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ation energies in excited states at
the multiconfigurational level: assessment in
archetypal organic rings†

Ricardo Pino-Rios *ab

In this study, the excited state (anti)aromaticity of archetypal rings: benzene, cyclobutadiene, and

cyclooctatetraene, was investigated using the energetic criterion by calculating aromatic stabilization

energies. Calculations were performed at the multiconfigurational level, including dynamic correlation

effect corrections using the N-electron valence state perturbation theory (NEVPT2) method. Results

were compared with previously published data based on the magnetic and delocalization criteria.

Aromaticity was assessed for the ground state, singlet excited states (S1, S2, and S3), and triplet excited

states (T1, T2, T3, and T4). (Anti)aromaticity assignments using the energetic criterion demonstrate both

agreement and discrepancies with the other criteria, particularly for higher energy electronic states

demonstrating the complexity of aromaticity assignment beyond the ground state. Finally, an

approximate equation is proposed for the calculation of aromatic stabilization energies in excited states

using experimental data such as formation enthalpies and well-resolved absorption spectra.
Introduction

The modulation of (anti)aromaticity in the ground and excited
states has gained much attention in recent years as it opens the
door to the intelligent design of new chemical compounds. The
modication of ground-state aromaticity has an impact on
excited-state antiaromaticity and vice versa. Moreover, the
assembly between aromatic and antiaromatic units in the
ground state has a clear effect on the electronic structure, which
allows to obtain antiaromatic–aromatic species in excited states
that can exhibit interesting photochemical properties.1–6

For the assignment of aromaticity, Hückel7 and Baird8 rules
are the cornerstone. These rules via a simple electron (p for
organic species) count determine whether a compound will be
aromatic or antiaromatic. For more complex species such as
polycyclic systems, we have other rules such as the Platt's
perimeter9 model, Clar's rules10,11 for benzenoids and the Gli-
dewell–Lloyd rule for systems containing non-benzenoid
rings.12–14

More recently, several criteria have been developed to assign
(anti)aromatic behavior and to quantify this property. These
include magnetic,15 delocalization,16,17 energetic,18 and other
criteria.19–23 The rst two are the ones that have shown the
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greatest development and popularity owing to their effective-
ness in quantication and because of the simplicity of their
computation due to the development of different programs.24–28

(Anti)aromaticity assignment in excited states is oen
complicated beyond the lowest energy excited states (beyond T1

or S1) mostly owing to the multicongurational character of
electronic states, which requires the use of methods to account
for these features, such as the complete active space self-
consistent eld (CASSCF) method.29 Magnetic and delocaliza-
tion criteria have had success since some indicators can be
obtained using these multicongurational methods;30–32

however, they have some disagreements concerning (anti)
aromaticity assignments.30,33

The energetic criterion is probably the oldest quantitative
criterion for the study of aromaticity, dating back to 1933 when
Pauling and Wheland calculated the aromatic stabilization
energy for benzene.34 However, in many cases, the quantica-
tion of (anti)aromaticity using this criterion can be a non-trivial
exercise, and in some cases, it only allows the study of the low-
lying excited state.35,36 This is primarily due to the need to use
reference reactions that avoid the occurrence of effects unre-
lated to aromaticity and due to the complexity of calculations
that need to be performed.18,23,35,37–40

Recently, the fulvenization approach41 was proposed as
a simple and reliable method for the calculation of isomeriza-
tion stabilization energies (ISEs) originally proposed by Schleyer
in 2002.37 This approach uses as reference the fulvenic isomer of
the N-membered ring to be studied. It is just as simple to obtain
as the original but has certain advantages. For example, it
allows the calculation of systems that the original method could
RSC Adv., 2024, 14, 33741–33746 | 33741
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Scheme 1 Reference reactions used for the calculation of aromatic
stabilization energies using the fulvenization approach.
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not calculate due to problems with the reference isomer.
Additionally, the non-aromatic reference in the fulvenization
(Fulv-ISE) approach is a planar conjugated system, which avoids
the appearance of possible effects not related to (anti)
aromaticity.

In this work, it is shown that this approach also allows
assigning and quantifying the aromaticity in excited states
through the use of multicongurational tools. For this purpose,
the author quantied the (anti)aromaticity using the isomeri-
zation stabilization energies of the low-lying excited states of
organic archetypes, namely, benzene, cyclobutadiene and
cyclooctatetraene. The choice of multi-congurational methods
over less computationally expensive techniques, such as time-
dependent density functional theory (TD-DFT), stems from
the limitations of the latter in accurately describing excited
states. Different functionals can yield highly variable results,
requiring comparison with experimental data. Moreover, the
presence of ghost states in TD-DFT can lead to erroneous energy
predictions. Although these ghost states can be mitigated using
functionals with a high Hartree–Fock exchange component,
there are instances where the predicted excitation energies still
do not align closely with the experimental values.42–44 Addi-
tionally, the main objective of this study is to quantify for the
rst time the (anti)aromaticity in electronic states beyond the
rst excited state as well as to compare the assignments deliv-
ered by this method with other (anti)aromaticity criteria in
order to evaluate its performance. Therefore, it is advisable to
use more robust tools when available.

Computational methods

Geometrical optimizations have been carried out using
Gaussian16 (ref. 45) at the PBE0 (ref. 46)/def2-TZVP47 level. The
cases of cyclobutadiene (C4H4) and cyclooctatetraene (C8H8)
were optimized at two different symmetries. D4h and D2h

symmetries were used for the former, while geometries in D8h

and D4h symmetries were used for the latter. For the case of
benzene, the D6h symmetry was preserved. The CASSCF calcu-
lations were then performed with the PBE0 geometries (Franck–
Condon approximation) using the ORCA program.48 The active
space used corresponds to all the p-electrons and orbitals
possessed by each of the systems: (6,6) for C6H6, (4,4) for C4H4,
and (8,8) for C8H8 and for their respective fulvene isomers (for
this, the rotate command was used so that the p-orbitals
correspond to active space, see Fig. S1–S16 in the ESI†). State-
average approach was employed (all electronic states
contribute equally) and the resolution of identity approximation
in conjunction with the def2-TZVP basis, which includes
auxiliary functions for a reduction in the computational cost.
The calculated states correspond to the fundamental S0 and the
vertical S1, S2, S3, T1, T2, T3, and T4 states, which have been
made separately according to their multiplicities, and the
weights were assigned equally.

Energy corrections due to the inclusion of dynamic correla-
tion effects have been made following the N-electron valence
state perturbation theory (NEVPT2).49 The calculation of the
aromatic stabilization energies under the fulvenization
33742 | RSC Adv., 2024, 14, 33741–33746
approach are obtained from the isomerization energy when an
N-atom ring converts into its fulvenic isomer. The equation for
obtaining the energies is shown below

DEFulv-ISE = EFulv-Isomer − EN-Ring (1)

where EFulv-Isomer refers to the electronic energy of the fulvenic
isomer in the required electronic state and EN-Ring is the elec-
tronic energy of the ring to be studied in its respective electronic
state. A positive value means that a system exhibits aromatic
behavior, negative values and values close to zero, which indi-
cates anti-aromaticity and non-aromaticity, respectively.

Results and discussion

The results obtained through the application of the fulveniza-
tion approach have been compared with those obtained with the
magnetic and delocalization criteria reported in the literature.
The reference reactions used for the quantication of aroma-
ticity using isomerization stabilization energies through the
fulvenization approach of the ground state and the vertical
excited states correspond to those presented in Scheme 1.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Excited state energies including corrections for dynamic corre-
lation effects (NEVPT2) offer better agreement with the available
experimental/computational data31,32,50–52 with respect to
CASSCF (see Tables S1 and S3 in the ESI†). For this reason, the
quantication of (anti)aromatic (de)stabilization was calculated
at this level.

Initially, the values of Fulv-ISE for benzene and its respective
electronic states congurations can be found in Table 1. For the
case of S0, the value is similar to that reported previously,
indicating an aromatic behavior, while for the case of T1, the
value is different from that reported at the DFT level;41 however,
since it is a negative value, it is consistent with the antiaromatic
character. For the case of S1, the values reported by Karadakov
et al.33 and Feixas et al.30 using the magnetic and delocalization
criteria respectively indicate antiaromaticity; however, the value
obtained under the fulvenization approach is −5.2 kcal mol−1,
suggesting a slightly antiaromatic or even non-aromatic
behaviour. In the original article where the fulvenization
approach was proposed, calculations of non-aromatic systems
were not performed; however, in this work, it is shown that the
aromatic stabilization energies obtained under this approach
present values of −3.4 and −0.4 kcal mol−1 for cyclohexene and
cyclohexadiene, respectively (see Fig. S17 in ESI†), thus
providing a small range (−4.7 to 0.0 kcal mol−1) for the recog-
nition of non-aromatic compounds at the DFT level.

Regarding S2, the magnetic criteria indicates that in this
state, benzene is aromatic, while the delocalization criterion
indicates antiaromaticity. Using Fulv-ISE, a value of 35.5 kcal-
mol−1 is obtained; thus, this electronic state would present an
aromatic behavior in agreement with the magnetic criterion. It
is necessary to mention that the delocalization criterion indi-
cates that S2 and S3 are antiaromatic because the CASSCF
Table 1 Aromatic stabilization energies under the fulvenization
approach (in kcal mol−1) and electronic state occupations for benzene
at the NEVPT2/def2-TZVP//PBE0/def2-TZVP level

C6H6 (D6h)

State Conguration Fulv-ISE

S0 p2
1p

2
2p

2
3p

0
4p

0
5p

0
6 34.5

S1 p2
1p

1
2p

2
3p

1
4p

0
5p

0
6 −5.2

p2
1p

2
2p

1
3p

0
4p

1
5p

0
6

S2 p2
1p

2
2p

1
3p

1
4p

0
5p

0
6 35.5

p2
1p

1
2p

2
3p

0
4p

1
5p

0
6

S3 p1
1p

2
2p

2
3p

1
4p

0
5p

0
6 −22.4

p2
1p

2
2p

0
3p

2
4p

0
5p

0
6

p2
1p

2
2p

1
3p

0
4p

0
5p

1
6

p2
1p

0
2p

2
3p

2
4p

0
5p

0
6

T1 p2
1p

2
2p

1
3p

1
4p

0
5p

0
6 −8.5

p2
1p

1
2p

2
3p

0
4p

1
5p

0
6

p1
1p

2
2p

2
3p

0
4p

0
5p

1
6

T2 p2
1p

1
2p

2
3p

0
4p

1
5p

0
6 −5.5

p2
1p

2
2p

1
3p

1
4p

0
5p

0
6

p1
1p

1
2p

2
3p

1
4p

1
5p

0
6

T3 p2
1p

2
2p

1
3p

0
4p

1
5p

0
6 51.2

p2
1p

1
2p

2
3p

1
4p

0
5p

0
6

T4 p2
1p

1
2p

2
3p

1
4p

0
5p

0
6 62.5

p2
1p

2
2p

1
3p

0
4p

1
5p

0
6

© 2024 The Author(s). Published by the Royal Society of Chemistry
calculations reported by Feixas et al.30 indicate that both states
are degenerate; however, the calculations obtained in this work
at the CASSCF level show a difference of 0.2 eV between S2 and
S3, which becomes even more noticeable when the dynamic
correlation effects are included (1.7 eV). In the case of S3, a value
of −22.4 kcal mol−1 is obtained; thus, it would be an anti-
aromatic state. This assignment is in agreement with Feixas
et al. under the delocalization criteria while for the magnetic
criterion, no values have been reported. The electronic delo-
calization indices also indicate that the T2, T3 and T4 states are
antiaromatic.

Special attentionmust be paid to the case of T2 and T3, which
are degenerate states with excitation energies of 5.1 eV at the
NEVPT2 level. The fulvenization approach indicates that despite
this degeneracy, the assignments are antiaromatic/non-
aromatic for the case of S2 and aromatic for the case of S3 (see
Table 1). These differences can be attributed to the non-
degenerate electronic states of the reference fulvene; thus, it
is possible that under this criterion, one has different (anti)
aromaticity assignments, which could result in a limitation of
the method in highly symmetric systems. The same pattern will
be observed later for the case of cyclooctatetraene. For the case
of T4, the value obtained is 62.4 kcal mol−1, which indicates an
aromatic behavior; however, due to the results and the possible
degeneracies between the electronic states, it is recommended
that for the assignment of (anti)aromaticity of N electronic
states, at least N + 1 states should be calculated.

The Fulv-ISE values for the S0 and T1 states of C4H4 reported
in Table 2 are in agreement with the Hückel and Baird rules; on
the other hand, the singlet excited states in all cases indicate
aromaticity for both D4h and D2h symmetry. Some discrepancies
are observed when compared with the magnetic and delocal-
ization criteria. The states S1, S2 and S3 present aromatic
behavior according to Fulv-ISE; however, Karadakov et al.33

indicated aromaticity for S1 and antiaromaticity for S2 (they do
Table 2 Aromatic stabilization energies under the fulvenization
approach (in kcal mol−1) and electronic state occupations for cyclo-
butadiene at the NEVPT2/def2-TZVP//PBE0/def2-TZVP level

C4H4

D4h D2h

State Fulv-ISE Conguration State Fulv-ISE Conguration

S0 −30.7 p2
1p

1
2p

1
3p

0
4 S0 −14.1 p2

1p
2
2p

0
3p

0
4

S1 49.8 p2
1p

2
2p

0
3p

0
4 S1 29.1 p2

1p
1
2p

1
3p

0
4

p2
1p

0
2p

2
3p

0
4

S2 98.8 p2
1p

0
2p

2
3p

0
4 S2 47.7 p2

1p
0
2p

2
3p

0
4

p2
1p

2
2p

0
3p

0
4

S3 38.2 p2
1p

1
2p

0
3p

1
4 S3 54.3 p2

1p
1
2p

0
3p

1
4

p1
1p

1
2p

2
3p

0
4 p1

1p
2
2p

1
3p

0
4

T1 50.7 p2
1p

1
2p

1
3p

0
4 T1 31.7 p2

1p
1
2p

1
3p

0
4

T2 −22.8 p2
1p

1
2p

0
3p

1
4 T2 −17.3 p2

1p
1
2p

0
3p

1
4

p1
1p

1
2p

2
3p

0
4 p1

1p
1
2p

2
3p

0
4

T3 8.0 p1
1p

2
2p

1
3p

0
4 T3 −17.3 p2

1p
0
2p

1
3p

1
4

p2
1p

0
2p

1
3p

1
4 p1

1p
1
2p

2
3p

0
4

T4 18.6 p2
1p

0
2p

1
3p

1
4 T4 16.1 p1

1p
2
2p

1
3p

0
4

p1
1p

2
2p

1
3p

0
4 p2

1p
1
2p

0
3p

1
4

RSC Adv., 2024, 14, 33741–33746 | 33743
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Table 4 Experimental enthalpies of formation (DHf) and excited state
energies (in kcal mol−1) for benzene and fulvene

Compound DHf S1 S2 T1 T2

Benzene 19.8 119.9 143.0 92.2 110.7
Fulvene 53.5 79.3 121.8 54.2 71.5
Eqn (4) 33.7 −6.9 12.5 −4.3 −5.5
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not report values for S3). On the other hand, the study by Feixas
et al.30 indicates that there is antiaromaticity for S1 and S3 and
aromaticity for S2.

For the case of triplet excited states, the Fulv-ISE values and
delocalization indices coincide in an antiaromatic assignment
for T2. For the case of T3 and T4, the delocalization criterion
indicates antiaromaticity, while the energy criterion applied in
this work indicates aromaticity. However, when switching from
D4h to D2h symmetry, curiously, the T3 state becomes anti-
aromatic, coinciding with the delocalization criterion whose
values were obtained at this symmetry. This switch from
aromaticity to antiaromaticity in T3 is due to different electronic
transitions. However, due to the inclusion of dynamic correla-
tion effects, the occupancies of the states obtained in this work
with respect to the one performed by Feixas et al. are different,
which may explain the differences with respect to the aroma-
ticity assignment.

The case of C8H8 is less controversial since the D8h symmetry
coincides perfectly with the magnetic criterion. The S0 state is
antiaromatic while the T1, S1 and S2 states are aromatic; indeed,
Karadakov et al.53 report that S2 is much more aromatic than T1

and S1 and the Fulv-ISE value for S2 is much higher when
compared to the other two electronic states with D8h symmetry.
The delocalization criterion indicates that S1 as well as T2 and T3

are antiaromatic (no values are reported for T4 in Karadakov
et al.'s work). The results with Fulv-ISE agree with the assign-
ment given for T2 and T3; however, for the case of T3, the value
for D8h symmetry is close to zero; therefore, in this symmetry, it
could be considered non-aromatic, but if we reduce the
Table 3 Aromatic stabilization energies under the fulvenization approach
at the NEVPT2/def2-TZVP//PBE0/def2-TZVP level

C8H

D8h

State Fulv-ISE Conguration

S0 −31.5 p2
1p

2
2p

2
3p

1
4p

1
5p

0
6p

0
7p

0
8

S1 24.5 p2
1p

2
2p

2
3p

2
4p

0
5p

0
6p

0
7p

0
8

p2
1p

2
2p

2
3p

0
4p

2
5p

0
6p

0
7p

0
8

S2 66.5 p2
1p

2
2p

2
3p

0
4p

2
5p

0
6p

0
7p

0
8

p2
1p

2
2p

2
3p

2
4p

0
5p

0
6p

0
7p

0
8

S3 −3.8 p2
1p

2
2p

1
3p

2
4p

1
5p

0
6p

0
7p

0
8

p2
1p

1
2p

2
3p

1
4p

2
5p

0
6p

0
7p

0
8

p2
1p

2
2p

2
3p

0
4p

1
5p

0
6p

1
7p

0
8

p2
1p

2
2p

2
3p

1
4p

0
5p

1
6p

0
7p

0
8

T1 13.6 p2
1p

2
2p

2
3p

1
4p

1
5p

0
6p

0
7p

0
8

T2 −43.6 p2
1p

1
2p

2
3p

2
4p

1
5p

0
6p

0
7p

0
8

p2
1p

2
2p

1
3p

1
4p

2
5p

0
6p

0
7p

0
8

p2
1p

2
2p

2
3p

0
4p

1
5p

0
6p

1
7p

0
8

p2
1p

2
2p

2
3p

1
4p

0
5p

1
6p

0
7p

0
8

T3 −0.9 p2
1p

2
2p

1
3p

2
4p

1
5p

0
6p

0
7p

0
8

p2
1p

1
2p

2
3p

1
4p

2
5p

0
6p

0
7p

0
8

p2
1p

2
2p

2
3p

0
4p

1
5p

1
6p

0
7p

0
8

p2
1p

2
2p

2
3p

1
4p

0
5p

0
6p

1
7p

0
8

T4 −2.6 p2
1p

2
2p

1
3p

1
4p

2
5p

0
6p

0
7p

0
8

p2
1p

1
2p

2
3p

2
4p

1
5p

0
6p

0
7p

0
8

p2
1p

2
2p

2
3p

1
4p

0
5p

1
6p

0
7p

0
8

p2
1p

2
2p

2
3p

0
4p

1
5p

0
6p

1
7p

0
8
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symmetry to D4h, the value becomes more negative. The oppo-
site case is presented in T1 wherein on reducing the symmetry to
D4h, the value obtained indicates a non-aromatic behavior. T4 is
an electronic state that presents antiaromaticity, becoming even
more antiaromatic when going from D8h to D4h symmetry (Table
3).

A relationship between the aromatic stabilization energies
derived from the fulvenization approach and experimental data
is proposed. Initially, it was suggested that the aromatic stabi-
lization energy in the ground state could be estimated using
experimental enthalpies of formation. For benzene in its
ground state, this approach yields a value of 33.7 kcal mol−1,
which is in excellent agreement with the energy calculated at the
PBE0/def2-TZVP level (33.2 kcal mol−1). Consequently, eqn (1)
can be approximated as follows.

DEFulv-ISE z DHFulv-isomer
f − DHN-ring

f (2)

Additionally, the energies of the excited electronic states can
be obtained from
(in kcal mol−1) and electronic state occupations for cyclooctatetraene

8

D4h

State Fulv-ISE Conguration

S0 −23.3 p2
1p

2
2p

2
3p

2
4p

0
5p

0
6p

0
7p

0
8

S1 11.4 p2
1p

2
2p

2
3p

0
4p

2
5p

0
6p

0
7p

0
8

p2
1p

2
2p

2
3p

2
4p

0
5p

0
6p

0
7p

0
8

S2 30.7 p2
1p

2
2p

2
3p

1
4p

1
5p

0
6p

0
7p

0
8

S3 −15.8 p2
1p

2
2p

1
3p

2
4p

1
5p

0
6p

0
7p

0
8

p2
1p

1
2p

2
3p

1
4p

2
5p

0
6p

0
7p

0
8

p2
1p

2
2p

2
3p

1
4p

0
5p

1
6p

0
7p

0
8

p2
1p

2
2p

2
3p

0
4p

1
5p

0
6p

1
7p

0
8

T1 −0.3 p2
1p

2
2p

2
3p

1
4p

1
5p

0
6p

0
7p

0
8

T2 −45.8 p2
1p

2
2p

1
3p

2
4p

1
5p

0
6p

0
7p

0
8

p2
1p

2
2p

2
3p

1
4p

0
5p

1
6p

0
7p

0
8

T3 −3.1 p2
1p

1
2p

2
3p

2
4p

1
5p

0
6p

0
7p

0
8

p2
1p

2
2p

2
3p

1
4p

0
5p

0
6p

1
7p

0
8

T4 −28.4 p2
1p

2
2p

1
3p

1
4p

2
5p

0
6p

0
7p

0
8

p2
1p

2
2p

2
3p

0
4p

1
5p

1
6p

0
7p

0
8
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Estate = E0 + DEexc (3)

where E0 is the ground state energy and DEexc refers to the
excitation energy. The aromatic stabilization energy in the
excited states under the fulvenization approach can be approx-
imated as follows.

DEFulv-ISE
exc z (DHFulv-isomer

f − DHN-ring
f )

+ (DEFulv-isomer
exc − DEN-isomer

exc ) (4)

where the excitation energies could be taken from the well-
resolved absorption spectra of the ring to be studied and its
respective fulvenic isomer. As an example, we will calculate the
DEFulv-ISE values for benzene. The enthalpies of formation were
obtained from the NIST database, while the excitation energies
for both benzene and fulvene were sourced from a literature
review of well-resolved spectra.50,51,54–56 These experimental
energies, along with the results obtained using eqn (4), are
summarized in Table 4. As shown, the experimental data follow
the same trends as the calculations, although there are differ-
ences in the absolute values. These discrepancies can be
attributed to several factors, including experimental conditions
and instrument resolution. This demonstrates that estimating
(anti)aromaticity in excited states using experimental data is
feasible, but it should be approached with caution. Ideally, such
experiments should be performed under same conditions to
minimize potential variations.
Conclusions

The capacity of the recently proposed fulvenization approach for
calculating the aromatic stabilization energies (Fulv-ISE) and
assigning (anti)aromaticity in vertical excited states has been
tested using three archetypal rings, namely, benzene, cyclo-
butadiene and cyclooctatetraene. The calculated energies were
obtained through multicongurational calculations including
dynamic correlation effect corrections (NEVPT2). In all cases,
there are agreements and differences with the magnetic and
delocalization states, the latter especially in the case of higher
energy electronic states due to the inclusion of dynamic
correction effects and the occupancies of the electronic states
being different. Additionally, this work once again shows the
complexity of aromaticity assignment when going beyond the
ground state.

Results indicate that benzene shows aromaticity in the S0, S2,
T3 and T4 vertical states, while the other computed states show
antiaromatic behavior. Regarding the degenerate states T2 and
T3, different assignments are given since fulvene does not show
degeneracy in these states, resulting in a limitation of the
method due to the use of reference isomers. Additionally, it is
recommended that if the N electronic states are to be analyzed,
at least N + 1 states should be calculated to conrm that the
states do not exhibit degeneracy.

In the case of cyclobutadiene, all the calculated states
present aromaticity with the exception of S0 and T2; however,
the T3 state, which presents aromaticity in D4h symmetry,
becomes antiaromatic in D2h symmetry. Cyclooctatetraene, on
© 2024 The Author(s). Published by the Royal Society of Chemistry
the other hand, presents an aromatic character only in the S1
and S2 states, in agreement with the magnetic criterion, while
the rest of the results at D8h symmetry present antiaromaticity.
In addition, it is shown that the aromatic stabilization energies
under this approach can be obtained from the experimental
data such as formation enthalpies and absorption peaks in well-
resolved absorption spectra.

These results extend the capability of the energy criterion for
aromaticity assignment beyond the rst excited states. In
addition, the aromatic stabilization energies for higher energy
electronic states can be calculated in a straightforward manner.
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14 R. Báez-Grez and R. Pino-Rios, Phys. Chem. Chem. Phys.,

2024, 12162–12167.
15 R. Gershoni-Poranne and A. Stanger, Chem. Soc. Rev., 2015,

44(18), 6597–6615.
16 F. Feixas, E. Matito, J. Poater and M. Solà, Chem. Soc. Rev.,
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M. Solà, Phys. Chem. Chem. Phys., 2011, 13(46), 20690–20703.

31 P. B. Karadakov, J. Phys. Chem. A, 2008, 112(31), 7303–7309.
32 P. B. Karadakov, J. Phys. Chem. A, 2008, 112(49), 12707–

12713.
33 P. B. Karadakov, P. Hearnshaw and K. E. Horner, J. Org.

Chem., 2016, 81(22), 11346–11352.
34 L. Pauling and G. W. Wheland, J. Chem. Phys., 1933, 1(6),

362–374.
35 Y. Mo and P. v. R. Schleyer, Chem.–Eur. J., 2006, 12(7), 2009–

2020.
36 I. Fernández and G. Frenking, Faraday Discuss., 2007, 135(0),

403–421.
37 P. v. R. Schleyer and F. Pühlhofer, Org. Lett., 2002, 4(17),

2873–2876.
38 T. M. Krygowski and M. K. Cyrański, Chem. Rev., 2001,
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