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Abstract: The aromaticity reversal in the lowest triplet state
(T1) of a comparable set of Hîckel/Mçbius aromatic metalated
expanded porphyrins was explored by optical spectroscopy
and quantum calculations. In the absorption spectra, the T1

states of the Mçbius aromatic species showed broad, weak, and
ill-defined spectral features with small extinction coefficients,
which is in line with typical antiaromatic expanded porphyrins.
In combination with quantum calculations, these results
indicate that the Mçbius aromatic nature of the S0 state is
reversed to Mçbius antiaromaticity in the T1 state. This is the
first experimental observation of aromaticity reversal in the T1

state of Mçbius aromatic molecules.

The concept of aromaticity, the most fundamental and
widely studied subject in physical organic chemistry, has been
frequently utilized to gauge the chemical properties of
molecular systems.[1,2] Conventionally, the aromatic nature
of p-conjugated cyclic compounds is assigned according to the
Hîckel rule, which dictates planar annulenes with (4n + 2)p

and (4n)p electrons to be aromatic and antiaromatic,
respectively. In 1964, Heilbronner proposed this counting
rule to be reversed in twisted annulenes bearing Mçbius
topology.[3] The realization of Mçbius aromatic molecules has
to overcome difficulties associated with the large ring strains
arising from Mçbius geometry and the maintenance of the
overall macrocyclic conjugation.[4] Despite these difficulties,
the first Mçbius aromatic molecule was synthesized on the
basis of a paper model strategy by Herges et al.[5] Subse-
quently, Latos-Grażyński et al. reported solvent- and temper-
ature-dependent absorption changes for p-benzi-
[28]hexaphyrin, which has been explained in terms of
conformational changes involving a Mçbius aromatic
expanded hexaphyrin.[6] Independently, our group demon-
strated that meso-aryl expanded porphyrins are suitable
platforms to realize Mçbius aromatic and antiaromatic
systems with distinct diatropic and paratropic ring currents,
respectively.[7]

The p-electron counting rule is also reversely applied to
annulenes in the T1 state. In 1972, Baird proposed that the
aromaticity in the T1 excited state should be reversed from
that of the S0 ground state on the basis of the molecular
orbital perturbation theory (BairdÏs rule); that is, a compound
with aromaticity (or antiaromaticity) in the S0 state becomes
antiaromatic (or aromatic) in the T1 state.[8] Inspired by this
prediction, there have been numerous attempts to examine
BairdÏs rule by calculating the aromatic stabilization energy
(ASE) and nucleus-independent chemical shifts (NICS).[9,10]

Furthermore, several experimental observations, where
related chemical reactivities have been interpreted by con-
sidering the aromatic character of the T1 states, support the
aromaticity reversal in the T1 state. In an interesting study,
Ottosson, Wçrner, and co-workers investigated the spectro-
scopic features of fulvenes and the cyclopentadienyl cation to
reveal the lowest excited state aromaticity.[11] In recent years,
we have shown that aromaticity reversal occurs both in the T1

states of Hîckel aromatic bis(rhodium(I)) complexes of
[26]hexaphyrin and Hîckel antiaromatic bis(rhodium(I))
complexes of [28]hexaphyrin and in the S1 states of internally
1,3-phenylene-bridged Hîckel aromatic and antiaromatic
[26]- and [28]hexaphyrins by comparing the contrasting
spectroscopic features of their excited-state transient absorp-
tions.[12]

Herein, we explored the T1 state aromaticity of Mçbius
aromatic expanded porphyrins with the objective to inves-
tigate whether BairdÏs rule is applicable to Mçbius aromatic
molecules.[9b] Since the monumental reports on the (anti)ar-
omaticity and nonplanar geometry of expanded porphyrins by
the groups of Sessler and Vogel,[13] continuous studies have
revealed that meso-aryl-substituted expanded porphyrins are
sufficiently flexible to accommodate twisted structures of
Mçbius topology with preservation of the cyclic conjugation,
making them suitable for the present study.[7] They can also
often adopt both (4n)p and (4n + 2)p electronic states, which
may facilitate a comparative analysis of the excited states of
Mçbius aromatic and antiaromatic congeners possessing
similar molecular frameworks.[14] Furthermore, in-depth anal-
yses have demonstrated that the optical properties of
expanded porphyrins, including absorption, emission, S1

lifetime, and nonlinear optical properties, arise from their
aromatic and antiaromatic p-electronic nature, providing
obvious experimental fingerprints for the determination of
the excited-state aromaticity.[15]

In this study, we chose the [28]hexaphyrin PdII complex
Pd28H,[7, 16] the N-fused [22]pentaphyrin RhI complex Rh22P,
and the N-fused [24]pentaphyrin RhI complex Rh24P as our
model systems (Figure 1),[17] in which the coordinated metals
are expected to promote the intersystem crossing in their S1
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states to give the corresponding T1 states without substantial
electronic perturbation. Our previous studies have revealed
that Rh22P is a Hîckel aromatic molecule and that Pd28H
and Rh24P are Mçbius aromatic molecules on the basis of
their 1H NMR spectra, crystal structures, and theoretical
calculations.[16, 17] Their ground-state absorption spectra
showed features characteristic of aromatic porphyrinoids,
intense B bands, and weak but distinct Q-like bands in the
visible and near infrared (NIR) regions (Supporting Infor-
mation, Figure S1), which also indicate that both Mçbius and
Hîckel aromatic expanded porphyrins have similar p-elec-
tronic structures despite their different molecular struc-
tures.[7, 18]

The aromatic nature of Pd28H, Rh22P, and Rh24P was
confirmed by their femtosecond time-resolved transient
absorption spectra, which all showed strong ground state
bleaching (GSB) and relatively weak excited state absorption
(ESA) signals (Figures 2 and S2) as characteristic features of
aromatic porphyrinoids.[15] These TA spectra of Pd28H,
Rh22P, and Rh24P decayed with two time constants on the
order of > 10 ps and > 10 ns, which correspond to the S1 and
T1 state decays, respectively. These TA spectra indicated that
intersystem crossing to the T1 state was accelerated owing to
the heavy-atom effects of the rhodium and palladium ions
without significant electronic perturbation and became com-
petitive with the fast decay of the S1 state (Figure S3).

Global analysis of the TA spectra over the whole 350–
1500 nm region by singular value decomposition provided the
decay associated spectra (DAS) of the S1 and T1 states. As the
DAS of the T1 state should be composed of GSB and ESA
signals without stimulated emission (SE) signals, the T1

absorption spectra of Pd28H, Rh22P, and Rh24P can be
obtained by subtraction of the S0 absorption spectra from the
TA spectra (Figure 3).[12] The T1 state absorption spectrum of
Pd28H thus obtained was significantly different from that of
the S0 state, exhibiting broad and weak bands with a tail
reaching deep into the NIR region, and its absorbance was
greatly reduced (61 000 cm¢1m¢1 at the absorption maximum)
compared with that of the S0 state (147000 cm¢1m¢1). The

observed spectral changes from the S0 state to the T1 state of
Pd28H are comparable to those of meso-hexakis(trifluoro-

Figure 1. A comparable set of metalated expanded porphyrins: Pd28H,
Rh22P, and Rh24P.

Figure 2. TA contour maps (top) and decay-associated spectra
(bottom) of a) Pd28H, b) Rh22P, and c) Rh24P in toluene.

Figure 3. The S0 and T1 state absorption spectra of a) Pd28H,
b) Rh22P, and c) Rh24P. The asterisks indicate experimental errors
that are due to the different spectral resolutions of the two spectrom-
eters used for the ground-state absorption and TA measurements.
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methyl)-substituted [28]hexaphyrins, which can be switched
between Mçbius aromaticity and Hîckel antiaromaticity
depending on the temperature.[19] In the respect that Pd28H
is a congener of bis(rhodium) complexes of [26]/[28]hexa-
phyrins (the same molecular framework except for the central
metal), its S0 and T1 absorption spectra thus resembled those
of the bis(rhodium) complexes of aromatic [26]hexaphyrins
and antiaromatic [28]hexaphyrins, respectively.[12a] The T1

state absorption spectra of the N-fused pentaphyrin RhI

complexes Rh22P and Rh24P exhibited similar broad, weak,
and tailing features, and their extinction coefficients were
significantly reduced (24 000 and 41700 cm¢1m¢1) compared
with those of the corresponding S0 absorption spectra (60800
and 83700 cm¢1m¢1). Collectively, these spectral character-
istics of the T1 states of Pd28H, Rh22P, and Rh24P suggest
their antiaromatic nature.

These T1 absorption spectra enabled us to explore the
p-electronic structures of the T1 states, revealing their
(anti)aromaticity. For porphyrinoids, it has been well estab-
lished that the absorption spectral features reflect their
characteristic p-electronic structures, energy-level diagrams,
and MO structures;[15] the intense B-like and weak Q-like
absorption bands of aromatic porphyrinoids result from the
configuration interaction between four degenerate FMOs
(HOMO-1, HOMO, LUMO, and LUMO + 1) whereas the
broad, weak, and ill-defined absorption bands with character-
istic tailing in the NIR region of antiaromatic porphyrinoids
are explained in terms of six FMOs (HOMO + 2, HOMO¢1,
HOMO, LUMO, LUMO + 1, and LUMO + 2) and forbidden
one-photon transitions for HOMO–LUMO and HOMO¢1–
LUMO + 1, optically dark state. In the same line, the intense
B-like and weak Q-like bands in the visible and NIR regions,
respectively, in the S0 absorption spectra of Pd28H, Rh22P,
and Rh24P were explained by the vertical energy transitions
between four degenerate FMOs (Figures S4–S7), indicating
their aromatic nature with little effects that are due to the
coordinated metal.[20] On the other hand, the broad, weak,
and tailing features of the T1 absorption spectra of Pd28H,
Rh22P, and Rh24P were well reproduced by the calculated
vertical transitions (Figure S4), where the lowest vertical
transitions with negligible oscillator strength are well-
matched with the characteristics of typical antiaromatic
porphyrinoids.[14c] Thus it is likely that the obtained T1

absorption spectra provide evidence for the antiaromatic
character of Pd28H, Rh22P, and Rh24P.

For an in-depth analysis of the aromaticity reversal in the
T1 state, we carried out quantum-chemical calculations for
Pd28H, Rh22P, and Rh24P in the S0 and T1 states. The NICS
values based on the optimized structures clearly illustrated
the reversed aromaticity in the T1

state (Figure S9).[21] Namely, the
NICS values at the centers of the
macrocycles were estimated to be
¢9.3, ¢9.4, and ¢12.2 ppm for the
S0 states of Pd28H, Rh22P, and
Rh24P, respectively, whereas pos-
itive NICS values of 10.7–6.6 ppm
were calculated for the corre-
sponding T1 states.

To probe the structural changes during photoexcitation,
the optimized structures for the S0 and T1 states of Pd28H,
Rh22P, and Rh24P were compared, and an overlay of the S0

and T1 structures delineated that their conformations were
more twisted in the T1 states (Figure 4).[9, 10] For careful
comparison, we measured the dihedral angle distributions,
average values, and standard deviations in the S0 and T1 states
because they provide explicit information on the conforma-
tion and cyclic p-conjugation (Table 1 and Figures S10–S12).
Compared to the dihedral angles of Pd28H, Rh22P, and
Rh24P in the S0 state, those for the T1 states were distributed
more widely and showed higher averages and standard
deviations, which is in agreement with the aromatic character
of the S0 state and the antiaromatic character of the T1 state.
These aspects were also observed in the mean plane devia-
tions (MPD) of Rh22P.[12b] Rh22P showed a smaller MPD in
the S0 state than in the T1 state (0.401 è and 0.405 è,
respectively; Figure S13), which supports the aromaticity
reversal in the T1 state. However, in contrast to planar Rh22P,
the Mçbius twist structures of Pd28H and Rh24P are not
suitable for structural analysis with MPD. In this regard, we
estimated the linking number (Lk) for Pd28H and Rh24P,
which reflects the topological concept of p orbital overlap in
the twist conformation.[22] Lk, an integer value corresponding
to the number of half-twists in the macrocycle, is composed of
the twist (Tw) and writhe (Wr), Lk = Tw + Wr. Here, Tw reflects
the local torsional twist, and Wr represents the global long-
range bending. Whereas the half-twist Mçbius aromatic

Figure 4. Comparison of the optimized structures of a) Pd28H,
b) Rh24P, and c) Rh22P in the S0 (black) and T1 (gray) states. Central
metal atoms, meso-pentafluorophenyl groups, and hydrogen atoms
omitted for clarity.

Table 1: Dihedral angles of Pd28H, Rh22P, and Rh24P in the S0 and T1 states.[a]

Dihedral angle Pd28H Rh22P Rh24P
S0 T1 S0 T1 S0 T1

range
(D)

4.1–46.488
(42.388)

1.9–59.788
(57.888)

2.3–32.488
(30.188)

3.4–40.088
(36.488)

2.1–50.688
(48.588)

2.1–61.488
(59.388)

average 18.088 19.088 15.988 16.988 21.688 22.988
standard deviation 12.988 16.288 12.788 13.088 15.088 18.588

[a] All values correspond to the optimized molecular structures.
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compounds Pd28H and Rh24P gave Lk = 1 in the S0 and T1

states, the values of Tw and Wr were different for the S0 and T1

states (Tw = 0.27/0.30 and Wr = 0.73/0.70 for Pd28HS0=T1
and

Tw = 0.62/0.65 and Wr = 0.38/0.35 for Rh24PS0=T1
; Table S1).

Compared to the T1 state, the Tw value is smaller in the S0

state. Given that a small Tw value indicates less local twisting
and enhanced conjugation at the expense of smoother
bending (larger Wr), the change in the Tw values between
the S0 and T1 states is in accordance with the reversal of
aromaticity and the associated changes in the dihedral
angles.[22] Furthermore, the Tw values for Rh24P are even
larger than those of Pd28H, which results from larger twisting
strain owing to the smaller annulene size and the fused
tripentacyclic unit of Rh24P.

Anisotropy of the induced current density (ACID)
calculations also support the reversed aromaticity of Pd28H,
Rh22P, and Rh24P in the T1 state.[23] The ACID plots visualize
the ring current and direction induced by an applied external
magnetic field. Thus clockwise and counterclockwise ring
current flows in the ACID plots directly illustrate aromaticity
and antiaromaticity, respectively. Pd28H, Rh22P, and Rh24P
exhibited contrasting ring current flows between the S0 and T1

states (Figures 5 and S14–S16); clockwise ring currents in the

S0 state indicate aromaticity whereas counterclockwise ring
currents in the T1 state portray the antiaromatic nature of the
compounds. Collectively, these calculated indices for defining
the aromaticity are consistent with the optical spectroscopy
results, providing evidence for the reversal of aromaticity in
the T1 state (“BairdÏs rule”) in stable Mçbius aromatic
systems.

In summary, we have extracted the T1 absorption spectra
of Hîckel/Mçbius aromatic expanded porphyrins by femto-
second time-resolved optical spectroscopy, which enabled
a comparative analysis of the optical spectroscopic features of
the S0 and T1 states. With the help of quantum calculations, in-

depth analysis of the absorption spectra of the S0 and T1 states
revealed that the aromaticity in the S0 state is reversed to
antiaromaticity in the T1 state in Mçbius aromatic systems as
well as in Hîckel aromatic systems. This study represents the
first characterization of excited-state aromaticity in stable
Mçbius aromatic compounds. The realization of metalated
Mçbius antiaromatic expanded porphyrins and research on
their excited-state aromaticity remain to be challenging.
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Angew. Chem. Int. Ed. 2015, 54, 4932 – 4936; Angew. Chem.
2015, 127, 5014 – 5018.

[16] S. Mori, S. Soji, R. Taniguchi, A. Osuka, Inorg. Chem. 2005, 44,
4127 – 4129.

[17] a) S. Mori, J.-Y. Shin, S. Shimizu, F. Ishikawa, H. Furuta, A.
Osuka, Chem. Eur. J. 2005, 11, 2417 – 2425; b) J. K. Park, Z. S.
Yoon, M.-C. Yoon, K. S. Kim, S. Mori, J.-Y. Shin, A. Osuka, D.
Kim, J. Am. Chem. Soc. 2008, 130, 1824 – 1825.

[18] a) E. Pacholska-Dudziak, J. Skonieczny, M. Pawlikchi, L.
Szterenberg, Z. Ciunik, L. Latos-Grażyński, J. Am. Chem. Soc.
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