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Abstract. The electronic structure of finite and infinite
linear, cyclic and Mobius strip polyacenes has been
investigated by adopting Hiickel and semiempirical
schemes. Using the Hiickel approach, it turns out that
the M6bius belting process modifies the highest occupied
molecular orbital (HOMO)-lowest unoccupied molecu-
lar orbital (LUMO) gap in such a way its evolution with
chain length is similar to the linear polyacenes rather than
their cyclic analogs. These results are corroborated at the
Austin model 1 (AM1) level, where the geometry relax-
ation effects are taken into account. The optimized AM 1
structures show that the Mobius defect is localized and
extends over a third of the ring. With respect to the Hiickel
approach, accounting for geometry distortion at the AM 1
levels results in an increase in the HOMO-LUMO gap of
the Mobius strip relative to the linear and cyclic finite-size
structures. On the other hand, when including electron-
hole correlation at the configuration interaction singles/
Zerner’s intermediate neglect of differential overlap level
the behavior with system size of the first excitation energy
of cyclic and Mobius polyacenes differs from their linear
analogs and leads to smaller singlet excitation energies.
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1 Introduction

This work is a part of our long-lasting interest in the
quantum chemistry of large oligomeric and polymeric
species. It studies linear polyacenes (class I) made up of
laterally fused benzenoid hydrocarbons, their corre-
sponding cyclically belt structures (class II, sometimes
referred to as cyclacenes [1]) as well as MGbius belt-type
(class III) molecules (Fig. 1). On the one hand, polyac-
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enes and their Mdbius strips are novel, intellectually
appealing molecular architectures, whereas, on the other
hand, these molecules exhibit a renewed interest owing
to their close similarity to short carbon nanotubes.

In this article, we investigate the topology-related
differences in the electronic properties between alternant
(class I and II) and nonalternant (M&bius-like, class 11I)
hydrocarbons. Here the term alternant refers to the to-
pology and means that the atoms of a molecule can be
divided in two sets; the atoms of a given set having only
atoms of the other set as neighbors. Going from the
alternant to the homologous nonalternant structures has
been shown to modify the mathematical properties of the
solution and often to result in geometrical modifications
and local charge transfers [2]. This topological alterna-
tion should, however, be distinguished from the bond
length alternation (BLA) and connected electronic den-
sity alternation of which the effects are also addressed in
this article. The Mobius belting procedure transforms
two (one up and one down) faces into a single continuous
face and destroys the intrinsic antisymmetry of the =
orbitals with respect to the molecular plane.

In the first part, results are reported in the framework
of the Hiickel model, which has turned out to be efficient
to rationalize novel concepts in domains as different as
conducting polymers or nonlinear optics [3—5]. Hiickel-
like polymer band structures of the regular linear poly-
acenes were reported some 30 years ago [6]. We use the
cyclic Born—Karman boundary conditions to obtain the
molecular orbitals (MOs) of oligomers from the band
structures [7]. Then, orbital levels, including the highest
occupied MO (HOMO) and the lowest unoccupied MO
(LUMO), and energy gaps are analyzed and rationalized
with respect to the size of the molecules for the three
classes of systems. In particular, the HOMO-LUMO
gap has been considered because it plays an important
role in electric and optical properties as well as in UV/vis
spectra and chemical reactions.

In the second part, a step towards reality is made by
testing, in the three classes of compounds, the BLA
effect as well as its associated density alternations on
the energy gap.
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Fig. 1. Representation of the structures of the a linear, b cyclic and
¢ Mobius strip polyacenes

Finally, the semiempirical Austin model 1 (AMI)
technique is used to characterize the geometrical defects
associated with the Mobius strips in comparison with
their linear and cyclic analogs. The HOMO-LUMO AM 1
energy gaps are compared to the Hiickel values as well as
to the lowest configuration interaction singles (CIS)/
Zerner’s intermediate neglect of differential overlap
(ZINDO) excitation energies. The possible interest of the
three classes of molecules is examined in the light of these
results.

2 Topological properties of various regular polyacenic
models as investigated by simple Hiickel methodology

The structures of linear, cyclic and Mobius strip
polyacenes are represented in Fig. 1. The linear chains
consist of 2(2N + 1) atom chains made up of N rings
whereas the cyclic polyacenes contain N rings and
2(2N) carbon atoms. Class I (II) systems can also be
viewed as two fused polyacetylene chains (trannulenes).
The 4N carbon atom Mobius strips (class III) form N
twisted rings. Alternatively, they can be viewed as a
2N unit cell polyacetylene chain of which half of the
carbon atoms interacts with another site in a way to
form a perfectly regular structure. The next paragraph
provides the band structures for these infinite periodic
and regular structures as well as their oligomeric
analogs.

2.1 Linear and cyclic polyacenes

The electronic structure of the infinite polyacenic systems
can be obtained from band structure calculations [3, 7-9].
The use of the Born—Karman cyclic boundary conditions
to derive the band structure implies equivalent solutions
for the linear and cyclic structures. Using the techniques
of polymer quantum chemistry including the Bloch
theorem, we have to solve the secular determinant to
get the expressions of the four = bands,

a—e  B(1+e™) 0 0
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which gives the following analytic solutions:
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where o and f stand for the well-known Hiickel
Coulomb and resonance integrals, respectively. a is the
unit cell length. k belongs to the first Brillouin zone [—7/
a, n/a) and, using the Born—Karman conditions, can take
the values 2n7/Na, with N tending to infinity. In k=n/a
(') one obtains the degeneracy between the highest
valence band and the lowest conduction band charac-
terizing conducting systems. The method of finite
differences [7] is one successful way to obtain the energy
levels of the finite oligomeric systems according to their
size. The other technique that we have adopted here
consists in using the band structure expressions where
the k values are properly discretized. For a linear
polyacene containing N unit cells, in addition to o« =+,
the electronic levels (as well as the coefficients of the
linear combination of atomic orbitals) are obtained by
setting

—_ _hm
ka = N+1

with »n=1,2,...,N , (3)

whereas for the cyclically belt structures
ka =22 with n=0,1,2,...,N—1 . (4)

These relationships between the oligomeric and poly-
meric electronic structures have been advantageously
used by Cui et al. [10] in the reverse way, i.e. to extract
polymer properties from oligomer calculations. By
combining Eq. (2) with Egs. (3) and (4) we have
determined the HOMO-LUMO gap for the linear
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Fig. 2. Evolution with the number of rings of the highest occupied
molecular orbital (HOMO)-lowest unoccupied molecular orbital
(LUMO) gap for the three classes of regular bond length
alternation (BLA) (=0) polyacenes obtained at the Hiickel level



and cyclic polyacenes as a function of the number of
rings (Fig. 2). When cyclic structures contain an even
number of fused rings, the HOMO and LUMO are
degenerate and the gap is zero. When the number of
rings is odd, the HOMO and LUMO Ilevels are distinct,
so the gap of finite cyclic polyacenes is nonzero. This
conductor/semiconductor alternation is related to the
well-known Hiickel 4n and 4n+2 rules. In the infinite-
chain limit, the even and odd cyclic structures as well
as the linear polyacenes have a zero band gap. For a
given number of rings, the gap of odd-numbered cyclic
polyacenes is slightly larger than for their linear
analogs.

2.2 Mobius strip polyacenes

To obtain the analytical band structure solution for
Mobius strip polyacenes, one way is to note that, owing
to the Mébius belting process, the system is built from a
single strand of 2N unit cells containing two carbon
atoms. The two carbons are linked to the two neigh-
boring unit cells along the chain, but one of these atoms
is also linked to another carbon atom N unit cells distant
along the strand. Following the same approach as earlier
we obtain the secular determinant

o—¢ ﬁ(l+e’ik”) _0
ﬁ(1+eika) 06—8+ﬁ€iNka - )

which, after using the Born—Karman cyclic boundary
conditions (ka=nn/N) provides analytic solutions for
the two 7 bands:

Sn(k)zoc—i—ﬂ(_l) i\/92‘*‘80m . ©

Comparing the later equation with Eq. (2) demonstrates
that the band structures are equivalent for the three
classes of polyacenes; the (—1)" factor being responsible
for doubling the number of bands from 2 to 4 in the
Mobius case. On the other hand, the discretization and
the oligomeric results thereof are different. For the
Mobius strips the first Brillouin zone is discretized
according to

ka="% with n=0,1,2, ..., 2N -1 | (7)

From the previous formulas, it is straightforward to
deduce the energy of the most meaningful orbitals and
the bandwidths of importance for any finite size system.
The (—1)" factor is found to lift the symmetry of the MO
levels with respect to the nonbonding a root. The size
dependence of the HOMO-LUMO gap is displayed in
Fig. 2. In the infinite-chain-length limit, the regular
(from the point of view of the bond lengths and density)
Mobius strips also display conducting behavior. With
respect to the linear and cyclic (N odd) structures, the
oligomeric gaps are smaller for an equivalent number of
rings as a consequence of the doubling of the length of
the conjugated chain. Indeed, in the topology language,
the cyclic and linear structures belong to the nonalter-
nant hydrocarbons whereas the Mobius strips are
alternant [2].

()
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3 Bond length alternation effects upon the electronic
properties of polyacenic models as investigated
by simple Hiickel methodology

With the exception of the extremities of the linear
polyacenes exhibiting small end effects, for the three
classes of regular compounds, all unit cells are equiv-
alent on the basis of their bond indices and charge
distributions. Moreover, the CC bonds connecting these
polyacetylene chains/trannulenes present a smaller
n-bonding character. Anticipating the results of the
semiempirical calculations, there is a second alternation
along the polyacetylene chains which accounts for
Peierls distortion in infinite, one-dimensional metallic
chains. This distortion is known to give rise to a
degeneracy lift and to the opening of the band gap.
Both types of BLA effects have been modeled at the
Hiickel level by assigning f, f, and f” resonance
integrals, respectively, to the stronger and the weaker =
bonds of the chains and to the interchain bonds. Using
p as the reference, the following ratios have been
defined:

0§§—A§l, (8)
Og%:Bgl. 9)

The generalization to bond length alternant structures of
the n-band expressions given in Egs. (2) and (6) are

:tﬁ// + \/4ﬁ2 +4ﬁ’2 _;ﬁ”z + Sﬁﬁ/ cos (ka)

en(k) = o
(10)

for planar and cyclic structures and

B'(~1)" £ /45> + 4 + B + 88’ cos (ka)
2

en(k) = o+
(1)

for the Mobius strips. These expressions also provide the
electronic levels of any finite system by following the
Brillouin zone discretization procedure described in
Sect. 2. Again, the discretization of the first Brillouin
zone leads to differences for the three polyacene classes,
whereas the band structures of the ideal infinite systems
are identical. The HOMO and LUMO expressions for the
various polyacenic structures are summarized in Table 1.
In order to exemplify the BLA effects, values of 4 = 0.935
and B =0.909 were chosen. They were obtained by
injecting the AM 1-optimized bond length values into [11]

B(eV) = —2.40 + 3.21[R(A) — 1.397] . (12)

The effects of BLA upon the HOMO-LUMO gap are
displayed in Fig. 3 for the linear, cyclic and M&bius strip
polyacenes as a function of the system size. It appears
that the chain-length dependence of the gap is qualita-
tively similar for the bond length alternant and regular
systems but that the gaps of the former tend, in the
infinite-chain limit, towards a finite, nonzero value:
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Table 1. Analytical expressions
of the highest occupied

HOMO

LUMO

molecular orbital (HOMO) and

B2 /1+42+(B/2)’ +24 cos (%) B-2

1+42+(B/2)*+24 cos(ﬁ‘\f])

lowest unoccupied molecular Linear _
orbital (LUMO) levels of the _ 2 2
various finite (N fused rings) Cyclic Odd
polyacenic systems with 3 B2/ 14+42+(B/2)* +24 cos(5) B2,/ 14+42+(B/2)*+24 cos("57)
account of bond alternations. 2 2
The values are given in units Even _ B=2V(A) +(B/2) (1*;‘)2“3/2)2 B2/ (1-A)" +(B/2)” “*;“2*(3/2)2
of - by taking « as the energy .
origin Moébius Odd
78—2\/1+A2+(B/2)2+2Acos(%) B-2/(1-4)+(B/2)
2 2
Even N e B2/ 1442 1(B/2) +24 cos (CF)
2 2
BOND LENGTH ALTERNANT POLYACENES structures, containing between six and 20 fused rings
040 and then to analyze the geometrical effects upon the
—e—planar band gap given, to a first approximation, as the
035 —ocyclic difference between the HOMO and LUMO levels. In a
~ o0 % Mobius second step, the CIS/ZINDO [13] first excitation ener-
Z gies are computed. The inclusion of the electron-hole
E o interactions is expected to provide improved excitation
@ . energies which can serve to simulate UV/vis spectra.
s These calculations were carried out using the GAUSS-
POEYE TAN98 program [14].
5 The class IT oligomers display a regular structure
010 with, for sufficiently large systems, bond length values of
005 1.377 and 1.431 A along the two interacting trannulenes,
whereas the distance between them amounts to 1.452 A.

0.00

Number of Rings

Fig. 3. Evolution with the number of rings of the HOMO-LUMO
gap for the three classes of alternant polyacenes obtained at the
Hickel level

AE,(N = o0) = f [B —2\/(1 =47+ (B/2)

(=4

~ =2 3= 0.00945 .
Again, it is interesting to note that for finite chains, the
gap of the M&bius strips is smaller than for the linear
polyacenes, whereas it is between the two gap values
associated with the even and odd cyclic polyacene
structures. The same conclusions can be drawn by using
in Egs. (10) and (11) f§ values corresponding to modified
neglect of differential overlap (MNDO) optimized
geometries. The following section adopts the AMI
semiempirical scheme and extends the characterization
by considering globally the effect of the curvature of the
cyclic and Mobius structures and the geometrical
relaxation and possible localization of the distortion
associated with the Mobius strips.

4 Towards reality: AM1 geometry optimization
and CIS/ZINDO excitation energies of linear
and cyclic (regular and Mobius strip) polyacenes

The AMI1 scheme [12] was first employed to optimize
the structure of the three classes of finite polyacenic

As shown in Fig. 4 by the sketch of the BLA along
the chain, the planar oligomers exhibit a totally different
geometry:

1. For odd oligomers, going from one extremity towards
the chain center, the BLA value strongly decreases,
attains zero, then reverses sign and finally increases
towards the other extremity.

2. For even oligomers, the behavior is similar, with the
exception that there are no identical consecutive
bonds at the center of the chain and the BLA jumps
from -6 to + 9 with 6 ~0.03 A.

3. When the oligomer is sufficiently large there is a
region where the BLA is stable and similar to the
value of the cyclically-belt structures (1.372-1.379
and 1.427-1.434 A).

4. Border effects are associated with larger BLA. The
sign reversal of the BLA is similar to the one
encountered in polyacetylene chains bearing a soliton
defect [15]. This coexistence of undistorted and
Peierls-distorted regions is in agreement with the
conclusions drawn by Cioslowski [16] from correlated
ab initio results.

AM1 full geometry optimization of the M&bius strips
shows that the torsion is located and extends over a third
to a half of the structure. In the nondistorted region, the
bond length values of the polyacetylene-type interacting
chains are almost identical (1.376 and 1.432 A) to those
of the cyclic structure. For the geometrical structure in
the region of the torsion-induced defect, a distinction
should be made between the small (fewer than nine
rings) systems and the others. For the former, the tor-
sion is so large that it leads to bond stretchings and



contractions in such a way that one may perceive smaller
and larger fused rings. For the later, the average bond
length variation is much smaller and the systems main-
tain their six-membered fused ring structure. The evo-
lution of the BLA along the M&bius strip containing 19
rings (38 double bonds) is displayed in Fig. 5. One sees
that the defect is located around positions 10 and 30,
which are facing each other, and extend over 7-8 sites.
The BLA variation is larger around position 10
(~0.25 A) than around position 30 (~0.20 A). This
larger variation is associated with the external poly-
acetylene chain, whereas the smaller variation is asso-
ciated to the chain that points towards the cavity of the
structure. In contrast to class I polyacenes, there is no
sign reversal of the BLA as could have been expected
from the one-chain character of the Mobius belt. Similar
results were also obtained at the MINDO level.

The HOMO-LUMO gaps were evaluated for these
optimized structures and are plotted in Fig. 6. Quali-
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Fig. 4. Evolution of the BLA along the backbone of the linear

polyacene containing 19 rings obtained at the Austin model 1
(AM1) level of approximation
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Fig. 5. Evolution of the BLA along the backbone of the Md&bius
strip polyacene containing 19 rings (38 carbon—carbon double
bonds) obtained at the AM1 level of approximation. Note that the
scale is different from that used in Fig. 4
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tatively, the AMI1 results are equivalent to those ob-
tained at the Hiickel level, which neglects the ¢
electrons, the curvature of the cyclic and Mobius
structures as well as the geometry relaxation effects
associated with the Mobius belting process. However,
with respect to the Hiickel treatment, the HOMO-
LUMO gaps of the Mobius strips increase relative
to the other systems and are almost similar to the gaps
of the linear and odd cyclic polyacenes. Moreover, the
geometrical distortions present in the smallest Mobius
strip structures do not lead to a different size depen-
dence of the energy gap but only to a small HOMO-
LUMO gap increase with respect to their linear ana-
logs. The chain-length dependence — including parity
effect — of the MNDO HOMO-LUMO results due to
Tiirker [17] are qualitatively similar to ours; the HO-
MO-LUMO gap being, however, about 1.5 eV smaller
than ours for the M&bius strips.
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Fig. 6. Evolution with the number of rings of the HOMO-LUMO
gap for the linear, cyclic and Mobius strip polyacenes obtained at
the AM1 level by employing the AMI1 fully optimized geometry
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Fig. 7. Evolution with the number of rings of the first excitation
energy for the linear, cyclic and M&bius strip polyacenes obtained
at the configuration interaction singles/Zerner’s intermediate
neglect of differential overlap level by employing the AM1 fully
optimized geometry
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Finally, the lowest-energy singlet CIS/ZINDO exci-
tation energies were determined and are represented
versus the number of rings in Fig. 7 for the three types
of polyacenes. Like the HOMO-LUMO gaps, the first
excitation energy of the cyclic polyacenes displays
sawtooth behavior, whereas for the planar structures,
the evolution is smooth. For the Mobius strips a
smaller and opposite sawtooth behavior is observed. By
looking carefully at Fig. 6, this behavior was already
present for the HOMO-LUMO gap, while it is mag-
nified by the inclusion of electron-hole interactions. In
contrast to the AM1 and Hiickel HOMO-LUMO gaps,
the first excitation energy of the cyclic and Mobius
polyacenes increases with the system size. Moreover, for
the three classes of compounds the excitation energy
tends, in the large-system limit, to a value ranging
between 1.3 and 1.7 eV, characteristic of semiconduct-
ing behavior.

5 Summary and outlook

The electronic structure of finite and infinite linear,
cyclic and Mobius strip polyacenes has been investigated
by adopting the Hiickel and semiempirical schemes.
Using the Hiickel approach, it turns out that the Mobius
belting process modifies the HOMO-LUMO gap in such
a way that its evolution with chain length is similar to
the linear polyacenes rather than their cyclic analogs.
These results are corroborated at the AM1 levels, where
the geometry relaxation effects are taken into account.
The optimized AMI1 structures show that the Mobius
defect is localized and extends over a third of the ring.
With respect to the Hiickel approach, accounting for
geometry distortion at the AMI levels results in an
increase in the gap of the Mobius strip relative to the
linear and cyclic finite size structures. On the other hand,
when including electron-hole correlation at the CIS/
ZINDO level the behavior with system size of the first
excitation energy of cyclic and Mbius polyacenes differs
from their linear analogs and leads to smaller singlet
excitation energies. Future aspects of interest involve
addressing the spin instability problem and the magnetic
properties in relation to the regularity of the BLA
patterns.

Although the synthesized M&bius strips reported so
far are nonconjugated compounds [18], recent studies on
related systems have shown that cyclacene-based mate-
rials may exhibit interesting magnetic [2], conducting
[19] and electronic [20] properties. Additional experi-
mental and theoretical studies are therefore awaited to
improve the understanding of these challenging com-
pounds.
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