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Investigated molecules

NiL1 Ni(II) meso-substituted dibenzotetraaza[14]annulene complex

[NiL1]2 Ni(II) meso-substituted dibenzotetraaza[14]annulene complex (dimer)

H2L1 meso-substituted dibenzotetraaza[14]annulene (ligand only)

NiL2 Ni(II) dibenzotetraaza[14]annulene (unsubstituted)

H2L2 dibenzotetraaza[14]annulene (ligand only, unsubstituted)

NiL3 Ni(II) 1,5,9,13-tetraaza[16]annulene

ZnL3 Zn(II) 1,5,9,13-tetraaza[16]annulene

NiL4 Ni(II)(2Z,7Z,10Z,14Z)-1,9-dioxa-5,13-diazacyclohexadeca-2,7,10,14-tet-

raene-5,13-diide

ZnL4 Zn(II)(2Z,7Z,10Z,14Z)-1,9-dioxa-5,13-diazacyclohexadeca-2,7,10,14-tet-

raene-5,13-diide

[NiL4]2 Ni(II)(2Z,7Z,10Z,14Z)-1,9-dioxa-5,13-diazacyclohexadeca-2,7,10,14-tet-

raene-5,13-diide (dimer)
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1 Introduction

At present there is no routine experimental method that can give a picture of how

the electrons move in a molecule when an external magnetic �eld is applied to it.

Therefore studies of electronic motion in molecules under the in�uence of a magnetic

�eld are done theoretically and computationally. Quantum chemical calculations on

molecules can yield valuable information about, e.g., magnetic properties, bond

strengths and degree of aromaticity.

Antiaromatic molecules are interesting candidates in many areas of research like, for

example, in developement of electrode active material in rechargeable batteries and

organic thin-�lm semiconductors [1]. Among the reasons for that is the enhanced

stability in stacked form and higher conductivity of antiaromatic compounds com-

pared to aromatic compounds [2]. It has been theoretically showed by Bean and

Fowler that stacking molecules that are either aromatic or antiaromatic leads to

reversal of their aromaticity, so that a dimer consisting of antiaromatic subunits is

aromatic and vice versa [3]. Also a previous study by Nozawa [4] showed current-

density �ux vertically between the two metal ions in two stacked Ni(II)norrcorrole

subunits linked togehter by an aliphatic chain, a structure called cyclophene. The

interdeck �ow was con�rmed theoretically and indicated in the results from their

experimental investigation. The reversed antiaromaticity gives rise to attractive

intermolecular forces that are the cause of the increased stability of stacked an-

tiaromatic molecules [5]. As a result, the antiaromatic subunites in cyclophanes

keep their planar structure, in contrast to aromatic subunits which lose their planar

structure when stacked [6].

The aim of this study is to investigate whether there is a magnetically induced

current-density vortex between the nickel ions in the subunits of a dimer consisting

of Ni(II) meso-substituted dibenzotetraaza[14]annulene complex units. A further

study on small model systems of [16]annulenes was performed, where the e�ect of

the metal atom as well as the heteroatoms was investigated by replacing Ni(II) with

Zn(II) and N with O. The gauge-including magnetically induced current method

has been used in this study together with TURBOMOLE [7, 8] for the electronic

structure calculations and Paraview [9] for visualisation of the current-density path-

ways.

1.1 The Ni(II)meso-substituted dibenzotetraaza[14]annulene

complex

The Ni(II) meso-substituted dibenzotetraaza[14]annulene complex seen in �gure 1

could possibly possess the desired properties described in the previous section. The
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Figure 1: The Ni(II) meso-substituted dibenzotetraaza[14]annulene complex.

dibenzotetraaza[14]annulene ring contains 10 carbon atoms, 4 nitrogen atoms and a

formal charge of -2 that makes up a 16 conjugate π electron pathway and thereby

ful�lls the Hückel rule for being antiaromatic. In general, antiaromatic molecules

are di�cult to synthesize because they are so unstable. However, the Ni(II) meso-

substituted dibenzotetraaza[14]annulene complex has been synthesized by Khaledi

[10] and characterized by Rabaâ et al [11]. In crystalline form, the Ni complex

has a structure where planar Ni(II) meso-substituted dibenzotetraaza[14]annulene

moieties are stacked on top of each other and staggered by 22◦, with a 3.448 Å

separation between the Ni ions. The molecules in the crystal are held toghether

by hydrogen bonds between the methyl hydrogens and the nitrogen in the indonle-

nine [11]. In their study, Rabaâ et al suggest that these hydrogen bonds make the

Ni(II) meso-substituted dibenzotetraaza[14]annulene units get closer to each other

as compared to a dimer consisting of unsubstituted Ni(II) meso-substituted diben-

zotetraaza[14]annulene units [11]. In solid state, the e�ective magnetic moment of

Ni(II) meso-substituted dibenzotetraaza[14]annulene changes from being diamag-

netic to being paramagnetic upon increasing the temperature above 13 K which

is unusual. In solution, it exhibits diamagnetic character as expected for a square

planar Ni(II) complex. The suggested explanation by Rabaâ et al for this unusual

behaviour is that there might be a weak interaction between the Ni ions [11]. It has

been suggested that in the solid state the Ni(L) units couple to a singlet [11].
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2 Quantum Chemistry

In quantum chemistry, quantum mechanics is applied to study chemical systems.

The name quantum mechanics stems from the fact that the energy of elementary

particles comes in portions and is said to be quantized [12]. In contrast to classical

physics, where photons are regarded as electromagnetic waves and electrons are

regarded as particles, in quantum theory photons and electrons are described as

having characteristics of both waves and particles. Einstein gave the theoretical

explanation for the photoelectric e�ect [13], which shows that photons are also

particles and electrons show wavelike behavor such as di�raction [14]. In addition

to this dual behaviour, it is also seen that the energy of photons and electrons

comes in discrete values instead of a continuous spectrum as predicted by classical

physics. This was �rst described in 1900 when the German physisist Max Planck

was studying black body radiation and suggested that a blackbody could only emit

light with energy E = hv, where h is called Planck's constant [12].

The momentum and the exact position of an electron cannot be measured simulta-

neously, which is stated by Heisenberg's uncertainty principle [15],

∆x∆px > ~, (1)

where ∆x is the uncertainty in the x-coordinate of the position of the electron, ∆px

is the uncertainty in the momentum of the electron and ~ = h/2π is the reduced

Planck constant also known as Dirac's constant [16, 17].

-

2.1 The Schrödinger equation

The Schrödinger equation contains information about the electronic state of an atom

or molecule [18�21]. The time-independent Schrödinger equation is

EΨ = ĤΨ, (2)

where the eigenvalue E is the energy of the molecule, the wave function Ψ is a

function of the coordinates and the spin of the electrons in the molecule, and the

operator Ĥ is called the Hamiltonian,

Ĥ = − ~2

2m
∇2 + V. (3)

The square of the wave function of a particle is a probability density function that

describes the probability of �nding the particle somewhere in the de�ned region
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between a and b,
b∫

a

|Ψ(x, t)|2dx = P (a 6 x > b) (4)

A wave function that satis�es equation 5 is said to be normalized which means that

the particle is somewhere, i.e., the probability of �nding the electron in the given

volume is equal to 1,
∞∫

−∞

|Ψ(x, t)|2dx = 1. (5)

According to the Born-Oppenheimer approximation, the wave funciton of a many-

electron system can be separated into a product of one wave function for the electrons

and one for the nuclei [22]. The nuclei are considered stationary when solving the

Schrödinger equation of the electrons since the nuclei move very slowly compared

to the electrons. To satisfy the Pauli exclusion principle [23], the wave function has

to be antisymmetric, so that interchanging any pair of electrons also changes the

sign of the wave function. Since there cannot be two di�erent probabilities for the

electron to be at a speci�c position, the wave function need to be single-valued. It

also needs to be continuous, �nite, square-integrable and have a continuous slope

everywhere with exception at the cusp at the nucleus where the potential is in�nite.

Since all observables are real, the eigenvalue of the operator Ĥ must also be real

and therefore hermiticity of Ĥ is important.

The energy and the wave function are solved for by imposing boundary conditions,

and �nding E and Ψ that will meet the boundary conditions.

2.2 The Hartree-Fock self-consistent-�eld method

In the Hartree self-consistent-�eld (SCF) method, the Schrödinger equation with ap-

plication of the Born-Oppenheimer approximation is being solved by approximating

the wave function as a product called the Hartree product [24],

ΨHP (r1, r2, · · · , rN) = φ1(r1)φ2(r2) · · ·φN(rN), (6)

The above equation is correct for bosons but not for fermions since it does not take

into account antisymmetry. In a Hartree-Fock (HF) calculation [25, 26] antisym-

metrized one-electron spin-orbitals replaces the spatial orbitals that are used in the

Hartree SCF method. A spin-orbital is a spatial orbital multiplied with a spin func-

tion, that is either an α or a β spin function. The wave function of the whole system

is written as a Slater determinant that includes all the spin-orbitals of the system

7



[27],

Ψ(x1, x2, ...xN) =
1√
N !

∣∣∣∣∣∣∣∣∣∣
φ1(x1) φ2(x1) . . . φN(x1)

φ1(x2) φ2(x2) . . . φN(x2)
...

...
...

φ1(xN) φ2(xN) ... φN(xN)

∣∣∣∣∣∣∣∣∣∣
. (7)

Slater determinants are antisymmetric and thereby satisfy the Pauli principle, which

states that a spin-orbital can not be occupied by more than one electron [23]. From

this expression of the wave function it follows that the electrons cannot be distin-

guished from each other and an electron can occupy any orbital. The electrons are

assumed to move independently of each other through an electric �eld created by all

other electrons, and therefore, HF is a "mean-�eld" theory. The only impacts that

each electron experiences from the other electrons are the Coulomb repulsion and

the exchange interaction, of which the later has no explanation in classical physics

but results from the wave function being antisymmetric.

According to the variational theorem the energy calculated with any approximate

wave function is equal to or higher than the true energy of the molecule [28]. There-

fore a calculated energy that has been minimized will be the energy that is the

closest possible to, but never lower than, the true energy.

The orbitals are expanded into basis functions, with hydrogen-like orbitals as an

initial guess, and the energy, EHF , is minimized by varying the expansion coe�cients

of the orbitals. When the orbitals are changed, each electron experiences a di�erent

interaction with the other electrons, hence, giving the name self-consistent-�eld

(SCF) approach to the iterative Hartree-Fock procedure. Iterations are repeated

until the energy does not change signi�cantly between iterations. The Hartree-Fock

electronic energy expression [25] is obtained by left multiplication of the electronic

Schrödinger equation with 〈φel|. With the wave function expressed as a Slater

determinant, the Hartree-Fock energy expression for a closed-shell molecule becomes

EHF = 2

n/2∑
i=1

〈φi(1)|Ĥcore
(1) |φi(1)〉+

n/2∑
j=1

(2Jij −Kij) + VNN , (8)

where the one electron operator is called the Fock operator. The the �rst term in

the Fock operator is the one-electron core Hamiltonian

Ĥcore
(i) = −1

2
∇2
i −

Σα

riα
(9)

and the second term is the two-electron operator. In equation 8 the notations Jij
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and Kij stand for the Coulomb integral and the exchange integral respectively,

Jij = 〈φi(1)φj(2)|1/r12|φi(1)φj(2)〉, (10)

Kij = 〈φi(1)φj(2)|1/r12|φj(1)φi(2)〉. (11)

The Coulomb integral represents the Coulomb repulsion between the electrons in

orbitals i and j. The exchange integral is a consequence of the wave function being

antisymmetric and describes the interaction between the electrons when they are

being swapped. The Hartree-Fock equation for one electron is thus

F̂ (x1)φi(x1) = εiφi(x1), (12)

where F̂ is the Fock operator and the eigenvalue, εi, is the energy of the electron.

2.3 Linear combination of atomic orbitals

Representing the Hartree-Fock orbitals as a linear combination of a complete set of

atomic orbital basis functions yields the Roothaan equations [29, 30]. The orbitals

are expanded into basis functions, χµ,

φi =
∑
µ

cµiχµ. (13)

Insertion of the expanded orbitals into equation 12 yields

F̂ (x1)
∑
µ

cµiχµ(x1) = εi
∑
µ

cµiχµ(x1) (14)

Left multiplication of equation 14 with χv∗ and integration yields matrix equations

that can be simply�ed into

FC = SCε (15)

by using matrix element notation. This way the wave functions can be found us-

ing matrix algebra instead of numerical integration which was the original way of

performing Hartree-Fock atomic calculations. The χµ functions form a complete

set of basis functions and the expansion coe�cients cµi are determined by the SCF

iterative proceedure. In practice though, it is not possible to have a complete orbital

basis set, so calculations are done with basis sets that are large enough to accurately

describe the molecular wave function, while still being computationally feasible.
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2.4 Basis sets

There are many di�erent types of atomic orbital basis sets but the most commonly

used types are Slater type orbitals, STOs, and Gaussian type orbitals, GTOs, which

approximate STOs [31]. The normalized form of STOs in Hartree atomic units is

[32]

Nrn−1e−ζrY m
l (θ, φ), (16)

where N is the normalisation constant, the parameter ζ in the radial factor is the

orbital exponent and Y m
l is a spherical harmonic. The orbital exponent can be

any positive value, l and n take the values 0, 1, 2..., and m can take both positive

and negative integer values. When doing calculations on molecules, each nucleus is

a center for one or more STOs. A minimal STO basis set has one STO for each

atomic orbital in each atom. A double-zeta basis set consists of two STO, with two

di�erent values for ζ for each atomic orbital. A split-valence basis set employs a

minimal basis set for the inner-shell atomic orbitals and a double-zeta basis set for

the valence atomic orbitals. Sometimes basis set overlap occurs which results in

lower calculated energy. This happens when a function centered on one atom also

becomes a basis function for another part of the molecule with a di�erent center.

This error is called a basis-set superposition error, BSSE.

Calculations with STOs becomes very time consuming, and sometimes not accurate

enough, since two-electron integrals with multiple centers have to be calculated

numerically instead of analytically. Therefore, GTOs are more commonly used even

though the hydrogen-like shape of STOs is physically more reasonable. GTOs can

be expressed either as spherical Gaussians or as Cartesian Gaussians that can be

combined to obtain functions with the same geometrical form as spherical Gaussians.

The number of linearly independent combinations of Cartesian functions of d or

higher type is more than the number of spherical functions of the same type. Not

all linear combinations of Cartesian Gaussians have the same geometrical form as

its respective spherical Gaussian and therefore, it is necessary to choose the right

combinations that actually yield the proper form. Since the complete orbital basis

set is being approximated with a �nite basis set, a truncation error will follow, which

is called the basis-set truncation error, BSTE [33].

Polarized functions have increased geometrical �exibility which is useful when de-

scribing the shape that the orbitals have close to atoms. They are also necessary

for describing the electron correlation in post-Hartree-Fock methods. Polarisation

is the distortion of the atomic orbital when it forms a bond in a molecule. A p-, d-

or f -type basis function is included in the basis set of an s, p or d orbital to better

describe the distorted shape of that orbital.

In this study, the def2-TZVP basis set is employed in all calculations. This basis set
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is an example of an GTO basis set where TZ stands for triple-ζ, V for valence and

P means polarisation.

2.5 Perturbation theory

In 1934 a perturbation theory that applies to molecular electronic structure calcu-

lations was derived by Møller and Plesset [34]. The method is a so called post-

Hartree-Fock method, which is a method used to improve the results of a Hartree-

Fock calculation. The energy and the wave function of the Schrödinger equation

can be written as a power series [20, 35]

En = E(0)
n + λE(1)

n + λ2E(2)
n + ... , (17)

ψn = ψ(0)
n + λψ(1)

n + λ2ψ(2)
n + ... . (18)

The Hartree-Fock energy is the zeroth-order energy plus the �rst-order energy. In

perturbation theory, the Hamiltonian is separated into two parts, one for the un-

perturbed system, Ĥ0, this is the Fock operator, and one for the perturbation, Ĥ ′.

The Hamiltonian in the perturbed system is

Ĥ = Ĥ0 + λĤ ′, (19)

where λ is a parameter for the magnitude of the perturbation. In contrast to the

variational Hartree-Fock method, perturbation theory can yield energies that are

lower than the true energy.

2.6 Density functional theory

Density functional theory, DFT, is based on the electron density instead of the

wave function according to the Hohenberg-Kohn theorems [36]. The �rst theorem

states that the external potential is uniquely determined by the ground-state electron

density [36]. In turn, the external potential determines the Hamiltonian and the

ground state wave function. Therefore, the energy of the molecule, E[ρ], can be

described as a functional of the electron density determined by the wave function,

ρ(r) =
∑
m

|ψm(r)|2, (20)

where ρ is a function of the spatial coordinates. The �rst Hohenberg-Kohn theorem

does not reveal anything about how the functional actually looks like, only that it
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exists. The Kohn-Sham energy functional [37],

EKS[ρ(r)] = Ts[ρ(s)] + EeN [ρ(r)] + J [ρ(r)] + EXC [ρ(r)], (21)

contains terms for the kinetic energy, Ts, the attraction between electron and nuclei,

EeN , and the Coulomb repulsion between electrons, J . The expressions for EeN and

J are known and the expression for Ts is given by the Hartree-Fock method. The

exchange-correlation functional, EXC , is a term for all the other unknown contri-

butions that are needed to obtain the exact functional. It represents the di�erence

between the true functional and the part of EKS that are known.

The second Hohenberg-Kohn theorem states that the ground-state electron density

minimizes the energy functional so that the obtained energy is always greater than

or equal to the ground-state energy [36]. The Kohn-Sham equations [37],[
−1

2
∇2 + vKS(r)

]
ψi(r) = εiψi(r), (22)

are solved iteratively and self-consistently like the Hartee-Fock equation. The orbital

energies are given by ε, and vKS is the exchange-correlation potential. The major

di�erence between the Hartree-Fock and the Kohn-Sham equations is the exchange-

correlation functional in place of the exchange integral in the Hartree-Fock equation.

The exchange-correlation potential is given by

vKS(r) = vext(r) + vJ(r) + vXC(r), (23)

where vext is the external potential that is created by the nuclei, vJ is the potential

created by the electrostatic repulsion and vXC is the exchange-correlation potential.

DFT is an exact theory but EXC is not known and needs to be approximated. There

are practically in�nitely many ways to de�ne EXC and various approximations are

known. These approximations are given in Jacob's ladder according to accuracy of

the energy, where each step up the ladder is an improvement [38]. The Hartree-

Fock method lies at the base level and chemical accuracy is at the top. The local

density approximation, LDA, is the most basic approximation but it is inaccurate

for many molecular systems and therefore it is found at the bottom of the ladder.

In LDA the electron is assumed to be moving in a homogenous electron gas and the

electron density is taken only at particular points [39, 40]. The generalized gradient

approximation, GGA, is found on the second rung of the ladder. In GGA, also

the e�ects of an inhomogenous electron gas are taken into account by including the

gradient of the electron density [41]. The second derivative is included in meta-

GGAs, which are found at the third rung of the ladder, but it is replaced with the

kinetic energy density since it is numerically more stable [42]. Hybrid functionals can
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be derived from both GGA and meta-GGA functionals. They incorporate a portion

of HF exchange into DFT [43]. Among the most popular ones is B3LYP with Beckes

B88 exchange functional [44] and Lee Yang and Parr correlation functional [45]. The

fourth rung of the ladder contains the fully non-local functionals.

Chemical accuracy=heaven

Fully non-local EMP2−like
c

Hybrid Meta GGA ExHartree B1B95 [44, 46], BB1K [44, 46, 47]

Hybrid GGA B3LYP [44, 45, 48], B3P86 [44, 49]

Meta GGA τ or ∇2ρ(r) BB95 [44, 46], VSXC [50]

GGA ∇ρ(r) BLYP [44, 45], BPW91 [44, 51, 52]

LDA ρ(r)

Hartree-Fock level = earth

Van-der-Waals forces, also known as dispersion forces, are attractive forces that arise

from the �uctuating polarisations that take place in the electronic structure of all

molecules [53, 54]. These forces are not being corrected for in the models at the lower

end of Jacob's ladder and therefore a semi-empirical dispersion correction, Edisp, is

usually added to EKS to account for the dispersion interactions. The dispersion

correction is de�ned as

Edisp =
1

2

∑
A 6=B

snC
AB
n

Rn
AB

fdamp(RAB), (24)

where RAB is the distance between atoms A and B, sn are the scaling factors and

CAB
n is the n-th order coe�cients [55]. The damping function fdamp(RAB) is [56]

fdamp(RAB) =
1

1 + n( RAB
sr,nR0

)−αn
, (25)

where the exponent αn is a �tting parameter [57]. First-order dispersion interactions

have an r−6 dependence on the distance and therefore, it is unusual to go to higher

orders than n = 6.

In a Hartree-Fock calculation, the Coulomb and the exchange integrals will cancel

each other for matching indices of the basis functions, i = j, which means that the

error of calculating the interaction of an electron with itself is avoided. In DFT

however, the self-interaction error is not cancelled automatically in the exchange-

correlation integral, so that has to be corrected for in other ways.
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2.7 Nuclear shielding constants

The NMR chemical shift, δ, for a nucleus or a group of nuclei can be extracted from

the NMR spectrum of a compound. The abscissa of an NMR spectrum is expressed

in the delta scale

δ =
v − v◦

v◦
× 106, (26)

where v is the frequency at which an atom comes into resonance and v◦ is that

for a standard reference [58, 59]. The electrons that surround a nucleus have a

shielding e�ect on that nucleus and therefore, nuclei situated in di�erent parts of a

molecule will experience a magnetic �eld of di�erent magnitude. Nuclear shielding

determines the exact resonance frequency, with more deshielded nuclei to the left

side and more shielded nuclei to the right side of the NMR spectrum. Deshielding

occurs when electron-withdrawing groups decrease the electron density close to a

nucleus and causes a larger chemical shift. The bonding situation, electronegativity,

and magnetic anisotropy caused by π systems are the three most important features

that a�ect how much a nucleus is shielded. The de�nition of the shielding constant,

σ, is given by

δB = −σB0, (27)

where B0 is the magnetic �eld along one direction and δB is the magnetic �eld close

to nucleus that is a result from the altered electron currents that are due to the

applied magnetic �eld [60, 61]. Due to molecular tumbling, the magnetic �eld is

experienced by molecules from all directions and hence it is the isotropic shielding

constant that is measured. The relation between δ and σ is

δ ≈ (σ◦ − σ)× 106 (28)

It has been suggested that there are three di�erent e�ects that contribute to the

shielding constant,

σ = σ(local) + σ(neighbour) + σ(solvent), (29)

where the local contribution comes from the electrons surrounding the nucleus, the

neighbouring group contribution comes from the other nuclei in the molecule and

the solvent contribution comes from the molecules in the solvent [62, 63]. Shielding

constants can be calculated from the electron density and the excitation energies of

a molecule.

Predictions of chemical shifts and shielding constants can be calculated by means

of traditional ab initio methods, but the most commonly used method for obtaining

them is perturbation theory since it provides high accuracy. The shielding tensor is
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a rank-2 tensor consisting of the second derivative of the energy with respect to the

external magnetic �eld and the magnetic moment of the nuclei [61]. The element of

the shielding tensor, σαβ, is expressed in the following way

σαβ =
d2E

dmαdBβ

(30)

where α and β ∈ x, y, z. The isotropic shielding constant is calculated as the average
of the three principal tensor components, σxx, σyy and σzz, from the shielding tensor.

2.8 Magnetically induced current densities

Placing a molecule in a magnetic �eld causes changes in the electronic structure and

gives rise to current densities in the molecule [64]. Electron density is represented

as a scalar �eld while current density is represented as a vector �eld since it has

both magnitude and direction. The de�nition of electronic current density is the

electronic �ux density multiplied by the charge of the electron,

J0 = − e

2me

(ψ∗0pψ0 + ψ0pψ
∗
0). (31)

When B = 0 also J0 = 0. When B 6= 0 the expression for the current densitiy,

induced by B, is

JB = − e

2me

[ψ∗(p+ eA)ψ + ψ(p+ eA)∗ψ∗, (32)

where p + eA is the kinetic momentum operator. Another way of expressing mag-

netically induced current density is

JB = − e2

me

A[ψ
(0)
0 ]2 − i e~

2me

∑
n6=0

(an − a∗n)(ψ(0)
n ∇ψ

(0)
0 − ψ

(0)
0 ∇ψ(0)

n ), (33)

where an are the expansion coe�cients of the perturbed wave function ψn that

equation 32 has been expanded in. The reason to why JB is complex is the fact that

p = −i∇.
A molecule in a magnetic �eld has many current density domains that are separated

by nodal surfaces where the current density is zero [65�68]. The direction of the

current �ow in these domains is represented by its tropicity. Vortices that �ow in a

clockwise direction when the magnetic �eld vector point toward the viewer are said

to be diatropic and vortices with a counter-clockwise �ow are said to be paratropic,

which is the same principle as for Lenz's law and the right hand rule. As is seen

in equation 33, JB can be divided into two terms, a diamagnetic term, JBd , and a

paramagnetic term, JBp respectively. Both diatropic and paratropic current vortices
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can be rendered by JBp while JBd only gives rise to diatropic ones. However, this

division is formal and not the same as the tropicity of the molecule, which is a

real property. Dia- or paramagnetic current density has no real physical meaning,

only the sum of them exists in reality. Experimentally magnetically induced current

densities have been observed in studies of neutron scattering [69, 70].

2.9 Aromaticity and antiaromaticity

Aromatic compounds are particularly stable molecules with planar cyclic structures

that have conjugated systems of electrons. Delocalized π electrons are distributed

around the whole ring, which makes the compound unreactive even though they have

unsaturated bonds. Antiaromatic compounds also have planar cyclic structures with

conjugated electron pathways but, contrary to aromatic molecules, they are notably

unstable. According to the Hückel rule [71�73], the number of π electrons in aromatic

compounds is 4n + 2 and in antiaromatic compounds it is 4n, with n = 0, 1, 2...,

but there are exceptions to this rule [74]. As a result of the delocalisation of the

ring, aromatic molecules do not have distinct single and double bonds. Instead, all

bonds are of equal length that lies between the typical length of single and double

bonds.

According to the ring-current model [64], placing an aromatic molecule in an external

magnetic �eld, B0, gives rise to diatropic currents that generate a magnetic �eld

with opposite direction to B0. This induced �eld reduces B0 on the inside of the

molecule, but on the outside of the molecule the anisotropy of the induced �eld

causes B0 to be reinforced by the diatropic ring current. Therefore, the chemical

shifts of the outer protons in aromatic molecules are far down�eld, which is a typical

property of aromatic compounds. For an antiaromatic molecule the magnetically

induced current is paratropic and the magnetic �eld generated by it is in the same

direction as B0 [64]. Also, non-aromatic molecules have either weak or strong, dia-

and paratropic currents but they cancel each other out so that the net ring-current

strength is close to zero. Assuming this de�nition holds, it is possible to provide

information on the aromaticity of molecules by studies of current density.

3 Computational Methods

In 1984 Böhm et al studied parallel 4n π electron systems with the intention to

investigate the interaction between π electrons that could result in interdeck stabi-

lization between two segments in a dimer [5]. They used the method of modi�ed

intermediate neglect of di�erential overlap on two di�erent cyclophanes consisting of

two cyclophanes - a pentalene dimer and an s-indacene dimer with distances rang-
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ing between 2 and 5 Å. The result of their study did not show interaction between

π electrons but based on their experience of preparing stable monomeric pentalene

and s-indacene derivatives they suggested that synthesis of phanes carrying di�erent

types of methylated substituents, transition metals, bridging patterns and electron-

donating or withdrawing groups might possess unusual properties. During the fol-

lowing two decades, several studies were done looking for 3D current-density path-

ways in superphanes consisting of benzenoid arene subunits with bridging chains.

In 2007, Corminboeuf et al did nucleus independent chemical shift calculations on

methano-bridged superphanes with either two aromatic or two antiaromatic annu-

lene rings [75]. Their study showed that the cyclophanes consisting of antiaromatic

annulenes were aromatic and vice versa. The study also shows that the distance

between the stacked antiaromatic rings was shorter compared to the distance be-

tween the benzenoid rings. This shows that there are attractive forces between the

subunits that have a stabilizing e�ect on the cyclophane structure.

In 2008, Bean and Fowler visualized induced current densities in two di�erent su-

perphanes where one consisted of two benzene rings and the other consisted of two

cyclooctatetraene rings [3]. The chosen method was the ipsocentric method and their

results showed reversal of antiaromaticity in the stacked cyclooctatetraene rings in

the superphane. The pathways seen in the current-density maps in their study are

not mediated via the CH2 bridges but come from through-space interaction between

the subunits.

In 2016, Nozawa et al synthesized closely stacked antiaromatic π-conjugated sys-

tems consisting of Ni(II) norcorrole units that showed signi�cantly diminished an-

tiaromaticity, enhanced stability, bond length equalization and e�ective electronic

delocalization compaired to the Ni(II) norcorrole monomer [76]. Notable down�eld

shifts of the proton signals were seen for the stacked norcorrole dimer in the 1H NMR

spectrum. In their visualisation of the ring currents using anisotropy of the induced

current density plots, it is seen that these shifts originate from the weakened antiaro-

maticity of the subunits in the stacked norcorrole dimer. The nucleus-independent

chemical shift plots that were done in the study together with the observed bond

length equalization in the crystal structure of the stacked norcorrole dimer show

that when two antiaromatic π-conjugated systems are stacked close together their

antiaromaticity is substantially decreased. They also did natural bond orbital anal-

yses on diphenylnorcorrole Ni(II) complex and a similar aromatic Ni(II) porphyrin

dimer that showed much stronger intermolecular orbital interactions in the monomer

compared to the dimer. This indicates signi�cantly stronger donor-acceptor inter-

actions between the π* orbitals on one subunit and the occupied orbitals on the

carbon atoms on the other subunit. This leads to the stacking of the antiaromatic

subunits in the diphenylnorcorrole Ni(II) complex dimer and the repulsive forces
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between the π electrons in the porphyrine dimer.

In another study by Nozawa et al from 2019, they did theoretical investigation of

a cyclophane with norcorrole Ni(II) complex subunits with bithiophene linkers and

found decreased aromaticity and three-dimensional spatial current channels between

the subunits [4]. They investigated the conformation of the norcorrole Ni(II) com-

plex cyclophane at the DFT level and did experimental evaluation of the ring current

on the basis of its 1H NMR spectrum. They also examined the ring-current e�ects

in both cyclophane and monomer-linker by estimation of the nucleus-independent

chemical shift values from x-ray structures using DFT calculations. In the study,

the aromatic nature of the norcorrole Ni(II) complex subunits in the cyclophane

was con�rmed by current-density analysis using the gauge-including magnetically

induced current method. Through-space interplanar current density pathways were

found in the anisotropy of the induced current density plot. The interaction be-

tween the subunits in the cyclophane was investigated in the study by measuring

and comparing the ultraviolet (UV)/visible/near infrared (NIR) absorption spectra

of the cyclophane and the norcorrole Ni(II) monomer. To �nd out what is the origin

of the attractive forces between the subunits in the norrcorrole Ni(II) cyclophane,

they performed an energy decomposition analysis on a simpli�ed model consisting of

the same cyclophane but without bithiophene linkers. The results showed that the

stabilizing forces that hold the dimer together are dispersion interactions and charge

transfer across the dimer. Energy decomposition analysis was done for the dimers

both with and without Ni atoms. The results from these analyses showed that the

presence of Ni atoms enhances the charge-transfer interactions and thereby con-

tributes to the stabilization of the cyclophane. The delocalized molecular orbitals

and the higher two-photon absorption cross-section value of the norcorrole Ni(II)

cyclophane compared to the norcorrole Ni(II) monomer con�rmed that the π elec-

trons are delocalized between the two norcorrole subunits in the cyclophane. They

measured the femtosecond transient absorption spectra on both the cyclophane and

the monomer alone, indicating an increased density of electronic states that come

from Ni�Ni interactions.

3.1 The gauge-including magnetically induced currents method

The gauge-including magnetically induced currents method (GIMIC) is a compu-

tational method for calculating the induced current densities in molecules exposed

to an external magnetical �eld at the limit of a vanishing magnetic �eld [77, 78].

The calculated current strength and the tropicity can be used to determine the aro-

matic character of a molecule. The dominant current-density pathways in aromatic

molecules are diatropic while in antiaromatic molecules they are paratropic. The
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magnetically induced current density susceptibility, J Bβ
α , is the �rst-order term in

the Taylor expansion of the magnetically induced current density, JBα . The current

density susceptibility tensor elements are given by the derivatives of the magnetic

�eld and the current density components [77, 79],

J Bβ
α =

∂JBα (r)

∂Bβ

, (34)

with α and β ∈ {x, y, z}. The expression for the magnetically induced current den-

sity in GIMIC is derived from two di�erent expressions for the orbital contribution

to the nuclear magnetic shielding tensor for a nucleus. One of them is the analyt-

ical gradient expression and the other is the Biot-Savart expression in which J Bβ
α

appears,

J Bβ
α (r) =

∑
µv

Dµv

∂χ∗µ(r)

∂Bβ

∂h̃

∂mK
α

χv(r) +
∑
µv

Dµvχ
∗
µ(r)

∂h̃

∂mK
α

∂χv(r)

∂Bβ

+
∑
µv

∂Dµv

∂Bβ

χ∗µ(r)
∂h̃

∂mK
α

χv(r)−
∑
δ

εαβδ
∑
µv

Dµvχ
∗
µ(r)

∂2h̃

∂mK
α ∂Bδ

χv(r), (35)

where the εαβδ is the Levi-Civita tensor. The terms

∂h(r)

∂mK
= (r−RK)× p (36)

and
∂2h(r)

∂mK∂B
=

1

2
[(r−RO) · (r−RK)1− (r−RO)(r−RK)] (37)

represent the magnetic interaction where RO is the gauge origin and RK is the

position of the nucleus K. The gauge-dependent terms vanish when using gauge-

including atomic orbitals (GIAOs) that have the following de�nition

ωK(r,ABK) = exp(−ir ·ABK)χK(r), (38)

where χK(r) stands for GTO basis functions [54]. When calculating the magnetic

properties of a molecule, it is possible to have di�erent gauge origins for di�erent

points in space [80]. In GIAOs, the gauge origin is set at the nucleus that the orbital

belongs to. The factor ABK(r) in the exponent is the magnetic vector potential of

the external magneic �eld,

ABK(r) =
1

2
B× (RK −O). (39)

A molecular electronic structure calculation is the �rst step when doing GIMIC
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calculations and the information obtained through it is compressed into the density

matrices. Therefore, calculations of magnetically induced current densities with

the GIMIC method are not dependent on the employed computational level of the

electronic structure calculation.

3.2 Previous studies on the Ni(II) dibenzotetraaza[14]annulene

complex

Planar Ni(II) dibenzotetraaza[14]annulene complex has been synthezised and ex-

perimentally characterized by Khaled et al [10]. They performed measurements of

the magnetic susceptibility in di�erent temperatures and thereby revealed a strong

temperature dependence of the e�ective magnetic moment of the solid-state Ni(II)

dibenzotetraaza[14]annulene. In 2015 Rabaâ et al calculated the energy splitting be-

tween the lowest singlet and triplet states of the Ni(II) dibenzotetraaza[14]annulene

dimer in order to �nd an explanation for the unusual magnetic property [11]. The

energy calculations in the study were done as single-point calculations at the second-

order Møller-Plesset perturbation (MP2), spin-component scaled MP2, and scaled-

opposite spin MP2 levels of theory as well as Hartree-Fock and B3LYP level of

theory. They drew the conclusion that the large singlet-triplet splitting in the re-

sults of their calculations indicate that the magnetic behavior at low temperatures

is not due to degeneracy between the lowest singlet (diamagnetic) and triplet (para-

magnetic) states. In the same study Rabaâ et al estimated the aromaticity of

dibenzotetraaza[14]annulene without the Ni atom by calculating the strength of the

magnetically induced current density. They performed GIMIC calculations on both

the dimethylindolenine substituted and the unsubstituted annulene to see if the gap

between the frontier orbitlals was small enough to render thermal accessibility of

the lowest unoccupied molecular orbital of the ground state. Their results show

very weak antiaromaticity for the dibenzotetraaza[14]annulene and their conclusion

was that antiaromaticity is unlikely to be the cause of near-degeneracy between the

singlet and triplet states. They studied the electronic excitation spectra of dimeric

Ni(II) dibenzotetraaza[14]annulene and monomeric dibenzoteraaza[14]annulene, with

and without Ni atom, at the time-dependent DFT level of theory. They also studied

the excitation energies of the lowest singlet and triplet states of dimeric dibenzote-

traaza[14]annulene at the second-order algebraic diagrammatic construction level.

In order to see if the unexpected magnetic behaviour of solid Ni(II) dibenzote-

traaza[14]annulene at low temperatures is due to the electronic structure that results

from weak interactions between the Ni atoms, they studied the electronic structure

of diatomic Ni2 species. The calculations were performed at the singles and doubles

coupled-cluster level with a perturbative correction for connected triples. Their re-
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sults showed energy separations in the same range as the ones that they obtained

at MP2 level and therefore they drew the conclusion that the splittings in the �ne-

structure bands due to interactions between the Ni atoms or the monomers are not

the reason for the near-degenerate diamagnetic and paramagnetic states. Based

on the results they suggest that thermal occupation of states that originates from

the �ne-structure splittings of the Ni cation must be the reason for the magnetic

properties of solid Ni(II) dibenzotetraaza[14]annulene. They performed population

analysis on the Ni(II) dibenzotetraaza[14]annulene complex that revealed a hole in

the 3d shell of the Ni atom. They suggest that the hole can make it possible for the

Ni atom to undergo parallel or antiparallel coupling with the neighboring Ni atoms

which leads to two spin-coupled bands of the material that are almost degenerate.

The Boltzmann occupation of these bands is what causes the observed change in

the magnetic susceptibility when the temperature is increased.

3.3 Investigated molecules and methods employed in this study

Magnetically induced current densities were calculated for a number of annulenes

in metal complexes and analyzed with the Gauge-including Magnetically Induced

Current method, GIMIC [77]. Dibenzotetraaza[14]annulene was studied both with

and without meso-substitution. The substituent group is 3,3-dimethylindolenine.

The substituted and unsubstituted dibenzotetraaza[14]annulenes will hereafter be

referred to as L1 and L2 respectively. GIMIC calculations were done on the metal

ligand complexes NiL1 and NiL2 and on the free-base ligands, H2L1 and H2L2, as

well as on a dimer with NiL1 subunits. All calculations were done on the lowest

singlet state for each molecule.

A small 16-membered model annulene as a metal complex with either Ni(II) or Zn(II)

was studied with the GIMIC method. The [16]annulene contains a heteroatom in

every fourth position with either four N atoms, L3, or two N atoms and two O atoms,

L4. The number of electrons participating in π-bonds in L3 and L4 are 18 and 20

respectively and therefore L3 should be antiaromatic and L4 should be aromatic

according to the Hückel rule. The L4 ligand was also studied as a dimer with Ni(II).

The two [16]annulenes are illustrated in �gure ??.

Calculations were done also on a dimer with Zn(II) and L4. The geometry was not

fully optimized since there were bonds starting to form between the C atoms on

each side of the O atoms. Several attempts were done to prevent bond formation

by the addition of either two or four �(CH2)n� bridges with n = 2 or 3 between

the monomers but the shape of the dimers with bridges got distorted while their

geometry was being optimized. Calculations were also done on complexes with

either Ni or Zn and a third heterocyclic [16]annulene containing four O atoms but
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Figure 2: A [16]annulene metal complex with (a) N atoms on every fourth position,
(b) either O or N on every fourth possition in the ring. The annulene ring in this
study contains either Ni(II) or Zn(II) in the center.

the geometry optimization calculations of neither of them converged.

The GIMIC calculation procedure starts with a calculation of the electronic structure

of the molecule. The optimal molecular structure can be computationally estimated

iteratively in a process where the following approximate Newton equation,

E = E0 + xTg +
1

2
xTHx, (40)

is used to deduce the structural changes from the calculated gradient of the energy

with respect to the Cartesian coordinates. The energy in the given point is denoted

as E0, the gradient by g, the second derivative of E with respect to structural

changes is given by the Hessian, H, and the change in the molecular structure is

given by x. The geometrical structure that yields the lowest energy, is the optimal

one and thus the process is a minimization of the total energy of the molecule. This

structure has been found when the changes in the energy and the gradient are within

a certain threshold, typically 10−6 hartree for dE. The structure of all molecules

in this work have been optimized in TURBOMOLE [7, 8], a quantum chemistry

program package for ab initio calculations.

All geometry optimizations were done at the DFT level with the Becke88 exchange

[44] and the Lee-Yang-Parr correlation functional, B3LYP [45]. It is a hybrid GGA

density functional that contains 20% Hartree-Fock exchange. Van-der-Waals forces

were corrected for by employing Grimme's D3 dispersion correction [55, 56, 81, 82]

with Becke-Johnson damping [83]. The Karlsruhe triple-ζ def2-TZVP basis set [84]

with polarisation functions was employed for all molecules. The integration grid m5

was employed and the convergence threshold for the energy di�erence between two

cycles was set to 10−6 hartree.

The vibrational spectrum was calculated at the same level of theory to ensure that

the geometry does not correspond to a transition state which is saddle point in the
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potential energy surface and contains at least one negative frequency.

Many of the metal ligand complexes containing a version of the [16]annulene su�ered

from convergence problems, which were overcome by damping and by raising the

number of SCF cycles. Usually 30 SCF cycles is enough for single-point calculations

but for NiL4 and NiL2 the number of SCF cycles had to be raised to 100. Sometimes

convergence problems are caused by oscillations in the calculated energies. This

problem can be adressed by damping, a method that adds the old Fock-operator

with some weight to the current Fock-operator. The weight of the old operator is

stepwise reduced in each successive iteration. By doing this, the energy minima can

be found before the energy starts to increase again but it will take more cycles to

converge. Damping was done for NiL3 and ZnL3 and the number of SCF iterations

were raised to 100 and 200 respectively.

Calculations of the NMR shieldings were done to obtain the �eld-free density ma-

trix and the magnetically perturbed density matrices that are needed as input in

GIMIC calculations. The calculations were done at the same level of theory as the

geometrical optimization calculations.

Qualitative analysis of the magnetically induced current densities was done visually

by inspection of streamline plots prepared with Paraview [9]. The Runge-Kutta

method [85, 86] implemented in Paraview allows the inspection of the current-density

�ux on a 3D grid. This kind of analysis reveals where in the molecule the current

domains and their nodal surfaces are located. Also, the directon of the current �ow

can be seen in Paraview by adjusting the length of the streamlines so that they do

not reach all the way around the studied vortex.

Quantitative analysis was done by integration of the strength of the current density.

Figure 3: Positions of the integration planes for the meso-substituted dibenzote-
traaza[14]annulene H2L1.
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Figure 4: The integration planes for the [16]annulene.

This is done by placing integration planes along the direction of the applied magnetic

�eld and across the current density domains of interest. The integration plane

should begin at the centre of the vortex of interest and end where the current

density vanishes, which is usually far from the molecular ring. GIMIC uses Gaussian

quadrature to calculate the values of the strengths of the current-density �ux that

passes the chosen cross-section. The integration planes employed in the investigation

of molecules H2L1, NiL1, NiL2 and H2L2 are illustrated in �gure 3. The integration

planes for the series of [16]annulenes are shown in �gure 4. The integration planes

for [NiL4]2 were placed so that they covered only one of the monomers, as is seen in

�gure 5. Visual Molecular Dynamics, VMD, was used for the pictures illustrating

the integration planes, [87]. All integration planes are split vertically in slices 0.02

bohr in width, while keeping the height unchanged. The grid point spacing was

0.025× 0.010 per bohr.

The results are seen in current pro�les, a graph of the current strengths as a function

of distance, or as a plain value of the current strength at a certain distance from the

starting point of the integration plane. The possibility for through-space current-

density �ow was investigated by placing an integration plane in the middle between

the two monomer units, parallel to them. It was split into small squares and plotted

as a map, however no �ux was detected.

The net atomic charge of the metal ions was estimated by natural population anal-

ysis, a method where the electron density of the molecule is decomposed into con-

tributions from each atom, which makes it possible to assign a nominal charge to

each atom. The nature of a bond can be elucidated by examining the charge overlap

between two atoms. The strength of the bond is seen from the value of the overlap,

with bonded atoms being indicated by positive values and antibonding states being

indicated by negative values.
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Figure 5: Placing of the integration planes for [NiL4]2.

4 Results and discussion

The GIMIC calculations allow visual analysis of the current-density �eld. In each

molecule there is a global diatropic domain, which is in accordance with the theory

derived by Gomes [88]. The visual analysis also shows diatropic current domains

around the heteroatom moieties in all molecules. The current-density domains and

nodal surfaces in the NiL2 ring are seen in �gure 6. The strength of the current-

density susceptibility is re�ected by the colour scheme, where the strongest current-

density susceptibilities are illustrated by white lines and the weakest are illustrated

Figure 6: Magnetically induced currents in Ni(II) dibenzotetraaza[14]annulene were
calculated with the gauge-including magnetically induced current density method
and visualized in Paraview.
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by dark red lines. The current domains in the �ve-memebered and six-membered

rings that are formed by the Ni atom, parts of the carbon skeleton and N atoms of

the annulene ring are paratropic. The Ni ion in NiL2 has a paratropic local current

with current strength -486.8 nA/T, however, the value might be unreliable at the

employed level of theory. The local current-density domains in the benzene rings are

paratropic, as expected. The current domains and nodal surfaces in NiL1 have the

same shape and tropicity as in NiL2 with the additional current-density vortices in

the meso-subgroup which are illustrated in �gure 7. The inner ring currents that are

seen in the benzene and pyrrole rings of the subgroup are both paratropic and the

bond currents around the C�C bonds in the rings and the right-most single bond

that is seen in the picture are diatropic. The current pathway that goes around

the C atom along the H atoms in the methyl groups is diatropic. The current

strength of the Ni atom is -467.9 nA/T. The [14]annulene ring is practically non-

aromatic sustaining a net current strength of -0.97 nA/T. The visual analysis of

[NiL1]2 showed no current transport between the subunits. This is consistent with

what is seen in the squares plots. The [14]annulene ring in [NiL1]2 is non-aromatic

with a net current strength of 0.08 nA/T. The current density of H2L2 is seen in

�gure 8. The inner ring current is paratropic and the net current strength of the

[14]annulene ring is -2.69 nA/T, which is close to but sligthly more negative than

for NiL2 so the addition of the Ni atom to the center of the [14]annulene ring has

not caused any signi�cant change. Also H2L1 sustains an inner ring current with a

similar shape as the one seen in �gure 8. The current strength of the [14]annulene

ring in H2L1 is -1.27 nA/T. The net current strengths of both H2L2 and H2L1 are

Figure 7: The 3,3-dimethylindolenine subgroup of meso-substituted dibenzote-
traaza[14]annulene and visualisation of the magnetically induced currents that were
calculated with the gauge-including magnetically induced current method.
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Figure 8: Visualisation of magnetically induced currents in dibenzote-
traaza[14]annulene that were calculated using the gauge-including magnetically in-
duced current density method.

negligibly small, which implies that the added subgroups do not a�ect the current

density of the main ring. The current strengths of both H2L2 and H2L1 is similar

to the results obtained by Rabaâ et al [11]. Apart from the ring currents inside the

[14]annulene rings, the shape and tropicity of the current domains in H2L2 and H2L1

are similar to those in NiL2 and NiL1 respectively. The structure of H2L1 altered

from the planar geometry it had prior to the geometry optimization. The indolenine

groups are bent towards each other so that the whole molecule looks V-shaped when

seen from the (x, z) plane. The absence of negative frequencies in the vibrational

spectrum indicates that this concave structure is not a transition state.

The structure of NiL3 and ZnL3 after geometry optimization is ru�ed with opposing

carbon half rings bending towards each other. The structure and the visualized

current �ow is seen in �gure 9. The ring current that goes around the opposing C3

half rings in both NiL3 and ZnL3 is diatropic. The current �ow of the Ni atom in

NiL3 is paratropic and that of the Zn atom in ZnL3 is diatropic. The net current

strength of Ni in NiL3 is -519.79 nA/T but the net current strength of Zn in ZnL3

could not be estimated since there are overlapping current-density domains. The

di�erence in tropicity in NiL3 and ZnL3 is caused by the di�erence in their electron

con�gurations, where Zn2+ has a full d shell with 10 electrons while Ni2+ only has

8 electrons in the d shell. Paratropic currents are due to valence electrons while

diatropic currents are due to both core and valence electrons. The full d shell in

Zn2+ renders a spherical shape which is entirely symmetric and therefore it only
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Figure 9: Illustration of the ru�ed geometrical shape of the 1,5,9,13-
tetraaza[16]annulene, with either Ni(II) or Zn(II), and visualisation of the magneti-
cally induced currents resulting from calculations with the gauge-including magnet-
ically induced current density method.

sustains diatropic atomic current density. The Ni2+ ion does not have a totally

symmetric con�guration and as a result it sustains both diatropic and paratropic

atomic currents.

The net current strengths of the [16]annulene ring in NiL3 and ZnL3 is 17.88 nA/T

and 18.57 nA/T respectively. This is to be expected for ZnL3 since it has 18 π

electrons which should make the [16]annulene aromatic according to the Hückel

theory. For NiL3 on the other hand the number of π electrons in the [16]annulene

ring is formally 17. The population analysis calculation shows that the charge of the

Ni atom is +0.91 which indicates that one of the two s electrons in Ni have moved to

the ring and the other s electron is in the d shell. Usually this causes the molecule

to become aromatic but here the aromaticity is weaker than for molecules with 18 π

electrons [89�91]. The results of the GIMIC calculaition for NiL4 shows a paratropic

inner ring current. A visualisation of the current density in NiL4 is seen in �gure

10. The current domains and nodal surfaces of [NiL4]2 have the same shape and

tropicity as the ones for NiL4. The visualisation shows no current �owing between

the subunits in NiL4 but it does show weak interaction between the Ni atoms. The

local currents that are seen around the center Ni atoms in NiL4 and [NiL4]2 are both

strongly paratropic with current strength -1058 nA/T and -1123 nA/T respectively.

However, these values might be too large since the B3LYP functional is known to

overestimate paratropic currents [92] and DFT is not always reliable for transition

metals. The net current strength of the [16]annulene ring in NiL4 and [NiL4]2 is

3.34 nA/T and 0.45 nA/T respectively which suggests that the molecules are non-
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Figure 10: The magnetically induced current density in the small model [16]annu-
lene were calculated with the gauge-including magnetically induced current density
method.

aromatic. The di�erence most likely arises from the slightly di�erent geometry

after optimization of the dimer. The net current strength of NiL4 was obtained by

integration of the net current strength passing plane C, illustrated in �gure 4. The

current pro�le is seen in �gure 11 where the plotted interval ends at the end of the

integration plane far from the molecule so that the inner ring current and the global

current are included in the plot. The structure of ZnL4 is ru�ed and it has two

inner ring currents on each side of the diagonal that is formed by the Zn atom and

the two N atoms. The local current around the Zn atom is diatropic with a net

current strength of 38.0 nA/T, which is thirty times less than for Ni in NiL4. The

net current strength for the [16]annulene ring in ZnL4 is 3.38 nA/T, which suggests

that the molecule is practically non-aromatic.

4.1 Conclusion

The goal of this study was to investigate the aromaticity and magnetically induced

current density of heterocyclic annulenes with metal ions, Zn(II) and Ni(II), and

to look for current-density �ux between the subunits in their dimers mediated ei-

ther through a Ni�Ni interaction or through the annulene rings. Such current

density topology was seen by Nozawa et al in their study on norrcoroles [4]. The

dibenzotetraaza[14]annulenes that are studied in this Master's thesis were previously

characterized at a theoretical level by Rabaâ et al in 2015 [11].

There is no current-density �ow between the subunits in the Ni(II) meso-substituted

dibenzotetraaza[14]annulene complex and there are no further indications of inter-
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Figure 11: The current pro�le of plane C in NiL4 shows the current strength of the
inner paratropic vortex and the global diatropic vortex.

actions between the subunits. This is to be expected since the subunits alone, both

as Ni complex and ligand alone, are non-aromatic even though they ful�ll the Hückel

criteria for antiaromaticity.

Small model heterocyclic [16]annulenes were further investigated. The Ni(II) (2Z,7Z,10Z,14Z)-

1,9-dioxa-5,13-diazacyclohexadeca-2,7,10,14-tetraene-5,13-diide dimer showed no cur-

rent �owing between the subunits but there is weak attractive Ni�Ni interaction.

Since the Ni(II) 1,5,9,13-tetraaza[16]annulene and the Zn(II) 1,5,9,13-tetraaza[16]annulene

complexes are not planar, their dimers were not constructed.
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