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Abstract

The n-contribution to the magnetically induced current densities, ring-current strengths, and
induced magnetic fields of large planar molecules (as kekulene) and three-dimensional
molecules (as [10]cyclophenacene and chiral toroidal nanotubes Czo16 and Cz196) have been
computed using the pseudo-t model with the gauge-including magnetically induced currents
method. The magnetic response analysis shows that m-electrons are the main actors of the
electron delocalization in carbon systems regardless of their size, suggesting that the n-
component of the ring-current strengths can be used for assessing the aromatic character of this
kind of molecules. Computations using the pseudo-n model yield current densities and induced
magnetic fields that are not contaminated by contributions from core and c-electrons allowing
investigations of large molecular structures as polycyclic aromatic hydrocarbons and
cylindrical or toroidal carbon nanotubes.



Introduction

In the presence of an external magnetic field, the interaction between the angular momentum
of the electrons and a magnetic field produces an induced current density and concomitantly
an induced magnetic field.1® For molecules classified as aromatic, the magnetic response is
mostly diamagnetic and is associated with a diatropic ring current around the ring.* In contrast,
antiaromatic molecules sustain a net paratropic ring current that may lead to paramagnetism.®
Several tools are now available to study the magnetic response of molecules;®® however, for
large systems, such analysis is computationally expensive and almost unviable.

In organic systems, it is well-accepted that the =-cloud is responsible for
aromaticity.’% One way to quantify this degree of delocalization is via the ring-current
strength, which results from integrating the current density flowing through a given plane.?
However, standard ring-current strength computations provide an all-electron magnetic
response, and splitting it into its orbital components (core + ¢ + 7) is relatively expensive and
practically unexplored for large systems. In 2002, Fowler and Steiner proposed an elegant
approach, called the pseudo-n model, to compute the T-component of the magnetically induced
current densities.!® It takes advantage of the symmetry of the out-of-plane m-orbitals in carbon
molecules. The w-orbitals are represented by o-orbitals constructed by removing all hydrogens
and replacing carbons with hydrogen atoms. These hypothetical systems accurately mimic the
ring current of the n-electrons, drastically reducing the computational cost. Interestingly, the
main features of the induced magnetic field can also be reproduced by the pseudo-r model.**
So, the pseudo-t model offers a cheap and straightforward way to estimate the m-component
of the ring-current strengths and the induced magnetic field in large carbon structures.

Herein, we evaluate the m-component of the magnetically induced current densities, the
ring-current strengths, and the induced magnetic field using the pseudo-m model in a series of
planar and non-planar molecules. Our set of molecules includes benzene as a reference for
aromatic systems; naphthalene, anthracene, coronene, and kekulene as examples to understand
the magnetic consequences of fused rings; cyclobutadiene, represent the antiaromatic case; Ceo
and guadiene Cr, are examples of spherical clusters; [7]helicene and [10]cyclophenacene have
helical and cylindrical topologies, respectively, and finally, the toroids C2016 and Cz196 are the

icing on the cake.
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Figure 1. The studied planar (left) and non-planar (right) molecules. The integration planes are
extended 8 bohr above and below the molecular planes in planar structures, Ceo and guadiene
(C72), 4 bohr for helicene, 6 bohr for [10]cyclophenacene (measured from hydrogens molecular

plane), and 11 bohr for toroidal Czo016 and C2196.

Computational Details

Since geometries of the organic molecules are well-described by the B3LYP®
functional and it also provides ring-current strengths that agree with those computed at the MP2
level or at CCSD(T) levels,>%8 all geometries were fully optimized using the B3LYP
approach in conjunction with a Grimme’s D3(BJ) dispersion correction'® and a def2-TZVP
basis set.?’ Nuclear magnetic resonance computations were carried out at the B3LYP/def2-
TZVP level using gauge-including atomic orbitals (GIAOSs).?%?2 For Ca016 and Czigs, the def2-
SVP basis set?® was selected. All computations were performed with the Turbomole
program.?*24 The susceptibility of the magnetically induced current density®225 (J"%) and the

first derivative of the induced magnetic field®?%%" (B™) with respect to the external magnetic



field were computed in the zero-field limit (B®' — 0). Thus, J™and B™™ are linearly dependent
on the strength of the external magnetic field. J™and B™ computations were performed using
the GIMIC®12% and Aromagnetic?® programs, respectively. The external magnetic field was
applied parallel to the molecular axis of the highest-symmetry (z-axis) to induce the maximum
ring currents and secondary magnetic fields.?° In this orientation, the most significant vector
contribution to B™ comes from the z-component (B"%,). This scalar field is equal to the zz-
component of the nucleus-independent chemical shifts (NICS;,) in planar molecules.®* Ring-
current strengths are obtained by integrating the current density J"in a plane perpendicular to
the molecular ring, intersecting a specific bond or the entire molecular ring.82% The
integration planes are illustrated in Figure 1. The total J™and B™ are obtained by performing
all-electron computations on the original carbon-based molecules. In contrast, the pseudo-n
contributions to J™ and B™ are obtained by performing computations on molecular systems
with all hydrogen atoms omitted, and hydrogen atoms replace carbon. Visual representations
of J™and B™™ were created using Paraview® and Vislt®?, respectively. The units for the ring-

current strengths and B™M, are nA/T ppm, respectively.

Benzene

Benzene is the aromatic system par excellence. The pseudo-n computations of J™
(=) s entirely diatropic throughout the space (see Figure 2a), which explains why the
magnetic response of m-electrons obey a classic ring-current pattern,® but more importantly,
prJind successfully reproduces the global pattern of the true m-component of J™. Fowler and
Steiner showed that the maximum value of the in-plane P*J" is 0.0788 a.u., in agreement with

the maximum of 0.0790 a.u. in true m-current computed using the ipsocentric method.™
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Figure 2. a) The PJ" calculated in the molecular plane of benzene. The arrows indicate the
direction of the current density. The |J™| scale is given in atomic units (1 a.u. = 100.63
nA/T/A?). b) Comparison of the true n-component of B, (left), the pseudo-n modeled (in the
middle), and the difference resulting from subtracting the pseudo-n component from the true
n-component computed in the same grid (right) for benzene. The enclosed white areas
delimiting the shielding (or deshielding) cones correspond to regions that are more negative
(or more positive) on the corresponding scale.

Charistos et. al.}* showed that the pseudo-m model also mimics the n-component for
B (P*Bi"Y) They noted that the value of B, computed using the pseudo-r approach (P*B™M9,)
at the ring center deviates of barely 10% from that of the true m=-component and this difference
decreases for long distances along the z-axis. The authors remarked that variations in size and
shape are negligible and there is a slight overestimation of the m-magnetic response near the
plane of the ring.

Let us compare the true m-contribution of B, and P"B", to determine whether the
model mimics the m-electrons in the whole space and its accuracy. Figure 2b shows the
difference between the two scalar fields red/blue regions indicating the P*B™, values are
over/underestimated. The most noticeable overestimated values are found near the ring center
and the carbon skeleton, but also and the boundary region of the shielding cone. In contrast,
the shielding cone is reasonably well-described with a small underestimation.

What else could we extract from the pseudo-mn model to diagnose electron
delocalization? As mentioned, one way to quantify this degree of delocalization is through the
ring-current strength. Previous current-density computations yield a ring-current strength of
12.0 nA/T. 81225 including the core-, -, and m-electrons contributions. Table 1 summarizes the

total ring-current strengths and those computed using P*J", separated into their diatropic and



paratropic terms. The ring-current strength obtained from P*J" is purely diatropic (12.4 nA/T).
This number is in excellent agreement with that reported by Monaco et al. (11.7 nA/T at HF
level) for the true m-contribution. So, the pseudo-n model is suitable for providing snapshots
of the ring current and induced magnetic field and giving precise numbers such as the ring-

current strength.

Table 1. Diatropic and paratropic contributions to the net ring-current strength (in nA/T) for
the planar molecules computed at the B3LYP/def2-TZVP level. The position of the integration

planes is shown in Figure 1.

Molecule Plane total pseudo-nt
diatropic paratropic net diatropic paratropic net
Benzene A 16.99 -4.94 12.05 12.42 0.00 12.42
Cyclobutadiene A 2.66 -22.54 -19.88 0.00 -27.04 -27.04
Naphthalene A 7.72 -1.72 0.00 0.41 -0.41 0.00
B 17.83 -4.75 13.08 13.41 0.00 13.41
Anthracene A 9.77 -6.13 3.64 3.62 -0.06 3.56
B 19.02 -4.20 15.70 16.36 0.00 16.36
Cc 17.08 -4.79 12.28 12.86 0.00 12.86
Coronene A 7.60 -7.60 0.00 0.25 -0.25 0.00
B 6.06 -11.38 -5.32 0.00 -5.18 -5.18
C 21.53 -4.02 17.51 18.41 0.00 18.41
Kekulene A 10.88 -5.96 491 4.50 0.00 4.50
B 5.87 -14.13 -8.26 1.01 -8.77 -7.76
C 15.39 -5.30 10.09 11.29 0.00 11.29




Cyclobutadiene

The second obvious system to analyze is cyclobutadiene, the quintessential case of
antiaromaticity. For this molecule, there is no reference for the true 7-component of the ring-
current, so we limit ourselves to describing the variations between the m-component of B,
values and those obtained by P*B™Y, (see Figure 3a). Note that the shape of the deshielding cone
of both scalar fields is similar. However, "B, significantly overestimated the deshielding
values near the molecular plane, in particular, it exaggerates the absolute values at the ring
center by almost a factor of two.2* This leads to notable negative differences above (and below)
the ring. So, the pseudo-t model response in this antiaromatic system is qualitatively enough

to provide a diagnosis of antiaromaticity, but a quantitative interpretation is not reliable.
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Figure 3. a) Comparison of the true t-component of B, (left), the pseudo-t modeled (in the
middle), and the difference resulting from subtracting the pseudo-r component from the true
n-component computed in the same grid (right) for cyclobutadiene. b) The total J™ (top) and
prJind (hottom) calculated in the molecular plane of cyclobutadiene. The arrows indicate the
direction of the current density. The |J™| scale is given in atomic units (1 a.u. = 100.63
nA/TIA?).

If the deshielding values are overestimated, then P*J™ are also amplified, although
qualitatively correct in their diagnosis. The total J™ indicates that the current is paratropic
inside the ring and diatropic on outside (Figure 3b). The same is true for P*J", where there is
also a counterclockwise ring current flowing both inside and outside the ring. Besides, P*J"
provides large positive [P"J"| values along the perimeter, leading to a strong paratropic ring



current strength for cyclobutadiene (-27.04 nA/T, see Table 1). Although the overestimation of
the magnetic response by the pseudo-r model can be a limiting factor for the study of
antiaromatic molecules,*>* qualitatively the magnetic behavior is correct and can be used as a
first approximation for the description of antiaromaticity. The model gives rather accurate ring-
current strengths for aromatic molecules but overestimates them and the B™, values for
antiaromatic molecules.’®* Notice that antiaromaticity and its prototypical paramagnetic
response has been discussed as being intimately related to the symmetry of the system.%
Additionally, the ring-current strengths of strongly antiaromatic molecules tend to be
overestimated when functionals with none or little Hartree-Fock exchange are employed. A
better agreement, with values obtained at the MP2 level, is achieved when the functional

includes at least 50% of Hartree-Fock exchange.!”1836-38

Naphthalene and anthracene

For naphthalene, the magnitude and shape of P*B™, are quite similar to those of the n-
component for B™. Only slight differences are perceived near the molecular plane (see Figure
S1). PrJ" reveals a ring current pathway around the perimeter of the molecule, very similar to
that provided by the m-electrons.3®4° In that case, the paratropic ring currents determined by the
total J" inside the rings originate from the c-electrons (see Figure S2).3°4° The positive and
negative contributions to the pseudo-n current density in the C4a-C8a bond are practically
negligible (£0.41 nA/T). In contrast, the positive and negative components are £7.72 nA/T for
the total J™, which also implies a considerable current density flow in the shared C-C bond
due to the c-electrons.

As Charistos et al. argued, the P"B™, computations reproduce the shape and values of
the true m-component.!* For naphthalene, both rings produce a similar size of shielding cone,
whereas for anthracene, the central ring cone is more prominent in magnitude and size, with
larger negative values at the central ring. However, this scalar field gives no information about
local or peripheral current pathways (see Figure S2). P*J" of anthracene is diatropic inside and
outside the carbon skeleton with a localized ring current in the central ring (see Figure S3). The
true m-component of J™ is practically identical to P*J"9.3%40 The integrated ring-current
strengths from %3 give rise local ring-current strength of 3.56 nA/T in the inner ring and a
peripheral pseudo-r ring-current of 12.90 nA/T, which is almost the same as for benzene. Thus,
the ring current of anthracene is slightly weaker than that of naphthalene, even though

anthracene has more mt-electrons.


https://paperpile.com/c/YK4CBO/0A7E

Coronene and kekulene

Coronene is another interesting polycyclic aromatic hydrocarbon (PAH) that exhibits
two concentric ring currents flowing in opposite directions.*!#? Since the m-response in
polycyclic systems is correctly emulated by the pseudo-m model, >4 we will hereafter
assume the T-component as the one predicted by such approach. The P*B™"Y, calculations show
a shielded response, which in the molecular plane has negative values even in the inner hub.
Thus, although the m-component of the shielding provides better correlation with the ring
currents, P"BI", (and also NICS) cannot identify the existence of the paratropic ring current of
the hub (Figure 4).

In contrast, P*J" indicates a paratropic ring current in the inner hub (the innermost
ring), while the ring current along the outer edge is diatropic (Figure 4). P*J™ produces a
diatropic peripheral ring current and an inner paratropic one in the central ring. In other words,
the paratropic flux (of -5.18 nA/T) due to the strong diatropic pseudo-m current (18.41 nA/T)
flowing around the coronene rim promotes a shielding cone that suppresses the deshielding
induced by the paratropic ring current of the inner hub. This is the reason why P*B'", does not
exhibit deshielded values in that ring. The ring-current strengths for the paratropic and diatropic
currents for the total calculation (-5.32 and 17.51 nA/T, respectively) are similar to those of
prJind (see Table 1). Compared to the total responses, the paratropic ring-current strength and
the P*B"M9, values of the hub are not overestimated as for cyclobutadiene. This probably occurs

because the inner central ring of the coronene is highly symmetrical.
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Figure 4. a) The total J™ (top) and »J" (bottom) calculated in the molecular plane of
coronene. The arrows indicate the direction of the current density. The |3 scale is given in
atomic units (1 a.u. = 100.63 nA/T/A?). b) The total B (left) and the B™ (right) calculated
in the transverse plane (top) and in the molecular plane (bottom) of coronene. The arrows show

the direction of B™, while the color scale denotes the strength of B,

Kekulene has been pointed out as superomatic.***® Like coronene, kekulene exhibits
counter-rotating currents.*® For systems of such size, the model becomes quite convenient
because a true T-component computation is very demanding on computational resources. P*J™"
in kekulene yields a fully diatropic ring current of 11.29 nA/T along the outer edge and a
paratropic current of -7.76 nA/T inside the inner kekulene contour. The six-membered rings
(6-MRs) between the corners of kekulene have an additional local pseudo-n ring current
(similar to that of anthracene) of 4.50 nA/T. These rings have more equidistant C-C bonds than
the corner rings. The total ring-current strengths do not differ significantly from those obtained
with P*J"9 revealing that m-electrons are responsible for the counter-rotating currents (Figure
5). The peripheral ring current is weaker than that of coronene, giving rise to a shielding cone
that does not entirely suppress the deshielding cone induced by the inner paratropic current,
leading to negative P"BMY, values at the center of kekulene. The local ring currents lead to
differences in the shielding inside the 6-MRs (Figure 5). Specifically, the "B, values are more

negative in the 6-MRs between the corners than at the corners, resulting from the local -
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circulations. These rings even exhibit positive B, values inside the ring. Finally, the ring-
current strength, calculated in a plane from the center of the molecule outwards intersecting
both current pathways, is weakly diatropic with a total ring-current strength of 1.83 nA/T,
which is half the value obtained with the pseudo-r model. In general, none of the values found
for the ring-current strengths or shielding can be associated with a superaromatic character.
Moreover, for the inner hub of kekulene, P*J" and P"B'"Y, do not seem to be overestimated. The
paratropic current can be considered as a superposition of the magnetic response of the

individual rings and, like coronene, the inner contour is symmetric.
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Figure 5. a) The total J" (top) and P*J"™¢ (bottom) calculated in the molecular plane of
kekulene. The arrows indicate the direction of the current density. The |J™| scale is given in
atomic units (1 a.u. = 100.63 nA/T/A?). b) The total B (left) and the P"B™(right) calculated
in the transverse plane (top) and in the molecular plane (bottom) of kekulene. The arrows show

the direction of B™, while the color scale denotes the strength of B,

Fullerene and guadiene

From a magnetic point of view, Ceo has been classified as non-aromatic.*”->° The B4,
plots of Ceo exhibit several local shielded and deshielded regions (Figure 6a), which could lead
to different responses depending on the orientation of the external field. "B, shows that the
inside of the cage is deshielded due to an inner paratropic current. P*J"™ reveals that the 6-MRs
form a spherical pathway around the entire molecule (see Figure 6b). However, the five-

11



membered rings (5-MRs) exhibit a somewhat overestimated dehieldings. In addition, the
spherical current is distorted due to the local paratropic ring currents in the 5-MRs. Previous
reports of the total J™ indicate a weak diatropic ring current when the magnetic field is applied
parallel to a Cs axis, but when the magnetic field is applied parallel to a Cs axis, a paratropic
ring current predominates. Besides, the spherical-like ring currents inside and outside the
carbon skeleton flow in opposite directions, paratropically and diatropically, respectively.*®
Compared to the total, P*J"™ provides a clearer picture of the paratropic and diatropic fluxes.
Table 2 lists the global ring-current strengths of Ceo calculated with the external field
perpendicularly to the six- (plane A) and 5-MRs (plane A*), respectively. The net pseudo-n
current strength is weakly (-1.76 nA/T) and strongly paratropic (-25.91 nA/T) when the
magnetic field is oriented parallel to the Cs and Cs axis, respectively, because the 5-MRs
maintain very strong local paratropic ring currents.*® So, strictly speaking, Ceo is not spherically
aromatic, regardless of the magnetic field orientation, the net pseudo-x ring-current strength is

paratropic conferring an antiaromatic character for Ceo.

a)

total pseudo-n Bj total pseudo-n
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Figure 6. a) The total B (left) and the P*B™ (right) calculated in a plane parallel (top) and a
perpendicular plane (z = 0) to the external field (bottom) for Ceo. The arrows show the direction
of B, while the color scale denotes the strength of B"%,. b) The total J™ (left) and P*J™ (right)
calculated 1 bohr outside (top) and 1 bohr inside (bottom) the molecular surface of fullerene
(Ceo). The arrows show the direction of the current density. The |J"| scale is given in atomic
units (1 a.u. = 100.63 nA/T/A?). The external field is parallel to the Cs axis.
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Table 2. Diatropic and paratropic contributions to the net ring-current strength (in nA/T) for
the nonplanar molecules computed at the B3LYP/def2-TZVP level. The position of the

integration planes is shown in Figure 1.

Molecule Plane total pseudo-mt
diatropic  paratropic net diatropic  paratropic net

Coeo A 45.87 -44.48 1.39 15.65 -17.42 -1.76

A* 37.15 -53.14 -15.99 9.00 -34.91 -25.91
Cr2 (gaudiene) A 56.96 -11.03 45.92 53.38 -0.34 53.04

A* 51.32 -11.35 39.96 48.71 -0.60 48.10
[7]helicene A 16.35 -4.26 12.09 13.25 -0.03 13.22

B 15.61 -4.90 10.71 12.08 0.00 12.08

C 15.76 -4.67 11.09 13.41 0.00 13.41

D 16.58 -4.62 11.95 12.94 0.00 12.94
[10]cyclophe A 2.24 -8.46 -6.22 0.09 -4.82 -4.73
nacene

B 5.27 -7.28 -2.01 1.87 -3.71 -1.84
Coo16 A 97.76 -60.05 37.75 215.22 -4.79 210.43
(toroidal) (314.28")  (-21.96")  (292.30" (417.907)  (-1.23")  (416.65'
Co196 A - - - 65.60 -5.90 59.68

(31432  (-0.36")  (313.96'

*Walues computed at the TPSS/def2-SVP level.

Gaudiene (C72) can be graph-theoretically constructed by edge subdivisions and
leapfrog transformations from cubic polyhedra or folding B-graphyne.5:>® Next, the edges of
eight hexadehydro[12]annulene rings form six four-sided rings (tetradehydro[12]annulenes)
belonging to the On point group.®**3 Gaudiene is expected to be spherically aromatic, according

to Hirsch’s rule® with n = 5. The holes are too large to allow a significant through-space current
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density, which is a prerequisite for true spherical aromaticity.>>% J" sustains strong global
diatropic ring currents along the carbon bonds (Figure 7a). Although the total magnetic
response of this cage has been reported,* P*J"" reveals a similarity to the total. From this, it
can be inferred that the large holes promote the c-electrons not to distort the current-density
topology considerably. The P*J" pathways inside and outside the cage lead to strong global
ring currents of 53.04 and 48.10 nA/T when the magnetic field is perpendicular to the 6-MRs
and four-membered rings (4-MRs), respectively (see Table 2). Then, gaudiene is an aromatic
sphere that gives rise to a shielding cone similar to benzene (Figure 7b). The P*B™, shielding
cone is relatively uniform when the magnetic field is perpendicular to a 6-MR and

perpendicular to the 4-MRs, respectively.
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Figure 7. a) The total J" (left) and P*J™ (right) calculated 1 bohr outside (top) and 1 bohr
inside (bottom) the molecular surface of gaudiene. The arrows show the direction of the current
density. The [J™| scale is given in atomic units (1 a.u. = 100.63 nA/T/A?). b) The total B
(left) and the P*B™M (right) calculated in a plane parallel (top) and a perpendicular plane (z = 0)
to the external field (bottom) for guadiene. The arrows show the direction of B™, while the
color scale denotes the strength of B™%,. The external field is perpendicular to a 4-MR.

[7]helicene

[7]helicene consists of seven 6-MRs fused and twisted around the symmetry axis,
forming a cylindrical helix. Since helicenes consist of several rings forming a nonplanar
structure with conjugated bonds and delocalized m-electrons, evaluating their aromatic

character based on studies of magnetic properties has led to different conclusions.>*° In the

14



case of the B analysis, the m-contribution to B, has a deshielded zone along the helical axis
that grows with the number of rings in the helicene, giving rise to anomalous shieldings in the
individual rings.%® This behavior is reproduced by our P*B™Y, computations. This deshielding
cone is a direct consequence of a diatropic P*J"™ flowing along the periphery and back into the
helical skeleton (see Figure 8). It is caused by the overlap of small external paramagnetic zones
of each ring. The ring-current strengths in Table 2 are those corresponding to each ring. The
terminal rings have stronger total ring currents, as Cherni et al. stated.>” However, P"J" of the
individual rings is diatropic with very similar ring-current strengths in the range of 12.08 -
13.41 nA/T, suggesting that all the 6-MRs have approximately the same degree of
delocalization despite stacking. Therefore, the correct diagnosis of aromaticity via magnetic
criteria must be carried out by considering the m-electrons contributions to the ring-current
strengths.

a) b)
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Figure 8. a) Streamlines representation of the total J™ (top) and P*J™ (bottom) calculated in
the molecular plane of [7]helicene. The arrows indicate the direction of the current density.
The || scale is given in atomic units (1 a.u. = 100.63 nA/T/A?). b) The isosurfaces of the
total B™; (left) and the P*B™, (right) of [7]helicene. The shielding (-10 ppm) and deshielding
(10 ppm) cones are shown in blue and red, respectively. The external field is parallel to the
helical axis.
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[10]cyclophenacene

[10]cyclophenacene is composed of 6-MRs zigzag fused to form a cylindrical belt.52-%
This molecule is considered a predecessor of carbon nanotubes (CNT) and the evaluation of its
magnetic response is challenging due to the presence of m-electrons wrapped in a cylinder.%5-8
Our P=J"" computations reveals paratropic and diatropic currents for external fields pointing
parallel (z-direction) and perpendicular (y-direction) to the axis of the belt, respectively (see
Figure S4). When the external magnetic field points in a direction perpendicular to the belt axis
(parallel to the y-axis), P*J"" has a more complex topology. This change of the tropicity with
respect to the orientation of the external field has also been discussed by Monaco and Zanasi
using the total J™ calculations.%® The total J™ shows small local current-density loops in the
individual rings and a clockwise and anticlockwise rotation of the current-density flux for the
upper and lower C-C bonds, respectively. P*J"™ suggests that the m-electrons create these
counter-rotating currents, and, therefore, the c-electrons induce the local loops shown in the
total J™. In the case where the external field points in the z-direction, P*J"™ exhibits a well-
defined paratropic circulation around the carbon belt. For the latter case, the ring-current
strengths from P*J" indicate that the net current is -6.57 nA/T composed of two paratropic
ring-current contributions of -4.73 and -1.84 nA/T alternating in each 6-MR (see Table 2),
about 20% weaker than the total one. In the case of a y-oriented external field, the global
cylindrical current strength is negligible (0.01 nA/T) because there are two counter-rotating
bond currents with strengths of 10.13 and -10.12 nA/T, respectively. Although the belt has a
paratropic pseudo-m current, it does not exhibit extremely strong values, even near the
molecular surface, implying that there is no overestimation as in planar antiaromatic molecules.

NICS(0) computations do not provide much information about the magnetic response
of this type of molecules, as Monaco and Zanasi also emphasized.%® However, our analysis of
B™ computed with an external field perpendicular to the z-direction, show the presence of a
pronounced deshielding cone inside the belt due to the predominant cylindrical paratropic ring
current, while the negative regions lie outside the belt (see Figure 8) in complete agreement
with the current-density computations. In contrast, the y-component of B™ (B",) is the main
component of B implying that the NICS; values are not suitable for evaluating the molecular
aromaticity of [10]cyclophenacene (Figure 8). The inner region of the belt is strongly shielded
because the field is directed perpendicularly to a 6-MR, resulting in a B™ that points in the

negative z-direction.
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Figure 8. a) The total B™ (left) and the P*B™ (right) calculated in the transverse plane (top)
and a perpendicular plane (z = 0) to the external field (bottom) of [10]cyclophenacene. The
external field is parallel to the belt axis (z-axis). b) The total B™ (left) and the P"B™ (right)
calculated in the transverse plane (top) and a parallel plane (z = 0) to the external field (bottom)
of [10]cyclophenacene. The external field is parallel to the belt axis (y-axis).

Toroidal nanotube Cazo16

In the case of cylindrical CNTs, the magnetic response depends strongly on the
structural parameters and the orientation of the external field with respect to the CNT.%"
When the external magnetic field is parallel to the CNT symmetry axis, the tube sustains (like
[10]cyclophenacene) strong counter-rotating inner and outer ring currents.'®®® When the
external magnetic field is perpendicular to the CNT, the current density is diatropic inside and
outside. Recently, Reiter et al.”? calculated the magnetically induced current densities of a
family of toroidal carbon nanotubes (TCNT) using the GIMIC method. When the external field
is applied along the torus symmetry axis, they found that TCNTs with HOMO-LUMO gaps
larger than 0.2 eV generally sustain weak global ring currents and that the ring-current strength
increases with increasing TCNT size. In addition, the ring-current strengths of these large
molecules depend on the functional employed, partly due to their large size.”? The largest
TCNTSs they studied (Czo16) Sustains a strong ring current of about 300 nA/T (at the TPSS/def2-
SVP level™). The chiral (6,3) C2016 TCNT also sustains a strong ring current around the tube
perpendicular to the torus. ? (6,3) Czo16 is an exciting molecule for the pseudo-n model because
the all-electron J™ calculations in molecules of this size are computationally demanding and

calculation of the T-component is infeasible.
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The total J™ and P*J™ for (6,3) Czo16 are show in Figure 9, where the streamline
representation displays the current-density flux inside and outside the TCNT surface. The ring-
current strengths were calculated at the B3LYP level and the TPSS for comparison with results
obtained in previous studies.’® The inner and outer J™ fluxes have the same tropicity, when the
external magnetic field is oriented along the torus symmetry axis. The inner J™ flux is though
somewhat weaker than that outside the surface. The total ring-current strength around the
TCNT produces a global strong diatropic current of 232.3 nA/T at the TPSS level,’? while
B3LYP leads to 37.35 nA/T (see Table 2). P*J" supports that the n-electrons are responsible
for the ring current since the ring-current strength is 416.7 nA/T and 210.43 nA/T at the TPSS
and B3LYP levels, respectively. The paratropic contributions to the global current density
consist mainly of local loops generated by the c-electrons. The J" chirality differs from that
obtained with P*J", In the total current-density calculation, the J" pathways form a zig-zag
pattern following the carbon framework. However, in P*J" the pathways are more regular than
those obtained in the total current-density calculation due to the absence of localized atomic
current-density vortices. This implies that the vector component of the total J" and PrJnd
perpendicular to the tube points in different directions, leading to different signs of the
magnetically induced anapole moment (also called toroidal moment).”*"® The P23 flux splits
at the 6-MRs and then rejoins again between the rings by coiling helically around the surface,

as seen in Figure 8.
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Figure 9. Streamlines representation of J™ showing the currents pathways flowing

diatropically outside (top) and inside (bottom) of the surface of the toroidal carbon nanotube

(C2016). The external field is parallel to the main axis of the torus.

The topology of these currents is well-known in plasma physics as tokamaks (helical
currents around a torus surface), which can be split into poloidal and toroidal current flows,
leading to a more complex magnetic behavior than that of an ideal toroidal solenoid.”®"® The
magnetic fields induced by such currents are susceptible to the geometric parameters of the
current density giving rise to helical magnetic fields (which can also be divided into a poloidal
and toroidal components) inside the torus and non-negligible magnetic fields even outside the
toroidal surface.’®® Figure 10 shows that the presence of the strong n-current flowing on the

outside and the inside the Czo16 toroidal surface of produces a marked shielding region inside
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the torus and a deshielding region on the outside of the torus. The strongest values of P*B"", are
found near the edges of the toroidal surface. P"B" and P*B"™, are non-negligible inside the
toroid (see Figure S5) indicating the presence of a poloidal induced magnetic field. However,
these components are considerably weaker than P*BY,, B forms concentric toroidal circles

around the torus surface.

100

— 0

-200
Bi}ld

(ppm)
Figure 10. P™B calculated in a molecular plane (left) and a perpendicular plane (right) for Czozs.
The arrows show the direction of P"B™, while the color scale denotes the strength of the P*BI"Y,.

The magnetic field is parallel to the toroidal axis.

The above discussion is more general than for Czo16, Which is used as an example. We
have also studied the magnetic response of (6,3) Cz196, Which is another chiral TCNT. It also
sustains a diatropic P*J™ that coils helically around the toroid both inside and outside the tube,
as predicted by the model (see Figure S6), leading to a ring-current strength of about 314 nA/T
and 59.68 nA/T, at the TPSS and B3LYP level, respectively (see Table 2), and a similar B9,
behavior as for Czo16 (See Figure S7). The ring-current strength of Cz196 is only slightly weaker
than for C2o16 suggesting that the m ring-current strength depends mainly on the topology of the
TCNT.
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Conclusions

We have used the pseudo-m model to estimate the m-contribution to the magnetically
induced current densities and the induced magnetic field in series of small and large planar
aromatic and antiaromatic molecules as well as for non-planar molecules such as TCNTs. PrJind
and P"B" agree well with data obtained in complete current-density calculations and magnetic
shielding calculations dissected in their orbital contributions. We have paid particular attention
to the m-component of the ring-current strengths because, unlike the standard total calculations,
it does not suffer from the core and s-electrons contamination. P*J™ of aromatic molecules are
prone to be purely diatropic. B shows that for PAHs, NICS-based indices could lead to
incorrect aromatic character of the individual rings even considering the m-component. For
example, P*J" support that naphthalene sustains a global ring current around the perimeter of
the molecule, which it is not directly evident from P*B". For coronene, "B inside the hub is
negative, whereas the P*J" analysis shows that its local ring current is paratropic, implying
that the aromatic character based on magnetic shielding needs to be carefully analyzed.
Although kekulene has a diatropic ring current along the perimeter and a paratropic ring current
along the inner ring, its magnetic shielding does not suffer from the same problems as coronene,
since the strengths of the two ring currents are almost the same, allowing to differentiate
through the B™; values that in the center there is a paratropic and a peripheral diatropic current.

For nonplanar structures, the pseudo-t model is quite useful, as it allows to elucidate
the magnetic response at the molecular surface of large molecules without the core and o-
electrons contamination, which is even more pronounced in nonplanar molecules such as
[10]cyclophenacene and TCNTs. P*J" of Cq is diatropic on the outside of the 6-MRs, while
the paratropic ring-currents of the 5-MRs introduce distortions in global diatropic ring current.
Ceo exhibits different tropicity on the outside and the inside of the cage, which is easily
perceived by plotting the P*J". For the TCNTSs, the total and P*J" have different pathways
leading to different chirality of the current density flux and magnetically induced anapole
moments. Thus, regardless of molecular size, n-electrons are the main actors in the electron
delocalization in these carbon molecules. Thus, the T-component of the ring-current strengths
for large size structures are estimated for the first time. These can be used as a direct indicator
of the electron delocalization in this kind of molecular structures. Even larger systems can be
studied; the molecular structures can be optimized at approximate levels of theory, whereas

calculations using the pseudo-n model involve only hydrogen atoms.
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