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1. Introduction 
1-1. Aromaticity: Hückel’s rule and Baird’s rule 

! Aromaticity is one of the most fundamental 
concepts in organic chemistry, which governs 
chemical properties and reactivities of molecules. 

(a) Hückel’s rule: aromaticity in ground state 

! Planer cyclic systems with [4n+2]π-electron 
receive great stabilization effect (aromatic), 
whereas [4n]π systems are less stable 
(antiaromatic) in the ground state (Figure 1). 

! Hückel’s rule has been explicitly demonstrated 
through experiments. 

(b) Baird’s rule (prediction): aromaticity in 
lowest triplet state 

! Baird expanded the concepts of aromaticity to 
the lowest triplet state. 

! Baird predicted that the Hückel aromaticity 
observed in ground-state systems would be 
reversed in the lowest triplet state.1 

" [4n+2]π cyclic systems would exhibit 
antiaromatic character, while [4n]π systems 
should show aromatic character in the lowest 
triplet state (Figure 2). 

! The concept of excited-state aromaticity would 
have possibilities of predicting photochemical 
properties of molecules and understanding 
photochemical reactions (Figure 3). 

! Baird’s prediction has been supported by various 
theoretical calculations such as nucleus 
-independent chemical shifts (NICS) and 
harmonic oscillator model of aromaticity 
(HOMA). 

! However, electronic structures of excited 
states of a pair of [4n+2] and [4n] systems 
have not been analyzed experimentally. 
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1-2. This work: first direct confirmation of Baird’s rule via experiment 

! Generally, it is difficult to prepare a directly comparable set of stable [4n+2] and [4n]π cyclic systems. 

! Expanded porphyrins can release or capture two pyrrolic protons following 2e– reduction or oxidation. 
" [4n+2] and [4n]π expanded porphyrins as test beds for evaluation of molecular aromaticity 

! It has been known that antiaromatic expanded porphyrins have broad and weak absorption spectra 
compared to aromatic ones.2 

! In this work, the authors proposed bis-rhodium [26]- and [28]hexaphyrins as a stable and comparable set of 
[4n+2] and [4n]π cyclic systems for investigating aromaticity in the lowest triplet state (Figure 4). 

! These hexaphyrins are ideal systems for testing Baird’s prediction because coordinated rhodium metals 
could (i) rigidify the nearly planer conformations and (ii) accelerate the intersystem crossing processes 
needed to populate the excited triplet states. 

 
Figure 4.  Molecular design of bis-rhodium hexaphyrines for testing Baird’s prediction. 
 
2. Results and discussion 
2-1. Synthesis of bis-rhodium hexaphyrins 

! Treatment of [28]hexaphyrine with 
[RhCl(CO)2]2 in the presence of sodium 
acetate gave the bis-rhodium [28]hexaphyrine 
([28]Rh). 

! [28]Rh was oxidized with DDQ to give 
[26]hexaphyrine ([26]Rh) and this step could 
be reversed by the reduction with NaBH4 
(Figure 5).3 

! Gound-state absorption spectrum of [26]Rh 
shows two intense Soret-like bands and 
several Q-like bands, which are characteristic 
of aromatic porphyrinoids. 

! In contrast, absorption spectrum of [28]Rh 
shows relatively broad and weak peaks, which 
are indicative of antiaromatic nature. 

 
 

pocket. The Rh(I) ions are displaced by ca. 1.00 Å from the
mean plane defined by the six nitrogen atoms of the pyrrole
rings. The Rh–CO lengths are in the range of 1.84–1.87 Å, the
Rh–N distances are in the range of 2.08–2.09 Å, and the
Rh–Rh distance is 5.75 Å. The IR spectrum indicates CO
stretching vibrations at 2069 and 2008 cm!1 (see ESIw).

In the next step, 3 was oxidized with DDQ to give complex 4
quantitatively without demetalation, indicating inertness of
the coordinated Rh(I) ions and showing that the Rh–N bonds
were robust under the oxidative conditions. The complex 4
showed the parent ion peak at m/z = 1776.8665 (positive
mode, [M + H]+, the ion peak in negative mode was not
observed), calcd for C66H13F30N6Rh2(CO)4: 1776.8624. The
solid-state structure of 4 determined by X-ray diffraction
analysis is quite similar to that of 3 (Fig. 1b).z The Rh(I) ion
is bound in a square-planar coordination manner by the two N
atoms of the dipyrromethene unit and the two carbonyl
ligands. Compared with 3, the basic skeleton keeps the original
structure, but all the bonds around Rh become slightly but
distinctly longer (Rh–CO; 1.86–1.87 Å, Rh–N; 2.10–2.11 Å).
The Rh–Rh distance is 5.64 Å. In the IR spectrum, two CO
stretching vibrations at 2080 and 2022 cm!1 were observed.
Reduction of 4 with NaBH4 gave 3 quantitatively.

Consistent with Hückel’s rule, the 1H NMR spectrum of the
[28]hexaphyrin 3 reveals a paratropic ring current, exhibiting
the inner b-protons at 17.08 ppm and the outer b-protons as
two doublets at 4.75 and 3.68 ppm (Fig. 2). The outer NH
protons resonated at 3.25 ppm for 3, which disappeared upon
treatment with D2O. These data clearly indicate the Hückel
antiaromatic nature for 3.

In sharp contrast, the 1H NMR spectrum of 4 exhibits the
outer b-protons as a pair of doublets at 9.41 and 8.90 ppm and
the inner b-protons as a singlet at !3.97 ppm, thus indicating
its diatropic ring current based on the typical Hückel
aromaticity. Of particular interest is a large positive–negative
reversion in the chemical shift difference of the inner and outer
b-protons of 3 and 4 upon antiaromatic-to-aromatic switch.
As such, the realization of a stable antiaromatic conjugated
system underscores an important difference between porphyrin
and expanded porphyrins, since stable antiaromatic
porphyrins are very rare.13 Even for expanded porphyrins,
only a few examples of stable antiaromatic systems have been
reported in the literature.2,9,14

The UV–Vis absorption spectrum for 3 exhibited split
Soret-like bands at 514 and 587 nm and no absorption in
the longer wavelength range (Fig. 3). The absorption spectrum
of 4 features intense Soret-like bands at 579 and 605 nm
and Q-like bands at 755, 827, and 942 nm, indicating the
aromaticity of 4.
The antiaromatic and aromatic nature of 3 and 4 were

reconfirmed from theoretical calculations by the DFT method.
Nucleus independent chemical shifts (NICS) have been used as
a measure of aromaticity in porphyrins and expanded
porphyrins. The NICS values were calculated to be 23.0 and
!16.2 ppm for 3 and 4, respectively, clearly supporting their
antiaromaticity and aromaticity.15

The electrochemical properties were studied by cyclic
voltammetry in CH2Cl2 versus Fc/Fc+ ion using tetrabutyl-
ammonium hexafluorophosphate as an electrolyte. The
[28]hexaphyrin 2 undergoes three one-electron reductions
at!1.065,!1.321, and!1.637 V, whereas the complex 3 exhibits
reduction waves at !0.97 and !1.27 V, and oxidation waves
at !0.09 and 0.19 V. These data clearly indicate that the
Rh(I) metalation lowers the energy level of the LUMO of
[28]hexaphyrin. The complex 4 undergoes three one-electron
reductions at !0.60, !1.00, and !1.73 V.
There has been a growing interest in the development of

organic molecules that have large two-photon absorption
(TPA) cross-section values (s(2)) because of their potential
applications in diverse fields.16 Large TPA values are
considered to arise from effectively delocalized conjugated
networks, but understanding of structural and electronic
factors that lead to large TPA still remains insufficient,

Fig. 1 X-Ray crystal structures of 3 (left) and 4 (right). meso-

Substituents and solvent molecules are omitted for clarity. The

ellipsoids are scaled to the 50% probability level. Fig. 2 1H NMR spectra of (1) 3 and (2) 4 in C6D6 at room

temperature.

Fig. 3 UV–Vis absorption spectra of 3 and 4 in CH2Cl2.
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pocket. The Rh(I) ions are displaced by ca. 1.00 Å from the
mean plane defined by the six nitrogen atoms of the pyrrole
rings. The Rh–CO lengths are in the range of 1.84–1.87 Å, the
Rh–N distances are in the range of 2.08–2.09 Å, and the
Rh–Rh distance is 5.75 Å. The IR spectrum indicates CO
stretching vibrations at 2069 and 2008 cm!1 (see ESIw).

In the next step, 3 was oxidized with DDQ to give complex 4
quantitatively without demetalation, indicating inertness of
the coordinated Rh(I) ions and showing that the Rh–N bonds
were robust under the oxidative conditions. The complex 4
showed the parent ion peak at m/z = 1776.8665 (positive
mode, [M + H]+, the ion peak in negative mode was not
observed), calcd for C66H13F30N6Rh2(CO)4: 1776.8624. The
solid-state structure of 4 determined by X-ray diffraction
analysis is quite similar to that of 3 (Fig. 1b).z The Rh(I) ion
is bound in a square-planar coordination manner by the two N
atoms of the dipyrromethene unit and the two carbonyl
ligands. Compared with 3, the basic skeleton keeps the original
structure, but all the bonds around Rh become slightly but
distinctly longer (Rh–CO; 1.86–1.87 Å, Rh–N; 2.10–2.11 Å).
The Rh–Rh distance is 5.64 Å. In the IR spectrum, two CO
stretching vibrations at 2080 and 2022 cm!1 were observed.
Reduction of 4 with NaBH4 gave 3 quantitatively.

Consistent with Hückel’s rule, the 1H NMR spectrum of the
[28]hexaphyrin 3 reveals a paratropic ring current, exhibiting
the inner b-protons at 17.08 ppm and the outer b-protons as
two doublets at 4.75 and 3.68 ppm (Fig. 2). The outer NH
protons resonated at 3.25 ppm for 3, which disappeared upon
treatment with D2O. These data clearly indicate the Hückel
antiaromatic nature for 3.

In sharp contrast, the 1H NMR spectrum of 4 exhibits the
outer b-protons as a pair of doublets at 9.41 and 8.90 ppm and
the inner b-protons as a singlet at !3.97 ppm, thus indicating
its diatropic ring current based on the typical Hückel
aromaticity. Of particular interest is a large positive–negative
reversion in the chemical shift difference of the inner and outer
b-protons of 3 and 4 upon antiaromatic-to-aromatic switch.
As such, the realization of a stable antiaromatic conjugated
system underscores an important difference between porphyrin
and expanded porphyrins, since stable antiaromatic
porphyrins are very rare.13 Even for expanded porphyrins,
only a few examples of stable antiaromatic systems have been
reported in the literature.2,9,14

The UV–Vis absorption spectrum for 3 exhibited split
Soret-like bands at 514 and 587 nm and no absorption in
the longer wavelength range (Fig. 3). The absorption spectrum
of 4 features intense Soret-like bands at 579 and 605 nm
and Q-like bands at 755, 827, and 942 nm, indicating the
aromaticity of 4.
The antiaromatic and aromatic nature of 3 and 4 were

reconfirmed from theoretical calculations by the DFT method.
Nucleus independent chemical shifts (NICS) have been used as
a measure of aromaticity in porphyrins and expanded
porphyrins. The NICS values were calculated to be 23.0 and
!16.2 ppm for 3 and 4, respectively, clearly supporting their
antiaromaticity and aromaticity.15

The electrochemical properties were studied by cyclic
voltammetry in CH2Cl2 versus Fc/Fc+ ion using tetrabutyl-
ammonium hexafluorophosphate as an electrolyte. The
[28]hexaphyrin 2 undergoes three one-electron reductions
at!1.065,!1.321, and!1.637 V, whereas the complex 3 exhibits
reduction waves at !0.97 and !1.27 V, and oxidation waves
at !0.09 and 0.19 V. These data clearly indicate that the
Rh(I) metalation lowers the energy level of the LUMO of
[28]hexaphyrin. The complex 4 undergoes three one-electron
reductions at !0.60, !1.00, and !1.73 V.
There has been a growing interest in the development of

organic molecules that have large two-photon absorption
(TPA) cross-section values (s(2)) because of their potential
applications in diverse fields.16 Large TPA values are
considered to arise from effectively delocalized conjugated
networks, but understanding of structural and electronic
factors that lead to large TPA still remains insufficient,

Fig. 1 X-Ray crystal structures of 3 (left) and 4 (right). meso-

Substituents and solvent molecules are omitted for clarity. The

ellipsoids are scaled to the 50% probability level. Fig. 2 1H NMR spectra of (1) 3 and (2) 4 in C6D6 at room

temperature.

Fig. 3 UV–Vis absorption spectra of 3 and 4 in CH2Cl2.
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Figure 5.  (a) Synthesis of bis-rhodium hexaphyrins and (b) 
their ground-state absorption spectra. 
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pocket. The Rh(I) ions are displaced by ca. 1.00 Å from the
mean plane defined by the six nitrogen atoms of the pyrrole
rings. The Rh–CO lengths are in the range of 1.84–1.87 Å, the
Rh–N distances are in the range of 2.08–2.09 Å, and the
Rh–Rh distance is 5.75 Å. The IR spectrum indicates CO
stretching vibrations at 2069 and 2008 cm!1 (see ESIw).

In the next step, 3 was oxidized with DDQ to give complex 4
quantitatively without demetalation, indicating inertness of
the coordinated Rh(I) ions and showing that the Rh–N bonds
were robust under the oxidative conditions. The complex 4
showed the parent ion peak at m/z = 1776.8665 (positive
mode, [M + H]+, the ion peak in negative mode was not
observed), calcd for C66H13F30N6Rh2(CO)4: 1776.8624. The
solid-state structure of 4 determined by X-ray diffraction
analysis is quite similar to that of 3 (Fig. 1b).z The Rh(I) ion
is bound in a square-planar coordination manner by the two N
atoms of the dipyrromethene unit and the two carbonyl
ligands. Compared with 3, the basic skeleton keeps the original
structure, but all the bonds around Rh become slightly but
distinctly longer (Rh–CO; 1.86–1.87 Å, Rh–N; 2.10–2.11 Å).
The Rh–Rh distance is 5.64 Å. In the IR spectrum, two CO
stretching vibrations at 2080 and 2022 cm!1 were observed.
Reduction of 4 with NaBH4 gave 3 quantitatively.

Consistent with Hückel’s rule, the 1H NMR spectrum of the
[28]hexaphyrin 3 reveals a paratropic ring current, exhibiting
the inner b-protons at 17.08 ppm and the outer b-protons as
two doublets at 4.75 and 3.68 ppm (Fig. 2). The outer NH
protons resonated at 3.25 ppm for 3, which disappeared upon
treatment with D2O. These data clearly indicate the Hückel
antiaromatic nature for 3.

In sharp contrast, the 1H NMR spectrum of 4 exhibits the
outer b-protons as a pair of doublets at 9.41 and 8.90 ppm and
the inner b-protons as a singlet at !3.97 ppm, thus indicating
its diatropic ring current based on the typical Hückel
aromaticity. Of particular interest is a large positive–negative
reversion in the chemical shift difference of the inner and outer
b-protons of 3 and 4 upon antiaromatic-to-aromatic switch.
As such, the realization of a stable antiaromatic conjugated
system underscores an important difference between porphyrin
and expanded porphyrins, since stable antiaromatic
porphyrins are very rare.13 Even for expanded porphyrins,
only a few examples of stable antiaromatic systems have been
reported in the literature.2,9,14

The UV–Vis absorption spectrum for 3 exhibited split
Soret-like bands at 514 and 587 nm and no absorption in
the longer wavelength range (Fig. 3). The absorption spectrum
of 4 features intense Soret-like bands at 579 and 605 nm
and Q-like bands at 755, 827, and 942 nm, indicating the
aromaticity of 4.
The antiaromatic and aromatic nature of 3 and 4 were

reconfirmed from theoretical calculations by the DFT method.
Nucleus independent chemical shifts (NICS) have been used as
a measure of aromaticity in porphyrins and expanded
porphyrins. The NICS values were calculated to be 23.0 and
!16.2 ppm for 3 and 4, respectively, clearly supporting their
antiaromaticity and aromaticity.15

The electrochemical properties were studied by cyclic
voltammetry in CH2Cl2 versus Fc/Fc+ ion using tetrabutyl-
ammonium hexafluorophosphate as an electrolyte. The
[28]hexaphyrin 2 undergoes three one-electron reductions
at!1.065,!1.321, and!1.637 V, whereas the complex 3 exhibits
reduction waves at !0.97 and !1.27 V, and oxidation waves
at !0.09 and 0.19 V. These data clearly indicate that the
Rh(I) metalation lowers the energy level of the LUMO of
[28]hexaphyrin. The complex 4 undergoes three one-electron
reductions at !0.60, !1.00, and !1.73 V.
There has been a growing interest in the development of

organic molecules that have large two-photon absorption
(TPA) cross-section values (s(2)) because of their potential
applications in diverse fields.16 Large TPA values are
considered to arise from effectively delocalized conjugated
networks, but understanding of structural and electronic
factors that lead to large TPA still remains insufficient,

Fig. 1 X-Ray crystal structures of 3 (left) and 4 (right). meso-

Substituents and solvent molecules are omitted for clarity. The

ellipsoids are scaled to the 50% probability level. Fig. 2 1H NMR spectra of (1) 3 and (2) 4 in C6D6 at room

temperature.

Fig. 3 UV–Vis absorption spectra of 3 and 4 in CH2Cl2.
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2-2. Spectroscopic analyses: confirmation of Baird’s rule 

 
Figure 6. Spectroscopic analyses of [26]Rh and [28]Rh for testing Baird’s rule.  

! Femtosecond time-resolved transient absorption (TA) spectra exhibit double exponential decay features with 
two time constants, which correspond to the S1-state and T1-state lifetimes (τ S1 and τ T1; Figure 6(a)). 

! Decay-associated spectra (DAS) of two transient species were obtained, which correspond to the S1 and T1 
state, respecticely (Figure 6(b)). 

! Excited-state absorption of T1 state could be evaluated by subtracting the ground-state absorption from the 
decay-associated spectra of T1 state (Figure 6(c)). 

! Broad and weak peaks in the obtained excited-state absorption of [26]Rh indicates its antiaromatic character 
compared to its aromatic character in the ground state. In contrast, sharp and strong peaks in the ES 
absorption of [28]Rh shows its aromatic feature compared to its antiaromatic feature in the ground state. 

! These results suggest the reversal of Hückel aromaticity in the lowest triplet state in accord with 
Baird’s rule. 

exist in both their neutral and stable [4n + 2] and [4n]π electronic
states. Relative to other conjugated species, expanded porphyrins
have an advantage in that they can release or capture two pyrrolic
protons following two-electron reduction or oxidation of the macro-
cycle. These chemical features have made expanded porphyrins test
beds for the evaluation of molecular aromaticity and exploration of
novel aromatic concepts30–32. On the basis of considerable earlier
work, it is now recognized that the photophysical properties of
expanded porphyrins, including their absorption and fluorescence
spectra, excited-state lifetimes and nonlinear optical properties,
can be used as reliable experimental indices for aromaticity, at
least within a comparable set of [4n]/[4n + 2]π-electron heteroannu-
lenes32,33. Notably, as compared to aromatic expanded porphyrins,
the antiaromatic congeners display (1) broad, weak and featureless
absorption spectra, (2) a lack of fluorescence intensity and (3)
rapid decay from the excited state to the ground state32,33.

The correspondence between spectral features and (anti)aroma-
ticity led us to consider that appropriately chosen expanded por-
phryins could serve as platform to test Baird’s prediction directly
via experiment. With this in mind, we examined the lowest triplet
state aromaticity of congeneric bis-rhodium [26]- and [28]hexa-
phyrins (R26H and R28H). These two complexes are structurally
related. However, one compound is Hückel aromatic and the
other Hückel antiaromatic29. The intensities and spectral shapes
in the transient absorption (TA) spectra of the aromatic (R26H)
and antiaromatic (R28H) forms stand in sharp contrast with one
another. In this sense, R26H and R28H are ideal systems with
which to explore the validity of Baird’s prediction. This is because
(1) the coordinated bis-rhodium metals should help rigidify the
nearly planar conformations, (2) both the [26]- and [28]-electronic
states are typical Hückel aromatic and antiaromatic systems,
respectively, and (3) are chemically stable species, and (4) the two
coordinated rhodium metal cations should accelerate the intersys-
tem crossing processes needed to populate the corresponding
excited triplet states through a heavy atom effect, while (5) not sub-
stantially perturbing the photo-excited state dynamics because of
the closed shell configuration of the rhodium(I) centres29,34.

Results and discussion
The bis-rhodium [26]- and [28]hexaphyrins (R26H and R28H) of
this study were prepared according to reported procedures29. R26H
and R28H exhibit Hückel aromatic and antiaromatic natures,

respectively, in the ground state, as inferred from 1H-NMR
spectral studies and NICS calculations29,34. The ground-state
absorption spectrum of R26H displays two intense B-like bands
and several Q-like bands, which are characteristic features of aro-
matic porphyrinoids. In contrast, R28H gives rise to relatively
broad and weak absorption spectra in the visible region and an
extremely weak band in the near-infrared (NIR) region (cf.
Supplementary Fig. 1).

Compared to metal-free hexaphyrins35, the singlet excited-state
lifetimes of R26H and R28H are considerably shortened as the
result of efficient intersystem crossing (Sn→ Tn) due to the heavy
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resolutions between the two spectrometers used in ground-state absorption
and TA measurements.
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exist in both their neutral and stable [4n + 2] and [4n]π electronic
states. Relative to other conjugated species, expanded porphyrins
have an advantage in that they can release or capture two pyrrolic
protons following two-electron reduction or oxidation of the macro-
cycle. These chemical features have made expanded porphyrins test
beds for the evaluation of molecular aromaticity and exploration of
novel aromatic concepts30–32. On the basis of considerable earlier
work, it is now recognized that the photophysical properties of
expanded porphyrins, including their absorption and fluorescence
spectra, excited-state lifetimes and nonlinear optical properties,
can be used as reliable experimental indices for aromaticity, at
least within a comparable set of [4n]/[4n + 2]π-electron heteroannu-
lenes32,33. Notably, as compared to aromatic expanded porphyrins,
the antiaromatic congeners display (1) broad, weak and featureless
absorption spectra, (2) a lack of fluorescence intensity and (3)
rapid decay from the excited state to the ground state32,33.

The correspondence between spectral features and (anti)aroma-
ticity led us to consider that appropriately chosen expanded por-
phryins could serve as platform to test Baird’s prediction directly
via experiment. With this in mind, we examined the lowest triplet
state aromaticity of congeneric bis-rhodium [26]- and [28]hexa-
phyrins (R26H and R28H). These two complexes are structurally
related. However, one compound is Hückel aromatic and the
other Hückel antiaromatic29. The intensities and spectral shapes
in the transient absorption (TA) spectra of the aromatic (R26H)
and antiaromatic (R28H) forms stand in sharp contrast with one
another. In this sense, R26H and R28H are ideal systems with
which to explore the validity of Baird’s prediction. This is because
(1) the coordinated bis-rhodium metals should help rigidify the
nearly planar conformations, (2) both the [26]- and [28]-electronic
states are typical Hückel aromatic and antiaromatic systems,
respectively, and (3) are chemically stable species, and (4) the two
coordinated rhodium metal cations should accelerate the intersys-
tem crossing processes needed to populate the corresponding
excited triplet states through a heavy atom effect, while (5) not sub-
stantially perturbing the photo-excited state dynamics because of
the closed shell configuration of the rhodium(I) centres29,34.

Results and discussion
The bis-rhodium [26]- and [28]hexaphyrins (R26H and R28H) of
this study were prepared according to reported procedures29. R26H
and R28H exhibit Hückel aromatic and antiaromatic natures,

respectively, in the ground state, as inferred from 1H-NMR
spectral studies and NICS calculations29,34. The ground-state
absorption spectrum of R26H displays two intense B-like bands
and several Q-like bands, which are characteristic features of aro-
matic porphyrinoids. In contrast, R28H gives rise to relatively
broad and weak absorption spectra in the visible region and an
extremely weak band in the near-infrared (NIR) region (cf.
Supplementary Fig. 1).

Compared to metal-free hexaphyrins35, the singlet excited-state
lifetimes of R26H and R28H are considerably shortened as the
result of efficient intersystem crossing (Sn→ Tn) due to the heavy
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Figure 2 | Ground- and excited-state absorption spectra of R26H and
R28H as a function of extinction coefficients. a,b, Ground-state (black
lines) and excited-state (red lines) absorption spectra of R26H (a) and R28H
(b). Red spectra are obtained by summation of the ground-state absorption
and scaled decay-associated TA spectra (see Supplementary Information for
further details on estimating the excited-state absorption spectra). The
asterisk indicates an experimental error peak due to the different spectral
resolutions between the two spectrometers used in ground-state absorption
and TA measurements.
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exist in both their neutral and stable [4n + 2] and [4n]π electronic
states. Relative to other conjugated species, expanded porphyrins
have an advantage in that they can release or capture two pyrrolic
protons following two-electron reduction or oxidation of the macro-
cycle. These chemical features have made expanded porphyrins test
beds for the evaluation of molecular aromaticity and exploration of
novel aromatic concepts30–32. On the basis of considerable earlier
work, it is now recognized that the photophysical properties of
expanded porphyrins, including their absorption and fluorescence
spectra, excited-state lifetimes and nonlinear optical properties,
can be used as reliable experimental indices for aromaticity, at
least within a comparable set of [4n]/[4n + 2]π-electron heteroannu-
lenes32,33. Notably, as compared to aromatic expanded porphyrins,
the antiaromatic congeners display (1) broad, weak and featureless
absorption spectra, (2) a lack of fluorescence intensity and (3)
rapid decay from the excited state to the ground state32,33.

The correspondence between spectral features and (anti)aroma-
ticity led us to consider that appropriately chosen expanded por-
phryins could serve as platform to test Baird’s prediction directly
via experiment. With this in mind, we examined the lowest triplet
state aromaticity of congeneric bis-rhodium [26]- and [28]hexa-
phyrins (R26H and R28H). These two complexes are structurally
related. However, one compound is Hückel aromatic and the
other Hückel antiaromatic29. The intensities and spectral shapes
in the transient absorption (TA) spectra of the aromatic (R26H)
and antiaromatic (R28H) forms stand in sharp contrast with one
another. In this sense, R26H and R28H are ideal systems with
which to explore the validity of Baird’s prediction. This is because
(1) the coordinated bis-rhodium metals should help rigidify the
nearly planar conformations, (2) both the [26]- and [28]-electronic
states are typical Hückel aromatic and antiaromatic systems,
respectively, and (3) are chemically stable species, and (4) the two
coordinated rhodium metal cations should accelerate the intersys-
tem crossing processes needed to populate the corresponding
excited triplet states through a heavy atom effect, while (5) not sub-
stantially perturbing the photo-excited state dynamics because of
the closed shell configuration of the rhodium(I) centres29,34.

Results and discussion
The bis-rhodium [26]- and [28]hexaphyrins (R26H and R28H) of
this study were prepared according to reported procedures29. R26H
and R28H exhibit Hückel aromatic and antiaromatic natures,

respectively, in the ground state, as inferred from 1H-NMR
spectral studies and NICS calculations29,34. The ground-state
absorption spectrum of R26H displays two intense B-like bands
and several Q-like bands, which are characteristic features of aro-
matic porphyrinoids. In contrast, R28H gives rise to relatively
broad and weak absorption spectra in the visible region and an
extremely weak band in the near-infrared (NIR) region (cf.
Supplementary Fig. 1).

Compared to metal-free hexaphyrins35, the singlet excited-state
lifetimes of R26H and R28H are considerably shortened as the
result of efficient intersystem crossing (Sn→ Tn) due to the heavy
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Figure 2 | Ground- and excited-state absorption spectra of R26H and
R28H as a function of extinction coefficients. a,b, Ground-state (black
lines) and excited-state (red lines) absorption spectra of R26H (a) and R28H
(b). Red spectra are obtained by summation of the ground-state absorption
and scaled decay-associated TA spectra (see Supplementary Information for
further details on estimating the excited-state absorption spectra). The
asterisk indicates an experimental error peak due to the different spectral
resolutions between the two spectrometers used in ground-state absorption
and TA measurements.
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exist in both their neutral and stable [4n + 2] and [4n]π electronic
states. Relative to other conjugated species, expanded porphyrins
have an advantage in that they can release or capture two pyrrolic
protons following two-electron reduction or oxidation of the macro-
cycle. These chemical features have made expanded porphyrins test
beds for the evaluation of molecular aromaticity and exploration of
novel aromatic concepts30–32. On the basis of considerable earlier
work, it is now recognized that the photophysical properties of
expanded porphyrins, including their absorption and fluorescence
spectra, excited-state lifetimes and nonlinear optical properties,
can be used as reliable experimental indices for aromaticity, at
least within a comparable set of [4n]/[4n + 2]π-electron heteroannu-
lenes32,33. Notably, as compared to aromatic expanded porphyrins,
the antiaromatic congeners display (1) broad, weak and featureless
absorption spectra, (2) a lack of fluorescence intensity and (3)
rapid decay from the excited state to the ground state32,33.

The correspondence between spectral features and (anti)aroma-
ticity led us to consider that appropriately chosen expanded por-
phryins could serve as platform to test Baird’s prediction directly
via experiment. With this in mind, we examined the lowest triplet
state aromaticity of congeneric bis-rhodium [26]- and [28]hexa-
phyrins (R26H and R28H). These two complexes are structurally
related. However, one compound is Hückel aromatic and the
other Hückel antiaromatic29. The intensities and spectral shapes
in the transient absorption (TA) spectra of the aromatic (R26H)
and antiaromatic (R28H) forms stand in sharp contrast with one
another. In this sense, R26H and R28H are ideal systems with
which to explore the validity of Baird’s prediction. This is because
(1) the coordinated bis-rhodium metals should help rigidify the
nearly planar conformations, (2) both the [26]- and [28]-electronic
states are typical Hückel aromatic and antiaromatic systems,
respectively, and (3) are chemically stable species, and (4) the two
coordinated rhodium metal cations should accelerate the intersys-
tem crossing processes needed to populate the corresponding
excited triplet states through a heavy atom effect, while (5) not sub-
stantially perturbing the photo-excited state dynamics because of
the closed shell configuration of the rhodium(I) centres29,34.

Results and discussion
The bis-rhodium [26]- and [28]hexaphyrins (R26H and R28H) of
this study were prepared according to reported procedures29. R26H
and R28H exhibit Hückel aromatic and antiaromatic natures,

respectively, in the ground state, as inferred from 1H-NMR
spectral studies and NICS calculations29,34. The ground-state
absorption spectrum of R26H displays two intense B-like bands
and several Q-like bands, which are characteristic features of aro-
matic porphyrinoids. In contrast, R28H gives rise to relatively
broad and weak absorption spectra in the visible region and an
extremely weak band in the near-infrared (NIR) region (cf.
Supplementary Fig. 1).

Compared to metal-free hexaphyrins35, the singlet excited-state
lifetimes of R26H and R28H are considerably shortened as the
result of efficient intersystem crossing (Sn→ Tn) due to the heavy
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Figure 2 | Ground- and excited-state absorption spectra of R26H and
R28H as a function of extinction coefficients. a,b, Ground-state (black
lines) and excited-state (red lines) absorption spectra of R26H (a) and R28H
(b). Red spectra are obtained by summation of the ground-state absorption
and scaled decay-associated TA spectra (see Supplementary Information for
further details on estimating the excited-state absorption spectra). The
asterisk indicates an experimental error peak due to the different spectral
resolutions between the two spectrometers used in ground-state absorption
and TA measurements.
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Supplementary Figure 2. Transient absorption spectra of (a) R26H and (b) R28H in toluene 
with the photoexcitations at 590 and 505 nm, respectively. 
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exist in both their neutral and stable [4n + 2] and [4n]π electronic
states. Relative to other conjugated species, expanded porphyrins
have an advantage in that they can release or capture two pyrrolic
protons following two-electron reduction or oxidation of the macro-
cycle. These chemical features have made expanded porphyrins test
beds for the evaluation of molecular aromaticity and exploration of
novel aromatic concepts30–32. On the basis of considerable earlier
work, it is now recognized that the photophysical properties of
expanded porphyrins, including their absorption and fluorescence
spectra, excited-state lifetimes and nonlinear optical properties,
can be used as reliable experimental indices for aromaticity, at
least within a comparable set of [4n]/[4n + 2]π-electron heteroannu-
lenes32,33. Notably, as compared to aromatic expanded porphyrins,
the antiaromatic congeners display (1) broad, weak and featureless
absorption spectra, (2) a lack of fluorescence intensity and (3)
rapid decay from the excited state to the ground state32,33.

The correspondence between spectral features and (anti)aroma-
ticity led us to consider that appropriately chosen expanded por-
phryins could serve as platform to test Baird’s prediction directly
via experiment. With this in mind, we examined the lowest triplet
state aromaticity of congeneric bis-rhodium [26]- and [28]hexa-
phyrins (R26H and R28H). These two complexes are structurally
related. However, one compound is Hückel aromatic and the
other Hückel antiaromatic29. The intensities and spectral shapes
in the transient absorption (TA) spectra of the aromatic (R26H)
and antiaromatic (R28H) forms stand in sharp contrast with one
another. In this sense, R26H and R28H are ideal systems with
which to explore the validity of Baird’s prediction. This is because
(1) the coordinated bis-rhodium metals should help rigidify the
nearly planar conformations, (2) both the [26]- and [28]-electronic
states are typical Hückel aromatic and antiaromatic systems,
respectively, and (3) are chemically stable species, and (4) the two
coordinated rhodium metal cations should accelerate the intersys-
tem crossing processes needed to populate the corresponding
excited triplet states through a heavy atom effect, while (5) not sub-
stantially perturbing the photo-excited state dynamics because of
the closed shell configuration of the rhodium(I) centres29,34.

Results and discussion
The bis-rhodium [26]- and [28]hexaphyrins (R26H and R28H) of
this study were prepared according to reported procedures29. R26H
and R28H exhibit Hückel aromatic and antiaromatic natures,

respectively, in the ground state, as inferred from 1H-NMR
spectral studies and NICS calculations29,34. The ground-state
absorption spectrum of R26H displays two intense B-like bands
and several Q-like bands, which are characteristic features of aro-
matic porphyrinoids. In contrast, R28H gives rise to relatively
broad and weak absorption spectra in the visible region and an
extremely weak band in the near-infrared (NIR) region (cf.
Supplementary Fig. 1).

Compared to metal-free hexaphyrins35, the singlet excited-state
lifetimes of R26H and R28H are considerably shortened as the
result of efficient intersystem crossing (Sn→ Tn) due to the heavy
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Figure 2 | Ground- and excited-state absorption spectra of R26H and
R28H as a function of extinction coefficients. a,b, Ground-state (black
lines) and excited-state (red lines) absorption spectra of R26H (a) and R28H
(b). Red spectra are obtained by summation of the ground-state absorption
and scaled decay-associated TA spectra (see Supplementary Information for
further details on estimating the excited-state absorption spectra). The
asterisk indicates an experimental error peak due to the different spectral
resolutions between the two spectrometers used in ground-state absorption
and TA measurements.
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exist in both their neutral and stable [4n + 2] and [4n]π electronic
states. Relative to other conjugated species, expanded porphyrins
have an advantage in that they can release or capture two pyrrolic
protons following two-electron reduction or oxidation of the macro-
cycle. These chemical features have made expanded porphyrins test
beds for the evaluation of molecular aromaticity and exploration of
novel aromatic concepts30–32. On the basis of considerable earlier
work, it is now recognized that the photophysical properties of
expanded porphyrins, including their absorption and fluorescence
spectra, excited-state lifetimes and nonlinear optical properties,
can be used as reliable experimental indices for aromaticity, at
least within a comparable set of [4n]/[4n + 2]π-electron heteroannu-
lenes32,33. Notably, as compared to aromatic expanded porphyrins,
the antiaromatic congeners display (1) broad, weak and featureless
absorption spectra, (2) a lack of fluorescence intensity and (3)
rapid decay from the excited state to the ground state32,33.

The correspondence between spectral features and (anti)aroma-
ticity led us to consider that appropriately chosen expanded por-
phryins could serve as platform to test Baird’s prediction directly
via experiment. With this in mind, we examined the lowest triplet
state aromaticity of congeneric bis-rhodium [26]- and [28]hexa-
phyrins (R26H and R28H). These two complexes are structurally
related. However, one compound is Hückel aromatic and the
other Hückel antiaromatic29. The intensities and spectral shapes
in the transient absorption (TA) spectra of the aromatic (R26H)
and antiaromatic (R28H) forms stand in sharp contrast with one
another. In this sense, R26H and R28H are ideal systems with
which to explore the validity of Baird’s prediction. This is because
(1) the coordinated bis-rhodium metals should help rigidify the
nearly planar conformations, (2) both the [26]- and [28]-electronic
states are typical Hückel aromatic and antiaromatic systems,
respectively, and (3) are chemically stable species, and (4) the two
coordinated rhodium metal cations should accelerate the intersys-
tem crossing processes needed to populate the corresponding
excited triplet states through a heavy atom effect, while (5) not sub-
stantially perturbing the photo-excited state dynamics because of
the closed shell configuration of the rhodium(I) centres29,34.

Results and discussion
The bis-rhodium [26]- and [28]hexaphyrins (R26H and R28H) of
this study were prepared according to reported procedures29. R26H
and R28H exhibit Hückel aromatic and antiaromatic natures,

respectively, in the ground state, as inferred from 1H-NMR
spectral studies and NICS calculations29,34. The ground-state
absorption spectrum of R26H displays two intense B-like bands
and several Q-like bands, which are characteristic features of aro-
matic porphyrinoids. In contrast, R28H gives rise to relatively
broad and weak absorption spectra in the visible region and an
extremely weak band in the near-infrared (NIR) region (cf.
Supplementary Fig. 1).

Compared to metal-free hexaphyrins35, the singlet excited-state
lifetimes of R26H and R28H are considerably shortened as the
result of efficient intersystem crossing (Sn→ Tn) due to the heavy
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Figure 1 | TA contour maps and ground-state absorption and decay-associated TA spectra of R26H and R28H. a, TA contour map of R26H in toluene.
b, TA contour map of R28H in toluene. c, Ground-state absorption spectra of R26H in toluene and decay-associated TA spectra of R26H in toluene.
d, Ground-state absorption spectra of R28H in toluene and decay-associated TA spectra of R28H in toluene.
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Figure 2 | Ground- and excited-state absorption spectra of R26H and
R28H as a function of extinction coefficients. a,b, Ground-state (black
lines) and excited-state (red lines) absorption spectra of R26H (a) and R28H
(b). Red spectra are obtained by summation of the ground-state absorption
and scaled decay-associated TA spectra (see Supplementary Information for
further details on estimating the excited-state absorption spectra). The
asterisk indicates an experimental error peak due to the different spectral
resolutions between the two spectrometers used in ground-state absorption
and TA measurements.

NATURE CHEMISTRY DOI: 10.1038/NCHEM.2233 ARTICLES

NATURE CHEMISTRY | VOL 7 | MAY 2015 | www.nature.com/naturechemistry 419

GS absorption (S0) �

DAS of S1 (τ S1 = 17 ps)�
DAS of T1 (τ T1 > 5 ns)�

DAS of S1 (τ S1 = 11 ps) �

DAS of T1 (τ T1 = 195 ps) �

(excited at 590 nm)� (excited at 505 nm)�

GS absorption (S0) �

→ corresponding to S1- and T1- state lifetime �

S0 �

S1 �
T1 �

τ S1 � τ T1 �

S0 �

S1 �
T1 �

S2 �
T2 �

GS absorption!
(Sn ← S0) �

ES absorption!
(Tn ← T1)!

GS absorption (S0)!

(*experimental 
error peak)�

ES absorption (T1) �
sharp and strong peak (216,000 cm–1 M–1) → aromatic!

broad and weak peak (72,500 cm–1 M–1) → antiaromatic!

GS absorption (S0)!

ES absorption (T1) �
broad and weak peak (108,000 cm–1 M–1) → antiaromatic!

sharp and strong peak (246,500 cm–1 M–1) → aromatic!

ISC �

ISC �

Reversal of Hückel aromaticity in the lowest triplet state in accord to Baird’s rule �



Journal Club 150716 
Tomoya Nakamura 

� 4 

2-3. Theoretical calculations  

 
Figure 7. Theoretical calculations supporting the reversal of aromaticity in the lowest triplet state. 

! The calculated energy level diagrams of the ground and T1 state exhibit contracting features. 

! The substantial change in the NICS(1) and HOMA values and ACID plots further support the reversal of 
aromaticity in the lowest triplet state. 

 
3. Conclusion 
! The authors for the first time displayed experimental evidence for the reversal of Hückel aromaticity in T1 

states compared to ground states by the spectroscopic analyses of [4n+2] and [4n]π hexaphyrines. 
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Supplementary Figure 7. Frontier MOs and energy level diagrams of R26H and R28H in the 
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Supplementary Figure 8. Frontier MOs and energy level diagrams of R26H and R28H in the 
lowest triplet state. 
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Supplementary Figure 11. ACID plot of R26H in the ground state (ISP =0.06). 
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Supplementary Figure 12. ACID plot of R28H in the ground state (ISP =0.06). 
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Supplementary Figure 13. ACID plot of R26H in the lowest triplet state (ISP =0.06). 
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Supplementary Figure 14. ACID plot of R28H in the lowest triplet state (ISP =0.06) 

 

NICS(1) = –10.9 ppm�

NICS(1) = 15.5 ppm� NICS(1) = –10.9 ppm�

NICS(1) = 18.1 ppm�

NATURE CHEMISTRY | www.nature.com/naturechemistry 18

SUPPLEMENTARY INFORMATIONDOI: 10.1038/NCHEM.2233

S18

 

Supplementary Figure 8. Frontier MOs and energy level diagrams of R26H and R28H in the 
lowest triplet state. 

 

NATURE CHEMISTRY | www.nature.com/naturechemistry 18

SUPPLEMENTARY INFORMATIONDOI: 10.1038/NCHEM.2233

S18

 

Supplementary Figure 8. Frontier MOs and energy level diagrams of R26H and R28H in the 
lowest triplet state. 

 

169 (LUMO+2, au) �

164 (HOMO–1, b1u) �

NATURE CHEMISTRY | www.nature.com/naturechemistry 17

SUPPLEMENTARY INFORMATIONDOI: 10.1038/NCHEM.2233

S17

 

Supplementary Figure 7. Frontier MOs and energy level diagrams of R26H and R28H in the 

ground state. 

 

 

NATURE CHEMISTRY | www.nature.com/naturechemistry 17

SUPPLEMENTARY INFORMATIONDOI: 10.1038/NCHEM.2233

S17

 

Supplementary Figure 7. Frontier MOs and energy level diagrams of R26H and R28H in the 

ground state. 

 

 

164 (HOMO–2, au) �

169 (LUMO+2, au) �

[26]Rh, S0 : Hückel aromatic� [28]Rh, S0 : Hückel antiaromatic �

ACID�

Clockwise 
(diatropic)!
ring current� HOMA = 0.62� HOMA = 0.53�

Anticlockwise 
(paratropic)!
ring current�

[26]Rh, T1 : Baird antiaromatic � [28]Rh, T1 : Baird aromatic �

ACID�

ACID� ACID�

HOMA = 0.64�HOMA = 0.58�

Clockwise 
(diatropic)!
ring current�

Anticlockwise 
(paratropic)!
ring current�

NICS (nuclear-independent 
chemical shifts)�

forbidden!
(g→g) �

forbidden!
(g→g) �

HOMA (harmonic oscillator 
model of aromaticity)�

aromatic � antiaromatic �

+�

0 �

antiaromatic � aromatic �

ACID (anisotropy of induced 
current density)�

aromatic � antiaromatic �

anticlockwise �clockwise�


