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ABSTRACT
The effect of anion complexation on magnetically induced current densities and excitation energies of
antiaromatic molecular rings has been investigated by calculations on expanded antiaromatic
porphyrinoids such as orangarin, rosarin, amethyrin and on a theoretically predicted strongly
antiaromatic hydrocarbon ring. Magnetically induced current densities and the lowest vertical
excitation energies have been calculated at the density functional theory (DFT) and time-dependent
DFT (TDDFT) levels using the M06-2X functional. Similar calculations have been performed on
sapphyrin, cyclo[6]carbon and rubyrin, which are aromatic expanded porphyrinoids. The calculations
show that anion complexation weakens the strength of the ring currents and the degree of
(anti)aromaticity of the studied porphyrinoids and the antiaromatic hydrocarbon ring, because
electronic charge is transferred from the anion to the molecular ring. The anion complexation weakens
the calculated ring-current strength susceptibility of the antiaromatic porphyrinoids by 5-7 nA/T (2530%), by 6-16 nA/T (21-48%) for the aromatic porphyrinoids, and by 8 nA/T (27%) for the
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antiaromatic hydrocarbon ring, whereas the current-density pathways remain for most molecules the
same. Calculations on the lowest excited states show that the electronic transitions transfer electronic
charge from the anion to the molecular ring. An antiaromatic heterocyclic molecular ring with five
inner NH moieties that was constructed from the antiaromatic hydrocarbon ring was found to have a
large Cl-complexation energy of 67.6 kcal/mol.

Keywords: aromatic/antiaromatic nature, diatropic and paratropic ring currents,
porphyrinoids, binding energy, complexation.
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1. INTRODUCTION
Aromaticity is an important concept of cyclic organic molecules with conjugated bonds.1It
encompasses a number of properties associated with chemical stability of ring-shaped molecules.2
Molecular aromaticity is not determined by a single criterion; instead, several criteria are commonly
adopted for assessing the degree of aromaticity. Typically used ones are energetic, magnetic, ringcurrent, chemical, and structural criteria. The magnetic criterion and the ring-current criterion, that is,
the strength of magnetically induced ring currents, are probably the most reliable means to obtain
information about the degree of aromaticity of large ring-shaped molecules and of heterocyclic
compounds consisting of several annelated rings.3-4The ring-current criterion makes it possible to
assess the aromaticity of such compounds not only qualitatively, but also quantitatively. Ring-current
strengths and the norm of the anisotropy of the asymmetric magnetically induced current density
tensor have been found to correlate well with aromatic stabilization energies.5,6 Ring-current strengths
can even be used for determining the degree of aromaticity of the individual molecular rings in
polycyclic molecules.7-12 Experimental determination of the degree of aromaticity of polycyclic
molecules with annelated heterocyclic rings is on the other hand complicated.2,13-15
The GIMIC method is a successful approach for assessing aromaticity according to the ringcurrent criterion.16 GIMIC calculations yield magnetically induced current densities that can be
analyzed and visualized. The circulation direction of the current-densityflux with respect to the
direction of the applied magnetic field as well as the strength of the ring current provide information
about the aromatic character and degree of (anti)aromaticity. Diatropic ring currents, that is, the ring
current in the classical direction with respect to the direction of the applied magnetic field show that
the molecular ring or the entire molecule is aromatic, whereas antiaromatic molecules sustain ring
currents in the opposite (paratropic) direction. Aromaticity is a good indicator for many properties of
ring-shaped molecules. We have previously studied aromatic properties of porphyrinoids by
calculating magnetically induced current densities.17-21Porhpyrinoids can be applied as

catalysts,

drugs, organic semiconductors, liquid crystals, and nonlinear optical materials illustrating their
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relevance for chemistry, biology, medicine, optics and materials science.22-29Previous theoretical
studies showed that magnetically induced current densities are not only a fingerprint for aromaticity
and aromatic pathways, but they can also be used for calculating magnetic susceptibilities and adopted
as a noninvasive tool for estimating hydrogen bond energies.30,20 In addition, molecules with low-lying
magnetic dipole-allowed electronic transitions can be identified through current density
calculations..31-32 The magnetically induced current density and spectroscopic properties of typical
antiaromatic porphyrinoids such as orangarin, rosarin and amethyrin have recently been investigated.33
The calculations showed that molecules sustaining strongly paratropic ring currents have low-lying
electronic states with large magnetic transition dipole moments and may even be closed-shell
paramagnetic molecules.21A recent study on amethyrin like expanded porphyrins showed that
protonation of the nonaromatic species leads in some cases to a conversion to the antiaromatic form,
which can be explained by the increase of paratropic currents.34
To the best of our knowledge, magnetically induced current densities of anionic porphyrinoid
complexes have not been reported in the literature, yet. . Thus, it is not known how complexation with
anions like Cl-or SO42- affects their magnetic properties and the degree of aromaticity. Anion
complexation increases the number of valence electrons, which may lead to changes in the degree of
antiaromaticity as the excess electron of the anion may to some extent transfer to electron deficient
antiaromatic rings. Thus, a larger complexation energy can be obtained, because a partial electron
transfer to the ring may decrease the antiaromatic character of the molecular ring.
In the present work, we are addressing this issue by investigating aromatic and antiaromatic
porphyrinoids and novel molecular rings. Beside investigating the possible change in their currentdensity pathways and aromatic character, we also study how the complexation of the anion affects the
electronic excitation spectra. Antiaromatic compounds are characterized by low-lying magnetic dipole
transitions that are related to magnetically induced paratropic ring currents. Thus, changes in the
aromatic character could also be observed as significant changes in the UV spectrum. The binding
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energies of the anion in the aromatic and antiaromatic porphyrinoid complexes have also been
calculated.

2. COMPUTATIONAL METHODS AND STUDIED MOLECULES
The molecular structure of the ground state of sapphyrin(I), cyclo[6]carbon (II), rubyrin (III),
orangarin (IV), rosarin (V) and amethyrin (VI) were optimized at the density functional theory (DFT)
level using the M06-2X hybrid functional.35 The def2-TZVP basis sets were employed in all
calculations.36Calculations of the vibrational frequencies showed that the obtained molecular structures
are minima on the potential energy surface. We constructed a strongly antiaromatic molecule (VII) by
saturating the CH moieties of the outer perimeter of the benzene rings of the globally nonaromatic
pentacyanobenzo[25]annulene.37Since molecule VII has an odd number of electrons, we studied the
closed-shell cation. Closed-shell molecules were constructed from VII by replacing the inner CH
moieties of the six-membered rings with isoelectronic nitrogens. The number of electrons in the
conjugated ring was adjusted by adding one (VIII), three (IX),five (X)inner hydrogens, respectively.
The molecular structures of molecule VII, VIII, IX, X and their anion complexes with Cl-and the SO42complex of VII were optimized at the same level of theory as used for the porphyrinoids. The
molecular structures of the studied molecules are shown in Figures 1-3. The Cartesian coordinates are
given as Electronic Supplementary Information (ESI). The calculated binding energies of the Cl-and
SO42- complexes were corrected for basis-set superposition errors (BSSE) using the counterpoise (CP)
correction calculated at the M06-2X level.38,39 The calculations were performed with GAUSSIAN 16.40
Nuclear magnetic shielding tensors and magnetically induced current densities were calculated
at the M06-2X/def2-TZVP level. The magnetically induced current-density susceptibilities (in nA/T)
were obtained by employing the GIMIC method,16,41 which has been interfaced to Gaussian.42 GIMIC
uses the atomic orbital density matrix from the electronic structure calculation, the first-order
magnetically perturbed density matrices from nuclear magnetic shielding calculations and basis-set
5

information as input data. Integrated current strength susceptibilities were obtained by placing
integration planes across relevant bonds. The strength of the current density along different pathways
was obtained by numerical integration of the current density passing through the planes.
A population analysis based on occupation numbers (paboon) was used for estimating the
effective charge of the Cl- anion in the complexes. The calculations were carried out at the
B3LYP/def2-TZVP level of theory with Turbomole.43-46Vertical excitation energies were calculated
with Gaussian 16 at the time-dependent density functional theory (TDDFT)47level using the M06-2X
functional and the def2-TZVP basis sets.40,35

I[Cl-]

II[Cl-]

III[Cl-]

(32.3 kcal/mol)

(44.3 kcal/mol)

(14.5 kcal/mol)

IV[Cl-]

V[Cl-]

(33.2kcal/mol)

(27.1kcal/mol)

VI[Cl-]

(46.2kcal/mol)
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Figure 1. The molecular structures of the studied porphyrinoids. Magnetically induced ring-current
strengths (in nA/T) and ring-current pathways calculated at the M06-2X/def2-TZVP level are also
given. The ring-current pathways are shown with black arrows. BSSE-corrected binding energies (in
-

kcal/mol) of the Cl complexes calculated at the same level of theory are also reported.

VII

-

VII[Cl ]

2-

VII[SO4 ]

Figure 2.The molecular structures of the antiaromatic molecule (VII) and its Cl-(VII[Cl-]) and SO42(VII[SO42-]) complexes. Magnetically induced ring-current strengths (in nA/T) and ring-current
pathways calculated at the M06-2X/def2-TZVP level are also given.The ring-current pathways are
shown with black arrows.

VIII

IX

X
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-

-

IX[Cl ]

VIII[Cl ]
(41.1kcal/mol)

(54.4kcal/mol)

-

X[Cl ]
(67.6kcal/mol)

Figure 3. The molecular structures of the studied heterocycles (VIII), (IX) and (X) and their Cl
complexes.

-

Magnetically induced ring-current strengths (in nA/T) and ring-current pathways

calculated at the M06-2X/def2-TZVP level are also given. The ring-current pathways are shown with
-

black arrows.BSSE-corrected binding energies (in kcal/mol) of the Cl complexes calculated at the
same level of theory are also reported.

3. RESULTS AND DISCUSSION
3.1. Magnetically induced current densities
3.1.1 Aromatic porphyrinoids
The integrated current strengths of the magnetically induced current density passing selected
bonds of the studied porphyrinoids are given in Figure 1. The aromatic ring current pathways are
indicated with black arrows. The ring current of the aromatic I[Cl-], II[Cl-] and III[Cl-]splits into an
outer and inner pathway at each pyrrolic ring which means that all πorbitals participate in the electron
delocalization. The ring-current strengths and pathways are the about same as previously obtained at
the B3LYP level.33The strength of the ring current via the nitrogen atoms with an inner hydrogen is
8

weaker than the one taking the outer route, which is common for porphyrinoids.48The ring current
along the inner pathway is slightly stronger than the outer one at the pyrrolic rings without the inner
hydrogen. The ring-current strengths and pathways of the porphyrinoids without the anion are shown
in the ESI. The ring current prefers the outer route at the inverted pyrrolic ring of III[Cl-], even though
they have a hydrogen connected to the nitrogen.
For I[Cl-] and II[Cl-], the ring-current pathways are similar to the ones for I and II, whereas for
III[Cl-] almost no ring current takes the inner route at the inverted pyrrolic ring, because the β carbons
of the inverted pyrrolic rings are bent out from the porphyrinoid plane, which affects the conjugation.
The ring-current strength of III[Cl-] via the inner route of the pyrrolic ring with an inner hydrogen is
also weak. The ring-current strengths and pathways of the Cl- complexes calculated at the B3LYP and
M06-2X levels qualitatively differ, because the anions suffer from charge transfer problems at the
B3LYP level that lead to stronger ring-current strengths.. The Cl- complexes of the aromatic
porphyrinoids remain aromatic. However, the ring-current strengths of I[Cl-], II[Cl-], and III[Cl-]are
with 8.3 nA/T, 6.0 nA/T, and 15.7 nA/T weaker than for I, II, and III, respectively. Thus, the anion
complexes sustain ring currents that are 21-48% weaker than for the corresponding neutral forms.
Thering-current strengths for the aromatic porphyrinoids (I, II, III) and their Cl-complexes are
summarized in Table 1. Ring-current strengths calculated at the B3LYP level are given in the ESI.

Table 1. The integrated ring-current strengths (in nA/T) of the studied aromatic porphyrinoids and
their Cl- complexes calculated at the M06-2X/def2-TZVP level of theory
Molecule
I
II
III

Porphyrinoid
32.8
27.6
32.7

The Cl- complex 24.5
21.6
17.0

3.1.2 Antiaromatic porphyrinoids
Calculationson IV[Cl-], V[Cl-] and VI[Cl-]show that their ring currents are paratropic flowing
mainly along inner pathways as often seen

for antiaromatic porphyrinoids.31,49The ring-current
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strength along the outer pathway is much weaker. Calculations at the M06-2X/def2-TZVP level show
that the Cl-complexes sustain a very weak local ring current in the pyrrolic rings, whereas the B3LYP
calculations suggest that the ring current of IV[Cl-], V[Cl-], and VI[Cl-] splits at the pyrrolic rings as
for the neutral form. .The ring-current strengths of the anionic complexes are 5.4 nA/T, 7.3nA/T, and
4.8 nAT or 25-31% weaker than for the corresponding porphyrinoid. The complexation weakens the
degree of antiaromaticity, whereas it does not significantly affect the aromatic character nor the ringcurrent pathways. The ring current strengths of the antiaromatic porphyrinoids are given in Table 2.
The ring-current pathways of the anion complexes are shown in Figure 1 and in the ESI for the neutral
forms. Ring-current strengths calculated at the B3LYP level are also reported in the ESI.

Table 2. Ring-current strengths (in nA/T) of the studied antiaromatic porphyrinoids and their Clcomplexes calculated at the M06-2X/def2-TZVP level of theory.

Molecule
IV
V
VI

Porphyrinoid
-21.5
-23.5
-19.0

The Cl- complex-16.1
-16.2
-14.2

The ring-current strengths calculated at the M06-2X level are weaker than the ones obtained at
the B3LYP level. The B3LYP functional tends to overestimate the strength of the paratropic ringcurrents of strongly antiaromatic molecules due to the incorrect shape of the long-ranged electronelectron interaction potential.33 Comparisons with ring-current strengths obtained at the second-order
Møller-Plesset level suggest that about 50% Hartree-Fock exchange is needed in the functional for
obtaining accurate ring-current strengths for strongly antiaromatic molecules.33,50The ring-current
strengths calculated at the M06-2X level are therefore probably more accurate than the B3LYP ones. .
-

2-

3.1.3 VII and its Cl and SO4 complexes
Since neutral VII is an open-shell molecule we studied its closed-shell cation, which is an
antiaromatic ring with 24 π electrons. Calculations show that it sustains a strong paratropic ring
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current of -28.4 nA/T and that its anion complexes VII[Cl-] and VII[SO42-] also sustain paratropic ring
currents of -20.7 nA/T and -21.3 nA/T. VII[Cl-] and VII[SO42-]are less antiaromatic than VII, because
the excess charge of the anion is partially transferred to the ring. Complexation with the anions leads a
decrease in the paratropic ring-current strength of 7.1-7.7 nA/T (25-27%).
The saturated outer pathways of the six-membered rings do not contribute much to the electron
delocalization, as expected. The paratropic ring current of VII divides into a very weak outer branch of
-0.7 nA/T and -27.7 nA/T takes the inner route. The six-membered rings of VII[Cl-] and VII[SO42-]
sustain local diatropic ring currents of 0.6 nA/T and 1.8 nA/T, respectively. The calculated ringcurrent strengths of VII and its Cl- and SO42- complexes (VII[Cl-] and VII[SO42-]) are given in Table 3.
Table 3.Ring-current strengths (in nA/T) of molecule VII and its Cl- and SO42-complexes calculated at
M06-2X/def2-TZVP level of theory.
Molecule
VII
-

VII[Cl ]
2-

VII[SO4 ]

Ring-current strength
-28.4
-20.7
-21.3

-

3.1.4.VIII, IX, X, and their Cl complexes
The molecular ring of VIII consists of five C4N moieties of which one nitrogen has an inner
hydrogen. The number of π electrons is 26 leading to aromaticity according to the Hückel rule. The
calculated ring-current strength of VIII is 5.2 nA/T indicating that it is weakly aromatic. The anionic
complex of VIII is more aromatic sustaining a ring current of 14.3 nA/T. Even though the outer
pathway of the six-membered rings is saturated, the ring current divides into an inner and outer branch.
A significant fraction of 25-50% of the ring current takes the outer route.
The molecular ring of IXwith three inner hydrogens has 28 π electrons. IX and its Cl-complex
are weakly antiaromatic sustaining ring-current strengths of -5.2 nA/T and -4.7nA/T, respectively
showing that the weak antiaromatic character of IX and IX[Cl-] is almost the same for the two
molecules. The paratropic ring current flowing along the inner perimeter and the saturated sixmembered rings sustain weak diatropic ring currents of 0.2-2.1 nA/T.
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Table 4. Ring-current strengths (in nA/T) of the studied molecules VIII, IX, X and their Cl- complexes
calculated at theM06-2X/def2-TZVP levels of theory.
Molecule
VIII
IX
X

Ring-current strength
5.2
-5.2
1.4

-

The [Cl ] complex
14.3
-4.7
2.4

Molecules X and X[Cl-] are weakly aromatic sustaining global diatropic ring currents of 1.4
nA/T and 2.4 nA/T, respectively. The saturated six-membered rings are locally weakly aromatic
sustaining ring currents of 3.3 nA/T and 4.6 nA/T for X and X[Cl-], respectively. Complexation with
Cl- increases the global aromaticity of VIII, whereas it has hardly any effect on the global ring-current
strength of IX and X. The complexation increases the strength of the local diatropic ring current of the
six-membered rings. The ring-current strength and pathways for molecules VIII, IX, X and their Cl-complexes are shown in Figure 3 and summarized in Table 4.

4. Binding energies
The BSSE corrected binding energies for the aromatic porphyrinoid complexes are 32.3, 44.3
and 14.5 kcal/mol for I[Cl-],II[Cl-] and III[Cl-], respectively. The BSSE corrections are 5.4, 4.8, and
3.0 kcal/mol. The Cl-anion is located 1.8 Å, 2.4 Å and 4.2 Å above the porphyrinoid plane of I[Cl-],
II[Cl-] and III[Cl-], respectively. I[Cl-] are II[Cl-] are slightly bent with Cl-on the convex side of the
molecule and the inner hydrogens are coordinated towards the anion. III[Cl-] is also bent with the
anion coordinated on the convex side. The two inverted pyrrolic rings bends out from the porphyrinoid
plane with the hydrogens of the β carbons coordinated to the anion resulting in a weakly bound anion
at a large distance from the porphyrinoid ring. The charge transfer of the Cl- anion of the III[Cl-]
complex is much smaller than for I[Cl-] and II[Cl-]. Population analyses show that 20% of the excess
charge transfers from Cl- to the aromatic macrocycle of I and II and 10% for III.
The BSSE corrected binding energies of the antiaromatic porphyrinoid complexes are 33.2,
27.1 and 46.2 kcal/mol for IV[Cl-], V[Cl-], and VI[Cl-], respectively, which are of the same size as for
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two of the aromatic ones. The BSSE correction energies are 4.7, 5.7 and 5.3 kcal/mol. IV[Cl-] is
slightly bent with Cl-on the convex side of the molecule and the inner hydrogens are coordinated
towards the anion. V[Cl-] and VI[Cl-] are almost planar with the inner hydrogens bent out from the
plane pointing towards the anion.

The Cl-anion is located 2.4 Å, 1.2 Å and 1.8 Å above the

porphyrinoidplane of IV[Cl-], V[Cl-] and VI[Cl-], respectively. The charge of the Cl-anion is -0.82 e
for IV[Cl-] and V[Cl-] and -0.79 e for VI[Cl-]. Thus, about 20% of the negative charge is transferred to
the macrocycles.
The macroring of VII is almost planar with the saturated outer moiety of the six-membered
rings bent out from the plane. The main ring of VII[Cl-] and VII[SO42-] is slightly ruffled with the
anion largely in the middle of the macroring. We did not calculate any binding energies for the VII[Cl] and VII[SO42-] complexes, because the binding energies are dominated by the ionic interaction
energy between the positive molecular ring and the anion. Population analysis for VII[Cl-] yielded a
charge of the Cl-anion of -0.92 e. Thus, only 8% of its charge is transferred to the macrocycle. For
VII[SO42-], the calculated charge of SO42-is -1.52e implying that about 20% of the charge of the
dianion is transferred to the macrocycle.
The main ring of VIII is ruffled. The saturated moieties of the six-membered rings are bent out
from the plane. The anion of VIII[Cl-] in the macro ring plane is coordinated to the inner hydrogen.
The macro ring is less distorted than for VIII. Three of the five six-membered rings of IX are in the
same plane, whereas two of the six-membered rings with an inner hydrogen are significantly bent out
from that plane. The anion of IX[Cl-] is coordinated to the three inner hydrogens, which leads to a
more planar but still ruffled structure. X and X[Cl-] have similar structures as IX and IX[Cl-]. The
anion in the middle of the macro ring of X[Cl-] is coordinated to all five inner hydrogens. The BSSE
corrected binding energies for VIII[Cl-], IX[Cl-] and X[Cl-] are 41.1, 54.4, and 67.6 kcal/mol,
respectively, which is of the same size as the gas phase binding energy of Cl-with triazolophane.51The
BSSE correction energies are 4.6, 4.8 and 5.1 kcal/mol.
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3.2. Excitation energies
The S0→S3 and S0→S4singlet transitions of I[Cl-] and II[Cl-]involve charge transfer from the
3p orbitals of the Cl- to the LUMO of the porphyrinoid. For III[Cl-], the four lowest electronic singlet
transitions (S0→S1, S0→S2, S0→S3 and S0→S4) have charge transfer character. The S0→S1 transition
of I[Cl-] and III[Cl-] is mainly a transition from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO). For II[Cl-], the S0→S2 transition is dominated by the
HOMO-LUMO transition. The calculated excitation energies for I[Cl-], II[Cl-] and III[Cl-] are listed in
Table 5.
Table 5.Vertical excitation energies (in eV) and the oscillator strengths (f) of the I[Cl-], II[Cl-], and
III[Cl-] calculated at the M06-2X level.

Molecule

I[Cl-]

II[Cl-]

III[Cl-]

State

Energy

f

S1

2.12

0.02

S2

2.17

0.01

S3

3.14

0.83

S4

3.19

0.30

S1

1.73

0.35

S2

1.78

0.52

S3

2.77

0.0

S4

2.95

0.0

S1

1.67

0.06

S2

1.74

0.04

S3

1.75

0.0

S4

1.77

0.02

For antiaromatic IV[Cl-], V[Cl-] and VI[Cl-], the S0→S1excitation is dominated by the HOMO-LUMO
transition that is strongly magnetic dipole allowed, which is typical for strongly antiaromatic
molecules.32 This transition is also responsible for the main contribution to the paratropic ring current
of antiaromatic molecules.32 Higher-lying transitions (S0→S2, S0→S3 and S0→S4)have charge transfer
character from 3p orbitals of the Cl- anion to the LUMO of the porphyrinoid. The calculated excitation
energies for IV[Cl-], V[Cl-] and VI[Cl-] are reported in Table 6.
14

Table 6.Vertical excitation energies (in eV) and the oscillator strengths (f) of the IV[Cl-], V[Cl-], and
VI[Cl-]calculated at the M06-2X level.
Molecule

State

IV[Cl-]

S1

V[Cl-]

VI[Cl-]

Energy
1.60

f
0.0

S2

2.85

0.01

S3

2.96

0.02

S4

3.13

0.33

S1

1.55

0.0

S2

2.47

0.0

S3

2.48

0.0

S4

2.52

0.0

S1

1.63

0.0

S2

2.97

0.75

S3

3.27

0.48

S4

3.61

0.25

The lowest electronic transitions of VII[Cl-] lead to charge transfer from the 3p orbitals of the
Cl-anion to the LUMO on the porphyrinoid. For VII[SO42-], the lowest excitations lead to charge
transfer from the 2p orbitals of the oxygens of SO42- to the LUMO on the porphyrinoid. The excitation
energies for VII[Cl-] and VII[SO42-] are given in Table 7.
Table 7.Vertical excitation energies (in eV) and the oscillator strengths (f) of VII[Cl-]and VII[SO42-]
calculated at the M06-2X level.
Molecule

State

VII[Cl-]

S1

VII[SO42-]

Energy
0.78

f
0.04

S2

1.18

0.0

S3

1.26

0.0

S4

1.29

0.0

S1

0.66

0.0

S2

0.67

0.0

S3

0.83

0.04

S4

0.87

0.01

4. CONCLUSIONS
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Magnetically induced current densities and vertical excitation energies have been studied at the
DFT and TDDFT levels for anionic complexes of sapphyrin (I), cyclo[6]carbon (II), rubyrin (III),
which are aromatic expanded porphyrinoids. Similar calculations were performed on the Clcomplexes of orangarin (IV), rosarin (V) and amethyrin (VI), which are antiaromatic expanded
porphyrinoids. The effect of the anion complexation on the magnetic properties was investigated, since
to the best of our knowledge such studies have not been previously reported. Analysis of the electron
density showed that in the anion complex up to 20% of the excess charge is transferred from the anion
to the molecular ring weakening the ring-current strength by 25-30% for the antiaromatic
porphyrinoids. Anion complexation also weakens the ring-current strength of the aromatic expanded
porphyrinoids by 21-48%, whereas the complexation did generally not affect the ring-current
pathways. The present study shows that anion complexation can in principle be used for modifying the
aromatic and antiaromatic character of molecules. However, for the investigated compounds the effect
on the ring-current strength is too small to alter their aromatic character.
Calculations of the Cl- binding energies of the aromatic and antiaromatic porphyrinoids yielded about
the same energies except for III[Cl-], which binds Cl- very weakly since the cavity inside the porphyrin
ring is too small to fit the anion.
A strongly antiaromatic molecule (VII) was designed by saturating the CH moieties of the outer
perimeter of the benzene rings of pentacyanobenzo[25]annulene. Analogous heterocyclic molecules
(VIII, IX and X) were constructed by replacing the inner CH groups of the six-membered rings with
isoelectronic nitrogen moieties and adding hydrogens to adjust the number of electrons of the
macrocycle. The obtained heterocycles were found to have large complexation energies with Clanions.The anion in the middle of the macroring of X[Cl-] is coordinated to all five inner hydrogens
leading to a large binding energy of 67.6 kcal/mol.
TDDFT calculations of the lowest excited states of the anionic porphyrinoid complexes show that the
electronic transitions lead to charge transfer from the anion to the molecular ring except the
16

S0→S1transitionof the antiaromatic porphyrinoids, which is dominated by the HOMO-LUMO

transition that is responsible for the main contribution to their paratropic ring current.

Electronic supplementary information (ESI)
The Cartesian coordinates of the optimized molecular structures, excitation properties of the lowest
excited states of the anion complexes, pictures of frontier orbitals, binding energies, and ring-current
strengths calculated at the B3LYP/def2-TZVP level are given in the ESI.Ring-current pathways
calculated at the M06-2X/def2-TZVP level for the porphyrinoids without the anion are also given in
the ESI. See DOI: xx.xxxx/xxxxxxxxxx
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