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The magnetically induced current—density susceptibility (MICD) of the [12]infinitene dianion and the
induced magnetic field around it have been calculated at the density functional theory level. Separation
of the MICD into diatropic and paratropic contributions shows that the MICD is dominated by the diatro-
pic contribution in contrast to the notion that it is antiaromatic, which was reported in a recently pub-
lished article. The MICD of the [12]infinitene dianion exhibits several through-space MICD pathways,
whereas it sustains only weak local paratropic current-density contributions. We identified four main
current-density pathways of which two are similar to the ones for neutral [12]infinitene. It is difficult to

judge from calculations of the nucleus independent shielding constants and the induced magnetic field
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1 Introduction

The synthesis of the lemniscular [12]infinitene was reported in
2022." Calculations of the magnetically induced current density
showed that the molecule sustains two independent ring currents
along the edges formed by 24 carbon atoms.> The ring currents
flow along the outer loop on one side of the molecule and
continues to the inside on the other side of the molecule. The
two ring currents circulate in the classical diatropic direction even
though the number of conjugated orbitals is even. This is at a
first sight surprising because the aromaticity rule for doubly
Mobius-twisted molecules is the same as for planar conjugated
molecules.”™ Thus, an even number of occupied conjugated
orbitals would suggest that the molecule is antiaromatic.
However, since [12]infinitene sustains two almost independent
and parallel ring currents, the aromatic character follows the
cylindrical aromaticity rule.’* The magic numbers of conjugated
orbitals of cylindrical aromatic molecules are 1, 2, 4, 6, 8, 10, ...
corresponding to o,, 0y, T, Ty Og Oy ... oOrbitals. The magic
number of conjugated orbitals is even when more than one orbital
contribute to the conjugation because when the parity is
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around the [12]infinitene dianion whether it sustains diatropic or paratropic ring currents.

considered the two first conjugated orbitals are ¢ orbitals with a
m quantum number of m = 0, that is, they have no nodes along
the perimeter but different parities in the direction along the
symmetry axis of the cylinder. For example, the B,, “wedding
ring” is aromatic even though it has 10 conjugated orbitals
because the two first ones are o, and c,.'>'* The rest of the
conjugated orbitals appears pairwise with degenerate orbitals for
+m. The topology of the lemniscular [12]infinitene is a doubly-
twisted ring.

The ring current of [12]infinitene does not vanish because
the area inside the bigger loop is larger than the one enclosed
by the inner loop. The external magnetic field induces a
diatropic ring current, that is, a ring current in the classical
direction. The ring current is forced to continue in the non-
classical direction along the inner loop on the other side of the
lemniscular structure. The ring current in the smaller loop
flows in the non-classical direction even though it is diatropic.

Tropicity is a global property that can be determined only by
following the vector field of the current density around the
whole vortex."® For simple ring-shaped molecules the tropicity
can be determined locally from the direction of the current
density passing through a plane that cuts the ring. Since the
classical direction dominates, the ring current is diatropic
around the whole circuit.

The dication is expected to be cylindrical antiaromatic
because it has formally only two electrons in the outermost
shell with space for four electrons in the two degenerate
orbitals. Calculations on the dication showed that it has a
smaller gap of 2.52 eV between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) than the HOMO-LUMO gap of 5.43 eV for neutral
[12]infinitene.> The smaller HOMO-LUMO gap suggests that
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the dication is antiaromatic also in practice. Calculations on the
dication of [12]infinitene yielded a current density that is indeed
dominated by a paratropic current density that passes through
the space from one strand to the other in the middle of the
molecule at the crossing point.> Seen from above, the paratropic
current density consists of two ring currents flowing in the
paratropic direction along the edge of the projected coronene
structures.

The magnetic response of the dianion of [12]infinitene has
been studied very recently.'® The calculations suggested that the
dianion is antiaromatic as also the orbital counting rule would
suggest. However, very small HOMO-LUMO gaps of 2.09 eV and
0.20 eV were reported for the neutral [12]infinitene and for its
dianion, respectively. The HOMO-LUMO gap of neutral [12]infini-
tene is more than a factor of two smaller than the one of 5.43 eV
that we obtained in our study.” In the recent study of the [12]infi-
nitene dianion, Olea Ulloa and Mufioz-Castro assumed that the
molecular structure belongs to the D, point group, which is not the
energetically lowest one. Therefore, the calculated magnetic
response for the dianion might be wrong.

The [12]infinitene molecule has received attention in
Chemical Engineering News'” and Chemistry World"® since the
synthesis was reported in 2022. Computational studies of mole-
cular properties of [12]infinitene have also been published.">*°

Here, we calculate the magnetic response and the magnetically
induced current density susceptibility, which is often called
current density, for the [12]infinitene dianion. In the next section,
we described the employed computational methods. The main
results are discussed in Section 3 and concluded in Section 4.

2 Computational methods

The molecular structure of the [12]infinitene dianion was
optimized at the density functional theory (DFT) level using
the CAM-B3LYP functional®! and triple-{ polarization quality
basis sets (def2-TZVP).>* Dispersion interaction was considered
by using the D3(BJ) semi-empirical term in the Hamiltonian.>?
The negatively charged dianion was stabilized by using the
COSMO solvation model.>*** The electronic structure calcula-
tions were performed with the Turbomole program.**"*® The
optimized molecular structure shown in Fig. 1 belongs to the C,
point group, which was verified by calculating the vibrational
frequencies numerically with the NumForce script of Turbo-
mole. The Cartesian coordinates of the optimized molecular
structure are given in the ESL{ The gap between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) is 2.83 eV at the CAM-B3LYP level,
which are similar to the HOMO-LUMO gap of 2.52 eV for the
dication calculated at the B3LYP level. Single-point B3LYP**~"
calculations were performed for comparing the HOMO-LUMO gap
of the dianion with the ones obtained in our previous calculations
on [12]infinitene and its dication. A smaller HOMO-LUMO gap
of 1.15 eV was obtained for the [12]infinitene dianion in a single-point
B3LYP/def2-TZVP calculation using COSMO and the molecular
structure optimized at the CAM-B3LYP/def2-TZVP level. The
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Fig. 1 The molecular structure of the [12]infinitene dianion seen along the
symmetry axis (above) and from the side (below). In the upper picture, the
C, axis at the center of the molecule pointing towards the readers is
parallel to the external magnetic field. The pictures have been made with
VESTA®? and PowerPoint.

HOMO-LUMO gap of neutral [12]infinitene is 5.43 eV at the
B3LYP level.?

Nuclear magnetic shielding constants were calculated at the
CAM-B3LYP level® using the def2-TZVP basis sets.*” The density
matrix in atomic orbital basis and the magnetically perturbed
density matrices were obtained in the nuclear magnetic shielding
calculations with Turbomole.* The calculated magnetic shielding
constants are given in the ESL¥

The density matrix, the magnetically perturbed density
matrices, the Cartesian coordinates of the molecular structure
and the basis-set information were used as input data in the
calculations of the magnetically induced current-density
susceptibility (MICD) using the GIMIC program.">**” Gauge-
including atomic orbitals were used in the calculations of the
nuclear magnetic shielding constants and the magnetically
induced current density susceptibility.>%3°

The MICD was analyzed by calculating ring-current
strengths that are obtained by integrating the MICD passing
through a plane intersecting chemical bonds or cutting
through the molecule."******” The magnetic field was applied
along the C, symmetry axis through the strands. The unit for
the ring-current (susceptibility) strengths is nA/T. The tropicity
of the current density in discrete points was determined by
following the vector field around the vortex using the Runge-
Kutta algorithm.'>*®*" The MICD is visualized using the Para-
view program.*?
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The induced magnetic field (in ppm)**~** was calculated in
discrete points around the molecule using the Aromagnetic*®
program that can be used for calculating and visualizing one-
dimensional profiles of the induced magnetic field and two-
dimensional isolines and isosurfaces of the induced magnetic
field and nucleus independent chemical shifts (NICS).*”*° In
the visualization of the induced magnetic field, it is assumed
that the strength of the external magnetic field along the C,
symmetry axis is 1 T. The z component of induced magnetic
field is then the most important contribution.

3 Results and discussion

3.1. Magnetic shielding functions

The aromaticity character of the [12]infinitene dianion is difficult
to determine by calculating only the magnetic shielding function
or the induced magnetic field in the vicinity of the molecule. In
neutral [12]infinitene, it was possible to identify well-defined
shielding and deshielding cones that agreed with the expected
ones from the calculated magnetically induced current density.
Calculations of the nuclear independent chemical shift (NICS)
function®®>® and the z component of the induced magnetic field
(Bind)13745:5657 with the magnetic field oriented along the z axis
yielded a completely different magnetic response as seen in Fig. 2.
While the NICS isosurface exhibits shielding behavior around
the molecular frame suggesting a local aromatic character,
B™ consists of a complex mixture of shielding and deshielding
contributions. The calculated magnetic response explains why the
NICS(0) and B™ (0) values vary so much from one ring to another.
It is generally important to verify the aromatic character that is
obtained from NICS values by performing calculations of mag-

netic shielding functions. For multiring molecules as the one

studied here, it is necessay to calculate the MICD to determine the
58-60

ring-current pathways.

NICS

Fig. 2 The NICS isosurface is shown in the upper picture. The picture
below shows the isosurface of B'®. The shielding (—5 ppm) and deshield-
ing (+5 ppm) cones are shown in blue and red, respectively. The external
field is parallel to the z axis, which is also the symmetry axis.
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Fig. 3 The calculated (a) *H NMR and (b) **C NMR chemical shifts (in ppm)
of the [12]infinitene dianion. The shielding constants of the tetramethylsi-
lan (TMS) reference are 31.89 ppm and 188.55 ppm for H and C,
respectively.

The calculated "H NMR and "*C NMR chemical shifts for the
[12]infinitene dianion are shown in Fig. 3. The peaks in the
'H NMR spectrum suggest that the molecule is aromatic, that
is, dominated by diatropic current density contributions. The
peaks in the calculated '*C NMR spectrum appear in about
the same range as obtained in the previous study.'® However,
the interpretation and the calculated induced magnetic field
around the molecule differ in the two studies.

3.2. Diatropic and paratropic current-density contributions

The magnetically induced current density of the [12]infinitene
dianion is very complex with several through-space current-
density pathways. Two independent global ring current pathways
are shown in Fig. 4. More pictures of the current density are
shown in the ESL{

Determination of the tropicity of current-density pathways is
difficult for lemniscular-shaped molecules."® Locally diatropic
(paratropic) current density and returning paratropic (diatropic)
current density flow in the same direction. To avoid mixing of
diatropic and returning paratropic contributions to the current

Phys. Chem. Chem. Phys., 2023, 25,19207-19213 | 19209
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Fig. 4 The streamlines of the two independent figure-eight-shaped glo-
bal ring currents are drawn in green and blue, respectively. The picture has
been made with paraview.*?

density (or vice versa), we separate the tropicities by using the
Runge-Kutta method.'>*>*!

The diatropic and paratropic contributions are animated in
the ESI.{ Separating the diatropic and paratropic contributions
to the current density shows that almost the whole current
density in the [12]infinitene dianion is diatropic, which is
unexpected because the dianion has 25 occupied conjugated
orbitals and a doubly Mobius-twisted cylindrical aromatic
topology. Thus, based on the orbital or electron counting rule,
the [12]infinitene dianion should be antiaromatic and domi-
nated by paratropic current-density contributions. The current
density obtained in the GIMIC calculation suggests that the
dianion is aromatic with strong through-space current-density
pathways in the middle of the molecule near the crossing point
of the two strands.

3.3. Current-density pathways

There are many current-density pathways. We can identify four
significant pathways, whereas a more thorough inspection
reveals many branching points of the global current-density
flux. There are two independent figure-eight-shaped current-
density pathways that flow on the outside of one half of the
molecule and continues along the conjugated framework to the
inside of the other half as shown in Fig. 4. These pathways are
the same as the ones we obtained for neutral [12]infinitene.”
There are 24 carbon atoms along one of the figure-eight-shaped
pathways. Considering the two extra electrons of the dianion
suggests aromaticity. However, since there are two parallel
current-density pathways of this kind, the current density
would be expected to be paratropic. Thus, counting the number
of orbitals or electrons in the bond conjugation may lead to
wrong conclusions. The molecule does not follow the counting
rules because of the through-space current-density shortcuts.
Another important current-density pathway is shown in
Fig. 5. The diatropic current density along the outer edge also
splits into two through-space branches. One continues along
the outer edge of the molecule implying that it flows through
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Fig. 5 The global ring current around the whole molecule is illustrated
with the purple line in the left picture. The detailed spaghetti plot is shown
from the top (upper right) and from the side (lower right). The color
scheme in the spaghetti plot corresponds to the strength of the current
density with white being the strongest and then yellow and then red, the
weakest ones are black. The current-density pictures have been made with
paraview.*?

the space from one strand to the other in the middle of the
molecule as illustrated with the purple line in Fig. 5. The current
density has many through-space pathways in the middle of the
molecule where it passes from one strand to the other at the
overlapping projected naphthalene moieties. The through-space
current-density pathways are seen in the lower-right picture of
Fig. 5. More pictures are shown in the ESL.}

The second significant through-space current-density pathway
is shown in Fig. 6. It splits and merges in the middle of the
molecule. The current-density pathway is illustrated with the red
and blue lines in Fig. 6. The diatropic current density on the outer
edge of one half of the molecule shown in red approaches the
centre of the molecule where it passes from the upper strand to
the lower and then it continues in the diatropic direction along
the outer edge of the other half as shown with the blue line in
Fig. 6. This current-density pathway is marked in orange when it
approaches the centre of the molecule where it passes from the
upper strand to the lower one and continues in the diatropic
direction shown in dark blue. The through-space current density
is seen in the lower-right picture of Fig. 6. The strength of the

Fig. 6 A global through-space current-density pathway is illustrated in
the left picture. A more detailed spaghetti plot is shown from the top
view in upper-right picture and from the side in the lower-right picture.
The color scheme in the right pictures corresponds to the strength of the
current density with white being the strongest, then yellow and red. The
weakest ones are shown in black. The current-density pictures have been
made with paraview.*?
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through-space current is relatively weak as compared to the
complicated current-density flux seen in the upper-right picture.

3.4 Strengths of current-density pathways

The strengths of the current-density pathways can be estimated
by integrating the current density passing through planes inter-
secting chemical bonds or parts of the molecular rings. The
position of the integration planes are shown in Fig. 7. The planes
are perpendicular to the reader as illustrated in the upper
picture. The integration domains of plane A and plane B are
shown with the red and the green line, respectively. The planes
extend in the other direction from very far below the molecule to
very far above it where the current density vanishes. Plane C and
plane D are illustrated with the blue and purple dashed line,
respectively. In the other direction, they begin in the center of
the molecule and continues to very far away from the molecule.

The strengths of the current-density pathways are difficult to
determine accurately due to the strong through-space current-
density pathways that are shown with a two-dimensional profile
picture in Fig. 8. The plane in Fig. 8 is perpendicular to the C,
symmetry axis and the direction of the external magnetic field.
The red peaks in the upper picture show where the current
density passes from one strand to the other in the plane
halfway between the two strands. The blue peaks are due to
the local current density at the carbon atoms where the plane
reaches the molecular frame.

Plane B

Plane A

Fig. 7 The positions of the integration planes for determining the strength
of the current-density pathways are shown with the colored lines in the
upper picture. The division of the plane in the middle of the molecule into
C and D planes is shown in the lower one. The pictures have been made
with VESTA®? and PowerPoint.
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View Article Online

Paper

Fig. 8 The strength of the through-space current density is illustrated.
The side view is shown in the upper picture and it is shown from the top in
the lower picture, where it is combined with the molecular structure.

The strength of the current density passing on the outside of
the molecule through plane A is 14.0 nA/T and the one passing
on the outside of the molecule through plane B is 8.5 nA/T. The
rest of the current-density pathway of 5.5 nA/T continues to the
inside of the other side of the molecule forming the figure-
eight-shaped current-density pathway.

The strength of the current density at the outer edge at the
other end of an extended plane B is 16.4 nA/T showing that the
ring current branches from the outer edge towards the inner one
before it reaches the middle of the molecule with the overlapping
naphthalene moieties. See the profiles of the current density in
the ESLt The strength of current-density pathway along the edge
at plane C is 6.1 nA/T, which is less than the expected 8.5 nA/T.
The difference is due to undefined through-space current-density
pathways in the middle of the molecule. The strength of the
current density of 9.6 nA/T passing through plane D is slightly
larger than 8.5 nA/T for the same reason. The sum of the through-
space current-density pathways in the middle of the molecule is
about 3.5 nA/T.

Integration of the current density passing through planes
A-D suggests that the current density is dominated by a global
diatropic pathway whose strength is about 16 nA/T. It branches
in a complicated fashion. The strengths of the individual

Phys. Chem. Chem. Phys., 2023, 25,19207-19213 | 19211
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branches of the current density are of about the same magni-
tude that is less than 10 nA/T.

4 Conclusions

We have calculated and analyzed the magnetic response of the
[12]infinitene dianion. The current-density calculations show
that it sustains strong diatropic through-space current-density
pathways. We have identified four main current-density path-
ways. Two of them are similar to the ones for the neutral
[12]infinitene molecule. The figure-eight-shaped diatropic
current-density pathway on the outside of the molecular frame
on one half of the molecule continues to the inside of the other
half. The two current-density pathways are independent. There
is one current-density pathway around the outer edge of the
entire molecule. It passes through the space along the edge in
the middle of the molecule. There are strong current-density
pathways in the stacked naphthalene moieties with through-
space current-density pathways between them. The current-
density pathways from the outer edges merge in the middle
and pass through the space to the other strand where they split
into two edge current-density pathways.

Separation of diatropic and paratropic contributions to the
current density shows that the current density is completely
dominated by diatropic contributions. The complicated topol-
ogy of the molecule leads to diatropic current-density contribu-
tions that flow locally in the paratropic direction. The
[12]infinitene dianion can be considered aromatic since it
sustains mainly global diatropic current-density pathways,
whose strengths are about as strong as the ring current of
benzene.®*

The z component of the induced magnetic field also show
that the current density of the [12]infinitene dianion is very
complex since it is very difficult to judge whether it sustains
diatropic or paratropic current density based on the magnetic
response. Calculations of the NICS function around the mole-
cule suggest that the benzene rings are locally aromatic,
whereas calculations of the induced magnetic field with the
external magnetic field along the symmetry axis suggest that
the current density is complex consisting of many global
pathways.

The current-density calculations indicate that the [12]infini-
tene dianion is globally aromatic with strong through-space
current-density pathway, which is not in agreement with the
conclusions drawn in a recent study of the magnetic response
of the [12]inifinite dianion.'®
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