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ABSTRACT: We have demonstrated aromaticity reversal
in the singlet excited states of internally 1,3-phenylene-
strapped [26]- and [28]hexaphyrins (P26H and P28H).
P26H displays a broad and reduced singlet-excited-state
absorption spectrum, whereas P28H exhibits a sharp and
intense singlet-excited-state absorption spectrum; both are
in contrast to the ground-state absorption spectra, strongly
indicating aromaticity reversal in the singlet excited state.
Furthermore, magnetic and topological indices of
aromaticity such as nucleus-independent chemical shift
and harmonic oscillator model of aromaticity values for
P26H and P28H also suggest that their singlet excited
states become antiaromatic and aromatic, respectively.

During the last several decades, various attempts have been
made to quantify the magnitude of aromaticity in π-

conjugated cyclic compounds because their chemical stabilities
and reactivity should be largely governed by the (anti)-
aromaticity.1,2 In this regard, a number of aromaticity indices
representing the magnitude of aromaticity based on quantum-
mechanical calculations have been developed, such as
topological and magnetic aromatic indices. Topological
aromatic indices, such as the harmonic oscillator model of
aromaticity (HOMA),3,4 represent the geometrical changes due
to the conjugation effect, while magnetically based aromatic
indices, represented by the nucleus-independent chemical shift
(NICS),5,6 exhibit the magnitude of magnetic shielding.
Furthermore, in recent years we have found that photophysical
properties such as the absorption spectral shapes and
fluorescence behaviors, excited-state dynamics, nonlinear
optical (NLO) properties, and calculated electronic features
can be considered as credible experimental indicators of the
aromaticity in a comparable set of [4n]/[4n + 2] expanded
porphyrins.7,8

In the meantime, although excited-state aromaticity is one of
the most fascinating topics for photostability, chemical
reactivity, and applications in photonic devices,9,10 research
on excited-state aromaticity is still in its infancy. In 1972, Baird
proposed the aromaticity rule for the lowest triplet state, which
was developed by using perturbation molecular orbital theory.11

He showed that the closed-shell-singlet ground-state aroma-
ticity of annulene is reversed in the lowest triplet state:

annulenes having [4n] π electrons exhibit aromatic features
whereas [4n + 2] π-electron systems show antiaromatic
features, contrary to their closed-shell-singlet ground states,
which is termed aromaticity reversal. To date, there have been
many studies related to Baird’s rule, including both theoretical
and experimental works.12−25 However, experimental studies to
reveal aromaticity reversal by employing a pair of aromatic and
antiaromatic congeners having the same molecular framework
are a monumental task because it is hard to synthesize stable
aromatic and antiaromatic congeners and define the distinct
experimental features distinguishing aromatic and antiaromatic
molecules. In this regard, we recently demonstrated aromaticity
reversal in bis(rhodium) hexaphyrins by analyzing the
absorption spectra for transitions between the ground and
lowest triplet states with quantum-mechanical calculations,
which suggested that spectroscopic results can be evidence of
Baird’s rule.24

Since Baird demonstrated aromaticity reversal in the lowest
triplet state in 1972, plenty of theoretical studies have been
conducted to extend Baird’s rule to the first singlet excited
state.9,14,26,27 In this context, in 2008 Karadakov suggested that
the aromaticity of annulene in the lowest singlet excited state
also could be reversed relative to the ground state.26,27

However, to the best of our knowledge, experimental studies
to demonstrate the reversal of (anti)aromaticity in the lowest
singlet excited state by spectroscopic methods have rarely been
reported,21−23 although significant research has been dedicated
to the study of aromaticity in the excited state.
Hexaphyrins, which were employed as a representative

comparable set of (anti)aromatic congeners in a previous
paper,24 are among the most suitable molecular systems for
investigating aromaticity reversal in the lowest singlet excited
state because of their excellent photostability and optical
properties as well as the preparation of stable and rigid
(anti)aromatic congeners by simple two-electron redox
reactions.8,28,29 Especially, in comparison with aromatic
hexaphyrins, their antiaromatic congeners exhibit broad and
featureless absorption spectra, an absence of fluorescence, and a
one-photon optically dark S1 state that causes a rapid decay to
the ground state.7,8 Interestingly, the spectral features in the
transient absorption (TA) spectra of aromatic and antiaromatic
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expanded porphyrins contrast to each other in a comparable set
of [4n]/[4n + 2] congeners. In this work, we demonstrated the
aromaticities of the lowest singlet excited states of [26]- and
[28]hexaphyrins by comparison of their photophysical proper-
ties. Nevertheless, it has been demonstrated that most meso-aryl
[28]hexaphyrins tend to be Möbius aromatic or figure-eight
nonaromatic ones via structural distortions in the solution
phase.8,29−31 In contrast, internally phenylene-bridged hex-
aphyrins that are constrained to take spectacles-like con-
formations, such as [26]hexaphyrin P26H and [28]hexaphyrin
P28H (Chart 1), can be good candidates for studying singlet-
excited-state aromaticity.32

P26H and P28H exhibit Hückel aromaticity and antiar-
omaticity, respectively, in their ground states, as probed by 1H
NMR spectroscopy and NICS calculations.32 The ground-state
absorption spectrum of P26H displays sharp and intense
spectral features similar to those of aromatic porphyrins, except
for large red shifts. On the other hand, P28H shows relatively
weak and broad absorption spectra up to ∼600 nm with an
extremely weak absorption tail in the NIR region, correspond-
ing to an optically dark state (see the Supporting Information
(SI)).
Femtosecond TA spectra of P26H exhibited single-

exponential decay with a time constant of 160 ps,
corresponding to the Qx state (S1) lifetime (see the SI). With
the aid of global fitting of the whole TA spectrum by singular-
value decomposition (SVD), we can evaluate the decay-
associated spectrum (DAS) of one transient species, the Qx
state, as shown in Figure 1. Because the DAS consists of
ground-state bleaching (GSB), stimulated emission (SE), and
excited-state absorption (ESA), the genuine ESA spectrum for

the Qx state can be estimated by subtracting the steady-state
spectrum, including the ground-state absorption and fluo-
rescence spectra, from the DAS of the Qx state (see the SI).
Along the same lines, two DASs were obtained for P28H,
originating from the Qx state and the one-photon-forbidden
dark state (SD), corresponding to the S2 and S1 states, with
lifetimes of 700 fs and 16 ps, respectively (Figure 1b). Because
of the absence of fluorescence in P28H, the ESA spectra of
both the Qx and SD states could be obtained by extraction from
the ground-state absorption spectrum and the DAS (see the
SI).
In porphyrin-related compounds, strong absorption peaks

observed in the ESA spectra can be assigned as transitions from
Qx to higher singlet excited states (Sn) with gerade symmetry
according to the selection rule for one-photon optical
transitions, because both the B and Q states are of Eu
symmetry.7 In addition, quantum-chemical calculations of
vertical excitation energies gave numerous one-photon dark
states with gerade symmetry in the region above the B states in
both P26H and P28H. These energetic and symmetric
relationships enabled us to assign all of the observed ESA
bands for P26H and P28H (see the SI).
To comparatively analyze the optical features of the ground

and singlet excited states, the extinction coefficients for the
ground- and singlet-excited-state absorptions were calculated as
shown in Figure 2 (the detailed procedure to evaluate the ESA

is described in the SI). It is noted that the ESA from the Qx
states of two hexaphyrins was considered herein because the S1
state originating from a direct HOMO−LUMO transition
(gerade−gerade) has much different characteristics than the
representative B and Q states in porphyrinoids. By comparison
with the ground-state absorption spectrum, the ESA spectrum
of the Qx state in P26H was relatively broad and 4 times
weaker in intensity, being quite similar to the typical absorption
features observed in antiaromatic porphyrinoids. Therefore, we
could propose that the lowest singlet excited state (Qx state) of
P26H presumably becomes antiaromatic. On the other hand,
the spectral shape and intensity of the ESA of the Qx state in

Chart 1. Molecular Structures of P26H and P28H

Figure 1. Ground-state absorption (black lines) and decay-associated
transient absorption spectra (colored lines) of (a) P26H and (b)
P28H in toluene.

Figure 2. Absorption spectra of the ground states (black lines) and
lowest singlet excited states (red lines) of (a) P26H and (b) P28H.
The asterisk (*) indicates an instrumental error peak due to the
different spectral resolutions of the spectrometers employed in the
absorption and transient absorption measurements.
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P28H were sharpened and intensified, which could be assumed
to be aromatic (Figure 2b). These aspects of spectral changes
were nearly similar to those between the ground and lowest
triplet states of previous bis(rhodium) hexaphyrins.18 Thus, it is
obvious that the (anti)aromaticity of phenylene-bridged
hexaphyrins in the Qx state is reversed in comparison with
the ground state.
To address the issue of reversed aromaticity of hexaphyrins

in the singlet excited state (Qx state) relative to the ground
state, the calculation of NICS values5,6 and anisotropy of the
induced current density (ACID)33 maps of (anti)aromatic
hexaphyrins were attempted at the B3LYP/6-31g(d,p) level. In
this work, we analyzed the aromatic indices in the lowest triplet
state instead of the Qx state. Previous results for annulenes such
as cyclooctatetraene, benzene, and pentafulvene revealed that
aromaticity reversal in the lowest triplet state also could be
observed in the singlet excited state. Compared with the
ground state, the aromaticity indices such as NICS values,
magnetic susceptibilities, and energy levels in the singlet excited
state are reversed, which is similar to those in the lowest triplet
state.21−23,26,27 Furthermore, our experimental results for P26H
and P28H clearly show reversed features in their Qx states
relative to the ground state, which is similar to the previous
results about aromaticity reversal of rhodium hexaphyrins in the
lowest triplet state.24 Accordingly, we assume that the
aromaticity of hexaphyrins in the singlet excited state could
have relevance to that in the lowest triplet state. Furthermore, it
is difficult to calculate the singlet-excited-state properties of
macrocyclic compounds such as hexaphyrins because of the
limitation of quantum-mechanical calculations of excited states.
Thus, we calculated the NICS values and ACID maps of
hexaphyrins in the lowest triplet state instead of those in the
lowest singlet excited state. In the case of P26H, the average
NICS(0) value calculated at the peripheral positions (a and b)
was evaluated to be −14.99 ppm in the ground state, which
indicates its aromatic character. On the other hand, a positive
value (+10.51 ppm) was observed in the T1 state (see the SI).
This result is in good agreement with the aromaticity reversal
phenomena upon changing from the ground state to the T1
state (see the SI). On the other hand, the opposite change of
aromaticity was also observed in P28H. The NICS(0) value of
P28H in the T1 state shows a negative value (−16.32 ppm),
while that in the ground state exhibits a positive value (+14.76
ppm). As shown in the SI, averages of the NICS(1) and
NICS(3) values at the peripheral sites (a and b) also
demonstrate the (anti)aromaticity reversal of P26H and
P28H in the lowest triplet states relative to their ground
states. Because the identical signs and similar magnitudes of the
NICS values computed at different sites, we can consider that
the NICS values of P26H and P28H reflect the global
aromaticity induced by the main π-conjugation pathway rather
than local aromaticity triggered by local aromatic rings such as
pyrrole or benzene.
The ACID maps are also consistent with the results

described above. An ACID map represents a 3D image of the
delocalized electron density with a scalar field and illustrates the
paramagnetic term of the induced current density when the
molecule interacts with an external magnetic field.33 The
general direction of the ring-current flow in the ACID map was
inverted from clockwise (aromatic) to counterclockwise
(antiaromatic) in the ground and T1 states of P26H,
respectively (see the SI). Likewise, in the case of P28H, the
direction of the induced ring current in the ACID map was also

reversed. From the calculated magnetic aromatic indices of
hexaphyrins in the ground and triplet states, we can conceive
that the aromaticity of hexaphyrins in the singlet excited state
also becomes reversed with respect to that of the closed-shell
singlet state.
Furthermore, to support the reversed aromaticity of P26H

and P28H in the singlet excited state (Qx state) relative to the
closed-shell-singlet ground state, we estimated the HOMA
values,3,4 which can be a useful guide to the quantification of
aromaticity in heteroatom-containing systems such as porphyr-
inoids, using the ground- and excited-state optimized structures
calculated at the B3LYP/6-31G(d,p) level (see the SI). To
analyze aromatic features according to the topological changes
among the S0, T1, and Qx states in more detail, we computed
the HOMA values for the main [26] and [28] π-conjugation
pathways of P26H and P28H as illustrated in Chart 1,
respectively (see the SI). Compared with the HOMA values for
the ground states, those of the T1 state (0.80 → 0.71) and Qx
state (0.80 → 0.78) in P26H are reduced, while those of the T1
state (0.60 → 0.79) and Qx state (0.60 → 0.76) in P28H are
increased (see the SI). On the basis of the similar tendencies of
the T1 and Qx states and the instability of antiaromatic
molecules that induces a change to nonaromatic ones via
structural distortions, these results also support that the
(anti)aromaticity of P26H and P28H is reversed in their
singlet excited states. In addition, to clearly show the
aromaticity reversal in the singlet excited states of P26H and
P28H relative to their ground states, we evaluated the mean
plane deviation, which represents the degree of structural
distortion (Figure 3).34,35 The mean plane deviation of P26H

in the ground state (0.294 Å) is smaller than that in the Qx
state (0.314 Å), which supports the aromaticity reversal of
P26H in the Qx state due to the structural distortion by
antiaromaticity. In the case of P28H, on the other hand, the
mean plane deviation is larger for the ground state (0.562 Å)
than for the Qx state (0.524 Å), which is well-matched with the
above results as well. That is, these results also indicate that the

Figure 3. Mean plane deviation diagrams for (a) P26H and (b) P28H
in the ground and singlet excited states based on their optimized
structures.
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aromaticity and antiaromaticity of hexaphyrins in the S0 states
are switched in their Qx states. With these mean plane deviation
values, the dihedral angles of bonds in the main π-conjugation
pathways were investigated (see the SI). The mean values and
standard deviations of the dihedral angles in the Qx state of
P26H (6.223°, 7.403°) are larger than those in the ground state
(6.170°, 7.257°). In contrast to P26H, P28H shows decreased
mean values and standard deviations of the dihedral angles in
the Qx state (7.623°, 6.081°) relative to the ground state
(7.968°, 10.961°). In this regard, these aspects of the dihedral
angle changes in the Qx states were similarly observed in their
T1 states. These results also imply that hexaphyrins show
reversed aromatic features in the Qx state relative to the S0
state, which is similar to their T1 state. Furthermore, these
results are in good agreement with the previous theoretical
works on simple annulenes such as benzene and cyclobutadiene
in terms of the aromaticity reversal in the singlet excited
states.26,27

In summary, the singlet-excited-state behaviors of Hückel
aromatic and antiaromatic hexaphyrins observed from their TA
spectra gave strong evidence of aromaticity reversal in their
singlet excited states. These far-reaching results will provide us
with useful information on the relationship between aromaticity
and electronic structures and, as a consequence, on the
chemical reactivity as well as the stability of porphyrinoids in
their excited states.
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