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Abstract: Cyclacene nanobelts have not been synthesized in over 60 years and 

remain one of the last unsynthesized building blocks of carbon nanotubes. Recent 

work has predicted that Hückel-cyclacenes containing Dewar benzenoid ring isomers 

are the most stable isomeric forms for several of the smaller sizes of cyclacene belt. 

Here we give a more complete picture of the isomers that are possible within these 

nanobelt systems by simulating embedded Ladenburg (prismane) benzenoid rings in 

Hückel-[n]cyclacenes (n = 5-14), and embedded Dewar benzenoid rings in twisted 

Möbius-[n]cyclacenes (n = 9-14). The Möbius-[9]cyclacene isomer containing one 

Dewar benzenoid defect, and the Hückel-[5]cyclacene isomer containing two 

maximally spaced Ladenburg benzenoid defects, are found to be more stable than 

their conventional Kekulé benzenoid ring counterparts. The isomers that contain 

Dewar and Ladenburg benzenoid rings have larger electronic singlet-triplet energy 

gaps and lower polyradical character when compared with the conventional isomers.
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Introduction

Hückel-cyclacenes were first reported in the literature by Heilbronner in 1954.1-2 

They can be considered as being either an arenoid belt made up of fused benzene 

rings or two fused trans-polyene ribbons,3 where the odd numbers of fused rings 

show a lower relative stability.4 Cyclacenes are the last minimal building block of 

carbon nanotubes to remain unsynthesized. Itami and co-workers managed to 

synthesize a related chiral carbon nanobelt in 2017,5 but attempts at making 

cyclacenes have remained unsuccessful to date.6-10 The synthetic challenges may 

arise from the high ring strain in the smaller cyclacenes or have their origins in the 

predicted low energy triplet electronic states and significant polyradical character in 

the ground states of the larger belt sizes.11-13 A more complete understanding of 

cyclacene behaviour could, therefore, aid in the understanding of carbon 

nanotubes14-16 and may help to guide future synthetic strategies.

In 1964 Heilbronner also proposed that organic polyene ribbons could accommodate 

a twist (or knot) in their structure to become a Möbius band with one edge 

topologically.17 Since then various organic and inorganic Möbius belt shaped 

molecules have been synthesized.18-21 Möbius rings and nanobelts are predicted to 

have a range of interesting electronic properties. Hückel rules for aromaticity are no 

longer predicted to be valid for Möbius polyene belts,18 and Möbius-[n]cyclacenes 

have been characterized as having an anti-aromatic polyene rim for all ring sizes. 

This stands in contrast to the unknotted Hückel-[n]cyclacenes, which have upper and 

lower aromatic polyene ribbons for the belts comprising an odd number of benzenoid 

rings and anti-aromatic polyene ribbons for belts with an even number.22 Möbius-

[n]cyclacenes have torus screw rotation symmetry in addition to C2 symmetry.23 The 

π-electrons of the Möbius-[n]cyclacenes are relatively localized in the twisted region 

of the ring, with molecular dynamics calculations of Möbius-[11]cyclacene indicating 

that the Möbius twist travels around the belt at room temperature with a period on 

the order of several picoseconds, causing a temperature dependent spin current 

associated with the magnetic moment of the twist.24 Despite having consistently 

antiaromatic polyene ribbons, the first hyperpolarizabilities of the Möbius-

[n]cyclacenes (n = 13-18) oscillate in a zigzag pattern for belts made up of even or 

odd number of benzenoid rings.25 Möbius-[8]cyclacene has also been predicted to 

facilitate spiral charge transfer when used as a conjugated bridge in a donor-π-
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conjugated bridge-acceptor framework.26-27 Analysis of the frontier molecular orbitals 

in the n = 13-18 systems suggests that the lowest electronic excited states involve 

electron transfer from the twisted areas of these belts to the un-twisted areas when 

the belts are made up of an even number of benzenoid rings, but that the reverse is 

true for belts made up of an odd number of benzenoid rings.25 As with the Hückel-

[n]cyclacenes, single reference Kohn-Sham density functional theory (DFT) 

calculations have found electronic ground states with triplet multiplicity for various 

Möbius-[n]cyclacenes.28-29 However, studies using thermally-assisted-occupation 

density functional theory (TAO-DFT) have shown this is likely an artefact arising from 

the neglect of static correlation, and have predicted singlet ground states for Möbius-

[n]cyclacenes where n = 8-100.29

Isolated benzene rings can undergo interconversion into a range of ring isomers in 

addition to the stable aromatic structure proposed by Kekulé.30-33 These structures 

include bicyclo[2.2.0]-hexa-2,5-diene and tetracyclo[2.2.0.02,6.03,5]hexane, otherwise 

known as Dewar benzene and Ladenburg benzene (or prismane), shown in Figure 1. 

Hanson-Heine et al. recently found evidence that isomers containing a small number 

of Dewar benzenoid rings are more stable than the conventional structures that 

contain only contain Kekulé benzenoid rings when considering several of the smaller 

Hückel-cyclacene belt sizes.34 These Dewar benzenoid ring containing isomers are 

predicted to have less polyradical character and higher singlet-triplet stabilities than 

the conventional cyclacene isomers, and therefore represent potentially stable 

synthetic targets.

Figure 1. Chemical structures of a) Dewar benzene and b) Ladenburg benzene (prismane).

Möbius and Dewar benzenoid ring rearrangements are chemically interesting 

aspects of cyclacene behaviour in their own right and form part of a more complete 

understanding of cyclacene chemistry. This study, therefore, aims to examine the 

properties that are introduced when these rearrangements are coincident, and 
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produce Dewar benzenoid ring containing Möbius-[n]cyclacenes. Furthermore, as 

cyclacene benzenoid rings share some of the isomerizations available to molecular 

benzene, we also test whether the introduction of Ladenburg defects produces a 

similar set of effects to the Dewar defects when introduced into Hückel-[n]cyclacene 

systems.

Methods

Density functional theory calculations were performed using a developmental version 

of the Q-Chem 5 software.35 Optimized geometries were calculated for isomers of 

the Möbius-[n]cyclacenes (n = 9-14) containing both one Dewar benzenoid ring and 

purely Kekulé benzenoid rings, and for the Hückel-[n]cyclacenes (n = 5-14) 

containing one or two Ladenburg benzenoid rings, using unrestricted DFT with the 

B3LYP exchange-correlation functional and the 6-31G(d) basis set.36-37 Minima were 

confirmed through the absence of imaginary harmonic frequencies. The symmetry of 

the initial wave function was broken by adding 10% of the lowest unoccupied 

molecular orbital (LUMO) to the highest occupied molecular orbital (HOMO). Hückel- 

and Möbius-[n]cyclacenes have significant static electron correlation. Therefore, 

TAO-DFT38 was used to characterize the properties at these optimized geometries. 

TAO-DFT is designed to deal with strong static correlation effects and has a similar 

accuracy to ab initio multi-reference methods when calculating zigzag graphene 

nanoribbons,39 polyacenes,40 the Kekulé benzenoid ring and Dewar benzenoid ring 

containing isomers of Hückel-[n]cyclacenes,34, 41 and the conventional Möbius-

[n]cyclacenes.29 TAO-DFT can also accurately capture multireference character in 

molecular vibrational frequencies.42 Studies have indicated that the orbital 

occupation numbers from TAO-DFT are qualitatively similar to the natural orbital 

occupation numbers in high-level multi-reference methods, and can, thus, be used to 

assess polyradical character.38-39, 43-44 Relative energies and orbitals were calculated 

at the optimized geometries using TAO-DFT with the PBE exchange-correlation 

functional at a fictitious temperature of θ = 7×10-3 Eh in combination with the local 

density approximation fictitious temperature-dependent energy functional developed 

by Chai,38 and the 6-311+G(2df,2p) basis set.38, 40 The PBE functional can 

overestimate electron delocalization, with possible effects on the singlet-triplet 
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relative stabilities of certain systems. However, TAO-PBE has previously been found 

to be accurate for calculations of polyacenes, Dewar benzenoid ring containing 

Hückel-cyclacenes, and both the Hückel and Möbius isomers of conventional 

cyclacenes. Vertical singlet-triplet state energy gaps were calculated from the 

differences between the self-consistent field energies of the lowest singlet and 

lowest triplet electronic states.

Results and Discussion

Isomer Stabilities

The relative stabilities of the Hückel-[n]cyclacene isomers that also contain 

Ladenburg benzenoid rings have been assessed using energy calculations 

performed on the isomers with one and two Ladenburg benzenoid rings, as depicted 

for Hückel-[14]-cyclacene in Figure 2. The different positions that two Ladenburg 

benzenoid rings can occupy relative to each other in a cyclacene will lead to 

structures with different energies. Following the observations made for the Dewar 

benzenoid ring containing cyclacene isomers, these calculations have been 

performed with the two Ladenburg benzenoid rings located on opposite sides of the 

molecule.34 These energies, shown in Table 1, have been compared against with the 

equivalent structures for the isomers containing Dewar benzenoid rings, and the 

isomers with only Kekulé benzenoid rings that have previously been reported in the 

literature. The Hückel-[5]cyclacene isomer with two Ladenburg benzenoid rings is 

more stable than the purely Kekulé benzenoid ring isomer, and the previously 

identified isomers containing two Dewar benzenoid rings remain the lowest energy 

isomers for the n = 5-7 belt sizes, with the isomers containing with two Ladenburg 

benzenoid rings being ca. 16, 28, and 39 kcal mol-1 higher in energy, respectively.
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Figure 2. Optimized geometries of the 14-cyclacene isomers studied containing a) only 
Kekulé benzenoids, b) one Ladenburg benzenoid, and c) two Ladenburg benzenoids.

Table 1. Relative energies in kcal mol-1 for the Hückel-[n]cyclacene isomers containing 
different numbers of Kekulé benzenoid (KB), Ladenburg benzenoid (LB) and Dewar 
benzenoid (DB) structures given in parentheses.

n LB(1) LB(2) DB(1)a DB(2)a KB only a

5 54.5 16.4 26.7 0.0 45.0
6 46.3 27.8 17.6 0.0 14.2
7 37.8 39.1 10.9 0.0 11.4
8 51.3 58.4 21.1 16.9 0.0
9 40.2 59.7 11.8 13.6 0.0

10 57.7 76.8 27.4 34.5 0.0
11 50.9 79.1 20.1 33.4 0.0
12 60.9 90.9 28.9 46.4 0.0
13 60.3 96.7 28.6 50.2 0.0
14 61.5 102.5 31.2 55.5 0.0

adata taken from ref.34

Due to the inherently higher energies and the additional structural complexity 

introduced by the knot in Möbius systems, Ladenburg defects have not been 

considered for with Möbius-[n]cyclacenes, and we have instead chosen to focus on 
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isomers containing the less angular Dewar benzenoid defects. Energy calculations 

have been performed on the Möbius-[n]cyclacene isomers with up to one Dewar 

benzenoid ring, due to ring strain considerations. Preliminary geometry optimizations 

found that the ring twist consistently migrated until reaching the Dewar benzenoid 

ring structure, giving the relative positions shown for Möbius-[14]cyclacene in Figure 

3. Cartesian coordinates and absolute energies for the optimized geometries of all 

isomers considered in this work are provided in the Supporting Information. The 

relative energies for these isomers, shown in Table 2, indicate that the Möbius-

[9]cyclacene containing a Dewar benzenoid ring is more stable than the equivalent 

purely Kekulé isomer, and that the purely Kekulé isomer of Möbius-[10]cyclacene is 

only ca. 1.6 kcal mol-1 more stable than its Dewar benzenoid ring counterpart. 

Furthermore, the relative energies of the Möbius-[n]cyclacenes that contain Dewar 

benzenoid rings are consistently 10 kcal mol-1 lower than the relative energies of the 

Hückel-[n]cyclacenes with Dewar benzenoid rings, when each are considered 

relative to their equivalent size of Kekulé-only isomer for the Hückel and Möbius 

systems, respectively. This suggests that the Dewar benzenoid rings act to reduce 

the strain introduced by the Möbius twist in partial compensation for the increased 

strain when forming the Dewar benzenoid ring structure. However, the Möbius-

[n]cyclacenes still have energies > 87 kcal mol-1 above the equivalent Hückel-

[n]cyclacenes for all of the systems studied.

Figure 3. Optimized geometries of the Möbius-[14]cyclacene isomers studied containing a) 
Kekulé benzenoid rings only and b) a single Dewar benzenoid ring.
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Table 2. Relative energies in kcal mol-1 for the Hückel-[n]cyclacene and Möbius-[n]cyclacene 
isomers with a Dewar benzenoid ring, relative to their Kekulé-only counterparts.

n Möbius-[n]cyclacene Hückel-[n]cyclacenea

9 -1.6 11.8
10 1.6 27.4
11 4.9 20.1
12 10.1 28.9
13 11.9 28.6
14 16.3 31.2

adata taken from ref.34

Singlet-Triplet Energy Gaps

Table 3. Singlet-Triplet vertical transition energies in eV for the Hückel-[n]cyclacene isomers 
containing different numbers of Kekulé benzenoid rings (KB), Ladenburg benzenoid (LB), 
and Dewar benzenoid (DB) structures given in parentheses.

n LB(1) LB(2) DB(1)a DB(2)a KB onlya

5 0.59 1.85 0.53 1.94 0.28
6 0.86 2.09 0.65 1.70 0.39
7 0.82 1.97 0.56 1.64 0.22
8 0.58 1.96 0.40 1.26 0.45
9 0.48 1.66 0.32 1.11 0.08

10 0.33 1.50 0.26 0.87 0.36
11 0.28 1.18 0.20 0.70 0.07
12 0.23 0.99 0.19 0.55 0.25
13 0.20 0.77 0.16 0.43 0.09
14 0.18 0.61 0.16 0.34 0.15

adata taken from ref.34

The Hückel-[n]cyclacene isomers containing Ladenburg benzenoid rings are 

predicted to have singlet electronic ground states with the singlet-triplet energy gaps 

shown in Table 3. The singlet-triplet energy gaps for the ground state configurations 

of the purely Kekulé Hückel-[n]cyclacenes oscillate due to the even belt sizes having 

more stable ground state configurations relative to the odd belt sizes. On the other 

hand, the isomers with one Ladenburg benzenoid ring do not show an oscillating 

pattern. These isomers have energy gaps that become comparable to the 

conventional even numbered Hückel-cyclacenes for the [8]cyclacene and upward. 

The isomers with two Ladenburg benzenoid rings have significantly larger singlet-

triplet gaps than the isomers discussed so far, starting +1.57 eV above the purely 
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Kekulé isomer for [5]cyclacene, and following a nearly monotonically decreasing 

trend as the belt size increases.

Möbius-[n]cyclacenes with Dewar benzenoid rings are also predicted to have singlet 

electronic ground states and consistently larger singlet-triplet energy gaps when 

Dewar defects are introduced, ranging from +0.1 to +0.6 eV, shown in Table 4. The 

alternating excitation energies predicted for the Kekulé isomers with even and odd 

numbers of benzenoid rings for the Möbius-[11]cyclacene and larger belt sizes are in 

line with the frontier orbital analysis of Gao et al.25 This discussion will therefore 

focus on the orbitals of the newly identified isomers shown in Figure 4. The excitation 

energies for the Möbius isomers with Dewar defects follows a similar alternating 

pattern, with a larger magnitude than for the purely Kekulé isomers of Möbius-

[11]cyclacene and larger. This stands in contrast to the untwisted Hückel isomers, 

which do not show an oscillating excitation energy pattern in the isomers that contain 

Dewar structures. The smaller nanobelts have excitation energies that fall outside of 

this trend for n = 11 and larger belts, which is attributed to an energetic reordering 

between the HOMO and the LUMO of the Dewar benzenoid ring containing isomers 

of the even numbered Möbius-[10]cyclacene and Möbius-[12]cyclacene belts. The 

Möbius-[9]cyclacene belt containing a Dewar benzenoid ring has a different HOMO 

to the orbitals seen for the larger belts with an odd number of benzenoid rings, and 

this is attributed to the increased ring strain at the smaller belt sizes. The lowest 

singlet to triplet energy gaps of greater than ca. 1.6 eV that are seen for the Hückel-

[n]cyclacene isomers with two Dewar benzenoid rings where the belt size n = 5-7, 

and for the isomers containing two Ladenburg benzenoid rings where n = 5-9, 

suggest that the ground states of these Dewar and Ladenburg benzenoid ring 

species may be isolable under normal laboratory conditions. However, in the 

Ladenburg benzenoid ring case, the high relative energies for those isomers are 

likely to hinder their formation and isolation under ambient conditions.
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Table 4. Singlet-Triplet vertical transition energies in eV for Möbius-[n]cyclacene isomers 
with and without a Dewar benzenoid (DB) defect.

n Möbius-[n]cyclacene

(without DB)

Möbius-[n]cyclacene

(with DB)

9 0.15 0.17
10 0.17 0.23
11 0.16 0.22
12 0.14 0.16
13 0.13 0.19
14 0.12 0.13

Radical Character

Conventional Hückel-[n]cyclacenes are known multireference systems that are 

predicted to possess a significant amount of polyradical character that anti-correlates 

strongly with their singlet-triplet energy gaps.13 A high degree of polyradical character 

has also been predicted for the Möbius-[n]cyclacenes.29 Multireference systems with 

strong static correlation have more orbitals with fractional occupation numbers, and 

radical character can therefore be estimated using the symmetrized von Neumann 

entropy (see equation 1), which has been used to calculate an approximate 

polyradical character of both Möbius and Hückel cyclacene isomers through the 

formula20, 27, 29, 31

SvN = -
1
2

∞

∑
𝑖 = 1

[𝑓𝑖ln (𝑓𝑖) +  (1 - 𝑓𝑖)ln(1 - 𝑓𝑖)] , 1

where fi are the fractional occupation numbers.

The symmetrized von Neumann entropy is shown in Table 5 for the Hückel isomers 

and in Table 6 for the Möbius isomers. The purely Kekulé Hückel-cyclacenes have 

oscillating symmetrized von Neumann entropies in line with previous calculations, 

showing that belts with odd n have a greater degree of radical character than the 

even n belts when n is relatively small.41 The symmetrized von Neumann entropies 

of the Hückel isomers with a single Ladenburg benzenoid ring do not oscillate and 

begin to follow a nearly linear trend with increasing size from the [8]cyclacene isomer 
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onwards, after an initial decrease in the symmetrized von Neumann entropy between 

the [5]cyclacene and [6]cyclacene isomers. These single Ladenburg benzenoid ring 

isomers give symmetrized von Neumann entropies that are close to the purely 

Kekulé cyclacenes for even n values once n is 8 or larger, and the symmetrized von 

Neumann entropy also appears to be anti-correlated to the singlet-triplet gaps, again 

suggesting a close relationship between the transition energy and the radical 

character. The overall trend is similar to that of the Hückel-[n]cyclacenes containing 

single Dewar benzenoid rings, although the value is consistently lower for the 

Ladenburg benzenoid ring containing isomers. The isomers containing two 

Ladenburg benzenoid rings also have relatively low symmetrized von Neumann 

entropies and are therefore likely to possess only a very limited radical character and 

static correlation. These isomers again follow a similar trend to their equivalent 

Dewar benzenoid ring containing isomers. However, the symmetrized von Neumann 

entropies increase more slowly for the larger Ladenburg benzenoid ring isomers, 

suggesting that the Ladenburg benzenoid ring isomers are likely to be well behaved 

when using single reference ab initio methods for larger sizes of nanobelt. The 

symmetrized von Neumann entropies for the isomers containing either two 

Ladenburg benzenoid rings or two Dewar benzenoid rings, both show a different 

trend to the singlet-triplet gaps, indicating that the relative stability of their singlet 

ground states are not significantly determined by the presence of radical character.

The symmetrized von Neumann entropies for the Möbius-[n]cyclacene isomers show 

an oscillating pattern that increases as a function of belt size from Möbius-

[11]cyclacene onwards. The Dewar benzenoid ring containing isomers in this case 

show a similar trend, starting at a lower value that can be attributed to loss of 

aromaticity from the additional Kekulé benzenoid ring. The lower degree of 

correlation between the symmetrized von Neumann entropies and the singlet-triplet 

gaps seen for the Möbius-[n]cyclacenes compared to their Hückel-[n]cyclacene 

counterparts for n = 9-11, indicates that polyradical character is also a less important 

factor in determining the singlet-triplet energy gap for the smaller Möbius belt sizes.

To further examine the trends seen in the symmetrized von Neumann entropies, 

several sets of active orbital occupation numbers from the ground state TAO-DFT 

calculations are also shown in Table 7 and Table 8, where the (N/2)th orbital and the 

(N/2+1)th orbital are referred to as the HOMO and LUMO. Occupation numbers are 
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shown for the HOMO-2 to LUMO+2 as the occupation numbers of lower and higher 

energy orbitals, respectively, showed little change. The occupation numbers suggest 

that the radical character seen for the Hückel-[n]cyclacene isomers with only Kekulé 

benzenoid rings comes from oscillating occupancy swapping between the HOMO 

and HOMO-1 and the LUMO and LUMO+1, reaching a maximum of approximately 

50 % occupancy in all four orbitals for the [11]cyclacene. The continued increase for 

the larger belt sizes then come from occupancy between the HOMO-2 and LUMO+2. 

The Kekulé-only Möbius-[n]cyclacenes show a more complex pattern over this range 

of belt sizes, but are known to show similar oscillating “wave-packet” behaviour for 

the larger sizes of nanobelt.29

By contrast, the symmetrized von Neumann entropies seen for the Hückel-

[n]cyclacene with single Ladenburg benzenoid rings, are almost entirely due to 

orbital occupancy differences between the HOMO and LUMO. The HOMO 

occupancy only increases at the [14]cyclacene belt size, accompanied by a drop in 

the HOMO-1 occupation. The orbital occupations for the Hückel isomers with two 

Ladenburg isomers have not been tabulated due to having only small differences 

between the individual orbital occupations, with the [14]cyclacene HOMO orbital 

occupation remaining at 1.91. The Möbius-[n]cyclacenes with Dewar benzenoid rings, 

again follow a more complex pattern of occupations, with the drop in the 

symmetrized von Neumann entropy seen for the Möbius-[11]cyclacene coming 

primarily from a reduction in occupation numbers for the HOMO-1, HOMO, and 

LUMO.
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Table 5. Symmetrized von Neumann entropy for the Hückel-[n]cyclacene isomers containing 

different numbers of Kekulé benzenoid (KB), Ladenburg benzenoid (LB), and Dewar 

benzenoid (DB) structures given in parentheses.

n LB(1) LB(2) DB(1)a DB(2)a KB onlya

5 0.641 0.047 0.751 0.032 1.356
6 0.360 0.031 0.595 0.063 0.968
7 0.414 0.033 0.733 0.066 1.589
8 0.711 0.036 1.067 0.185 0.939
9 0.926 0.064 1.271 0.221 2.571

10 1.251 0.094 1.474 0.411 1.204
11 1.423 0.193 1.708 0.553 2.804
12 1.624 0.297 1.793 0.809 1.737
13 1.806 0.491 2.007 1.057 2.812
14 1.941 0.704 2.128 1.344 2.474

adata taken from ref.34 and doubled to account for 
both spin manifolds.

Table 6. Symmetrized von Neumann entropies for the Möbius-[n]cyclacene isomers with and 

without a Dewar benzenoid (DB) defect.

n Möbius-[n]cyclacene

(without DB)

Möbius-[n]cyclacene

(with DB)

9 1.685 1.502
10 1.798 1.578
11 1.967 1.254
12 2.304 1.986
13 2.403 1.910
14 2.754 2.327

Page 13 of 25

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page | 14 

Table 7. Frontier active orbital occupation numbers for the TAO-DFT electronic structures of the Hückel-[n]cyclacene isomers with only Kekulé 

benzenoid rings (KB) and one Ladenburg benzenoid ring (LB). The occupations have been doubled in order to account for both spin densities.

Hückel KB Hückel LB
Belt Size (n) HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2 HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2

5 2.00 1.76 1.75 0.47 0.01 0.01 2.00 2.00 1.81 0.19 0.00 0.00
6 2.00 2.00 1.68 0.27 0.05 0.00 2.00 2.00 1.93 0.06 0.02 0.00
7 2.00 1.73 1.73 0.27 0.27 0.00 2.00 2.00 1.90 0.09 0.01 0.00
8 1.99 1.99 1.69 0.31 0.01 0.01 2.00 2.00 1.79 0.21 0.00 0.00
9 2.00 1.36 1.36 0.69 0.68 0.00 2.00 2.00 1.68 0.31 0.01 0.00

10 1.96 1.96 1.69 0.32 0.03 0.03 2.00 1.99 1.47 0.54 0.01 0.00
11 2.00 1.01 1.01 1.00 0.99 0.00 2.00 1.98 1.35 0.63 0.04 0.00
12 1.88 1.88 1.70 0.33 0.10 0.10 2.00 1.94 1.16 0.87 0.04 0.00
13 1.99 1.21 1.21 0.80 0.79 0.01 2.00 1.93 1.06 0.90 0.12 0.00
14 1.72 1.72 1.70 0.34 0.26 0.26 1.99 1.82 1.25 0.81 0.12 0.01

Table 8. Frontier active orbital occupation numbers for the TAO-DFT electronic structures of the Möbius-[n]cyclacene isomers with only Kekulé 

benzenoid rings (KB) and one Dewar benzenoid ring (DB). The occupations have been doubled in order to account for both spin densities.

Möbius KB Möbius DB
Belt Size (n) HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2 HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2

9 2.00 1.77 1.50 0.71 0.03 0.00 2.00 1.97 1.09 0.93 0.01 0.00
10 1.97 1.95 1.31 0.54 0.23 0.00 2.00 1.96 1.31 0.65 0.09 0.00
11 2.00 1.76 1.32 0.80 0.10 0.02 1.97 1.61 0.31 0.11 0.01 0.00
12 1.87 1.81 1.30 0.75 0.28 0.00 1.99 1.86 1.04 0.92 0.19 0.00
13 1.99 1.78 1.00 0.86 0.29 0.10 1.98 1.83 1.34 0.72 0.12 0.01
14 1.68 1.61 1.37 1.03 0.29 0.01 1.98 1.68 1.23 0.75 0.34 0.01
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Figure 4. Frontier canonical DFT orbitals for several Möbius-[n]cyclacene isomers containing 
a Dewar benzenoid ring. The HOMO is defined here as the (N/2)th orbital and LUMO is 
defined as the (N/2+1)th orbital, the orbitals are shown at an isosurface value of 0.02 e/Å3, 
and the molecule has been angled with the centre of the DB facing out-of-plane.
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Conclusions

The Hückel-[5]cyclacene isomer containing two maximally spaced Ladenburg 

benzenoid rings is predicted to be more stable than the conventional purely Kekulé 

benzenoid ring isomer. Hückel-[n]cyclacene isomers containing Ladenburg 

benzenoid rings are then less stable in general compared to the isomers of equal 

size that contain either Dewar benzenoid rings or purely Kekulé benzenoid rings, and 

Hückel-[n]cyclacene isomers containing any of the defects studied are less stable 

than their purely Kekulé benzenoid ring isomer counterparts for the n = 8-14 belt 

sizes. The introduction of a single Dewar benzenoid defect into a Möbius-

[n]cyclacene nanobelt is predicted to lower the energy of the system to a greater 

degree than their introduction into the equivalent Hückel-[n]cyclacene. The Möbius-

[9]cyclacene isomer containing a single Dewar benzenoid ring is predicted to be the 

most stable Möbius structure, and the presence of both Dewar and Ladenburg 

benzenoid defects increases the energy difference between the lowest singlet and 

triplet electronic states while also decreasing the calculated radical character for the 

isomers studied. The high relative energies of these isomers limit their experimental 

viability. However, understanding the properties that these defects introduce is an 

important consideration for modelling cyclacene dynamics under idealized 

conditions, and when determining the viability of the potential synthetic pathways 

that contain them.
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Figure 1. Chemical structures of a) Dewar benzene and b) Ladenburg benzene (prismane). 
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Figure 2. Optimized geometries of the 14-cyclacene isomers studied containing a) only Kekulé benzenoids, 
b) one Ladenburg benzenoid, and c) two Ladenburg benzenoids. 
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Figure 3. Optimized geometries of the Möbius-[14]cyclacene isomers studied containing a) Kekulé 
benzenoids only and b) a single Dewar benzenoid. 
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Figure 4. Frontier canonical DFT orbitals for several Möbius-[n]cyclacene isomers containing a Dewar 
benzenoid. The HOMO is defined here as the (N/2)th orbital and LUMO is defined as the (N/2+1)th orbital, 

the orbitals are shown at an isosurface value of 0.02 e/Å3, and the molecule has been angled with the 
centre of the DB facing out-of-plane. 
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