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ticity of dithiadiazuliporphyrin by
oxidation: illustration by experimental and
theoretical investigation†
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Grażyński*b and Dongho Kim *a

The photophysical properties of neutral, monocation radical, and dication of dithiadiazuliporphyrin have

been examined with a particular focus on their aromaticity. Dithiadiazuliporphyrin exhibits significantly

different characteristics depending on its oxidation state. From these features, we could conclude that

the aromaticity of dithiadiazuliporphyrin is changed from nonaromatic to aromatic upon oxidation from

neutral to monocation radical and dication by Br2.
Over the last several decades, porphyrinoids and porphyrin-
related compounds have attracted considerable interest
because of their fascinating properties, which can be used for
diverse applications such as anion and cation sensing systems,
nonlinear optical materials, magnetic materials, and near
infrared (NIR) dyes.1 The stable aromatic and antiaromatic
porphyrinoids have been easily prepared by a straightforward
process, which can make them a good platform to realize
versatile aromatic states including nonaromatic, Hückel
aromatic and antiaromatic, and Möbius aromatic and anti-
aromatic states.1,2 Aromaticity is one of the most signicant
concepts in chemistry because it could determine the chemical
and physical properties of molecules; aromatic species are more
stable than nonaromatic compounds, while antiaromatic
molecules are more unstable than nonaromatic compounds.3 In
this regard, control of aromaticity in porphyrinoids has recently
been in the limelight for chemists. To control aromaticity in
porphyrinoids, various methods have been proposed including
metalation, protonation, deprotonation, introduction of
bridges, and the change in solvent polarity, temperature, and
electronic state.4 Although there have been strenuous efforts to
retrieve p-electron conjugation in porphyrinoids, only few
studies have been conducted to nd a direct effect of electronic
oxidation in nonaromatic compounds.

Dithiadiazuliporphyrin5 synthesized by Sprutta et al. shows
signicantly different chemical properties from its dication
species, which reects closely their respective aromatic
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properties (Chart 1). Although the basic chemical properties of
dithiadiazuliporphyrin depending on its oxidation state were
characterized in previous study, the detailed analysis for
aromaticity such as photophysical properties and theoretical
calculations has rarely been studied. In this regard, dithiadia-
zuliporphyrin could be the best candidate to unravel the change
of aromaticity depending on its charged species, which provides
a clue to control the aromaticity by oxidation. Accordingly, we
have investigated the aromaticity of neutral, dication and in
particular monocation radical, of dithiadiazuliporphyrin by
using spectroscopic measurements and theoretical calcula-
tions. Moreover, the aromaticity of monocation radical is of
a special interest as, because of electronic structure, it could not
be addressed by standard NMR approach.5

The absorption spectrum of dithiadiazuliporphyrin exhibits
two broad bands at 443 and 514 nm with smeared and weak tail
in near infrared (NIR) region, which is close to the absorption
spectra of typical nonaromatic porphyrinoids (Fig. 1). The
absorption spectrum of dithiadiazuliporphyrin is changed twice
upon addition of oxidant (Br2). The oxidant shows weak
absorption spectrum in 350–600 nm, which could be negligible
from the absorption spectra of dithiadiazuliporphyrins.6 First,
adding three equivalents of Br2 to dithiadiazuliporphyrin
Chart 1 Molecular structures of dithiadiazuliporphyrins and its
oxidized derivatives.
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Fig. 1 The absorption spectral change of dithiadiazuliporphyrin upon
adding 0–3 equivalent (top) and 3–7.4 equivalent (bottom) of Br2.

Fig. 2 TA spectra of neutral (top), monocation radical (middle), and
dication (bottom) of dithiadiazuliporphyrins.

Fig. 3 ACID plots of neutral (left), monocation radical (middle), and
dication (right) of dithiadiazuliporphyrins.
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solution, distinct bands appear at longer than 800 nm region in
the absorption spectra, assigned as monocation radical form.
Furthermore, adding more 4.4 equivalents of Br2, the absorp-
tion spectra exhibit decreased band in 800–1000 nm region with
red-shied and intensied bands at 580 and 1311 nm, indica-
tive of formation of dication. The previous study5 revealed that
the dication species of dithiadiazuliporphyrin exhibit up-eld
shi of inner protons in 1H-NMR spectra, which indicate the
retrieved aromatic features in oxidized states. Contemplating
that the dication species exhibit aromatic features in 1H-NMR
and the absorption spectra of monocation radical and dica-
tion of dithiadiazuliporphyrins exhibit similar trends, those
absorption spectra exhibiting relatively intense band in visible
region and weak bands in NIR region could be easily rational-
ized by Gouterman's four orbital model.7 In other words, the
absorption spectra of oxidized dithiadiazuliporphyrins resem-
bles those of typical aromatic porphyrinoids. In this regard, we
could assume that the oxidized forms of dithiadiazuliporphyrin
are aromatic, while its neutral form is nonaromatic.

The characteristic aromatic features of oxidized dithiadia-
zuliporphyrins could also be observed in the excited state
dynamics (Fig. 2). The femtosecond transient absorption (TA)
spectra of neutral dithiadiazuliporphyrin show weak ground
state bleaching with relatively strong excited state absorption.
In addition, the decay proles are tted with double exponential
function giving rise to two time constants of 0.6 and 27 ps. The
This journal is © The Royal Society of Chemistry 2017
excited state dynamics of neutral form is common features of
nonaromatic porphyrinoids.8 Taking the origin of excited state
dynamics in nonaromatic porphyrinoids into consideration, the
fast decay process within 1 ps would be the internal conversion
from high energy states to the lowest excited state, which is
induced by the optically dark state in the low energy region. The
relatively slow decay component (27 ps) could be assigned to the
lowest singlet excited state lifetime. Contrary to this, the TA
spectra of the oxidized species show strong ground state
bleaching signal with relatively weak excited state absorption,
which is the typical TA spectral features of aromatic porphyr-
inoids.8,9 Such macrocycles generally show weak excited state
absorption with strong bleaching band due to the aromaticity
reversal in the excited state.

Aromaticity in the ground state of expanded porphyrins
would be reversed in the lowest triplet or singlet excited state.9

Moreover, the absorption spectra of expanded porphyrins
RSC Adv., 2017, 7, 19502–19505 | 19503

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra02458d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 4
:2

6:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
exhibit aromaticity-dependent behavior; the absorption spectra
of aromatic expanded porphyrins show intense B-like bands
with distinct Q-like bands, while those of antiaromatic
expanded porphyrins present weak and broad bands in visible
region with dark state in NIR region.8 In this regard, the tran-
sient absorption spectra of aromatic expanded porphyrins show
strong ground state bleaching spectra originated from ground
state aromatic behavior with weak excited state absorption
caused by antiaromatic character in the excited state.

In addition, the single exponential decay process is typical in
aromatic porphyrinoids due to their small energy gaps among
the energy states which can induce fast internal conversion
processes less than 100 fs. These results also represent that the
aromatic features of dithiadiazuliporphyrins are generated by
oxidation using Br2.

To understand the detailed photophysical properties
observed in dithiadiazuliporphyrin upon oxidation with Br2, the
vertical energy transitions were calculated (see the ESI†). In the
case of neutral form, the lowest energy transition around
800 nm is a forbidden transition (HOMO–LUMO). Furthermore,
the analysis of distribution of electron densities related to
electron(s) placed on the frontier molecular orbitals (FMOs)
reveals a preference for location on the selected sections but not
on the entire ring, which is signicantly different from aromatic
porphyrinoids. These calculation results reect the experi-
mental features (broad absorption band with tail and double
exponential decay process).8,9 On the contrary to neutral species,
oxidized forms (mono- and dication) show different features. In
the TD-DFT calculations, we couldn't observe the forbidden
transition of oxidized dithiadiazuliporphyrins in the lowest
energy region. Moreover, the frontier MOs of oxidized dithia-
diazuliporphyrins exhibit porphyrin-like MO structures having
fully localized electron densities in the entire ring, although the
energy levels are not degenerate in HOMOs and LUMOs due to
the expansion of p-conjugation to fused tropylium moieties in
azulene. These results also support the retrieved aromaticity of
oxidized dithiadiazuliporphyrins which induces the porphyrin-
like absorption and single exponential decay process.

To get more detailed introduction on the aromaticity change
in dithiadiazuliporphyin upon oxidation with Br2, several
aromaticity indices were calculated (see the ESI†). The
harmonic oscillator model of aromaticity (HOMA) values,10 the
representative topological aromaticity indices, of a series of
dithiadiazuliporphyrins were estimated. The estimated HOMA
values increase in going from neutral dithiadiazuliporphyrin
(0.301) to monocation radical (0.556) and dication forms
(0.698), which implies that the aromaticity is enhanced in
charged species. Thus, it could be deduced that the aromaticity
is retrieved and enhanced upon oxidation from neutral form to
monocation radical and dication species of
dithiadiazuliporphyrin.

Furthermore, the magnetic aromaticity indices are consis-
tent with topological aromaticity indices. The nucleus inde-
pendent chemical shi (NICS)11–13 which is well-known as an
absolute magnetic aromaticity index. In case of dithiadiazuli-
porphyrin and its oxidized forms the appropriate NICS values
were calculated at the center of macrocyclic ring (see the ESI†).
19504 | RSC Adv., 2017, 7, 19502–19505
Although it is hard to observe the evidence for the aromaticity of
monocation radical in 1H-NMR, NICS calculation provides clear
features in aromaticity of radical species. The NICS(0) values of
neutral, monocation radical, and dication of dithiadiazulipor-
phyrin were estimated to be 0.415, �2.881, and �6.592,
respectively. More negative NICS(0) values in going from neutral
to mono- and dication imply that the aromaticity of dithiadia-
zuliporphyrins changes from nonaromatic to aromatic, which
are in line with the above experimental and theoretical results.
In addition, the anisotropy of induced current density (ACID)
plots,14 which illustrate the degree of aromaticity by the current
ows of molecules in external magnetic elds, given for
dithiadiazuliporphyrin and its cation show a similar tendency
as shown by the calculated NICS values (Fig. 3). In the case of
neutral species, the current ows are disconnected in the
macrocyclic ring and localized on the local rings (azulene and
thiophene). In the case of mono- and di-cation of dithiadiazu-
liporphyrins, however, both of the ACID plots display clockwise
ring current ows in the macrocyclic ring, although thicker
current densities which indicate stronger aromatic features are
observed in dication form compared to those of monocation
radical. In other words, the aromaticity of dithiadiazulipor-
phyrin is retrieved in monocation and enhanced in dication.
Thus, all the calculation results would illustrate the retrieval of
aromaticity in dithiadiazuliporphyrin upon oxidation by Br2.

In summary, the photophysical properties and theoretical
calculations of dithiadiazuliporphyrin, its monocation radical
and dication have been investigated from a viewpoint of
aromaticity. The changed absorption spectra and excited state
dynamics in oxidized dithiadiazuliporphyrin accompanied by
an alternation in theoretical aromaticity indices indicate the
generation and enhancement of aromaticity in dithiadiazuli-
porphyrin resulting from oxidation. Furthermore, these results
provide signicant insight into rational redox control of an
aromatic behavior.
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Chem. Soc., 2005, 127, 13108.

6 S. Hubinger and J. B. Nee, J. Photochem. Photobiol., A, 1995,
86, 1–7.

7 M. Gouterman, G. H. Wagniere and L. C. Snyder, J. Mol.
Spectrosc., 1963, 11, 108.
This journal is © The Royal Society of Chemistry 2017
8 M.-C. Yoon, S. Cho, M. Suzuki, A. Osuka and D. Kim, J. Am.
Chem. Soc., 2009, 131, 7360.

9 (a) Y. M. Sung, J. Oh, W. Kim, H. Mori, A. Osuka and D. Kim,
J. Am. Chem. Soc., 2015, 137, 11856; (b) J. Oh, Y. M. Sung,
W. Kim, S. Mori, A. Osuka and D. Kim, Angew. Chem., Int.
Ed., 2016, 55, 6487; (c) Y. M. Sung, J. Oh, K. Naoda, T. Lee,
W. Kim, M. Lim, A. Osuka and D. Kim, Angew. Chem., Int.
Ed., 2016, 55, 11930.

10 (a) T. M. Krygowski and M. K. Cyrański, Tetrahedron, 1999,
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