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Current-density pathways in figure-eight-shaped
octaphyrinsfy
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We have calculated the current density induced by an external magnetic field in a set of figure-eight-
shaped expanded porphyrinoids. The studied octaphyrins can be divided into three classes (N2, N4, and
N6) based on the number of the inner hydrogen atoms of the pyrrole rings. Using the Runge—Kutta
method, the current density is split into diatropic and paratropic contributions that are analyzed sepa-
rately. The calculations show that one common ring current consists of two rather independent path-
ways. Each of them follows the outer side of the molecular frame of one half of the molecule and
passes to the inner side of the frame on the other half. The ring-current pathways are similar to the
ones for [12]infinitene. However, the current density of the octaphyrins is more complex having many
branching points and pathways. Vertical through-space current-density pathways pass in the middle of
the molecules through a plane that is parallel to the figure-eight-shaped view of the molecules when
the magnetic field is perpendicular to the plane. The isolectronic N2 and the N4 dication sustain a weak
paratropic ring current inside the molecule, which is also observed in the 'H NMR magnetic shielding
constant of the inner hydrogen atoms. The diatropic current-density contribution dominates in the
studied molecules. For the N4 and N6 molecules, the global current-density pathways are only diatropic

rsc.li/pccp

1 Introduction

Porphyrinoids consisting of a number of interconnected n-
conjugated pyrrole rings play important roles in biological
systems and are also widely used in technological and medical
applications." Expanded porphyrinoids have more than four
pyrrole rings in the macrocycle leading to a large flexibility.'*™*?
The structural flexibility is limited by the strain in the porphyr-
inoid macroring rendering unusual molecular structures and
peculiar molecular properties possible.’® The molecular struc-
tures can interconvert from Mobius to Hiickel topology by
protonation/deprotonation or even without external stimuli at
room temperature,'**

The first octaphyrin with a twisted figure-eight conforma-
tion belonging to the C, point group was synthesized in 2001."
It has intramolecular hydrogen bonds between the nitrogen
moieties of the pyrrole rings that are broken under acidic
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and N6 sustains the strongest global diatropic current-density flux of 13.2 nA T~%.

conditions and form an intermolecular hydrogen-bond network
to the counter anions leading to changes in the topology of the
molecular structure."”'®'” The molecular topology can be
adjusted by changing the number of electrons in the conju-
gated orbitals. [36]octaphyrin with formally 36 electrons in the
aromatic pathway adopts a Mobius aromatic conformation,
whereas the corresponding [38]octaphyrin has a Hiickel aro-
matic structure.'® Turcasarin or decaphyrin(1.0.1.0.0.1.0.1.0.0),
which is the first figure-eight-shaped porphyrinoid that has
been synthesized, has a highly twisted structure and two helical
conformations that slowly interconvert at room temperature.'*

The number of electrons in the conjugated orbitals or more
generally the number of occupied conjugated orbitals deter-
mines whether porphyrinoids or other ring-shaped molecules
are aromatic or antiaromatic. The "H NMR chemical shifts of
the B hydrogen atoms and of the inner hydrogen atoms of
the pyrrole rings are used for estimating the aromatic nature
of porphyrinoids. The nonaromatic range of the 'H NMR
chemical shifts are 6 = [6.0-6.5] ppm. The corresponding
magnetic shielding range obtained in calculations is ¢ =
[25.5-26.0] ppm since the magnetic shielding of the tetra-
methylsilan (TMS) reference is about 32 ppm.'® In aromatic
porphyrinoids, the "H NMR signal of the B hydrogen atoms are
shifted towards larger § (smaller ¢) values and the "H NMR
signal of the inner ones to smaller ¢ (larger o) values. For

Phys. Chem. Chem. Phys., 2023, 25,12469-12478 | 12469


https://orcid.org/0000-0002-4746-6487
https://orcid.org/0000-0002-0711-3484
https://orcid.org/0000-0001-6444-766X
https://orcid.org/0000-0002-2367-9277
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp01062g&domain=pdf&date_stamp=2023-04-24
https://doi.org/10.1039/d3cp01062g
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp01062g
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP025017

Open Access Article. Published on 18 April 2023. Downloaded on 3/6/2026 10:10:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

antiaromatic porphyrinoids the "H NMR signals are shifted in
the opposite direction.™

The number of electrons in the conjugated orbitals or
equivalently the number of occupied conjugated orbitals can
be adjusted by changing the number of inner hydrogen atoms
or by charging the molecule. The aromatic character also
depends on the topology of the molecular structure.'®*>7>

The octaphyrins studied in this work adopt figure-eight-
shaped conformations because of structural strain and intra-
molecular hydrogen-bonding interactions.'™'> The nonplanar
and twisted molecular structures of the studied octaphyrins
render quantitative determination of their aromatic character
challenging.?® The ring-current model originally developed for
understanding the "H NMR shifts of planar aromatic molecular
rings®”*® might not be applicable to figure-eight-shaped por-
phyrinoids because the ring current pathway is not obvious and
more than one current-density pathway is possible.

In this study, we investigate a series of octaphyrins and their
dications which are structurally related to the synthesized
[36]octaphyrin (denoted N4 in this work).'> Their aromatic
character is studied in detail by calculating the magnetically
induced current density, which we also separate into diatropic
and paratropic contributions. The current density pathways are
visualized and their strengths are determined by numerical
integration. The "H NMR magnetic shielding density of the
inner hydrogen atoms are visualized yielding a deeper under-
standing of reported '"H NMR chemical shifts of figure-eight-
shaped porphyrinoids.

2 Computational methods
2.1 Employed methods and software

The molecular structures that were assumed to belong to
the C, symmetry point group were fully optimized with
Turbomole.>*** The structure optimizations were performed
at the density functional theory (DFT) level using the B3LYP
functional and the def2-TZVP basis sets.***® Dispersion inter-
actions were considered at the semiempirical D3(BJ) level.*”®
Calculations of the vibrational frequencies showed that the
optimized C, structures are minima on the potential energy
surface.*

The aromatic character of the octaphyrins has been assessed
by calculating the magnetically induced current density using
the gauge-including magnetically induced current (GIMIC)
method.**™** The C, axis shown with the black line in Fig. 1
is parallel to the stacked pyrroles and the C-C bond in the
center of the molecule. The current-density pathways were
obtained by applying an external magnetic field perpendicular
to the C, axis shown in the upper picture of Fig. 1. The direction
of the magnetic field is shown with a green dashed arrow in the
lower picture of Fig. 1. The tropicity of the current density is
determined by following the streamlines of the magnetically
induced current density. In ring-shaped molecules, the direc-
tion of the current density across the integration plane can be
used for determining the tropicity of the ring current, whereas

12470 | Phys. Chem. Chem. Phys., 2023, 25,12469-12478

View Article Online

PCCP

PmneAi Plane A2
Pt

4

Fig.1 The placement of the integration planes for determining the
strength of the current-density pathways is shown with the colored
arrows. The planes are perpendicular to the reader. The external magnetic
field is oriented perpendicular to the figure-eight view of the molecule. In
the lower picture the C, axis that is shown as a dot points towards the
reader. The pictures have been made with VESTA and PowerPoint.>®

in this case a more advanced approach must be used. We
consider the flux direction positive (diatropic) when it flows in
the clockwise direction, while it is paratropic when it flows in
the opposite direction when looking towards the negative z axis
for B =(0,0,z).*>** We placed integration planes along the A and
B directions as shown in Fig. 1. The planes denoted A1, A2, B1
and B2 are perpendicular to the paper plane and parallel to the
external magnetic field. The strength of the current density
passing through the plane can be obtained by numerically
integrating the current density passing through it. Molecular
rings are aromatic when the integrated current strength is
positive, whereas the figure-eight-shaped octaphyrins can be
considered aromatic when they are dominated by global dia-
tropic contributions to the current density.

A small ring-current strength generally suggests that mole-
cular rings are non-aromatic and they are antiaromatic when
the ring current is dominated by paratropic contributions to
the ring current. Figure-eight-shaped octaphyrins can analo-
gously be considered antiaromatic when they are dominated by
global paratropic contributions to the current density and
globally non-aromatic when they sustain weak global current-
density pathways.

2.2 Nuclear magnetic shielding densities

Calculations of nuclear magnetic resonance (NMR) shielding
tensors using response theory yield the density matrix and the
magnetically perturbed density matrices,*"** which are used as
input data in GIMIC calculations of magnetically induced
current-density susceptibilities.

This journal is © the Owner Societies 2023
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Spatial contributions to the elements of NMR shielding
tensors, which we call the nuclear magnetic shielding density,
can be expressed using the Biot-Savart law as the scalar product
of the magnetically induced current-density susceptibility

8];3 (r)
< 0By
potential of the nuclear magnetic moment with respect to the
strength of the magnetic moment in the limit of vanishing
(rs — Rs)
Ir— R’
sion for calculating the shielding tensor elements then reads

B
I} o (V5 — R[(;)a]«,- (l')
O3 =—— E Eysy | ——F——=—=—dr, 1
I An ”’J r—R,[* 0B 2

) multiplied with the first derivative of the vector

magnetic moment ( ).4653 The Biot-Savart expres-

70

where ¢,4, is the Levi-Civita symbol, [r — Ry| is the distance
from the considered nucleus I at R;, and p, is the vacuum
permeability.®® The «, f and y indices correspond to the
Cartesian directions x, y and z. The Levi-Civita symbol is equal
to 1 for cyclic permutations of x, y, z and —1 for the inverse
cyclic permutations of them. If x, y or z appear twice in the
symbol, the term vanishes.

The spatial contributions to NMR shielding constants can be
calculated with the GIMIC program.®>*® Visualization of the
integrand in eqn (1) shows the spatial contributions to the
elements of the magnetic shielding tensor of nucleus I. When
the external magnetic field is aligned along the z axis, the
current-density contribution to the nuclear magnetic shielding
of planar or nearly planar aromatic (antiaromatic) molecules
mainly originates from o,,, which is explicitly given by

Mo J ((y — Ry)B(r) (v R,x)aJ}?(r)) N

(2)

= 4 |r—R,\3 (?BZ |r—R,|3 aBZ

2.3 Separating diatropic and paratropic contributions

We have calculated the magnetically induced current density
susceptibility of the six figure-eight-shaped octaphyrins to
assess their aromatic character. The aim is to investigate how
the aromatic character depends on the number of inner hydro-
gen atoms or the total charge of the molecule.

The tropicity of the current density can be determined
locally for single rings because the ring current passing through
a plane cutting the ring continues around the ring. When the
current-density flux is in the classical direction, the current
density is diatropic, whereas the paratropic current density
flows in the opposite direction. For fused aromatic and anti-
aromatic rings, it is more difficult to determine the tropicity in
a single point,”®®” because tropicity is a global property. The
tropicity of the current density of figure-eight-shaped molecules
is therefore difficult to determine from the direction of the flux
passing a plane that cuts the stream.’® In the figure-eight-
shaped [12]infinitene, the ring current is diatropic on the
outside of molecule. The diatropic ring current continues to
the inside of the other half of the molecule where the diatropic

This journal is © the Owner Societies 2023
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current-density flux seems to be paratropic. However, even
though it is seemingly paratropic, the vortex cannot suddenly
change its tropicity. It is still diatropic because the main part of
the current-density pathway is in the diatropic direction. Thus,
the only way to determine the tropicity is to follow the vector
field around the vortex and calculate the tropicity in discrete
points along the trajectory.

The diatropic or paratropic contributions to the current
density of a given point in space is here determined by follow-
ing the vector field around the whole vortex to the starting
point. The trajectory around the vortex is calculated using the
Runge-Kutta algorithm.”®%°

The next point d,.; along the trajectory of the current
density can be estimated from the current-density vector v in
the present position d, by using the Runge-Kutta method

= N 1 — — — —
Gyt = Gy + 2 (K1 + 2 + 263 + ), 3)

. 1-\ - -
where k, = Wi(a,), ky = hf/’(c—z',, +§k1), ks = h\'f(&’,, +§k2), and
oy = hﬁ'(t_l'n + Ez) h is the step length.

The cross product vV (d,) X V (d,+4) is calculated for each step
along the trajectory. The tropicity (z) of the current density in
the chosen grid point is obtained by calculating the scalar
product with the vector of the external magnetic field and

adding the contributions from each trajectory step around
the whole vortex.

T= dexlemal . (‘7(&;1) X \7(5”+1)) (4)
n

The sign of 7 yields the tropicity of the current density in the
studied grid point. The diatropic and paratropic current den-
sities can be identified and separated by repeating the proce-
dure for all grid points of a discretized representation of the
current density. The diatropic and paratropic contributions can
then be analyzed separately.

3 Results and discussion
3.1 Molecular structures

The studied octaphyrins consist of eight pyrrole rings inter-
connected at the o carbon atoms via methine bridges. The
figure-eight-shaped molecules have in the middle of the mole-
cule a sandwich-like structure consisting of two pyrrole rings
with the nitrogen atoms pointing in different directions.

The studied octaphyrins can be grouped into three classes
based on the number of occupied conjugated orbitals. The
molecular structures are shown in Fig. 2. We use the N2, N4
and N6 notation, where the number of inner hydrogen
atoms are indicated. In 0-N2, the inner hydrogen atoms are
connected to adjacent nitrogen atoms, whereas in p-N2 they are
in opposite positions. The o0-N2 structure is energetically
26 k] mol~" below p-N2. At room temperature the inner hydro-
gen atoms might migrate yielding an equilibrium between the

Phys. Chem. Chem. Phys., 2023, 25,12469-12478 | 12471
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(e) N6 dication (f) N6

Fig. 2 The optimized molecular structures of the studied octaphyrins are
shown. Carbon atoms are brown, the nitrogen atoms are blue and the
hydrogen atoms are white. The pictures have been made with VESTA.>®

tautomer structures, which has been observed for free-base
porphyrin derivatives and for expanded porphyrinoids.®"®

The molecular structure optimizations show that the dis-
tance between the stacked pyrrole rings depends on the num-
ber of occupied conjugated orbitals. The distances between the
pyrrole rings reported in Table 1 show that molecules with
same number of electrons in the conjugated orbitals have
practically the same distance between the stacked pyrrole rings,
whereas the interaction between the two strands at the crossing
point is stronger for the molecules with more electrons in the
conjugated orbitals leading to a shorter distance between the
pyrrole rings. The distance is 3.40-3.44 A in 0-N2, p-N2 and N4
dication. The shortest distance of 3.27 A was obtained for Né.
N4 and the N6 dication have an intermediate distance of
3.31-3.35 A between the stacked pyrrole rings.

Table 1 The distance (in A) between the stacked pyrrole rings in the
middle of the figure-eight-shaped octaphyrins obtained in the molecular
structure optimization at the B3LYP level of theory. The HOMO-LUMO
gap (in eV) is also reported

Molecule Distance HOMO-LUMO gap
0-N2 3.41 1.55
p-N2 3.40 1.38
N4 dication 3.44 1.51
N4 3.31 1.17
N6 dication 3.35 1.06
N6 3.27 1.72
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The octaphyrins are not ordinary planar molecules but
doubly Mobius-twisted figure-eight-shaped molecules with a
linking number (L) of two.”>*® The linking number can be
arbitrarily divided into twist (T,,) and writhe (W,).®*"®” Since the
topology of molecular structures is figure-eight shaped, T,, is
close to zero and the L number of two consists mainly of W;.

The aromatic character of Mobius-twisted molecules follows
largely the generalized aromaticity rule stating that molecules
are Hiickel aromatic according to the ordinary 4n + 2 rule when
they have an even L including zero, whereas the ones with an
odd Ly obey the 4n aromaticity rule of singly twisted Mobius
twisted molecules.?°*2%3%8 In this case, the studied molecules
have an Ly of about two implying that they follow the same
aromaticity rules as for example benzene and cyclobutadiene.
The third option, namely nonaromaticity occurs for example
when the global conjugation is too weak for sustaining global
current-density pathways.

3.2 Counting electrons and orbitals

The number of n electrons is usually used as a first estimate of
the aromatic nature of planar molecular rings. The electron-
counting rules have later been extended to non-planar mole-
cules. A generalization of the aromaticity rules to figure-eight-
shaped molecules is complicated.’®

The N2 molecules and the N4 dication have formally 34
electrons in the aromatic pathway. N4 and the N6 dication have
36 electrons, whereas N6 has formally 38 electrons in the
aromatic pathway. This is probably not a proper way to count
the number of electrons in the aromatic pathway because the
electrons in all conjugated bonds can be part of the aromatic
pathway(s). Therefore, we consider that N2 and the isoelectro-
nic N4 dication have 50 electrons in the conjugated bonds. The
pyrrole rings contribute with 5, each meso carbon with 1 and
each inner hydrogen with 1 electron. N4 and the isoelectronic
N6 dication have 52 electrons and N6 has 54 electrons in the
conjugated bonds. Assuming a singlet ground state with all
orbitals doubly occupied, the number of occupied conjugated
orbitals are 25, 25, 26, 26 and 27 for N2, the N4 dication, N4,
the N6 dication and N6, respectively. Since molecules with
odd number of occupied conjugated orbitals are generally
aromatic,’® N2, the N4 dication and N6 are expected to be
aromatic. Planar molecules with even number of occupied
conjugated orbitals are expected to be antiaromatic suggesting
that N4 and the isoelectronic N6 dication are antiaromatic.

3.3 Magnetically induced current-density susceptibilities

The aromatic character and the degree of aromaticity of por-
phyrinoids can be estimated from molecular magnetic proper-
ties like magnetically induced ring currents and '‘H NMR
chemical shifts as well as from the thermodynamic stability,
bond-length alternations and optical spectra.’® External mag-
netic fields induce current densities in atoms and molecules,
the strength of which can be used for determining the aromatic
nature of ring-shaped molecules. We focus here on the global
flux of the magnetically induced current-density susceptibil-
ities, their branching points and through-space pathways. We

This journal is © the Owner Societies 2023
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Fig. 3 The current density and its branching points in N4. Two indepen-
dent global ring currents are illustrated with the red and blue circle,
respectively. Examples of current-density junctions are showed in the left
picture, where the current-density direction is indicated with bright green
arrows. The current-density pictures have been made with Paraview and
PowerPoint.”®

mainly omit discussion of detailed vortex structures in the
current density. Since the studied molecules belong to the C,
point group, we discuss the current density in half the molecule
because it is for symmetry reasons the same in the other half.

A significant contribution to the current-density pathways of
the studied octaphyrins flows along the outer edge of the
molecule in one half of it and continues to the inner side of
the other half and vice versa as illustrated with the green and
blue circles in Fig. 3. These contributions to the global current-
density flux consist of two independent non-intersecting path-
ways as in [12]infinitene.”® However, we find that the current
density of the octaphyrins has branching points near the
stacked pyrrole rings in the middle of the molecule as shown
in the left picture of Fig. 3. These pathways are in common for
the studied figure-eight-shaped octaphyrins that have largely
the same junctions and current-density pathways, whereas the
strengths of the current-density pathways differ. Detailed
current-density pathways are shown in Fig. 4 and discussed
in Section 3.5.

3.4 Diatropic and paratropic current-density contributions

The figure-eight-shaped molecular structure renders determi-
nation of diatropic and paratropic current densities difficult. To
avoid mixing of diatropic and returning paratropic contribu-
tions to the current densities (or vice versa), we separate them
by using the Runge-Kutta method. The diatropic current den-
sity of the N4 dication is shown in the left picture of Fig. 5 and
the paratropic one to the right. The paratropic contribution to
the current density of the N4 dication shows that it is confined
to the inner part of half of the molecule. In the middle of the
molecule it passes through the space to the other strand. There
are two independent paratropic ring currents of this kind. Local
paratropic contributions to the current density are found inside
the pyrrole rings. The diatropic contribution to the current
density dominates. The separation of the current densities of
the other molecules reveals that the molecules can be divided
into two classes. The molecules with 25 occupied conjugated
orbitals behave like the N4 dication, whereas N4, the N6
dication and N6 do not sustain any significant global paratropic

This journal is © the Owner Societies 2023
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(a) Current-density pathways of octaphyrins with 25 occupied conjugated

orbitals with p-N2 as example.

(b) Current-density pathways of octaphyrins with 26 occupied conjugated

orbitals with N4 as example.

(c) Current-density pathways in N6 with 27 occupied conjugated orbitals

Fig. 4 Strong current-density pathways (left) and the vertical through-
space current-density pathways at two different positions (right) of the
studied molecules. In (a), p-N2 is shown as an example for molecules with
25 occupied conjugated orbitals. In (b), N4 represents the molecules with
26 occupied conjugated orbitals and N6 in (c) has 27 occupied conjugated
orbitals. The independent current-density pathways in the two halves of
the molecules are shown in purple and red, respectively. The right pictures
show the vertical through-space current-density pathways. The direction
of the through-space ring current is from dark green in one half to light
green in the other half of the molecule. The pictures have been made with
Paraview.”®

ring current inside the octaphyrin ring. Their global current-
density pathways are mainly diatropic.

Phys. Chem. Chem. Phys., 2023, 25,12469-12478 | 12473
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Fig. 5 The separated diatropic (upper left) and paratropic (upper right)
contributions to the current density of the N4 dication (lower). N2 and the
N4 dication have similar paratropic contributions to the current density.
The N6 dication, N4 and N6 have no significant global paratropic current-
density pathways. The color scheme corresponds to the strength of the
current density with yellow being the strongest and black represents the
weakest one. The pictures have been made with Paraview.”® More pictures
are shown in the ESI.{

3.5 Current-density pathways

The studied octaphyrins have similar current densities when
they have the same number of electrons, whereas the strength
of the current-density pathways differs for N2, N4 and N6 with
different number of occupied conjugated orbitals. Visualization
of the current density with Paraview shows that N2 and the N4
dication sustain two independent paratropic ring currents
inside the two halves of the molecules. The current density is
shown in Fig. 5. More pictures are found in the ESL{ The
paratropic ring currents pass between the two molecular
strands in the middle of the molecule. The current density of
the molecules with 25 occupied conjugated orbitals has two
strong figure-eight-shaped diatropic current-density pathways
that passes from the outer edge of one side of the molecule to
the inner side of the other half. The current density generally
follows the molecule frame, whereas in the studied molecules
there are through-space current-density pathways. The through-
space diatropic ring current arriving from the edge continues
on the inside of the octaphyrin.

For the molecules with 26 occupied conjugated orbitals,
there are two strong independent diatropic outer current-
density loops in the upper and lower halves of the molecule.
The current density flows through the space from the outer part
of one half to the outer part of the other one at the Cg atoms of
the stacked pyrroles. A pathway on the outside of one half of the
molecule turns to the inner side of the other half and returns to
the outside. There are also two relatively isolated current-
density loops as shown in the purple and red in the left picture
of Fig. 4(b). A global current-density pathway on the outside of
the whole molecule passes through the space from one half of
the molecule (dark green) to the other half (light green) as
shown in the upper right picture of Fig. 4(b).
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N6 with 27 conjugated orbitals has two strong diatropic
porphyrin-like ring current with through-space pathways
between the strands. The diatropic current-density pathway
around the frame to some extent follows the skeleton to
generate figure-eight-shaped pathways. In the middle of the
molecule, the diatropic ring current makes a shortcut to the
other strand forming a porphyrin-like ring current. There is a
vertical through-space current-density pathway from the outer
edge of one half to the outer edge of the other one. The current-
density pathways make shortcuts from the inside to the outside
between the pyrrole rings.

The distance between the strands decreases with increasing
number of occupied conjugated orbitals. When the stacking
distance shrinks, the interaction between the strands increases
leading to stronger through-space current-density pathways.
Separation of the current density into diatropic and paratropic
ones show that the molecules with 26 and 27 occupied con-
jugated orbitals do not sustain any significant global paratropic
current-density pathways. More pictures are shown in the ESIL

3.6 Current-density strengths

The strengths of the current-density pathways are determined
by numerically integrating the current density passing through
selected planes cutting the molecular frame. Integration
through the bond between a methine group and a pyrrole ring
(plane B) is accurate because strong atomic vortices are
avoided. The current-density flux at plane B consists of an
inner and an outer pathway. However, the inner one may
consist of a paratropic contribution and the returning diatropic
ring current along the outer edge. The strength of the para-
tropic contribution can be determined by integrating the
separated paratropic current-density flux. The diatropic
current-density contribution consists of several global pathways
whose strengths are difficult to determine separately.

The integration of the current-density flux passing through
plane A that cuts the pyrrole ring provides more information
about the different pathways. N4, the N6 dication and N6 do
not sustain any global paratropic ring current implying that the
current strengths on the outside and inside are due to diatropic
and returning diatropic current-density pathways. Different
current-density strengths at plane A and B suggest that there
are local current-density pathways at the pyrrole ring and that
there is a diatropic current-density pathway turning from the
inside to the outside between the two planes. Since the path-
ways consist of local vortices and global current-density path-
ways of different lengths, it is hard to determine the strengths
of the individual pathways.

Integration of the current-density pathways shows that the
studied octaphyrins are dominated by diatropic current-density
contributions. The strength of the diatropic current-density
pathways passing through plane B is 13.2 nA T~ for N6. For
N4 and the N6 dication the corresponding current-density
strengths are 9.9 nA T~ ' and 10.8 nA T, respectively. Thus,
the strengths of the current-density pathways are about as
strong as for benzene.’” The strengths of the diatropic
current-density pathway of the N2 molecules and the N4
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Table 2 The diatropic and paratropic contributions to the strength (in nA
T4 of the current-density flux through plane B. The paratropic contribu-
tion have been determined from the separated paratropic current density.
The planes are shown in Fig. 1

Molecule Diatropic Paratropic
0-N2 7.0 —0.4
p-N2 5.5 -1.3
N4 dication 5.1 -1.1
N4 9.9 0.0
N6 dication 10.8 0.0
N6 13.2 0.0

dication passing through plane B are in the range of 5.1 nAT "
to 7.0 nA T~ . Thus, they are about a factor of two weaker than
for the three other octaphyrins. Furthermore, N2 and the N4
dication sustain a weak paratropic current-density pathway
whose strengths are —0.4 nA T~', —1.3 nA T~ ' and —1.1 nA
T for 0-N2, p-N2 and the N4 dication, respectively (Table 2).

The current density passing through plane A consists of a
positive flux on the outside of the B carbon atoms and a
negative contribution on the inside of them. There is a positive
contribution between the o carbon atoms and a negative
contribution passing on the inside of the nitrogen atom. The
positive current-density contributions are either a diatropic or
returning paratropic current-density pathway. Analogously, the
negative contributions originate from paratropic or returning
diatropic current-density pathways.

The contributions can be identified to originate from global
diatropic current-density pathways on the outside; a local
diatropic current-density pathway around the B positions; a
local paratropic ring current inside the pyrrole ring; a local
diatropic ring current around the nitrogen moiety and a local
ring current around the nitrogen atom. The global diatropic
current-density pathways return on the inside of the pyrrole
ring and are mixed with the paratropic ring current in the N2
molecules and in the N4 dication. The exact strengths of the
diatropic current-density pathways are difficult to determine.
The diatropic current-density pathway is stronger at plane B
than at plane A because some of the current-density flux turns
from the inside to the outside between the planes. The current
density profiles at plane A and B are given in the ESL

3.7 Shielding densities of the octaphyrins

The Biot-Savart expression in eqn (2) shows that the contribu-
tions from e.g., the negative and positive of the relative x
directions with respect to nucleus I have the opposite sign,
when the current density has largely the same direction on both
sides of the nucleus. The sign change leads to the alternating
shielding and deshielding contributions as shown in Fig. 6.>>%

Since the inner protons of the pyrrole rings are sensitive to
the magnetic shielding or deshielding due to the ring-current,
these signals are useful for estimating the aromatic character of
porphyrinoids. The averaged "H NMR shielding constants of
the inner hydrogen atoms shift are 18.3 ppm for 0-N2, 16.9 ppm
for p-N2 and 16.7 ppm for the N4 dication with 25 occupied
conjugated orbitals.
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Fig. 6 The spatial contributions to the *H NMR shielding constants of the
inner hydrogen atoms. Shielding and deshielding contributions are shown
in red and blue, respectively. The pictures have been made with
Paraview.”®

For N4 and the N6 dication with 26 occupied conjugated
orbitals the averaged "H NMR shielding constants are 21.3 ppm
and 22.5 ppm, respectively. The average of the calculated
"H NMR magnetic shielding for the inner hydrogen atoms of
N4 are in the middle of the range of [18.75, 23.41] ppm for the
experimental ones."” The nuclear magnetic shielding of the
TMS reference is assumed to be 32 ppm.

The averaged 'H NMR shielding constants of the inner
hydrogen atoms of N6 with 27 occupied conjugated orbitals is
28.1 ppm. The smaller shielding values for N2 and the N4
dication is most likely due to the paratropic ring current
passing on the inside of the inner hydrogen atoms and also
due to the weak diatropic current density.

The spatial contributions to the shielding constants of the
inner hydrogen atoms in Fig. 6 does not reveal any large
differences. The N2 dication and 0-N2 have similar red and
blue patterns, whereas the colors in the shielding density of p-
N2 are paler. However, the integrated shielding constants are
very similar for the three molecules. The stronger diatropic
current-density flux of N6 is also reflected in the shielding
density. However, the contributions from the red and blue
areas to some extent cancel leading to a shielding constant
for the inner hydrogen atom that is 5-7 ppm larger than for N4
and the N6 dication.

The averaged '"H NMR shielding constants of the hydrogen
atoms in the P positions are 26.4 ppm, 25.8 ppm and 25.6 ppm
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Table 3 The average *H NMR shielding constant (in ppm) of the inner
hydrogen atoms and of the outer  hydrogen atoms

Molecule Inner H B-H
0-N2 18.3 26.4
p-N2 16.9 25.8
N4 dication 16.7 25.6
N4“¢ 21.3 24.6
N6 dication 22.5 23.8
N6 28.1 24.2

“ The corresponding experimental values are 18.75-23.41 ppm for the
inner H and 24.33-25.89 ppm for B-H."® More '"H NMR data are given in
the ESI

for 0-N2, p-N2 and the N4 dication, respectively, which are
slightly larger than the corresponding values of 24.6 ppm, 23.8
ppm and 24.2 ppm for N4, the N6 dication and N6, respectively.
The average '"H NMR magnetic shielding of the hydrogen atoms
in the B position of 24.6 ppm agrees well with the experimental
values that are in the range of [24.33-25.89] ppm.*®

The larger "H NMR shielding constants of the B hydrogen
atoms for N4, the N6 dication and N6 are due to the stronger
diatropic current-density flux near them. When using the same
shielding scale as used for planar porphyrinoids, the average
"H NMR shielding constants in Table 3 would suggest that the
studied molecules are largely nonaromatic or weakly antiaro-
matic. However, the current-density calculations show that they
are dominated by diatropic current-density pathways. The
aromaticity rules for porphyrinoid rings cannot be applied to
the figure-eight-shaped octaphyrins.

4 Conclusion

In the studied figure-eight-shaped octaphyrins, the distance
between the stacked pyrrole rings in the middle of the mole-
cules shrinks with increasing number of electrons in the
conjugated orbitals leading to a stronger through-space
current-density flux from one strand to the other. The mole-
cules have two figure-eight-shaped current-density pathways
that take the outer route on one half of the molecule and the
inner one on the other half, which is similar to the two ring-
current pathways of [12]infinitene. The current density consists
of many pathways. The current density has many branching
points and through-space pathways from one strand to the
other. For the figure-eight-shaped octaphyrins, the aromaticity
does therefore not follow the expected alternating aromatic
character based on Hiickel’s rule.

The magnetic shielding constant of the inner hydrogen
atoms provides information about the strength and direction
of the current-density pathway passing the inner hydrogen
atom. However, interpretations based on the experimental
'H NMR spectrum are more or less impossible without calcu-
lating the current density that yields the nuclear magnetic
shielding density.

The integrated current-density strengths as well as the
calculated "H NMR shielding constants suggests that 0-N2,
p-N2 and the N4 dication with 25 occupied conjugated orbitals

12476 | Phys. Chem. Chem. Phys., 2023, 25,12469-12478

View Article Online

PCCP

sustain two independent paratropic ring currents inside the
two halves of the molecule. However, the diatropic current
density dominates. They have several diatropic pathway that
are difficult to separate and whose strengths are difficult to
determine. N4 and the N6 dication with 26 occupied conju-
gated orbitals do not sustain any global paratropic ring currents
and the diatropic current-density pathways are stronger than
for N2 and the N4 dication. N6 does not sustain any global
paratropic ring current. Its diatropic current-density flux of
13.2 nA T~ ' is the strongest one among the studied molecules.
Thus, the strength of its global current-density pathway is
about half the one of free-base porphyrin.”* The strengths of
the diatropic current-density flux of N4 and the N6 diaction are
9.9 nA T ! and 10.8 nA T !, respectively, which are about as
strong as for benzene,”” whereas N2 and the N4 dication
sustain a diatropic current-density flux whose strength is half
the one for benzene.

Since N2 and the N4 dication sustain weak global diatropic
current-density pathways and an even weaker global paratropic
current-density pathway, they are weakly aromatic. N4 and the
N6 dication do not sustain any global paratropic current-
density pathway. Since their global diatropic current-density
pathways are as strong as for benzene, they can be considered
aromatic. Since N6 sustain the strongest global diatropic
current-density pathway of the studied octaphyrins and no
global paratropic current-density pathway, it is the strongest
aromatic molecule among the studied ones. However, the
strength of the global current-density pathway suggests that it
is half as aromatic as free-base porphyrin.
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