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Non-intersecting ring currents in [12]infinitene†

Mesı́as Orozco-Ic, *a Rashid R. Valievab and Dage Sundholm *a

The aromaticity of the newly synthesized [12]infinitene is addressed via

analysis of the magnetically induced current density and the induced

magnetic field. Our calculations reveal that [12]infinitene responds to

an external magnetic field by creating two current-density pathways

that flow diatropically along the edges of the molecule. The current-

density pathways do not intersect. The entire structure is completely

shielded suggesting that the infinitene molecule is aromatic, contrary

to what the Möbius rule for twisted annulene structures predicts. We

also studied the dication of [12]infinitene, which sustains two para-

tropic ring currents flowing along the edges. The space between the

stacked rings at the crossing point is shorter for the dication as

compared to the neutral molecule. Hence, a strong through-space

current density appears at the crossing point of p–p stacked rings.

Recently, Krzeszewski et al. reported the synthesis of an infinity-
shaped polyarylene with twelve six-membered rings (6-MRs)
belonging to the D2 point group.1 The molecular structure can
formally be obtained by fusing a [6]helicene with its chiral
counterpart at their terminal rings. Consequently, [12]infinitene
has two chiral isomers, i.e., (P,P)-infinitene and (M,M)-infinitene
(see Fig. 1). They also noted that [12]infinitene can be considered
as a twisted helical isomer of [12]circulene.1

Among the family of novel non-planar aromatic systems,
[12]infinitene represents an unexplored challenge to understand
the three-dimensional electron delocalization. The 6-MRs experi-
ence p–p stacking due to the molecular topology, which has been
shown to strongly affect the interpretation of the aromaticity

because in general p–p stacked rings show strong magnetic
shieldings.2–4

It has been shown that twisted structures obey the Möbius
rule for aromaticity, which is related to the topological number
of twists in a closed structure through the so-called linking
number (Lk), which can be further divided into the sum of the
local twist (Tw) and non-local writhing (Wr) numbers.5–7 The Lk

number can be zero, a positive or a negative integer. Lk = 0
usually corresponds to a non-twisted structure, while Lk a 0
leads to chiral structures with several twists and deformations
of the ring. The Lk number determines the aromatic character,
whereas the degree of aromaticity is determined by Tw.5–7 The
twist, writhing, and linking numbers are multiplied by p to get
their corresponding angles in radians.8 Molecules with even Lk

have the p-electron counting classification of Hückel’s aroma-
ticity rule. For odd Lk values, molecules with 4n p electrons are
expected to be aromatic, while those with 4n + 2 electrons will
favor open-shell configurations or antiaromaticity.9–11 The (P,P)
and (M,M) structures of infinitene are mirror images corres-
ponding to the case where Lk = �2 (Tw = �0.57 and Wr = �1.43).
They are double twisted molecules with two faces and 48 p
electrons delocalized around the ring. Hence, according to the

Fig. 1 The two enantiomers of [12]infinitene. Integration planes for cal-
culation of current-density strengths are also shown. The A and B planes
intersect a C–C bond at the edge of the molecule, while plane C is
perpendicular to the z axis.

a Department of Chemistry, Faculty of Science, University of Helsinki, P.O. Box 55,

A. I. Virtasen aukio 1, FIN-00014 Helsinki, Finland.

E-mail: mesias.orozcoic@helsinki.fi, dage.sundholm@helsinki.fi
b Research School of Chemistry and Applied Biomedical Sciences,

National Research Tomsk Polytechnic University, Tomsk 634050, Russia

† Electronic supplementary information (ESI) available: Cartesian coordinates of
the optimized molecular structures, isotropic magnetic shielding constants,
chemical shifts, and pictures of magnetically induced current densities and
magnetic shielding functions are reported. Animations of the current-density
plots are also provided. See DOI: 10.1039/d2cp00637e

Received 8th February 2022,
Accepted 3rd March 2022

DOI: 10.1039/d2cp00637e

rsc.li/pccp

PCCP

COMMUNICATION

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 8
/1

5/
20

25
 9

:1
8:

23
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0001-7579-0607
http://orcid.org/0000-0002-2367-9277
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cp00637e&domain=pdf&date_stamp=2022-03-08
http://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp00637e
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024011


This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 6404–6409 |  6405

above rules they are expected to be antiaromatic. The Hückel
4n + 2 and Möbius 4n aromaticity rules are derived from the
Hückel energy spectrum of annulenes. Hückel’s aromaticity
rule also holds for planar, approximately circular molecules
because the aufbau principle involves s, p, d, orbitals leading to
magic electronic numbers of 4n + 2 electrons for closed-shell
molecules. However, infinitene does not belong to these classes
of molecules.

Diagonalization of the Hückel Hamiltonian of infinitene shows
that it is a closed-shell molecule with a large energy gap between
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) suggesting that its aromatic
character cannot be estimated based on the Hückel and Möbius
aromaticity rules. Planar circulenes exhibit concentric counter-
rotating currents,12,13 making simple classifications of the aroma-
ticity of infinitene even harder. In the study by Krzeszewski et al.,1

nucleus-independent chemical shift (NICS) calculations14 on
[12]infinitene suggest that the aromatic character varies from
one ring to another. However, NICS(0) calculations on non-
planar molecules, especially in helical structures, are not reliable
for elucidating the p delocalization, since they only give a very local
picture of the magnetic behavior.4,15

In this work, we study the magnetic response of [12]infini-
tene in the presence of an external magnetic field by analyzing
the magnetically induced current density and the induced
magnetic field. Our calculations reveal that (P,P)- and (M,M)-
infinitene respond to the external magnetic field by creating
two current-density pathways that flow diatropically along the
edges of the molecule. The current-density pathways do not
intersect. They create a shielding cone over the entire structure
suggesting that [12]infinitene is aromatic. The picture of the
electron delocalization and aromatic character is clearer when
considering only the p electron component of the magnetic
response. The calculations suggest that all rings have approxi-
mately the same degree of electron delocalization since there
are only global ring currents along the edges of the molecule
rather than local p circulations in each of the 6-MRs. The
current density is reminiscent of the one of helicenes.16,17 We
also consider the dication of [12]infinitene to study how oxida-
tion affects the magnetic response.

Since hybrid long-range corrected functionals in conjunction
with the D3(BJ) dispersion correction yield energies of stacked p–p
structures in good agreement with CCSD(T) calculations,18 all
molecular structures were fully optimized at the CAM-B3LYP-
D3(BJ) level using the def2-TZVP basis set.19–21 The calculated
and experimental molecular structure agree well. The structural
parameters differ by less than 0.02 Å.1 The Cartesian coordinates
of the optimized structures are given in the ESI.† Magnetic
properties computed with hybrid functionals have been found
to be in close agreement with those calculated at the CCSD(T)
level.5,22–24 The nuclear magnetic resonance (NMR) computations
were carried out at the CAM-B3LYP level using the def2-SVP and
the def2-TZVP basis sets21 in conjunction with gauge-including
atomic orbitals (GIAOs).25,26 Calculated shielding constants are
given in the ESI.† All these calculations were performed with the
Turbomole program.27,28

The magnetically induced current density (Jind),29–32 and the
induced magnetic field33–35 (Bind) were computed using the gauge-
including magnetically induced currents (GIMIC) method29–31

and the Aromagnetic36 program, respectively. The Aromagnetic
program calculates the induced magnetic field in each point of a
three-dimensional grid with the molecule at the center. Thus,
with the Aromagnetic program one is able to calculate one-
dimensional profiles, two-dimensional isolines or isosurfaces of
the magnetic shielding function.4,16,37 The GIMIC program can be
used for calculating ring-current strengths, which are obtained by
integrating the current-density flowing through a plane intersect-
ing one or several chemical bonds.29–31,38 The integration planes
used in this study are shown in Fig. 1. We have also used the
inexpensive pseudo-p model to approximate the p electron con-
tribution to Jind and Bind (ppJind and ppBind, respectively).16,39,40 The
pseudo-p modeled response was obtained by calculating the
magnetic response using the optimized molecular structure where
the hydrogens were erased and the carbon atoms were replaced
by hydrogen atoms in the same positions. A unit external field
(|Bext| = 1T) was applied parallel to the symmetry axis of the
molecule, which coincides with the z axis, to induce ring currents
and magnetic shielding.41 For this direction of the external
magnetic field, the z component is the most important Cartesian
contribution to Bind (Bz

ind). Hence, the Bind analysis can be
reduced to Bz

ind. The unit for the ring-current (susceptibility)
strength is nA/T, while Bz

ind is given in ppm. For visualization
purposes, the skeleton shown in the figures of the pseudo-p
magnetic response correspond to the original carbon structure
instead of the all-hydrogen system.

Coronene has a paratropic ring current flowing along the
inner contour in the non-classical direction and a diatropic ring
current flowing along the outer edge in the classical direction.13

Circulenes such as corannulene or kekulene also exhibit this
kind of magnetic behavior.16,42 However, for the latter small
local circulations appear in some of the 6-MRs. Helicenes can
be understood as three-dimensional broken circulenes. [7]Heli-
cene responds to an external magnetic field by producing a
diatropic helical ring current which changes its relative direc-
tion near the helical axis giving rise to an inner deshielding
cone.4,16 The question is whether there will be similar current-
density pathways in infinitene since it formally consists of two
fused helicenes. When the external magnetic field is parallel to
the z axis, i.e., parallel to the symmetry axis shown in Fig. 1,
[12]infinitene responds by sustaining two diatropically non-
intersecting ring currents flowing along the peripheral carbons
as shown in Fig. 2.

The aromatic character of [12]infinitene can be understood
when considering that it sustains two almost independent ring
currents along the outer edges of the molecule. The two conjuga-
tion pathways fulfil the rule of cylindrical aromaticity.31,43,44 The
linear combination of the p orbitals along the two pathways can
be positive or negative similar to even and odd parity. The aufbau
principle then leads to a closed-shell system and aromaticity
with 4n p electrons.31 Since [12]infinitene is doubly twisted with
Lk = �2, the twisted structure has the same aromaticity rules as a
non-twisted one with Lk = 0.
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[12]Infinitene is aromatic rather than non-aromatic because
the size of the ring-current loop is smaller in one half of the
molecule, where the ring current takes the inner curve. The ring
current flows there in the non-classical direction even though it is
diatropic. Since the loop with the classical direction of the ring
current is larger, the global ring current becomes diatropic
leading to aromaticity. In case the two loops are of equal size,
the contradicting directions of the ring current in the two loops
would lead to non-aromaticity. The driving force of the ring
current originates from the different size of the ring-current loops.

Similar to helicenes, local deshielding cones (in red) appear
in the middle of the two loops of the eight-shaped structure due
to different relative directions of the ring current, whereas the
magnetic shielding appears along the whole molecular struc-
ture (see Fig. 2). This can be seen more clearly when studying
the magnetic response using the pseudo-p model because
it does not consider the local s currents in the middle of the
6-MRs and along the C–C bonds (see Fig. 3). The pseudo-p current
density reveals the flux of delocalized p electrons in planar and
three-dimensional organic molecules.16,39,45,46 An interactive
visualization of the non-intersecting current-density flux in
[12]infinitene is shown by animations in the ESI.† Since infinitene
has a three-dimensional molecular structure, we also study its
magnetic response when the external field is parallel to the y axis.
Infinitene consists of a single molecular ring when it is viewed in
that direction. However, since the direction of the p orbitals is
perpendicular to the magnetic field, Jind consists mainly of local
diatropic circulations at the individual 6-MRs and a diatropic flux
along that single molecular ring (see Fig. S1 in the ESI†).
Qualitatively the same current densities are obtained in the
current-density calculation as well as when employing the
pseudo-p model (see Fig. S1 and S2, ESI†). The y component to
Bind (By

ind) has local shielding over the whole carbon skeleton.

Integrating the current density yields a ring-current strength
of 12.74 nA T�1, while with the pseudo-p model, a ring-current
strength of 12.82 nA T�1 is obtained (see Table 1). These values
agree well with those obtained for benzene,16,29 suggesting that
the degree of aromaticity is about the same as for benzene.
(M,M)-[12]infinitene and (P,P)-[12]infinitene have identical
magnetic response (see Fig. S3 and S4, ESI†). Since the separa-
tion between the crossing polyarylene moieties is only 2.96 Å at
CAM-B3LYP-D3(BJ)/def2-TZVP level, the ring current may take a
shortcut across the narrow gap between them. The integrated
current density passing through space between the crossing
polyarylene moieties is 6.09 nA T�1. The strength of the
through-space current density of the chiral (M,M) enantiomer
is equal but it seems to flow in the opposite direction but with
the same global tropicity as the (P,P) enantiomer. The pseudo-p
calculations on the neutral isomers result in a small through-
space flux of 2.09 nA T�1. The global ring current vanishes
when the external magnetic field is parallel to the y axis.

We also studied the magnetic response of the [12]infinitene
dication because the structure optimization at the CAM-B3LYP-
D3(BJ)/def2-TZVP level yielded a slightly shorter separation of
2.91 Å between the polyarylene moieties at the crossing point.
Current-density calculations show that the dication sustains
two paratropic ring currents around the edge of the projected
coronene-like structures. The paratropic ring current takes
a shortcut route via a strong through-space ring current of
�46 nA T�1 between the stacked p–p rings at the crossing point
(see Fig. 4). This is also reflected in the Bz

ind calculations, which
show a strong deshielding cone above 6-MRs indicating an
antiaromatic behavior. Consequently, drastic changes rise on
the shieldings of the nuclei as compared to those of the neutral
infinitene (see ESI†). The resulting NMR chemical shifts for the

Fig. 2 The magnetic response of (P,P)-infinitene computed at the
CAM-B3LYP/def2-SVP level. In the top panel: Streamlines and vector
representation of the total Jind, showing the two non-intersecting
current-density pathways in pink and green, respectively. In the bottom
panel: Isosurfaces of the total Bz

ind. The shielding (�10 ppm) and deshield-
ing (+10 ppm) cones are shown in blue and red, respectively. The external
field is parallel to the z axis, which is perpendicular to the molecule in the
left picture.

Fig. 3 The magnetic response in (P,P)-infinitene obtained with the
pseudo-p model computed at the CAM-B3LYP/def2-SVP level. In the
top panel: Streamlines and vector representation of the ppJind, showing
the two non-intersecting current-density pathways in pink and
green, respectively. In the bottom panel: Isosurfaces of ppBz

ind. The
shielding (�10 ppm) and deshielding (+10 ppm) cones are shown in blue
and red, respectively. The external field is parallel to the z axis, which is
perpendicular to the molecule in the left picture.
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neutral and charged infinitene are in good agreement with the
experimental chemical shifts reported by Krzeszewski et al.1

The integration of the current-density on the dication
yielded a ring-current strength of �46.5 nA T�1. When the
external magnetic field is applied parallel to y axis, largely
the same topology of the current density is obtained for the
dication as for the neutral molecule. However, the local ring
currents at the 6-MRs and the single molecular ring are para-
tropic (see Fig. S5, ESI†).

Calculations on the charged [12]infinitene using the
pseudo-p model display an aromatic-like magnetic behavior,
which does not agree with the current density obtained in the
all-electron magnetic response calculations (see Fig. S6, ESI†).
The pseudo-p calculations on the dication of [12]infinitene
yield a very strong ring current of 312 nA T�1 and exaggerated
magnetic shielding suggesting that pseudo-p calculations on
the charged molecule are not reliable. The reason may be that
the two missing electrons of the dication can be compensated
by the rest of the electrons in the all-electron calculation,
whereas at the pseudo-p level, the screening effect is weaker or
even absent because the model has only one electron per
carbon site.

Conclusions

We analyzed the magnetic response of [12]infinitene and its
dication by calculating the magnetically induced current den-
sity and the induced magnetic field for both of (P,P) and (M,M)
enantiomers. The neutral [12]infinitene sustains two ring cur-
rents along the edges of the entire molecule. The two current-
density pathways never cross, which is even clearer seen when
visualizing the current density sustained by the p orbitals at the
pseudo-p level. The neutral [12]infinitene molecule is aromatic
since it can be considered as a doubly twisted molecule ful-
filling the rule of cylindrical aromaticity. Analysis of the calcu-
lated induced magnetic field reveals that [12]infinitene is
shielded along the polyarylene skeleton, whereas a small
deshielding cone appears in the center of the two loops of
the eight-shaped structure, similar to helicenes. The magnetic
response of both enantiomers is identical.

We also studied the magnetic response of the [12]infinitene
dication. The calculations showed that the dication sustains two
strong paratropic ring currents along the outer edges of the two
projected coronene-like structures via a through-space current-
density pathway. The two paratropic ring currents are about four
times stronger than the two diatropic ring currents along the edges
around the entire neutral molecule. The strong through-space
current-density pathway makes shortcuts between the stacked
benzene rings at the crossing point in the middle of the molecule.
The neutral molecule has a through-space current-density pathway,
which is diatropic and much weaker than in the dication.

These calculations indicate that the neutral and dication
infinitene are globally aromatic and antiaromatic, respectively,
contrary to what is expected based on the Möbius aromaticity rule
for annulenes. [12]Infinitene does not obey the Möbius and
Hückel aromaticity rules, since it is not an annulene but a
polyarylene with two nearly independent ring-current pathways
suggesting that 4n p electrons lead to aromaticity. The aromaticity
of new twisted structures47–49 must be addressed carefully, taking
into consideration the magnetic response properties, since count-
ing the number of p electrons in the delocalization pathway may
lead to incorrect conclusions concerning their aromatic character.

Author contributions

M. O.-I. and R. R. V. suggested current-density studies of
infinitene. M. O.-I. and D. S. performed the calculations. All

Table 1 Ring-current strengths (in nA/T) of (P,P)-infinitene (neutral and dication) divided into their diatropic and paratropic components calculated at
the CAM-B3LYP/def2-TZVP level when the external field points parallel to z axis. The ring-current strengths of the (M,M) and (P,P) enantiomers of
[12]infinitene are identical. The ring-current strength passing plane A and B are equal. The position of the integration planes are shown in Fig. 1. The ring-
current strengths obtained for dication with the pseudo-p model are not reported because they are not reasonable

Molecule Plane Total Pseudo-p

Diatropic Paratropic Net Diatropic Paratropic Net
(P,P) A 16.99 �4.24 12.74 12.82 0.0 12.82

C 6.52 �0.42 6.09 2.33 �0.24 2.09
(P,P)2+ A 4.01 �50.51 �46.50 — — —

C 7.18 �52.98 �45.80 — — —

Fig. 4 The magnetic response of the (P,P)-infinitene dication computed
at the CAM-B3LYP/def2-SVP level. In the top panel: Streamlines and
vector representation of the total Jind, showing the two non-intersecting
current-density pathways in red and green, respectively. Isosurfaces of
the total Bz

ind are shown in the bottom panel. The shielding (�25 ppm)
and deshielding (+25 ppm) cones are shown in blue and red, respec-
tively. The external field is parallel to the z axis, perpendicularly to the left
view.
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