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A new family of belt-shaped carbon structures, called Escherynes, is theoretically proposed using the
octadehydro annulene (ODA) skeleton as a building block. Several ODA rings are fused together and
cyclized to form belt-structures. Two isomeric forms of the Escherynes are considered, Hiickel and Mobi-
us. We demonstrate that these compounds have thermodynamical and kinetic stabilities comparable to

fullerenes. Density functional calculations of the structures revealed: (i) that Escherynes are relatively
stable molecules, (ii) they have high affinity for lithium, (iii) large Mobius Escherynes (>60 atoms) are
as stable as Hiickel belts, and (iv) Mobius Escherynes display remarkable optical activity.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The discoveries of fullerenes [1], carbon nanotubes [2] and
graphene [3] have increased dramatically the research interests
on all-carbon materials [4,5]. Carbon-based materials have found
applications in nanotechnology, materials science, electronics, op-
tics and biotechnology, and occupy an important place in the
development of emerging technologies [5-7]. In addition to their
immense practical utility [5-7], a great motivation for the study
of new carbon allotropes resides in the intrinsic molecular beauty
[8] of these structures. It has been said that ‘an impressive synthe-
sis may be described as “beautiful” or “elegant” because of an
appreciation of the molecule itself or the way it was created’ [9].
Perhaps this has been the inspiration for the proposal of a few
all-carbon materials with novel topologies, such as the metallic
carbon [10], Haeckelites [11], and the recently proposed T-carbon
compounds [12] among others. It is noteworthy that the structure
of Cgo fullerene was proposed as a theoretical ‘conception’ 15 years
before its actual discovery [13,14]. Other beautiful and interesting
structures that have captivated the imagination of chemists are the
belt-shaped molecules [15]. Belt-shaped conjugated molecules can
exist in two different configurations, namely twisted (Md&bius) or
untwisted (Hiickel) belts. Recently, Guo et al. have shown that
Mobius graphene strips with a zigzag edge behave as topological
insulators [16]. Some fascinating belt-shaped conjugated mole-
cules have been synthesized, such as the belt-shaped Mobius aro-
matic hydrocarbon reported by Ajami et al. [17], which confirms
the theoretical predictions made by Heilbronner more than
40 years ago about the stability of Mobius twisted [4n]annulenes
[18].
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The search for new carbon allotropes and the search for new
belt-shaped molecules constitute two of the basic pillars of the
current work. The third pillar is the remarkable work developed
in the area of acetylenic scaffolding [19-21], targeting exceptional
molecular architectures and functional advanced materials. In this
work we use the octadehydro[12]annulene (ODA) skeleton present
in the fully planar m-conjugated per(silylethynylated)octadehy-
dro[12]annulenes (PSOA) [22] as the basis for building new carbon
allotropes. This work is structured as follows: Section 2, explains
the basis of our molecular design for the new carbon allotropes.
In Section 3 we provided a short overview of our computational
methods and the strengths and limitations of our calculations. Sec-
tion 4 shows the calculated properties, possible applications and
the discussion of the results. Finally, Section 5 offers a brief
conclusion.

2. Molecular design

We proceed by fusing together m > 3 ODA cycles forming a pla-
nar network as illustrated in Figure 1. Then by gluing together the
ends of this strip we obtain the new carbon allotropes with belt-
shapes of the Hiickel type. We note that the Hiickel isomer of Cgg
was depicted by Tykwinski et al. [23] as a challenging molecular
target to be synthesized, and some precursors of it were already
obtained in that work. Alternatively, we give a half twist to one
of the cycles at the end of the planar network before fusing them
in order to obtain Mobius versions of the carbon allotropes (see
Figure 1). Using the building principles outlined in Figure 1 we
construct the structures of the belt-shaped carbon allotropes, Hiic-
kel (H) isomers and their Mébius (M) versions, having 30 to 90 car-
bon atoms. The Mdbius molecules designed in this Letter resemble
some of the well-known pictures of the Dutch artist Escher who
has been an inspirational artist for mathematicians and scientists.
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Figure 1. Illustration of the structures of ODA acetylenic scaffolding of Diederich (a)
and its pictorial representation in which double bonds are replaced by vertical bars
and triples bonds by solid cylinders (b). Trimeric structure (c) used to illustrate the
formation of belt-shapes Escherynes with Hiickel (d) and Mdbius (e) belt shapes.

Consequently, we propose to name this new family of molecules as
‘Escherynes’.

3. Computational method

We employ first-principles methods based on the density func-
tional theory (DFT) throughout this work, in particular the very
well-known hybrid B3LYP model. It combines several desirable
characteristics, such as favorable scaling behavior with system
size, good energies, correlated wave function, etc. Regarding these
calculations, it is worth mentioning that B3LYP has been reported
as being biased in favor of cumulenic over acetylenic structures
[24]. However, the energy differences between both structures
are very small and the results still remain controversial (see Ref.
[25] for further details).

We optimize all structures presented in this Letter using the
program GAUSSIANOQ9 [26] at the B3LYP/3-21Gx* computational le-
vel. Frequency calculations at the same computational level were
used to check that the optimal structures were true minima. Bind-
ing energies calculations include basis set superposition error
(BSSE) carried out with the counterpoise method. The binding en-
ergy is defined as BE=[nE(atom) — Ea(molecule)]/n where
Eorai(molecule) is the total energy of the molecule, e.g., Escheryne
or fullerene, and E(atom) is the average energy of a free carbon
atom obtained with the basis set of the molecule. The input geom-
etries for fullerenes, Cgg and C;¢ are I, and Dsy, respectively, but no
symmetry constraints are used for the optimization.

4. Results and discussion

In Figure 2 we plot the binding energies (BE) per atom for the H
and M isomers relative to fullerenes of the same number of carbon
atoms. (Although, fullerenes are structurally very different to belts,
they are also the most stable form of carbon molecules experimen-
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Figure 2. Binding energies per atom (kJ/mol) relative to those of analogous
fullerenes for the Mobius (full circles) and Hiickel (full squares) belt-shaped
structures as a function of the number of carbon atoms in the belt.

tally known and the best reference molecules to test the thermody-
namic stability.) It can be seen that both H and M isomer series
have binding energies which are larger, but of comparable magni-
tude, to those of the corresponding fullerenes. The smallest H
structures are more stable than the M structures. However, when
the number of carbon atoms is 60 there is a transition in the rela-
tive stability of H and M structures. From this point on, M isomers
seems to be more stable than the H isomers. A large calculation,
recommended by a reviewer, on the H and M structures of 130
atoms (not shown in Figure 2) shows that the crossing of the H
and M binding energies in Figure 2 has no physical meaning. The
basis set was rather small to draw a definite conclusion about
the relative stability of the H and M isomers and the calculations
are too expensive to repeat it with a bigger basis set. However,
we can assure that the energies are very close for structures with
more than 60 atoms. In fact, for the isomers of 130 atoms the H-
structure (BE =576.3 kJ/mol) is slightly more stable than the M-
structure (573.2 kJ/mol). Table 1 shows the bond distances for
the Escherynes with 60 atoms following the bond description of
Figure 1a. The typical distances reported for single, double and tri-
ple bonds are about 154, 134, and 120 pm, respectively. Thus, the
bond structure for both isomers seems to be more delocalized than
the simple scheme shown in Figure 1a.

If we consider the ‘wire’ formed by the single and triple bonds
only (C—C=C—C=C—C), we can observe a larger bond-length
and bond-order equalizations in this region of Escherynes than in
that of PSOA. This effect indicates a large electronic conjugation
along this wire in Escherynes, which is particularly pronounced
in the M isomers. In this case, the double bonds perpendicular to

Table 1
Bond distances (pm) for the Escherynes with 60 carbon atoms. (The assignment of
single, double and triple bonds follows the bond description of Figure 1a for ODA.)

Molecule Bond distances (pm)*
c—C c=C c=C
Ceo (Hiickel) 133 (12) 146 (6) 123 (24)
139 (24)
Ceo (M&bius) 131 (12) 154 (6) (24)
136 (24)

¢ B31YP/3-21 g calculations.
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Table 2
Energy difference (kJ/mol) between the lowest and highest molecular orbital (HOMO-
LUMO gap) for Esherynes and Fullerenes with different number of atoms.

No. of atoms HOMO-LUMO Gap (kJ/mol)
Hiickel Mobius Fullerene

30 104.3 147.3 64.6
40 158.8 123.7 1474
50 77.2 104.3 158.6
60 99.9 111.8 294.8
70 60.2 69.3 270.5
80 79.8 67.8 54.1
90 66.4 55.7 167.8

this wire increase 10% their bond length respect to that in ODA,
transforming them into single bonds. Both types of single bonds
(=C—C= and =C—C=) are shortened by 4%, while the triple bonds
are enlarged in the same proportion. These effects make these mol-
ecules electronically more stable and more flexible, which contrib-
ute to their global thermodynamic stability as reflected by their
BEs.

The analysis of the frontier molecular orbitals (MO) of the H
Escheryne Cgo shows that there are very narrow peaks near to
the highest occupied molecular orbital (HOMO). The symmetry-
breaking in the M structure yields a set of nondegenerated orbitals
and broadening of the frontier MO peaks with frontier orbitals
more delocalized in the region opposite to the twist. The gap be-
tween the HOMO and lowest unoccupied MO (LUMO) has been
widely used as a criterion of kinetic stability of organic molecules
in general and of carbon allotropes in particular [27]. A relatively
large HOMO-LUMO gap implies high kinetic stability due to the
difficulties for adding new electrons to a high energy LUMO as well
as to extract electrons from a low energy HOMO. As a consequence,

Figure 3. Mapping of the electrostatic potentials of the Cgo isomers (red: positive,
blue: negative) onto the electron density surfaces (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article).

activated complexes with compounds having very large HOMO-
LUMO gaps are quite difficult to form. Using a weighted HOMO-
LUMO gap [28] as a criterion of kinetic stability we have found that
Escherynes with 40 (M), 50, 60, 70 and 90 atoms are kinetically
more reactive than similar fullerenes (see Table 2).

For C3g and Cgg both types of Escherynes are kinetically more
stable than the corresponding fullerenes. In general, H isomers
are kinetically more stable if the number of carbon atoms is 40,
60 or 80. In the case of M structures it can be seen that Cgg is kinet-
ically the most stable molecule and it is even more stable than the
H analogous. The previous analysis of the thermodynamic and ki-
netic stability of Escherynes makes these molecules tick in most
of the boxes required for them to be viable in a chemical lab.

Although we are far from guessing all possible applications of
the new belt-shaped molecules designed in this Letter we can fore-
see some of them. In particular, the new molecules can act as host-
guest interaction materials based on 1 stacking or electrostatic
forces. We have built the electrostatic potential maps (EPM) for
Cso Escherynes by mapping the potential onto the electron density
surface (0.002 e/bohr3) evaluated at B3LYP//6-31Gx level. Accord-
ing to the EPM for the Cgg Escherynes (see Figure 3) we can infer a
high affinity for alkali metals in the case of both types of Eschery-
nes. Our calculations indicate a strong interaction of Li atoms with
Escheryne molecules. This kind of ‘lithium storage’ complexes has
been previously reported for carbon molecules with different
remarkable applications [29,30]. Complexes between fullerenes
and other alkali metals - ‘fullerides’ - have also been reported as
superconductor materials [31]. The LiCgo(H) and LiCgo(M) com-

240 pm

‘M

Figure 4. Illustration of the complexes formed between H (top) and M (bottom) Cgg
Escherynes with Li atom and some of the geometric parameters of the complexes.
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Figure 5. Vibrational circular dichroism spectra of the two enantiomers of Cgo Escheryne with Mobius topology.

plexes have BE equal to 2.95 and 3.10 eV, respectively, which indi-
cates that these complexes are significantly more stable than the
one formed by Cgo fullerene and Li, which has a BE=1.52eV
[32]. In LiCgo(H) the Li atom is positioned at the center of the inte-
rior side (endohedral doping) of the ODA rings at 224 pm from the
carbon atoms (see Figure 4). Other complexes of the type Li,Cgo can
also be formed but they have not been considered here. In LiCgo(M)
the metal is positioned on the twist at 231 pm from the closest car-
bon atom (see Figure 4) also forming an endohedral complex. The
closest C-Li distance found by Chandrakumar and Ghosh [32] in
similar calculations for fullerene-Li complexes is 226.8 pm, which
is very similar to the ones reported here.

We can infer the existence of both diamagnetic and paramag-
netic ring currents in the belts of Escheryne molecules. The H
structures could be seen as ‘gigantic’ benzene rings [33], which
suggest an enhanced diamagnetism due to the huge area available
for the current loop of the 7 electrons. On the other hand, it has
been predicted for M cyclacenes that the twist travels around the
belt inducing a magnetic current [34], which could also be ex-
pected to take place in the case of the M Escheryne isomers.

An interesting characteristic of M strips is that they can display
topological chirality. In order to investigate the optical activity of
M Escherynes we have conducted first-principle calculations of
the circular dichroism (CD) spectra of the Cgo Escherynes. CD is a
chiroptical technique that measures the optical activity of chiral
compounds by detecting differences in absorbance between right
and left circularly polarized light. We used the optimized geome-
tries to evaluate the optical rotations [a]p and the vibrational CD
spectra. Our calculations show no optical activity for H Cgo isomer
([ot]p = —4.84 degrees [dm x g/cm?]~!), but a remarkable one for
the chiral M Cgo Escheryne isomers ([o]p=—12453.56 degrees
[dm x g/cm3]!). Figure 5 shows the vibrational CD spectra of both
enantiomers, where it can be seen that the M structure exhibits a
strong optical activity. The symmetry observed in these spectra is
the result of the lack of much conformational flexibility in the
enantiomeric forms of M Cgo Escherynes. It must be noticed that
this optical activity can be modulated by varying the number of
twists in the M bands.

It has been remarked that the first step in any synthesis is to
identify a target structure on the basis of the mechanical, optical
or binding properties of the compound in question [35]. In this
work we have completed this research cycle by identifying Esche-

ryne structures which are stable and display remarkable electronic,
magnetic and optical properties. Further retrosynthetic analysis
may identify the best routes for their synthesis. We are confident
that the current development in acetylenic chemistry is enough
for targeting these compounds in a wet lab. Work is in progress
on many reasonable extensions of this letter, such as the design
and calculation of Esheryne structures with width greater than 1
and some interesting 3D structures. It includes also the re-param-
etrization of an effective semi-empirical method for computing the
band structure of Escherynes and their derivatives.

5. Conclusion

In this Letter we report the conception of a new family of carbon
allotropes: Escherynes. Our ab initio calculations reveal: (i) that
Escherynes are relatively stable molecules, (ii) they form ‘lithium
storage’ complexes more stable than similar complexes formed
by fullerenes, (iii) large Escherynes (>60 atoms) with Mobius struc-
ture are as stable as normal belt structures and (iv) Mobius
Escherynes display remarkable optical activity.
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