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Ground and Excited State Aromaticity in Azulene-Based

Helicenes

Amisadai Lorenzo Reyes,*™ Fatim Ndeye Ndiaye,? Albert Artigas,” Yoann Coquerel,”
Cyril Terrioux,'? Nicolas Prcovic,” Denis Hagebaum-Reignier,*® and Yannick Carissan*™

In honor of Prof. Sola for his 60" birthday.

Electron delocalization is studied in the ground singlet and first
excited triplet states of azulene-containing helicenes. After
showing that the compounds we study can be synthesized, we
show that they exhibit a charge separation in the ground state,
which does not appear in their triplet excited state. Then,
magnetically induced properties (IMS3D and ACID) and electron
density decomposition methods (EDDB) are used to rationalize

Introduction

The introduction of non-benzenoid units into nanographene
structures has recently received particular attention due to the
possibility of generating systems with a significant open-shell
character, which may lead to the realization of future organic
electronic and spintronic devices."* Azulene is an emblematic
example of such non-alternant non-benzenoid polycyclic
aromatic hydrocarbons (PAHs).""*' Azulene is a 10n-electron
aromatic fused bicyclic hydrocarbon, isomer of naphthalene,
with a dipole moment comparable to that of hydrogen
chloride.™ This unusual property results from the intramolecu-
lar interaction between a donor of a five-membered ring and a
acceptor of a seven-membered ring, these donor / acceptor
characters being driven by the [4n + 2]rt Hiickel's rule: the five-
membered ring receives an electron from the seven-membered
ring. Thus, the total delocalized wavefunction W, can be
written as the linear combination of two local wavefunctions ¢,
and ¢,:
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aromaticity in these systems. For azulene-based helicenes larger
than a critical size, that is, for more than six fused cycles,
unexpected aromatic delocalization circuits appear. This feature
is understood via the decomposition of the wavefunction on
sets of carefully chosen local electronic structures and fragment
orbital diagrams.

WYie = G191 + G0 (1

In ¢,, six electrons are delocalized over the negatively
charged five-membered ring, four electrons being delocalized
over the remaining five carbon atoms. In ¢,, six electrons are
delocalized over the positively charged seven-membered ring,
four electrons being delocalized over the remaining three
carbon atoms. This perspective has been questioned as the n-
conjugation and/or electronic circulation across the trans-
annular bond, computed with different descriptors, is weak,
yielding conflicting results in terms of structure, magnetism,
and related properties.'*'”" Azulene has been extensively
studied, and its unique physicochemical and photophysical
properties continue to attract considerable attention.>'®'?

Recently, azulene-embedded helicenes synthesis has been
successfully achieved.®'*'*2**) Helicenes, formed by orthoannu-
lated aromatic rings, have contorted n systems and inherent
chirality despite the absence of stereogenic centers. They
possess attractive chiroptical properties, such as circular dichro-
ism (CD) and circularly polarized luminescence (CPL).25*!

The combination of chirality with the peculiar photophysical
properties of azulene®” looks a promising strategy for the
development of new chiroptical probes and sensors,”" spin
filters®? or chiroptical switches.®¥ In this direction, Li et al.®¥
have provided a comparative theoretical study of azulene-
containing tetracene and tetrahelicene and have shown the
potentialities of the incorporation of azulene unit in the
characteristics of the excited states (especially the reduction of
the energy of the first excited triplet state) as a chromophore.
The diradical character of the structures with small HOMO-
LUMO gaps is also shown compared to that of their analogous
benzenoid compounds without azulene units.

From a theoretical perspective, distorted polycyclic hydro-
carbons question the old but still evolving concept of

© 2025 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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aromaticity,”>>® originally defined for the ground states of

strictly planar m systems. As aromaticity is not an observable,
there is no single accepted method for its study.

Energetic,®® structural,**"  magnetic®** and electron
delocalization™®” criteria have been proposed to help under-
stand the concept by using some physicochemical properties as
a manifestation of aromaticity. This means that methods may
occasionally yield conflicting results, requiring the combination
of various criteria to approach the problem from different
perspectives. 7

The most relevant methods to characterize aromaticity in
distorted molecules are based on the analysis of the electron
density and its response to the application of an external
magnetic field, with known limitations (see Computational
Details section for detailed information).*’*"

The analysis of the unperturbed electron density can be
done using the EDDB (Electron Density of Delocalized Bonds)
approach, which allows for the visualization of the electron
density over multiple atoms.®”

One of the most widely used tools to characterize
aromaticity is the Nucleus-Independent Chemical Shift (NICS),
proposed by Schleyer and coworkers.*"*? NICS is a single value
that represents the response to the magnetic field at a point in
space. It does not give detailed information about the diatropic
and paratropic flows, as well as about the local or global
circuits.***" It was shown to be challenging to apply to three-
dimensional systems.*”*® Based on the same concept of the
response to an isotropic external magnetic field, three-dimen-
sional visualization of Isotropic Magnetic Shielding (IMS3D) has
been proposed by Artigas and co-workers,*? which has allowed
the straightforward visualization of electron delocalization in
complex twisted systems.”*>® The Anisotropy of the Induced
Current Density (ACID) allows for the visualization of the
electron flux induced by a non-isotropic external magnetic
field.®” Some approaches, based on valence bond theory, have
been developed which consider the weight of the most
relevant resonant structures and others based on the theory of
molecular orbitals and their decomposition into localized
molecular orbitals. Among the latter methods are those based
on Natural Bond Orbital (NBO) developed by Weinhold et al.*®
The HLP (Hiickel Lewis Projection) method was also developed
for a decomposition of the delocalized wavefunction on a set of
carefully chosen localized structures.”

Benzenoid helicene has been extensively studied, including
comparisons with its acene and phenanthrene analogs, using
various aromaticity descriptors.“®®" In the present theoretical
work we have substituted the terminal naphthalene unit or all
naphthalene units of the three helical structures of interest,
namely, tetrahelicene ([4]-hel), hexahelicene ([6]-hel), and
octahelicene ([8]-hel), by azulene units. We name these
compounds [n]-hel-azu and [n]-azu respectively, n is the total
number of cycles. Among the possible fusion of azulene
moieties with benzenoid units, we limit ourselves to com-
pounds in which the fusion of azulenes occurs through their
five-membered rings. This choice is driven by the recent
synthesis of such compounds.®*? In addition, we analyzed the
effect of increasing the number of azulene units on aromaticity
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when considering molecules containing 18, 26 and 34 =
electrons corresponding to 4, 6, and 8 fused cycles, respectively.
(Figure 1)

In this work, we are trying to answer four questions
regarding the introduction of one or more azulene motifs in an
helicene as described above. First, can these compounds be
synthesized: are they stable? Second, does this modification
create charge separation in the molecule? If so, what is the
distance between the opposite charges? Does this charge
separation also appear in the first triplet excited state? Then,
does the wave function become more ionic, i.e. is described by
ionic local structures, when doing such a modification? Finally,
does this modification change the non-locality of the electron
delocalization? If so, what is the new delocalization pattern to
take into account. Different calculation methods are used to
compare the aromaticity of the mono-substituted compounds
([n]-hel-azu) with the original helicenes and the full azulene
helical structures ([n]-azu). We focus on the visualization of the
aromaticity of the ground and the lowest triplet states, as well
as the comparison of the gaps between both states for non-
benzenoid fused derivatives with their respective benzenoid
isomers. In order to understand the electronic structure of these
compounds, we use a perturbative approach, which shows the
frontier orbital interaction.

Computational Methods

Computational Details

All molecules were optimized at the B3LYP/6-311+ +G(d,p) level
of theory using Gaussian 16 package.”” Additionally, Grimme’s
dispersion with Becke and Johnson corrections was included
(GD3BJ).**=%) We ensure that these molecules are the minima of

34 xcontorted electrons

26 xcontorted electrons

90
&

18 zcontorted electrons

()

F
—
[4]-hel
X
c| B
%
JIAG
[4]-hel-azu [6]-hel-azu

e (2] \°/
D || O

F

[4]-azu [6]-azu

[8]-azu

Figure 1. [n]-hel, [n]-hel-azu and [n]-azu compounds. Colors indicate
azulene units and labelling of cycles will be used all along this work.
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the potential energy surface by computing the analytical vibration
frequencies, all of them being real positive.

IMS3D maps were computed at the same level of theory with the
restricted or unrestricted formalism for S, and T,, respectively. All
maps were obtained using the ims3d.py program suite®>*® with a
depth value of 5 and a radius of 1 A.

EDDB was carried out for the entire molecular system including
hydrogen according to the latest version and procedure indicated
by Szczepanik et al.,***"*® using NBO7 version.*” We chose to use
the EDDBq flavour as the systems under study are not planar, hence
with no o/x separation, there seems to be no reason for not taking
the electrons of the hydrogen atoms into consideration. The
isosurfaces were obtained with an isovalue of 0.02.

ACID isosurfaces were generated for all electrons of the molecular
system in each case, using version AICD-3.0.4,"” for the isovalue of
0.05. For azulene, the external magnetic field was chosen to be
perpendicular to the plane of the molecule pointing in the direction
opposite to the reader. For non-planar molecules, the external field
is perpendicular to the average molecular plane, i.e. the plane that
minimizes the squared perpendicular distances of the atomic nuclei
from it.

We computed the condensed NBO charges on all carbon atoms:
each hydrogen carrying carbon atom is assigned its NBO charge to
which the charge of the hydrogen it carries is added. Furthermore,
when required, we have computed the charge of a cycle as the
sum of the condensed charges of all its carbon atoms. Thus, we can
assign a charge to each cycle. Note that these charges do not sum
to the total charge of the system as the charge of atoms of a bond
between two cycles are counted twice.

Electron Delocalization Analysis

We know that in distorted molecules, the o/x separation is not strict
as p, orbitals of one atom are not orthogonal to s orbitals of its
neighbors. Yet, one can assume that o electrons keep being
essentially o, i.e. occupy molecular orbitals built as linear combina-
tions of s, p, and p, orbitals, whereas n electrons keep being
essentially m, i.e. occupy molecular orbitals built as linear combina-
tions of p, orbitals. Thus, in the following, when we write =n-
electrons, we mean essentially m-electrons.

In this work, we carefully selected three methods to characterize
electron delocalization and aromaticity: EDDB, IMS3D and ACID.
The EDDB approach, based on a decomposition of the total density,
allows for the visualization of electron delocalization based on the
natural bond orbital (NBO) theory performed on the stationary
state. It allows for calculation of the number of delocalized
electrons and easy visualization of the part of the electron density
that is delocalized, i.e. spread over a set of bonds.

The IMS3D plots show the response of the electron density to an
isotropic magnetic field, §iso. The trace of the shielding matrix,
hence a scalar value, is plotted on the surface. Thus, this method is
fully isotropic and fits the representation of aromaticity for 3D
structures without specific directionality. The regions of the
electron density that respond to §i50 by creating an opposing
magnetic field are colored blue. This indicates aromaticity if the
blue regions are cyclic. If the induced magnetic field reinforces B,
regions are colored red and, if cyclic, indicate antiaromaticity. The
darker the color, the stronger the aromatic/antiaromatic character,
the less significant IMS values (corresponding to |IMS| <5.5 ppm)
are shown with the neutral beige color.

ACID plots are obtained by computing the response to B, The
current induced by an oriented magnetic field B, is represented
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by vectors plotted on the scalar surface, which represents the
anisotropy of the response tensor to By,. As this current is due to
an anisotropic magnetic field, it requires that the systems for which
it is plotted exhibit a specific orientation.

These visualization methods are accompanied, whenever necessary,
by molecular orbital plots, spin densities as well as a Valence Bond
description using localized Lewis structures. These structures are
generated using a constraint programming algorithm that ensures
the completeness of the set of structures. This constraint program-
ming approach is solved using the choco solver. 7*’" Weights of
the localized structures were obtained using the HulLiS software in
the HLP formalism. ®®7? All inputs of wavefunction decomposition
are available in a repository online.””

The combination of these approaches allows for the character-
ization of electron delocalization and aromaticity for non-planar
molecules and rationalization of them whenever necessary.

Results and Discussion
Relative Stabilities

In Figure 2, we compare the relative stability of the singlet S,
and triplet T, states of the [n]-hel, [n]-hel-azu and [n]-azu
compounds with n=4, 6 and 8. As can be seen and expected,
for a given number of cycles n, the most stable helicene is the
benzenoid helicene [n]-hel, followed by the [n]-hel-azu com-
pound, the less stable being the [nl-azu compound (see
Supporting Information SI.1). It is important to note here that
all of these compounds are local minima of the potential energy
surface. According to the extensive work of Mirzaei et al.,” the
lowest energy pathway for the rearrangement of the azulene-
naphthalene ring involves activation energies of at least
75 kcal/mol. The crossing of these barriers requires pyrolytic
conditions. Therefore, these compounds cannot be -easily
isomerized under standard temperature conditions and are
essentially stable. Similar azulene-containing compounds were
recently synthesized, among them [6]-hel-azu.”* This is clearly
indicating that such molecules could be synthesized using
appropriate methods.

From a thermodynamic point of view, azulene is 36.7 kcal/
mol higher in energy than naphthalene.”™ This value is
consistent with the energy differences we find between the [n]-
hel-azu and [n]-hel compounds. Furthermore, it also agrees
with the energy differences between the [n]-hel and [n]-azu
compounds if we assume that the energy difference between
them is due to 5 isomerization (going from [8]-azu to [8]-hel
requires 4 azulene to naphthalene isomerization).

Finally, we see that the singlet-triplet energy gap closes in
the case [n]-azu with respect to increasing values of n, while it
converges to a constant value for the compounds [n]-hel and
[n]-hel-azu. This interesting behavior is due to the relative
stability of the singlet and triplet states " which will be the
subject of another study.

© 2025 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 2. Relative stabilities of the singlet S, and triplet T, states (vertical and adiabatic ones) of the [n]-hel, [n]-hel-azu and [n]-azu compounds with n=4, 6
and 8. The molecules are grouped according to the number of & electrons. The plots on the left show the energy values of the ground and triplet states
relative to the S, state of [n]-hel. The histograms on the right show the energy difference between T, and S, states.

Intrinsic Properties of Azulene

Before studying the properties of azulene-based helicenes, it is
informative to look at these properties for the azulene itself (see
Figure 3)."777¥ When analyzing the charges, we notice that
there is a negative charge shift toward the five-membered ring
localized on carbons C13 and C17, as demonstrated experimen-
tally through the greater nucleophilic character of these two
carbons.®®" The singlet ground state exhibits aromaticity
throughout the molecule (IMS3D), yet more localized on the
five-membered ring (dark blue), whereas the excited triplet
state shows a clear antiaromaticity (dark red). This is in line with
the ACID map that clearly shows diatropic currents (clockwise)
for the ground state and paratropic currents (counterclockwise)
for the triplet state.

The EDDB analysis shown here is similar to the one obtained
by Dunlop et al."” in the ground state a global delocalization
circuit appears on the perimeter, with no transannular delocal-

ChemPhysChem 2025, 26, 202400833 (4 of 12)

ization, conversely the IMS map displays a clear delocalization
in the transannular bond. In terms of ionicity of the states, the
five-membered ring is negatively charged in the ground state
and the seven-membered ring is positively charged, consistent
with the existence of a dipole moment, whereas the dipole is
reversed in the triplet state. The three aromaticity maps and the
charge analysis show that the relaxed triplet state i.e. the triplet
state in its optimized geometry (T, ,gibatic IN Figure 3) expresses
a less antiaromatic character than the non-relaxed triplet (the
triplet state in the geometry of the S, state T, ). This
illustrates the importance of considering optimized geometries
in both the ground and excited states for comparative analysis.
The EDDB isosurface patterns for T,,gupaic ShOW a greater
delocalization in the five-membered ring, particularly in the

transannular bond, contrary to what is observed in the ground
singlet state.

© 2025 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 3. Comparison of aromaticity maps (IMS3D, ACID, EDDB;) and NBO
charges of azulene in its ground and first triplet excited states in terms of | e|
units. For the ACID map, the external magnetic field points toward the
reader, a red arrow indicates a paratropic current, and a blue arrow indicates
a diatropic current (see Ref. [68] for high resolution ACID isosurfaces).

Charge Transfer and Dipole Moments Analysis in [n]-hel, [n]-
hel-azu and [n]-hel-azu Compounds

In the light of the charge transfer observed for the azulene
molecule, it is informative to analyze how this charge transfer is
distributed among the fused rings in the [n]-hel-azu and [n]-
azu compounds, as compared to the [n]-hel compounds. The
results are summarized for the ground state and the vertical
triplet state in Figures 4-6 (see Supporting Information SI.3.1 for
the comparative results with the adiabatic triplet).

In this section, we shall analyze charges of each cycle of
states S, and T, (vertical, adiabatic results are similar) of all

|4]-hel
A B @ D
So -003 -0.09 -009 -0.03
: A B G) D
Ty vertical -003 -0.08 -0.08 -0.03
[6]-hel
A B © D E F
So -0.04 -010 005 005 -0.10  -0.04
- . A B ® D E F
1y vertical -0.04 -040 -005 -005 (-010 -0.04
|8]-hel
A B © D E F G H
So -0.03 -008 -003 -006 -006 -0.03 -0.08 -0.03
. A B ® D E F G H
Ty vertical -0.04 007 -003 -006 -006 -0.03 -0.07 -0.04

Figure 4. Ring-condensed NBO charges (in | e| unit) for the T, vertical triplet
and S, ground states of [n]-hel compounds.

ChemPhysChem 2025, 26, €202400833 (5 of 12)

|4]-hel-azu

. A B D
So -005 (014 (<013 0.1

A @ D
-0.01 ‘ 001 -0.06
[6]-hel-azu
g A B c D F
So -001 (=012 -010  -0.08 0.11

D E E
-0.11 -0.08 -0.06

H
0.12

A B C D E F G H
-0.04 -0.08 -0.02 -0.08 -0.05 -0.11 -0.01 -0.04

T vertical

- . A B ©
T vertical 0.01 011 -0.06
|8]-hel-azu

A B © D E F
So 003 -008 -004 -009 -008 -0.09

Ty vertical

Figure 5. Ring-condensed NBO charges (in | e | unit) for the T, vertical triplet
and S, ground states of [n]-hel-azu compounds.
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Figure 6. Ring-condensed NBO charges (in | e| unit) for the T, vertical triplet
and S, ground states of [n]-azu compounds.

helical compounds depicted in Figures 5-6. For [n]-hel com-
pounds, all cycles are almost neutral, i.e. no cycle carries a
meaningful charge independently of the state, contrary to
compounds containing the azulene pattern. In the [n]-hel-azu
cases, one sees a clear difference between the singlet and
triplet states: the singlet state exhibits a non-negligible charge
transfer within the azulene moiety. For the triplet, the picture
resembles the [n]-hel case, i.e. cycles are neutral. The behavior
of the ground and excited states is similar to that of the azulene
case alone: a charge transfer in S, and a neutral T,. Finally, in
the [n]-azu molecules, there is a charge transfer in both states,
So and T,. However, the nature of charge transfer is different for
both states. The ground states of [n]-azu show a similar charge
distribution: the terminal seven-membered ring is charged
positively (D, F and H for n=4, 6 and 8 respectively) and all but
the first five-membered rings (C for n=4, C and E for n=6
and C, E and G for n = 8), are charged negatively. One can note
that the initial azulene pattern made of the A and B cycles in all
cases exhibits no charge transfer. In the triplet state, only the
terminal seven-membered ring is positively charged. The other
cycles basically carry no charge.

From this study, we see that in the ground state of [n]-hel-
azu compounds, the azulene motif has a polarity similar to that
of azulene alone. We even see a small polarity inversion in the
triplet state of [4]-hel-azu. In the singlets, the positive charge is

© 2025 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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located on the seven-membered ring, and the negative charge
is distributed over the other cycles.

For [n]-azu compounds, the distance between the positively
charged seven-membered ring, i.e. rings D, F and H for [4]-azu,
[6]-azu and [8]-azu, respectively, and the negatively charged
five-membered ring increases with the size of the system.
Surprisingly, the negative charge does not go all the way to the
five-membered ring A opposite to the seven-membered ring. In
the triplet state, the charge separation is tempered: the positive
charge stays on the terminal seven-membered ring (in contrast
to the azulene-only molecule) and the negative charge is evenly
distributed among the remaining cycles.

Dipole Moments

The dipole moment depends on the partial charges of the
individual atoms and their spatial arrangement. Table 1
presents its norm for each compound, and the spatial
decomposition of each component is available in the Support-
ing Information SI.2.

As expected, the compounds with the highest dipole
moment in S, are the azulene-based helicenes. Note that the
helical distribution contributes to the increase in dipole mo-
ment, as can be seen in [8]-hel compared to [4]- and [6]-hel.

On the one hand, [n]-hel-azu compounds possess a dipole
moment at S, that is similar to that of azulene. However, since
the charge shifts less in T, than it does with azulene alone,
there is a reduction in the dipole moment.

On the other hand, for [n]-azu (n=6,8) the dipole in T,
remains the same as in the singlet state. This can be explained
by the previously described charge distribution, where [n]-azu
compounds retain negative and positive partial charges in T,
for five- and seven-membered rings as well as in S,.

Analysis in Terms of Localized Lewis Structures
To deepen our understanding of the wave function in the

ground state, the total number of neutral structures was
determined for each compound (Table 2)."" They were then

Table 1. Dipole moments of the optimized geometries [Debye].
So T,

Azulene 1.0746 0.5348
[4]-hel 0.0831 0.0878
[4]-hel-azu 1.0689 0.3906
[4]-azu 1.9453 0.6066
[6]-hel 0.0591 0.3887
[6]-hel-azu 1.1852 0.2938
[6]-azu 1.6321 1.0029
[8]-hel 0.2385 0.5787
[8]-hel-azu 1.1482 0.2088
[8]-azu 1.0962 1.6120
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Table 2. Closed shell (CS) structures and trust factor for the wave function
in the ground state of the wave function for each compound. The trust
factor was only determined for n=4 and 6, due to the complexity of n=8
compounds due to their geometry, the number of atoms and the large
number of local structures. The total number of CS structures was
determined using choco solver algorithm and trust factor, 7, with HulLis
software. Whenever possible the full set results are given. However, in
some cases the projection procedure could not be performed due to
redundancies between structures.

Compound (@) T full set T At
[4]-hel 8 34% 29 36% +2
[4]-hel-azu 5 25% 23 29% +4
[4]-azu 3 18% 30 25% +7
[6]-hel 21 20% - -

[6]-hel-azu 13 15% - -

[6]-azu 4 7% - - -
[8]-hel 55 - - -

[8]-hel-azu 34 - -

[8]-azu 5 - - -

used to determine the trust factor to describe this state. This
factor represents the quality of a given set of localized Lewis
structures to describe the fully delocalized electronic wave
function (Htickel level) of the considered molecule. It ranges
from 0% (the set of structures is not relevant) to 100% (perfect
match between the reference wave function and the set of
localized structures).

As expected, due to their topology, benzenoid helicenes
present a greater amount of neutral Lewis structures than
azulene-based helicenes and also [n]-hel-azu compared to [n]-
azu. The respective trust factors show that these closed shell
structures describe [4]-azu and [6]-azu to a lesser extent (18%
and 7% than their respective benzenoid analogues (34% and
20%). This points to a state with more diradical and/or ionic
character when the azulene motif is introduced. If instead of
considering only the neutral closed shell structures, diradical
and ionic structures are included in the decomposition of the
wave function (Table 2 full set) we see an increase of the trust
factor, 7, larger for [4]-azu than for [4]-hel-azu and practically
zero for [4]-hel compounds. Hence, the importance of radical
and ionic structures in the wavefunction of azulene-containing
compounds is demonstrated.

The wavefunction of [4]-azu, was decomposed over the set
of the most important Lewis structures using HulLiS software.®?
As expected, the most important ones are non-radical neutral
structures. However, many ionic structures have a more
important weight than neutral diradical ones. Note that the six
structures analyzed in Figure 7 span 25% of the total decom-
position. This is relevant, as the other structures are extremely
numerous, with a very small weight. Each ionic structure has a
charge on a cycle, in agreement with its NBO condensed
charge: negative on the five-membered rings and positive on
the seven-membered rings.

In the triplet state, the same analysis is performed, Figure 7.
Here again, we consider the most relevant structures, i.e. with

© 2025 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 7. S,, Six most meaningful Lewis structures (six highest weights)
among the 30 most important of the decomposition of the ground state of
[4]-azu. T,, four diradical Lewis structures propose for the first triplet state
for [4]-azu. (The diradical structures have the largest weight in the ground
state according to HuLis were selected.)

the highest weight. This state being diradical, the most
important structures are diradicals.

Let us now consider the [6]-azu compound. The wave-
function decomposition of S, (Figure 8) also reveals this
predominant ionic character according to the weights of the
structures investigated. The diradical structures, that in the
ground state do not have a notable weight compared to the
ionic ones, are more important (they were summarized from
the highest to the least weight in the fundamental state,
Figure 8) in the triplet state.

These qualitative results of the decomposition of wave-
functions onto local Lewis structures will be connected to the
electronic properties calculated in the following section.

Aromaticity Analysis in [n]-hel, [n]-hel-azu and [n]-azu
Compounds

In the search to understand the nature of the ground state and
first triplet excited state for azulene-based helicenes, IMS3D,
ACID and EDDB maps will help us have a complementary
vision.

[4]-hel, [4]-hel-azu and [4]-azu

The response to the applied magnetic field (Figure 9, IMS) of
the electrons of the [4]-hel and [4]-hel-azu compounds in their
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Figure 8. S,, Six most meaningful Lewis structures (six highest weights)
among the 24 most important of the decomposition of the ground state of
[6]-azu. T,, four diradical Lewis structures propose for the first triplet state
for [6]-azu. (The diradical structures have the greatest weight in the ground
state according to HuLis were selected.)

IMS3D

aT

7
N\

[4]-azu

Figure 9. IMS-3D, ACID and EDDB for the singlet ground state of [4]-hel, [4]-
hel-azu and [4]-azu. A red arrow indicates a paratropic current, and a blue
arrow indicates a diatropic current (see Ref. [68] for high resolution ACID
isosurfaces).

ground states are similar: aromaticity is spread throughout the
entire skeleton, i.e. evenly on each cycle. Yet, when comparing
the [4]-hel and [4]-hel-azu, we see a difference between the
five- and seven-membered rings on one side, and their six-
membered ring equivalents (i.e. at the same rank in the ring
sequence) in the helicenes: the five-membered rings are more
aromatic than their six-membered rings counterparts, whereas,
the seven-membered rings are less aromatic than their six-

© 2025 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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membered ring counterparts. This observation is in line with
the description of the ground state of azulene in which the five-
membered ring carries an overall negative charge.

In Figure 11, the © ACID plots using the set of {HOMO-i}_g ,
orbitals are represented. In each case, we chose m to best
reproduce the ACID plot with all orbitals (Figures 9 and 10): the
HOMO to HOMO-m orbitals are the most relevant orbitals to
describe the response to the magnetic field. The ACID plot
obtained with them allows for the reasonable withdrawal of the
o component from the all MO ACID plot.

This plot shows a current flowing at the periphery of the
molecule: one does not distinguish any local circuit. This
description matches the pictures obtained for the [4]-hel. ACID
plots of singlet states of [4]-hel-azu and [4]-azu were compared
and the description of aromaticity differs from [4]-hel. The full
MO ACID plot shows the combination of two circuits: one local
circuit, which implies three rings (5-7-5) and another local
circuit, only on the terminal seven-membered ring. These
circuits are to be considered disjoints, hence the azulene moiety
does not behave as azulene alone (Figure 3). = ACID plots show
that in the case of [4]-azu a greater number of orbitals is
needed than in [4]-hel and [4]-hel-azu. This denotes the
influence of quasi-degeneracy of orbitals close to the Fermi
level for [4]-azu. This analysis also revealed that the electrons
most susceptible to mobilization under an external magnetic
field - observed in both the ACID and IMS3D methods - are
those nearest to the Fermi level.

Let us now turn to the triplet states (Figure 10). IMS maps
show regions with a predominant antiaromatic character in the
internal rings for [4]-hel and in the terminal azulene motif for
[4]-hel-azu and [4]-azu, less marked for [4]-azu. In particular,
[4]-hel-azu shows some aromatic character in the terminal six-
membered ring.

In this case the azulene part in [4]-hel-azu shows a clear
antiaromatic circuit in all electron ACID plot. This circuit
corresponds to MO number 61, which is the highest SOMO,
Figure 11 (Supporting Information S1.6). We see that the azulene
moiety behaves as azulene alone in this case. The images of the

T;vertical IMS3D
90
[4]-hel

:\3
/ E 5
[4]-hel-azu
7\
\ %
‘é\?

[4]-azu
Figure 10. IMS-3D, ACID and EDDB for the vertical triplet state of [4]-hel, [4]-
hel-azu and [4]-azu. A red arrow indicates a paratropic current, and a blue
arrow indicates a diatropic current (see Ref. [68] for high resolution ACID
isosurfaces).
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So

(a) 58-59-60 (b) 58-59-60 (c) 56-57-58-59-60

Tyvertical

(d) 61 (e) 61

(f) 58-59-60-61

[4]-hel [4]-hel-azu [4]-azu

Figure 11. ACID plot of the selected o/x orbitals close to the Fermi level for
both singlet and vertical triplet states. In all cases 60" and 61" orbitals are
the HOMO for S, and T;, respectively. (a) and (d) correspond to [4]-hel
compounds; (b) and (e) to [4]-hel-azu; and (c) and (f) to [4]-azu. Isovalue:
0.03.

[4]-azu molecule, both for the full MO ACID and the = MO ACID,
reveal an antiaromatic region localized on the seven-membered
rings, rather than on the individual azulene motifs. This
antiaromatic region arises from the four highest molecular
orbitals, in contrast to [4]-hel and [4]-hel-azu for which SOMO
alone was sufficient to reproduce the full electron picture. Here
again we state that the azulene moiety does not behave as
azulene alone in [4]-azu.

EDDB analysis shows that electron delocalization in the
stationary singlet and triplet states of [4]-hel, [4]-hel-azu and
[4]-azu occurs along a path, which involves all carbon atoms at
the periphery of the molecule. However, it is notable that the ©
only ACID plots for the triplet states of [4]-hel-azu and [4]-azu
involve a limited number of occupied orbitals. This local
behavior should be noted and cannot be seen using EDDB
alone. This is because EDDB shows properties of the unper-
turbed state, whereas ACID shows the response of the electron
cloud to the application of the external field. To understand
why the [4]-azu compound behaves differently from the
compound [4]-hel-azu compound, we performed a two-step
perturbative analysis (Figure 12). First of all, we study the radical
structure, made of fused five-seven-five-membered rings 3,
Figure 12a). This fragment can be seen as the result of the
interaction between the pentafulvene derivative 1 and the allyl
radical 2.

The SOMO of the allyl group is less stable than the LUMO of
1. As a result, the resulting fragment 3 can be viewed as a
radical anion pentafulvene derivative paired with an allyl cation.
This fragment can then interact with a C;H, radical 4, Fig-
ure 12b). Since the SOMO of C;H, does not have the proper
symmetry, the LUMO is the orbital that interacts with the SOMO
of fragment 3. In the singlet ground state, both radicals couple
into the HOMO of the [4]-azu compound. Formally, one
electron is transferred from the C;H, moiety (4) to the fragment
3. Thus, in [4]-azu fourteen electrons are shared by the thirteen
carbons of the 5-7-5 motif. These fourteen electrons (which are

© 2025 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 12. Perturbative analysis based on fragment molecular orbitals: a) ©
molecular orbital diagram of the five-seven-five-membered fused rings in
ortho based on fragment orbitals. b) = molecular orbital diagram of the [4]-
azu. The interacting Hiickel molecular orbitals are represented for 1, 2, 3 and
4 fragments, as well as the HOMO for [4]-azu.

aromatic according to Hiickel 14 =4 x 3 4 2) are responsible
for the aromatic circuit of this 5-7-5 motif in the singlet state of
[4]-azu. This simple yet powerful fragment molecular orbital
approach allows to rationalize the IMS3D maps and the ACID
plots of [4]-azu. With this approach, it becomes clear why the
azulene moiety does not behave as such when it is fused with
other azulene moieties. Note that the wave function decom-
position for [4]-azu also indicates that, in addition to the neutral
structures, the ionic ones carry significant weight compared to
their analogues, [4]-hel and [4]-hel-azu (see Supporting
Information SL.7). In Figure 7, s, ¥, and ;5 reveal a negative
charge on the five-membered rings, in agreement with the
electron transfer described previously.

ChemPhysChem 2025, 26, 202400833 (9 of 12)

[6]-hel, [6]-hel-azu and [6]-azu

In Figures 13 and 14, similar (anti)-aromatic behavior is
observed in [6]-hel and [6]-hel-azu for both the S, and T, states,
as for the four-ring containing compounds: the azulene moiety
behaves as azulene alone, the five-membered ring is more
aromatic than the seven-membered ring in the S, state, and
antiaromaticity appears in the triplet state over the azulene
motif. The antiaromatic regions in T; aligns well with the areas
of the spin density surfaces where spin a predominates over
the azulene moiety (see Supporting Information SI.5). We can
conclude that the radical is localized over azulene. However, in

Figure 13. IMS-3D, ACID and EDDB for the singlet ground state of [6]-hel,
[6]-hel-azu and [6]-azu. A red arrow indicates a paratropic current, and a
blue arrow indicates a diatropic current (see Ref. [68] for high resolution
ACID isosurfaces).

T vertical

[6]-azu

Figure 14. IMS-3D, ACID and EDDB for the vertical triplet state of [6]-hel, [6]-
hel-azu and [6]-azu. A red arrow indicates a paratropic current, and a blue
arrow indicates a diatropic current (see Ref. [68] for high resolution ACID
isosurfaces).

© 2025 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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[6]-hel-azu, an aromatic region in the naphthalene unit formed
by the A/B rings is clearly identified in the triplet state, this is
not the case for [4]-hel-azu.

For [6]-azu, the strongly aromatic region in S, (shown by
the dark blue color in its IMS3D map) is noteworthy and
corresponds to 18 =4 x 442 delocalized electrons. This
region is also highlighted in the ACID maps by a continuous
circuit. Consistently, the same region shows greater wave
function delocalization in the EDDB analysis compared to the
original azulene unit formed by the A/B rings, which appears to
participate less significantly in this delocalization. The T, state of
[6]-azu does not display antiaromatic regions as seen in [4]-azu,
but instead shows regions with a tendency toward aromaticity,
such as the five-membered rings (C and E). While EDDB
suggests delocalization across the molecule, the ACID maps for
these rings reveal less defined current circuits, likely due to the
partial cancellation of opposing induced currents.

IMS3D

So
Y

‘

[8]-hel-azu

Figure 15. IMS-3D, ACID and EDDB for the singlet ground state of [8]-hel,
[8]-hel-azu and [8]-azu. A red arrow indicates a paratropic current, and a
blue arrow indicates a diatropic current (see Ref. [68] for high resolution
ACID isosurfaces).

S

Figure 16. IMS-3D, ACID and EDDB for the vertical triplet state of [8]-hel, [8]-
hel-azu and [8]-azu. A red arrow indicates a paratropic current, and a blue
arrow indicates a diatropic current (see Ref. [68] for high resolution ACID
isosurfaces).
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[8]-hel, [8]-hel-azu and [8]-azu

Understanding the behavior of aromaticity in azulene-based
helicenes is a great challenge due to the structural complexity
involved (Figures 15 and 16). We propose an explanation based
on a comparison with its respective analogues analyzed above.

The IMS3D maps show comparable patterns in all com-
pounds to their six-membered ring analogues. In S, with an
aromaticity extended practically throughout the entire molecule
in [8]-hel and [8]-hel-azu, and [8]-azu with the pattern in
common with [6]-azu of 18z electrons (5-7-5-7 pattern at E/F/G/
H rings). ACID also allows us to identify an external circuit in
[8]-hel and [8]-hel-azu, and the 18x electron circuit in [8]-azu.
EDDB also seems to correspond, showing in this same region a
greater density and delocalization of the wave function.

In addition, in T, the antiaromaticity located in the azulene
motif and aromaticity in the initial phenanthrene motif of the
helix in [8]-hel-azu still remains. It remains further notable that
[8]-azu, as in [6]-azu, does not reflect azulene behavior as
observed in the [n]-hel-azu family, instead showing a localized
aromatic character in the five-membered ring (as in [6]-azu).
Also note how the ACID maps show electron circulations in the
antiaromaticity regions in IMS3D maps and [8]-azu continues to
show its particularity of circulation in the five-membered rings,
in the opposite direction to the circuits observed in [8]-hel and
[8]-hel-azu.

As has been observed according to the IMS3D and EDDB
maps analyzed, the aromaticity and at the same time the ability
of electron delocalization is affected when azulene units are
introduced into the molecular system in comparison with
benzenoid helicenes. We can affirm that the aromaticity in the
ground state decreases in this order: [n]-hel > [n]-hel-azu >
[n]-azu. Considering this same order, it can be seen that in the
first excited state the antiaromaticity decreases.

Conclusions

In this work, we explore the aromaticity and electron delocaliza-
tion in azulene-containing [n]-helicenes (n=4,6,8). After we
demonstrate that these metastable compounds are likely to be
synthesized, as they represent minima on the potential energy
surface with high isomerization barriers, we examine their
ground- and triplet-excited-state wavefunctions, with a focus
on electron delocalization and aromaticity when applicable. We
find that the incorporation of the azulene moiety introduces
ionic and radical character into the wavefunction. We show that
the introduction of azulene inside the helicenes leads to charge
separation in the ground state, which does not appear in the
triplet-excited state. Additionally, we find that in smaller
helicenes, the azulene pattern behaves similarly to isolated
azulene. However, for helicenes with more than six rings, a new
pattern emerges that can be understood on the basis of the
interaction between molecular fragments. We believe that this
study will contribute to a deeper understanding of the
electronic structure of modified helicenes and inspire further
efforts to synthesize such compounds.

© 2025 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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