’s three parameter hybrid method [38]
with the correlation functional of Perdew/Wang91[39]
(B3PWI1).

The most striking feature in the series 2-5 is the in-
creasing bowl depth and surface curvature (Figs. 1,2).
Using the POAV method of Haddon, [33-35, 40] one
can assign a pyramidalization value at each carbon. The
POAY values for a flat polynuclear aromatic hydrocar-
bon (PAH) like coronene, the highly symmetrical
buckminsterfullerene, the equatorial belt of C5, and a
cylindrical benzenoid belt, are 90°, 102°, 99°, and 96°,
respectively [35]. Unlike these standards, bowls and
capped tubes have variable pyramidality at carbon de-
pending on the position. Because of the conical csv
symmetry of 2-5, one can define concentric rings of
carbons with identical POAYV angles. The progression of
POAY angle value from the cap-ring (ring 1) to the rim-
ring (ring n) is a characteristic of the topography (Ta-
ble 1). In 2, the cap pyramidality is similar to the belt
region of Cy, but already in 3 the cap carbons are es-
sentially as pyramidal as those in Cg. By the time one
gets to 5, a pattern of almost constant curvature appears
for the lower ring numbers, with the rim ring and ring
(n—1) more belt-like. Extension of hexagons onto 5
could continue without substantial change in pyramid-
ality of these limiting carbons, thus pointing to an ob-
vious definable transition between bowl and tube
structure. Another structural feature is the angle be-
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Fig. 1. Nested fullerene fragments showing increasing bowl depth and
surface curvature

Fig. 2. Nested fullerene fragments

tween the plane of the cap and that of the side near the
rim. The value of this angle would be 0° for a flat
structure and 90° for a tube. Indeed, 5 has a cap-to-side
interplane angle of 86°, consistent with 5 being tube-like.
But how do these form features track with other prop-
erties?

The central 6-membered ring of flat coronene has a
benzenoid geometry with spoke bonds (1,42 A) essen-
tially equal to the hub bond lengths. (1.41 A) [41]. The 6-
membered ring of bowl-shaped 2 displays differing bond
lengths and takes on the [S]radialene motif characteristic
of 1. A bond length localization parameter of the
[S]radialene motif can be defined as d(hub) — d(spoke) =
delta. A plot of delta across the series 2-5 shows a rapid

increase in delta which levels off for 4 and 5 at the value
derived for 1 (Fig. 3). Thus, delta values would indicate
a transition around 4 or 5 where the cap has become like
1, and further annelation will not perturb delta but will
simply extend the length of the tube.

One can take a more detailed look at the variation in
structure with level of theory, which we do here for the
smallest in the series, 2. Table 2 shows the basic struc-
ture parameters for the corannulene as defined in a
previous work [19]. In the case of the hub and spoke
bonds described above, the SCF values appear to con-
verge on hub=1.41 and spoke=1.36, with additional
disagreement with experiment associated then with dy-
namic correlation, which is mostly made up using either
the MP2 or hybrid DFT methods. Although less difficult
to predict, the flank and rim bonds show similar be-
havior. Evaluation of delta for each of these methods
shows the general trend of SCF methods overestimating
the alternation (0.05-6 vs 0.04), and the hybrid DFT
methods as well as the MP2 method underestimating the
alternation (0.02-3 vs 0.04). This contrast in SCF and
correlated methods holds equally for 3-5 (cf. Fig. 3).

In the case of flat PAH and closed fullerenes such as
1, the dipole moment question is symmetry muted, but
for bowls and tubes of conical symmetry, dipoles can be
quite substantial. It is well known that large polarized
type basis sets which include effects of correlation are
required to obtain quantitative values of properties such

Table 1. POAYV angle for specific carbons in 2-5; ring 1 starts at the
base pentagon

Fragment Ring1 Ring2 Ring3 Ring4 Ring5 Ring6
CyoHio 98.3 93.5 91.6
CsoHjo 102.4 98.6 97.2 91.4
CyoHio 102.2 101.2 100.4 982 935
CsoHjo 102.1 101.9 101.5 100.0  97.0 92.1
Ceo 101.6
Cro 101.9 101.9 101.4 100.2  98.6
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Fig. 3. Bond alternation patterns in fullerene fragments



as dipole moment [42, 43]. Table 2 shows a representa-
tive sampling of our investigation of methods for the
prediction of dipole moment for corannulene. The SCF
as well as hybrid DFT methods converge around 2.1 D
for basis sets with significant polarization. The MP2/cc-
pvdz predicts a value of dipole which is rather high in
comparison. Be that as it may, because no experimental
values are yet available for any of our fullerene frag-
ments, and, more importantly, the qualitative trends
appear to be preserved across the theories that are more
practical for the larger fragments, we look at the DZV
(2d,p) and B3PW91(d,p) values across the series. A plot
of molecular dipole moment from 2-5 shows a steep rise
from 2—4 but a clear plateauing at 4 to 5 (Fig. 4). As-
suming a concentration of the charge separation in the
cap region, one could imagine a leveling of dipole mo-
ment for a tube; little contribution coming from the belt
and rim regions. Although we offer no specific reason for
this observation, we note that this property correlates
well with the structural parameters as a defining point
between bowl and tube characters.

Table 2. Structure and property as a function of method for
corannulene

Basis set Hub  Spoke Flank Rim Delta Dipole
3-21G(2d.,p) 1.415 1.359 1.450 1.370  0.06 2.69
dzv(2d,p) 1411  1.360 1.450 1.373  0.05 2.09
dz(2df2p) 1409 1359 1448 1371 0.05 2.07
LDF 1.410 1.380 1.440  1.380 0.03
BPWI1/ 1.422  1.395 1.451 1.399  0.03 1.84
6-31G(d)
B3PWOI1/ 1411 1.381 1.444 1.392  0.03 2.41
dz(d,p)
B3PWIl/ 1.411 1.381 1.444 1.392  0.03 2.10
dz(2d,p)
MP2/ 1.423 1401 1.449 1.404  0.02 2.45
cc-pvdz
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Fig. 4. Dipole moments for fullerene fragments
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All graphitic structures, from flat PAHs to spherical

1, have interesting redox properties such as ionization
potential (IP). Applying Koopmans theorem to 2-5 [31,

Fullerene Fragment Orbital Patterns
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Fig. 5. Orbital energy patterns in fullerene fragments

Fig. 6. A1 molecular orbital for corannulene
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Fig. 7. A2 molecular orbital for corannulene

32], the IP can be approximated. Across the series, the IP
varies in an irregular way. This lack of a defining con-
dition between bowls and tubes was initially puzzling;
however, a deeper look at the orbital rankings among
the first few occupied and virtual orbitals (Fig. 5) shows
a perturbation trend in which the orbitals of “a” sym-
metry (Figs. 6, 7) were strongly shifted compared with
the pairwise degenerate “‘e¢” sets. The totally symmetric
al orbital is buried at HOMO-6 in 2, raises over 2 eV to
HOMO-4 in 3, enters the virtual realm as the LUMO in
4, and levels off in 5. The orbital of a2 symmetry com-
plements the behavior of al. In 2, a2 is a high lying
virtual (LUMO + 6) that drops to LUMO + 2 in 3,
becomes the HOMO for 4, and levels off there for 5.
Thus, the irregularity of the IP across the series can
be attributed to a change in HOMO symmetry, and a
symmetry constant analysis of orbital energies shows a
defining point around 4 and 5 for the bowl-to-tube
transition. Another interesting feature of this change in
HOMO/LUMO symmetry is that tubes will be 2-elec-
tron donors/acceptors, bowls will be 4-electron donors/
acceptors, and Cgq is a 6-electron donor/acceptor.
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Conclusions

From a structural view point, in conjunction with some
simple chemical properties, we feel that a reasonable
answer to the title question is that CsoH ;o ends the bowl
regime, and Cy4oH ¢ begins the tube regime, with some
overlap in the transition. The leveling off of the few
chemical and physical properties we studied here raises
the general question of which properties will and will not
be affected by extended tube length. From a synthetic
chemists perspective, many of the desired features of a
bucky tube may be met through CsoH;q and derivatives,
thus giving great focus to CsoH o as a synthetic target for
materials design. We hope that such conclusions dem-
onstrate the incredible synergy to be had between
modern computational chemistry and designed chemical
synthesis. Jan Almlof certainly had this vision and saw
its power early on; the path he sought is clearly being
paved, but his perspective will be sorely missed.
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