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Abstract

Fullerene aromaticity/stability induced by circulene-flower coverings is evaluated by quantum
calculations and HOMA geometric index. Infrared simulated spectra suggest similar behavior
of similarly tessellated classical or non-classical fullerenes.
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1. Introduction

The “artificial” synthesis of fullerenes with desired tessellation is hoped to be achieved
via circulene (bowl-shaped) flowers Fw, [ncore:mpetal)n]. Among several flower-units
already synthesized [1], coronene [6:64] and sumanene [6:(5,6);] are the most promising. The
idea of increasing aromaticity/stability of fullerenes tessellated by disjoint flowers DFws,
originates in the classical texts of Clar, which postulate disjoint benzenoid rings as a criterion
for the existence of fully conjugated aromatic structures, predicted to be extremely stable, in
the VB theory.

Using the ratio heat of formation HF to the HOMO-LUMO band gap as a rough measure
of fullerene stability, we found those fullerenes. whose molecular graphs are tessellated with
disjoint flowers, the most stable, in several sets of isomeric fullerenes [2].

The of two most stable isomers of the series Cyy show D, and Ds,, symmetry. The isomer
39-Dsy, (according to the Atlas of Fullerenes [3]) is a lens of two disjoint corannulenic
flowers [5:65]DFw, whose largest HOMO-LUMO gap (6.2594 eV) is supposed to originate in
its disjoint flower structure. Despite the isomer 38-D; shows a slightly lower HF/atom (a
measure of thermodynamic stability of a molecule) and lower strain energy. its gap is
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significantly lower, implying a lower kinetic stability of this molecule in comparison to the
isomer 39-Dsy, for which the lowest HF/gap ratio was recorded in this series.

In the series of Cy, fullerenes, the best values: energetic, electronic, strain and HF/Gap
ratio are shown by the isomer 45-Dx. This structure is tiled by two sumanenic disjoint flowers
(6:(5.6):]DFw, sumanene being a recently synthesized molecule [4). Similar result was found
in the series of Cyy fullerenes: the isomer with Dy symmetry, tessellated by two coronenic
disjoint flowers [6:6,]DFw, shows the largest gap (5.988 eV), this being a warranty for its
stability. The strain energy (calculated in terms of POAV] approach [5]) is here larger in

comparison to the better ranked isomers, an argument in favor of the most important role of
the HOMO-LUMO gap.

2. Structure Generation and PM3 Data

We designed DFw cages by using operations on maps [6], as implemented in our
software CageVersatile [7]. The simplest case is the lens-type structure and next constructions

follow the Platonic solids as the parent cages. We limit here the discussion to the small cages
listed in Figure 1.

(5) Cew s Ds (6) Caoa ; S5 (MCa:Cu

Figure 1. Small cages with disjoint flower DFw tessellation.

From the small classical (#1 to #3 and #8, numbered as in the Atlas of Fullerenes [3], see
Table 1) and non-classical fullerenes (with faces other than pentagons and hexagons), the

Buckminsterfullerene Cq and Cy, (sce Figure 2), both experimentally isolated fullerenes, are
taken into consideration.
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Table 1. PM3 data of different fullerene isomers

# Structure Sym  HF/at (eV) Gap SE/at HOMA

HF/Gap Kcal/mol  /flower

1 Cypr 2x[5:64] Dsy 20.628 6.2586 13.066 0.202
[5]Corannulene 14.302

2 Gy 2x[6:(5.6):] Dy 19.676 5.908 12.329 -0.069
[6]Sumanene 14.449

3 Casi 2%[6:6¢) Dey 21.972 5.988 12.612 0.049
[6]Corannulene=Coronene 15923

4 Cser 25[4:(7(5¢)] D 22.818 4715 10.843 -0.225
[¢]Corazulene 21.00

5 Csp: 2x[8:(5,6)4] Dy 22.129 5.116 11522 -0.375
[8]Sumanene 18.767

6 Coy: 2x[4:(7(5d))4] S 24.071 4.945 10.140 -0.930
[d]Corazulene 21,521

T Car:2x4[6:(5,6):] & 4x [4:64] Cs 20.534 6.6676 12.699 -0.1164
[6]Sumanene 13.346

8 Cup:2x[6:(5,7)] Cap 22.238 4932 1'1.572 0.176
[6]Corazene 19.563

4x[6:(5,6):)JFw
K (3(0,3))

[6:(5,6):]DFw [(6:64)&(6:(0,5): Jeo-JFws
K 43(0,3)") K:(3(0)")

(9)Ceo : 11 :60: 1 (9) Ceo (10) Cus ; Ty; 84:20 (10)C

Figure 2. Sumanenic patterns in a tetrahedral embedding, as in Cy; (joint flower JFw) and Cy, (disjoint
flower DFw) and their corresponding co-flowers.

3. DFT Calculations

Throughout the DFT calculations we have used the package GAUSSIAN 03 [8] for
performing all-electron geometrical structure optimizations and subsequent IR-spectrum
calculations for the considered fullerene cages.

We have investigating the appropriateness of the basis sets 6-31g and 6-31g(d). Both
have proved to yield reliable and absolutely comparable results at reasonable computation
costs. However, the usage of the polarized basis set 6-31g(d) has turned out to be too time-
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consuming for the envisaged [R-spectrum calculations and we did not use it in the production
calculations.

In order to adopt an appropriate exchange-correlation functional, we have compared the
results obtained for the Cg, fullerene with the widely used B3LYP functional [9] and with the
more recent functional PBE-PBE [10]. The PBE-PBE functional reproduces well the
experimental HOMO-LUMO gap of Cgy (1.6-1.85 eV.), yielding 1.770 eV (1.668 eV) with
the 6-31g (6-31g(d)) basis set and with the basis set, whereas the B3LYP functional seems to
perform rather poorly, yielding 2.762 eV. Consequently, we have employed the PBE-PRE/6-
31g combination throughout in the production calculations.

Table 2 shows the electronic structure results yielded by our DFT calculations. As can be
easily seen, the HOMO-LUMO gap decreases monotonously from Cy to Cse. Interestingly.
the gap for Cg, is significantly larger than for the rest of the implied cages.

‘The simulated spectra are plotted in Fig. (3). For comparison purposes, in the lowest and
topmost panel. also the spectrum of Cgy was included. Except for Cs (Dy), the structure of the
spectra is relatively simple. reflecting the high symmetry of the cages. Remarkably simple are
the spectra for Cyy, Cyg, and Cyy, which share the common feature that they belong to point
groups characterized by dihedral reflections (Dsz, Deg. and respectively, T)).

Table 2. DFT electronic structure results for different fullerene isomers based on the
PBE-PBE functional and the 6-31g basis set.

& Structure Total energy  Symmetry HOMO HOMO-LUMO
‘atom (a.u.) (a.u.) Gap (a.w)
| Cyo: 2%[5:65] -38.051 Dsy -0.195 0.037
2 Cya: 2#[6:(5.6)] -38.052 G -0.195 0.033
3 Caz:2x[6:64] -38.048 Dygy -0.190 0.028
4 Cse: 25[4:(T(5¢))4] -38.049 D, -0.161 0.024
S Cse: 2%[8:(5.6)4]) -38.049 Dy -0.176 0.017
10 Cgy: 4=[6:(5,6)3] -38.062 Ty -0.199 0.060

Nearly all of the studied molecules show one of their most intense vibrations in the range
600-700 cm ' (Cyy: 646.9 ecm™, CyoDy: 671.1 em™, Cyo: 675.2 em™, Cas: 670.0 cm™). These
vibrations mainly arise from out-of-plane atomic motions and the involved atoms are located
on the boundary of the discussed tlowers. In the case of Cgs, the low-frequency dominant
normal mode is shifted towards even lower frequencies (513.2 cm") due to the more massive
neighborhood of the flowers.

Other major [R-active vibrations are located in the range 1250-1430 cm™. These types of
vibrations characterize the atoms of flowers. and arise mainly from in-plane atomic motions:
Figure 4 shows the displacement patterns of the most intense IR active modes.
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Figure 3. IR spectra of the fullerenes in Table 2 yielded by DFT calculations with the PBE-PBE
functional / 6-31g basis set.
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#liCo Dy 136lem”  #1:Ca; Dy 6752em”  #3;Cax; Dor 1297.8cm’  #3: Cax: Dis 670.0 cm’!

CRiER

#5,Ca3 D4 1336.3em” #5, Csy, D4 6710 cm”! #10; Cyas Ty 1413.7cm™  #10; Gy T 5132 em”

Figure 4. Most intense [R-active vibrational modes of the fullerenes in Table 2.
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