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Dedication

| want to start this thesis by explaining what | have been studying since | left high
school. Maybe it is not the usual way to start, but | have always wanted to think for a
while about how | can explain it easily. A way that all my relatives can understand it,
especially my grandmother. For this reason, | am going to shift to my mother language.

Sempre ha estat dificil contestar les preguntes del tipus: ‘qué estudies?’ ‘Quimica,
ah si!, Fisica i Quimica..." ‘Pero no has acabat ja d'estudiar, encara no has acabat la
carrera?’ ‘Ah! el doctorat..., i queé és aix6?’' 'Estudies?’ ‘Vas a classe?’ ‘Cobres?’

El dia a dia esta ple de quimica i processos quimics que podem definir sense utilitzar
la paraula explicita ‘quimica’, des de que et lleves i prepares una torrada per esmorzar
fins que vas a dormir després de fer la digestié. La quimica és la ciéncia que estudia les
propietats, la composicid, I'estructura i la transformacié de la matéria. Com en moltes
altres arees de coneixement, la quimica es divideix en diferents branques, de les quals
podem destacar la organica, inorganica, analitica i teorica. Sil, jo em vaig decidir per
la quimica tedrica i més aviat la computacional. Per tant, el meu dia a dia no és en
un laboratori siné en un despatx, i no el dedico a fer experiments siné calculs amb
I'ordinador. Dit d’una forma molt senzilla, els quimics teorics podem arribar a simular el
que un quimic experimental pot fer en el laboratori.

Aquesta tesi esta centrada basicament en el concepte quimic de I’Aromaticitat. Sem-
pre penso: ‘Quimicament, aquest concepte no té una definicié clara perqué no correspon
a cap propietat observable d'una molécula. Per tant, si cientificament és dificil explicar
aquesta propietat imagineu-vos explicar-la en llenguatge coloquial!” Pero ho provaré fent
el seu analeg cotidia i dient que una molécula aromatica és equivalent a una ciutat amb
diferents cotxes distribuits per tots els carrers i sense que hi hagin retencions en cap
punt concret, on la molécula seria la ciutat i els cotxes serien els electrons (un tipus de
particula amb carrega negativa que trobem en les molécules). Els cotxes poden circular
per diferents carrers de la ciutat igual que els electrons es poden moure entre els atoms
de la molécula per diferents enllacos. Una ciutat pot tenir més o menys cotxes igual
que una molécula pot tenir més o menys electrons. | aixi podria anar fent analogies per
poder explicar el que he fet durant aquests anys...”

Per en Teti i en Toni!
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Abstract

Theoretical and computational chemistry has gained a crucial role among the dis-
ciplines that study chemical phenomena because it provides low-cost accurate results
avoiding risky laboratory tasks and contamination. Nowadays, the method of choice to
simulate medium to large molecules is density functional theory. It provides an excellent
balance between accuracy and computational cost. In principle, DFT is an exact theory
but, as the exact energy functional is unknown, in practice, we employ density func-
tional approximations. These approximations have improved over the years, however,
they still suffer from large errors. One of the most important errors is the delocalization
error. It is responsible for many failures in different chemical properties, such as the
underestimation of band gaps, the incorrect description of nonlinear optical properties,
the over/underestimation of aromatic character, and the incorrect description of charge-
transfer excitations.

The first part of this thesis focuses on studying one of the properties affected by
the delocalization error, the aromatic character of (large) conjugated systems. Aro-
maticity is an ill-defined chemical property that does not correspond to any physical
observable. However, we can measure the aromatic character of molecules by studying
several manifestations of aromaticity: energy stabilization, bond-length equalization, ex-
alted magnetic properties, and electron conjugation and delocalization. These properties
have been used to define several aromaticity indices that can be classified as energetic,
geometric, magnetic, and electronic. Some of them are used in the present dissertation
to study the aromatic character of large systems as well as to test the recently devel-
oped electronic indices, AV1245 and AV,,;, . Firstly, simple expanded porphyrins and an
annulene series are studied to test the new aromatic descriptors, and compare their be-
havior against the well-stablished ones. Interestingly, we find that only the AV,,;, index
is capable of recognizing the annulene pathway as the most aromatic one in neutral
porphyrinoids.
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The study of simple porphyrinoids is used to stablish a protocol to study larger and
more complicated systems like a six-porphyrin nanoring. The larger the system, the less
aromatic character is expected to be due to out-of-plane distortions and the exhibition
of a poor overlap between p orbitals. For this reason, it is difficult to find large aromatic
macrocycles. Accordingly, geometrical constraints are imposed in some large macrocyclic
structures with the hope to preserve conjugation, aromaticity, and quantum coherence.
One of the most relevant large macrocycles lately synthesized is a six-porphyrin nanoring
which is aromatic in its +6-oxidation state according to the authors.® We study this and
other oxidation states of the nanoring and conclude that some of those molecules suffer
from large delocalization errors. As a consequence, the +6-oxidation state is found to

be nonaromatic.

In all aforementioned works, we paid special attention to the computational method
used to perform the aromaticity analysis. We find that density functionals approxima-
tions with a low percentage of exact exchange at large interelectronic distances are
prone to present large delocalization errors, leading to an overdelocalization of electrons.
Hence, the geometry of these compounds is affected, giving a spurious enhancement of

the aromaticity.

In the last part of this thesis, different families of photosensitizers and catalysts in-
volved in different photocatalytic processes are examined. The aim of this work is to
design a rigorous protocol to unravel the electronic structure of this family of complexes,
simulate their UV-Vis spectra, and compute their redox potentials. Photosensitizers are
light-harvesting molecules that present charge-transfer excitations. These excitations are
also affected by deficiencies of the density functional approximations like the delocaliza-
tion error, and are usually treated with range-separated functionals. We also study them
using an optimally-tuned range-separation functional and compare the UV-Vis absorp-
tion spectrum and redox potential with the available experimental data. We find that
an optimally-tuned range-separation functional highly improves the UV-Vis absorption
spectra of systems that present charge-transfer excitations and, in general, it also slightly

improves the reduction potentials.

We expect that this thesis will provide a solid computational framework to study the
aromaticity of large conjugated circuits such as extended porphyrins and macrocycles,
as well as the analysis of UV-Vis absorption spectra and redox potentials of molecules

involved in photocatalytic processes.
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Resumen

La Quimica tedrica y computacional ha adquirido un papel crucial entre las disciplinas
que estudian los fenémenos quimicos, porque permite obtener resultados precisos a un
coste bajo, evitando los posibles riesgos asociados con los experimentos y la contami-
naciéon ambiental. Hoy en dia, los métodos que se usan para el estudio de medianas y
grandes moléculas estan basados en la teoria del funcional de la densidad. Estos métodos
proporcionan el mejor balance entre precisién y coste computacional. En principio, la
teoria del funcional de la densidad es exacta, pero como se desconoce el funcional exacto
de la energia, en la practica tenemos que usar aproximaciones al funcional de la densidad.
Aunque estas aproximaciones se han mejorado durante los Gltimos afios, alin presentan
diferentes errores. Uno de los errores mas importantes es el error de deslocalizacion.
Este error es responsable de muchos fallos en diferentes propiedades quimicas, como
por ejemplo la subestimacién de la diferencia entre niveles energéticos, la descripcién
incorrecta de las propiedades épticas no lineales, la sobre o infravaloracién del caracter

aromatico y la descripcion incorrecta de las excitaciones de transferencia de carga.

La primera parte de esta tesis se centra en una de las propiedades afectadas por el
error de deslocalizacién, el caracter aromético de sistemas (grandes) conjugados. La
aromaticidad es una propiedad quimica que carece de definicién dentro de la mecanica
cuantica, porque no se corresponde con ninglin observable fisico. Sin embargo, podemos
medir el caracter aromatico de las moléculas mediante el estudio de varias manifesta-
ciones de la aromaticidad: estabilizacién de la energia, ecualizacién de la longitud de los
enlaces, propiedades magnéticas realzadas y conjugacion y deslocalizacién de los elec-
trones. Estas propiedades se han utilizado para definir distintos indices de aromaticidad
que pueden clasificarse como energéticos, geométricos, magnéticos y electrénicos. Al-
gunos de estos indices se utilizan en la presente tesis para estudiar el caracter aromatico
de grandes sistemas, y también para probar los indices electrénicos desarrollados re-
cientemente, AV1245 y AV,,;,. En primer lugar, se estudia una familia de porfirinas
expandidas simples y una serie de anulenos para probar los nuevos descriptores aromati-
cos y asi, comparar su comportamiento con los indices mas conocidos. Curiosamente,
encontramos que sélo el indice AV,,;, es capaz de reconocer el circuito anulenico como

el mas aromatico en porfirinas neutras.
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El estudio de sistemas porfirinicos simples se utiliza con el fin de establecer un pro-
tocolo para estudiar sistemas mas grandes y mas complejos, por ejemplo un nanoanillo
de seis porfirinas. Cuanto mas grande es el sistema, se espera que el caracter aromatico
sea menor debido a las distorsiones fuera del plano y al escaso solapamiento entre los or-
bitales p. Por esta razoén, es dificil encontrar macrociclos aromaticos de gran tamaiio. En
consecuencia, se imponen restricciones geométricas en algunas estructuras macrociclicas
para tratar de mantener la conjugacién, la aromaticidad y la coherencia cuantica. Uno
de los macrociclos grandes mas relevante sintetizado Gltimamente es un nanoanillo de
seis porfirinas que seg(in los autores® es aromatico en su estado de oxidacién +6. Estudi-
amos este y otros estados de oxidacién del nanoanillo concluyendo que algunos de estos
sistemas sufren grandes errores de deslocalizacién. Como consecuencia, se encuentra
que el estado de oxidacién +6 no es aromatico.

En todos los trabajos mencionados, prestamos especial atencién al método computa-
cional utilizado para el andlisis de aromaticidad. Encontramos que las aproximaciones al
funcional de la densidad con un pequefio porcentaje de intercambio exacto para distan-
cias interelectrénicas largas, son propensas a presentar grandes errores de deslocalizacion,
dando lugar a una sobre deslocalizacién de los electrones. Por lo tanto, la geometria de

estos compuestos se ve afectada, dando un aumento espurio de la aromaticidad.

En la dltima parte de la tesis se han examinado diferentes familias de fotosensibi-
lizadores y catalizadores implicados en diferentes procesos fotocataliticos. El objetivo de
este trabajo es disefiar un protocolo riguroso para el estudio de la estructura electrénica,
la simulacién de espectros UV-Vis y para el célculo de potenciales redox. Los fotosensi-
bilizadores son moléculas captadoras de luz que presentan excitaciones de transferencia
de carga. Estas excitaciones, cuya simulacién esta afectada también por las deficiencias
de las aproximaciones al funcional de la densidad, suelen tratarse con funcionales de sep-
aracién de rango. También estudiamos estos fotosensibilizadores utilizando un funcional
de separacion de rango optimizando el pardmetro de atenuacién, y compararemos los
resultados con los datos experimentales disponibles. Utilizando este Gltimo funcional,
encontramos que hay una mejora significativa en los espectros de absorcién UV-Vis de
los sistemas que presentan excitaciones de transferencia de carga, y en general, también

mejoran ligeramente los potenciales de reduccién.

Esperamos que esta tesis proporcione un marco computacional sélido para estudiar la
aromaticidad de sistemas grandes conjugados como porfirinas extendidas y macrociclos,
asi como el andlisis de los espectros de absorcién UV-Vis y los potenciales redox de

moléculas implicadas en procesos fotocataliticos.
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Notation

Unless otherwise stated, throughout the current doctoral thesis the same notation

has been used as detailed below.

Notation Description
L Coordinates of an electron in the Cartesian space indicated by
i a three-dimensional vector
1= (r1,01) Cartesian coordinates of an electron including the spin polarization
d; = drido,  Electron position derivates
N Total number of electrons in the system
P Electronic wavefunction
bu Atomic orbital
i Molecular orbital
i and j Occupied orbitals
aand b Virtual orbitals
P Electron density
P2 Pair density
A String A = {Ay, Ay,..., A,} of a molecule with n atoms







Chapter 1
Introduction

“Behave so the aroma of your actions may enhance
the general sweetness of the atmosphere.”
Henry David Thoreau

As chemists, we are interested in understanding chemical reactions, the thermody-
namics of a system, the properties of a molecule, how a transition state looks like, and
how a molecule behaves if we apply a magnetic field, among a significant number of
phenomena. Some scientists would design an experiment while others would perform a
simulation to investigate any of these properties or phenomena. Some time ago, when
there were not as many computer resources as today, the first question that someone
might have asked was: 'Could we come up with the same results using a computer
and the necessary algorithms instead of going to the laboratory and design the proper

experiment?’

~N
/ ,,gf&:/}'*

Figure 1.1: Scheme of Turing test, an aromatic version.
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Going beyond the previous question, we could ask ourselves: 'Could we replace labo-
ratory tasks with a computer?’, 'Could ultimately computers take over and do research?".
For this to happen, machines should be able to think. For this reason, it is pertinent to
try to connect this group of questions with the Turing test.?

Turing proposed a test based on the question ‘Can machines think?’, in which he tried
to test a machine’s ability. The test consists in sitting a person in a room alone in contact
with something that could be either a computer or a human. Then, asking intelligent
questions, the person needs to figure out whether it is a computer or a human.3

Continuing with the exposed situation, we could imagine an ideal scenario where
an applied experimental technique gives precisely the same conclusion as computational
calculations. The only difference is that one conclusion comes from experimental mea-
surements, while the other comes from a computation. Concretely, we could imagine
the following situation: We have a 'H-RMN spectrum indicating that some molecule is
aromatic but, we do not know if it is an experimental spectrum or a simulated one, 'Are
we collaborating with an experimental or a computational chemist?’ (Figure 1.1).

Machines can be so well designed that, in the Turing test, one can come to think
that one is talking to a human rather than a machine. In the same manner and generally
speaking, computational chemistry simulations can be as accurate as experiments.

The present thesis is a computational investigation that mainly focuses on studying
the chemical property of aromaticity in large conjugated systems using different indices,
testing the newly developed ones, and comparing them with the well-established de-
scriptors. Furthermore, a deep analysis of how the delocalization error present in some
density functionals approximations affects the aromatic characterization of large systems
and the description of photosensitizers with charge-transfer excitations is done. The
obtained results have been compared with the existing rules or theories, experimental

results, or calculations obtained at a higher computational level.

1.1 Theoretical background

Theoretical chemistry is the branch of chemistry that treats molecules with the aid
of classical and quantum physics. Although classical mechanics is used to accurately
reproduce the behavior of macroscopic objects such as cars or people’s movements, it
is sometimes advantageous to approximate molecular properties by applying the laws of
classical physics using molecular mechanics.* The parameters in molecular mechanics
methods are obtained by fitting to known experimental data or higher-level methods; in
other words, they are empirical models. Quantum mechanics, by contrast, is the the-
ory applied to the study of microscopic objects (for instance, electrons with a mass of

9.109x 107 3'kg).® For this reason, quantum mechanics plays a crucial role in theoreti-
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cal chemistry to study electrons in atoms and molecules. The application of quantum
mechanics to theoretical chemistry is also known as quantum chemistry. Moreover, the
application of quantum chemistry together with molecular mechanics, minimization, sim-
ulations, conformational analysis, and other computer-based methods to study molecular
systems is termed computational chemistry.®

With computational chemistry, we can study, in principle, any atom, molecule or
group of molecules. The size of the system, the computational cost of the methods
and the computational resources available will limit the scope of our study. Quantum
chemistry is dedicated to develop new approximations to solve the Schrodinger equation,
improve the applicability of existing approaches, build methods to analyze the results, and
apply the methods to study a specific chemistry problem. In many cases, one can assist
or complement the experimental studies providing direct evidence of the reaction mech-
anism, performing simulations of complicated or dangerous experimental procedures, or
screening large families of molecules, often by reducing the associated economic costs.

One of the main goals of quantum chemistry is understanding the electronic struc-
ture of molecules by solving the Schrodinger equation usually employing the Born-
Oppenheimer approximation.’ Ground-state properties of molecular systems are obtained
by solving the time-independent Schrodinger equation. Since this equation cannot be
solved exactly (beyond the hydrogen atom and hydrogenoid atoms), many approximate
methods have been proposed. These methods are characterized by their computational
cost and accuracy.

Almost all quantum chemistry methods can be broadly classified either as wavefunction-
based methods (Hartree-Fock (HF) and post-HF methods exposed in more detail in
Section 2.1), density functional based methods (density functional theory (DFT) and
density functionals approximations (DFAs)) or semi-empirical methods.®° The latter,
will not be covered in this thesis.

The vast majority of the calculations for the different studies presented in this thesis
are performed within the DFT framework (see section 2.2). In the next subsection, we
will see the main limitations of the density functionals approximations used in DFT. To
assess the accuracy of the DFT methods, HF and some post-HF methods have been
used (see Section 2.1 and Section 10).

1.1.1 Limitations of current DFAs

Density Functional Theory was introduced by Hohenberg and Kohn in 1964 and
states that any ground state property of a system can be calculated from the electron
density. In other words, it exists a universal density functional for any property. However,
the expression of the energy as a functional of the electron density is not entirely known,

and several approximations must be carried out. As a result, we have several DFAs. We
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will further discuss DFT theory in the following chapter (Section 2.2).

Despite the enormous popularity of DFAs and their high success, they still suffer
from large errors, which can be analyzed considering the exact conditions violated by the
approximate density functionals.® These errors may result in qualitative and quantitative
failures in the description of targeted properties and they occur even in elementary
molecules (e.g., H, or Hy molecule). Current DFAs errors can be mostly classified into
three types: (i) lack of nondynamic correlation, (ii) the lack of description of long-range
dispersion interactions (such as van der Waals), and (iii) the self-interaction error (SIE)
or the delocalization error (DE). In this thesis, we will not be concerned with the lack

of nondynamic correlation.

In the present dissertation, the accurate description of long-range dispersion interac-
tions, such as 7-stacking interactions, is adressed using the empirical approach by Stefan
Grimme. 1112 Grimme's dispersion correction is an on-top energy correction. '3 It changes
the electronic energy and, as a consequence, the potential energy surface. Subsequently,
the optimized geometry of the system will also be different because the dispersion cor-
rection contributes to the forces between the atoms, but it does not explicitly modify
the electron density. This treatment is adequate for the compounds studied in this thesis,
some of which are affected by dispersion but only on the geometrical arrangements of

the molecule.

Within the present thesis, the DFA limitation that plays a crucial role in the cal-
culations performed is the SIE. The SIE is the spurious interaction of an electron with
itself. This term is often used for one-electron systems. For a many-electron system,

14

it is termed many-electron self-interaction error** or, in general, it is also known as the

delocalization error.

The exact energy varies piecewise-linearly with the number of electrons. To re-
duce the repulsion energy caused by the DFAs giving SIE, the iterative process of self-
consistent field carried out to minimize the energy tends to separate the electrons, caus-
ing an extra delocalization of the electron, and consequently an underestimation of the
electronic energy. The violation of piecewise-linearity gives rise to the so-called delocal-
ization error.1%1® On the other hand, using HF we will overlocalize the electrons giving

a positive curve in the variation of the energy with the number of electrons.

The delocalization error is responsible for many failures in the description of sev-

eral chemical properties such as the over/underestimation of aromaticity character, 1/~

the underestimation of reaction barriers, the band gaps of materials, the energies of
dissociating molecular ions, or the incorrect description of charge-transfer (CT) excita-

tions, 29723 nonlinear optical properties®*?> or Rydberg states.?® This type of error will be
present, being more or less critical, in all the properties described with DFAs that need

an accurate energy description at large interelectronic distances, and it will increase with
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the system size.
In the following chapters, we will see this error reflected in describing the aromatic
character of different porphyrinoid systems, and the computed UV-Vis absorption spectra

and redox potentials of several photosensitizers using some particular DFAs.

1.2 Aromaticity and its rules

1.2.1 A pinch of history

The term aromaticity comes from the Ancient Greek term aroma, apwpcr, which
means "seasoning/a spice or sweet herb/agreeable odor", and is of unknown origin. "2
Originally, aromaticity was used only to describe classical organic molecules such as ben-
zene, the most paradigmatic aromatic molecule. Nowadays, this concept has extended
well beyond the realm of organic chemistry, giving rise to a great variety of new aro-
matic molecules as well as different rules and descriptors.?? In the following lines some
of the most relevant advances in the aromaticity field, gathered in Figures 1.3-1.5, will
be highlighted.

Benzene, initially named bicarburet of hydrogen, was synthesized for the first time
in 1825 by Michael Faraday and formulated as CgH5.30 In 1865, Kékulé proposed the
structure of benzene as a hexagon containing at
each vertex a carbon and a hydrogen atom.3?
Later on, it was himself who arrived at the
actual structure corresponding to a mixture of
cyclohexatrienes in equilibrium. At that time,
benzene was classified as an aromatic molecule,
probably for its pleasant smell. After the dis-
covery of benzene, a large number of aromatic
d:333% go
ing from simple benzene-based systems (polycyclic
rings), 3536

to transition states,
44-47

molecules were discovered and studie

and small rings containing heteroatoms Figure 1.2: Michael Faraday
3739 excited states, 194043 (1791-1867)

8 all-metal clus-

1,56-58

radical species,*
54,55

porphyrins,

ters, 953 fullerenes or nanorings, among others.

In 1884, the first proposal of the porphyrin structure was given by Nencki.>® However,
it was not until 1926 when Fisher confirmed this structure with the synthesis of etio-
porphyrin.%® Already in the 20" century, Hiickel proposed a rule to distinguish aromatic
from nonaromatic molecules (see Section 1.2.3).

The topological method to treat pericyclic reactions by applying the principle of
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aromaticity of transition states was an essential finding due to Evans and Warhurst in
1938.°% In pericyclic reactions, a cyclic delocalized system is formed through a transition
state which can be either aromatic or antiaromatic. Based on this statement, Evans and
Warhurst explained that ethylene does not react with itself to produce cyclobutane but
reacts with butadiene resulting in cyclohexene. The transition state formed is aromatic
and more stable.

The study of all these new species led to the emergence of different variants of aro-
maticity up to the point that in 2017, Jorg Grunenberg collected up to 45 different aro-
maticity types.®? Two examples are the multifold aromaticity or bicycloaromaticity. %39
The former involves 7, o-, §- (implying d orbitals) and even ¢- (implying f orbitals) elec-
tron delocalization. Bicycloaromaticity refers to molecules that present two (or more)
potentially aromatic circuits within the same non-planar molecular framework and share
the same 7 electrons.

Among all the synthesis of large aromatic molecules, in 2001, Boldyrev et al. char-
acterized the first all-metal aromatic cluster, AI?[.49 Another relevant discovery was
in 2007 when Anderson et al. synthesized a six-porphyrin nanoring. This porphyrin
nanoring was the first of a series of similar large macrocyclic structures exhibiting
(anti)aromaticity. %6758 Finally, a recent finding in the field of aromaticity, reported by
Li et al. in 2015, is a multicenter-bonded [Zn']g cluster with cubic aromaticity.®” They
state that their findings extend the aromaticity concept to cubic metallic systems and
enhance Zn-Zn bonding chemistry.
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Aromaticity Timeline
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Figure 1.3: Most relevant advances in the field of aromaticity from 1825 to 1931. Figure adapted

from Ref. 34 and modified by Prof. Miquel Sola and the present author.
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Aromaticity Timeline

Aromatic Transition States 1938

. =
d- 1959 Homoaromaticity

Three-dimensional
Aromaticity

962

.

L

'

L
M *1964 Maébius Aromaticity

OOO n-sextets 1972

o-Aromaticity
@

Metallabenzenes

1982

7 Triplet Aromaticity: :

4n Baird rule

Double aromaticity
1979 3,5-dehydrophenyl cation

' 1983 Expanded porphyrins

Sapphyrin

Figure 1.4: Most relevant advances in the field of aromaticity from 1938 to 1983. Figure adapted

from Ref. 34 and modified by Prof. Miquel Sola and the present author.
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Aromaticity Timeline
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Figure 1.5: Most relevant advances in the field of aromaticity from 1985 to 2015. Figure adapted
from Ref. 34 and modified by Prof. Miquel Sola and the present author.
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1.2.2 The aromaticity definition

The concept of aromaticity lacks a solid root in quantum chemistry.%2% As other
useful chemical concepts to describe the electronic structure of the molecules (chemical
bonding, bond order, ionicity, oxidation states, or electron population), it does not
correspond to any physical observable.®® For this reason, this ill-defined property has
been under debate for many years, and several definitions have come to light. Specifically,
we prefer to define aromaticity in terms of the electronic structure. Accordingly, a good
starting definition would be the one given by F. Sondheimer (1963): "A compound is
considered to be aromatic if there is a measurable degree of delocalization of a m-electron
system in the ground state of the molecule."

71-75

Aromaticity is a multifold property, meaning that it refers to several properties

that are not necessarily mutually related. This multifold character is the main reason
for being one of the most controversial and sophisticated concepts in the literature. "
Aromaticity is associated with cyclic electron delocalization in a closed circuit, produc-
ing bond length equalization, large magnetic anisotropies, abnormal chemical shifts, etc.
All these properties have been used in theoretical chemistry to define a great variety of
aromaticity descriptors to analyze different systems, not only organic molecules. 49507778
On the other hand, one could also use experimental techniques, such as nuclear mag-
netic resonance (NMR) spectroscopy” or UV-Vis spectra® to measure some of the
manifestations of aromaticity.

Aromaticity indices can be divided according to its different manifestations as en-

3382 3 and electronic.®*8% The most used and relevant

ergetic,® magnetic, geometric,®
indices will be further discussed in Section 3.3, paying particular attention to the elec-
tronic aromaticity indices, such as AV1245% and AV,,;,,*®8" which have been tested

on large m-conjugated systems for the first time in this thesis.

The first thing to consider in an aromaticity study is which manifestation we want to
examine, and then chose the adequate theoretical descriptor or experimental technique
to use. Then, it is important to take into account the advantages and limitations of the
descriptor or technique used.%8° Moreover, in computational chemistry, it is essential
to be aware that depending on which index is used, one could examine expressions of
aromaticity associated with the entire molecule (global aromaticity) or only a particular
region of the molecule (local aromaticity). An example of aromatic indices that evaluate
global aromaticity is the HOMO-LUMO gap, which is an energetic descriptor, expected
to be large in aromatic molecules. The indices that determine the local aromaticity only
take into consideration an annular structure or a pathway within the molecule (e.g., MCl
or HOMA).90 Sometimes, it is difficult to make such differentiation in the classification

of an aromaticity index, like the Anisotropy of the induced current density (ACID) index.

12
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For all these reasons, it is highly recommendable to use not only one index but
a set of them to study the aromaticity of a system. It has been demonstrated that

91,92

no aromaticity index is infallible. For example, it has been proved that the NICS

descriptor overestimates the aromatic character of all-metal and semimetal clusters. °*

1.2.3 The most highlighted aromaticity rules and models

Efforts to understand the fundamental principles of aromaticity and its conceptual

counterpart, antiaromaticity,®® gave rise to some of the most important advances in

chemistry. Several models have been designed to characterize aromaticity "®-%4°" and
from these models, different aromaticity rules have been obtained. %
The first and the most widely known rule was proposed by Hiickel in 1931,100.101

which states that a planar (or with an even number of half twists) singlet system with
4n 4 2 7 electrons (where n is an integer number) is aromatic. In the 1960s, Breslow
introduced the term antiaromaticity to defined the destabilized planar systems contain-
ing 4n m electron in contrast to the stability of aromatic compounds. Afterward, this
statement was included as part of what we have nowadays known as Hiickel's rule. 02
In terms of electron (de)localization, one could also understand antiaromaticity as the
localization of 7 electrons in specific fragments of the system. In the beginning, this rule
was only applied to monocyclic conjugated hydrocarbons, 19 but then it was extended to
all sorts of molecules, including non-organic molecules.5%52 As the Hiickel rule does not
consider out-of-plane distortions, we have investigated in the present thesis how valid it
is in a simple annulene series (see Chapter 6).

Later, in 1964, Heilbronner!%* anticipated that for planar m-conjugated systems with
an odd number of half twists Hiickel's rule is reversed, i.e., a singlet Mobius system with
4n(+2) 7 electrons is (anti)aromatic. % Approximately eight years later, Baird affirmed
that the aromatic character of the singlet ground state is reversed for the lowest triplet
state. 106197 Baird's rule was considered the photochemistry analog of Hiickel's rule08
as it has been employed to modify molecules with enhanced photochemical activity.°
Some authors propose to extend Baird's rule also to the first singlet excited state. 109110
In addition to the already explained rules, there exist many other ones such as Clar’s

HLI2 \which specifies that the most relevant Kekulé resonance

aromatic m-sextet rule,
structure for characterizing the properties of polycyclic aromatic hydrocarbons (PAHs) is
the one that presents the largest number of unconnected aromatic 7-sextets (benzene-like
moieties); or Hirsch's rule, which allows to predict the aromatic character of fullerenes
and nanotubes.!’® The last highlighted rule corresponds to the 2N? + 2N + 1 (with S
= N + Y2) rule, which is an extension of the Hirsch rule for sperical aroamtic species
of open-shell spherical compounds.®” In 2019, this latter rule was extended to atomic

clusters.* Hiickel's, Heilbronner's (or Mébius) or Baird’s rules are the ones that will

13
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be further discussed in the present thesis as they are the most important for large 7-
conjugated systems and porphyrins.

Although it is not widely used today, Hiickel molecular orbital (HMO) method 190:101.115.116
needs to be mentioned as it is the basis of Hiickel's rule. It is a simple method that deter-
mines the electronic energy of © molecular orbitals as a linear combination of atomic or-
bitals. HMO method was later extended to conjugated molecules including heteroatoms.

It does not take into account the geometry of the molecules, and consequently, it only
works correctly for planar systems. Within the HMO method it is easy to calculate the

atomic overlap matrices (AOMs), bond orders, and several aromaticity indices.

1.3 Porphyrinoid systems

Porphyrins are a well-known group of heteromacrocyclic organic compounds with cru-
cial roles in biological processes. Two prominent examples are chlorophylls, key molecules
in the photosynthesis process; and hemoglobin, the iron-containing metalloprotein re-
sponsible for the oxygen transport throughout almost all vertebrates’ bodies. 11811 Por-
phyrins can coordinate metal ions inside their ring structure through the nitrogen atoms
giving them applications such as a catalyst, electron-transport, functional dyes or sensors,
stable organic radicals, or in supramolecular chemistry.

Porphin is the simplest aromatic tetraphyrin and is almost only of theoretical interest.
Nonetheless, it is the parent macrocycle structure of several substituted derivatives of
biochemical importance.'?® Its antiaromatic counterpart is isophlorin (same structure
as porphin but with all the nitrogen atoms protonated).?! Isophlorin is the simplest
example of air-stable antiaromatic porphyrinoids.?? The structure of porphin consists of
four pyrrole subunits connected through their a-carbon by a methine carbon bridge (see
Figure 1.6). The extensive exploration of porphyrins’ structural and functional properties
gives rise to a plethora of new compounds that present great applications in several
fields such as biomedicine or material science.'?®> We can define these new compounds
as porphyrinoid systems because they are based on the porphyrin structure. Moreover,
we call expanded porphyrins the "macrocycles that contain pyrrole, furan, thiophene, or
other heterocyclic subunits linked together either directly or through one or more spacer
atoms in such a manner that the internal ring pathway contains a minimum of 17 atoms"

as Seesler and Seidel proposed. 124125

14



1.3. Porphyrinoid systems

Figure 1.6: Porphin structure with labeled relevant positions. In purple, its annulene path.

Some authors prefer to distinguish between 'contracted’ and 'expanded' porphyri-
noids. 2° The size of the smallest macrocyclic circuit of the porphyrinoid is the one used
to classify them. If the size of this circuit is smaller than 16 atoms, the molecule is
designated as 'contracted’ porphyrinoid, and if it is bigger than 16 atoms, it will belong
to the group of "expanded’ porphyrinoids. A macrocyclic circuit size equal to 16 atoms
corresponds to the porphin one and other tetraphyrins. It is also usual to talk about
giant porphyrinoids if the structure contains more than eight cyclic subunits.

The chemistry of expanded porphyrins started after the discovery of sapphyrin (see
Figure 1.6) by Woodward et al. in 1966, but it was not until 1983 when the first report
was published.1?® After the synthesis of sapphyrin, countless expanded porphyrins were
developed and caught the attention of chemists due to their fascinating applications

7 128 129 photosensi-

as near-infrared dyes,'?” anion sensors, nonlinear optical materials,
tizers, 130 and photodynamic therapy.3! In the last few years, the ability of expanded
porphyrins to stabilize radicals by spin-delocalization has also been exploited. 23 Also,
despite their difficult synthesis, expanded porphyrins oligomers have attracted a lot of
attention as they may be promising materials for applications in photonics or as near-
infrared dyes, for example.

The systematic nomenclature proposed by Frank and Nonn 32 is used for naming ex-
panded porphyrins. In this nomenclature, the name of an expanded porphyrin consists of
three parts: the prefix is a square-bracketed number indicating the number of 7 electrons
in the effective macrocyclic conjugation path; secondly, the core name, displaying the
number of pyrrole subunits of the expanded porphyrin; and thirdly, in a round-bracketed
suffix, the number of bridging carbon atoms between the pyrrole cycles starting on the
largest unit. One example would be [22]pentaphyrin(1.1.1.1.0), an expanded porphyrin
with 22 7 electrons and five pyrrole subunits linked among them by methine carbon
groups, except the last one that the pyrroles are directly connected. This molecule

corresponds to sapphyrin, which as other expanded porphyrins, was named after the
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Chapter 1. Introduction

observation of their color (see Figure 1.4 for the structure of this expanded porphyrin).

The huge interest in expanded porphyrins is due to one of their most significant fea-
tures, their conformational flexible m-conjugated structure, which furnishes them with a
wide range of applications. Their conformational flexibility enables them to adopt more
than one (non-)planar topology: Hiickel, Mébius, and figure-eight conformers (Figure
1.7). Seemingly, it was in 1993 when the first inspection of an unusual conformation
(Mébius conformation) in a porphyrin analog was done in the palladium(ll) complex
of a [26]hexaphyrin(1.1.1.1.1.1).13% The latter porphyrin analog presented two pyrrole
rings inverted, i.e., the nitrogen atoms were in the periphery of the macrocycle. The
figure-eight conformation started to attract interest after the first report of a decaphyrin
by Sessler et al. in 1994.13% These conformations present structural strains and effec-
tive intra-molecular hydrogen bonding interactions, which could stabilize large expanded
porphyrins. These flexible conformations can be switched and easly controlled via var-
ious methods: regulating the temperature, protonating and deprotonating the system
with acids and bases, playing with the polarity and viscosity of the solvent, among oth-
ers. 118135 The control of the molecular topology is relevant to understand the molecular

CAe)

) Y U

Twisted Hiickel

Huckel Mobius or
Figure eight

structure-property relationships.

Figure 1.7: Schematic representation of three expanded porphyrin topologies.

Heilbronner assumed that a molecule could present Mébius aromatic stabilization if
the molecular structure was twisted, ensuring that the p orbitals forming the m-system
would contain an odd number of nodes. In a Hiickel topology, the 7-plane has two
sides, above and below the ring plane. Therefore, there is a continuous overlap of p
orbitals above and below the ring plane. Méobius topology, by contrast, presents only
one side in the 7 system due to the presence of at least one node (which involves
the presence of an inversion of orbital phase).!3® Consequently, the overlap of adjacent
p orbitals is reduced. Forst-Musulin introduced a mnemonic device to memorize m
orbital energies for Hiickel systems. Likewise, Zimmerman proposed the corresponding
method for Mobius systems. 137138 |t has been demonstrated that neglecting the reduced

overlap of the twisted adjacent p orbitals, the annulenes with 4n + 2 7 electrons prefer
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1.3. Porphyrinoid systems

a Hiickel topology, and the ones that have 4n 7 electrons are more stable with a Mébius
structure. 13 Lastly, a figure-of-eight topology contains an even number of twists and
the p-orbital overlap is once again continuous. The figure-of-eight conformers follow the

same rules as Hickel conformers.

Expanded porphyrins’ topology is closely linked to their aromatic character. It is
possible to control the aromaticity by an external trigger such as, lowering the temper-
ature, protonating and deprotonating the system, changing the chemical environment,
or changing the electronic state by photoexcitation.!3® Besides, the modification of the
aromatic character also affects the molecular properties of the molecules, e.g., chemical
reactivities, spectroscopic, magnetic, or photophysical properties.

Synthesizing an antiaromatic annulene was a tedious task due to its instability, but
synthesizing an antiaromatic expanded porphyrin is easier thanks to its conformational
flexibility. 135 For this reason, expanded porphyrins have been recognized as one of the

most stringent test beds to study both Hiickel and Mébius aromaticity. &

Initially, the Hiickel rule was derived for monocyclic systems with identical atoms.
The extended version of this rule also allows the treatment of systems that contain
heteroatoms. However, the main pitfall of the Hiickel rule is that it cannot be applied
for non-planar molecules, like porphyrinoid system, because assumed optimal overlap
between p orbitals no longer exists. To solve this problem, several descriptors have been
suggested 3% among which the annulene model stands out.'#%14! This model treats the
porphyrin analogs as bridged heteroannulenes. Thereby, in aromaticity studies, it is
assumed that porphyrins have the same properties as all-carbon annulenes.?® Within
this model, the most aromatic circuit follows the annulene-like conjugation pathway and
determines the macrocyclic aromaticity of the porphyrin. The annulene-like pathway
follows the internal circuit except when it passes through a protonated nitrogen (see
Figure 1.6 as an example). The bridged annulene model no longer holds if metals are
coordinated to a porphyrinoid 7 system.#? Contrarily, several authors43714 affirm that
all the 7 electrons of the system are necessary to describe the aromaticity in porphyrinoid
systems correctly. From this inconsistency, we can determine that it is crucial to find
a new aromaticity index that can accurately choose the most aromatic path from a 7-
electron macrocyclic structure. Moreover, knowledge of the most aromatic path could

be important in magnetic applications, for example.

Like other m-conjugated systems, we could use several criteria to evaluate the aro-
maticity of expanded porphyrins. *18:13% Two of the most studied features of expanded por-
phyrins are photophysical and magnetic properties. On one hand, expanded porphyrins
show a significantly red-shifted absorption spectrum. The larger the expanded porphyrin,
the larger the bathochromic shift (to larger wavelength) in the absorption spectrum. As

the absorption spectrum of these large macrocycles presents specific bands depending
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on the aromatic character, it is often used to determine their aromatic character. An-
other property related to the degree of aromaticity would be the two-photon absorption
cross-section value or the excited-state lifetimes.8® Using photophysical properties, it
is possible to distinguish between aromatic, antiaromatic, or nonaromatic systems but
they can not be quantitatively characterize as being more or less aromatic, for example.
On the other hand, magnetic properties, such as 'H-NMR chemical shifts, are one of
the most commonly used experimental techniques. The chemical shift of the periph-
eral pyrrolic 8 protons is a diagnostic of expanded porphyrins aromaticity because inner
pyrrolic 3 protons are sensitive to a possible magnetic current. If there is a strong di-
atropic ring current, the molecule is aromatic. In that case, the chemical shift for the
inner /3 protons is negative (frequently below -5ppm). On the contrary, if there is a
paramagnetic ring current, the system is antiaromatic, and the inner 3 protons will have
a large positive chemical shift (20 ppm or more). 120

Out of the numerous porphyrinoid systems synthesized, we can emphasize the por-
phyrin nanorings. These systems are macrocycles with only a few nanometers in di-
ameter (around 2.4 nm). Porphyrin nanorings are interesting compounds because they
offer an end-free m-conjugated system with remarkable properties such as photophys-
ical and guest-encapsulating. 11477149 As they are large conjugated systems, they are
good candidates to present (anti)aromatic species. For this reason, numerous previ-
ous studies of porphyrin nanorings have focused on the ground and the excited states

(anti)aromaticity. 1,150,151

1.4 Photosensitizers

In most of the studies provided in the present dissertation, porphyrinoid systems
have been analyzed. However, two families of photosensitizers (PSs) based on copper
and iridium have also been examined to design a computational protocol to study the
electronic structure of a specific molecule.

Photosensitizers, also called dyes, are molecules that absorb light and transfer the
energy from the incident light to another nearby molecule. The absorbed light is often
within the visible or infrared part of the electromagnetic spectrum.5271%% After trans-
ferring the energy, the PS eventually returns to its ground state. Photosensitizers have
a wide range of applications in lighting, solar energy conversion, and photocatalysis. 1>
For example, PSs are used in Dye-sensitized solar cells (DSSCs) or in the solar-driven
water-splitting (WS) process. 123155156 The global process of WS is highly complicated
to study as it is a multi-electron transfer coupled with multi-proton transfer process,
but it could be divided into the two implied reactions to reduce the complexity and

facilitate the analysis of the results. These reactions correspond to the water oxidation

18
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to molecular oxygen and the water reduction to hydrogen molecule. 567158 [ight-driven
water reduction to molecular hydrogen process needs a catalyst, a dye, and a sacrificial
electron donor. This process belongs to the photocatalytic processes known as artificial
photosynthesis, as they mimic the first step of natural photosynthesis. 156159 [nterestingly,
the process occurring in DSSCs is exactly the opposite one that takes place in organic
light-emitting diodes (OLEDs). Often, active-(UV-Vis) molecules are thus tested for
both their efficiency as dyes in DSSC and OLEDs. 100-163

Photovoltaic solar cells are a common option to produce electricity from solar light.
Predominantly, they are based on highly pure silicon. However, this type of cells is
costly and complex to produce, and for this reason, there emerge several alternatives
such as perovskite photovoltaics, organic photovoltaics, inorganic quantum dot solar,

and DSSCs, among others, 152:164.165

Dye-sensitized solar cells, also known as Gratzel solar cells.1%®17 They are one
promising alternative to the highly pure silicon cells since they are easier to build, cheaper,
more flexible, and thinner, 152:164.166.167 The first synthesis of a DSSC was in 1972 with
chlorophyll sensitized zinc oxide electrode by Helmut Tributsch.®® The fact that these
cells were very inefficient prompted continued research and in 1988, Michael Gratzel
and Brian O'Regan co-invented the modern version of DSSC with a titanium dioxide
support. Still, it was not until 1991 when the first publication was made.%® Unfortu-
nately, DSSCs do not have high efficiencies compared to pure silicon cells. 159170 While
the best commercial silicon cell efficiency is about 23%, DSSC achieved 13% in 2014.17!
Moreover, Snaith found that the theoretical maximum eficciency of DSSC is 20.25% due
to the electrical and optical losses in the devices.'”? DSSCs' efficiency mainly depends
on the dye. Two important parameters that define DSSC efficiency are the dye absorp-
tion spectrum and the anchorage to the semiconductor surfaces (TiO;). Dyes used in
devices like DSSC should gather some essential qualities, for instance: strong absorption
in the visible range, present the appropriate anchor group to the semiconductor oxide,
large energy gap, high stability in different states (oxidized, ground, and excited states),
appropriate redox potential, and good efficiency in the charge injection to a transparent
semiconducting layer which contains titanium dioxide particles and in the regeneration
process. 1527154173 sually, to ensure a high energy gap, molecules with metal-to-ligand
charge transfer (MLCT) states are used where an electron is transferred from a metal
orbital to a ligand-based orbital. 14

Photosensitizers employed in photovoltaics or photocatalysis are mainly based on
novel metals such as ruthenium (Ruf!)1"* and iridium (Ir/11)175:176 egpecially as pho-
toredox catalysts. 15177178 Transition metals of the second and the third period are
chemically stable, they have long-lived excited states whose density is mostly located in

the ligand, and redox potentials that could be optimized.'”” Although complexes based
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on the first period transition metals are more abundant and cheaper only copper(l) com-
plexes are commonly used. 5177179180 |ndeed, these latter complexes are more difficult
to control due to the presence of excited states centered on the metal with several mul-
tiplicities. A strong ligand field strength has been employed to address this problem,
leading to the discovery of new Cr, Mn, Fe, and Co metal complexes. 155178

From the theoretical prespective, another topic to be discussed in detail is the compu-
tational method to characterize dyes and their chemical properties. Excitation energies
and redox potentials are two important properties for DSSCs to improve their efficiency.
For this reason, it is important to find a proper computational method to describe both
properties. Most of the exchange-correlation functionals used in TDDFT (see Section
2.4) are not suitable to describe CT excitations?®23 due to the self interaction error
(vide supra). Consequently, range-separated functionals (RSF) are usually used to in-
vestigate CT excitations of photosensitizers.?®~23 Besides, it has been seen that tuning
the attenuating parameter (w) of RSF and finding the optimal value for each system
can improve the obtained excitation energies (see Section 2.3).181:182 However, to the
best of our knowledge, it has not been tested whether optimally tuned range-separated

functionals functionals also improves redox potentials (see Chapter 9).
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Chapter 2

Quantum chemistry methods

In the present chapter, approximate methods to solve the electronic Schrodinger
equation will be reviewed, starting with Hartree-Fock and post-HF methods. Afterward,
we will cover the density functional theory (DFT), discussing the delocalization error
present in some DFAs, which plays a crucial role in this thesis. Finally, we briefly review

the time-dependent density functional theory (TDDFT).
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2.1 Hartree-Fock and a brief overview of post-HF

methods

Given the position of atomic nuclei and the total number of electrons in the system,
ab initio methods aim to compute a solution of the electronic Schrodinger equation
to calculate the electronic energy and the wavefunction (within the Born Oppenheimer
approximation). The electron density, dipolar moments, and other chemical properties
of the system can be obtained from the wavefunction using the appropriate operator. As
mentioned before, the electronic Schrédinger equation is a many-body problem whose
exact form cannot be solved beyond hydrogen and hydrogenoid atoms as its complex-
ity grows exponentially with the number of electrons.®3 For this reason, approximate
methods are needed.

In this regard, we can highlight one of the most fundamental concepts in quantum
chemistry, the molecular orbital (MO). The MO describes the areas of probability of
finding an electron in a given region of the space. A great bulk of electronic structure
calculations are based on the orbital approximation and the molecular orbitals expression

as a linear combination of atomic orbitals (MO-LCAQ): 184

6i(r) =Y cuidu(r) (2.1)

where ¢,; is the expansion coefficient of the atomic orbital ¢, in the molecular orbital
;.

One of the main factors determining the accuracy of a calculation is the choice of
the set of atomic orbitals (also called basis set) used to build up the MOs. The basis
set consists of monoelectronic functions in which the molecular orbitals are expanded.
As they are generally nucleus-centered functions, they are a sort of atomic orbitals of
the atoms that compose the molecule. There are two main types of atom-centered basis
set: Slater-type orbitals (STO)!#18¢ and Gaussian-type orbital (GTQ).8". In this thesis

188-190 and Dunning basis sets.°! In addition,

GTO basis sets are used, specifically Pople
there are diffusion and polarization basis functions that are not atom-centered. These
functions are important to describe accurately, for example, the anions or the polarization
of a system. Nowadays, the minimal basis set used is a double zeta precision type with
polarization functions. However, in practice, this latter basis is only used for large
systems, and for smaller systems, a bigger basis set (at least triple basis set) is generally
used.

The simplest wavefunction method is Hartree-Fock. It involves optimizing a single
Slater determinant (Eq. 2.2)(preserving the antisymmetry) made of MOs by applying

the variational principle,
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¢i(1)  ¢;(1) - on(1)

W(1,2,..,N) = (N1)# @(_2) %@ ¢N_(2) (2.2)

¢i(N) ¢;(N) -+ on(N)

For the hydrogen atom, the HF method is exact. But it is incapable of providing a
full description beyond the hydrogen or hydrogenoid atoms because the wavefunction is
no longer exact, and it does not include electron correlation.®? Although up to 99% of
the total energy can be recovered with HF, the chemistry lies in this remaining 1%. 3
Therefore, HF can not be used to study many chemical reactions. A solution is to
include electron correlation by the use of post-HF methods. As HF can recover most
of the total energy, it is usually the reference of post-HF methods. These methods are
more accurate wavefunction-based approaches that expand the electronic wavefunction
beyond a single Slater determinant and include electron correlation.

The concept of electron correlation (E.,,-) comes from the inability of the HF method
to correctly describe the coupled motion of electrons. There are several definitions of

194—

electron correlation. %1% |n 1959, Léwdin defined it as the energy difference between

the exact eigenvalue of non-relativistic Hamiltonian (E....) and its HF expectation value

(Egr) in a complete basis: 17

Ecorr = Liegzact — EHF (23)

Usually, the exact energy (under the Born-Oppenheimer approximation.’ ans ignoring
relativistic effects) of a molecule is not known as it comes from the full configuration
interaction (FCI)!9 energy computed for a complete basis set. For this reason, Pines
199

definition*® is more commonly used as it employs the energy of a post-HF method

instead of the exact energy with a specific basis set. Depending on the context, different
terminology for electron correlation is used for atomic and molecular systems:200-204
Fermi vs Coulomb correlation (considering spin pairs), weak vs strong correlation (in
terms of strength), etc. But one of the most relevant ones is the classification of
correlation into dynamic and nondynamic.205-208

On the one hand, the dynamic correlation refers to the dynamic character of the
electron-electron interactions. In general, all molecules with more than one electron
display this type of correlation, i.e., it is a universal feature.2%? The dynamic correlation
becomes important when the number of electrons increases and the HF method is con-
sistent but incomplete because it cannot correctly describe the electron-electron cusp

(when the interelectronic distances are close to zero). Dynamic correlation problems
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could only be solved entirely using the FCI method. For a given molecule, FCl is the
configuration interaction (Cl) method that includes all the possible Slater determinants
that consider all possible excitations within a given basis set. The Cl wavefunction ex-
pands as a linear combination of Slater determinants where the reference is usually the

HF determinant: 192210

Yor = cotur + 3 U+ Y e+ =) ey (2.4)
ia ab I

ij

where ¢ are the coefficients that determine the importance of each Slater determinant in
the Cl wavefunction, and the subindex | indicates all the possible excitations. Precisely,
¢} corresponds to the inclusion of single excitations and c?f to the inclusion of double
excitations. In practice, FCl is rarely an affordable method because the computational
cost grows exponentially with the system size. Accordingly, dynamic correlation is usually
partially addressed by adding small amounts of other Slater determinants to the HF
wavefunction (the reference wavefuntion in the Cl expansion) that only produce small

changes in the electron density.

On the other hand, nondynamic correlation, often also named static correlation, raises
from having similar weights of different determinants due to the near degeneracy of the
frontier orbitals (HOMO and LUMO orbitals). The single Slater-determinant HF method
is clearly not flexible enough to describe some molecular systems. Molecules with long-
range (LR) electronic interactions and systems that require more than one determinant
to correctly describe the appropriate spin state or reflect the system’s symmetry suffer
from nondynamic correlation. This correlation could be almost entirely accounted for by
mixing low-lying-energy excited states along with the HF configuration. The molecular
dissociations or diradicals systems are two examples where nondynamic correlation plays

an important role.

It is worth noticing that a molecule as such is not classified as having dynamic or

nondynamic correlation; we consider a molecule in a particular electronic state. Most
post-HF methods are designed to tackle one of the correlation types mentioned above. 2%
Configuration interaction and the subsequent approximate methods, Moller-Plesset

212

perturbation theory (MP),?'! and Coupled cluster methods?'? (explained in more de-

tail in the following subsection) introduce dynamic correlation. On the contrary, other

methods like complete active space self-consistent field (CASSCF),23

correctly treat
the nondynamic correlation. Moreover, to include both corrections, dynamic and non-
dynamic, hybrid methods are often used (e.g., apply a second-order perturbation theory

after a CASSCF calculation into what is known as CASPT2).
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2.1.1 Coupled-cluster (CC) methods

Coupled-cluster (CC) methods use the HF wavefunction or a Slater determinant refer-

ence to expand the total wavefuction through the exponential cluster operator (7°).198:214

These methods provide size-consistent and size-extensive approximations of the ground
state. In 1966, Cizek defined CC as an elegant technique to calculate the correlation

energy, 21°

U =elUyp | (2.5)

where the exponential can be extended as a Taylor series:

; o1, 1
eT:1+T+§T2+§T3—|—--- (2.6)

and the cluster operator could be subdivided as the sum of the order of the different

excitations that the system could present (single, double, triple, etc. excitations):

A

P e+ Tyt Tyt 4Ty (27)

The T operator could also be expressed as the sum of different excitations using a
coefficient named amplitude (¢,):

7=t (2.8)
I

where p are the different excitations, and 7, is the excitation operator.

In practice, truncated CC methods are used. The most popular methods are CCSD 215
and CCSD(T).210217 Beyond these two, the CC approximations are computationally
unaffordable for almost all systems. The CCSD wavefunction is expressed as:

Uoosp =20y
~ 1.2 ~ 1.2
R . 1.2 PN 1.3

therefore, it ends up with a summation of excitations, where connected (t%’@;}b) and
disconnected (¢¢120?) excitations can be distinguished.

k!

To determine the value of the amplitudes, an iterative process is done by solving:
(e THWee) =0 . (2.10)

Once the amplitudes are known, the CC energy can be obtained,
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Eco = (Uyp|H|Ueo) . (2.11)

Coupled Cluster including single, double, and estimated triple excitations (CCSD(T))
is the CC variant where CCSD energy is calculated, and triple excitations are included
as an estimation, using perturbation theory. Using CCSD(T) guarantees the addition
of enough dynamic correlation for most purposes. Simultaneously, the addition of all
the effects of the excitations, ensures an accurate description of systems with some
nondynamic correlation. For this reason, CCSD(T) is known as the Gold Standard
method to include dynamic correlation in quantum chemistry. It should be noted that if
the system is clearly nondynamic, CC will not be a suitable method.?%®
To assess the adequacy of CCSD or CCSD(T) usage, we could employ several mea-

sures. One of the most well-known is the T, diagnostic?!® by Lee and Taylor:

12,
1= Nf/2, (212)

where N is the number of electrons included in the correlation procedure. T; is evaluated
to detect if a system has a large nondynamic character based on the CC wavefunction.
In other words, it measures whether a single-reference electron correlation method is
appropriate or not. For CCSD, T, diagnostic value larger than 0.02 indicates that
the results are not to be trusted and the need for a multireference electron correlation

procedure. In addition to the T, diagnostic there are other measures such as D;,?%°

D2 221 or IND- 206,207

2.1.2 Domain localized pair natural orbitals (DLPNOs)

Among the great variety of post-HF methods, successive approximations come to
light. The main idea behind the approximate methods is lowering the cost of the compu-
tational methods already available in the literature. This means applying approximations
to the existing methods and reducing the computational cost’s scaling with the system
size.

Post-HF methods are computationally expensive as the cost scales with the system
size and basis set used, soon reaching the limit of computational resources. Apart from
long computational time, a fast storage of all the information generated during the
calculation, and large disk space are important factors to have at your disposal when
doing such calculations with large systems.

HF molecular orbitals, the starting point of most post-HF methods, are significantly
delocalized. However, most molecular orbitals are highly delocalized, for instance, Kohn-
Sham orbitals. The fundamental idea behind localized methods is exploiting the locality

(short interelectronic distances) of dynamic correlation. If the correlation is significant
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at short interelectronic distances, where the electrons are already placed by HF, working

with localized orbitals will save computational time.

There are diverse localization-based post-HF methods founded on different localiza-
tion schemes. In this thesis, we will spotlight the domain localized pair natural orbitals
method?22722% developed by Neese, as it is one of the most popular methods employed
nowadays and it has been used in some of the works covered in this thesis (see Section
8).

The DLPNO method emerges as an improvement of an already existent method,
the localized pair natural orbital method (LPNO), also developed by Frank Neese.??
LPNO expands the pair natural orbitals (PNO) employing canonical virtual orbitals (HF
virtual orbitals), and it does not truncate the single excitations. At first, it seemed
unnecessary to truncate the single excitations because they give the orbital rotations
allowing to include some nondynamic correlation.??” The original LPNO-CCSD method
performed outstandingly for molecules smaller than seventy atoms, with a computational
cost only from two to four times greater than a HF calculation. For a large system, an
LPNO-CCSD calculation could reduce the number of amplitudes to be calculated by a
factor of 105-10°% compared to a canonical CCSD calculation using the same basis set. 223
Although these methods are highly reliable and efficient, they become computationally
expensive for large molecules (with > 100 atoms) due to the necessity of higher-order

scaling steps.

The DLPNO approximation is based on direct local approaches where locality is used
to evade the computation of some specific terms. First, it expands the pair natural
orbitals in terms of localized virtual orbitals. Neese used the orbitals named projected
atomic orbitals (PAQO), and truncated the single excitations using single-specific natural

orbitals as accurate as the LPNO method. 2?23

PAOs are defined using a virtual basis set and a projector (pseudo-identity operator).
A linear combination will provide a set of projected atomic orbitals that expand the
external space. The coefficient resulting from the linear combination is the overlap
between a virtual and an occupied atomic orbital. There will be as many PAOs as
atomic orbitals. Virtual orbitals are being localized around a particular atomic orbital.
Therefore, we can define zones or domains. Domains are sets of PAOs that are used to
determine a localized molecular orbital. Usually, distances and connectivities are the two
criteria used to select the series of PAOs. The bigger the domain, the more accurate the
calculation. The orbital will be better described, but at the same time, the efficiency
will be reduced. However, there are correlation effects that are not so local; dynamic
correlation is primarily local but not entirely. Some effects occur at higher interelectronic
distances, and those could be missed with all localized orbital methods. A clear case is

Van der Waals interactions. Using only PAOs, calculations are highly dependent on the
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domain size. For this reason, Neese proposed to used the PAOs as the basis to construct
the PNOs.

In summary, in DLPNO, natural orbitals are built using the PAOs, while the latter
will define the domains to start the DLPNO calculation. In such a manner, the high
compactness of the original LPNO wavefunction remains as long as we take advantage of
a greater locality. DLPNO scales almost linearly with the system size. It has been seen
that combining the pair natural orbital approach and the concept of orbital domains, it
is possible to attain almost entirely linear scaling CC implementations (DLPNO-CCSD
and DLPNO-CCSD(T)) relative to system size that recover roughly 99.9% of the total
correlation energy.??®

Several thresholds control DLPNO calculations. However, only three cut-off parame-
ters are needed to be modified unless specific questions are addressed: (i) Tcutpairs, the
threshold for electron pairs to be involved in the CC iterations; (i) Tcwpno, the most
crucial parameter which controls how many PNOs are used for a given electron pair; and
(iii) the Mulliken population cutoff for domain selection, Ty v, which regulates how
large the domains are (the domains will later form the PNOs). For the linear-scaling
DLPNO calculations, the domain sizes are controlled with the T¢cu:p, parameter.?23:225

DLPNO-MP2, DLPNO-CCSD, and DLPNO-CCSD(T) have become popular meth-
ods that can be applied to very large molecules. After all, we should be aware that
only dynamical correlation is highly local. Therefore, if these methods retrieve some
mild nondynamic correlation effects, it is only natural that we will miss these effects by

employing the locality of correlation.

2.2 Density Functional Theory (DFT)

Density Functional Theory??®23 is an alternative to wavefunction methods. The

formal foundations of DFT were introduced by Hohenberg and Kohn (HK) in 1964.

Previously, different energy functionals such as the Thomas-Fermi23!

had been proposed,
but the basis of the theory was not discovered yet. Thomas-Fermi approximation was
formulated in terms of the electronic density (p(1)) to analyze the electronic structure
of a many-body system. It was developed semi-classically, and it is only correct in the
limit of an infinite nuclear charge. 232233

HK established the theoretical basis of DFT by introducing the HK theorems. Ac-
cording to HK theorems, DFT is, in principle, an exact theory that states that any
property of a system can be calculated employing the ground-state electron density,
p(1). p(1) is an observable that only depends on three spatial coordinates and one spin
variable (1 = r,0). Unlike wavefunction methods that rely on 4N variables (N is the

total number of electrons in the system), in DFT the problem's dimensionality is reduced
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to 4 variables.

The first HK theorem establishes a one-to-one mapping between the exact ground-
state electron density and the external potential (up to an additive arbitrary constant),
i.e., any property of the system is a unique functional of the ground-state electron
density. Up to this point, for the sake of simplicity, the E[p] = E[p(1)] short-hand

notation will be used. The energy functional can be written as:

E[p] =T[p] + Veut[p] + Veelp]

:/p(T)Vemt(T’)dT’—FFHK[/O], (2.13)

where T'[p] is the electronic kinetic energy, V., is the external potential, and V.. is
the electron-electron interaction energy. Fyk|p] is the Hohenberg and Kohn functional,
which is an universal energy functional that depends only on the total number of the

electrons of the system,

Fuklpl =Tlp] + Veelp] - (2.14)

The second HK theorem guarantees the existence of a variational principle, 234

E[p] 2 E[pexact] = Emm (215)

Then, the ground-state density can be found by minimizing E[p| constraining the

search to densities that integrate to the number of electrons,

ol
—Ep—u/prdr]zO 2.16
5o |2 = [ ot (216)
where p is the Lagrange multiplier. Using equation 2.13, the Euler equation reads:
(SFHK(T)
2, = 2.17
5p(r) + v, t(r) 2 ( )

The bottleneck of DFT is that the Fix universal functional is unknown. Therefore,
DFT methods use approximate functionals. In 1965, Kohn and Sham (KS) introduced
the fundamental scheme for the general use of DFT (KS-DFT).%® The KS scheme
uses as a reference a non-interacting system (KS system) with the same density as the
original system. Hence, V.. = 0 and T = T;. The KS system has N electrons that do
not interact with each other, but they interact with an external potential (v5). For this
system, the electronic energy functional is:

mm:/mmme+zw (2.18)
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and thus the Euler equation reads as:

T[]
op
The exact wavefunction of a non-interacting system is a Slater determinant. To

+us(r) =p (2.19)

find the orbitals and the density of the system one has to solve a set of single-particle
equations (similar to the Fock secular equations that arise in HF theory):

(_V; F0ulr)) 6lr) = £010) (2:20)

The density of the KS system is written in terms of one-electron functions, the KS

orbitals,

plr) = 5(r) = 3 Joulr) P (221)

KS proposed to express the Fix[p] (2.14) as:

Furklp] =Ti[p] + J1p] + Excp] (2.22)

where J[p| is the classical Coulomb repulsion between charges and E.. is the exchange-
correlation energy. This latter term includes the difference between the exact kinetic
energy and the kinetic energy of the non-interacting system, as well as all the energetic
non-classical terms between electrons (electron-electron repulsion correlation potential

and exchange energy):

Ewclp] = T[p] — Tulp] + Vee — J[p] (2.23)

Inserting equation 2.22 into equation 2.17:

0T [p]
op(r)
and comparing with equation 2.19, we find:

—+ I/ext(’r’) + ‘7" — 7"" + l/xc<7") = M , (224)

p(r')

=

Vs(1) = Vet (1) + + Vge(7) (2.25)

It seems that the ground-state density of the interacting system can be found by
solving single-particle equations (see Equation 2.20). All the complexity of DFT remains
in one term, the XC functional, as every energy functional in equation 2.22 can be
calculated exactly from the electron density or the KS orbitals except the exchange-

correlation functional.
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2.2. Density Functional Theory (DFT)

Accordingly, the KS strategy mitigates the problem of the unknown energy functional
using the two main ideas already stated: (i) the energy is described as a sum of terms
where only one remains unknown, and (ii) the electron density is calculated from a set

of new orbitals that is iteratively improved.

Finding an efficient approach for constructing functionals in terms of the electron
density that are universally applicable to correctly describe all the properties of a system
is a hard problem and remains unsolved. In this sense, several approximations to the
E.c[p] functional exist in the literature, known as density functional approximations
(DFAs). The use of DFAs leads to errors in the property being calculated. Each DFA is
characterized by a different approximation of the XC part. Jacob’s ladder?3® is a simple
and visual way to classify the five main groups of the XC functionals according to the
ingredients included in the functional. In other words, in Jacob’s ladder the functional
are ordered in agreement with their com-
putational cost to achieve the best accu- //ﬁ“‘\
racy, namely, the heaven of chemical accu- : |

ray. As one climbs the Jacob ladder, one HEAVEN OF CHEMICAL

can find firstly the local spin-density ap- ACCURACY
proximation (LSDA), which approximates . 3
the XC energy using only the information (0. double hybrid
of the electron density. Secondly, general- .

€,F | s | hybrid
ized gradient approximation (GGA), which

. . . d/or V2 -GGA

besides p(1), also includes the gradient of T and/or Vp metd

Vp GGA

the density (Vp) at that given position.
Thirdly, meta-GGA, for which the energy Y LsD
density also depends on the Laplacian of
electron density (V?p) or the kinetic en-

ergy (7) . These first three rungs scale as

HARTREE

3 . _ - . .
N°. At higher-order approximations, like WORLD

hyper-GGA or hybrid functionals, the cost
increases, and the XC functional includes
3 certain fraction of HF exchange(ef ). Figure 2.1: Representation of Jacob's Ladder.
In the fifth rung, we find the non-local or

double hybrid functionals, where the XC functional also relies on the information of
unoccupied KS orbitals (¢,). The higher the rung, the higher the complexity of the
functional and the computational coast are. Nevertheless, higher-rung functionals do

not always imply a better performance of the functional.?3’

Nowadays, one of the most used rungs of Jacob's ladder is the one that comprises

hybrid functionals, especially to study reactivity and thermochemistry because they offer
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a better description of reaction barriers and reaction energies. The energy of the hybrid
functionals (E%%) is a summation of GGA /meta-GGA correlation energy (ESG4), a fixed
fraction of GGA/meta-GGA exchange (E{““) and, a fraction of the exact exchange
(EXT):

EMWY = aEGSA + bESGCA 4 cERY (2.26)

where a, b and c are hybridization coefficients.

Although DFT is among the most popular methods in computational chemistry,
especially for big systems, one should keep in mind the main limitations of DFT approx-
imations already mentioned in the introduction (see Section 1.1.1), which can even lead

to an erroneous prediction of a particular property. 238239

2.2.1 Delocalization error (DE)

As stated in the previous chapter, the self-interaction and the delocalization errors are
a key factor in our studies. In HF, the artificial term corresponding to the Coulomb repul-
sion energy of an electron with itself is exactly canceled by the corresponding exchange
term. Conversely, in DFT, while Coulomb terms are described exactly, the exchange
term is expressed by an approximate functional. The SIE is due to the non-cancellation
of these two terms. Accordingly, HF does not suffer from this type of error. The DFT XC
potential does not decay asymptotically as —1/r, as the exact XC potential does. 240:241
XC potential is the XC energy derivative with respect to the electron density.

Going beyond GGA functionals and introducing non-local HF exchange in the XC
potential partially corrects the delocalization error, improving the results using hybrid
functionals. Hybrid functionals mix a constant percentage of HF exchange with a semi-
local exchange functional (see Eq. 2.26 and B3LYP in Fig. 2.2). However, the use
of hybrid functionals is not always sufficient because the decay of XC potential is still
incorrect. For this reason, the range-separated functionals were proposed (see Section
2.3). In this context, there are several recent discussions in the literature related to the

role of the exact exchange in DFT calculations, especially in large systems. 172427246
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Figure 2.2: Schematic plot of exact exchange percentage included in B3LYP (HF[%]=19), M06-2X
(HF[%]=54), CAM-B3LYP (HF[%]=19-65) functionals and LC general scheme (HF[%]=0-100).

For the particular case of aromaticity indices studies, we have seen that the amount
of exact exchange included in the functional clearly changes the picture for most of the
aromaticity indices, indicating that the percentage of HF-exchange included is highly
relevant to obtain an accurate description of the aromaticity character.®1° In most of
the projects included in this thesis, we have compared the performance of HF and three
different DFAs.

2.3 Range-separated functionals (RSF)

In 1996, Savin proposed a scheme?*” to accurately describe the charge transfer
states, Rydberg excitations, and polarizabilities of long-chain molecules.?*® He suggested
splitting the electron repulsion operator, i.e., the classical Coulomb operator, into two
terms; one short-range term and one long-range term (eq. 2.27) applying the traditional
Ewald approach, which uses the standard error function (erf) and treating the two terms
with two different methods:

1 er fc(wrya) N er f(wry2) (2.27)

12 12 712
where r,, corresponds to the distance between two electrons and w is the attenuating

parameter. In other words, the w parameter is the one that modifies the percentage of HF
exchange included in the XC functional for each interelectronic distance. er fc(wr) is the

complementary error function (er fc(z) = 1 — erf(x)) applied for the short-range term
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and er f(wr) is the standard error function which is used for the long-range interaction
term. There are more functions that one could apply to this scheme, but the standard
error function is the most widely used as it allows the bi-electronic integrals to remain
analytically solvable for Gaussian functions. The larger the w value, the greater role of
the long-range method used. If w tends to zero, then the selected method to describe
the long-range term is not being included and all the interelectronic distances are treated
with the method used for the short-range (SR) regime (DFT). Conversely, if w=1, the
electron-electron interaction is completely treated with the method selected to describe
the LR regime (wave function theory). In DFT, functionals based on this scheme are
named range-separated functionals.

Several RSF have come to light over the years. Long-range corrected (LC) func-

& were the first type of RSF, including a semi-local method

tionals, proposed by Hirao,?*
(GGA or LSDA) at a short interelectronic distance and HF for the long-range term.
HF exchange exhibits the correct asymptotic behavior for large interelectronic distances,
while DFT functionals are usually appropriate for describing interactions at the short-
range regime. In fact, at the limit where r,, tends to zero, the LDA method is exact.?*’
Some examples are LC-wPBE?* or LC-BLYP.?*® Yet another group of RSF are the
Coulomb-attenuating methods (CAMs), e.g., CAM-B3LYP2% or wB97X,%? that fur-
ther generalize the LC functionals to couple hybrids at the short-range and increase the
HF exchange at long distances.

The first LC functionals presented a static value of the attenuating parameter for

general use in thermochemical applications. 252

Nevertheless, later, it was suggested to
modify this parameter to reach more accurate results.?532%5 There are different theo-
retical approaches to modify the attenuting parameter, 257257 however, in the following

subsection, we will further discuss the scheme proposed by Livshits et al.253258-260

2.3.1 Tuning of the attenuating parameter

The attenuating parameter, also known as the screening or range-seperation pa-
rameter, changes the relative weight of the two ranges in a RSF as a function of the
interelectronic distance. As mentioned before, it has been seen that optimizing the w
parameter for each molecule can improve one-electron excitation energies calculations,
such as valence, Rydberg, core and charge-transfer excitations. 181:261

There are different methods to proceed with the optimization of the screening pa-
rameter. In this thesis, we have employed the so-called ASCF method.?%3:258-260 Thjs
method is implemented in an in-house script based on Koopmans'-type theorem in Kohn-

Sham theory (also known as IP-theorem).262

Within HF theory, Koopmans's theorem
stipulates that the first ionization potential (IP) is equal to minus the energy of the

highest occupied molecular orbital (HOMO), neglecting orbital relaxation and orbital
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correlaction. In analogy, it is possible to approximate the electron affinity (EA) to the
LUMO orbital energy in the opposite sign. However, in DFT, the exact KS functional
satisfies the Koopmans theorem ( eyono = —IP) while approximate KS functional
does not, which results in an underestimation of the ionization energy.

LC functionals are approximate methods offering KS orbital energies that provide
reasonable approximations to the principal IPs according to Koopmans'-type theorem.
In ASCF method, the IP and the EA can be obtained from the difference between the

ground-state energies of the system with N electrons and with N + 1 electrons:

IP(N)=E(N —1)—E(N) (2.28)

FEA(N)=—-IP(N+1)=E(N+1)— E(N) (2.29)

Then, several functions are defined (Equations 2.30, 2.31, 2.32 and 2.33), their
minimization leading to the optimal value of w.?%3

The Koopmans'-type theorem deviation for a system with N and N + 1 electrons
yield the following tuning conditions:

Jo(w) = lefromo(N) + IP(N)| (2.30)

Ji(w) = lefomo (N + 1) + EA(N)| (2.31)

For the purpose of properly describing the fundamental gap, both functions should

be minimized simultaneously:

J(w) = Jo(w) + J1(w) (2.32)

In general, J(w) can be non-zero even for exact functionals as it is defined for systems
with different number of electrons. However, it has been seen that the optimal values
of w are very close to the minima of Jy(w) or Ji(w) subject to the particular form of
the eyono and the total energy. 293204 To prevent such biased behavior J*(w) function

was suggested: 253

)= 3 J3w) + T (2.33)

The script used to optimize the attenuating parameter is based on the minimization
of J* descriptor. First the IP(N) and IP(N+1) calculations were performed at the w
default value (wgey = 0.4au™1).2*? Although these two calculations depend on the value
of w, for the sake of simplicity, we have only calculated them at the beginning of the
optimization process, using the default value of w. Then, using the golden section search

numerical method, % the J* minimum is found by constricting the range of values of
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w, where the minimum is supposed to exist. Once the optimal attenuating parameter is
found, it is used to perform the required DFT or TDDFT calculation.

We have used this protocol mainly to simulate UV-Vis absorption spectra of different
photosensitizers that present CT excitations as well as to compute their redox potential

(see Section 9).

2.4 Time dependent density functional theory
(TDDFT)

Time-dependent density functional theory is the extension of DFT to study the time-
dependent phenomena. TDDFT has become one of the most popular and successful
method for computing electronic spectra and non-adiabatic excited dynamics in com-
putational chemistry.?°® One of the most frequently calculated properties in this exact
approach is the vertical absorption energy as it requires neither the knowledge of the
electronic excited-state density nor the energy gradient.2°7

The building blocks of this theory are the time-dependent equivalent of the first HK
theorem (Runge-Gross theorem) and the time-dependent version of the KS theory. 230:268
The Runge-Gross theorem states a one-to-one mapping exitsts between the exact elec-
tron density and the exact time-dependent external potential aside from a spatial con-
stant that depends on time. 230209270 Fyrthermore, the availability of a time-dependent
KS reference system enables the derivation of the time-dependent KS equations and
subsequently reaches the time-dependent one-particle Schrodinger equation.

In the same vein as DFT, where the exact XC functional is not established, in TDDFT,
the exact time-dependent XC kernel (Eq. 2.34) is not known, and some approximations
are needed. The XC kernel is determined as the second derivative of the XC energy

(E,.) with respect to time-dependent density, evaluated at the ground-state density: >

2 E,,
dp(r1,t1)0p(ra, ta) p(r)

fae(ri,ti,ra, ) = (2.34)

One of the most important approximations is the adiabatic approximation, which
allows the utilization of the standard ground-state XC functionals in the context of
TDDFT since it is expected that density only varies sluggishly with time. Within this
approximation, the exchange-correlation kernel (f,.) is defined as the second derivative
of the XC energy with respect to the electron density, and it is assumed to be independent
of time:

62 Ey,

fxc(rl? r2> - m

(2.35)
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(TDDFT)

After having the time-dependent Kohn-Sham equations, we can use real-time TDDFT
or linear-response TDDFT to carry out our calculations. The former consists in propagat-
ing the KS wavefunction with respect to the time, while the latter, involves measuring
the linear response of the system after applying a weak time-dependent perturbation
such as an electromagnetic potential. If, for example, the response to the application
of a laser was measured, it would not be possible to use linear response TDDFT and
probably it would be necessary to use a quadratic response formalism.

Nowadays, most applications are carried out using linear-response formalism because
it is a powerful approach to calculate excitation energies and optical spectra. In all the
calculations of this thesis where TDDFT was needed, we have employed this formalism.

Within linear-response TDDFT, the excitation energies of a many-body system are

obtained using the so-called Casida’s equation or random-phase approximation (RPA): 23:271.272
A B X 1 0 X
=w (2.36)
B*  A* Y 0 —1 Y

where the matrix elements of A and B are given by:

Ajajb = 6ii0ap(ea — €i) + (taljb) — cur(ijlab) + (1 — cur)(ial fuc|jb) (2.37)

Bia b = (ia|bj) — cur(iblajg) + (1 — cur)(ia| fzc|b)) (2.38)
where ¢ are the orbital energies. The first term of the A matrix diagonal is the difference
between i (occupied) and a (virtual) orbitals energy. The second term of A matrix and
the first term of B matrix correspond to the antisymmetrized two-electron integrals (Eq.
2.39) that arise from the linear response of the Coulomb and exchange operators to the

first-order changes in the single-particle orbitals, 234

i) = [ [ ara AT S EBO0IN)

The cyp term in Equations 2.37 and 2.38 is the percentage of HF included in
the functional. Therefore, the terms that depend on this parameter correspond to the
response of the chosen XC potential (last terms in Equations 2.37 and 2.38) involving
the XC kernel.

As a consequence of the adiabatic approximation, the principal limitation of TDDFT
approximate functionals inherited from DFT is that they bring in significant errors in
the description of some excited states (CT or the Rydberg excited states).?%">* As com-

mented in the previous section, the approximate functionals usually underestimate the
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CT excitation energy and they fail to reproduce their potential energy curves due to the
SIE. For large interelectronic distances, they do not exhibit the correct —1/r,, decay.
However, if the approximate functionals include a specific percentage of exact exchange
(HF exchange) they improve the description of the above mentioned excited states.

Another important problem of TDDFT is the description of double
excitations. TDDFT does not identify double excitations when the linear response and
adiabatic approximations are used. These excitations can be incorporated in TDDFT,
for example, by extending the method beyond linear response. 27277 On the other hand,
triplet excitations energies could be underestimated using TDDFT due to the inclusion
of the exact exchange in the XC potential. This limitation of TDDFT is known as triplet
instability, and it is usually addressed by using the Tamm-Dancoff approximation. 23278

However, in the present dissertation, neither double nor triplet excitations are studied.
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Chapter 3

Aromaticity

In this chapter, we will explain which indicators we use to establish bridges between
quantum mechanics and classical chemical concepts (e.g., chemical bond or aromaticity),
starting with the partition of the molecular space and the definition of an atom in
a molecule. Since atoms are composed of electrons and most of the chemistry and
reactivity can be explained by distributing the electrons in the molecules, it is natural to
take the electron density as the central quantity to define an atomic partition. For this
reason, the tools used in this thesis are based on the electron density, the pair density,
and the orbitals, among others. Then, we will review the aromaticity descriptors used
in the projects of this thesis, giving some examples and paying special attention to the

electronic ones.
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3.1 Density and high-order density matrices

The electron density (p(1)) is the central quantity in DFT (vide infra) and also to
the quantum theory of atoms in molecules (QTAIM, see the following sections). Born's

rule?™®

specifies that the probability of finding one electron within the infinitesimal volume
around the position of electron 1 with spin oy (d;) is determined by the square of the

wavefunction that describes the system,

P(1)d; :/dz/dg.../dN]¢(1,2,...,N|2d1 , (3.1)

where N is the total number of electrons in the system, and P(1) is the probability of
finding one electron at position 1 regardless of the position of the other (N-1) electrons.
From equation 3.1 the electron density is determined as:

p(1)=NP(1) . (3.2)
Since the electrons are indistinguishable particles, the electron density accounts for the
probability of finding at least one electron at 1.

Indeed, electron density is the diagonal part of the first-order reduced density matrix
(1-RDM), p(1) = pi(1; 1);

p(1:1) :N/dgdg.../de*(l,z,...,N)w(l’,Z,...,N)  (33)

where different coordinates are used for the first electron of the two wavefunctions that
are included in the integral. The 1-RDM will be used to define several chemical bonding
tools.

Reduced density matrices (RDM) are lower-rank matrices obtained by integrating
the appropriate electronic coordinates of density matrices. 282281 Density matrices are a
compact form to display the maximum information available about the system, using
functions with less variables. In general, the diagonal of the n-order RDM (n-RDM) are
named n-electron densities. Another relevant n-electron density is the one derived from
the diagonal elements of the second-order RDM (2-RDM), the pair density (p2(1, 2):

p2(1,2) = N(N —1)P(1,2) | (3.4)

where P(1,2) is the probability of finding two electrons, one at 1 and the other at 2,

regardless of the position of other N-2 electrons: 282

P(1,2):/d3.../de*(l,Z,...,N)¢(1,2,...,N)d1d2 . (33)

Therefore, the pair density represents the probability of finding at least a pair of electrons,

one in d; and the other in d;.?%9283
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3.2 An atom in a molecule (AIM)

In 1916, Lewis presented his first definition of a chemical bond when he suggested
that atoms remain together by sharing a pair of electrons between them. To characterize
the electronic distribution of a molecule we need to define an atom in a molecule (AIM).
This will allow to define the type of bonding between atoms and the character of atoms
that assemble the bond.

There are several definitions of an atom within a molecule that could be classified
according to the atomic partition method, i.e., the scheme used to define the atoms
in the molecule. The atomic partition is an arbitrary method used to calculate atomic
properties and identify chemical bonds within its limitations. On the one hand, the
atomic partition could be defined using the Hilbert space, where the atom in a molecule
is defined as an assortment of basis functions localized over the atom. We can highlight
the Mulliken population analysis?* which uses the Hilbert space to provide the partial
atomic charges. Even though Hilbert space allows an analytically atomic decomposition
for some properties, it also presents two main drawbacks: it is a strong basis-set de-
pendent method, and it presents ambiguity in assigning some basis set functions to an
atom (e.g., diffuse functions). On the other hand, the atomic partition could be defined
by partitioning the real 3D molecular space, where the most well-known method is the
quantum theory of atoms in molecules (QTAIM).?*> Among the other real-space parti-
tions we can highlight, for example, the Voronoi Cells, 28® Hirshfeld Atoms?¥" fuzzy atom

290-292 3nd topological fuzzy Voronoi cells (TFVC).2%

partition,288:28% Becke-p partition
However, it has been demostrated that QTAIM method is the best one for aromaticity
studies.?** Therefore, we have used the QTAIM method in the studies presented herein
and it will be briefly discussed hereafter. It has been seen that employing other atomic
partitions, the aromaticity indices do not have a correct performance.?®* In addition,
TFVC method was used to calculate the effective oxidation states in the study presented

in Section 8.

3.2.1 Effective oxidation states (EOS)

293 atomic definition was proposed as an alter-

The topological fuzzy Voronoi cells
native to the QTAIM partitioning to define the atomic boundaries within the molecule.
TFVC basins are based on the fuzzy atomic Voronoi cells introduced by Becke.??° TFVC
provides, with a lower computational cost, properties that depend on the atomic defini-
tion, such as atomic charges or delocalization indexes (vide infra), very similar to those
obtained with QTAIM.

The effective oxidation states (EOS) method?%®?%® is a new general scheme to cal-
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culate oxidation states (OS) from electronic structure calculations. This scheme can be
applied to any molecular system and for any level of theory or electronic state. The first
step to compute the EQOS, is the calculation of the effective atomic orbitals (eff-AOs)
for each atom or fragment considered.??"2%¢ These are hybrid atomic orbitals that are

obtained, for single-determinant methods, by diagonalizing the following matrix,

5 = / A7 () (r)dr | (3.6)

were,

o1 (r) = 7(r), if reA

: (3.7)
o7 (r) =0, otherwise

A is the spatial region belonging to a given atom or fragment, and ¢“(r) is an occupied
molecular orbital. Each eff-AO has an occupation number that indicates whether it is a
core/lone pair, valence, or virtual hybrid. In the EOS scheme, this occupation number
will be used to list by decreasing order, the eff-AOs of all atoms or fragments treating
each spin o independently. The first N, being N, the number of o electrons of the
system, eff-AOs are considered occupied (A\2° — 1) while the latter are considered
empty (A2° — 0). With the occupied eff-AOs one can build the effective configuration
of the atoms or fragments within the molecule, and thus their OS. In addition to the OS
assignment, the reliability index (R = min(R®, R?)) can be calculated from the frontier
eff-AOs as,

R° =100 x min(1,\7p — A%y +1/2)  with (M > %) ,  (3.8)

where A7, and A%, are the actual occupations of the considered last occupied and
first unoccupied eff-AQOs, respectively. The worst situation is when A7, = A%, and it

corresponds to a R = 50%.

3.2.2 The quantum theory of atoms in molecules (QTAIM)

The quantum theory of atoms in molecules (originally called the Atoms in Molecules
theory) was established by Richard F. W. Bader.?® It defines the atom as a proper
open system by partitioning the real space employing the topological properties of the
electron density. This theory aims to have a well-defined physical understanding for two
fundamental and significant concepts in quantum chemistry: atoms and bonds. The
electron density is a scalar field and it can be visualized in a molecular plane (Figure
3.1), where the atoms present the maxima of this function. By carefully analyzing the

topology of p and its first derivative, we find a set of different critical points (r):
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Vp(rep) =0 (3.9)

We can characterize them analyzing the second derivative of the p collected in the
Hessian Matrix (H):

Pp(r) Pp(r) p(r)
28952 %xay 623582
Fp(r) 0%p(r) Op(r)
H{p|(Tep) = VIV, p(7)|r=po, = 3.10
Plirep) = V1T opl0)mr,= | SED T TP (310)
Pplr) Polr) i)
0z0x 020y 022

T=Tcp

The Hessian matrix is a real symmetric matrix that can be diagonalized via a unitary
transformation (L):

H[JL = LA (3.11)
9%p(r)
o7 0 MO0
d%p(r)
A — _ 3.12
9%p(r)
0 0 \
0 0 82% . 3

We can label a critical point (CP) using its rank (£2) and signature («) as CP=(Q,«).
The rank is the number of eigenvalues other than zero, and the signature is the sum
of the sign of the eigenvalues, i.e., the curvature. Each positive curvature contributes
+1 to the signature while a negative curvature adds -1. Assuming non-zero eigenvalues
(€2=3), the critical points can be classified into four groups determined by the value of

the signature:

= (3,-3): Attractor or Nuclear Critical Point (ACP). All the curvatures are negative
in an ACP, and thus this CP is a maximum of the electron density. These points
usually coincide with an atomic position; otherwise, these CPs are called non-

nuclear maxima (NNA).

= (3,-1): Bond Critical Point (BCP). A BCP shows two negative curvatures and a
positive one. BCP connects two ACP, and it is usually an indicator of the presence

of a chemical bond.

= (3,41): Ring Critical Point (RCP). A RCP has two positive curvatures and a

negative one. The presence of a RCP usually indicates a ring structure of the
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molecule. If the molecule is planar, the RCP is located in the minimum of the
electron density inside the ring structure.

= (3,43): Cage Critical Point (CCP). A CCP has three positive eigenvalues, and it
is thus a minimum of the electron density. The CCP indicates a cage structure,

and it is usually located near the center of the cage.

The CP are connected between them through gradient lines named bond paths. The
gradient lines that connect the RCP with BCP are known as ring paths.

Figure 3.1: QTAIM analysis of benzene. In grey the relief map of electron density (p) is plotted. The
carbon atoms in grey, hydrogen atoms in white, BCP in green, RCP in red, bond path in black lines

and ring path in yellow dashed lines are represented.

The Poincaré-Hopf expression3% gives the relationship between the different number

of critical points in a molecule:

nacp — npcp +rep — Necp = 1 (3.13)

The second derivative of the electron density also provides insight on the concentra-
tion or depletion of the electron density. If the Laplacian is negative, we have an electron
accumulation (localization of electrons). On the other side, if the Laplacian is positive,

we have an electron depletion (delocalization of electrons).

3.2.3 Population Analysis

A helpful tool to study the electron distribution within a molecule is the population
analysis. This technique uses a specific definition of the AIM to obtain atomic popula-
tions and atomic charges. The integration of the electron density over a region A gives

the amount of charge located in this atomic domain, Ny:

NA:/Ap(l)d1 (3.14)
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3.2. An atom in a molecule (AIM)

This is a way to distribute the N electrons of the molecule between the atoms that
form it. The sum of all atomic populations must give the total number of electrons of
the system. Using the atomic population and the atomic number (Z4), one can obtain
the atomic charge (Q4) as:

Qa=2Z4— Ny (3.15)

The resulting Q4 can not be used to calculate the oxidation state of a molecule as it
is usually a non-integer number, and oxidation states are always integer values. Atomic
charges are very sensitive to the choice of the AIM method.?8 For this reason, it is not
recommended to draw any conclusion only from the atomic charges calculations.

As it was mentioned before, the most popular population analysis is the Mulliken one
that uses the Hilbert space partition and can be obtained from any computational code.
Contrarily, AIMs employing a real space partition are more complicated to calculate

because they require a numerical integration over the atomic domain A:

Ny = /Ap(l)ch _ Zni/A\@u)M = 3 u(4) (3.16)

that requires the diagonal part of atomic overlap matrix (AOM):

Si(A) = / 61 ()65 (1) | (3.17)

where n; is the orbital occupation.

The analysis based on the real space partition presents a numerical error due to
the need to use numerical integration to obtain AOM. In contrast, the ones using the
Hilbert space division present no numerical error because they involve analytical integrals
for GTOs. QTAIM population analysis can be attained from AlMall,3°* AIM2000, 302303
APOST-3D3% or ESI-3D3% (the latter does not perform integrations, AOMs should be

provided), among others.

3.2.4 Electron-sharing indices (ESI)

Once we have defined an atom in a molecule, another fundamental chemical con-
cept we can calculate is the bond order (BO). The BO gives the number of chemical
bonds between a pair of atoms, and from the very beginning, it was also closely related
to aromaticity. 3% Coulson was one of the first to quantify the BO employing quantum

307 This mea-

mechanics calculations, which involved the Hiickel molecular orbital theory.
sure of BO is known as the Coulson bond order (CBO). Nonetheless, nowadays, CBO is
almost not used anymore due to the very approximate nature of the HMO method. A
well-known replacement for the CBO is the concept of electron sharing index (ESI) pro-

posed by Fulton, 3% which measures to which extent two atoms are sharing the electrons
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201

lying between them. Following some previous works="* we will name ESI all quantities

that measure the number of electrons shared by a pair of atoms. We can find several

291 Here we will focus on the ones calculated from the

definitions of ESI in the literature.
exchange-correlation density (XCD).3%° However, it is worth mentioning that Mulliken's
analysis?®* was also one of the preferred for its simplicity and low computational cost. 3!°
The exchange-correlation density compares a fictitious pair density of independent
electron pairs (p(1)p(2)) with the real pair density (p2(1,2)) as defined in the following

equation:
pac(1,2) = p(1)p(2) — pa(1,2), (3.18)

The more independent the electrons are, the smaller the XCD should be. The op-
posite scenario is when the electrons are dependent or coupled; the more coupled, the

more significant the difference. One of the most popular ESI derived from QTAIM is the

delocalization index (DI):3117313

d(A,B) = 2/ / didapre(1,2) = —2cov(Na, Np), (3.19)
aJB

where N, is the electron population of the atom A and Np for the atom B (Eq. 3.16).
On the contrary, the localization index (LI) could also be defined using the XCD as:

AA) = A 4) / / didspac(1,2) (3.20)

The DI measures the number of electrons delocalized or shared between two different

atoms (A and B), while the LI informs us about the number of electrons localized in one
atomic domain (A). As shown in Eq. 3.19, the Dl is related to the covariance of A and
B atomic populations since it is also a measure of the fluctuating electrons between this
pair of atoms. The DI has been used to define aromaticity indices, and its validation has
also been done.314-316

Single, double, and triple bonds usually exhibit DI values close to 1, 2, and 3, re-
spectively, whereas classical aromatic bonds show DI values around 1.5. The less the
molecular structure resembles a Lewis-structure, the less predictable the localization
indices are.

It is also helpful to define the delocalization of a specific atom, which some authors3!”

relate to the valence of the atom:

=Y (A, B) = ZéAB (3.21)

B#A B LA<B
Since the XCD integrates to the number of electrons, we can classify all the electrons
in a molecule as localized, assigning them to atoms, or delocalized, attributing them to

the pairs of atoms; the following equation is satisfied:
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3.2. An atom in a molecule (AIM)

Ny = / p(1)ds = 6(A) + A(A) | (3.22)

giving rise to the sum rule:

N=> Ni= > 6(AB)+> M4, (3.23)
A B,A<B A
where N is the total number of electrons in the system. An electron localized within an
atom contributes 1 to the LI. When a pair of electrons is shared between two atoms, it
contributes 0.5 to the LI of each atom and 1 to the DI.3!!
In this thesis, the delocalization index will be calculated for single-determinant (SD)
wavefunctions such as HF and KS-DFT. For closed-shell SD wavefunctions, the DI and
LI (Egs. 3.19 and 3.20) attain a simple form:

N/2
0(A,B) =4 Si;(A4)S;(B) (3.24)
N/2
AA) =2 " S;;(A) (3.25)

where S;; is the AOM of atom A defined as,

Sy(A) = / d (1) (1), (3.26)

¢i(1) being a molecular orbital. DI gives a measure of the number of electron pairs
covalently shared between two atoms. However, this index has a relevant limitation: if
the atom pair is bonded by electrostatic interactions, the index will not reflect it. If
we suspect our bond to be ionic, we should inspect the DI, and the value should be
relatively small. We can help ourselves by analyzing electron density at the BCP (i.e.,
if it is small, it is probably an ionic bond) or perform an energy decomposition analysis
(EDA). %92

For correlated wavefunctions, the calculation is tedious and complicated since the
pair density is not easy to obtain and computationally expensive. More often than not,
one computes an approximation to the DI. Usually, the 2-RDM or pair density in terms
of the 1-RDM.?%! In the literature, there are plenty of different methods to make such
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approximations,2®* but the most used, due to its simplicity, are Angyan's or HF-like

and Fulton or Miiller3'® approximations. Angyan approximation does not fulfill the sum
rule exposed in equation 3.23. In contrast, Fulton approximation usually gives a better

approximation because it does satisfy the equation 3.23.29%:320
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ESI are not limited to the study of the electron sharing between two entities; they
are also employed to investigate to what extent the electrons are shared between more

than two regions or atoms, the so-called multicenter indices.

3.2.5 Multicenter indices

The Lewis theory3?! is not enough to fully rationalize the electronic structures of the
molecules due to the lack of accountability for multicenter bonding. Using the electron
pair, one could characterize the bonding between two atoms but not the bond that
involve more than two atoms in the chemical bond. In 1990, Giambiagi et al. proposed

one of the first attempts to use a multicenter index32? to calculate a multicenter bonding:

Ay Az Ap

where N> n and the expression depends on the 1-RDM, p;(1,2), defined previously.
Notice that this index depends on the particular order of the atoms in the string for
n>3. Afterward, some authors32373% discovered that the sign of three-center indices
was an indicator of the number of electrons involved in the bond. A positive value
indicates three-center two-electron (3c-2e) while a negative value points to a three-
center four-electron (3c-4e) system.

In 1994, Giambiagi3?® reformulated his definition of I index in terms of the n-RDM,

named here n-center ESI (nc-ESI)3%

S(Ay,... A) = % <H (ﬁAi - NAi) (3.28)

i=1

The last-mentioned index is invariant with respect to the order of the atoms in the
ring. It measures the probability of having simultaneously one electron at Ay, another at
A,, etc., regardless of the position of the N-n electrons of the system. The regions A;
are usually atoms in the molecule, but one could also use molecular fragments or other
relevant regions of the space, vide supra. Giambiagi was also the one who later proposed

328 and denote Eq. 3.27 as an

to use the multicenter indices as a measure of aromaticity
aromaticity index, l,.;,,.3%° After that, several aromaticity indices based on multicenter
indices start to be developed by different authors. 339331 Besides the use in aromaticity
studies, multicenter indices have been used to analyze conjugation and hyperconjugation

333,334 3nd to account for electron distribution in

effects, 332 to distinguish agostic bonds
molecules. 33°
In the next section, we will carefully review the different multicenter indices to study

aromaticity and other descriptors that are not based on electron delocalization.
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3.3. Aromaticity Descriptors

3.3 Aromaticity Descriptors

If the definition of aromaticity is a troublesome issue, trying to reach an agreement
on the description and quantification of the aromatic character of a particular system is
even more complicated. In other words, despite having different experimental techniques
to characterize this property indirectly and a wide range of diverse theoretical indices, it
is expected that all of them will lead to the same conclusions. Nonetheless, Katritzky
et al. demonstrated that the magnetic manifestations of aromaticity are orthogonal to
other electronic or geometric measures. ’*

Many authors suggest using a set of descriptors based on different criteria to describe
aromaticity, both from an experimental and theoretical prespective, 71:85:92:336-338 The
previous chapters, (see 1.3) have already mentioned some of the experimental techniques
or properties used to describe aromaticity, especially in porhyrinoids. In the present
section, we will focus on the theoretical criteria to define the aromatic character of
molecules.

In computational chemistry, one can measure aromaticity using a sorted variety of
descriptors available in the literature. Aromaticity indices could be classified into four
primary groups regarding the different manifestations of aromaticity: energetic,® mag-
netic,33 geometric,® and electronic.® In the following sections, the ones used in our
studies will be described. The articles included in this thesis particularly focus on elec-
tronic aromaticity indices and their performance.

For most of the indices explained in this section, we will employ as a reference
the indices values of porphin, the simplest aromatic porphyrin known. Isophlorin, 2! by
contrast, will be presented as an antiaromatic example. The local aromaticity indices, will
correspond to the most aromatic pathway. We will also evaluate more straightforward
examples, such as to benzene, cyclohexane, and cyclohexatriene (with a relation between
the double bond and simple bond of 0.8). These molecules are known to be aromatic,
nonaromatic, and antiaromatic, respectively. All the calculations were done at the CAM-
B3YLP level of theory in combination with the 6-311G(d,p) basis set in the gas phase.
All aromaticity indices reported are gathered in Table 3.1.

For simplicity, the aromaticity descriptors formula are associated to a molecule with
n atoms denoted by the string A = {A;, Ay, ..., A,} whose components are arranged
following the connectivity of the atoms in the ring. In addition, for convenience, we
adopt A, 1, = A,(p > 0).
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3.3.1 Energetic indices

Energetic criteria are important to identify molecules that benefit from extra energy
stabilization. In some molecules, especially organic ones, conjugated-electron circuits
along a ring structure cause important energy stabilization, bond-length and bond-order
equalization. In recent years, energetic aromaticity descriptors have not been widely
used33® but among the different energetic criteria, the aromatic stabilization energy
(ASE)®! could be highlighted. Despite different versions of ASE exist,'®! the original
idea is to assess the aromatic stabilization energy using a homodesmotic or isodesmotic
reaction. As an aromatic descriptor, ASE is positive for aromatic molecules and negative
for antiaromatic ones. The primary limitations of ASE are the difficulty to isolate the
aromatic stabilization energy from other effects that could stabilize or destabilize the
system, and the arbitrariness of the reference reaction to compute it. To calculate ASE,
a reference reaction involving the system of interest is needed, and it is not always a
step-forward process to find the most suitable reference. In addition, as we will see with
other descriptors, vide infra, an aromatic index based on references, does not measure
the aromatic character of the system but it measures the similarity with respect to some
reference molecule. For all these reasons, energetic descriptors are not used in the present
thesis.

3.3.2 Geometric indices

The main idea of the structural aromaticity descriptors is that bond-length equaliza-
tion and the molecular symmetry are signatures of the aromatic character.

Harmonic oscillator model of aromaticity (HOMA)

One of the most popular and effective geometric aromaticity indices is the so-called
harmonic oscillator model of aromaticity developed by Kruszewski and Krygowski in
1972.3%0 HOMA relies only on geometric data, and it can be calculated using the fol-

lowing formula:

1 n
HOMA(A) =1 — = ai(Top — Ta,,4,)
n & P " (3.29)

=1 — (EN + GEO)

where «; is an empirical constant that depends on the type of bonds in the molecule,
and r4 g is the distance between atoms A and B. It is usually assumed that all the bonds
present in a molecule are of the same kind. However, it can also be derived for rings

with different bonding patterns, but it is a bit more tedious.3*' HOMA index uses some
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reference bond lengths, r,,:, for which the compression energy of the double bond and
the expansion energy of the single bond are minimal according to the harmonic potential
model.

As can be seen in the formula 3.29, HOMA could be decomposed into the ener-
getic (EN) and the geometric (GEO) components. The EN contribution measures the
deviation of the bond distances compared to some tabulated data, while the GEO com-
ponent evaluates the variance of the interatomic distance for the bonded pairs (or bond
distance). Both quantities, EN and GEO, are close to zero for aromatic molecules.

HOMA descriptor gives values close to one for aromatic species. Small or negative
values indicate a nonaromatic or antiaromatic species. For porphin, HOMA equals 0.872,
and for isophlorin, 0.465, whereas the descriptor takes values of 0.000, -4.167, and
-31.266 for benzene, cyclohexane, and cyclohexatriene, respectively.

The main advantage of all the structural indices is that with only the bond lengths
and some extra reference values, they can tell you whether the system is aromatic,
antiaromatic, or nonaromatic. On the contrary, the major limitation of HOMA s its
dependence on reference values. This implies that the reference data is limited only to a
few numbers of bonds (C-C, C-N, C-O, C-P, C-S, N-N, and N-O). Therefore, HOMA

38,92

can not be calculated for all molecules, and it is not suitable to study reactivity and

new aromatic molecules which contain bonds other than the reference ones.

Bond-length alternation (BLA)

342,343

Bond-length alternation is another old structural descriptor which compares

the average of bond lengths of consecutive bonds in a ring and it can be expressed as:

ni

1 1 &
BLA(A) = ZTAZ’L?LAQ'L' - n_2 ZTA%A%H (330)
=1

n
Lo

where ny = [(n+1) /2] and ny = [n/2]. |z] is the floor function of =, which returns
the largest integer less than or equal to .

The definition expressed in formula 3.30 was originally derived for open chains. There-
fore, it does not correctly describe the bond-length alternation of rings with an odd
number of atoms. In such cases, two consecutive bonds are averaged together, and
its value depends on the order of the atoms in the ring. Accordingly, we have used a

modified BLA definition for all cases (odd and even number of atoms):!°

n

1
BLA(A) = o ZlTA,-,AiH — T Aips (3.31)

i=1
BLA directly measures the bond-length equalization expected in aromatic paths, and

it does not need reference data. The BLA values are close to zero for aromatic species.
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As expected for an aromatic and antiaromatic species, it takes values of 0.035 and 0.082
respectively, for porphin and isophlorin. BLA equals 0.000, 0.000, and 0.408 for benzene,
cyclohexane, and cyclohexatriene, respectively. As it can be seen, nonaromatic species
could also present BLA values close to zero. Cyclohexane, for example, only presents
single bonds and if the difference between the bonds length is performed, it will give
BLA=0.000.

As stated above, it is necessary to choose an expression to correctly characterize the
system, leaving aside the number of atoms. For some authors, one of the limitations of
BLA is that it assumes the alternation of bond length reflects the distribution of electrons
in a conjugated circuit. As we have just seen with cyclohexane, this is not always the

case. For this reason, electronic indices are usually preferred.

3.3.3 Electronic indices

In recent times, the aromaticity indicators based on the electronic structure of the
molecule are becoming popular. Among a great variety of electronic descriptors, 330:331,344-346
the ones described in more detail in the following subsections are based on the electron

delocalization measures, most of them involving the ESlIs (equation 3.19).

Aromatic fluctuation index (FLU)

In 2005, Matito and Sola introduced the electronic analog to HOMA index, the
aromatic fluctuation index. FLU is constructed to perform an aromaticity analysis that
goes beyond the bond-length information. 315316 This electronic descriptor only employs
the electronic delocalization of the atoms in the ring and compare them with the cyclic

electron delocalization of an aromatic molecule of reference:

L5 () (A

where « allows to ensure that the first term of the equation 3.32 is always greater than

or equal to 1,

, (3.33)

1 8(Ai) <84
=1 S(A) < 8(Aiy)

and 0,.f(A, B) is the DI of the aromatic molecule of reference. For instance, for C-C
bonds, the reference is benzene, whereas the C—N bond reference is taken from pyridine.
FLU values are close to zero if the molecule is aromatic, while it takes large values

for nonaromatic and antiaromatic species. For the simplest aromatic porphyrin, its value
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equals to 0.010, albeit for isophlorin is 0.026. Thus, the FLU value of isophlorin is slightly
higher than the porhin one, as it is expected because it is an antiaromatic molecule. In the
six-membered ring examples, the FLU values are 0.000, 0.090, and 0.087, corresponding
to benzene, cyclohexane, and cyclohexatriene, respectively. Cyclohexatriene’'s FLU value
lies in the middle of the other two six-membered rings because it is slightly antiaromatic
and the others are aromatic (benzene) and nonaromatic (cyclohexane).

Similar to HOMA, FLU does not measure aromaticity itself. Instead, it compares
the values with an aromatic reference molecule. Thus, it cannot be used to describe

3892 hecause it will always underestimate the aromaticity character. Addition-

reactivity
ally, FLU is an index that relies on two-center measures of delocalization. Consequently,
it could fail to describe the aromatic character of the molecules where the aromaticity

involves multicenter conjugation patterns.

Bond-order alternation (BOA)

The bond-order alternation (BOA) index is the electronic counterpart of BLA as was
FLU the electron-structure equivalent descriptor of HOMA. BOA utilizes the bond order
or electron-sharing index as opposed to the bond length, and the equivalent expressions
of 3.30 and 3.31 are:

1 ny 1 na
BOA(A) = — Z 0(Agi—1, Ag) — - Z 6(Agi, Azit1) (3.34)
L=t 2 =1
1 n
i=1

Similarly to BLA (cf. equation 3.30 vs. 3.31), equation 3.34 is not suitable for
molecules with an odd number of atoms, and we prefer to use equation 3.35.

Accordingly, BOA assumes values close to zero for aromatic molecules. Porphin's
BOA equals 0.137 while isophlorin’s value is much more significant, 0.374. BOA values
of benzene, cyclohexane, and cyclohexatriene are 0.000, 0.000, and 0.822, respectively.

To qualitatively differentiate whether a molecule is aromatic or nonaromatic, BLA
and BOA indices may not be a good alternative. Especially for highly aromatic molecules
as bond length or bond orders of simple and double bonds might compensate each other.
For example, the values of benzene and cyclohexane, could be equal or somewhat similar
to each other (vide infra). On the other hand, an advantage of BOA is that bond orders
are much less dependent on the method and basis set used and hence on the level of
theory applied.3*7:3*8 Nonetheless, the delocalization error present in some DFAs with
low percentage of HF exchange must be taken into account®® (see Sections 1.1.1 and
2.2.1).
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A multicenter based index: |,

As previously seen, Giambiagi et al. generalized the DI concept to various atomic
centers3??2 and later, in 2000, they proposed to use it as a measure of aromaticity

under the well-known name of |, .32%34% |

ring 1S @ multicenter index that quantifies
the electron delocalization along the ring (the Kekulé structures contribution). For a

single-determinant wavefunction applied to a ring structure, it is expressed as:

oce
Ling(A) = > Siiy(A1)Sisiy (A2)... 85, 4, (An) (3.36)
irig...in
where S;;(A) is the overlap of molecular orbitals i and j in the atom A (see Eq. 3.17).
ling gets large values for aromatic species while nonaromatic species exhibit values close
to zero. For instance, |,;,4 has values of 0.048, 0.000, and 0.012 for benzene, cyclo-
hexane, and cyclohexatriene, respectively. Benzene, as an aromatic molecule, presents
the highest value and cyclohexane, a nonaromatic ring, the lowest one, while cyclohex-
atriene’s value lies in the middle as expected from its antiaromaticity.

It is worth noting that |, is ring-size dependent together with the multicenter index
(MCI) described hereafter.33! As a consequence, to be able to compare values between
species with a different number of atoms, Cioslowski et al. established the normalized
versions of |,.;,, and MCl, called /¢ and Iy g, respectively.3! For the sake of simplicity,
in the studies of this thesis, we have used the normalized version that is just obtained
from taking the 1/n power of equations 3.36 and 3.37 (I:Z/,;; and MCTY™), n being
the total number of atoms. If I,;,, or MCl values are negative and n is odd, to compute
the normalized version of the index, we will take the power of the absolute value and
multiply it by minus one. Irli/% equals 0.603, 0.256, and 0.478 for benzene, cyclohexane,
and cyclohexatriene, respectively. Normalizing |, higher values are obtained but the
trend remains the same, ie., aromatic molecules present higher values of [%"g like
benzene. As seen with |, values, cyclohexane exhibits the lowest value due to its
nonaromatic character, while cyclohexatriene displays an intermediate value.

The multicenter index (MCI)

Beyond the |,;,,, , the multicenter index of aromaticity was reported in 2005. Bultinck
and coworkers, in addition to take into account |, 's information, proposed to sum the
contributions of all the delocalization patterns across the ring and combine them. In
other words, to consider the contribution of all the structures that arise from taking
into account all possible permutations of the atomic positions in the ring. Considering
the cross-ring delocalizations is very important for molecules that include metals in

their structure (all-metall clusters) because they are the most important delocalizations
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within these systems. Other authors already addressed a similar option.3?°>3*° The MClI

expression is as follows: 33!

occ

1
MCI(A) = % Z ]rmg( Z Z Suzz Al 1213(142) Sin,il(AN)
P(A)

P(A) t1,82,..58
(3.37)

where P(A) connotes the n! permutations of the elements in the string A.

MClI yields large numbers for aromatic species, and the authors state negative values
correspond to antiaromatic species.3%° However, the latter statement does not hold
for rings of arbitrary size. MCl values for benzene, cyclohexane, and cyclohexatriene are
0.072, 0.000, and 0.013, respectively. Like l,,,, MCl is a ring-size-dependent index, and
we can calculate a proper normalized version of MCI by raising to the inverse number
of total atoms. In this case, MCI'" gives 0.646, 0.260 and 0.484, respectively. For
this particular case, if we want to compare the different MCl values, it is unnecessary to
compute the normalized version as all the reference molecules have six members.

Despite I,;,, and MCI indices are among the most popular and reliable electronic
descriptors of aromaticity 8+8591.92.351 they present a serious limitation if we want to use
them for large systems. Their computational cost and numerical error grow factorially
with the number of atoms due to the numerical integration of AOMs. Their calculation
becomes very complex if the ring presents more than twelve atoms. 8°

AV1245 and AV,

Trying to solve the main drawback of |,;,, and MCI, in 2006, Matito designed a new
electronic aromaticity index, especially for large circuits, AV1245.8¢ As MCl is known to
give accurate results, the original idea was to study a small fragment of a ring, mimicking
the performance of MCI, and extend it to describe the aromaticity of the system. This
electronic index is an arithmetic average of four-center MCI between relative positions
1-2 and 4-5,3%2 constructed from each five-atom fragment along the perimeter of a
ring (see Figure 3.2). AV1245 can be calculated for molecules with six or more atoms
and preferably for an even number of atoms in the studied path. Experience shows that
for an even-member circuit, there is an excellent correlation with MCI values but, with

odd-member circuits, the correlation showed some outliers.
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3.3. Aromaticity Descriptors

Figure 3.2: Schematic representation of bonds used in AV1245 index.

Large values of AV1245 will identify aromatic species. Contrarily, small values will
point out nonaromatic and antiaromatic species. For example, for porphin, AV1245 is
equal to 2.16, and for isophlorin, 1.12. If we also look at BOA values, they confirm that
porphin is aromatic and isophlorin is antiaromatic since the latter has a more significant
BOA value (0.137 vs 0.374). For the smaller rings, the values are 10.71, -0.01, and 2.99
for benzene, cyclohexane, and cyclohexatriene, respectively. Indeed, the examples given
are in line with the aforementioned statement, aromatic molecules present the highest
values, while nonaromatic and antiaromtic ones present lower values. In addition, it
can be seen that the small classical organic molecules present higher values than the
porphyrins presented. Index values of AV1245 are expected to decrease with the system
size, regardless of the aromatic character. Moreover, in classic organic systems all values
are equal because they are really symmetric structures. For this reason, the average
reflects well the situation. On the contrary, porphyrins are large molecules and the
symmetry is lost, that is why the values are not longer equal.

Concerning the previously described electronic descriptors, we can point out a few
advantages of AV1245: (i) it does not rely on reference values, (ii) it does not suffer
from large numerical precision errors, (iii) it does not present any limitation on the
nature of the atoms, the molecular geometry or the level of calculation, and (iv) it has
low computational cost as it grows linearly with the number of ring members. To the
best of our knowledge, it is one of the first electronic-based indices available for large
non-planar systems.

After some experience using AV1245, we have realized that the average value of the
index could hinder some crucial values to describe the aromatic character of a system.
Indices based on averages conceal the large and low values that some ring fragments
may have. In aromaticity, low values of electronic delocalization are essential to charac-
terize the system as aromatic, antiaromatic, or nonaromatic. If a molecule presents one
fragment with really poor electronic delocalization, the molecule will be less aromatic

than one with the same average value but larger delocalization of the least delocal-
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ized fragment. Likewise, the FLU, BOA, HOMA, and BLA aromaticity indices can also
present this limitation because they are based on average values. Consequently, we have
started to use its minimal absolute value, AV,,;, .8 The minimum absolute value of
AV1245 indicates the five-atom fragment of the ring with less electron delocalization
or less conjugation, i.e., where the electrons will have more difficulties going through.
AV,,.i identifies the weakest link in the ring structure, which in most cases it is respon-
sible for the loss of aromaticity in the ring. The larger AV,,;,, the more favorable the
electron mobility in the circuit, i.e., the molecules will be aromatic (AV,,;, > 1). Small
values will indicate a nonaromatic character, while antiaromatic molecules usually exhibit
intermediate AV,,,;, values and are more challenging to identify.

Porphin and isophlorin AV,,;, values are 1.28 and 0.76, respectively. In the smaller
examples, AV,,;, is equal to 10.71, 0.01, and 2.99 for benzene, cyclohexane, and cyclo-
hexatriene, respectively. As we have seen in these examples, the aromaticity of porphyrins
is considerably reduced compared to small annulenes. The larger the system, the smaller
the AV, in an aromatic molecule (AV,,;, > 0.5 in expanded porphyrins). Porphyrins
and expanded porphyrins are not as aromatic as their aromatic annulene analogs.

It is not easy to distinguish antiaromatic and nonaromatic molecules with AV1245 or
AV,.in . To perform such diferenciation in small molecules, BOA values can be used. On
the other hand, for larger systems, where the aromatic character is smaller, we can also
examine the behavior of the individual MCI(1,2,4,5) for each five-atoms fragment of the
studied path that gives rise to the AV1245 index. We can plot the individual MCI(1,2,4,5)
in a distribution along the studied path to more easily interpret the results.3°3 Using the
four-atom MCI profiles along the perimeter (1245-index distribution profile) could help us
differentiate the compounds that are in an intermediate situation between two different
characters (e.g., between aromatic and antiaromatic compounds). In Figure 3.3 the
1245-index distribution profile of porphin and isophlorin is represented.
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Figure 3.3: 1245-index distribution profile of porphin and isophlorin along the most aromatic path.
This path corresponds to the annulene one for porphin and to the outer one for isophlorin. Horizontal
solid line corresponds to the AV1245 value and dashed line to the AV,,;, value (see Table 3.1).

In porphin and isophlorin there is a clear difference in the value of AV,,;,, and the
individual MCI(1,2,4,5) individual representations would not be needed. However, they
serve as a simple example of this type of plot and, we can see that isophlorin always
presents smaller values than porphin. Additionally, in some cases, the visualization of the
most and least aromatic fragments of the ring with respect to the AV1245 value could
also help to understand the aromatic character of the molecule (see Section 10.2.3).%°

Despite all our efforts in trying to make a clear distinction between aromatic, antiaro-
matic and nonaromatic character using AV,,;, , we have to accept that this electronic
index is a delocalization measure. If the AV,,;, value is large, the molecule is aromatic.
In contrast, if it is small, the molecule is nonaromatic. However, it is not straightforward
to distinguish between aromatic and antiaromatic systems. This happens when we have
to study large m-conjugated systems like expanded porphyrins or porphyrin nanorings,
where the electronic delocalization is really small making in turn AV,,;, value small (see
Chapter 7 and 8).

3.3.4 Magnetic indices

Applying an external magnetic field perpendicular to the molecular plane of an
(anti)aromatic molecule will induce a m-electron ring current that can be measured and
used to describe aromaticity. Several indices based on magnetic properties have been
developed,®? such as the Gauge-including magnetically induced currents (GIMIC) 354355,

NICS,3%¢ and ACID.357:3%8 The latter two are discussed in detail in the following sub-
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sections. It is worth mentioning that magnetic descriptors are a response property of
the molecule, not a ground-state property as structural, electronic, or energetic indices.
This means that the ground-state wavefunction no longer serves for this type of descrip-
tors. There is no straightforward physical basis for a direct relation between response

properties and ground-state properties. 3>

Nucleus independent chemical shift (NICS)

Michael Buhl and Christoph van Wullen first employed the Nucleus-independent
chemical shift in 1995 for studying the electronic currents in fullerenes.3%® However, it
was Paul Schleyer and coworkers who named this descriptor as NICS in 1996.3% The
NICS is the negative value of the absolute shielding computed at the center of the ring or
other relevant point of the system, also labeled NICS(0) or NICS(0);s,. The “0” denotes
that NICS is calculated in the plane of the molecule, and “iso” means that isotropic
magnetic shielding is considered.

Schleyer et al. predicted that aromatic molecules present negative values of NICS and
antiaromatic molecules provide positive NICS values. The more negative the NICS values,
the more aromatic the rings are. For instance, the NICS(0);s, values for porphin and
isophlorin are -15.5 and 13.8, accordingly. For benzene, cyclohexane, and cyclohexatriene
it takes values of -8.8, -2.1 and -4.1, respectively.

NICS presents some advantages compared with other aromaticity indices: (i) it is
easy to compute (ii) it can be used to describe local and global aromaticity (iii) like many
others, it does not use reference data. However, its computational cost is elevated. The
NICS criticism led to the appearance of numerous NICS variants: NICS(1), which is
calculated at one Angstrom above or below the ring plane, NICS(0).. and NICS(1)..
calculated only taking into account the out-of-plane tensor component, and NICS scan
or profile that is obtained by calculating NICS values in the direction perpendicular to
the molecular plane or in the molecular plane.30'3%* Moreover, some authors prefer to
calculate NICS(0) not at the geometrical center but in the ring critical point,3% the
lowest density point in the ring plane (especially significant for heterocyclic or metal-

d 362

loaromatic compounds) as sometimes the geometrical center is displace Some other

72,366

limitations that NICS can present are related to ring size dependence or relativistic

effects inclusion dependencies in the presence of heavy elements, 367:308

d 369

and it is highly
dependent on the level of theory employe

The NICS(1) values for porphin and isophlorin are -14.1 and 12.2, respectively. For
benzene, cyclohexane, and cyclohexatriene takes values of -11.3, -1.9 and -4.6, respec-
tively. Calculating NICS(1) at 1 A above the ring plane is intended to characterize the
density of the p orbitals, therefore those that will form the 7 orbitals. With the examples

shown, we can clearly see that the aromatic molecules (porphyin and benzene) present
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3.3. Aromaticity Descriptors

the largest negative values while antiaromatic molecules present positive values (isophlo-
rine) or smaller negative values (cyclohexatriene). Cyclohexane, as a nonaromatic ring,
presents a value close to zero. In addition, we can see that the ring size dependence
of NICS92302363 s clearly reflected on benzene's and porphin’s values (-11.3 and -14.1,

respectively).

Anisotropy of the induced current density (ACID)

Herges and Geuenich developed a method based on the anisotropy of the current-
induced density to study the delocalization in molecules in 2001.37:3%8 Analogous to the
square of the wavefunction, which defines the total electron density, the ACID scalar
field describes the density of delocalized electrons. In other words, ACID provides a
straightforward manner to quantify the conjugated effects. The ACID method is a
versatile and descriptive tool implemented in a software package developed in the group
of Prof. R. Herges that provides visualization of the ACID scalar field isosurfaces and
the current density vectors.

For the visualization of the ACID scalar field, isosurfaces are plotted similarly to
the total electron density representations. Small ACID values indicate the absence of
delocalized electrons, while larger values denote the presence of delocalized electrons.
Current density vectors are plotted into the ACID isosurface to distinguish between
anisotropies caused by diatropic or paratropic ring currents. The presence of clockwise
current density vectors is indicative of diatropic currents related with aromatic systems.
In contrast, counterclockwise currents will indicate paratropic ring currents associated
with antiaromatic molecules. The length of the arrows indicates the absolute value of
current density at the point of its origin.

In Figure 3.4, the ACID plot with the corresponding current density vectors of porphin

and isophlorin is represented.
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Figure 3.4: ACID isosurface plots (isocontour value 0.06) for (left) porphin and (right) isophlorin.

The porphin’s ACID isosurface indicates that the delocalized system is mainly con-
fined in the annulene path. Besides, it exhibits a strong diamagnetic ring current as
it is an aromatic molecule. Oppositely, we have the example of isophlorin, an antiaro-
matic porphyrin. In its ACID isosurface we can see more disconnections than in porphin.
The current density vectors show a paramagnetic ring current typical of an antiaromatic
molecule. According to ACID, the most aromatic path is the inner path (the one that
goes through all nitrogen atoms). However, following the annulene model the most
aromatic path would have to be the outer one (the one that passes for the C—C bonds
in the imine ring). This path is only recognized as the most aromatic one by AV1245
and AV,,;, . BOA and BLA indices, like ACID, recognizes the inner path as the most
aromatic one, while FLU and HOMA identify another path. In Section 10.2.2 we will
further discuss the case of porphyn.
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Chapter 4
Objectives

There are two main goals in the present thesis; the first one is the study of the
aromatic character of large conjugated systems, and the second one is the discussion of
the computational method used in the electronic characterization, specifically for large
conjugated molecules and systems with charge-transfer excitations.

This thesis is divided into two different blocks. The first block is related to aromaticity
studies in an annulene series and large conjugated systems, while the second one is based
on the study of medium to large photosensitizers to design a complete protocol to obtain
the structures, UV-Vis spectra, and redox potentials. Within the blocks, several specific
objectives have been defined to achieve the general goals.

We want to focus on analyzing the large (anti)aromatic systems employing electron
delocalization measures. There are many aromaticity indices already available in the
literature to study the aromatic character of a molecule. However, the most reliable
electronic indices are computationally inaccessible for large molecular rings. To overcome
this limitation, in our research group, two new electronic aromatic indices were proposed,
AV1245 and AV,,;,. Consequently, the first specific objective is to test AV1245 and
AV .in in large conjugated systems. By comparing them with some other electronic and
geometric indices, the second specific objective is to find the best index to figure
out the most aromatic pathway in large non-planar systems. We will first study simple
expanded porphyrins in Chapter 5 and a set of annulenes in Chapter 6 to calibrate
AV1245 and AV,,;, indices, to then use this knowledge in the study of a controversial
porphyrin nanoring (Chapter 8).

To the best of our knowledge, there have been a limited number of studies based
on quantifying how the aromaticity rules fade away with the ring size. Hence, the third
specific objective is to perform a deep analysis of two well-known aromaticity rules,
Hiickel's and Baird's. Beginning with an investigation of how these rules are expected
to change with the ring size as predicted by the Hiickel molecular orbital model, we then

evaluate the trend using different density functionals approximations.
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The fourth specific objective of this manuscript arises from the need to describe
the electronic structure of the systems correctly. As mentioned in the previous sections,
the delocalization error is a well-known failure of some density functionals approxima-
tions. For this reason, it is essential to choose an acceptable computational method
to correctly describe the minimal structure of large conjugated systems and medium to
large complexes with CT excitations.

It has been shown that charge-transfer excitations are misdescribed using DFAs with
a low percentage of HF exchange, and range-separated functionals were proposed to
overcome this limitation. In the spirit of the previous objective, we will tune the at-
tenuating parameter of a long-range corrected functional using a method available in
the literature to reproduce the UV-Vis absorption experimental spectra more accurately.
The fifth specific objective is to apply the same optimally tuned long-range corrected
functional to the redox potential calculation and analyze if it also improves this quantity.
All this may help in the future to propose new complexes with improved properties for
applications in DSSCs, LEDs, and in the water-splitting process.
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Chapter 5

New electron delocalization tools to
describe the aromaticity in
porphyrinoids
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1 Introduction

Aromaticity is a ubiquitous concept in chemistry that covers a
large number of properties including energy stabilization, bond-
length equalization, exalted magnetic properties and electron
conjugation and delocalization."® As many other chemical concepts
(chemical bonding, electronegativity, bond order, hardness, electron
population, etc.), aromaticity is not a quantum observable and it
lacks a physical rigorous definition. This fact results in a plethora of
aromaticity indices (energetic, structural, magnetic and electronic)
reported in the literature,”*®” which have been successfully applied
to explain countless chemical phenomena. For this reason, it is
recommended to study the multidimensional phenomenon of
aromaticity with a set of descriptors based on different criteria.** >

However, the multidimensional character of aromaticity
should not prevent critical analysis of aromaticity descriptors
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being the only exception that shows the same qualitative results in all cases.

from being undertaken.'®**™** Recently, Feixas et al.'>'® have

designed a series of tests to evaluate the performance of
aromaticity indices in organic and inorganic molecules, but
the study of macrocycles was not among the tests suggested. In
this regard, porphyrinoids can be considered one of the most
stringent test beds for the aromaticity descriptors along three
main different lines: (a) identifying the most aromatic pathway;
(b) describing aromaticity in non-planar compounds; (c) computa-
tional method dependency. In the following paragraphs, these three
factors are addressed in detail.

Porphyrinoids contain several heterocycles and many multiple
n-conjugation pathways can be defined. Then, one of the main
issues to describe the aromaticity in porphyrinoids concerns the
selection of the macrocyclic conjugation pathway (or pathways) to
study. To this aim, porphyrinoids were traditionally interpreted as
annulenes, e.g. porphine was considered as a tetraaza[18Jannulene
system.'®'” This approximation is called the annulene model; i.e.
the pathway is selected avoiding NH in pyrrole and the outer
CH—CH groups of imine rings (see some examples of annulene
pathways in Fig. 1, illustrated in bold). Conversely, several
authors'®?” have concluded that all the n electrons of the
macrocycles are necessary for a correct description of aromaticity
in porphyrinoids and that the individual pyrrolic subunits (and not
the imine rings) determine the global aromatic character of the
macrocycle. For instance, in the case of porphine, it has been
reported that it is necessary to consider all the 22 « electrons, and
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Fig. 1 Huckel (H), Mébius (M) and figure-eight (F) conformations of selected porphyrinoids and their expected aromatic character according to the
annulene model. The annulene-type conjugation pathway is depicted with bold colored bonds (red stands for aromatic and green for antiaromatic).

not only the 18 7 electrons of the annulene pathway, for a correct
description of its aromaticity.”® From these discrepancies, it is
possible to conclude that it is essential to search for new
aromaticity descriptors that are able to select in an accurate
way (ideally also unambiguous) the most aromatic pathway
from a m-electron macrocyclic structure.

It is important to keep in mind that most of the aromaticity
indices, such as the harmonic oscillator model of aromaticity
(HOMA) and the nuclear-independent chemical shifts (NICS),
have been conceived to describe the aromaticity of planar
structures. Thus, an additional problem appears when the
porphyrinoid structure shows a nonplanar geometry.>**° Within
this context, it is necessary to put a special emphasis on expanded
porphyrins. These systems present a conformational flexibility that
allows them to achieve different n-conjugation topologies (namely,
Mobius, Hiickel and twisted-Hiickel) with distinct aromaticities, as
well as different electric, magnetic and conductance properties.* =
For instance, the switch between different topologies (e.g the
Hiickel planar, single twisted Mobius, figure eight, and triply twisted
Mobius) can be achieved by changing the external conditions, such
as the temperature, the solvent, the redox potential or through
metalation and photoexcitation.**™*!

According to the Hiickel rule, a planar (or with an even
number of half-twists) singlet n-conjugated system with (4N + 2)n
electrons is aromatic, whereas it is antiaromatic with 4N ©
electrons. On the other hand, Heilbronner** predicts that the
Hiickel rule is reversed for a planar n-conjugated system with an
odd number of half-twists; i.e. a singlet Mobius system with
4N + 2 (4N) 7 electrons is antiaromatic (aromatic). This diversity
of aromatic patterns with different topologies can be increased

2788 | Phys. Chem. Chem. Phys., 2018, 20, 2787-2796

by a factor of two if one considers triplet states because,
according to Baird’s rule,”*** the aromaticity/antiaromaticity
electron counting rule of the singlet ground state is reversed for
the lowest nr* triplet state. Expanded porphyrins (and to a
minor degree annulenes) present all these features.*>>* In this
sense, it is not unexpected that expanded porphyrins are among
the most challenging test beds for aromaticity descriptors. It
should be pointed out that several works®>>>"®* have recently
analyzed the aromaticity of expanded porphyrins with different
topologies and the number of = electrons using various aromaticity
indices based on the energetic, magnetic, structural, and reactivity
criteria.

The last problem to describe the aromaticity of porphyrinoids is
the critical role of the selected density functional approximations
(DFAs) to evaluate geometric, energetic and magnetic properties.*®>®°
For instance, it has been reported for expanded porphyrins that
some DFAs overemphasize the delocalization of conjugated systems,
which results in more stable and bond-equalized structures.®® In this
regard, it is worth noting that this phenomenon has also been
observed in annulenes.”””° The effect of the method in aromaticity
descriptors remains thus far unexplored and will be addressed in
this work.

Many of the current aromaticity indices cannot be easily
applied in macrocycles, motivating the definition of new aromaticity
descriptors.”’?> One of us”* has recently proposed the AV1245
index, which consists on the average of the 4-center multicenter
index (MCI) values along the ring that keeps a positional
relationship of 1, 2, 4, 5. It measures the extent of transferability
of the delocalized electrons between bonds 1-2 and 4-5, which
is expected to be large in aromatic molecules. The main

This journal is © the Owner Societies 2018
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advantages of AV1245 are that it does not rely on reference
values, it does not suffer from large numerical precision errors
and it does not present any limitation on the nature of atoms,
the molecular geometry or the level of calculation.

Herein, we report a theoretical investigation on the aromaticity
of nine porphyrinoid compounds (see Fig. 1) using three DFAs
(B3LYP, M06-2X and CAM-B3LYP) and six aromaticity descriptors
(AV1245, AV, i, BLA, BOA, FLU and HOMA). In order to test the
new electron delocalization tools (AV1245 and AV,;,), and to
provide deeper insights into the evaluation of porphyrinoids’
aromaticity and their three major challenges (vide supra), three
different studies have been performed. Firstly, all the possible
pathways in porphine have been evaluated using the six aromaticity
descriptors and the most aromatic pathway has been identified.
Secondly, the values of the aromatic indices for the annulene
pathway of all the studied molecules are analyzed. Finally, the
influence of the exchange-correlation functional on different
aromaticity index values has been discussed.

2 Methodology

In this section, we will review several aromaticity measures that
can be applied to find the most conjugated pathway in porphyrins.
Many other popular measures of aromaticity such as the NICS,”
the aromatic stabilization energies,” the magnetic susceptibility
exaltation” or the relative hardness® provide global measures of
aromaticity and cannot be employed to find the most aromatic
pathway in a macrocycle.

Hereafter, we will indicate the coordinates of the electron
using the short-hand notation 1 = (74, ¢,) and d1 = drydo, for
the electron positions and their derivatives and we will assume
a single-determinant wavefunction (for a more general approach
we suggest ref. 75). Let us consider a ring structure consisting of
n atoms, represented by the string A = {A;, A,,...,A,}, whose
elements are ordered according to the connectivity of the atoms
in the ring. In order to illustrate the performance of electron
delocalization indices, we select three archetype molecules:
benzene, cyclohexane and three geometries of cyclohexatriene
with variable bond-length alternation.

First of all, we will review the concepts of an atom in a
molecule (AIM), electron delocalization and bond orders, which

View Article Online
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are employed in the definition of the electronic indices of
aromaticity. In order to estimate the aromaticity of molecules,
we need to define an AIM, so as to measure the electron
delocalization among the atoms in the ring. In this work, we
will define the AIM using the quantum theory of atoms in
molecules (QTAIM)’® that defines the boundaries of an atom
using the topology of the electron density. The QTAIM is among
the most reliable definitions of an AIM, providing good estimates
of bond orders in difficult cases’”®* and trustworthy results for
aromaticity indices.®* As a measure of electron delocalization, we
will employ Bader's definition® that estimates the electron
delocalization as the variance of the atomic population, 6(4).
From this definition, one can provide a measure of the bond
order based on the covariance of the populations of atoms A and
B,”®%¢ commonly known as the delocalization index (DI),

5(4,B) = 2JA Ldlepxc(l, 2) = —2cov(Na,Ng), (1)

where p,(1,2) is the exchange-correlation density and N, is the
atomic population of atom A. §(4) is the variance of the atomic
population and it is given by d(A) = N — J(4, A)/2. For single-
determinant wave functions (Hartree-Fock or Kohn-Sham DFT),
the calculation of N, and J(4, B) only requires the atomic-overlap
matrices (AOMs),

Sy(4) = J 167 (1y(1), ©)

A

where ¢1) is the orbital i of the set of orbitals in terms of which
we expand the density and the exchange-correlation density.
Some authors have found a link between the DI and the
interaction energy of two atoms.®”® In Table 1, the DI values
of several molecules are collected. Cyclohexane shows the typical
value of J(C, C) of a non-aromatic molecule which equals 1, as
the bond involves only sigma orbitals. The structures of cyclo-
hexatriene show some J(C, C) close to one, and others close
to two, indicating an alternation of single and double bonds,
typical of antiaromatic molecules, whereas benzene gives
0(C, C) = 1.4, which is halfway between single and double bonds
and it is the typical signature of the conjugated bonds present in
aromatic molecules.

Table 1 DI values and aromaticity indices of benzene, cyclohexane and three structures of cyclohexatriene calculated at the B3LYP/6-311G(d,p) level

of theory
6(C4,Cs) 0(C,,C3) FLU BOA HOMA BLA MCI AV1245 AViin
Benzene
‘ 1.39 1.39 0.000 0.000 0.991 0.000 0.073 10.72 10.72
Cyclohexane
@ 0.98 0.98 0.092 0.000 —4.637 0.000 0.000 —0.01 0.01
Cyclohexatriene al/b=0.9 1.12 1.59 0.029 0.472 —18.024 0.204 0.050 8.16 8.16
a/b=0.8 0.97 1.76 0.082 0.797 —31.266 0.408 0.017 3.70 3.70
alb = 0.7 0.86 1.89 0.138 1.037 —50.540 0.622 0.009 2.18 2.18

b
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One of the most popular indicators of aromaticity is the
bond-length alternation (BLA), which compares the average of
bond lengths of consecutive bonds in a ring,

n

1 & 1
BLA(A) = n_12 Tdyi 1Ay — n_zz ST ETIRE (3)
i=1 i=1

where n; = | (n + 1)/2 |, ny = | n/2 |; the symbol | x | stands for
the floor function of x, which returns the largest integer less
than or equal to x. The BLA directly measures the bond-length
equalization expected in aromatic circuits and it does not rely
on reference values. In Table 1, we see that benzene and
cyclohexane do not exhibit bond-length alternation, whereas
the value of BLA for cyclohexatriene increases with bond-length
alternation. However, the BLA is built upon the premise that
the bond-length alternation (i.e. a geometrical feature) reflects
the distribution of electron pairs on the conjugated circuit.
For this reason, some people prefer an electronic-structure
formulation equivalent of the BLA, the bond-order alternation
(BOA), which uses the bond order (or electron-sharing index”®)
instead of the bond length,

= 1 &
BOA(A) = EZ&(AL-,I,AZ,-) —Zi;é(Azi7A2;+1)7 (4)
= i=

where 6(A,B) is a given measure of the bond order between
atoms A and B. Unlike the atomic charges,”® the bond orders are
much less dependent on the method and the basis set used®*
and, therefore, aromaticity indices based on bond orders®” are
not highly dependent on the level of theory employed. The
values of the BOA are collected in Table 1 and show the same
trend as the BLA values of these systems.

An alternative geometry-based index is the widely used
harmonic oscillator model of aromaticity (HOMA) proposed
by Kruszewski and Krygowski.”®> The HOMA uses some reference
bond lengths, R, for which the compression energy of the
double bond and expansion energy of the single bond are minimal
according to the harmonic potential model. The expression of the
HOMA is based on the differences between the reference and the
actual bond lengths within the ring structure,

n

HOMAM) = 1= (R = Ra)'. )
where o; is an empirical constant fixed to give values close to
one for aromatic species, and small or large negative values for
non-aromatic and antiaromatic molecules (see Table 1). For
C-C bonds, o; = 257.7 and R, = 1.388 A, whereas o; = 93.52 and
Ropt = 1.334 A for C-N bonds.”*

Just as BOA is the quantum-chemical equivalent of BLA,
the aromatic fluctuation index (FLU) is constructed to perform
an aromaticity analysis that goes beyond the bond-length
information.’®°® The FLU expression only employs the electron
delocalization of the atoms in the ring,

LU 13 [(A ) (A e A

. ©
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where Or(4; Aj) are taken from some reference aromatic
molecules where the bonding pattern A~4; occurs in the aromatic
ring (for instance, the C-C delocalization is taken from benzene
and the C-N delocalization is taken from pyridine), and

1 0(A4;-1) < (4))
o= { . (7)
-1 5(14,) < 5(14,'_1)

The FLU is close to zero in aromatic molecules and takes
large values in non-aromatic and antiaromatic molecules (see
Table 1). It is worth mentioning that the FLU has been already
used to account for the aromaticity in porphyrins.”” Unfortunately,
the aromaticity indices based on references do not actually
measure aromaticity but the similarity with respect to some
aromatic molecules (or patterns found in aromatic molecules).
In this sense, the HOMA and FLU are not adequate to describe
reactivity because they will always predict a loss of aromaticity
when the bond distance or the delocalization, respectively,
change with respect to the reference value.'* For instance, in
the case of the Diels-Alder reaction they cannot recognize the
transition state (TS) as the most aromatic point along the
reaction path because the product, cyclohexene, is more similar
to benzene (the reference molecule for C-C bonds) than the TS,
which shows large C-C distances and small DIs in the bonds
that will be formed.™ In addition, several studies pointed out
that the HOMA index needs to be applied with caution in
expanded porphyrins because the HOMA differences between
aromatic and antiaromatic conformations are very small and
the HOMA index behaves qualitatively different for aromatic
and antiaromatic species.’>"®

The most reliable indices of aromaticity are actually based
on multicenter electron delocalization measures.'>"® The first
such measure is due to Giambiagi and it quantifies the electron
delocalization along the ring,*

oce

]ring(A) = Z Silfz (Al)Si2i3 (AZ) s Sini] (AH)' (8)

it oT2 i

This measure was extended to include all the delocalization
patterns across the ring (i.e. it uses not only the Kekulé structure
but all the possible arrangements of the atoms in the string .A),'*

MCI(A) = Y Ling(A) =3 3 83 (A1) Siiy (42) ... 83,1, (An),
P(A) P(A) i) ,i3mip
©)

where P(A) stands for the n! permutations of the elements in the
string A. Both I, and MCI produce large values for aromatic
molecules, small values for non-aromatic molecules and negative
values for some antiaromatic molecules (see Table 1)."°* These
indices are ring-size dependent but proper normalization has been
recently suggested.'®® Unfortunately, the cost and the numerical
error associated with these quantities grow with the ring size and
their calculation for rings of more than twelve atoms poses a
serious computational challenge.”

Recently, we have made some efforts in overcoming these
drawbacks, resulting in the definition of a new electronic
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aromaticity index for large circuits, the AV1245 index.”* Based
on the study of long-range delocalization patterns in aromatic
molecules,''% the AV1245 index measures the average delocali-
zation in bonds 1-2 and 4-5 along a ring of more than six
members. To this aim, we average out the four-center MCI
values (including atoms in positions 1, 2, 4 and 5) of each
consecutive five-atom fragment in the circuit. In the framework
of intermolecular conjugation, we have found that AV,,;, (the
minimal absolute value of the aforementioned four-center MCI
values along the ring) can be used to characterize the highly
dispersive bands in conjugated polymers.'® Both AV, and AV1245
show large numbers for aromatic molecules (AV1245 ~ 11 for
benzene) and small numbers for antiaromatic and non-aromatic
molecules. In this sense, the combined information of BOA and
AV1245/AV, i, helps distinguishing the latter situations.

Finally, we should also mention that the electron density of
delocalized bonds has been recently used as an additional
electronic criterion to account for aromaticity in large circuits.”

3 Computational methods

The geometries of the selected porphyrinoids (see the structures
in Fig. 1) have been fully optimized and characterized using
harmonic vibrational frequency calculations with B3LYP,'*%%7
M06-2X"°® and CAM-B3LYP'? functionals in combination with
the 6-311G(d,p) basis set."'®'"" The initial structures of the
Hiickel, Mo6bius and figure-eight topologies of [26]- and [28]-
hexaphyrins and [32]-heptaphyrin''> have been obtained from
our previous works (notice that the meso substituents in Fig. 1
are hydrogen atoms).”®%*%%¢ The geometry optimizations and
frequencies, calculated within the DFT framework, were performed
with the Gaussian 09 software package.'* The calculation of the
electronic aromaticity indices (AV1245, AV,,;,, BOA and FLU) uses a
QTAIM atomic partition performed by the AIMAIl software.'**
The AOM resulting from this partition (see eqn (2)) and the
molecular geometries are input in the in-house ESI-3D
code,”®%*"> which provides AV1245, AV.,, BLA, BOA, DIs,
FLU, HOMA and MCI values. The ESI-3D code is available upon
request (ematito@gmail.com).

4 Results and discussion

We have performed calculations on nine porphyrinoid systems,
collected in Fig. 1. First of all, we will analyze the simplest
system, the porphine molecule (18H in Fig. 1), to illustrate the
performance of the different measures of aromaticity studied in
this work. We will choose CAM-B3LYP optimized structures to
analyze the aromaticity of all porphyrinoid structures considered,
however, in the last part of this section, we will also comment on
the influence of the exchange-correlation functional on the values
of the aromaticity descriptors. All the results obtained with B3LYP
and M06-2X can be found in the ESIt (see Tables S1 and S2).

In Table 2, the results for all the possible pathways in 18H
are collected. 18H is composed of imine and pyrrole rings. The
pathways differ on the route they follow upon passing through
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five-membered rings (5-MRs): they can pass through the C-N-C
bonds (inner path, hereafter) or through the C-C bonds (outer
path). We label the pathways using as many letters as 5-MRs the
porphyrinoid structure has. These letters are ‘i’ for inner paths
and ‘o’ for outer paths. We take the top left 5-MR of the
structures in Fig. 1 and follow the clockwise direction to define
the order of the 5-MRs in the molecule. According to this
convention, the classical or annulene path in the 18H system
is labeled as ‘oioi’ (see the red pathway in Fig. 1). See Fig. S1
(ESIT) for all possible pathways in 18H. The first entry in
Table 2 displays the results for the annulene pathway in 18H,
showing that all aromaticity indices recognize this circuit as
highly aromatic. However, by comparison with other pathways,
we observe that only some indices (AV1245, AV, BLA and
BOA) recognize the annulene pathway as the most aromatic
one. In addition, we notice that BLA and BOA recognize the
opposite path to the annulene model (i.e. ‘ioio’) as aromatic as
the annulene pathway itself, which is somehow contradictory.
On the other hand, AV1245 and AV,,;, identify the ‘ioio’ as the
least aromatic pathway in 18H. We have also computed the
delocalization indices (DIs) for all the bonds in 18H (see Fig. S2,
ESIt) and the DIs with largest values follow the annulene
pathway.

In order to identify the second most conjugated pathway, we
should take the one predicted by the annulene model and
choose a different route in one of the 5-MRs. The most reasonable
choice consists of changing the route in the most aromatic 5-MR
in the macrocycle, where the change of route is expected to be less
important. Taking into account that our current MCI calculations
predict that the imine rings within 18H (MCI = 0.024) are some-
what more aromatic than the pyrrole rings (MCI = 0.022), we
assume that the second most aromatic pathway corresponds to
‘o00i’ (see Table S3 of the ESIT). Both AV,,;,, and AV1245 predict
this one as the second most aromatic pathway. If we follow this
rule for choosing an alternative route on the next most aromatic
5-MR, we order the pathways as they are presented in Table 2.
AV1245 and AV, follow the same order, suggesting that the local
aromaticity of the 5-MRs calculated from MCI values is consistent
with the description provided by these indices, which are based on
four-center MCI calculations along the macrocyclic ring.

We observe that AV,,;, provides the same value for some
pathways because they share a given five-center fragment for

Table 2 Aromaticity indices for different pathways in 18H, calculated at
the CAM-B3LYP/6-311G(d,p) level of theory

Pathway”  FLU BOA HOMA  BLA AV1245  AVpin
oioi 0.010  0.000  0.872 0.000  2.16 1.28
000i (2) 0.016  0.309  0.734 0.288  1.91 0.49
0000 0.022  0.041  0.610 0.011  1.70 0.49
iioi (2) 0.008 0367  0.917 0.313  1.57 0.13
ooii (4) 0.015  0.023  0.769 0.006  1.36 0.13
ooio (2) 0.021 0.372  0.637 0.270 1.17 0.13
iiii 0.006  0.000  0.968 0.000  0.91 0.13
iiio (2) 0.013  0.388  0.808 0.307  0.73 0.13
ioio 0.019  0.000  0.666 0.000  0.57 0.13

% The number in brackets indicates the number of equivalent pathways.
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which the four-center MCI absolute value turns out to be
minimal. In such cases, since the AV,,;, value is identical, we
assume that the pathways are rather similar and if a distinction
between them needs to be done, we suggest using AV1245 as a
way to differentiate them.

However, the order of pathways we have just described for
18H is not completely followed by either the topological or
magnetic indices of aromaticity.'®>*?>'® While these indices
agree on the annulene pathway being, by far, the most con-
jugated one, their values for the second and third most aro-
matic pathways correspond to ‘iioi’ and ‘oioo’, respectively.'®
The latter puts forward that these indices prefer to choose
alternative routes for the pyrrole rings rather than for imine
ones, as it was the case of AV1245 and AV ;. Interestingly, this
fact is also in agreement with the aromaticity of 5-MRs predicted
by the topological and magnetic indices, which predict the
pyrrole ring within 18H as more aromatic than the imine ring.
This rather simple example illustrates the difficulty of ordering
the pathways in a porphyrinoid system according to their
aromaticity. While most indices agree on the most aromatic
pathway, the next most aromatic ones are quite difficult to classify
and it seems that the aromaticity of the 5-MRs determines the
aromaticity of the pathways. After all, aromaticity is a multi-
dimensional phenomenon of which we are only measuring
indirect consequences. We are not necessarily measuring the
very same thing when we are comparing geometrical, electronic
and magnetic indices of aromaticity and, therefore, some
discrepancies can be expected."

In the following, we will be only concerned with the annulene
pathway of the structures. Table 3 collects the values of the
aromaticity indices for the annulene pathway of all selected
porphyrinoids (Fig. 1). The indices that do not recognize the
annulene pathway as the most aromatic one also include in
parentheses the values of the pathway they find as most aromatic
for comparison. First of all, we check whether the values of the
indices reflect the global aromatic character expected in these
systems. According to all the indices hereby studied, 18H is the
system with the most aromatic pathway and for 16H the
annulene pathway is predicted as having low aromaticity (as
expected for a nonplanar antiaromatic system). In addition, all
indices also agree on the finding that the annulene pathway in
Hiickel aromatic systems is more aromatic than the annulene
pathway in the corresponding Mébius antiaromatic systems
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(i.e. 26H vs. 26M) and vice versa: attributing a more aromatic
character to the annulene pathway in Mobius aromatic systems
than in the corresponding Hiickel antiaromatic system (i.e. 28M
vs. 28H, and 32M vs. 32H). Interestingly, the figure-eight structure
of 32F is predicted as an intermediate situation between 32H and
32M. Hence, in general, all the indices provide a reasonable
description of the (anti)aromaticity among the different con-
formers. However, when comparing the most aromatic pathway
in the macrocycle many differences arise (vide infra).

The annulene model works fairly well in identifying the most
aromatic pathway in simple free-base porphyrinoid systems,
which are not protonated or deprotonated.>’ In addition, for
these systems, the global aromatic character coincides with
the aromaticity of the most conjugated pathway and, from a
qualitative point of view, it can be determined by the number of
n-electrons in this circuit.*! In this sense, the systems selected
in this work are expected to have the annulene pathway as the
most aromatic one in the porphyrinoid structure. We have
examined the DIs along the different pathways and we have
found that in all cases except 16H, the annulene path is the one
with the largest DIs (see the ESIt). However, when we examine
the aromaticity indices (see Table 3), we observe that only AV,;,,
predicts the annulene pathway as the most aromatic one in all
the studied porphyrinoids. In some cases, the most aromatic
pathway presents values close to the annulene pathway and,
therefore, one could argue that the indices perform qualitatively
well. Nevertheless, as the size of the porphyrinoid increases, the
differences between the most conjugated pathway and the
annulene one become larger. For instance, 32H, 32M and 32F
present pathways with very small BLA and BOA, suggesting that
these circuits are more aromatic than the annulene pathway.
However, as we examine in greater detail the bond lengths and
the DI patterns we realize that the small BLA and BOA values are
due to the compensation of deviations from the average values
between odd and even bonds (see eqn (3) and (4), respectively).
In this sense, small values of BOA and BLA should be taken with
caution, as they do not always indicate a lack of bond-length or
bond-order alternation. Another important problem occurs in
other indices based on averages, such as Av1245, FLU or HOMA.
Some large specific deviations in multicenter indices, bond
orders and bond lengths, which could hinder the conjugation
along the pathway (and therefore, aromaticity), can be concealed
as they are averaged with the rest of the values. If the number of

Table 3 Aromaticity indices for the annulene pathway of the nine porphyrinoid structures, calculated at the CAM-B3LYP/6-311G(d,p) level of theory. The
numbers in parenthesis are the minimum values of BLA, BOA and FLU, and the maximum values of AV1245, AV,,;, and HOMA among all possible

pathways

Porphyrin Pathway FLU BOA HOMA BLA AV1245 AViin
16H oioi 0.021 0.227 (0.000) 0.547 0.063 (0.000) 1.19 (1.58) 0.13
18H oioi 0.010 (0.006) 0.000 0.872 (0.968) 0.000 2.16 1.28
26H oiioii 0.019 (0.016) 0.256 (0.000) 0.716 (0.797) 0.062 (0.001) 1.58 0.61
26M oiioii 0.028 (0.025) 0.340 (0.011) 0.542 (0.633) 0.083 (0.002) 1.02 (1.12) 0.04
28H 00iooi 0.021 (0.017) 0.286 (0.000) 0.617 (0.759) 0.066 (0.000) 1.32 (1.46) 0.42
28M oooioi 0.018 (0.013) 0.250 (0.000) 0.682 (0.824) 0.058 (0.000) 1.48 (1.50) 0.60
32H ooioioi 0.023 (0.018) 0.314 (0.006) 0.594 (0.734) 0.073 (0.002) 1.18 (1.24) 0.45
32M iooioio 0.020 (0.015) 0.263 (0.006) 0.666 (0.793) 0.062 (0.000) 1.41 (1.48) 0.55
32F oioiooi 0.021 (0.015) 0.277 (0.000) 0.632 (0.780) 0.065 (0.001) 1.26 (1.38) 0.46
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atoms in the pathway is relatively small, as it occurs in small
organic rings, large individual deviations are easily spotted and,
quite often, they have a significant effect on the average value.
However, in large samples, i.e. in large expanded porphyrins, a
few specific deviations are easily hidden. For these reasons, we
believe that AV, is a better descriptor of the aromaticity than
the other quantities considered in Table 3.

Finally, we focus on the effect of the density functional in
the calculation of these electronic and structural aromaticity
indices. There have been recent discussions in the literature
concerning the role of the amount of the exact exchange in the
density functional theory (DFT) calculations of large conjugated
molecules.®> 46669117 1t ig beyond the scope of the present
manuscript deciding for the best exchange-correlation functional
to characterize the electronic structure and geometry of por-
phyrinoids, but we believe a study of the effect of the amount of
exact exchange of the aromaticity indicators is in order. Due to
the relevance of the delocalization error in these measures, we
will focus on the role of the exchange. To this aim, we compare
the results of two popular global hybrid functionals, B3LYP and
MO06-2X, including 20% and 54% of exact exchange, respectively,
against the performance of a popular range-separated functional,
CAM-B3LYP, which adds variable amounts of exchange according
to the interelectronic distance considered (from 19% at short-
range distances to 65% at long-range distances). In Fig. 2 and 3,
we have plotted the values of AV1245 and AV, calculated
with B3LYP and M06-2X against CAM-B3LYP values for all the
conjugation pathways of the nine studied systems. There is an
excellent agreement between M06-2X and CAM-B3LYP for both
indices. However, the correlation of AV1245 values computed
with B3LYP and CAM-B3LYP presents some outliers and there is
no clear correlation between the AV,,;, values predicted by both
methods. In Fig. 4 and 5, we show the same correlations but
only for the annulene pathway. According to these results, the
correlations are not improved when only the annulene pathway is
considered. Now, we will analyze these results in greater detail.

To this aim, we have replicated the results of Table 3 with
B3LYP and MO06-2X in Tables S4 and S5 of the ESI.{ Again, we
find an excellent agreement between M06-2X and CAM-B3LYP
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® B3LYP
1,00 L

0,50

0,00
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AV1245 (CAM-B3LYP)

Fig. 2 Relationship of AV1245 among nine porphyrinoid compounds
computed with M06-2X and B3LYP against CAM-B3LYP values for all the
conjugation pathways in these structures.
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Fig. 3 Relationship of AV, among nine porphyrinoid compounds
computed with M06-2X and B3LYP against CAM-B3LYP values for all the
conjugation pathways in these structures.
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Fig. 4 Relationship of AV1245 among nine porphyrinoid compounds
computed with M06-2X and B3LYP against CAM-B3LYP values for the
annulene conjugation pathway in these structures.
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Fig. 5 Relationship of AV, among nine porphyrinoid compounds

computed with M06-2X and B3LYP against CAM-B3LYP values for the
annulene conjugation pathway in these structures.

results, suggesting that the long-range part of the exact exchange
has a dominant role in the assessment of aromaticity. This finding
is in line with the recent results reported by Szczepanik et al.'”
Hereafter, we only discuss the differences between B3LYP and
CAM-B3LYP. The analysis of specific porphyrinoid structures
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shows that the agreement between methods for species such as
18H is quantitative, whereas for some other systems, such
as 16H, 26H, 26M and 32F, only a qualitative agreement is
observed, i.e., the values are quite different between B3LYP and
CAM-B3LYP but the conclusions are the same. However, there
is another set of systems, including 28H, 28M, 32H and 32M,
for which there is no qualitative agreement between these
functionals. Indeed, B3LYP presents larger differences between
aromatic and antiaromatic compounds than CAM-B3LYP and
MO06-2X. These results are in agreement with the recent finding
that the functionals with small amounts of exact exchange
tend to generate structures with bond-length equalization as
opposed to the functionals with a larger admixture of exact
exchange (say, greater than 50%), which produce structures
with bond-length alternation.®® Not unexpectedly, this disagreement
occurs for the most complicated systems including large por-
phyrinoid structures that admit Hiickel, Mobius and eight-figure
conformers. We have confirmed that there are non-negligible
differences between the geometries predicted using B3LYP and
CAM-B3LYP (or M06-2X) methods, which we speculate could be
responsible for the aforementioned disagreements. These results
advise some caution concerning the amount of exact exchange
used in the calculation of aromatic species. Research in this line
is currently underway in our laboratories.

5 Conclusions

We have investigated the conjugated pathways in nine por-
phyrinoid compounds of varying ring sizes and topologies using
several aromaticity descriptors, including BLA, BOA, FLU and
HOMA, as well as the recently introduced AV1245 and AV
indices. In particular, the latter has been proposed to yield low
aromaticity values for pathways with disconnected fragments
that prevent a full conjugation around the macrocycle.

All the indices agree on the general features of these
compounds, such as the fulfillment of Hiickel’s rule or which
compounds should be more or less aromatic from the series.
However, our results evince the difficulty in finding the most
aromatic pathway in the macrocycle for large porphyrinoids. A
careful examination of the data shows that some indices over-
estimate the aromaticity in the pathways because they are
based on average values and, therefore, conceal disconnected
fragments that are responsible for the loss of aromaticity. AV,
does not suffer from this drawback and it is actually the only
index capable of recognizing the annulene pathway as the most
aromatic one in the nine studied structures.

Finally, we study the effect of the exchange of DFT functionals on
the description of the aromaticity of porphyrinoids. The amount of
exact exchange at long range quantitatively changes the picture for
most aromaticity descriptors. In line with previous findings,*® we
find that functionals with a small amount of long-range exact
exchange tend to identify the macrocycles as more aromatic than
functionals that include a larger percentage of exact exchange.
Interestingly, regardless of the method employed, AV, shows
the same qualitative results in all studied cases.
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Abstract: Two of the most popular rules to characterize the aromaticity of molecules are those due to
Hiickel and Baird, which govern the aromaticity of singlet and triplet states. In this work, we study
how these rules fade away as the ring structure increases and an optimal overlap between p orbitals is
no longer possible due to geometrical restrictions. To this end, we study the lowest-lying singlet and
triplet states of neutral annulenes with an even number of carbon atoms between four and eighteen.
First of all, we analyze these rules from the Hiickel molecular orbital method and, afterwards,
we perform a geometry optimization of the annulenes with several density functional approximations
in order to analyze the effect that the distortions from planarity produce on the aromaticity of
annulenes. Finally, we analyze the performance of three density functional approximations that
employ different percentages of Hartree-Fock exchange (B3LYP, CAM-B3LYP and M06-2X) and
Hartree-Fock. Our results reveal that functionals with a low percentage of Hartree-Fock exchange at
long ranges suffer from severe delocalization errors that result in wrong geometrical structures and
the overestimation of the aromatic character of annulenes.

Keywords: annulenes; aromaticity; antiaromaticity; Hiickel rule; Baird rule; density functional theory;
delocalization error

1. Introduction

Aromaticity is one of the most important concepts in chemistry, and it is associated with cyclic
electron delocalization (or conjugation) in closed circuits giving rise to bond-length equalization, energy
stabilization, large magnetic anisotropies and abnormal chemical shifts, among other well-known
effects [1-3]. Despite the multidimensional character of aromaticity and the recent proliferation
of aromatic compounds that extend beyond the organic chemistry realm [4,5], several simple but
predictive models have been designed to characterize aromaticity [6-10]. From these models, rules of
aromaticity [11] have been obtained that are commonly used in assessing the aromatic character
of molecules. Among these rules, the Hiickel rule was the first and remains the most widely
employed [12-15].

According to the Hiickel rule, annulenes with 4n + 2 7t electrons (n being an integer number) are
more stable than the corresponding open-chain polyenes and, therefore, considered aromatic. Although
this prediction is met for the first elements of the annulenes series, the rule is soon broken due to
out-of-plane geometrical distortions that are more energetically favorable but disrupt the optimal
overlaps between p orbitals that give rise to conjugated circuits [16]. These geometrical distortions
cannot be considered by the Hiickel rule which, inevitably, overestimates the aromaticity of 4n + 2
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annulenes that are described as planar structures having bond equalization. Conversely, the Hiickel
rule also predicts that 4n 7t electrons annulenes are unstable with respect to their open-chain analogues,
exhibit bond length alternation, and are considered antiaromatic. The application of this rule has not
been limited to annulenes and it is currently used in all sorts of molecules, including non-organic
molecules [4,5].

Another important rule of aromaticity, complementary to Hiickel’s, is the Baird rule [17]. While
the Hiickel rule is limited to singlet ground states, the Baird rule applies to the lowest-lying triplet and
excited singlet states and predicts 4n (41 + 2) rr-electron molecules to be aromatic (antiaromatic). Aihara
calculated the resonance energies of singlet and triplet annulenes, concluding that Baird’s rule was
satisfied, i.e., that the lowest-lying excited state of annulenes presented the opposite aromatic character
to that in the ground state [18]. Baird’s rule has been called the photochemistry analogue of Hiickel’s
rule [19] because it has been used to tailor molecules with enhanced photochemical activity [20-22].

The most (anti)aromatic molecules do not usually have many atoms in the ring. The optimal
overlap between orbitals that favors electron conjugation calls for a particular arrangement of the
atoms in the ring that cannot be sustained as the ring size increases. Therefore, both aromaticity
and antiaromaticity are expected to decrease with the ring size. Although there is evidence of large
aromatic nanorings [23], studies on annulenes have led to the conclusion that systems with more than
307t electrons are nonaromatic [24].

In his seminal paper, Baird studied the velocity at which the antiaromaticity (measured through
Dewar resonance energy, DRE) diminished with increasing ring size [17]. Based on a few examples,
he found that 4n + 2 triplets lost their antiaromaticity with the ring size as fast as 4n singlets [17].
To the best of our knowledge, thus far, there have been very few attempts to actually quantify how
the aromaticity rules fade away with the ring size and they were limited to 4n + 2 annulenes [25,26].
This is the goal of this paper. We will first perform an analysis of how these rules are expected to
change with the ring size as predicted by the model from which they originated. Second, we will study
how the geometry distorts these molecules from the optimal (planar) geometry assumed in the model
and how it affects the aromaticity. Finally, we will analyze the effect of the computational method
in the description of these systems by taking into account several density functional approximations
(DFAs) with a varying percentage of Hartree Fock (HF) exchange.

2. Methodology

2.1. Aromaticity Indices

In this section, we will review the expressions of several aromaticity indices based on electron
delocalization [2]. In the following, we will assume a molecule having at least one ring structure,
which consists of N atoms represented by the string A = {A1,A5,...,An}, whose elements are ordered
according to the connectivity of the atoms in the ring. For convenience, we adopt An,, = Ap and
AO = AN-

2.1.1. The Aromatic Fluctuation Index: FLU

The FLU index measures aromaticity by comparison with the cyclic electron delocalization of
some reference aromatic molecules [27]. Its expression depends on the delocalization index (DI) [26-31],
J(A, B), which measures the electron sharing between atoms A and B,

(5(141-) )"‘ 0(Ai, Ai—1) = bref(Ai, Ai1) ? )
6(Ai-1) Oref(Ai, Ai1) '

where 6(A) is the atomic valence for a closed-shell system [32], and « is a simple function to ensure
that the first term in Equation (1) is always greater or equal to 1,

1 N
FLU(A) = Y
i=1
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_ 1 6(Aig) < 0(A)
B { -1 (S(A,‘)1 < O(Aiq) 2)

Sref (A, B) is the DI corresponding to an aromatic molecule which has the pattern of bonding
A — B. For example, the aromatic reference for C-C bonds is benzene. FLU is close to zero for aromatic
species, and greater than zero for non-aromatic or antiaromatic species.

Aromaticity indices based on references, such as FLU or HOMA [33,34], do not measure
aromaticity but the similarity with respect to some aromatic molecule. Therefore, they are not adequate
to describe reactivity [35,36].

2.1.2. The Bond-Length and Bond-Order Alternation Indices

Two popular indicators of aromaticity are the bond-length (BLA) and the bond-order alternation
(BOA), which compare the average of bond lengths and bond orders, respectively, of consecutive

bonds in a ring:
1 & 1
e 2 XApi1,A0 = 2 X Api, Agiiqr (©)
m i3 23

where n; = [(N+1) /2| and n, = [N /2], |y] being the floor function of y, that returns the largest
integer less than or equal to y, and x is either the bond length or the bond order. Unlike the atomic
charges [37], the bond orders are much less dependent on the computational method and the basis set
used [38] and, therefore, aromaticity indices based on bond orders [39] are not highly dependent on
the level of theory employed. An exception to this rule is the delocalization error that is present in
some DFAs [40] with a low percentage of Hartree-Fock exchange, which causes an overestimation of
the aromaticity of some compounds (see Section 3.4).

The definition of Equation (3) presents a serious drawback: it is not well defined for a ring of an
odd number of members because its value depends on the order of the atoms in the ring. For the sake
of generality, in this paper we adopt an alternative definition of BLA/BOA:

1 N
N Zl !xAirAH—l - xAi+1/Ai+2| : (4)
1=

and we choose the delocalization index [28-31] as a measure of bond order.

2.1.3. A Many-Center Electron Delocalization Index: Ling

Giambiagi and coworkers suggested to use the multicenter index, which was previously defined
by them to account for the simultaneous electron sharing among various centers [41], as a measure of
aromaticity [42]. This index was named IL;ng and its formulation for single-determinant wavefunctions
reads as follows:

Ling(A) = ) Siyip (A1)Sii; (A2).-Siyiy (An), ©)

i1,i2,esdn

where S;;(A) is the overlap of molecular orbitals i and j in the atom A4, i.e.,

5(4) = [ 97 (D¢ (x)ar. ©

Ling will provide large values for aromatic molecules. Although it will not be considered in this paper,
it is worth to mention that Bultinck and co-workers generalized Lying considering also the delocalization
of a non-Kekule arrangement of the atoms in the ring; the index is known as MCI [43]. Some of us have
shown that both g and MCI are ring-size dependent [44] and, therefore, for convenience, we will
calculate the multicenter electron delocalization per atom that can be obtained as Liing /N
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2.1.4. AV1245 and AV,

Both Iingand MCI are among the less fallible aromaticity indices available in the
literature [2,36,45] and, therefore, they have been used in a plethora of cases involving a difficult
assessment of aromaticity [46-54]. However, these indices present some drawbacks that prevent their
use in large rings [55] and, therefore, we have recently designed [55] and tested [40,56] a new electronic
aromaticity index, AV1245, based on MCI but free of the shortcomings of this index. AV1245 is defined
as the average value of the four-atom MCI index between relative positions 1-2 and 4-5 constructed
from each five-atom fragment (five consecutive atoms) along the perimeter of the ring [55]. The latter
gives an average picture of the electron delocalization among the atoms in the ring. However, for the
purpose of measuring aromaticity, it has been found more adequate to use the minimum absolute MCI
value evaluated along the perimeter, AVyin [56]. AV min identifies the weakest link, i.e., the fragment
with the lowest electron delocalization which is usually responsible for the loss of aromaticity in
the ring. A detailed study of all the MCI values along the perimeter has been recently shown to
be useful in identifying electron delocalization patterns and it will be the topic of discussion in a
forthcoming work. Aromatic molecules are thus identified by large values of AVyin (AVipin > 1)
and non-aromatic molecules exhibit very low AV, values. Antiaromatic molecules usually exhibit
intermediate AV, values and are more difficult to identify. To this end, the analysis is complemented
by the examination of either four-atom MCI profiles along the perimeter of the ring or the BOA, which
help differentiate between aromatic and antiaromatic compounds.

2.2. Hiickel Molecular Orbital Method

Despite the drastic approximations inherent in the Hiickel Molecular Orbital (HMO)
approach [12-15], organic aromatic molecules are usually well described within the HMO method. It is
thus usual to learn the HMO method at the same time as 47 4 2 Hiickel’s rule and other aromaticity
measures given by the HMO method, such as the resonance energy (RE), the RE per electron (REPE)
or the topological REPE (TREPE) [57]. Some recent works have studied Hiickel’s rule from the
perspective of electron delocalization [58,59]. Since the studies of Hiickel on organic molecules,
the concept of aromaticity has extended importantly including all sorts of new aromatic molecules
such as metalloaromatic molecules [4,51,52,60,61], fullerens [62], nanotubes [63], porphyrins [64,65]
with a Mébius-like structure [66-73], and all-metal clusters [4,5], among others.

For a cyclic polyene of n carbon atoms and N 7 electrons, the Hiickel molecular orbital (HMO)
method provides a general formulation for its orbitals:

N
¢ = Z XuCul = Z Xu 2l 1)Z/N @)
p=1 VN

where x, is the atomic orbital 2p, of the u™ carbon atom and I = 0+1,...,+(N —1)/2,N/2.
Excepting for the first (¢p) and the last (¢n,2), these orbitals are complex and degenerate by
pairs (¢11,P+2,...). From these equations, one can easily calculate the atomic overlap matrices
(AOMs), the bond orders, as well as many aromaticity indices (see Section 2.1), obtaining analytical
expressions [74].

The typical way to assess the aromaticity within the framework of HMO theory is through the
study of stabilization or resonance energy. Since the computational chemistry study of resonance
energies puts severe limitations to analyze more complicated molecules, especially those containing
atoms other than carbon, we prefer to study electron delocalization to assess the aromatic character of
compounds [2,55]. In particular, we focus here on the study of Liing which, in the case of HMO theory,
takes a very simple form (compare to Equation (5)),

IO (A) = Pa, 4y Pasas - - Pa,ay, ®)

ring
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where P4p is the bond-order between atoms A and B and it is related to the DI: 6(A, B) = P4pPg4 [74].

In order to compare annulenes of different sizes among them, we will study the normalized
quantity Ling 1/N 144]. The calculation of the bond orders takes a very simple form for singlet annulenes
with 4n + 2 7 electrons [74]. The study of other multiplicities or number of 7T electrons is less evident.
The HMO theory does not distinguish between alpha and beta electrons (beyond the fact of permitting
only one electron of each kind to populate each orbital) and, therefore, the study of triplets is not
entirely satisfactory. However, to a reasonable extent, one can analyze the 4n + 2 triplets as cases
where one electron is promoted from a [ orbital to a 4 1 orbital. If the orbitals obtained from HMO
are those of Equation (7), the results are the same regardless the electrons are promoted from [/ or —I
orbitals (or whether they are promoted to [ 4+ 1 or —I — 1 orbitals). Hence, the study of 4n + 2 triplets
can be done without ambiguity. However, the study of neutral 4n singlets, which are expected to
exhibit localized structures of symmetry D N, cannot be conducted because both | and —! orbitals
contribute the same amount to all the bond orders in the perimeter of the ring. In order to enforce
the appearance of mesomeric structures, we should obtain a different set of orbitals from the HMO
theory. Since degenerate orbitals can be freely combined without altering the energy of the system,
it is convenient to recombine each pair of degenerate orbitals among themselves to produce this set
of orbitals:

¢ =A+D)g+1-i)py, ©)

for! = +1,...,+(N —1)/2. Unlike those in Equation (7), these orbitals are real and produce one of
the two mesomeric structures that one can expect in neutral 4n annulenes, depending on whether
the last two electrons occupy a [ or —! orbital. Finally, we find that the study of neutral 4 triplets
within the HMO theory is far from obvious because both the singlet-open and the triplet states would
be actually described by the same orbital occupancies. For the sake of completeness, we have also
included this case in our study. To this end, we have employed the original set of orbitals (Equation (7))
and these results are labeled as 4n Dyy,. (We could have also chosen the second set of orbitals that
lead to mesomeric structures. In such case, we would have obtained different I;i,g values but the same
qualitative trend (see Section 3.1)).

3. Results

3.1. Aromaticity from the HMO Method

First of all, we will study Hiickel’s and Baird’s rules from the simple HMO theory [12,14].
Although we cannot expect this theory to provide a reliable description of annulenes (especially
the large ones), the results we obtain will provide a high bound to the aromaticity /antiaromaticity
expected in these species.

All the values of Ljng (Equation (8)) are collected in Figure 1. Interestingly, all the curves conform to
the same general expression: a + b/ N?, where N is the number of ring members. The values of a do not
differ significantly among the four cases giving values very close to the theoretical limit for annulenes,
2/m, whereas the values of b present large differences among them: —2.1867, 1.0822, —5.1151,
and —5.5910 for 4n Dy, 4n + 2 singlet, 4n + 2 triplet, and 4#n singlet D Ni structures, respectively.
These results are in agreement with the chemical intuition: (i) for very large annulenes both Hiickel
and Baird rules break and all the species become equally aromatic, (ii) the initial (anti)aromatic
character decreases smoothly with the annulene size. We can also see that 4n + 2 singlets, which
are aromatic, display values above the 2/7r limit, whereas 4n + 2 triplets and 4# singlets, which are
expected to be antiaromatic, present values below this limit. On the other hand, 4n Dy, annulenes
also behave like antiaromatic molecules, which does not conform with the aromaticity expected in 4n
triplets and, therefore, these species are not well described from the delocalization measures we can
obtain from the HMO theory. Finally, we can compare the velocity with which the (anti)aromaticity
decreases according to Hiickel’s and Baird’s rule. The values of b show that the velocity at which the
aromaticity decreases with the ring size is about five times smaller for 4n + 2 singlet annulenes than
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the corresponding decrease of antiaromaticity for 4n + 2 triplets. Interestingly, the latter is very close
to the decrease of antiaromaticity found in 4#n singlets, in agreement with the study of Baird on cyclic
hydrocarbons using DRE [17]. We have also studied the HMO method forcing bond-length alternation
by employing two different resonance integrals for each bond type (single and double) [75,76], finding
that the antiaromaticity of 4n singlets decreases more rapidly when the annulenes are forced to exhibit
bond alternation. Since we cannot compare 4n singlets and triplets, we cannot extract any relevant
conclusion about which rule, Hiickel’s or Baird’s, is broken more quickly with the ring size. We can,
however, conclude from this data that molecules are more resilient to the loss of aromaticity than to
the loss of antiaromaticity, as one would expect from purely energetic grounds.

0.65

0.60 y .
* 4n Dy,

4n+2 singlet

vo 1/N
ring

0.55 ° 4n+2 triplet

« 4nsinglet Dgn

0 10 20 30 40
N

Figure 1. Values of l;jng 1/N for the annulenes series against the number of C atoms (N) for different
singlets and triplets. The species have been divided according to the number of electrons (4n and
4n + 2) and the spin multiplicity (singlet and triplet).

3.2. Geometrical Relaxation

Thus far, we have studied ideally planar annulenes within the HMO method. In this section,
we employ quantum chemistry methods to study the geometry of annulenes, which often do not
attain a planar conformation in their ground state configuration [77] (see Figure 2). We will employ
HF and three DFAs: B3LYP, M06-2X and CAM-B3LYP. These results will be compared against the
benchmark data available in the literature. We will split the results into two blocks: 4n + 2 and 4n
rt-electron annulenes.

I::I'o]heart
w Y

benzene [10],ist I
L1 =’
Cyclobutadiene coT

Figure 2. Geometrical structures of the studied annulenes.

3.2.1. 4n + 2 Annulenes

First of all, we have studied the lowest-lying structures of singlet and triplet benzene. The ground
state of benzene has been largely studied and its characterization does not present a challenge for DFAs.
The molecule is identified by all the aromaticity measures as the most aromatic molecule among the
studied annulenes. Conversely, the triplet state of benzene has a more elusive character, presenting two
D,;, conformations which are very close in energy, the quinoidal (Q) and antiquinodial (AQ) one [17].
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The former is characterized by two clear double bounds separated by two radical C atoms, whereas
the AQ shows two allylic structures merged by two single C-C bonds. The energy difference between
the two conformations is below 1 kcal/mol and they are connected by a transition state with an energy
barrier of 2.5 kcal/mol [78]. Both conformers are expected to be antiaromatic, displaying an energy
destabilization that is responsible for their prominent photochemical reactivity [79]. The lowest-lying
triplet state of benzene has been identified by HF, B3LYP, and CAM-B3LYP as AQ-like, whereas the Q
structure could not be located with these methods. Conversely, M06-2X provides a Q-like structure.
The aromaticity indices display values which are much smaller than those of benzene and the BOA
index reveals a bond-order alternation that is characteristic of antiaromatic molecules. AV ;, values
are small, which in conjunction with the oscillating pattern displayed by the dissected index profile
(see Supplementary Material), agrees with the antiaromatic character anticipated in this species.

Singlet [10]annulene presents several low-energy isomers, which are difficult to sort energetically
from the results of computational calculations. Most ab initio methods find the twist conformation to be
the lowest in energy, the exception being B3LYP, which predicts the heart conformation to be the ground
state [16]. Our calculations agree with these results. The most delocalized structure, corresponding to a
D1gy, symmetry, lies more than 30kcal/mol above the ground state geometry [16] and, hence, the isomer
expected to be the most aromatic it is actually not stable. On the contrary, the twist isomer (which does
not exhibit a planar conformation) presents a very modest aromatic/antiaromatic character according
to all the aromaticity indices. In fact, the molecule could be easily classified as nonaromatic from the
AVpin value, which is very close to zero and, as the dissected index profile shows (see Supplementary
Material), the twisted bonds are those that prevent an optimal overlap of p orbitals. Conversely,
the heart configuration (lying 0.6 and 2.3 kcal/mol above the ground state according to CAM-B3LYP
and M06-2X) is an aromatic molecule as stated by all aromaticity indices. To the best of our knowledge,
triplet [10Jannulene has been much less studied and there are only examples of triplet dicationic
[10]Jannulene structures on the literature [20,21]. The lowest-lying triplet state of [10Jannulene displays
naphthalene (B3LYP, CAM-B3LYP and M06-2X) and twist (HF) configurations. Following the Baird rule,
this molecule should be antiaromatic. The naphthalene conformation is indeed mildly antiaromatic
but the twist conformation is rather nonaromatic (see Table 1).

The ground-state [14]Jannulene geometry corresponds to a distorted pyrene perimeter [16] that
can undergo a facile isomerization reaction through a Mobius antiraromatic transition state [80]. At the
B3LYP level of theory, we locate a minimal structure with Cy;, symmetry that is aromatic according to
all criteria of aromaticity. However, the CAM-B3LYP and M06-2X Cy;, configurations correspond to a
transition state (TS) that through a small energy barrier (ca. 2.5 kcal /mol) connects two Cs-symmetry
antiaromatic energy minima with complementary bond-length alternation. The triplet conformer leads
to an energy minimum that is only mildly antiaromatic at all the levels of theory.

The Hiickel rule predicts that [18]annulene is an aromatic molecule but the situation is similar to
[14]annulene. B3LYP finds the molecule to be a highly symmetric (Dgy,) structure that is also aromatic
from all aromaticity indices. However, both CAM-B3LYP and M06-2X predict that this structure is
actually a transition state that connects two identical structures that exhibit bond-order alternation
and, therefore, are antiaromatic. This discrepancy has been attributed to the delocalization error of
DFAs with a low percentage of Hartree-Fock exchange, a fact that has been confirmed through the
comparison of experimental proton chemical shifts [81]. A detailed study of the delocalization error is
done in Section 3.4 of this manuscript. The lowest-lying triplet displays a D, symmetry (HF) or a Cy,
symmetry (CAM-B3LYP, B3LYP, and M06-2X). DFAs agree on the triplet [18]annulene being weakly
antiaromatic, whereas HF predicts it to be rather nonaromatic.
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Table 1. Aromaticity indices for 4n 4 2 annulenes calculated with HF, B3LYP, CAM-B3LYP, and M06-2X
and the 6-311G(d,p) basis set. ? L;jng values were too small for an accurate calculation of Iyjng 1/N

Structure Multiplicity = Functional =~ FLU  Ijug UN  BOA BLA Ling UN | AVin |
HF 0.000 0.624 0.000 0.000 0.597 10.25
B3LYP 0.000 0.625 0.000 0.000 0.603 10.72
CeHg s

CAM-B3LYP  0.000 0.628 0.000  0.000 0.603 10.71
Mo06-2X 0.000 0.626 0.000  0.000 0.603 10.73

HF 0.024 0393 0246 0.089 0341 0.39
C.H T B3LYP 0.025 0399 0275 0.090 0.353 1.51
6176 CAM-B3LYP 0.025 0408 0276 0.091  0.363 1.20
MO06-2X 0.041 0467 0281 0.056 0.380 0.28

HF 0.068 0421  0.728 0.157  0.339 0.00

CuoHro (twist) S B3LYP 0.052 0480 0.639 0.128  0.322 0.03
10010 CAM-B3LYP 0.059 0466 0677 0.137  0.341 0.03
MO06-2X 0.058 0463 0.670 0.136  0.325 0.05

HF 0.065 0436 0712 0.153  0.380 0.01

CyoHyy (heart) S B3LYP 0.000 0610 0.007 0.09 0579 5.19
10Fho the CAM-B3LYP 0.000 0614 0009 0010 0579 5.13
MO06-2X 0.000 0611 0.010 0010 0579 5.11

HF 0.030 0470 0364 0.085 0.353 0.14

B3LYP 0.023 0531 0328 0.064 0460 0.91

CioHio (naphthalene) T CAM-B3LYP 0.027 0524 0364 0072 0.446 0.68
MO06-2X 0.028 0522 0367 0.073 0444 0.63

HF 0.020 0478 0266 0.068  0.295 0.05

CuoFiro (twist) T B3LYP 0.020 0517 0305 0.066 0.352 0.08
1oFho (twis CAM-B3LYP 0.022 0513 0324 0.071 0347 0.07
MO06-2X 0.022 0511 0328 0072 0337 0.10

HF 0.050 0497  0.626 0.136 -a 0.49

CoH S B3LYP 0.001 0605 0.010 0.008 -a 424
147114 CAM-B3LYP 0.026 0561 0449 0.091 -8 1.80
MO06-2X 0.025 0561  0.438 0.088 -0 1.89

CAM-B3LYP 0.000 0.609 0.007 0.007 - 4.9

Ci4Hy (TS) S MO06-2X 0.001  0.606  0.007 0.007 -8 4.27
HF 0.021 0502 0282 0.069 -a 0.01

CoH T B3LYP 0.017 0554 0302 0.060 -a 0.13
143714 CAM-B3LYP 0.023 0544 0348 0.071 -a 0.08
MO06-2X 0.022 0544 0349 0.071 -a 0.04

HF 0049 0504 0616 0133 0472 0.57

CH : B3LYP 0.001 0606 0.026 0011 0573 427
183718 CAM-B3LYP 0.026 0563 0446 0.090  0.530 1.80
MO06-2X 0.025 0561 0.444 0.089 0529 1.81

CysHrs (TS) S CAM-B3LYP 0.001 0.609 0.022 0010 0572 4.29
187118 MO06-2X 0.001 0607 0.022 0010 0572 428
HF 0.018 0514 0257 0.060 0.411 0.12

CoH T B3LYP 0.013 0570 0265 0.053 0533 0.58
18718 CAM-B3LYP 0.019 0559 0324 0066 0513 0.30
MO06-2X 0.019 0559 0324 0.065 0517 0.46

3.2.2. 4n Annulenes

The photochemical formation of 4n annulenes is very important in excited-state aromaticity [19].
Cyclobutadiene is often used as the paradigmatic example of an antiaromatic molecule following
the 4n rule. Although (anti)aromaticity can be easily overestimated with a single-determinant
wavefunction [82-84], cyclobutadiene is the molecule with the largest bond-length and bond-order
alternation and all indicators of aromaticity clearly confirm its antiaromatic character. Baird was first
to suggest that triplet 4n 7r-electron annulenes should be regarded as aromatic and confirm it through
DRE calculations [17]. In particular, the DRE confirmed that triplet cyclobutadiene is an aromatic
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molecule. A fact that is further substantiated by its symmetric D, geometry and the values of the
aromaticity indices gathered in Table 2.

Unlike cyclobutadiene, cycloocta-1,3,5,7-tetraene (COT) is not a planar molecule in its ground state.
COT shows a boat-like D,; geometry that, although presents bond-length and bond-order alternation,
is not a very antiaromatic molecule [16,85]. The aromaticity indices reveal that this molecule could
be classified as mildly antiaromatic. Conversely, the lowest-lying triplet state of COT presents Dgj,
symmetry and values of the aromaticity indices that confirm the aromatic character anticipated by the
Baird rule. Interestingly, the realization of planar triplet COT in some substituted annulenes has been
studied as an acceleration path for the photochemical inversion of the ring [22].

In contrast to smaller annulenes, [12]annulene presents several energy minima in the potential
energy surface, five of which lie within 5 kcal/mol according to CCSD(T) calculations [86].
The instability and the easy isomerization [87] of this species explain the difficulty in characterizing
it experimentally. All DFAs and HF predict a CTCTCT (C;) geometry with a large bond-order
alternation, where C and T stand for the arrangement of C-C bonds that can be either cis (C) or
trans (T). Nevertheless, the molecule presents very small AV, values that indicate a nonaromatic
character. The lowest-lying triplet state of [12]annulene shows a very similar geometry in agreement
with a CTCTCT arrangement of the atoms but corresponding to a CTCTCT (Cs) geometry, according to
all DFAs. The HF lowest-lying triplet also presents a CTCTCT geometry (C;) but it is severely distorted
with respect to the latter one. Regardless of the method used, AV, value is small, prompting us to
also classify the triplet state as a nonaromatic species.

As in the previous case, a large number of [16]Jannulene isomers have been found [88] and,
therefore, this species also easily undergoes isomerization [87] even through quantum mechanical
tunneling [89]. According to all the methods, the ground state structure can be classified as CTCTCTCT
(S4). Interestingly, there is another structure, which presents a distorted CTCTTCTT structure (C;) lying
5-8 kcal/mol above the ground state structure. The lowest-lying triplet presents a conformation very
close to the latter one. Although the singlet is less antiaromatic than COT or cyclobutadiene, we find
that both S4 and C; present a similar character and are more antiaromatic than [12Jannulene. Therefore,
[16]annulene could be classified as weakly antiaromatic. Likewise, the triplet provides values of the
indices that indicate a more aromatic character than [12]annulene triplet. Although AV, values
oscillate between 0.35 and 1.16, these values indicate a mild aromatic character in between triplet
[12]annulene and triplet cyclobutadiene, which agrees with the fact that this molecule displays a more
symmetric structure (Cs) than its singlet counterpart (C;).

3.3. Aromaticity from DFAs

The HMO cannot take into account the geometrical relaxation from a planar structure (permitting
an optimal overlap of p orbitals) and, therefore, the results obtained in the Section 3.1 are upper bounds
to aromaticity and antiaromaticity in annulenes. In this section, we will consider the optimization of
several singlet and triplet annulenes and how it affects the aromaticity of these compounds. As an
improvement over HMO results, we will calculate an approximate version of I;ing that consists in using
only the two-center bond orders of bonded atoms to estimate the N-center delocalization. In particular,
we will employ the equivalent of Equation (8) in the framework of quantum mechanics. To this end,
we will take 6(A, B) and subtract 1.00 to (approximately) remove the sigma contribution to the C-C
bond, and multiply all resulting DIs of the bonds around the perimeter of the ring,

Ling(A) = \/(5(1‘11,1‘\2) —1) (6(A2,A3) —1)...(6(An, A1) — 1), (10)

where we have taken the square root to account for the fact that at the HMO level the DI corresponds
to the square of the Hiickel bond-order [74]. One can consider the latter as a rough approximation that
bridges the HMO definition (Equation (8)) and the actual I;g value (Equation (5)). We have collected
the results of Ing /N in Figure 3.
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Table 2. Aromaticity indices for the studied 4n annulenes calculated with HF, BBLYP, CAM-B3LYP,
and M06-2X and the 6-311G(d,p) basis set. ? ;g values were too small for an accurate calculation of
Ling /N bAy, . cannot be calculated for rings with less than six members.

Structure ~ Multiplicity Method FLU  ILing UN BOA BLA Ling UN | AV pin |

HF 0.101 0391 0888 0249  0.262 b

CuH, S B3LYP 0.104 0416 0900 0247  0.266 b
CAM-B3LYP 0.103 0398 0.898 0245 0.264 b

MO06-2X 0.103 0405 0.898 0242  0.268 b

HF 0.010 0507 0.000 0.000 0.433 b

C,H, T B3LYP 0012 0499 0.000 0.000 0.440 b
CAM-B3LYP 0.011 0504 0.000 0.000 0.439 b

MO06-2X 0011 0505 0.000 0.000 0.438 b

HF 0.067 0436 0.726 0.156  0.406 0.30

C.H S B3LYP 0.056 0477 0.664 0134  0.441 0.72
8i8 CAM-B3LYP 0061 0468 0.693 0.140 0.428 0.52
MO06-2X 0.062 0460 0694 0.141 0427 0.51

HF 0.001 0590 0.000 0.000 0.534 4.07

CH - B3LYP 0.001 0589  0.000 0.000 0.540 431
88 CAM-B3LYP 0.001 0593  0.000 0.000 0.539 4.29
MO06-2X 0.001 0591 0.000 0.000 0.539 4.29

HF 0.063 0445  0.698 0.153 -a 0.04

CioHu S B3LYP 0.042 0511 0565 0.115 -a 0.01
CAM-B3LYP 0050 0.494 0.624 0.128 -a 0.02

MO06-2X 0.050 0488  0.624 0.128 -a 0.06

HF 0.021 0487 0280 0.067 -a 0.07

CoH T B3LYP 0.002 059  0.033 0.012 -a 0.07
122012 CAM-B3LYP 0.015 0562 0.288 0.056 -a 0.21
MO06-2X 0.008 0577 0208 0.039 -a 0.13

HF 0.054 0486 0.651 0.139  0.440 0.33

CrsHis Su) S B3LYP 0.029 0551 0476 0.095 0513 0.96
CAM-B3LYP 0.041 0529 0564 0113 0484 0.64

MO06-2X 0.040 0526 0562 0.113  0.484 0.63

HF 0.053 0488  0.643 0.139  0.452 0.25

CosHug (C1) 5 B3LYP 0.029 0548 0474 0.09 0512 0.78
1673716 11 CAM-B3LYP 0.040 0530 0555 0.113  0.487 0.55
MO06-2X 0.039 0526 0553 0.112  0.487 0.58

HF 0.001 0598  0.013 0.005 -a 1.08

CosHig (Co) - B3LYP 0.002 059  0.057 0.013 -a 1.16
162716 Vs CAM-B3LYP 0.015 0568  0.294 0.059 -8 0.35
MO06-2X 0011 0576 0252 0.050 -a 0.74

The results show some differences with respect to the HMO values we have shown earlier. 41 4 2
singlet compounds show a similar trend to the HMO results except for [10Jannulene, which exhibits a
smaller aromaticity than expected. This molecule undergoes important geometrical distortions that
disrupt the overlap of p orbitals and causes the apparent loss of aromaticity. 4n singlets are expected to
be antiaromatic, as is confirmed by the large BOA values (see Tables 1 and 2), and they become less and
less antiaromatic as they increase the ring size (see the increasing @1/ N values of Figure 3). 4n + 2
triplet annulenes follow a very similar trend in agreement with Baird’s rule. Finally, we examine the
4n triplet annulenes that are expected to be aromatic and for which there is no clear trend. On one
hand, COT, which displays a planar structure, is actually among the most aromatic compounds, even
more aromatic than cyclobutadiene in its lowest-lying triplet state, which actually shows the smallest
value among the molecules that are expected to be aromatic. On the other hand, neither [12] nor
[16]annulene present a planar structure and, therefore, they exhibit larger BOA values, suggesting
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that these molecules are rather nonaromatic or slightly antiaromatic. Interestingly, all the aromaticity
trends are similar to those found for pure HMO calculations for 4n + 2 annulenes and 4# singlets with
the only mentioned exception of [10]annulene.

0.650

0.600 °
Z °
> 0550 ° L .
50 ° ® 4n singlet
,;é 0.500 L] P 4n+2 singlet
[ ® 4n+2 triplet
0.450 @ 4n triplet
0.400 o ©®
0.350
0 5 10 15 20
N

Figure 3. Values of @1/ N for the annulenes series in terms of the number of C atoms (N) for the
lowest-lying singlets and triplets. The species have been divided according to the number of electrons
(4n and 4n 4+ 2) and the spin multiplicity (singlet and triplet). Calculations were performed with
CAM-B3LYP/6-311G(d,p).

Tables 1 and 2 also include the actual values of Liing 1/N but we have not discussed them because
they mostly corroborate the trends we have found with Ql/ Nand some of the values for large
annulenes could not be obtained with enough precision. This is one of the main shortcomings of
Liing for large rings [55], the values become so small that they conflict with the numerical precision of
the calculation and, consequently, we cannot obtain a reliable normalization (Ising 1/Ny which permits
the comparison among rings of different sizes.

In order to remedy this problem, AV, was recently designed [55]. AV, values for the
annulenes series are collected in Figure 4. Although the trends are not so clear as in HMO calculations
or the approximate account of aromaticity with @ /N the picture we can extract from AV, does
not differ entirely from that we obtained from Ljng /N The four most aromatic molecules are the same
according to both indices and each single-triplet pair shows the same order of aromaticity, e.g., singlet
benzene is more aromatic than triplet benzene. The only apparent exception to this rule is [10]Jannulene
that has a larger AV i, value for the lowest-lying triplet than for the ground state singlet. The latter is
due to the fact that the ground state configuration of [10]annulene is found to be nonaromatic (the
second lowest-lying structure, the heart configuration, is actually quite aromatic) whereas the triplet
configuration is antiaromatic.

3.000

2.500 429
& 2.000 .
b= @ 4n singlet
g
<>C 1.500 4n+2 singlet
( ] @ 4n+2 triplet
1.000 .
@ 4n triplet
[ ]
0.500 [ :
° [ ]
0.000 o ©
0 5 10 15 20
N

Figure 4. Values of AV, for the annulenes series (lowest-lying singlets and triplets) in terms of
the number of C atoms (N). The species have been divided according to the number of electrons
(4n and 4n 4+ 2) and the spin multiplicity (singlet and triplet). Calculations were performed with
CAM-B3LYP/6-311G(d,p).
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Finally, we find that FLU, BOA, and BLA give a similar qualitative trend to Ling /N (see Tables 1
and 2, and also the Supplementary Material) with the exception of large 47 + 2 annulenes ([14]annulene
and [18]annulene) that are found to be more aromatic in their triplet state than in their ground state.
One should bear in mind that these indices are based on pairwise interactions (FLU is also based on
fixed ground-state aromatic references) and they are not as reliable as indices based on multicenter
calculations [36].

3.4. The Delocalization Error in DFAs

DFAs suffer the so-called delocalization error [90-92], which tends to give delocalized electronic
structures. This is the exact opposite behavior of HF, which tends to overestimate the localization of
the electronic structures. DFAs with a low percentage of HF exchange are more prone to delocalization
errors. This effect has been observed in conjugate systems [93] and aromatic systems [40,81,94,95]
including singlet annulenes [81]. Recently, Contreras-Garcia, et al. [96] have suggested that the exact
result is often bracketed between two extreme situations, the highly localized one (HF) and a highly
delocalized one (LDA, which does not include HF exchange). They have used this result to construct
error bars for the calculation of some solid-state properties. Likewise, Burke, et al. [97] have defined
the sensitivity of DFAs to the density as the energy difference between DFA calculations from LDA
and HF densities.

In this section, we investigate how the delocalization error affects the aromaticity measures in
the studied annulene series through the analysis of Iing /N calculated with four methods that use a
different amount of HF exchange. In our study, LDA is ruled out because it is not reliable for gas-phase
calculations [98] and B3LYP is used as the most delocalizing method (includes 19% of HF exchange).
As the most localizing method we employ HF (that obviously uses 100% of HF exchange), and, as DFA
with a large percentage of HF exchange, we have selected M06-2X (54%) and a range-separation
functional [91], CAM-B3LYP, which presents a variable amount of HF exchange that goes from 19% at
short ranges to 65% at large interelectronic separations.

Ling /N values for different methods are collected in Figure 5. Our results confirm that in the large
majority of cases BBLYP and HF are giving the most and the less aromatic species, respectively, among
the DFA studied. In some cases (see, singlet benzene, triplet cyclobutadiene or triplet COT) there
are no large differences among the DFAs because these species do not suffer from the delocalization
error. However, in many other cases (see 4n + 2 singlet annulenes larger than benzene) B3LYP clearly
overestimates electron delocalization, sometimes even favoring a different geometrical arrangement
of the atoms in the ring that permits larger electron delocalization (see Section 3.2). As expected,
HF tends to overestimate electron localization whereas CAM-B3LYP and M06-2X provide very similar
results lying between HF and B3LYP values. There is only two exceptions to this rule: the triplet
states of benzene and [16]annulene. Unlike other DFAs and HF, the M06-2X geometry optimization of
triplet benzene leads to a non-planar structure that does not correspond to the AQ structure [17] and,
therefore, it is not as antiaromatic as one would expect. A careful examination of the potential energy
surface of the triplet state of benzene confirms that M06-2X does not identify the AQ conformation as a
minimum of energy at this level of theory. In the case of [16]annulene, the exception is that HF Ijg /N
value is actually larger than that of CAM-B3LYP or M06-2X because, according to HF, the structure is
more planar than predicted by these DFAs.

Interestingly, 4n + 2 singlet molecules (with the exception of benzene) and 4n singlets tend to
suffer the most from electron delocalization errors, whereas 4n + 2 triplet molecules barely exhibit
differences between B3LYP and other DFAs with higher percentage of HF exchange. The fact that
M06-2X and CAM-B3LYP present very similar values for most molecules corroborates that it is actually
the long-range part of Hartree-Fock exchange the one which is relevant to decrease the delocalization
error [40]. In this sense, we recommend the use of a range-separation functional, such as CAM-B3LYP,
to study aromatic and antiaromatic compounds.



Molecules 2020, 25, 711 13 of 19

4n singlet 4n triplet
mHF mMO06-2X mCAM-B3LYP m B3LYP mUHF ®mMO06-2X mCAM-B3LYP mB3LYP
0.600 0.700
0500 0.600
0.500
0.400
0.400
0.300
0.300
0.200
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0100 0.100
0.000 0.000
cyclobutadiene [12]annulene [16]annulene cyclobutadiene [12]annulene [16]annulene
4n+2 singlet 4n+2 triplet
EHF EMO6-2X mCAM-B3LYP mB3LYP mUHF ®MO06-2X m CAM-B3LYP m B3LYP
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benzene [10]annulene [14]annulene [18]annulene benzene [10]annulene [14]annulene [18]annulene

Figure 5. Values of g /N for the lowest-lying states of the studied annulenes obtained with methods
using a different percentage of Hartree Fock (HF) exchange: HF (100%), M06-2X (54%), CAM-B3LYP
(19-65%) and B3LYP (19%).

4. Materials and Methods

The singlet ground state and the first triplet excited state of all the studied structures have
been fully characterized. The optimizations have been performed with the Gaussian16 software
package [99] using B3LYP [100,101], CAM-B3LYP [102], M06-2X [103] DFAs, and HF in combination
with the 6-311G(d,p) basis set [104]. The harmonic vibrational frequencies were calculated at the
corresponding level of theory in order to verify the nature of the stationary points of their potential
energy surface (minima or transition states).

The calculation of the electronic aromaticity indices (AV1245, AV i, , BOA and FLU) uses a QTAIM
atomic partition [105] performed by the AIMAII software [106]. The AOM resulting from the QTAIM
partition and the molecular geometries are the input for the in-house ESI-3D program [27,31,107],
which provides AV1245 [55], AV [56], BLA, BOA, DIs [29,30], FLU [27], HOMA [33] (included
in the Supplementary Material), Ling [42], Ling and MCI [43] values. The numerical accuracy of the
QTAIM calculations has been assessed using two criteria: (i) The integration of the Laplacian of the
electron density (V2p(r)) within an atomic basin must be close to zero; (ii) the number of electrons in a
molecule must be equal to the sum of all the electron populations of the molecule, and also equal to
the sum of all the localization indices and half of the delocalization indices in the molecule. For all
atomic calculations, integrated absolute values of V2p(r) were always lower than 0.001 a.u. For all
molecules, errors in the calculated number of electrons were always lower than 0.01 a.u. From our
experience, these errors provide sufficient accuracy for all the indices here calculated except for the
normalized multicenter indices of large rings, which require a numerical precision of the AOM well
beyond the accuracy that one can obtain with AIMall or any other similar software available in the
literature. For the latter and other reasons commented in Ref. [55], multicenter indices (MCI and Iying )
cannot be used in large rings.

We have employed Mathematica [108] to perform all Hiickel calculations, fittings and
extrapolations presented in this manuscript.
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5. Conclusions

In this paper, we have studied how the Hiickel and Baird rules fade away in cyclic polyenes.
According to pure HMO calculations and the seminal Baird study [17], antiaromatic annulenes lose
their antiaromatic character at the same speed as the ring size increases, regardless of their multiplicity.
However, a two-resonance parameter HMO method, permitting bond-order alternation, shows that
the antiaromaticy of 4n singlets decreases more rapidly with the ring size. The conclusion is far less
clear from calculations that consider the geometry relaxation because the potential energy surface of
annulenes with more than eight carbon atoms often shows several configurations close in energy that
display disparate aromatic characters. Nevertheless, density functional approximations reveal that the
rules fade away much more quickly than it would be expected from the HMO method; they just do
not follow a smooth trend.

The study of the level of theory employed in the calculation of annulenes reveals a clear tendency
of density functional approximations with a low-percentage of HF exchange at long ranges to exhibit
delocalization errors that lead to the overestimation of the aromatic character of the molecule and
sometimes even to wrong geometries. Molecules with large ring structures are more prone to this kind
of errors. These results are in line with previous findings [40,81,94] and suggest caution in choosing
an appropriate density functional approximation to study aromatic and antiaromatic molecules.
In particular, we recommend the use of a range-separation density functional approximation such
as CAM-B3LYP.

Supplementary Materials: The Cartesian coordinates of the molecules as well as full tables and supplementary
graphics are available online at http:/ /www.mdpi.com/1420-3049/25/3/711/s1.
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Abbreviations

The following abbreviations are used in this manuscript:

AOM Atomic overlaps matrix

AV1245  Aromaticity index for large rings [55]

AV in Minimal value of 12-45 delocalizations [56]
BLA Bond-length alternation

BOA Bond-order alternation

DFA Density Functional Approximation
DI Delocalization index [28]

FLU Fluctuation aromaticity index [27]
HF Hartree-Fock

HMO Hiickel Molecular Orbital
HOMA  Harmonic Oscillator Model of Aromaticity [33]
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LDA Local density approximation [109]

MCI Multicenter index [43]

RE Resonance energy

TREPE Topological resonance energy per 7t electron

Ling Giambiagi’s multicenter index [42]

Ling Approximation to Iying (Equation (8))
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Introduction

Aromaticity is an ill-defined concept. It does not correspond to a physical observable
like many other properties that populate the world of tools used in the routine analysis
of chemical reactions [1,2]. Bond orders [3], bond ionicity [4], reaction concertedness,
oxidation states [5,6], local spin [7-10], and atomic contributions to the optical
property of a molecule [11,12] are also properties that cannot be directly measured and
unambiguously assigned. However, aromaticity is still more controverted than the latter
because it refers not to one, but to several properties that are not necessarily mutually
related. Despite its fuzziness, this concept is still widely used to elucidate phenomena
such as chemical stability and reactivity [ 13—15]. In this sense, aromaticity is a concept
used by chemists world-wide and it cannot be so easily ignored or put aside [16].

Despite aromaticity has not found (and most likely cannot find) a solid root in the
quantum theory, there have been numerous attempts to define aromaticity measures.
These aromaticity indices quantify to some extent the typical manifestations of aro-
maticity in molecules: energy stabilization, bond-length equalization, large magnetic
anisotropies, abnormal chemical shifts, electron delocalization, etc. [17]. As a result,
nowadays, there is a number of different indices available in the literature, sometimes
offering disparate results about the aromaticity of certain chemical species [18]. The
multidimensional character of aromaticity [19] calls for the use of various indices to
assert the true nature of a given species. Moreover, the use of several measures is highly
recommended because most indices fail to pass some aromaticity tests [18,20].

First of all, we should identify which is the actual feature of aromaticity that we
want to analyze because not all aforementioned manifestations occur simultaneously
in all molecules. The latter is particularly relevant in new aromatic species that extend
beyond the realm of organic chemistry and show some aromatic features that are
not due to the m-electron delocalization [21-28], but we also have some examples
among organic molecules [18,29]. Aromaticity criteria based on electron delocalization
[15] are adequate to identify conjugated-electron circuits [30-32], which might play
important roles in the distribution of the electrons in a ring, the mobility of the
electron cloud, or the assignment of electronic spectrum transitions. On the other hand,
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energetic criteria [33] are important to identify molecules that benefit from extra energy
stabilization. In some molecules, conjugated-electron circuits along a ring structure
cause bond-length and bond-order equalization as well as an important energy stabi-
lization in the molecule. However, the transition state (TS) of the Diels—Alder reaction
is the most aromatic point along the intrinsic reaction coordinate and there is no bond-
length or bond-order equalization [29]. In fact, this point is the most energetic point
along the intrinsic reaction coordinate. One could argue that the energy stabilization
should be compared with the TS of similar reactions. Nevertheless, pseudopericyclic
reactions are essentially barrierless and produce similar products through a nonaro-
matic TS [34,35].

Several manifestations of aromaticity are related to the whole molecular structure,
whereas others are specific of a given annular structure within the molecule. The former
are known as global properties and the latter concern only specific regions of the
molecule and, therefore, are local properties of the molecule. Global aromaticity indi-
cators include the HOMO-LUMO gap that is often directly related with the ability of
the molecule to undergo chemical reactions. The larger the gap, the least (energetically)
accessible the LUMO orbital is and, thus, the least reactive the molecule is expected
to be. This stabilization is characteristic of aromatic molecules. In general, energetic
measures of aromaticity are global properties. On the other hand, geometrical features
(e.g., bond-length equalization and bond distances halfway between single and double
bonds), electronic ring currents (induced by an external magnetic field perpendicular to
the ring plane), or multicenter electronic delocalization along the atoms in the ring are
typical features of the annular structures within the molecule and are regarded as local
aromaticity features. In this chapter, we will only consider indices of local aromaticity.

In the literature, there are many indices of aromaticity and they can be classified
as energetic [33], magnetic [13], geometric [14], and electronic indices [15], corre-
sponding to the different manifestations of aromaticity, i.e., energetic stabilization,
exalted magnetic susceptibilities [36], particular geometrical features (such as bond-
length equalization or planarity) or electron delocalization along the aromatic ring,
respectively. Although in this chapter we focus on aromaticity indices based on
electron delocalization, for the sake of comparison, we have also included bond-length
alternation (BLA) and the harmonic oscillator model of aromaticity (HOMA) [37]. In
the following section, we give the necessary background to introduce the electronic
aromaticity indices, which we review in the next section. Finally, we include a select
list of examples that will help us illustrate the usage of the indices.

Methodology

Since the indices of aromaticity covered in this work are based on electron delocal-
ization, we first need to retrieve information about electron delocalization from the
wavefunction. To this end, we resort to the pair density, which contains information
about the relative motion of an electron pair and it is straightforwardly obtained from
the wavefunction ¥(1,2,...,N):

p,(1,2) = NN — 1P(1,2), (7.1)
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with
P, 2)d1d, = /d3...de\II*(1,2, LNV, 2, ..., N)dds, (7.2)

where N is the number of electrons and i=1, 2, ... stands for the combined space
and spin coordinates of the ith electron. P(1, 2)d,d, is the probability of finding
two electrons, one at d; and the other at d,, regardless of the position of the other
N — 2 electrons [38]. A popular function in density functional theory is the exchange-
correlation density (XCD) [39], which captures electron exchange and correlation
effects, and it is defined as

pxe(1,2) = p(1)p(2) — p2(1, 2), (1.3)

where p(1) is the electron density. In the present context, it will be used to define the
so-called electron-sharing indices (ESIs) [40-42].

The electron-sharing indices

The concept of bond order is crucial to understand the bonding in molecules. It
measures the number of chemical bonds between a pair of atoms. In his seminal work,
Coulson [3] put forward a measure of the order of a bond, which he applied within
Hiickel molecular orbital (HMO) theory to explain the electronic structure of some
polyenes and aromatic molecules. This measure of the order of a bond, more commonly
known as Coulson bond order, has been connected with the HMO calculations.

Nowadays, very few calculations are performed within the HMO method, as more
sophisticated (and now computational affordable) methods are easily available. As a
consequence, the Coulson bond order has been replaced by the concept of ESIs, which
measure to which extent two atoms are sharing the electrons lying between them [42].

The XCD compares a fictitious pair density of independent electron pairs [p(1)0(2)]
with the real pair density, p2(1, 2) [see Eq. (7.3)]. The smaller the difference, the more
independent the electrons in these positions are. The larger the difference, the more
dependent, i.e., the more coupled they are. Therefore, for pairs of electrons shared be-
tween points belonging to two different atoms we expect a large XCD value. The XCD
can thus give rise to the concept of ESI [41-44]. The XCD between points belonging
to two different atoms A and B is used to define the delocalization index (DI),

8(A,B) = 2/ / d1dzpxc(1,2) = —2cov(Ny, Np), (7.4)
A B

whereas the localization index arises from the consideration of two points that pertain
to atom A,

AA) = / [ didyprc(1,2). (75)
A A
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As we can see from Eq. (7.4), the DI is actually related to the covariance of the
populations of atoms A and B, N and Ng, respectively, and it is thus a measure of
the number of electrons simultaneously fluctuating between these atoms. The atom
population is defined from the electron density,

Ny = / dip(1). (7.6)

A

It is also worth defining the total delocalization in a given atom,

S(A) =) _8(A, B), (7.7)

B#A

which some authors [45] relate to the valence of an atom. Since the XCD integrates to
the number of electrons, we can classify the electrons as localized and delocalized and
assign them to atoms (localized) and pairs of atoms (delocalized):

Ny = 8(A) + A(A), (7.8)

the following sum rule being satisfied:

N = ZNA = Z 8(A,B) + ZA(A). (7.9)
A A

B,A<B

The calculation of the DI and localization index requires the knowledge of the pair
density and the density. In the case of multideterminantal wavefunctions, the calcula-
tion of the pair density carries a large computational cost that hampers the computation
of quantities related to the electron-pair delocalization. In this chapter, we will restrict
ourselves to single-determinant wavefunctions such as Hartree—Fock and Kohn—Sham
density functional theory. The reader interested in ESIs or population covariances for
many-body wavefunctions can consult other sources [20,42,46—48]. For closed-shell
single-determinant wavefunctions, Eqgs. (7.4) and (7.5) simplify significantly:

8(A, B) =4ZSij(A)S,-j(B), (7.10)

ij
MA) =2 Si(AY, (7.11)
ij

where the latter summations run over occupied molecular orbitals and S;;(A) is the
atomic overlap matrix (AOM) of atom A,

S(A) = / g7 (1) (1), 7.12)

A

¢;(1) being a molecular orbital.
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Aromaticity indices

In this section, we will study the aromaticity of a molecular ring consisting of n atoms
represented by the string A = {A|, A, ..., A, }, whose elements are ordered according
to the connectivity of the atoms in the ring. For convenience, we adopt A, , = A,(p
> 0).

Geometrical aromaticity indices

In this subsection, we will analyze the so-called HOMA as defined by Kruszewski and
Krygowski [37]. The HOMA relies only on geometrical data and it can be computed
using the following expression:

1 n
HOMA(A) = 1 -257.7— Z (Ropt — Ravars,)’

IS R 5
=1- 257.7<(ROpt — R)2 + - Z (RA;,A[H - R)2>

i

=1 — (EN + GEO) (7.13)

where the reference bond lengths, Ry, are chosen so that the compression energy of
the double bond and expansion energy of the single bond are minimal according to
the harmonic potential model and Ry, 4,,, are calculated from the distances of atoms
A; and A;1; (see ref. [49]). In the derivation of Eq. (7.13), we assume that all bonds
are of the same type. The expression for rings with different bonding patterns can also
be decomposed into EN and GEO terms but its derivation is less straightforward [50].
The closer to one the index, the more aromatic the molecule. The formula depends on
some reference bond distances and, unfortunately, there is a limited number of bonds
for which these references have been tabulated (C-C, C-N, C-O, C-P, C-S, N-N,
and N-O). This set suffices to calculate most organic molecules but imposes a serious
drawback to extend the use of HOMA to new aromatic molecules.

The EN component of HOMA measures the deviation of the interatomic distances
as compared to some tabulated numbers. GEO measures the variance of the interatomic
distance, which for aromatic molecules is usually a small number because, unlike
antiaromatic molecules, they do not present BLA. Both quantities, EN and GEO, are
close to zero for aromatic molecules.

Another popular geometrical indicator of aromaticity is the BLA, which compares
the average of bond lengths of consecutive bonds in a ring:

1O 1O
BLA(A) = l’l_ Z TAgi 1A — n_ Z Ty, 141 (7.14)
D=t 2=

where n; = [(n+ 1)/2] and n, = |n/2], | x] being the floor function of x, which returns
the largest integer less than or equal to x. This expression of the BLA is not well defined
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for rings of an odd number of members and, therefore, we have recently opt for a
modified BLA definition [51]:

n

1
BLA(A) = E Z ’rA,’,AH] - rA,‘+1,A,’+2 . (7.15)

i=1

Electronic aromaticity indices

Lately, aromaticity indicators based on the electronic structure of molecules are be-
coming popular, and several research groups have designed new electronic aromaticity
indices [15]. Among others, we can mention the I, [52] of Giambiagi et al., the
multicenter index (MCI) [53] of Bultinck et al., the 6 index [54] of Matta or the
Shannon entropy [55] at the bond critical point [56] as suggested by Noorizadeh and
Shakerzadeh [57]. The group of Miquel Sola and collaborators have also contributed
with the fluctuation index (FLU) [58] and para-delocalization index (PDI) [59] as well
as the normalized versions of I;;,s and MCI [60]. More recently, Szczepanik et al. have
contributed with an index capable of accounting for multicenter bonding [61,62] and
Matito et al. have defined AV1245 [30] and AV i, [31,32] for large rings. Here we will
focus on FLU, PDI, MCI, I;i,e, AV1245, and AV .

Bond-order alternation

The bond-length alternation index (BLA) is built upon the premise that the bond-length
alternation reflects the distribution of electron pairs on a conjugated circuit. Since
some people are skeptical about the use of an aromaticity measure that only reflects
a geometrical feature, they prefer the electronic-structure counterpart of the BLA, the
bond-order alternation (BOA), which uses the bond order—or any equivalent concept
such as the ESI [42]—instead of the bond length,

1 n
BOA(A) = = 3 _18(A;, Ai1) = 8(Ais1, i)l (7.16)

i=1

Unlike the atomic charges [63], the bond orders are much less dependent on the
method and the basis set used [64] and, therefore, aromaticity indices based on bond
orders [65] are not highly dependent on the level of theory employed.

Aromatic fluctuation index

The FLU index measures aromaticity by comparison with the cyclic electron delocal-
ization of a typical aromatic molecule [58,66],

1 Z S(A) \* [ 8(Ai, Ai1) — Sref(Ai, Aiy) ?
PR = n?[(ami_l)) ( e (A A1) )} SR
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where « is a simple function to ensure the first term in Eq. (7.17) is always greater or
equal to 1,

. :{ 1 8(Ai—1) < 8(A) (7.18)

-1 8(A) < 8(Aimy)

and §,,(A,B) is the DI corresponding to a reference aromatic ring which has the bond
A-B. The aromatic reference for C—C bonds is benzene, whereas C—N bond reference
is taken from pyridine. FLU is close to zero for aromatic species, and greater than zero
for nonaromatic or antiaromatic species.

The aromaticity indices based on references actually measure the similarity with
respect to some aromatic molecule. Hence, HOMA and FLU are not adequate to
describe reactivity [18,29]. For instance, in the case of the Diels—Alder reaction they
cannot recognize the TS as the most aromatic point along the reaction path because
the product, cyclohexene, is more similar to benzene (the reference molecule for C—C
bonds) than the TS, which shows large C—C distances and small DIs in the bonds that
will be formed [29].

Para-delocalization index

Fulton [40] and Bader et al. [67] showed that benzene exhibits larger DI between the
atoms in para position than in meta position. This finding was used by Poater et al.
[59] to define the para-delocalization index (PDI), which consists in the average DI
between the atoms in para position of a six-membered ring,

8(A1, Ag) + 8(Az, As) + 8(A3, As)

PDI(A) = 3

(7.19)

The larger the index, the greater the aromaticity. Obviously, the index cannot
be used in rings with more or less than six members. The PDI is less reliable for
heterocycles and rings made of highly polarizable atoms [18] because it can increase
the delocalization across the ring without a substantial increase of the peripheral
delocalization.

Iring

A generalization of the DI concept to various atomic centers was provided by Giambi-
agi et al. [68] in 1990. The concept has been used to account for multicenter bonding
and it is commonly known in the literature as the MCI [69]. Some years later, Giambiagi
etal. suggested to use the MCI as a measure of aromaticity. In the context of aromaticity
the index was called I,y and its formulation for single-determinant wavefunctions
reads [52]:

Ling(A) = Y Siin(ADSHi(A2) ... Sii (Ay). (7.20)

i150250000n
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ILing provides large values for aromatic molecules and values close to zero for
nonaromatic species.

Multicenter index

Bultinck et al. [53] proposed to sum not only the contribution from the Kekule struc-
tures (as g does), but also the contributions of all structures generated by permuting
the position of all the atoms in the ring. Such possibility was already discussed by
Ponec et al. [69,70] among others [71]. The resulting index was named multicenter
index (MCI) and its expression is as follows:

MCI(-A) = Iring (-A)

=D > S (ADSui(A2) ... S (Ay), (7.21)

P(A)i1,iz,....In

where P(A) stands for the n! permutations of the elements in the string .A. Although the
original proposal of MCI differs from this one by a numerical factor, we will skip it for
the reasons already commented in ref. [60]. Like /;ins, MCI produces large numbers for
aromatic species, and the authors claim negative numbers identify antiaromatic species
[72]. To our knowledge, this fact has only been proven for three-member rings [69] and
heuristically for six-member rings [73].

Normalized versions of Iing and MCI

Ling and MCI have been shown to be ring-size dependent [60] and, therefore, for
convenience, we often calculate the multicenter electron delocalization per atom that
can be simply obtained as Iring” " and MCIV/",

AV1245 and AVpin

Ling and MCI are among the best-performing aromaticity indices available in the
literature [15,18,20]. In fact, they have been used to assert the aromaticity of a
large number of nontrivial cases, including new aromatic molecules [25, 26,74—-80].
Unfortunately, for large rings, these indices carry a prohibitively large cost and present
large numerical errors derived from the numerical integration of the AOMs. For this
reason, we have recently designed two indices of aromaticity, AV1245 [30] and AV nin
[31,32], which are free of these shortcomings. AV1245 gives an average electron
delocalization along the ring and it is defined as the average value of the four-atom MCI
index between relative positions 1-2 and 4-5 constructed from each five consecutive
atoms along the perimeter of the ring. Lately, we have found that for the purpose of
measuring aromaticity it is more adequate to use the minimum absolute MCI value
evaluated along the perimeter, AV, [31,32], which identifies the least delocalized
five-atom fragment in the ring. Aromatic molecules are identified by large values of
AVin (AVpin > 1), whereas nonaromatic molecules are characterized by very low
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AV in values. Antiaromatic molecules usually exhibit intermediate AV, values and
are more difficult to identify. For this reason, the BOA is often used in conjunction with
AV nin to differentiate between nonaromatic and antiaromatic compounds. One should
mention here that, according to AV, and AV1245, the aromaticity of porphyrins
is substantially reduced with respect to small annulenes. Typically, for aromatic
porphyrins up to 32 atoms, we have found that AV, > 0.5, whereas antiaromatic
porphyrins show AV, < 0.5. However, these numbers are likely to decrease if larger
macrocycles are considered [81]. In this sense, we believe AV, is reflecting that,
while porphyrin and extended porphyrins can be aromatic and antiaromatic, they are
not as aromatic as their smaller-ring annulene counterparts.

Computational details

All the calculations have been performed with the Gaussian16 software package using
CAM-B3LYP [82] and the 6-311G(d,p) basis set [83]. CAM-B3LYP has been em-
ployed to minimize the delocalization errors that plague DFAs calculations on aromatic
molecules [31,51,84-87]. For the optimized geometries, the harmonic vibrational
frequencies were calculated at the same level of theory in order to verify that the
stationary points of the potential energy surface correspond to energy minima.

The atomic partition employed to calculate the aromaticity indices is the quantum
theory of atoms in molecules (QTAIM) [56] for the reasons commented elsewhere
[88]. The QTAIM AOMs were obtained from the AIMAII software [89], whereas the
aromaticity indices were calculated with the in-house ESI-3D program [42,58,90]. This
program provides AV 1245 [30], AV, [32], BLA [51], BOA [51], PDI[59], FLU [58],
HOMA [37], Ling [52], and MCI [53] values. The numerical accuracy of the QTAIM
calculations has been assessed using two criteria: (i) the integration of the Laplacian
of the electron density (V2p(r)) within an atomic basin must be close to zero; (ii)
the number of electrons in a molecule must be equal to the sum of all the electron
populations of the molecule, and also equal to the sum of all the localization indices
and half of the delocalization indices in the molecule (see Eqs. (7.8) and (7.9)). For all
atomic calculations, integrated absolute values of V2 p(r) were lower than 0.001 a.u.
For all molecules, errors in the calculated number of electrons were lower than 0.01 a.u.
From our experience, these errors provide sufficient accuracy for all the indices here
calculated except for the normalized MCls of large rings, which require a numerical
precision of the AOM well beyond the accuracy that one can obtain with AIMall or
any other similar software available in the literature. For the latter and other reasons
commented in ref. [30], MCISs (/;pg) cannot be used in large rings.

Discussion

We have considered a small but assorted collection of molecules to illustrate the
performance of the aromaticity indices (see Fig. 7.1). First of all, we consider benzene,
cyclohexane, and three geometries of cyclohexatriene with various degrees of bond-
length alternation. This small set will be used to analyze the transition of aromaticity
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(benzene) to antiaromaticity (cyclohexatriene with small a/b ratio, a and b being the
bond lengths of the short and the long bond, respectively) and a nonaromatic molecule
(cyclohexane). We have also included pyridine, whose ring is not a pure skeleton of
carbon atoms, and five porphyrinic structures, 16H, 18H, 32H, 32M, and 32E, to assess
the capability of the indices in recognizing the most aromatic pathway [31]. Finally, two
different conformations of C;oH;o for two spin multiplicities, and two conformations
of C;4Hy4 and a TS are considered [51], to check the reliability of these aromaticity
measures for different spin states (Table 7.1).

Six-membered rings

All the aromaticity indices recognize benzene as the most aromatic six-membered ring
and consistently show that the aromaticity of the ring is lost as one forces BLA in
cyclohexatriene. However, the indices do not coincide on where to place the aromaticity
of cyclohexane with respect to the latter molecules. According to PDI, AV1245,
AV pin, MCI, and I, the least aromatic molecule is cyclohexane. Therefore, these
indices identify nonaromaticity as the completely opposite situation with respect to
aromaticity. This is not completely unexpected because each of these indices measures,
in a different way, the degree of electron delocalization in the ring. HOMA and FLU,
which in this case measure to some extent the degree of similarity with respect to
benzene, identify cyclohexane as more similar to benzene than any of the constrained
cyclohexatriene structures considered in this study. This situation is reminiscent of
the failure of these indices to recognize the most aromatic point in the reaction path
of the Diels—Alder reaction [29], suggesting caution in employing these indices to
assess the aromaticity of certain molecules. BOA and BLA only measure the degree of
BOA or BLA and, therefore, are deemed to fail to differentiate between benzene and
cyclohexane. Although BOA and BLA provide useful information about the electron
delocalization character in aromatic rings, these results reveal that they cannot be
blindly used to assess aromaticity. Finally, all the indices recognize pyridine as a
molecule with an aromatic character very close to benzene.

Porphyrinic systems

In these porphyrinic systems, 16H, 18H, 32H, 32M, and 32E, we will consider the
annulene pathway [91], which contains as many m-electrons as the name of the system
Figs. 7.2 and 7.3. Since we are dealing with singlet ground-state configurations, 16H
and 18H are expected to be antiaromatic and aromatic, respectively, whereas 32H,
32M, and 32E are antiaromatic, aromatic, and antiaromatic, respectively, according to
Hiickel’s [92] and Heilbronner’s [93] rules.

All the indices correctly identify the annulene pathway of 18H as more aromatic
than the 16H annulene pathway, although they also coincide in giving it a much less
aromatic character than benzene. However, it is apparent that the antiaromaticity of
the annulene pathway of 16H is clearly very different from the antiaromaticity we had
found for alternated cyclohexatriene. FLU and HOMA identify the annulene pathway
of 16H as much more similar to the annulene pathway of 18H than to cyclohexatriene



Table 7.1 Aromaticity indices for a selected set of molecules (see the text) calculated at the CAM-B3LYP/6-311G(d,p) level of theory. S and T stand
for singlet and triplet spin states, respectively.

Structure FLU BOA HOMA BLA PDI AV1245 | AV, | MCI | MCI/* Liing I
Benzene 0.000 | 0.000 1.000 | 0.000 | 0.103 10.71 10.71 0.072 | 0.646 0.048 | 0.603
Cyclohexane 0.090 | 0.000 —4.167 | 0.000 | 0.009 | —0.01 0.01 0.000 | 0.260 0.000 | 0.256
Cyclohexatriene (a/b = 0.9) 0.034 | 0511 | —18.024 | 0.204 | 0.079 7.43 7.43 0.044 | 0.594 0.032 | 0.564
Cyclohexatriene (a/b = 0.8) 0.087 | 0.822 | —31.266 | 0.408 | 0.051 2.99 2.99 0.013 | 0.484 0.012 | 0478
Cyclohexatriene (a/b = 0.7) | 0.138 | 1.038 | —50.540 | 0.622 | 0.042 1.76 1.76 0.007 | 0.438 0.007 | 0.436
Pyridine 0.005 | 0.027 1.000 | 0.020 | 0.103 10.17 9.89 0.068 | 0.639 0.046 | 0.598
16H (annulene path) 0.021 | 0.246 0.547 | 0.063 | — 1.19 0.13 - - - -
16H (inner path) 0.025 | 0.227 0.505 | 0.084 | - 0.62 0.07 - - - -
18H (annulene path) 0.010 | 0.137 0.872 | 0.035 | — 2.16 1.28 - - - -
18H (inner path) 0.006 | 0.081 0.968 | 0.016 | — 091 0.13 - - - -
32H (annulene path) 0.023 | 0.319 0.594 | 0.073 | — 1.18 0.45 - - - -
32H (inner path) 0.022 | 0.267 0.698 | 0.059 | — 0.32 0.06 - - - -
32M (annulene path) 0.020 | 0.287 0.666 | 0.064 | — 1.41 0.55 - - - -
32M (inner path) 0.018 | 0.238 0.767 | 0.051 | — 0.33 0.02 - - - -
32E (annulene path) 0.021 | 0.296 0.632 | 0.066 | — 1.26 0.46 - - - -
32E (inner path) 0.017 0.240 0.756 0.054 | - 0.38 0.03 - - - -
CioHjp (twist) S 0.059 | 0.677 —0.285 | 0.137 | - 0.12 0.03 0.000 | 0.353 0.000 | 0.341
CoHjp (heart) S 0.000 | 0.008 0923 | 0.009 | — 5.41 5.13 0.013 | 0.649 0.004 | 0.579
CyoHjo (naphthalene) T 0.027 | 0.364 0411 | 0072 | - 0.36 0.68 0.000 | 0.401 0.000 | 0.446
CyoHy (twist) T 0.022 | 0.324 0.407 | 0.071 | — 0.56 0.07 0.000 | 0.382 0.000 | 0.347
Ci4Hys S 0.026 | 0.449 0437 | 0.091 | — 2.11 1.80 - - - -
Ci4Hys TS 0.000 | 0.007 0.983 | 0.007 | - 443 4.29 - - - -
CyHiy T 0.023 | 0.348 0.486 | 0.071 | — 0.81 0.08 - - - -

T
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Fig. 7.2 AV1245 colored representations for the annulene (left) and inner (right) pathways of
18H (top) and 16H (bottom). The color of every bond is determined by the sum of the
contributions to AV1245 that pass through this bond. In green, we represent bonds whose
contribution is at least 75% the value of the highest bond, in red, bonds whose contribution is
below 25% of this value, and the other bonds are colored in orange. This graph is useful to
detect the most (green) and the least (red) aromatic fragments and it should be interpreted
taking into account the actual value of AV1245 for the molecule. The numerical values above
the bonds correspond to the DIs.

because the C—C distances and bond orders of the annulene pathway of 16H are much
more similar to the ones of benzene than to the bond-alternation patterns that we find in
the constrained structures of cyclohexatriene. Again, we attribute this result to the use
of benzene as a reference molecule. Also note that, according to AV1245 and AV iy,
porphyrinic systems are much less aromatic than small annulenes, and 18H aromatic
pathway exhibits a value of AV, not much larger than 1.
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Fig. 7.3 AV1245 colored representations for the annulene (left) and inner (right) pathways of
32H (top), 32M (middle), and 32E (bottom). See the caption of Fig. 7.2.

BOA is the only index that fails to find that the most aromatic pathway in 16H
corresponds to the annulene pathway. Unfortunately, not all indices can recognize the
annulene pathway as the most aromatic pathway in 18H. Indeed, FLU, BOA, BLA,
and HOMA identify the inner path of 18H (which takes always the shortest pathway
going through all pyrrole and imidazole rings) as more aromatic than the annulene
path. Using the EDDB technique [61], Szczepanik [94] has found a rationale for this
result. However, our results suggest that FLU, BOA, BLA, and HOMA results are not
consistent with the electronic distribution of 18H. AV i, shows a very small value for
the inner path (0.13) due to the small delocalization of the C-C-NH-C-C fragment
of the pyrrole rings (see the red fragments in the top-right picture of Fig. 7.2). In fact,
the DIs of the C—NH bond (see Fig. 7.2) are the smallest ones in the circuit, further
confirming C—C—-NH—-C-C as the least delocalized fragment of the pathway. FLU is
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smaller for the inner circuit than for the annulene one because the DI of the C—N bonds
of the pyrrole ring are closer to the reference values (taken from pyridine), than the
DIs of the C—C bonds of the pyrrole are to the corresponding reference values (taken
from benzene). However, the DI of the latter C—C bonds (1.16) is larger than the DI
of the C-N bonds (1.08) and, therefore, we expect a higher electron delocalization
in the annulene path. BOA and BLA are measuring the degree of homogeneity along
the circuit of the DIs and the bond lengths, respectively—which does not necessarily
reflect the most aromatic pathway. The CH-CH bond of the pyrrole ring of 18H is
shorter than the other C—C bonds and has the highest DI (1.54), contributing to break the
homogeneity and giving larger BOA and BLA values for the annulene path. However,
the DI of CH-CH of the pyrrole is halfway between a double and single bond, as one
would expect for a bond in an aromatic circuit and the bond length (1.36 A) is half
way between a pure double bond and the C—C bond length of benzene. Hence, neither
BOA nor BLA seem to favor the most delocalized pathway. It is worth to mention that
the ring current analysis also agrees with AV i, in giving the annulene pathway as the
most aromatic one in 18H [95].

Finally, we analyze the aromaticity of three [32]-heptaphyrin conformers: 32H,
32M, and 32E [31,96]. Unlike AV, and AV1245 (which show large differences
between the inner and annulene paths), FLU, HOMA, BOA, and BLA fail to identify
the annulene path as the most aromatic circuit and give smaller differences between
the two pathways. When we compare annulene pathways of the three conformers, we
find that AV i, and AV 1245 identify 32M as the most aromatic compound (in line with
Heilbronner’s aromaticity rule). However, the latter values are much smaller than those
obtained for 18H and the differences among the conformers are rather small, suggesting
that Hiickel and Heilbronner’s rules fade away with the size of the macrocycle [51]. In
Fig. 7.3, we collect the colored AV 1245 representations, which show that the regions
of maximal torsion correspond to the lowest AV 1245 values.

CioH10 and Cy4H14

In ref. [51], we studied various singlet and triplet conformations of some annulenes.
[10]annulene and [14]annulene presented a rich variety of conformations and aromatic
characters and, therefore, we have chosen these species to illustrate the performance of
the indices for different spin states. At the CAM-B3LYP/6-311g(d,p) level of theory,
the most stable singlet conformation of [10]annulene is the rwist, which lies only
0.6 kcal/mol below the heart conformation, which is highly delocalized. One expects
that this molecule, which satisfies the 4N + 2 m-electron rule, should be aromatic.
However, as its name suggests, the twist conformation is far from planar and, according
to AV in, is rather nonaromatic. As we can confirm in Fig. 7.4, it is actually around the
more twisted bonds that the aromaticity is lost. Conversely, all the indices agree on the
large aromatic character of the heart conformation.

The lowest-lying triplet [10]annulene displays a naphthalene-like conformation
with a large BOA value and rather low but non-negligible AV i, value, which suggest
this molecule is mildly antiaromatic, as predicted by the Baird rule [97]. On the
contrary, the twist conformation of [10]annulene (lying only 0.9 kcal/mol above



250 Aromaticity: Modern Computational Methods and Applications

|

Fig. 7.4 AV1245 colored representation. Top: singlet [10]annulene (left: fwist, right: heart).
Bottom: triplet [10]annulene (left: naphthalene, right: twist).

the naphthalene conformation) displays very small AV ,;, values which suggest that,
despite the large BOA value, this molecule is nonaromatic. Note that FLU, BOA, BLA,
and HOMA give a very similar value for both conformers. However, it is hard to assess
from FLU or HOMA whether these two triplet conformers of [10]annulene correspond
to nonaromatic or antiaromatic species. For a ring of this size, we cannot trust the very
small values of MCI and I;;n, because these indices suffer from ring-size dependence
[60]. Instead, we resort to MCIY" and ILiing I according to which the values lie between
those of cyclohexane and cyclohexatriene. All in all, it is thus difficult to clearly confirm
if these molecules are antiaromatic or nonaromatic. Given the fact that BOA values are
rather high, we are inclined to classify them with mildly antiaromatic.

We have studied three [14]annulene conformers: the C,-symmetry singlet con-
former with bond-length alternation (the energy minimum), a T'S that connects the latter
structure with an analogous structure with complementary bond-length alternation, and
the triplet [14]annulene (see Fig. 7.5). The large BOA values of the singlet and the
triplet energy minima suggest that these molecules are antiaromatic, however, only the
singlet displays a significant AV ,;, that confirms this antiaromatic character. Despite
the different nature of singlet and triplet [14]annulene, HOMA and FLU give rather
similar values for both species. Conversely, all the indices agree on the fact that the TS
is a quite aromatic molecule.



Fig. 7.5 AV1245 colored representation (see Fig. 7.2). From left to right: singlet, singlet transition state, and triplet [14]annulene.
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Conclusions

In this book chapter, we have reviewed various aromaticity indices based on the concept
of electron delocalization. Starting from the definition of an atom in a molecule,
we can calculate two-center or multicenter electron delocalization indices that are
used to construct the electronic aromaticity indices. In particular, we have covered
three indices based on the two-center delocalization: FLU, PDI, and BOA, and four
indices based on multicenter delocalization: I;j,s, MCI, AV1245, and AV ;,. We have
compared the results of these indices with those obtained with BLA and HOMA.
We have considered a small but assorted collection of molecules (see Fig. 7.1) to
illustrate the performance of these indices in different challenging situations. Aromatic,
antiaromatic, and nonaromatic molecules have been studied and we have shown that
some indices struggle in identifying antiaromatic species from nonaromatic ones.

For this work, we have chosen the CAM-B3LYP functional that, as we have recently
shown [31,51], significantly decreases the delocalization error that is present in other
density functional approximations with a lower percentage of Hartree—Fock exchange,
such as B3LYP. The delocalization error results in more delocalized electronic dis-
tribution clouds which could easily lead to the overestimation of the aromaticity of
the molecule. A simple test to discard the presence of the delocalization error is to
compare the electronic distributions obtained with B3LYP and CAM-B3LYP methods.
In practice, if the errors are large, the differences are often obvious comparing both
optimized geometries.

Our results show that BOA and BLA measure the degree of homogeneity of the DIs
and the bond lengths of the ring, which do not necessarily reflect the aromaticity of
the molecule. However, they can be used in conjunction with other methods like AV i
to distinguish between aromatic and antiaromatic species. FLU and HOMA have a
strong dependence on reference values that hinder the abilities of these descriptors.
There is enough evidences that suggest that these indices should not be used to study
reaction mechanisms [29] but we have seen in this work how they can also provide
spurious results in the study of porphyrinoids. MCI and ;¢ are probably the most
reliable indices of aromaticity [18,20] but they suffer from a ring-size dependency
[60] that can be partially remedied by taking 1/n power of the index. Unfortunately,
these indices present a large computational cost and numerical error [30] that prevents
its use in large rings such as those present in porphyrinic systems. AV 1245 and AV i,
were introduced to overcome the latter problems and have been shown to provide a
very good performance in porphyrinoids [31]. In Fig. 7.6, we show that there is an
excellent correlation between AV1245 and AV, against MCI” for the systems of
Fig. 7.1. In particular, AV, is the only index that can unambiguously identify the
annulene pathway [91] as the most aromatic circuit in aromatic extended porphyrins.
However, neither AV i, AV1245, Li,e, or MCI can clearly distinguish aromatic from
antiaromatic species in borderline situations. For this reason, we recommend to employ
AV pin or MCI in conjunction with the BOA.

Although aromaticity rules are mostly preserved in large circuits [51], AV, values
suggest that there is a progressive homogenization of the systems as the rings grow in
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Fig. 7.6 AV1245 and AV, against MCI"" for the systems reported in Table 7.1.

size. In other words, the electronic distribution of aromatic and antiaromatic species
shows smaller differences for large conjugated circuits that are more difficult to capture
by the aromaticity indices.
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Abstract

Large conjugated rings that can sustain persistent currents are novel promising structures in
molecular-scale electronics. One of the most interesting such molecules was recently synthesized
[Nature, 2017, 541, 3512| in the form of a six-porphyrin nanoring structure, which, according to
the authors, in its +6-oxidation state sustained an aromatic ring current involving 78w electrons;
one of the largest aromatic rings ever produced. This paper provides compelling evidence that this
molecule is not aromatic, contrary to what was inferred from the analysis of *‘H-NMR experimental
data and computational calculations that suffer from large delocalization errors. A thorough anal-
ysis of four oxidation states of the six-porphyrin nanoring reveals that the main reason behind the
absence of an aromatic ring current in these nanorings is the low delocalization in the transition
from the porphyrins to the bridging butadiyne linkers, which disrupts the overall conjugated circuit.
These results highlight the importance of choosing a suitable computational method to study large
conjugated molecules and the appropriate aromaticity descriptors to identify the part of the molecule
responsible for the loss of aromaticity. The strategy employed here holds the promise to help design
new large aromatic molecular nanorings.
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Introduction

Benzene is the paradigm of an organic aromatic molecule, exhibiting bond-length equalization, cyclic
electron delocalization, and exalted magnetic susceptibility. As such, benzene is just the smallest neutral
annulene that presents m-conjugated aromaticity; other annulenes possessing 4n + 2 7 electrons are
also considered aromatic. It is well established that large annulenes suffer out-of-plane distortions and
exhibit a poor overlap between 7 orbitals, thus favoring non-symmetric conformations that are much less
aromatic.! 3 The larger the annulene, the less aromatic the molecule is expected to be. For this reason,
it is difficult to find large aromatic macrocycles. 2> Hence, geometrical constraints are imposed in some
large macrocyclic structures with the hope to preserve conjugation, aromaticity, and quantum coherence.

Among the molecules with the largest aromatic rings, it is worth highlighting the dodecaphyrin struc-
tures synthesized by Osuka and co-workers, %7 which adopt twisted Mébius and Hiickel conformations,
the annulene-with-an-annulene aromatic super-ring structure of Wu et al.,® and the m-conjugated six-
porphyrin nanoring of Anderson and co-workers (see Figure 1).? The latter work synthesized and ana-
lyzed the aromaticity of a six-porphyrin nanoring (c-P6 - T6) in four different oxidation states (c-P6 - T6,
¢-P6 - T6*", ¢-P6 - T6°T, and ¢-P6 - T612+)7 concluding from 'H-NMR, NICS, and ACID analyses that
the neutral and the ¢-P6 - T6*%" species are non-aromatic, whereas ¢-P6 - T6" and ¢-P6 - T6°" are,
respectively, antiaromatic and aromatic.!? These molecules were the first of a series of similar large
macrocyclic structures exhibiting (anti)aromaticity. 91114

Figure 1: Structure of ¢-P6. For the nanoring structure with the aryl group substituents (orange) and
the encapsulated template (purple) we will use the notation ¢-P6 - T6. In Ref. 9, they synthesized the
compound with Ar=(3,5-bis(trihexylsilyl))phenyl, whereas the computational studies used Ar=Ph for
¢-P6 - T6 and Ar=H for c-P6.

Porphyrin nanorings are very attractive compounds because they offer an end-free m-conjugated system
with remarkable properties such as photophysical and guest-encapsulating, which might lead to a myriad
of applications in the field of single-molecule electronics,!®'¢ serve as light-harvesting antennas,!” or
investigate energy transfer in biomimetic systems,'® among others.?!319725 In this sense, the interest
and the utility of the compounds synthesized by the group of Anderson are beyond question. However,
in this work, we demonstrate that the aromaticity of this large macrocycle is questionable. We perform a
throughout analysis of these species using several density functional approximations (DFAs) and various
tools to analyze the aromaticity, providing compelling evidence that the conclusions are highly sensitive
to the level of calculation employed. In particular, B3LYP presents large delocalization errors that
artificially enhance the aromaticity of c-P6°", whereas CAM-B3LYP provides an excellent agreement with
the experimental data available. Through careful computational analysis and the judicious examination
of the 'H-NMR data, we conclude that ¢-P6°" is not aromatic.

Additionally, we perform a complete electronic structure study of the four oxidation states of the
nanoring and analyze the aromaticity of these molecules. By studying the local aromaticity of the six
porphyrins that compose the belt structure and the conjugated linkers (the butadiyne fragments linking
the porphyrins), we identify the parts of the molecule that are responsible for the absence of the global
aromatic ring current. Finally, we provide some hints that might aid in the synthesis of large aromatic
nanorings.



Geometry assessment

The synthesized molecules consist of a belt nanoring structure of six porphyrins with aryl groups and an
encapsulated template (c-P6 - T6, see Figure 1).? In the original manuscript, Anderson et al. computa-
tionally analyzed the aromaticity of the nanoring structure without the aryl groups and the template (i.e.,
¢-P6) because the nanoring belt structure is the one responsible for the aromaticity of these compounds.
In this work, we have also analyzed the effect of adding the encapsulated template and the aryl groups
to the c-P6°T structure.

Table 1: Comparison of CAM-B3LYP and M06-2X ground state geometries against the B3LYP one.
All root mean square deviations (RMSD) 26 are given with respect to the BSLYP minimum. TS c-P6ot
corresponds to the transition state of c-P6°" connecting two energy minima (see Figure 2).

Species RMSD(CAM-B3LYP) RMSD (MO06-2X)
c-P6 0.05 0.04
c-P6tt 0.66 0.20
c-P6°%t 0.22 0.21
c-P6l2t 0.04 0.04
TS c-P65* 0.06 0.07
Correct PES:
CAM-B3LYP, M06-2X Incorrect PES:
DLPNO-CCSD(T) B3LYP
LC-wHPBE (w=0.2) LC-wHPBE (w=0.1)
TS (D.h)

3

Figure 2: Sketch of the potential energy surface of c-P6%t around the energy minimum as described by
different DFAs.

DFAs with a low percentage of Hartree-Fock (HF) exchange (typically, HF[%]< 50) at long interelec-
tronic ranges are prone to present large delocalization errors,?7 leading to the unphysical overdelocaliza-
tion of electrons, the underestimation of reaction barriers and charge-transfer excitation energies,?” the
overestimation of the conductance of molecular junctions, optical responses,?®2° the magnetizability of
strong antiaromatic molecules, 3" electron conjugation,' and aromaticity, 3233 especially in large conju-
gated macrocycles. 2334737 Anderson et al.® performed B3LYP (HF[%]=20), M06-2X (HF|[%]=54), and
wBI7X (HF[%]=0-100) calculations with the 6-31G* basis set but mostly employed the B3LYP results
to analyze the aromaticity of these compounds. We have performed additional calculations with CAM-
B3LYP (HF|[%]|=19-65) and LC-wHPBE (HF|%]|=0-100), w being 0.1 and 0.2 (the larger w, the larger
HF[%] at long range). Although all methods give qualitatively the same structure for the neutral and the
c-P6' species, ¢-P6%", and ¢-P6°" present significantly different geometries depending on the amount
of long-range HF exchange present in the DFA. While CAM-B3LYP, M06-2X, and LC-wHPBE(w=0.2)
give a less symmetric structure for ¢-P6°", B3LYP and LC-wHPBE(w=0.1) yield a symmetric aromatic
species (see Tables 1 and S2). The first group of DFAs has a large percentage of HF exchange at long
range, indicating that the latter DFAs may be suffering from delocalization errors. This is further re-
inforced by single-point DLPNO-CCSD(T)/def-SVP-C calculations that attribute much lower energy to
the less symmetric ¢-P6°" structures of M06-2X and CAM-B3LYP geometries compared to the B3SLYP
one (see Table 2), and the fact that CAM-B3LYP identifies the symmetric structure as a transition state
(TS) connecting to equivalent minimal structures with non-equivalent linkers (see Figure 2). Indeed, the



B3LYP minimal geometry has a great resemblance with the geometry of this TS (see Table 1). The
situation is reminiscent of the error committed by B3LYP in the potential energy surface of extended-
porphyrins, 34 and casts a shadow of doubt over the conclusions obtained using this B3LYP geometry.® In
the case of c-P6**, single-point DLPNO-CCSD(T)/def-SVP-C calculations identify the BSLYP geometry
as the lowest-lying one. Although, in the latter case, the energy differences are so small with respect to
other DFAs (2-8 kcal/mol), that one cannot unequivocally draw any conclusion about the geometries
(see below for an assessment of the aromaticity of c-P6*" calculated with different geometries).

Table 2: c¢-P6*t and c-P6%" DLPNO-CC/Def-SVP/C relative energy values with respect to the cor-
responding lowest value. All T; diagnostic3® values are below 0.017. DFT calculations employed the
6-31G* basis set. Energy in kcal/mol.

Species Optimization Geometry AEccsp AECCSD(T)
B3LYP min 0.0 0.0
c-P6t CAM-B3LYP min -5.2 7.8
MO06-2X min -1.8 5.5
MO06-2X min 0.0 0.0
B3LYP min 81.9 68.4
c-P6ot CAM-B3LYP min 8.3 10.9
CAM-B3LYP TS 32.4 25.0
MO06-2X TS 28.2 18.8

Thus far, we have analyzed the isolated nanoring model. At the B3LYP level of theory, the addition
of the template and the aryl groups breaks the Dg; symmetry that was originally predicted by the
naked nanoring, providing an overall geometry that is much closer to the CAM-B3LYP Cj;, geometry.
For B3LYP, M06-2X, and CAM-B3LYP geometries, the root mean square deviations (RSMD) of the
'H-NMR chemical shifts of various relevant hydrogen atoms are collected in Table 3 (see Figure S1).
Reproducing experimental 'H-NMR values is a very challenging computational task because they depend
not only on the molecule’s geometry but also on the solvent and the temperature.3® However, CAM-
B3LYP geometry provides the closest agreement with the experiment for all compounds tested, whereas
B3LYP’s provides the worst agreement (see Table 3), especially in the case c-P6°%T. Hence, we can safely
conclude that CAM-B3LYP geometries and the 'H-NMR of ¢-P6, c-P6°", and c-P6'*" conform to the
experimental data, whereas, in the case of c-P6*T, there are large discrepancies between the experimental
data and all the examined DFAs. As we shall see in the following sections, obtaining the right geometry
is crucial to correctly assess the aromaticity of c-P6°". Hereafter, unless otherwise explicitly indicated,
we will refer to the results obtained from CAM-B3LYP geometries.

Table 3: Selected 'H-NMR chemical shift differences (in ppm). RMSD are based on nine 'H-NMR
differences with respect to the experimental data available in Ref. 9. Data for ¢-P6 - T6*T is taken from
Ref. 13. a®™P and $*™P are the corresponding data calculated on the isolated template (see Figure 1).
See Figure S1 and Tables S3 and S4 for computational details, proton labels, and all 'H-NMR values.

Method data c-P6-T6 c-P6-T6*F c-P6-T6°" c-P6-T6°T
B-a 2.40 0.09 -0.79 -2.15
0’-0 0.09 0.41 -0.19 -0.91
CAM-B3LYP | a-a®™P -6.34 -1.92 -0.97 1.88
B-premp -2.54 -0.44 -0.36 1.13
RMSD 0.16 - 1.35 0.45
B-a 1.95 -12.75 0.99 -4.37
0’-0 0.31 36.36 -7.23 -2.67
B3LYP a-atemP -5.34 60.43 -12.26 5.63
B-premp -1.97 49.10 -9.85 2.68
RMSD 0.30 - 5.36 1.41
B-a 2.58 -2.80 -0.44 -2.48
Experimental 0’;0 0.26 - -1.87 -0.74
a-atemP -6.31 14.16 -2.83 2.77
B-premp -2.34 12.57 -2.06 1.50




Local aromaticity of the porphyrins

We focus now on the local aromaticity of the porphyrins, which is assessed by studying the circular
conjugation pathways that go through C-C or C-N bonds around each porphyrin. The pathway going
through the C-N bonds of the imine group is labeled as ’i’, whereas the one following the C-C bonds of the
imine group is labeled as 'o’. There are 16 pathways for each porphyrin but some of them are equivalent
by symmetry. We cannot use NICS to study the local aromaticity because there is a Zn atom in the
center of the porphyrin, where we should evaluate the effect of the current strength. Instead of NICS,
we employ ACID plots as a magnetic criterion of aromaticity, as well as several electron-delocalization
measures of aromaticity. 4%

Table 4: Aromaticity indices for the different pathways within the porphyrins of ¢-P6 calculated at
the CAM-B3LYP/6-31G* level of theory. The number in brackets indicates the number of equivalent
pathways.

pathway FLU BOA HOMA BLA AV1245 | AV min |
0000 0.023 0.235 0.658 0.050 1.64 0.57
iiii 0.007 0.071 0.927 0.017 0.92 0.52
ioio (2) 0.016 0.162 0.778 0.036 1.32 0.52
iiio (4) 0.012 0.119 0.848 0.027 1.13 0.52
iioo (2) 0.016 0.162 0.778 0.036 1.32 0.52
iooi (2) 0.016 0.162 0.778 0.036 1.32 0.52
oooi (4) 0.020 0.200 0.715 0.043 1.49 0.52

In Table 4, the results for all the possible pathways in the porphyrins of the neutral species are
collected. The delocalization indices*! do not show significant differences between neighboring C-N and
C-C bonds in the imine group, indicating no clear preferential pathway in the porphyrins of ¢-P6 (see
Figure S3). AV, which measures the least delocalized fragment along the pathway, does not find
significant differences among the paths either, a fact which is further confirmed by the ACID plot of
Figure 3a. Other aromaticity measures like FLU or HOMA find some differences between the pathways,
but one should keep in mind that, unlike AV i, these indices failed to identify the most aromatic pathway
in simple porphyrins. 33

Figure 3: ACID isosurface plots (isocontour value 0.06) for a) c-P6, b) c-P6**, ¢) c-P6°", and d) c-P6'**
at the CAM-B3LYP/6-31G* level of theory.

In Table 5, we collect the results of the most aromatic pathway of the porphyrins for all the oxi-
dation states of the nanoring according to different aromaticity descriptors. All the indices find that
the porphyrins of ¢-P6 are less aromatic than those of porphin (see Table S6) but aromatic nonetheless.
Although the indices do not agree on the most aromatic pathway of the porphyrins (see Tables S7 and
S9), there is a consensus among the descriptors concerning the aromatic character of the porphyrins in
¢-P6 and the fact that ¢-P6%*"’s, ¢-P6%"’s, and ¢-P627’s porphyrins are much less aromatic than those
of ¢-P6. ACID plots (see Figure 3) concur with these results, even though they identify the porphyrins
in ¢-P6*" as aromatic.

'H-NMR results were also used by Anderson et al.® to assess the aromaticity of the porphyrins. Ac-
cording to the experiment (see Table 3), the differences between the shielding of « and 8 protons of the
template (see Figure S1) are 2.58, -2.80, -0.44, and -2.48 ppm for ¢-P6 - T6, c-P6 - T6*", ¢-P6 - T6°", and



Table 5: Aromaticity indices for the most aromatic pathway of porphyrins calculated at the CAM-
B3LYP/6-31G* level of theory.

Species FLU HOMA AV1245 |AV min | ACID
c-P6 0.007 0.927 1.64 0.57 A
c-P6it 0.016 0.784 1.45 0.32 A
c-P6ot 0.017 0.760 1.33 0.24 NA
P2t 0.027 0.426 0.63 0.04 NA/AA
porphin 0.006 0.968 2.16 1.28 A

¢-P6 - T6>T, respectively. The latter values are associated with aromatic, antiaromatic, non-aromatic,
and antiaromatic porphyrins. CAM-B3LYP values are 2.40, 0.09, -0.79, and -2.15 ppm, in good agreement
with the experimental values, whereas the B3LYP values for ¢-P6 - T6*T, ¢-P6 - T6°", and c¢-P6 - T6'*"
show larger discrepancies.

Finally, we study how the constituent parts of the compound change upon oxidation of the nanoring.
We have performed an effective oxidation state (EOS)**43 analysis of three different fragments of the
nanoring: the zinc atoms (Zn), the porphyrins (P), and the linkers (L). The carbon shared by the
porphyrin and the linkers is assigned to the porphyrin. The results of this analysis are collected in
Table 6. In all species, the Zn atom has an EOS of +2, indicating that the oxidized electrons never come
from the Zn atom. In ¢-P6%T, the electrons are subtracted from the butadiyne linkers, distorting the
overall symmetry that the linkers had in the neutral species. Interestingly, in compounds with higher
oxidation states, c-P6°" and ¢-P6'?T, the electrons are subtracted from the porphyrins, restoring the
symmetry of the neutral species. These results agree with the decrease of local aromaticity we have
found with the aromaticity descriptors and help to explain the loss of symmetry in the case of c-P6*T.

Table 6: Effective oxidation States (EOS) of several fragments of the nanoring at the CAM-B3LYP/6-
31G* level of theory.

Species Zn Porphyrins Linkers
¢-P6 +2 0 -2
c-P6*T +2 0 (-1)x4 (-2)x2
c-P6%t +2 +1 -2
c-P62t +2 +2 -2

Global aromaticity of the nanoring

In this section, we assess the global aromatic character of the nanoring structure, i.e., we focus on find-
ing a closed conjugation pathway that goes around the nanoring belt. This pathway involves both the
porphyrins and the linkers that bridge them. Since we have already studied the aromaticity of the por-
phyrins, we first focus on the butadiyne linkers and, afterward, we analyze the whole conjugated pathway
involving both structures.

In Table 7, we collect the MCI of the six carbons that compose each linker. MCI values measure the
extent of electron delocalization along the carbon atoms in the linker, ** which is rather small for c-P6 and
¢-P6'?"| indicating that the linkers cannot contribute to forming a completely delocalized circuit along
the nanoring belt (hence, ¢-P6 and c¢-P6'2*cannot be considered aromatic molecules). MCI values for
c-P6*" and ¢-P6°T exhibit an alternated pattern, i.e., an uneven delocalization of the linkers, which also
precludes the appearance of a global conjugated pathway that can be connected with aromaticity. This
picture is corroborated by ACID plots shown in Figure 4, where we can see disconnected sections around
the position of the linkers for all the oxidation states. From this analysis and the local aromaticity of the
porphyrins, we can construct the schematic model of the four nanorings’ aromaticity that we collect in
the first row of Figure 5.

The global aromaticity of the nanoring can be further analyzed using several aromaticity criteria (for
further details see the Supporting Information). We rely here on AV in,*® which measures the electron



Table 7: MCI (x1000) values for the six carbon atoms that form the linker bridging two porphyrins.

Species/Linker Ly Lo Ls Ly Ls Lg
c-P6 1 1 1 1 1 1
c-P6*t 20 4 4 20 4 4
c-P6ot 1 21 1 21 1 21
c-p6l?t 1 1 1 1 1 1

Figure 4: ACID isosurface plots (isocontour value 0.06) for a) c-P6, b) c-P6*, ¢) -P6°t, and d) c-P6'**.

C-Pb C_Pb4+ C—Pbb* C_P617_+
CAM-B3LYP =4
AM-B3
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(4 4

BaLyP 4 3 9
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Figure 5: Schematic picture of the global aromatic character of the nanoring from its constituent parts
according to the optimized geometries obtained with different DFAs. Full, half-full, and empty circles
represent aromatic, weakly aromatic, and non-aromatic porphyrins, respectively. The electron delocal-
ization in the linkers increases from single solid lines (no delocalization) to solid-dashed lines and, finally,
double lines.

1
+

delocalization along the different aromatic pathways of the nanoring. 23° For ¢-P6'*", AV i, is negligible
for all the conjugation pathways, clearly establishing the non-aromatic character of this molecule. For
c-P6, c-P6*", and ¢-P6°T, the values of AV, are negligible for most pathways except the one that
passes through the nitrogen atoms of imine groups of each porphyrin. In this pathway, AV, is also low
but not negligible, which is reminiscent of some expanded porphyrin structures, which were considered
very weakly aromatic or antiaromatic. 3> There is, however, an important difference concerning the latter
case: in aromatic expanded porphyrins, the minimal value of electron delocalization was achieved twice
or three times during the whole pathway (see Figure S4), whereas in the case of c-P6*" and ¢-P6°T there
are multiple (over twenty) low-delocalization fragments, as we can see in the delocalization profile of
Figure 6. For this reason, all the nanorings in the present study are considered non-aromatic, according
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Figure 6: The 1245-index distribution along the most aromatic path.

t0 AV min. Interestingly, for c-P6%", ¢-P6°", and ¢-P6'%", the vast majority of these disconnection points
occur in the transition from the porphyrin to the linker, whereas for c-P6, the least delocalized fragment
corresponds to an internal fragment inside the porphyrin. ACID confirms the most aromatic pathway
indicated by AVyin, and its discontinuous isosurfaces (see Figure 4) also suggest that the molecules are
non-aromatic, especially c—P66+7 for which large discontinuities also occur in the vicinity of the linkers.
Finally, we have performed two-dimensional NICS profiles47 and collected them in Lh.s. of Figure 7.
In all cases, the values of the NICS inside and outside the nanoring belt are very close to zero, further
confirming the global non-aromatic character of these molecules.

Figure 5, provides a qualitative comparison of the aromaticity analyses performed on CAM-B3LYP
(or M06-2X) and B3LYP geometries. There are no significant differences for ¢-P6 and ¢-P6'?T, as ex-
pected from the similarity of these geometries regardless of the DFA employed for the optimization. In
fact, only for ¢-P6°", we obtain a completely different picture of the aromaticity from different methods.
The large negative number of the two-dimensional NICS profile in the vicinity of the nanoring center (see
the r.h.s. of Figure 7) and the continuous ACID plots (Figure S14) indicate that the B3LYP geometry
is globally aromatic. This is further corroborated by the larger AV, value and, most importantly, by
the 1245-index distribution profiles (Figure 8), where we observe the drastic reduction in the number of
fragments with a low delocalization. The comparison of the aromaticity measures between B3LYP and
CAM-B3LYP c-P6*" geometries also suggests that B3LYP overestimates the global antiaromaticity of
this molecule, as the NICS (see Figure 7 and Table S14) shows a large positive value in the center of
the ring and the ACID plots exhibit a continuous paratropic ring current (Figure S14). These results
align with the recent results of Sundholm and co-workers, which identify CAM-B3LYP as a good method
to calculate magnetizabilities*® and the fact that BSLYP tends to overestimate the paramagnetic ring
currents. % On the other hand, AV i, and the 1245-index distribution profiles (Figure S8) are consistent
with ¢-P6*" being a rather antiaromatic or a weakly aromatic molecule, regardless of the geometry. Since
the results of no DFA satisfactorily conform to the experimental data, the results of ¢-P6*" should be
taken with caution.
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Figure 7: NICS(0);s, grid plots for c-P6, c-P6, ¢-P6°T, and c-P6'>T species from top to bottom
respectively. (a-d) corresponding to the CAM-B3LYP optimized geometries and (e-h) to the B3LYP
ones. See Figure S15 and Table S14 for further details of this computation.

Anderson and co-workers’ strongest experimental evidence to assess the global aromaticity of c-P65"
comes from the 'H-NMR data. They study the (de)shielding of the trihexylsilyl groups (see Figure 1),
the ortho protons (o and o’) in the aryl groups (see Figure S1), and the shielding difference between the
a (or 3) proton of the bound template and the free template, Ady, = do — Ggtemp (Adg = 65 — dgremp). 13
The former data cannot be studied in the present paper due to the computational limitations that pose
such large structure. However, we can analyze «, 8 and ortho protons. The B3LYP geometry finds that
dor — 0, 18 -7.23 ppm, whereas CAM-B3LYP and M06-2X results are -0.19 ppm and -0.36 ppm, respectively,
which are in closer agreement with the experiment,® 1.87 ppm (see Tables 3 and S3). The CAM-B3LYP
values of A, and Adg are in much better agreement with the experimental data than the B3LYP ones.
Rikhaus et al.'? argue that Ad, < 0 and Adz < 0 are an indication of the presence of a global aromatic
current (while the opposite is evidence of an antiaromatic current). However, this would indicate not
only that ¢-P6 - T65" is globally aromatic, but also that c-P6-T6 is even more aromatic than the former,
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Figure 8: The 1245-index distribution along the most aromatic path of ¢-P6-T6°". See Figure 6 to locate
the points of the molecule represented in the x-axis.

which is not supported by any other experimental or computational data. We have also calculated Ad,
and Adg in a bound template in which we have eliminated the alleged current (by removing the bridging
butadiyne linkers), and we have found negative and positive Ad, and Adg, which would support the
presence of a ring current even in the absence of connectivity among the porphyrins (see Supporting
Information). These results bring about two important conclusions. First of all, it reinforces the idea
that CAM-B3LYP (or M06-2X) are more adequate methods to obtain the geometry of potential aromatic
molecules than B3LYP, which incurs large delocalization errors. Second, through various aromaticity
probes, we have shown that the B3LYP geometry of c-P6°" corresponds to a quite aromatic molecule
with §, —d, = —7.23 ppm, and Ad, = —12.26 ppm. Hence, if the corresponding experimental values are
only -1.87 ppm and -2.83 ppm, respectively, this is clearly suggesting that c-P6-T6%" is either very weakly
aromatic or non-aromatic, as the CAM-B3LYP results indicate. This result is further reinforced by a
recent finding®® that the experimental aromatic stabilization energy of ¢-P6 - T6°" is ca. 1.2 kcal /mol,
which is relatively small for an aromatic molecule.

Conclusions

We have provided compelling evidence that the B3LYP description of c-P6°" suffers from severe delo-
calization errors that result in the overestimation of the aromaticity of this species. This is yet another
proof2331735 that DFAs with a low percentage of long-range HF exchange should not be used to analyze
aromatic compounds, especially large conjugated circuits. Computational results at the CAM-B3LYP
level comfort with the experimental data for c-P6, c-P6°", and ¢-P6'*", whereas, for ¢-P6*", none of
the DFAs we have employed provides a satisfactory agreement with the experiment. Through careful
computational analysis and the judicious examination of the 'H-NMR data, unlike Refs. 9 and 13, we
conclude that ¢-P6°" is not aromatic and that "H-NMR data cannot be used to unequivocally assess
the aromaticity of this species. Hence, none of the large nanorings studied can be considered aromatic,
and the quest for large aromatic nanorings should be continued. Although enhanced aromaticity of the
porphyrin units would help to increase the global aromaticity of these nanorings, our results show that
the main reason behind the absence of an aromatic ring current in these nanorings is the low delocaliza-
tion in the transition from the porphyrins to the bridging butadiyne linkers, which disrupts the overall
conjugated circuit.

Computational Details

Geometry optimizations have been performed with B3LYP-D3,%'%2 CAM-B3LYP-D3,® and M06-2X %4
DFAs in combination with the 6-31G* basis set. The geometry minima of all the oxidation states of
¢-P6 and the transition state of c-P6°" have been confirmed by analyzing the harmonic frequencies. For
c-P6%", additional geometry optimizations with LC-wHPBE (w=0.1 and w=0.2) ®> have been performed.
For ¢-P6°" and ¢-P6*", single-point domain-based local pair natural orbital coupled cluster (DLPNO-
CCSD(T)) %8 calculations have been performed with the ORCA software®” to assess the validity of the
geometry optimization with the aforementioned DFAs.

The aromaticity was analyzed with nuclear-independent chemical shift (NICS),®® the anisotropy of
the induced current density (ACID) plots,®® the harmonic oscillator model of aromaticity (HOMA), 50
and different electronic aromaticity indices. % Namely, FLU,6162 MCI, 63 AV1245,%4 and AV, %° com-



putations were performed with the AIMall®® and ESI-3D*4!:61:66 suites of programs. We also dissected
AV1245 values and assigned a delocalization value to each atom in the corresponding pathway by splitting
the MCI(1,2,4,5) of each five-atom fragment among the atoms in the fragment. %4 These profiles are called
1245-index distribution plots and help detect the fragments responsible for the loss of aromaticity.
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Abstract

Nowadays, the most available renewable energy source on the planet is sunlight. Since
fossil fuels have a known limit and may run out shortly, it is vital to know how to take
advantage of renewable energies. The effectiveness of the light-harvesting process plays a
fundamental role in the production of electricity from sunlight. For this reason, it is es-
sential to correctly describe the molecules in charge of absorbing light in this process, the
photosensitizers, to later design more effective systems. In this work, we define a complete
protocol to characterize the electronic structure of a set of copper and iridium photosen-
sitizers. These systems will be used to calibrate the computational method to obtain the
structures, the UV-Vis spectra, and the redox potentials. Then, the same method will be
applied to characterize a cobalt family of complexes. It has been corroborated that tuning
a range-separated functional improves the UV-Vis absorption spectra of the photosensi-
tizers, which present metal-to-ligand charge transfer excitations. In addition, in general,

this procedure also slightly improves the calculations of the reduction potentials.



1 Introduction

The increase in world population and the economic growth imply a higher energy
demand. According to the BP Statistical Review of world energy Consumption 2020, 12
the primary energy consumption grew by 1.3% in 2019. Despite the increase of energy
consumption by renewables, still, the 84% of world’s primary energy consumption came
from fossil fuels in 2019. Oil remained on the top of the primary resources of energy
(33%) while the remainder came from coal (27%), natural gas (24%), hydropower (6%),
renewables (wind, geothermal, biomass, biofuels, and solar, 5%), and nuclear power (4%).
With these data, it can be concluded that the current fossil fuel consumption rate is
unsustainable since it is based on an essentially non-renewable energy store.

In order to improve the present situation around the world, an alternative is the usage
of solar energy fuels, as they represent one of the most promising renewable energy sources
due to their high availability.®?* For this reason, in the last few years, research on how to
convert sunlight into a clean and carbon-free source of energy and its storage has increased.
The absence of cost-effective storage prevents solar energy from being a primary energy
source for society due to the diurnal variation. Hence, new approaches are needed to
provide sustainable resources for the obtention of fuels and commodities.®

Nowadays, a common option to produce electricity from solar light is photovoltaic solar
cells. The vast majority of cells are made of highly pure silicon. However, as this highly
pure silicon production is a very complex process, expensive, and high consumption energy
process, the price of this type of solar cell is higher than other solar cells.%® One promising
alternative to the highly pure silicon cells is solar cells based on dyes, named Dye-Sensitized
Solar Cells (DSSC, DSC, or DYSC)?!? because they are easier to build, very cheap,
more flexible, and thinner (Figure 1). In addition, there are more emerging photovoltaic
technologies besides DSSC, such as perovskite photovoltaics, organic photovoltaics, and
inorganic quantum dot solar cells.?

Unfortunately, DSSCs do not have high efficiencies compared to highly pure silicon
cells. 1112 While the best commercial silicon cell efficiency is about 23%, DSSCs achieved
13% in 2014.13 The improvement of DSSC efficiency would promote one of the most

abundant renewable energy sources, as it is sunlight.
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Figure 1: Schematic representation of DSSC operation process and the corresponding

reactions.

Photosensitizers (PS) play a crucial role in ensuring effective light-harvesting in all
photovoltaic devices and other photochemical processes. An ideal PS has to present the
following features to guarantee maximum efficiency: (i) it should present a broad absorp-
tion spectrum in the visible region, and if possible, extended over the infrared zone, (ii) it
must have a carboxylate or phosphonate group to anchor on the surface of a semiconductor
oxide, (iii) the HOMO of the PS must be lower in energy to be able to accept an electron
from the electrolyte, (iv) the LUMO of the PS must match with the edge of the conduc-
tion band of the oxide to minimize energy losses during the electron transfer, and (v) it
should be chemically stable. Putting together (iii) and (iv) PS characteristics, an efficient
PS would be the one that presents a large energy gap that will ensure long-lived excited
states that suppress the non-radiative relaxation process. "'*15 This is often attained with
metal-to-ligand charge transfer (MLCT) states, where an electron is transferred from a
metal orbital to a ligand-based orbital. '® For this reason, some of the most efficient photo-
sensitizers are based on novel metals such as ruthenium (Ru’’),'6 and iridium (Ir/?7)1718
Although complexes based on the first-period transition metals are more abundant and
cheaper, only Cu(I) complexes are commonly used. %22 Indeed, these latter complexes are
more difficult to control due to the presence of excited states centered in the metal with
several multiplicities. To address this problem, a strong ligand field has been employed,
leading to the discovery of new Cr, Mn, Fe, and Co metal complexes. 2?24

Dyes used in DSSCs are suitable for many other applications, such as in photocatalysis,
luminescence, and in the water splitting (WS) process (see image 2). 4222526 Hydrogen
is a suitable energy carrier not found in the Earth in its molecular form, but it could
be produced by WS driven by sunlight. The photocatalytic processes that produce Ho

from CO3 reduction using sunlight directly or indirectly are described as artificial pho-
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tosynthesis because they mimic the first step of natural photosynthesis.® Under suitable
conditions and design, the reverse operation of DSSC can produce light emission in the
devices known as LEDs.?”" 29 A LED is an electronic device based on a semiconductor
material that allows unidirectional electric circulation through its structure. LEDs have
many advantages compared to conventional bulbs: reduced energy consumption, long life,
small size, environmentally friendly, and they do not create strong magnetic fields. Most
LEDs are constructed from inorganic compounds, but some devices use organic molecules
(OLEDs). OLEDs are cheaper to produce, lighter, and more flexible than their inorganic

counterparts. On the contrary, they are less efficient in transforming electricity into light.
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Figure 2: Schematic diagram of the light-driven water reduction mechanism for a cobalt

catalyst.

Our aim is to find a computationally efficient procedure to correctly describe the elec-
tronic structure, simulate the UV-Vis absorption spectra, and compute the redox potentials
of complexes involved in phtocatalytic processes like photosensitizers and catalysts. As
mentioned above, an ideal PS should have MLCT states. It is well known that CT excita-
tions are not well-described by some density functionals approximations (DFAs) due to the
wrong decay of the exchange-correlation (XC) potential.?? 35 The XC potential of DFAs
does not decay asymptotically as —1/r, as the exact XC potential does. 337 Accordingly,
we will use a range-separated functional, LC-wPBE, 3849 optimizing the attenuating pa-
rameter (w) to accurately simulate the UV-Vis spectrum of different PSs using the ASCF
method.4!"44 Optimally tuned (OT) versions of range-separated functionals have already
been applied to large molecules to better describe (pseudo)one-electron properties such as
fundamental gaps, photoelectron spectrum, and the CT excitation energy. 447 There
are different methods to tune the w parameter, 274448 however, in this work, we will use
the approach of Kronik, Baer, and co-workers??. In this procedure, the range-separation
parameter is optimized by forcing an exact condition, fulfilled by the exact Kohn-Sham
(KS) functional (e zorro = —IP).%° Later, this method was called as ASCF method. 4144

In addition, we will apply the same procedure to calculate the redox potentials of the pho-
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tosensitizers. To the best of our knowledge, this latter analysis has never been done before.
We expect that this procedure will help us to design in the future more efficient photosensi-
tizers for photosensitizing, luminescence, light-harvesting and photocatalysis applications.
In general, all these applications use a PS to harvest the light and present relatively similar
processes in which an excitation takes place, and often a redox reaction is also involved.
Therefore, the computational procedure can be applied to study any of them.

We have analyzed two families of photosensitizers based on copper and iridium (see
Figure 3 and Tables 1 and 2) to study the effect of optimizing the attenuating parameter
(w) on the UV-Vis absorption spectra and redox potential calculations comparing them
with the experimental data available. These dyes could be used in DSSC, OLEDs, and

WS, among others procedures, if they present the optimal features.
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Figure 3: Structure of the studied copper and iridium photosenitizer families.

The family of copper(I) dyes is inspired by the photosensitizers that M. Beller de-

veloped, 19:20

and they are known to be active in photocatalysis reactions as they have
redox potentials close to the ones required by the catalyst. At the same time, iridium(III)
complexes present outstanding photophysical and electrochemical properties. For this rea-
son, we proposed to study the set of iridium complexes based on the ones synthesized by
Zysman-Colman et al.'® We have labeled all the photosensitizers using the acronym PS

and a number (See Tables 1 and 2).



Table 1: Set of copper photosensitizers studied:

Photosensitizers: R, R, R3
PS; H H H
PS, H CF3 H
PS; H Ph o
PSy H CsF5 H
PSs H CoN.H,, H Table 2: Set of iridium photosensitizers studied:
P H H H
Se CHs Photosensitizers: R,y
PS? CH3 CFg H
PS]7 H
PSg CH; Ph H
PSis COsEt
PSqy CHj; CsF5 H PS NM
e
PS10 CHj I H 19 2
PSi1 CH; Ph S05°
PSi2 Ph H H
P813 Ph CFg H
PSy4 Ph Ph H
PSi5 Ph CsF5 H
P816 Ph CgN2H10 H

Finally, we have also applied the computational procedure to a family of cobalt com-
plexes synthesized (see Figure 4 and Table 3) in the group of Prof. Lloret? which can be
used in different photocatalytic processes like in the water reduction (see Figure 2)2® and
CO5 reduction.?0 With this last family, we will verify if the suggested protocol could be

applied to other complexes involved in photocatalytic processes.

4 N\
Table 3: Set of cobalt com-
plexes family.
1X R; Rg
1H H H
16028t CO.Et  H
1N CN H
1°F CF3 H
A 1¢! Cl

1PMM OMe Me

Figure 4:  Structure of

cobalt complexes family.

2 Computational Methods

All calculations have been performed using the Gaussian 09 and 16 software pack-
ages. 1?2 The ground-state geometries of the photosensitizers have been optimized using
the B3LYP 34 (copper PS) and CAM-B3LYP?5 (iridium PS) functionals in combination
with the LANL2DZ?% basis set, including Grimme’s D3 dispersion correction.®” The start-
ing structure of the copper family was obtained from the X-ray crystallographic data of a

similar complex in ref. 58. Frequency calculations were made at the same level of theory
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to verify that the structure corresponds to a minimum of the potential energy surface. All
the calculations, except the optimization of the attenuating parameter, were made using
the polarizable continuum model (PCM) to account for solvent effects.?%%° For copper
PSs, we have simulated a 1:1 solution of water and acetonitrile, while for iridium PSs we
have simulated an acetonitrile solution.

The optimal w value in the liquid phase is too small compared to the default value.3®
Small values of the attenuating parameter indicate that there is practically no long-range
correction in the functional. If LC-wPBE functional is used, not having a long-range
correction will mean that all the system will be treated with the PBE functional, which
gives catastrophic results for CT states. For this reason, it is better to optimize the
attenuating parameter in the gas phase.

Based on the optimized structures, TDDFT calculations were made using B3LYP,
CAM-B3LYP, LC-wPBE3* 40 (4 = 0.4au™!), and LC-wPBE with the optimal value of w
(LC-wPBE-opt) functionals and LANL2DZ basis set. We have employed the same solvent
as in the optimization calculations. UV-Vis absorption spectra plots were performed with
Gnuplot.%! Equation 1 was used to plot the excitation energies as ¢ (M™% - em™!) vs A

(nm) and adjust to each peak a Gaussian function,®?

n

" fi v\ 2
@) =) a(@)=>_ (1.3062974 -10% - ;’exp !— ( - 1) D , (1)
=1

i=1
where i runs from the first to the n** electronic excitation, 7 is the excitation energy
in wavenumbers, f; is the oscillator strength of the i electronic excitation and o is the
standard deviation in wavenumbers related to the width of the simulated band.

The optimization of the attenuating parameter was carried out using the LC-wPBE
functional and LANL2DZ basis set in the gas phase. This procedure was performed using
the ASCF method.344144 This method is based on applying Koopmans’-type theorem in
the framework of Kohn-Sham’s theory, %3 where the energy of the ionization potential (IP)
is equal to minus the HOMO orbital energy (egoamo). This condition is fulfilled by the
exact KS functional, but, in general, density functional approximations (DFAs) do not
fulfill it.

Using the ASCF method, we have imposed egoro(N) = —IP(N) and egonmo(N +
1) = —EA(N) by minimizing, through the golden section search numerical method,%* the

J* function (Equation 2)%* to find the optimal value of w (Wept)-

J*(w) =/ J§(w) + JF(w) (2)
where Jy(w) is:
Jo(w) = lefromo(N) + IP(N)| (3)
and Ji(w) correspond to:
J1(w) = lefromo(N +1) + EAN)| . (4)



To compute the redox potential, in addition to the B3LYP functional, we have also
optimized and characterized the structures using CAM-B3LYP and LC-wPBE-opt with
the value of wgy; of each complex. A solution of acetonitrile was simulated for all PSs
and cobalt complexes. Employing these functionals, the energies were refined by single-
point calculations with the cc-pVTZ6%66 basis set (Ece—pvrz) for all atoms except for
the iodine atom, in which we used cc-pVTZ-PP.%7%8 The methodology applied has been
previously tested for B3LYP and different basis sets and it has shown notable agreement
with experiments. %971

Specifically, the reduction potentials of all PSs and cobalt complexes have been cal-
culated, i.e., EZ’CH,/CUO), EE’”,”/IT”), and E?Cu”/c’uf)’ in volts (V). Standard reduction
potentials, relative to the standard hydrogen electrode (SHE), were calculated by using

the following equation:

AG° — AGYyp
= 5)
n
in which AG®° is the free-energy change associated with reduction at standard conditions,

E° =

AGYy is the free-energy change of the reduction of a proton (4.47V).™ AG%yy is a
reference that depends on the method and the solvent model. The n stands for the
electrons involved in the reaction, and F' is the Faraday constant.

The total Gibbs energy of each species was computed using the following equation:

G = Espin corr + Edisp + GT corr Esolv + AGO/* ) (6)

where Egy;, corresponds to Grimme-D3 dispersion energy, and G cop is the Gibbs energy
thermal correction obtained from solvent frequency calculations. Solvent effects were taken
into account, performing gas and solvent phase calculations and taking the difference of the
resulting electronic energies (Fop,). Finally, AG°/* corresponds to the free-energy change
associated with the change of standard conditions from gas-phase pressure of 1 atm to a
gas-phase concentration of 1 M. This value equals 1.9 kcal/mol for 1 M standard state
solutes. "t All calculations utilized the spin-unrestricted formalism and spin-contaminated
energies were addressed using Equations 7 and 8! to obtain the spin-corrected electronic
energy (Eupin corr):
Ece—pvrz —a - Ece pvrz/(5+1)

Espin corr — 1—a (7)

where a equals to:
(%) —S-(S+1)
(Stoiny) —S-(S+1)

a= (8)
and (S?) and <S(2S +1)> are the square total spin angular momentum of S and (S + 1) spin
states, respectively. E.._pyrz/(541) is the energy corresponding to (S + 1) spin state.

In summary, for the computation of redox potentials, four different calculations using

the same computational method are needed if the energy is refined: (i) optimization and



frequency calculation with a small basis set including dispersion, (ii) gas-phase single-
point calculation with a small basis set, (iii) gas-phase single-point calculation with a
more extensive basis set, and (iv) gas-phase single-point calculation with the same bigger
basis set for the (S+1) spin state. From all of this data, we extract the energy components
used to calculate the Gibbs free energy employing the Equation 6 in order to compute the

reduction potential (E°).

3 Experimental data

The group of Prof. Lloret from the Institut Catala d’Investigacié Quimica (ICIQ) in
Tarragona provided all the experimental data obtained from the characterization of three
synthesized copper photosensitizers (PSg, PS1p and PSy;), the iridium ones, and the cobalt
catalysts. They provided the data of UV-Vis absorption spectra and redox potentials of
all these complexes, as well as the X-Ray of PSg and PSqg.

4 Results and Discussion

4.1 Validation of the computational method

The copper photosensitizer family has been used to validate the computational method
used in: (i) the optimization of the PSs structures, (ii) the procedure to optimize the w
parameter, (iii) the simulation of UV-Vis spectra, and (iv) the redox potentials calcula-
tions.

In the optimization of the PSs structures, we have used the B3LYP?35* functional
and the LANL2DZ5% basis set. The same functional has been employed in excited states
calculations because the calculations of Biljana Bozic-Weber et al.™ have shown good
agreement with experimental data using this computational functional. However, den-
sity functional approximations (DFAs) with a low percentage of Hartree-Fock (HF) at
long-range, like B3LYP, have been associated with large delocalization error (DE).™ 78
For this reason, we have also optimized the structures with the CAM-B3LYP functional.
Later, the comparison between the maximum wavelength of the UV-Vis absorption spectra
showed that there was not much difference in the maximum wavelength (\,42); the most
significant difference was 20nm. For this reason, for the copper photosensitizer family,
we decided to remain with B3LYP optimized structures. We had not tested the perfor-
mance of other basis sets for the optimization because the basis set usually affects more
the electronic properties than the geometric ones. Nevertheless, a comparison of the most
critical distances (Cu—P and Cu-N) of the optimized geometry with the X-Ray data of
two photosensitizers (see Table S1) ensured that the basis set provided a good agreement
with the experimental data.

In the simulation of the UV-Vis absorption spectra, we have found that the basis



set used in the calculations importantly affects the obtained spectra. Consequently, we
validated the basis set used in the excited state calculations by testing different basis sets.
For PSg and PSy1, we tried the following basis sets: 6-31G*™ and 6-311-+-+G** 8081 We
used a different basis sets for PSyg since the previous basis are not available for iodine:
the first basis consists of a combination of 6-311G**82 for iodine and 6-311++G** for the
rest of the atoms, and the second one, cc-pVDZ-PP 5 for copper and iodine and 6-31G*
for the rest of the atoms.

The basis set of the excitation state calculations was tested using B3LYP as it is
shown to work better than LC-wPBE (see Section 4.3). The analysis of the basis set
should be carried out before the optimization of the w parameter. For this reason, we
have performed all these calculations using BSLYP. We have collected the wavelength that
has the maximum intensity and corresponds to a CT excitation for the three synthesized
dyes obtained with the simulations of the spectra using the different basis sets mentioned
before (Table 4).

Table 4: Maximum wavelength values (in nm) for the different basis sets used and the cor-
responding experimental value. For PSg and PS1; we have employed LANDL2DZ, 6-31G*
(set 1), and 6-311++G** (set 2). For PS1g, we have used LANDL2DZ, the combination of
6-311G** for iodine and 6-311++G** for the rest of the atoms (set 1), and cc-pVDZ-PP
for copper and iodine atoms and 6-31G* for the rest of the atoms (set 2):

PS M (LANL2DZ) M. (Set 1) A4 (Set 2) Experimental )\,

PSg 427.19 475.75 442.80 388.00
PSio 456.29 467.84 471.82 396.00
PSy; 472.59 498.60 480.67 388.00

Although we only have experimental data for three photosensitizers, the fair comparison
with the experimental UV-Vis absorption spectra suggested the use of LANL2DZ for all
of our calculations. The choice was also motivated by the important reduction of the cost

of our computational calculations as LANL2DZ is a smaller basis set.

4.2 Optimization of the attenuating parameter

The attenuating parameter of the LC-wPBE functional has been optimized to achieve
a more accurate description of the UV-Vis absorption spectrum. Moreover, we wanted to
investigate if it also improves the calculation of redox potentials, particularly the reduction
potential. In this work, to obtain the optimal value of w, the J* function (Equation 2)
was minimized. Analyzing all the parts of this process (see Supporting Information for
further information), we estimate that the simulation of the UV-Vis absorption spectrum
with wepe (including both: the w optimization and the final UV-Vis spectrum calculation)

is seven times more expensive than the simulation of the same spectrum with the default



value of the w parameter (wger). The optimization of the w parameter is more expensive
than using the default value of w, but it is worth doing it because, as we would see in
the next section, the spectrum improves considerably compared to the one simulated with
Wef-

After applying the optimal tuning process to all the photosensitizers, we appreciate
that the optimized w value within the same family of dyes lies in a short interval of values.
For the copper family, it takes values between 0.21 and 0.28 au™!, and for the three iridium
dyes, it takes values from 0.11 to 0.15 au™!. For the cobalt set, the Wopt Within the family
has values between 0.24 and 0.25 au~!. Despite wopt lies in a short interval, each value is
different, and this makes the LC-wPBE-opt functional not universal for all of the molecules
in the family. In other words, we need a different functional for each complex to simulate
the UV-Vis absorption spectrum accurately. The need of a different functional for each
molecule is not ideal because we want to find a functional that can be universal for a family
of molecules and correctly describes the UV-Vis absorption spectrum. However, the fact
that w,,: belongs in a short interval greatly simplifies the w optimization procedure within

a family of complexes.

4.3 UV-Vis absorption spectra

Firstly, the UV-Vis absorption spectrum for all the PSs using B3LYP and LC-wPBE
functionals in the solvent phase were simulated. Then, after tuning the attenuating pa-
rameter, the spectrum using LC-wPBE-opt and simulating the corresponding solvent was
also computed. All UV-Vis absorption spectra can be found in the Supporting Information
(Figures S1-S13). Here we will further discuss the spectra of the synthesized PSs.

Vertical excitations are calculated in the simulated UV-Vis absorption spectra. This
type of excitations does not include vibronic couplings. Therefore, all the simulated spectra
can not be compared directly with the experimental ones, but they can be used as a
first approximation. The experimental solution of the three synthesized copper PSs was
saturated. For this reason, the first band of the experimental spectra presents an oscillation
around the maximum intensity. This problem could be solved by the use of a more diluted
solution of the photosensitizer. However, for this study, it is not a relevant problem
because we are interested in the band that is located at higher values of the wavelength,
as it corresponds to the CT excitation. Nevertheless, it is crucial to have a functional that
correctly describes the whole UV-Vis absorption spectra, not only the band in which we
are interested.

In Figure 5, we can notice that the CT excitation band simulated with LC-wPBE-opt
is usually blue shifted with respect to the experimental band for all cases except PSyg (see
also Table 5 for iridium PS experimental data). In the absorption LC-wPBE-opt spectrum
of PSyg (see Figure 5 b)), the CT excitation band overlaps with the experimental band.
We should not overemphasize this result because after analyzing all the PSs we find that

it is not the usual situation. Regarding the CT excitation band of the spectrum simulated



with B3LYP, with respect to the experimental band, it is red shifted for the copper PS and

blue shifted for the iridium PS. Iridium PSs seem to be more complex and the computed

results for both functionals are less accurate than copper PSs. On the other hand, the

spectrum simulated with LC-wPBE (with the default value of w) is the worst one. This

functional can not even reproduce the CT excitation band, and in addition, the first band

is significantly blue-shifted compared to the other spectra.
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Figure 5: Simulated UV-Vis absorption spectra of synthetized photosensitizers corre-
ponding to a) PSg, b) PSyg, ¢) PSy1, d) PSy7, ) PSyg, and f) PS;9. The functionals used
are LC-wPBE-opt (optimal value of w), LC-wPBE (default value of w), and B3LYP in
combitation with LANL2DZ basis set. The spectra are plotted using a standard deviation
of 0.4 eV for Cu PSs and 0.2 eV for Ir PSs. Experimental available data is included when

possible.



In general, for all PSs that we have experimental data, we can appreciate that B3LYP
and LC-wPBE-opt present the CT excitation band close to the experimental band (see
Table 5). Nevertheless, with the copper PS, we can see that the first band of the BSLYP
simulation (at lower values of wavelength) does not have a higher intensity than the second
band. In these UV-Vis spectra, the first band needs to be more intensive respect the other
because the absorption is more important in the ultraviolet region of the electromagnetic
spectrum. For this reason, B3LYP is not accurate in simulating the UV-Vis absorption
spectra. Furthermore, we can observe that the CT excitation band is not present in the
LC-wPBE spectrum. Therefore, LC-wPBE-opt is the functional that better simulates the

spectrum compared with the experimental data.

Table 5: Maximum wavelength (A, in nm) corresponding to the CT excitation for B3LYP
and LC-wPBE-opt with LANL2DZ basis set of synthesized copper and iridium PSs. Redox
potentials (E¢_;, in V) calculated using B3LYP, LC-wPBE-opt, and CAM-B3LYP. The
experimental available data is also included. Maximum error (MAX), root mean square

error (RMSE), and mean absolute error (MAE) of each method are also given:

A mae(n1) Elea(V)
PS A ezpi(NM) Eed eapi (V)
B3LYP LC-wPBE-opt B3LYP LC-wPBE-opt CAM-B3LYP P

PSs 427.19 354.95 388.00 -1.63 -1.60 -1.69 -1.60
PSyo 456.29 405.40 396.00 -1.51 -1.46 -1.50 -1.47
PSy; 472.59 357.54 388.00 -1.74 -1.74 -1.79 -1.66
PSy7 385.19 357.30 483.00 -1.36 -1.32 -1.38 -1.40
PSig 414.05 390.92 470.00 -0.91 -0.94 -0.98 -1.01
PSyg 379.77 359.02 468.00 -1.78 -2.50 -2.14 -1.80
MAX 97.81 125.70 0.00 0.10 0.70 0.34 0.00
MAE 71.01 64.45 0.00 0.05 0.16 0.11 0.00
RMSE | 73.95 77.50 0.00 0.06 0.29 0.15 0.00

The rest of copper photosensitizers (see Table S5 and Figures S1-S13), for which we do
not have experimental data available, also present a CT excitation band. The CT band
of the LC-wPBE-opt spectrum is located between 337 nm and 450 nm, while the BSLYP
one between 405 nm and 529 nm. Moreover, for these PSs, the CT excitation band is also
not observed in the spectra simulated with the LC-wPBE functional.

Then we have applied the same protocol to simulate the UV-Vis absorption spectra of
a cobalt complexes set (see Figures S14-S19). These complexes are not photosensitizers,
they are used as catalysts in different photocatalytic processes.2%2% They do not present a
CT excitation, but the are going to be analyzed to see if the protocol is applicable beyond

photosensitizers (see Table 6).



Table 6: Maximum wavelength (A, in nm) for the B3LYP, LC-wPBE, and LC-wPBE-opt
simulated spectra with LANL2DZ basis set for cobalt catalysts. The available experimental
data is included. Maximum error (MAX), root mean square error (RMSE), and mean

absolute error (MAE) of each method are also given:

x A maz (M)
1 A eapi (nm)
B3LYP LC-wPBE LC-wPBE-opt

17 250.83 225.25 235.85 256.00
16925t | 303.86 243.07 291.66 281.00
1¢N | 306.23 240.30 295.27 281.00
1613 | 296.25 235.10 289.81 -
1¢ 261.17 225.60 272.94 217.00
1PMM | 949 08 230.38 245.54 260.00
MAX | 44.17 40.70 55.94 0.00
MAE | 21.67 29.52 23.10 0.00
RMSE | 25.52 31.60 28.50 0.00

For this set of cobalt complexes, the optimization of w is not as relevant as in the PSs
for the computation of the UV-Vis spectra because they do not present CT excitations.
Despite the maximum error, MAE, and RMSE are very similar for the three functionals,
optimizing the w parameter brings the results of BSLYP and LC-wPBE closer. All the Co
complexes, except 1€, present closer values to the experimental ones using LC-wPBE-opt
rather than LC-wPBE.

4.4 Redox potentials

In this section, we have applied the LC-wPBE-opt to calculate the reduction potential
of the photosensitizers as we have seen that this functional enhances the simulated UV-
Vis absorption spectra. In addition, we have also calculated the redox potential using the
B3LYP and CAM-B3LYP functionals. The redox potentials of the copper photosensitizers
that were not synthesized can be found in the Supporting Information (see Table S5).

Comparing the results obtained for the synthesized PSs (see Table 5), we can see that,
in general, the three functionals give values close to the experimental results. It seems
that the calculation of the reduction potential of these systems is not significantly affected
by the delocalization error present in some DFAs. In most of the cases, the LC-wPBE-
opt functional gives accurate results, except for PSi9. In addition, we can see that for
copper PSs LC-wPBE-opt is the best functional to calculate the reduction potentials.
In contrast, it is not so evident for the iridium complexes. As there are no significant
differences between the three functionals, if we only want to calculate redox potentials, it
is not worthwhile to use the RSF with the optimal value of the attenuating parameter to
calculate them. Nevertheless, if we have already optimized the attenuating parameter for

some other chemical property (like UV-Vis spectra) and we want to be consistent with the

N



functional employed, LC-wPBE-opt would be the most appropriate.

Finally, we have applied the same computational procedure to calculate the cobalt
complexes’ reduction potential (E‘(’CO 110 ,)). Values of Table 7 confirm similar trends as in
the reduction potentials calculated for the photosensitizers. In general, the LC-wPBE-opt
functional give more accurate results compared to BSLYP, and the CAM-B3LYP functional
looks pretty competitive for this calculation. However, compared to the experimental data,
the three functionals present significant errors. Therefore, none of the functionals gave very

accurate results for the reduction potentials of the cobalt family of catalyst.

Table 7: Reduction potentials (in V) calculated with the B3LYP, LC-wPBE-opt, and
CAM-B3LYP functionals. The available experimental data is included. Maximum error
(MAX), root mean square error (RMSE), and mean absolute error (MAE) of each method

are also given:

1X E,a(V) B, (V)
B3LYP LC-wPBE-opt CAM-B3LYP | "<
14 -0.84 -1.00 -1.16 -1.74
1€02E¢ | _0.69 -1.14 -1.91 -1.53
16N -0.54 -0.85 -0.87 -1.44
1673 -1.17 -0.91 -1.26 -
1¢t -1.10 -0.85 -1.25 -1.71
1PMM 0,92 -0.98 -1.32 -1.76
MAX 0.90 0.86 0.58 0.00
MAE 0.82 0.67 0.49 0.00
RMSE | 0.83 0.69 0.49 0.00

5 Conclusions

In this paper, we have investigated the UV-Vis absorption spectra and the reduction
potential of two families of photosensitizers based on Cu! and Ir'/f. We have seen that
the simulation of a UV-Vis absorption spectrum including the optimization of the w pa-
rameter is about seven times more expensive than the simulation of the same spectrum
with the default value of w (with an w accuracy of 107*). Less accurate w optimizations
(10~2) provide a significant cost reduction (only three times more expensive than the sim-
ulation with the default of w) and barely affect the spectrum. The optimization process of
the w parameter is worth doing it because it considerably improves the simulation of the
spectrum. This optimization process could be easily applied to any other RSF. Within
the studied families, the optimal w lies in a short interval but is different for each com-
plex. Consequently, LC-wPBE with the optimized w parameter is not universal for all
the molecules in the family. The simulated spectrum with LC-wPBE-opt clearly improves
the results obtained LC-wPBE with the default value of w, as the latter could not even
reproduce the CT excitation bands. CT excitations bands of the LC-wPBE-opt simulated

O



spectrum present a blue shift compared to the experimental data. In addition, we could
appreciate that BSLYP is useful if we are only interested in the CT excitation, taking into
account the respective shifting of the band (e.g., bred shifted for Cu PSs and blue shifted
for Ir PSs). Contrary, if we want to simulate the whole UV-Vis absorption spectrum,
it is not the appropriate functional as it tends to underestimate the excitation bands at
lower wavelengths. Comparing the simulated spectra and the experimental ones, we can
conclude that the LC-wPBE-opt is the best functional to simulate the whole absorption
spectrum of photosensitizers. We have seen that the w optimization is not relevant for the
cobalt complexes family as they do not present CT excitations.

Finally, we have observed that it is not essential to optimize the attenuating parameter
of LC-wPBE to compute the reduction potential of photosensitizers, but, in general, the
most accurate results are also using LC-wPBE-opt. However, we have seen that cobalt
complexes’ reduction potentials presented more error than PSs results, and none of the
functionals gave very accurate results for this family of cobalt complexes. Therefore, to
calculate reduction potentials, if we have already done the w optimization process, we will
employ this functional as it gives more accurate results; otherwise, it is not worth doing
it since BBLYP and CAM-B3LYP seem really competitive for this calculation.

We expect that this project will be useful to researchers working in the fields of com-
putational and experimental chemistry of photosensitizers to design new potential dyes
with enhanced efficiency. However, the present article has not already been sent for pub-
lication because we want to complete the set of experimental data to further discuss the

computational results.
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Chapter 10
Results and discussion

In this chapter, the main achievements of the works presented in Chapters 5, 6, 8,
and 9 are summarized and discussed. For a detailed analysis, the reading of the previous
chapters is recommended.

First, we will present the results obtained from the study of the annulene series using
the HMO method. Second, we will display a few examples of the aromatic character
analysis using density functional approximations, including the investigation of the aro-
maticity indices’ ability to identify the most aromatic pathway. Third, we will show some
of the failures found due to the delocalization error present in some DFAs concerning
the geometry assessment, the aromaticity indices, the UV-Vis absorption spectra, and
finally, how the redox potentials are affected by DE.
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Chapter 10. Results and discussion

10.1 Aromaticity from the HMO method

In the study of the annulene series, we first examined how Hiickel's and Baird's rules

fade away with the ring size calculating |,ing within the HMO method, I/}}7€ (see Chapter

6). We have divided the results into different sets of annulenes according to the number

of electrons (4n+2 and 4n) and the spin multiplicity (singlet and triplet). Representing

HMO
ring

to the same expression, a + b/NQ, N being the number of carbon atoms (see Figure

all the values of | normalized index, we have realized that all the curves conform
10.1). In addition, we can appreciate that the initial (anti)aromatic character decreases
smoothly with the annulene size. It is also noticeable that both Hiickel and Baird rules
break down and all the species become equally aromatic when the system is large.
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Figure 10.1: Values of the Ig%o normalized index for the annulenes series against the number of

carbon atoms (N) for different singlets and triplets.

The study of triplet states within the HMO method is complicated because this
method does not distinguish between alpha and beta electrons. However, 4n+2 triplets
could be treated as systems where one electron is promoted from a / orbital to a /+1
orbital. Doing so, triplets can be addressed within the HMO theory, apart from the
4n annulenes. This is the reason why we observe that 4n Dy annulenes curve behave
as if these molecules were antiaromatic and not aromatic as expected for 4n triplets.
Contrarily, 4n+2 singlets, which are aromatic, display values above the 2 /7 limit, whereas
4n + 2 triplets and 4n singlets, which are expected to be antiaromatic, present values
below this limit. Those three latter series of annulenes are well described from the

delocalization measures of the HMO method.

160



10.2. Aromaticity from DFAs

10.2 Aromaticity from DFAs

Our aromaticity studies include a theoretical investigation of different (large) con-
jugated compounds using mainly three DFAs (B3LYP, CAM-B3LYP, and M06-2X) and
several aromaticity descriptors that evaluate the different manifestations of this prop-
erty (see Section 3.3). All these works include FLU, BOA, HOMA, BLA, AV1245, and
AV,,i, values. In addition, some of them include I,;,,, , MCI, ACID, and NICS calculations.
We have compared our results with the aromaticity rules’ prediction or experimental data

available in the literature.

10.2.1 Examples of presumably aromatic molecules

Here we will present the results obtained for some studied molecules expected to be
aromatic according to Hiickel's and Heilbronner's rules. With these examples, we will
give a general idea of the values of the different calculated indices. It is essential to
highlight that most of the obtained results are linked to the delocalization error present
in some DFAs.

In Table 10.1, only the results computed with the CAM-B3LYP method are presented.
We will further discuss the results primarily related to the delocalization error in Section
10.3.

Table 10.1: Aromaticity indices for different systems calculated at the CAM-B3LYP/6-311G(d,p) level
of theory.

Molecule FLU BOA HOMA BLA AV1245 AV,
Benzene 0.000 0.000 1.000 0.000 10.71 10.71
CiqHyy 0.026 0.449 0.437 0.091 2.11 1.80
CigHis 0.026 0.446 0.448 0.090 2.00 1.80

18H 0.010 0.137 0.872 0.035 2.16 1.28

32M 0.020 0.287 0.666 0.064 1.41 0.55
c-P6-T65t ¢ 0.075 0.379 -0.164 0.077 1.48 0.64
@ 6-31G™ basis set

Benzene is the aromatic molecule per excellence, and its aromatic indices values are
used as a reference for the FLU and HOMA descriptors (C—C bonds). As expected,
benzene's AV1245 and AV,,,;, values are the highest that we have found. BOA and BLA
benzene's values equal zero, and as we have seen previously, these indices give the same
results for cyclohexane because they measure the degree of homogeneity of bond orders

and bond lengths, respectively. Therefore, small values of these two indices should be
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taken with caution as they are not necessarily related to aromaticity.

Analyzing all the data obtained with the annulenes series, we were able to see that
Hiickel's and Baird's rules break down more rapidly with the ring size within DFAs calcu-
lations than using descriptors based on the HMO method. This is due to the geometry
relaxation with respect to the original planar geometry taken into account in the HMO
method. Annulenes with more than eight carbons usually show several conformations
close in energy that exhibit different aromatic characters. In addition, using some aro-
maticity indices, no smooth trend is observed when increasing the ring size. The two
annulenes exposed in Table 10.1 are a clear example that the aromaticity rules start to
fail when the systems are larger and they lose symmetry and/or planarity. [I14]annu-
lene (C14H14) and [18]annulene (CisH1s) described with the CAM-B3LYP functional are
antiaromatic systems as they exhibit bond-order and bond-length alternation.

The last three examples of Table 10.1 (18H, 32M, and c-P6 - T65") correspond to
porphyrinoid systems. In these systems, different pathways can be drawn within the
molecular structure. Here, the most aromatic path values are presented. 18H or porphin
is the simplest aromatic porphyrin (vide supra). Indeed, all the aromaticity indices
identified it as an aromatic system. However, as expected, 18H is less aromatic than the
aromatic annulenes because it is a larger system. 32M corresponds to the [32]heptaphyrin
in the Mobius conformation, and according to all the indices, it is aromatic.

Finally, the 46 oxidation state of the six-porphyrin structure, c-P6 - T6°" (see Image
10.8), was predicted initially to be an aromatic species.! However, with our studies,
we have seen that this species is nonaromatic. The values of the indices presented in
Table 10.1 could suggest that the c-P6 - T6%" is weakly aromatic, especially if we look
at AV,,;, value and compare it with 32M (0.64 vs 0.55). Nevertheless, as discussed
above, if we obtain small AV,,;, values for large conjugated systems, it is also better to
analyze the individual MCI(1,2,4,5) values along the most aromatic pathway. With only
the AV,,;, values it is sometimes difficult to define the molecule’s aromatic character
because they are in the middle of two situations (e.g., weakly aromatic and nonaro-
matic). We have plotted these values (see Figure 10.10) and found that the c-P6 - T6"
species presents multiple low-delocalization fragments along the most conjugated path.
Compared to the expanded porphyrins, which achieve the minimal value only twice or
three times, c-P6 - T6" presents a significant amount of low-delocalization fragments.

For this reason, we conclude that this species is not aromatic.

10.2.2 The most aromatic path in porphyrinoid systems

We have tested for the first time the performance of the AV,,;, descriptor in large
systems studying the aromaticity of nine porphyrinoid compounds (see Chapter 5). We
have compared the results obtained using this descriptor with other aromaticity indices
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like BLA, BOA, FLU, HOMA, and AV1245. In addition, one of the most exciting results
regarding AV,,;, is that it is the only one able to predict the annulene path as the most
aromatic one and sort the rest according to the aromaticity character.

First, we studied all the possible pathways of 18H (porphin) that arise from the
possibility of passing through the nitrogen atom (inner path, labeled as 'i") or C—C bond
(outer path, labeled as '0") in the four five-membered rings (5-MRs) in 18H (see Figure
10.2). There are sixteen paths, some of which are equivalent by symmetry. Therefore,

in the end, we are left with only nine different paths.

Annulene (oioi) 000i 0000
ifoi ooii ooio

iifi iiio Anti-annulene (ioio)

Figure 10.2: Porphin pathways. To label each path, the top left 5-MR is taken and follow the
clockwise direction. The green and the orange circuits highlight the annulene and the anti-annulene

paths, respectively.

The first entry of Table 10.2 corresponds to the annulene path (oioi). All the
indices recognized this path as highly aromatic, but only BOA, BLA, AV1245, and
AV,,.;,, identified it as the most aromatic one. FLU and HOMA indicate that Jiii path
is the most aromatic. FLU is smaller for the inner circuit than the annulene path be-

cause the DIs of C—NH bonds are closer to the reference values than the Dls of the

163



Chapter 10. Results and discussion

C—C bonds of the pyrrole are to the corresponding reference values (see Figure 10.3 for
the DI values). But since the C—C bond of the pyrrole rings present larger values, the
annulene path is expected to be more aromatic. On the other hand, BOA, and BLA also
recognized the anti-annulene path (joio, orange path in Figure 10.2) as much aromatic
as the annulene path. These indices are measuring the degree of homogeneity along the
path of the Dls and the bond lengths, respectively, which does not necessarily reflect the

most aromatic pathway.

Table 10.2: Aromaticity indices for different pathways in 18H, calculated at the CAM-B3LYP/6-
311G(d,p) level of theory. The number in parentheses indicates the equivalent pathways.

Path FLU BOA HOMA BLA AV1245 AV,,,
oioi 0.010 0.000 0.872  0.000 2.16 1.28
oooi(2) 0.016 0.309 0.734 0.288 1.91 0.49
oooo 0.022 0.041 0.610 0.011 1.70 0.49
iioi(2) 0.008 0.367 0.917 0.313 1.57 0.13
ooii(4) 0.015 0.023 0.769  0.006 1.36 0.13
ooio(2) 0.021 0.372 0.637 0.270 1.17 0.13
iii 0.006 0.000 0.968 0.000 0.91 0.13
oiii(2) 0.013 0.388 0.808 0.307 0.73 0.13
ioio 0.019 0.000 0.666 0.000 0.57 0.13

To choose the second most aromatic pathway following the annulene model, we
should select a different route in one 5-MR. Using an in-house program (ESI-3D)3%
we have found an analyzed all the possible path permutations in the porphin structure.
Ordering paths by aromaticity in porpyrinoid structures is complex, and after analyzing
Table 10.2, we have seen that only AV1245 and AV,,;, can do it correctly. However,
AV1245 does not recognize the annulene pathway as the most aromatic one in the rest
of the studied porphyrins. In addition, it is important to remark here that AV1245 is
an average-based index (like FLU, BOA, HOMA, and BLA), and it could hinder the
values that deviate the most from the average. In aromaticity, it is crucial to detect
the minimal values because they correspond to the fragments of the molecular ring that
are less delocalized. For this reason, especially in larger molecules, we prefer to use the
AV,,.;» index.

Taking into account the results of the other porphyrinoid systems (16H, 26H, 26M,
28H, 28M, 32H, 32M, and 32F), we have seen, in general, that all the indices adequately
describe the aromatic character of each molecule, but they disagree on which is the most
aromatic path of the porphyrins. All the indices concur that the annulene path in Hiickel

aromatic conformers is more aromatic than the annulene path in analogous Mobius an-
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tiaromatic systems. The annulene model serves well for simple porphyrins, but it gets
more complicated if the porphyrins are protonated and deprotonated. 37737 |n Ref. 370,
we have studied different conjugation pathways of an expanded porphyrin set including
neutral, anionic, and cationic states. We have employed different structural, magnetic,
and electronic descriptors to characterize them. We have seen that the annulene path-
way is the most aromatic pathway only in neutral macrocycles. The protonated and
deprotonated macrocycles present other pathways with similar or even more aromatic
character than the annulene pathways. Knowing the most aromatic pathways gets more
complicated as the system becomes larger. However, this project is not included in the

present dissertation.

10.2.3 AV1245 colored representations

In certain circumstances, it is useful to have a simple visual representation of the
AV1245 values to easily detect which fragments of the ring structure present the most or
the least electronic delocalization. To obtain them we have colored each bond according
to the sum of the contributions to AV1245 that pass through the bond. We have selected
three different colors: green, to represent bonds whose contribution is at least 75% the
value of the highest bond; red, for bonds whose contribution is below 25% of this value,
and the other bonds are colored in orange.

We have used the AV1245 colored representations to further disscus the most aro-
matic path in some porphyrinoid systems like porphin (18H) and [32]heptaphyrin in the
figure-eight conformation (32E).

Figure 10.3: AV1245 colored representations for the inner pathway of 18H (left) and 32E (right). The
numerical values correspond to the Dls.

According to Hiickel's and Heilbronner's rules, the ground-state configuration of 18H

and 32E are expected to be aromatic and antiaromatic, respectively. We have seen in

165



Chapter 10. Results and discussion

the previous section that FLU, BOA, HOMA, and BLA identify the inner path of 18H as
more aromatic than the annulene path. However, AV,,;, shows very small value for the
inner path (0.13) as a result of the small delocalization of the C-C-NH-C-C fragment
of the pyrrole rings (colored in red in the left structure of Figure 10.3). This fact is also
confirmed by the Dls values of C—NH bonds which are the smallest ones in the path.
Contrary, we can observe that the most delocalized fragment of the inner path are the
C-N bonds of the imine rings.

The figure-eight conformation of expanded porphyrins is a highly torsioned structure.
The example illustrated in Figure 10.3 clearly shows that the regions of the maximal
torsion correspond to the lowest value of the AV1245 index. The inner path of 32E is
really affected by these torsions and that is the reason why the AV,,,;,, is really low (0.03).

10.3 Delocalization error in DFAs

Some density functionals approximations suffer from delocalization error, and as a
consequence, they tend to give over-delocalized electronic densities. On the contrary,
HF is prone to exaggerate the localization of the electrons. Therefore, DFAs with a low
percentage of HF exchange usually suffer more from DE. Some authors suggest that the
exact result lies between the two extreme solutions, the highly localized one (HF) and
the highly delocalized one (LDA).1®

In our studies, we have evaluated how the electron delocalization error affects our
calculations mostly comparing HF; two hybrid functionals, B3LYP (19% of HF exchange),
and M06-2X (54% of HF exchange); and the range-separated CAM-B3YLP functional
(from 19% of HF exchange at short range to 65% at large interelectronic distances). In
some cases, we have also made single-point DLPNO-CCSD(T) calculations. Moreover,
we have compared the computational results against benchmark data already available
in the literature (see Chapter 6) and experimental data (see Chapter 8), when possible.

In the following sections, we will see how the DE affects specific properties of the
studied molecules: starting from the evaluation of the optimal geometry, the aromaticity
measures, and the description of CT excitations.

10.3.1 Geometry evaluation

It has been seen that the percentage of exact exchange included in the functional has
a significant effect on the correct description of the stationary points of the molecules.
DFAs with a low percentage of HF exchange at long-range distances have been associated
with significant delocalization errors that could even lead to spurious stationary points

on the potential energy surface (PES).17719:3%3
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In the study of the annulene series (see Chapter 6), we have observed that the largest
4n+2 annulenes ([14]annulene and [18]annulene) optimized with the B3LYP functional
present a minimal delocalized structure that corresponds to a transition state when it
is computed with CAM-B3LYP or M06-2X functionals. This transition state connects
two identical structures with complementary bond-length alternation. Consequently,
the B3LYP optimized geometry is aromatic, while the CAM-B3LYP or M06-2X ones are
antiaromatic. This inconsistency has been ascribed to DE of DFAs with a low percentage
of HF exchange and confirmed by comparing experimental chemical shifts. 24

The discrepancies found in the nature of the optimized stationary points of the PES
affect the aromaticity measures calculated using different computational functionals.

In the annulene series, we have carefully examined the results of EI/N. This index
is an approximate version of |,;,, including only two-center bond orders of bonded atoms
to estimate the N-center delocalization. Our results confirm that, in most cases, B3LYP
and HF give the most and the less aromatic species, respectively.

4n singlet 4n triplet
mHF mMO06-2X m CAM-B3LYP B3LYP mUHF mMO06-2X m CAM-B3LYP B3LYP
0.600 0.700
0,500 0.600
0.500
0.400
0.400
0.300
0.300
0.200
0.200
0.100 0100
0.000 0.000
cyclobutadiene coTt [12]annulene [16]annulene cyclobutadiene coT [12]annulene [16]annulene
4n+2 singlet 4n+2 triplet
mHF mMO06-2X mCAM-B3LYP mB3LYP HUHF ®MO06-2X mCAM-B3LYP mB3LYP
0.700 0.600
0.600 0.500
0500 0.400
0.400
0.300
0.300
0.200
0.200
0100 0.100
0.000 0.000
benzene [10]annulene [14]annulene [18]annulene benzene [10]annulene [14]annulene [18]annulene

Figure 10.4: Values of ml/N for the singlet and triplet lowest-lying states of the studied annulenes
obtained with HF, M06-2X, CAM-B3LYP, and B3LYP.

In Figure 10.4, we can appreciate that singlet benzene, triplet cyclobutadiene, and
triplet COT present similar values with all the computational methods used because
these molecules do not suffer from DE. In many cases, B3LYP tends to overestimate the
delocalization of the electronic structures and sometimes even gives different geometrical

structures. This is the opposite behavior of HF, which tends to overestimate the elec-
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tron localization. The CAM-B3LYP and M06-2X methods present similar results lying
between HF and B3LYP values. This fact corroborates the long-range part of HF exact
exchange is crucial to decrease the DE (see Section 10.3.2). There are two annulenes
that do not follow the general conclusions extracted from Figure 10.4: triplet benzene
and [16]annulene. Triplet benzene described with M06-2X presents the highest DE.
M06-2X is the only studied DFA that describes this molecule as a non-planar structure
(Q-like conformation), and it does not identify the AQ conformation as a energy mini-
mum in the PES. The Q-like structure is more antiaromatic than expected for the triplet
state of the benzene molecule. In the case of [16]annulene, the ?ngl/N value calculated
with HF is larger than the one obtained with CAM-B3LYP and M06-2X because the HF
optimized structure is more planar than the ones obtained using these DFAs. The last
conclusion extracted from all the data included in Figure 10.4 is that, in general, the
singlet states tend to suffer more from the delocalization error than the triplet states.
Interestingly, in the study of the six-porphyrin nanoring structure, we found a similar
situation to [14]annulene and [18]annulene, where the geometry assessment was not the
same for all the methods used. In this work, we have studied four different oxidation
states of the nanoring system (c-P6, c-P6%", c-P6°", and c-P6'2T). All the methods used
qualitatively agree on the same structure for c-P6 and c-P6'?" structures (nonaromatic
molecules). However, there are more discrepancies for the c-P6%" and c-P6%" species.
Here, we will further analyze and discuss the optimized geometry of the c-P6%* species.
We have carefully examined the optimized geometry of the c-P6%* species using the
different DFAs mentioned above in addition to LC-wHPBE, w being 0.1 and 0.2, and
single-point DLPNO-CCSD(T)/def-SVP-C calculations. Once again, we can appreciate
discrepancies in the nature of the optimized structure using different computational
methods (see Figure 10.5). The functionals with a large percentage of HF exchange at
long range (CAM-B3LYP, M06-2X, and LC-wHPBE (w=0.2)), describe a less symmetric
structure than the functionals which include a lower percentage of HF (B3LYP and
LC-wHPBE (w=0.1)). This second group of functionals describes a fully delocalized
structure, indicating that the molecule is aromatic. As the B3LYP and LC-wHPBE
(w=0.1) methods have a low percentage of HF exchange at long-range interelectronic
distances, they may suffer more from delocalization errors. The single-point DLPNO
calculations reinforce the conclusions drawn above, attributing lower energy to the less
symmetric structure. In addition, the CAM-B3LYP and M06-2X functionals identify the
symmetric structure as a transition state connecting two equivalent minimal structures

with complementary bond-order and bond-length alternation (see Figure 10.5).
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Correct PES:
CAM-B3LYP, M06-2X Incorrect PES:
DLPNO-CCSD(T) B3LYP
LC-wHPBE (w=0.2) LC-WwHPBE (w=0.1)

TS (D.h)

()Pe (Ch)  c-PeEt (D)
Y0

Figure 10.5: Schematic representation of the potential energy surface of c-P616 species described by

different computational methods. Circles represent the porphyrins of the structure.

Our results further prove that using an inadequate methodology can even lead to
spurious stationary points on the potential energy surface, especially in large systems as
already mentioned by some authors.’

Consequently, the selection of the functional also has a critical role in the energetic,
geometric, electronic, and magnetic results of the six-porphyrin nanoring. In other words,
functionals with a low percentage of HF exchange at LR regime, like B3LYP, tend to
overestimate the aromatic character in (large) systems.

The c-P6, c-P6**, c-P6%, and c-P6'2* species were initially described as nonaro-
matic, antiaromatic, aromatic, and nonaromatic species, ! respectively. Peeks et al. stud-
ied them computationally using the B3LYP functional and experimental techniques ('H-
NMR). However, the calculations of several aromatic descriptors (FLU, BOA, HOMA,
BLA, AV1245, AV,,;,, , ACID, and NICS) with the CAM-B3LYP functional, and the sim-
ulated '"H-NMR spectroscopy data showed us that none of the previous species were
aromatic. The following figure is a schematic qualitative comparison of the aromaticity
analysis performed on CAM-B3LYP (M06-2X) and B3LYP geometries.
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C-Pb C-P6*" C-P6"*"
CAM-B3LYP
Mo6-2X
CAM-B3LYP Mob-2X
BaLy? P

Figure 10.6: Scheme of the global aromatic character of the nanoring species according to the op-
timized geometries obtained with different DFAs. Full, half-full and empty circles represent aromatic,
weakly aromatic and nonaromatic porphyrins, respectively. The electron delocalization in the linkers
increases from single solid lines (no delocalization), to solid-dashed lines and double lines.

The latter scheme is a qualitative comparison of the global aromaticity analysis
based on the local aromaticity from its constituent parts (porphyrins and linkers). As
mentioned above, there are no significant differences for the c-P6 and c-P6'2* species,
as expected from the geometries obtained from the different DFAs. Conversely, we
appreciate considerable differences in the aromatic character of c-P6** and c-P6°* for
the different geometries. Mainly, there are more discrepancies in the case of c-P6'T,
and there is not a good agreement between any DFAs and the experimental data (see
Table 10.3). For this reason, c-P6" results should be taken with caution. The relative
energies obtained with single-point calculations at the DLPNO-CCSD(T) level showed
that the minima obtained with B3LYP and CAM-B3LYP were not so different (about
8 kcal/mol). However, there are more dissimilarities in the behavior of the electron
delocalization that we can observe in 'H-NMR chemical shifts, for example. As we can
see in Table 10.3, B3LYP provides by far the worst agreement. Although CAM-B3LYP
values are also far from the experimental results, this functional provides the closest
agreement compared with B3LYP. Therefore, we speculate that the truth lies in between
B3LYP and CAM-B3LYP values but closer to CAM-B3LYP.

In Figure 10.7, we present the plot corresponding to the c-P6%" species as an example
of the NICS(0);,, grids in the x-y plane.
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Figure 10.7: NICS(0);s, grid plots for the c-P65" species. The .h.s. plot corresponds to CAM-B3LYP
optimized geometry and the r.h.s. to B3LYP one.

The NICS(0);s, grid plots were calculated with 1 A resolution on a 20 A x 20 A
grid of one-fourth of the system. The NICS(0,0) value corresponds to the value at the
center of the nanoring. In the NICS(0);,, grid plot of the c-P6°" species performed
using CAM-B3LYP, we can observe values close to zero in the vicinity of the nanoring
center while, in the B3LYP plot, large negative values are found. Therefore, these results
indicate the B3LYP geometry is globally aromatic and, on the contrary, the CAM-B3LYP
one is nonaromatic.

Finally, we have also computed the 'H-NMR chemical shifts to compare with the 'H-
NMR experimental data. %8 The most substantial experimental evidence of the aromatic
nature of c-P6 - T6%" comes from the shielding difference of the ortho protons (0'-0), the
shielding difference between the v and 3 protons (see Figure 10.8) of the bound template
and the free template, and the chemical shift of the THS groups’ protons. However,
we have not been able to compare the latter chemical shifts as in our structures the Ar
group of each porphyrin were phenyls instead of THS (THS=(3,5-bis(hexylsilyl))phenyl).

As shown in Table 10.3, M06-2X and CAM-B3LYP results are in closer agreement
with the experimental value than the B3LYP values.
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Table 10.3: Selected 'H-NMR chemical shifts differences of the different nanoring species (in ppm).

Root-mean-square deviations (RMSD) are based on the experimental differences. 158

Method data | c-P6-T6 c-P6-T6*" c-P6-T6° c-P6-T6'*"
0'-0 0.09 0.41 -0.19 -0.91
CAM-B3LYP a-qtemP -6.34 -1.92 -0.97 1.88
B-gEme | 254 -0.44 -0.36 1.13
RMSD 0.16 - 1.35 0.45
o'-o 0.31 36.36 -7.23 -2.67
B3LYP a-atemP -5.34 60.43 -12.26 5.63
S-temp -1.97 49.10 -9.85 2.68
RMSD 0.30 - 5.36 1.41
0'-o 0.26 - -1.87 -0.74
Experimental | a-a'*mP -6.31 14.16 -2.83 2.77
g-geme | 234 12.57 22.06 1.50

According to Rikhaus et al, As, < 0 and As, < 0 will indicate a global ring
current, while the opposite scenario will be an evidence of an antiaromatic ring current.
Nevertheless, if such a statement is true, it will indicate that the c-P6 - T6 species is
even more globally aromatic than the c-P6 - T65* species, which is not supported by any
experimental or computational data. We have also calculated A;, and A;, in a model
in which we have eliminated the butadyine linkers to further support our results (see
Figure 10.8). If the linkers are removed, the alleged current is no longer present, and the
model structure should be nonaromatic. The o and 3 chemical shift differences of the
model show that although the porphyrins are not connected, a ring current is present.
This is another evidence that c-P6 - T65 species is weakly aromatic or nonaromatic and
that none of the studied species is aromatic.

Figure 10.8: Nanoring structure and the studied model without the bridging butadiyne linkers. Small
red dots indicate the position of ortho protons of the aryl substituent and the o and /3 protons of the

template, respectively.
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10.3.2 Aromaticity indices

In all our aromaticity studies, we have evaluated how the electron delocalization
affects the aromaticity measures using the different computational methods exposed
before, focusing on the role of the exchange functional.

The study of nine porphyrinoid compounds, Chapter 5, compares several structural
and electronic aromaticity indices values obtained using B3LYP, M06-2X, and CAM-
B3LYP. This comparison allows us to find, in some systems, an excellent agreement
between the results obtained with CAM-B3LYP and M06-2X, which suggests that the
long-range part of the exact exchange is the one that plays an important role in the
description of the aromaticity character of the molecules. As an example, in Figure 10.9
we have represented AV,,;,, values calculated with B3LYP and M06-2X functionals versus
CAM-B3LYP values.

1.64 e B3LYP
e MO06-2X

0.0 0.2 0.4 0.6 0.8 1.0 1.2
AV pin(CAM-B3LYP)

Figure 10.9: Relationship of AV,,;, among nine porpyrinoid systems calculated with M06-2x and
B3LYP against CAM-B3LYP values for all the annulene pathways.

There is a perfect correlation between M06-2X and CAM-B3LYP values in the latter
plot, whereas the values computed with B3LYP are not as good. Moreover, all the
B3LYP values in Figure 10.9 are above the CAM-B3LYP values indicating a general
overestimation of the AV,,;, values using the B3LYP functional. However, there are two
exceptions in which the values are not overestimated, and they precisely correspond to
the smaller porphyrins, 16H and 18H. Additionally, three values particularly overestimate
the B3LYP results, and they correspond to 26H, 28M, and 32M expanded porphyrins.
In some molecules, we have found a quantitative and qualitative agreement between
M06-2X and CAM-B3LYP functionals, while in other sets of compounds, we only find
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a qualitative agreement. However, for the most complicated porphyrinoid structures,
this agreement is no longer observed. It is worth mentioning here that the optimized
geometries with each DFAs present some differences, which can be responsible for the
disagreements between B3LYP and CAM-B3LYP or M06-2X functionals.

Another proof that corroborates that the long-range part of HF exchange is relevant
to decrease the delocalization error is the MCI(1,2,4,5) distribution plots. We have used
these plots to describe the aromatic character when the AV,,;, values are too small to
draw any solid conclusion. One example of a MCI(1,2,4,5) distribution plot is shown in
Figure 10.10.

In MCI(1,2,4,5) distribution plots, the four-center delocalization index for each frag-
ment is represented along the most aromatic pathway. The average value of these indices
will be the AV1245 index.

CAM-B3LYP «— B3LYP —— M06-2X
L L L L L L
5_
£ 41
=] .
©
>
53
T
£
N
N2
—~
1.
1 10 20 30 40 50 60 70
fragment

Figure 10.10: Comparison of the 1245-index distributions including the individual MCI(1,2,4,5) values
along the most aromatic path of c-P6 - T6%* species calculated at different levels of theory. Horizontal
solid line corresponds to the AV1245 value (1.48) and dashed horizontal line to the AV, value (0.64),
both from CAM-B3LYP calculation.

The plot represented above corresponds to the c-P6 - T65* nanoring species. We can
appreciate that all the values calculated with the different DFAs have the same qualitative
trend. However, CAM-B3LYP values approximately match with M06-2X values, while
the B3LYP ones are always higher. For this reason, we can conclude that B3LYP is

overestimating the aromaticity of this species.
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10.3.3 UV-Vis absorption spectra

In general, we have seen that to have an accurate description of the geometry, and
the aromatic character of large conjugated systems a functional with a large percentage
of HF exchange (at least above 50%) at the LR regime is needed. In RSF, the value of
the attenuating parameter employed to split the SR and the LR regime is important. In
the nanoring study, we have seen that using a RSF with an attenuating parameter equal
to 0.1 au™! is not enough to describe the nanoring structure correctly, suggesting that
some delocalization error is still present. The exchange potential does not present the
correct asymptotic decay, which affects various properties such as: ionization potentials,
electron conjugation, charge-transfer excitations, among others. These errors are gen-
erally attributed to the delocalization error. The accuracy of the electronic excitation
energies computed with a RSF also depends on the value of the attenuating parameter
w. This dependency is very pronounced when the excited state has a charge-transfer
character. Different techniques have been proposed to optimally tune the value of w for
a given molecule.

In Chapter 9, we have applied a procedure to study a set of copper and iridium
photosensitizers (PSs) and a family of cobalt catalysts. Particularly, we have analyzed a
protocol to simulate the UV-Vis absorption spectra and redox potentials. As these PSs
present CT excitations and these excitations are not correctly describe even by global
hybrid DFAs?® (see Section 1.1.1 and 2.2.1), a RSF has been used (LC-wPBE). To
analyze which value of w is needed to obtain more accurate results, we have used an
optimally tuned RSF. We have compared the results obtained with B3LYP, with the RSF
without optimizing the w parameter, and with the experimental data, when available.

In general, we have seen that the B3LYP hybrid functional correctly describes the CT
excitation band with a red shift in the value of the wavelength for the synthesized copper
PS and a blue shit for the iridium ones. Then, the LC-wPBE functional (w=0.4au™'),
even if it is expected to describe CT excitation correctly, cannot even reproduce the
CT excitation band (see Figure 10.11). We have obtained an accurate description of
the CT excitation band with the LC-wPBE method using the optimal value of w (LC-
wPBE-opt). However, the excitation wavelength is blue shifted for all synthesized PSs
with respect to the experimental data. We have seen that the optimal value of the
attenuating parameter is not universal, but it lies in a short interval within a family of
photosensitizers. This means that a different functional is needed to simulate the UV-Vis
spectra for each molecule because small differences in the w value will affect the UV-Vis
absorption spectrum.
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Figure 10.11: Simulated UV-Vis absorption spectrum with LC-wPBE-opt, LC-wPBE and B3LYP
functionals, and the experimental spectrum of a copper photosensitizer (PSg). The spectra are plotted
using a standard deviation of 0.4eV. For LC-wPBE-opt functional, we have also plotted the orange
vertical lines corresponding to the different vertical excitations.

The UV-Vis absorption spectrum of PSg (Figure 10.11), is a clear example of the
previous discussions, where we can observe the shifts of the B3LYP and LC-wPBE-opt
functionals. These shifts may be due to several factors: (i) we have not taken into
account vibronic couplings, (ii) the shape of simulated spectra is the result of the sum-
mation of several Gaussian functions that represent different excitations, and (iii) in the
simulated spectra we have not included any explicit solvent molecule (only implicit sol-
vent was taken into account). Therefore, all the simulated spectra can not be compared
directly with the experimental ones, but they can be used as a first approximation. Direct
comparisons of theoretical data with experimental measurements remain challenging and
computationally expensive.

Although we were interested in the CT excitation because it is the one that is im-
portant in the absorption process of Dye-sensitized solar cells and other photochemical
processes, it is essential to describe the whole spectrum correctly. For this reason, B3LYP
is not an excellent functional, and it is better to use LC-wPBE-opt, which improves the
simulation significantly due to the optimization process of the attenuating parameter.

The cobalt complexes do not present a CT excitation, and for this reason, they
are not used as photosensitizers. Accordingly, they are used as catalysts in different
photocatalytic processes. %372 The fact that they do not have CT excitations makes
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the optimization of the attenuating parameter not highly relevant for these Co complexes
(see Chapter 9).

10.3.4 Redox potentials

Optimally tuned versions of range-separated functionals have already been applied
to large molecules to better describe one-electron properties such as fundamental gaps,
photoelectron spectrum, and the CT excitation energy.2°%373-37> However, in Chapter 9,
we have also applied the same w optimization process to investigate if it also improves
the reduction potentials of the photosensitizers and the set of cobalt catalysts.

Observing the calculated reduction potentials and comparing them with the exper-
imental data (see Table 10.4), we can see that, in general, the three functionals give
values close to the experimental ones, except the PSqg. For this reason, it seems that the

delocalization error does not significantly affect the calculation of this chemical property.

Table 10.4: Redox potentials (E2,,;, in V) calculated using B3LYP, LC-wPBE-opt, and CAM-B3LYP.
The experimental available data is also included. Maximum error (MAX), root mean square error
(RMSE), and mean absolute error (MAE) of each method are also given.

PS |[B3LYP LC-wPBE-opt CAM-B3LYP | E’,,. (V)
PSs | -1.63 -1.60 -1.69 -1.60
PSio | -1.51 -1.46 -1.50 -1.47
PSy; | -1.74 -1.74 -1.79 -1.66
PS;; | -1.36 -1.32 -1.38 -1.40
PS1s | -0.91 -0.94 -0.98 -1.01
PS1o | -1.78 -2.50 -2.14 -1.80
MAX | 0.10 0.70 0.34 0.00
MAE | 0.05 0.16 0.11 0.00
RMSE | 0.06 0.29 0.15 0.00

Despite the LC-wPBE-opt functional gave accurate results for most of the PSs, it is
not worthwhile using this functional if we only need to calculate the reduction poten-
tials. It seems that B3LYP is sufficiently accurate to calculate reduction potentials of
molecules with CT excitations. Additionally, we have seen similar trends in the reduction
potentials of the cobalt complexes (E?COH/COI))- However, the reduction potential of

the Co complexes present larger errors compared to the PSs reduction potential.
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Chapter 11
Conclusions

In this thesis, we have studied the aromaticity of (large) conjugated systems. We
have determined the best DFAs to investigate this chemical property. In addition, we
have also studied different protocols to characterize the UV-Vis absorption spectra and
redox potentials of two families of photosensitizers, and a family of cobalt catalysts.
These properties are, in principle, strongly affected by the choice of the functional ap-
proximation used to treat these systems.

The determination of the aromatic character of large conjugated systems is a chal-
lenging task. In this thesis, we focus on studying aromaticity using electronic indices.
Two of the most popular and reliable electronic indices, |,;,, and MCI, cannot be em-
ployed to treat large systems due to their high computational cost and numerical errors.
For this reason, we decided to use the recently developed electronic aromaticity index,
AV1245.

Firstly, we have tested AV1245 in a family of simple expanded porphyrins and a
set of annulenes, comparing its performance with other electronic, structural, or even
magnetic well-established indices. We have seen that AV1245 agrees with the other aro-
maticity descriptors on the general features of the studied compounds. However, we do
not intend to obtain the same results with all the indices since we know that we do not
measure the same manifestations of aromaticity using electronic, geometric, energetic,
or magnetic indices. In some cases, we have seen that the AV1245 index does not provide
all the information needed as it is an average descriptor and could hinder some crucial
values. Accordingly, the minimal value of the AV1245 index, AV,,;, , was suggested as
an alternative. In general, we have found that this index provides the expected aromatic
character of the molecule according to the aromaticity rules, other aromaticity indices,
or the experimental data. Moreover, it is essential to highlight that it is the only index

capable of recognizing the annulene pathway as the most aromatic one in neutral por-
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phyrinoid structures.'® Nevertheless, we have seen cases where it is difficult to assess
the aromatic character with only the values of this index. Specifically to differentiate
the antiaromatic molecules, as they present AV,,;, values between aromatic and nonaro-
matic systems. % In these cases, we have proposed to use the BOA values if the system
is small or the individual MCI(1,2,4,5) distribution plots along the studied path for larger

molecules. 3%3

Secondly, studying the annulene series (C,,H,,, where n is an even number between 4
and 18), we have seen how the Hiickel and Baird rules fade away with the ring size.'® As
the ring size increases, molecules start to present more torsions. These torsions do no
favor the optimal overlap of the p orbitals, thus breaking up the electron delocalization.

Accordingly, for large conjugated systems, the main aromaticity rules may no longer apply.

Thirdly, we have verified that the percentage of HF exchange included in density func-
tional approximations plays a crucial role in the description of the electronic structure as
well as the description of the aromatic character as already stated by other authors. !’
We have confirmed that functionals with a low percentage of exact exchange tend to
overestimate the electron delocalization. Additionally, comparing different DFAs, we
have seen that it is the long-range part of the exact exchange that has a dominant role
in assessing aromaticity. !® Functionals with a low percentage of exact exchange are more
prone to present failures when describing chemical properties like aromaticity 18:19:90:353
or CT excitations3"® due to the delocalization error, especially in large systems. The
delocalization error exaggerates the delocalization of the electrons, overestimating the
aromaticity and underestimating the charge-transfer excitation energies. Therefore, it is
crucial to choose an adequate computational functional with a higher percentage (above
50%) of exact exchange at large interelectronic distances first to optimize the structure
of (large) systems and then to compute the target chemical property.

Fourthly, we have examined the aromaticity character of four oxidation states of a
six-porphyrin nanoring. Two of them are nonaromatic according to experimental data
and B3LYP calculations,! and we have confirmed these results. However, we could not
draw the same conclusion for the other two species that were considered aromatic (+6-
oxidation state species) and antiaromatic (+4-oxidation state species) in the original
article.! We found that none of the studied species was aromatic, and we have provided
compelling evidence that the description of the +6 species suffers from severe delo-
calization errors that result in the overestimation of the aromaticity of this species. 33
We have seen that functionals with a low percentage of HF exchange at long-range

interelectronic distances provide a fully delocalized structure for the +6 species, point-
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ing that the system is aromatic. Functionals with a large percentage of HF exchange
at long-range regime, provide a less symmetric structure, indicating that the species is
slightly aromatic or nonaromatic. Moreover, CAM-B3LYP and M06-2X recognize the
symmetric structure as a transition state connecting two equivalent minimal structures

with complementary bond-order and bond-length alternation.

Finally, we analyzed which value of the attenuating parameter is needed to describe
the electronic structures and associated chemical properties accurately using a set of pho-
tosensitizers that present CT excitations and a family of cobalt catalysts.37® To describe
this type of excitations accurately, a range-separated functional is needed. We have op-
timized the attenuating parameter of a RSF (LC-wPBE) by minimizing the J* descriptor
of the ASCF method. We have seen that the optimal value of w is not universal for all
the studied molecules. However, it lies in a short interval within a family of complexes.
The simulation of a UV-Vis absorption spectrum, including the optimization of the w
parameter, is seven times more expensive than the simulation of the same spectrum with
the default value of w (with an w accuracy of 107*). Nevertheless, despite the compu-
tational cost, it is worth optimizing the w parameter because it considerably improves
the simulated spectrum. Then, we have verified that this optimally tuned RSF improves
the UV-Vis spectra of the studied photosensitizers. However, for the cobalt complexes,
the optimization of the w parameter is not as relevant as in the photosensitizers for
the simulation of UV-Vis spectra, as they do not present CT excitations. Moreover,
we have applied this optimally tuned RSF to calculate the reduction potentials of the
photosensitizers and the cobalt complexes. We have concluded that, in general, the
redox potentials of the photosensitizers are slightly improved using LC-wPBE with the
optimal value of w, and none of the functionals used give accurate reduction potentials

of the cobalt complexes family.

181






Bibliography

[1] M. D. Peeks, T. D. Claridge and H. L. Anderson, Nature, 2017, 541, 200-205.
[2] A. M. Turing, Mind, 1950, 59, 433-460.

[3] A. P. Saygin, I. Cicekli and V. Akman, Minds and machines, 2000, 10, 463-518.
[4] U. Becker and N. Allinger, Molecular Mechanics, 1982.

[5] T. E. o. E. Britannica, Electron, https://www.britannica.com/science/
electron, Accessed: 2021-05-20.

[6] A. R. Leach and A. R. Leach, Molecular modelling: principles and applications,
Pearson education, 2001.

[7] M. Born and R. Oppenheimer, Annalen der physik, 1927, 389, 457-484.
[8] M. Jaeger, L. Freitag and L. Gonzalez, Coord. Chem. Rev., 2015, 304, 146-165.

[9] W. Thiel, in Theory and applications of computational chemistry, Elsevier, 2005,
pp. 559-580.

[10] A. J. Cohen, P. Mori-Sanchez and W. Yang, Science, 2008, 321, 792-794.
[11] S. Grimme, S. Ehrlich and L. Goerigk, J. Comput. Chem., 2011, 32, 1456-1465.

[12] P. Jurecka, J. Cerny, P. Hobza and D. R. Salahub, J. Comput. Chem., 2007, 28,
555-569.

[13] S. Grimme, J. Antony, S. Ehrlich and H. Krieg, J. Chem. Phys., 2010, 132,
154104.

[14] P. Mori-Sanchez, A. J. Cohen and W. Yang, Many-electron self-interaction error
in approximate density functionals, 2006.

[15] J. Autschbach and M. Srebro, Acc. Chem. Res., 2014, 47, 2592-2602.

183



Bibliography

[16] F. Peccati, R. Laplaza and J. Contreras-Garcia, J. Phys. Chem. C, 2019, 123,
4767-4772.

[17] M. Torrent-Sucarrat, S. Navarro, F. P. Cossio, J. M. Anglada and J. M. Luis, J.
Comput. Chem., 2017, 38, 2819-2828.

[18] I. Casademont-Reig, T. Woller, J. Contreras-Garcia, M. Alonso, M. Torrent-
Sucarrat and E. Matito, Phys. Chem. Chem. Phys., 2018, 20, 2787-2796.

[19] I. Casademont-Reig, E. Ramos-Cordoba, M. Torrent-Sucarrat and E. Matito,
Molecules, 2020, 25, 711.

[20] A. Dreuw and M. Head-Gordon, J. Am. Chem. Soc., 2004, 126, 4007-4016.
[21] W. Hieringer and E. J. Baerends, J. Phys. Chem. A, 2006, 110, 1014-1021.
[22] J. Autschbach, ChemPhysChem, 2009, 10, 1757-1760.

[23] C. A. Ullrich and Z.-h. Yang, Braz. J. Phys., 2014, 44, 154-188.

[24] R. Zaleény, M. Medved’, S. P. Sitkiewicz, E. Matito and J. M. Luis, J. Chem.
Theory Comput., 2019, 15, 3570-3579.

[25] P. Besali-Sala, S. P. Sitkiewicz, P. Salvador, E. Matito and J. M. Luis, Phys.
Chem. Chem. Phys., 2020, 22, 11871-11880.

[26] Y. Tawada, T. Tsuneda, S. Yanagisawa, T. Yanai and K. Hirao, J. Chem. Phys.,
2004, 120, 8425—-8433.

[27] D. Harper, Online Etimology Dictionary, https://www.etymonline.com/word/
aroma, Accessed: 2020-09-10.

[28] C. B.-S. license, Etymolgeek, https://etymologeek.com, Accessed: 2020-11-
23.

[29] P. v. R. Schleyer, Chem. Rev., 2001, 101, 1115-1118.

[30] M. Faraday, Philosophical Transactions of the Royal Society of London, 1825,
440-466.

[31] M. Ruiza, T. Fernindez and E. Tamaro, Biografia de Michael Faraday.
En Biografias y Vidas. La enciclopedia biogrifica en lineas, https://www.
biografiasyvidas.com/biografia/f/faraday.htm, Accessed: 2020-11-24.

[32] A. Kekulé, Bull. Soc. Chim., 1865, 3, 98-110.

184



Bibliography

[33] Z. Chen, C. S. Wannere, C. Corminboeuf, R. Puchta and P. v. R. Schleyer, Chem.
Rev., 2005, 105, 3842-3888.

[34] F. Feixas Geronés, Ph.D. thesis, Univ. Girona, Girona, 2010.

[35] M. Palusiak, S. Simon and M. Sola, J. Org. Chem., 2006, 71, 5241-5248.
[36] M. Palusiak, S. Simon and M. Sola, J. Org. Chem., 2009, 74, 2059-2066.
[37] E. C. Crocker, J. Am. Chem. Soc., 1922, 44, 1618-1630.

[38] E. Matito, J. Poater, M. Duran and M. Sola, J. Mol. Struct. (Theochem), 2005,
727, 165-171.

[39] P. v. R. Schleyer, J. . Wu, F. P. Cossio and |. Fernandez, Chem. Soc. Rev., 2014,
43, 4909-4921.

[40] B. C. Streifel, J. L. Zafra, G. L. Espejo, C. J. Gébmez-Garcia, J. Casado and J. D.
Tovar, Angew. Chem. Int. Ed., 2015, 54, 5888-5893.

[41] K. Jorner, F. Feixas, R. Ayub, R. Lindh, M. Sola and H. Ottosson, Chem. Eur. J.,
2016, 22, 2793-2800.

[42] M. Ueda, K. Jorner, Y. M. Sung, T. Mori, Q. Xiao, D. Kim, H. Ottosson, T. Aida
and Y. Itoh, Nat. Chem., 2017, 8, 346—354.

[43] F. Feixas, J. Vandenbussche, P. Bultinck, E. Matito and M. Sola, Phys. Chem.
Chem. Phys., 2011, 13, 20690-20703.

[44] A. Osuka and S. Saito, Chem. Commun., 2011, 47, 4330-4339.
[45] F. Feixas, M. Sola and M. Swart, Can. J. Chem., 2009, 87, 1063-1073.

[46] E. Marcos, J. M. Anglada and M. Torrent-Sucarrat, J. Org. Chem., 2014, 79,
5036-5046.

[47] M. Alonso, B. Pinter, P. Geerlings and F. De Proft, Chem. Eur. J., 2015, 21,
17631-17638.

[48] C. Liu, M. E. Sandoval-Salinas, Y. Hong, T. Y. Gopalakrishna, H. Phan,
N. Aratani, T. S. Herng, J. Ding, H. Yamada, D. Kim et al., Chem, 2018, 4,
1586-1595.

[49] X. Li, A. E. Kuznetsov, H.-F. Zhang, A. |. Boldyrev and L.-S. Wang, Science,
2001, 291, 859-861.

185



Bibliography

[50] A. I. Boldyrev and L.-S. Wang, Chem. Rev., 2005, 105, 3716-3757.

[51] I. A. Popov, F.-X. Pan, X.-R. You, L.-J. Li, E. Matito, C. Liu, H.-J. Zhai, Z.-M.
Sun and A. |. Boldyrev, Angew. Chem. Int. Ed., 2016, 128, 15570-15572.

[52] F. Feixas, E. Matito, J. Poater and M. Sola, WIREs, Comput. Mol. Sci., 2013, 3,
105-122.

[53] X. Min, I. A. Popov, F.-X. Pan, L.-J. Li, E. Matito, Z.-M. Sun, L.-S. Wang and
A. I. Boldyrev, Angew. Chem. Int. Ed., 2016, 55, 5531-5535.

[54] M. Garcia-Borras, S. Osuna, M. Swart, J. M. Luis and M. Sola, Angew. Chem.
Int. Ed., 2013, 52, 9275-9278.

[55] Z. Chen, J. I. Wu, J. Corminboeuf, Clémence Bohmann, X. Lu, A. Hirsch and
P. v. R. Schleyer, Phys. Chem. Chem. Phys., 2012, 14, 14886-14891.

[56] M. D. Peeks, J. Q. Gong, K. McLoughlin, T. Kobatake, R. Haver, L. M. Herz and
H. L. Anderson, J. Phys. Chem. Lett., 2019, 10, 2017-2022.

[57] S. M. Kopp, H. Gotfredsen, J.-R. Deng, T. D. Claridge and H. L. Anderson, J.
Am. Chem. Soc., 2020, 142, 19393-19401.

[58] M. Rickhaus, M. Jirasek, L. Tejerina, H. Gotfredsen, M. D. Peeks, R. Haver, H.-W.
Jiang, T. D. Claridge and H. L. Anderson, Nat. Chem., 2020, 12, 236-241.

[59] M. Nencki and N. Sieber, Arch. ezp. Path. u. Pharmakol., 1884, 18, 401-422.
[60] H. Fischer and J. Klarer, Justus Liebigs Annalen der Chemie, 1926, 450, 181-201.
[61] M. Evans and E. Warhurst, Trans. Faraday Soc., 1938, 34, 614-624.

[62] J. Grunenberg, Int. J. Quantum Chem., 2017, 117, 25359.

[63] M. Goldstein and R. Hoffmann, J. Am. Chem. Soc., 1971, 93, 6193-6204.

[64] M. J. Goldstein, J. Am. Chem. Soc., 1967, 89, 6357-63509.

[65] W.-Y. Cha, T. Kim, A. Ghosh, Z. Zhang, X.-S. Ke, R. Ali, V. M. Lynch, J. Jung,
W. Kim, S. Lee et al., Nat. Chem., 2017, 9, 1243-1248.

[66] J. K. Sprafke, D. V. Kondratuk, M. Wykes, A. L. Thompson, M. Hoffmann,
R. Drevinskas, W.-H. Chen, C. K. Yong, J. Karnbratt, J. E. Bullock et al., J. Am.
Chem. Soc., 2011, 133, 17262-17273.

186



Bibliography

[67] P. Cui, H.-S. Hu, B. Zhao, J. T. Miller, P. Cheng and J. Li, Nat. Commun., 2015,
6, 1-5.

[68] M. Sola, Front. Chem., 2017, 5, 22.
[69] G. Frenking and A. Krapp, J. Comput. Chem., 2007, 28, 15-24.
[70] F. Sondheimer, Pure Appl. Chem., 1963, 7, 363-388.

[71] A. R. Katritzky, P. Barczynski, G. Musumarra, D. Pisano and M. Szafran, J. Am.
Chem. Soc., 1989, 111, 7-15.

[72] A. R. Katritzky, K. Jug and D. C. Oniciu, Chem. Rev., 2001, 101, 1421-1450.

[73] A.R. Katritzky, M. Karelson, T. M. Sild, S. and and K. Jug, J. Org. Chem., 1998,
63, 5228-5231.

[74] T. M. Krygowski and M. K. Cyranski, Chem. Rev., 2001, 101, 1385-1420.

[75] M. K. Cyranski, T. M. Krygowski, A. R. Katritzky and P. v. R. Schleyer, J. Org.
Chem., 2002, 67, 1333-1338.

[76] R. Hoffmann, Am. Sci., 2015, 103, 18-22.
[77] R. Islas, T. Heine and G. Merino, Acc. Chem. Res., 2011, 45, 215-228.

[78] J. I. Wu, in Applied Theoretical Organic Chemistry, ed. D. J. Tantillo, World
Scientific, London, 2018, pp. 273-288.

[79] R. H. Mitchell, Chem. Rev., 2001, 101, 1301-1316.

[80] J.-Y. Shin, K. S. Kim, M.-C. Yoon, J. M. Lim, Z. S. Yoon, A. Osuka and D. Kim,
Chem. Soc. Rev., 2010, 39, 2751-2767.

[81] M. K. Cyranski, Chem. Rev., 2005, 105, 3773-3811.
[82] R. Gershoni-Poranne and A. Stanger, Chem. Soc. Rev., 2015, 44, 6597-6615.

[83] T. M. Krygowski, H. Szatylowicz, O. A. Stasyuk, J. Dominikowska and M. Palu-
siak, Chem. Rev., 2014, 114, 6383-6422.

[84] J. Poater, M. Duran, M. Sola and B. Silvi, Chem. Rev., 2005, 105, 3911-3947.

[85] F. Feixas, E. Matito, J. Poater and M. Sola, Chem. Soc. Rev., 2015, 44, 6389-
6646.

[86] E. Matito, Phys. Chem. Chem. Phys., 2016, 18, 11839-11846.

187



Bibliography

[87]

[83]

[89]

[90]

[91]

[92]

[93]

[94]
[95]
[96]
[97]
[98]

[99]

[100]
[101]
[102]

[103]

[104]

C. Garcia-Fernandez, E. Sierda, M. Abadia, B. E. C. Bugenhagen, M. H. Prosenc,
R. Wiesendanger, M. Bazarnik, J. E. Ortega, J. Brede, E. Matito and A. Arnau,
J. Phys. Chem. C, 2017, 121, 27118-27125.

F. Feixas, E. Matito, J. Poater and M. Sola, J. Phys. Chem. A, 2007, 111, 4513-
4521.

M. Sola i Puig, F. Feixas Gerones, J. 0. C. Jiménez Halla, E. Matito i Gras and
J. Poater i Teixidor, Symmetry, 2010, 2, 1156-1179.

|. Casademont-Reig, E. Ramos-Cordoba, M. Torrent-Sucarrat and E. Matito, in
Aromaticity. Modern computational methods and applications, ed. |. Fernandez,
Elsevier, Amsterdam, 2021, pp. 235-258.

F. Feixas, J. Jiménez-Halla, E. Matito, J. Poater and M. Sola, J. Chem. Theory
Comput., 2010, 6, 1118-1130.

F. Feixas, E. Matito, J. Poater and M. Sola, J. Comput. Chem., 2008, 29, 1543-
1554.

L. J. Karas and J. |I. Wu, in Aromaticity. Modern computational methods and

applications, ed. |. Fernandez, Elsevier, Amsterdam, 2021, pp. 319-337.

K. Wade, J. Chem. Soc. Chem. Commun., 1971, 792-793.

D. M. Mingos, Acc. Chem. Res., 1984, 17, 311-3109.

A. Hirsch, Z. Chen and H. Jiao, Angew. Chem. Int. Ed., 2000, 39, 3915-3917.
J. Poater and M. Sola, Chem. Commun., 2011, 47, 11647-11649.

M. Sola, WIREs, Comput. Mol. Sci., 2019, 9, e1404.

F. Feixas, E. Matito, J. Poater and M. Sola, in Applications of topological methods
in molecular chemistry, Springer, 2016, pp. 321-335.

E. Hiickel, Z. Physik, 1931, 70, 104-186.
E. Hiickel, Z. Physik, 1931, 72, 310-337.
R. Breslow, Acc. Chem. Res., 1973, 6, 393-398.

F. Feixas, E. Matito, M. Sola and J. Poater, J. Phys. Chem. A, 2008, 112, 13231-
13238.

E. Heilbronner, Tetrahedron Lett., 1964, 5, 1923-1928.

188



Bibliography

[105] W. C. McKee, |. Wu, Judy, H. S. Rzepa and P. v. R. Schleyer, Org. Lett., 2013,

[106]
[107]
[108]
[109]
[110]
[111]
[112]
[113]
[114]
[115]
[116]
[117]
[118]

[119]

[120]

[121]

[122]

[123]
[124]

[125]

15, 3432-3435.

N. C. Baird and R. M. West, J. Am. Chem. Soc., 1971, 93, 4427-4432.

N. C. Baird, J. Am. Chem. Soc., 1972, 94, 4941-4948.

H. Ottosson, Nat. Chem., 2012, 4, 969-971.

P. B. Karadakov, J. Phys. Chem. A, 2008, 112, 7303-73009.

P. B. Karadakov, J. Phys. Chem. A, 2008, 112, 12707-12713.

E. Clar, The aromatic sextet, Wiley-Interscience, 1972.

M. Sola, Front. Chem., 2013, 1, 1-8.

A. Hirsch, Z. Chen and H. Jiao, Angew. Chem. Int. Ed., 2001, 113, 2916-2920.
J. Poater and M. Sola, Chem. Commun., 2019, 55, 5559-5562.

E. Hiickel, Z. Physik, 1932, 76, 628-648.

E. Huckel, Z. Elektrochemie, 1937, 43, 752-788, 827-849.

E. Matito, F. Feixas and M. Sola, J. Mol. Struct. (Theochem), 2007, 811, 3-11.
S. Saito and A. Osuka, Angew. Chem. Int. Ed., 2011, 50, 4342-4373.

K. Kadish, K. M. Smith and R. Guilard, The Porphyrin Handbook, Volume 3,
Elsevier, 2000, vol. 3.

M. Stepien, N. Sprutta and L. Latos-Grazynski, Angew. Chem. Int. Ed., 2011, 50,
4288-4340.

C. Liu, D.-M. Shen and Q.-Y. Chen, J. Am. Chem. Soc., 2007, 129, 5814-5815.

H. Fliegl, R. Valiev, F. Pichierri and D. Sundholm, Theoretical studies as a tool for
understanding the aromatic character of porphyrinoid compounds, Royal Society
of Chemistry, London, 2018.

T. Tanaka and A. Osuka, Chem. Rev., 2017, 117, 2584-2640.
J. L. Sessler and D. Seidel, Angew. Chem. Int. Ed., 2003, 115, 5292-5333.

J. L. Sessler and D. Seidel, Angew. Chem. Int. Ed., 2003, 42, 5134-5175.

189



Bibliography

[126]

[127]
[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]
[137]
[138]

[139]

[140]
[141]

[142]

V. J. Bauer, D. L. Clive, D. Dolphin, J. B. Paine Ill, F. L. Harris, M. M. King,
J. Loder, S. W. C. Wang and R. B. Woodward, J. Am. Chem. Soc., 1983, 105,
6429-6436.

P. C. Ford, Acc. Chem. Res., 2008, 41, 190-200.
J. L. Sessler, S. Camiolo and P. A. Gale, Coord. Chem. Rev., 2003, 240, 17-55.

R. Misra, R. Kumar, T. K. Chandrashekar, C. Suresh, A. Nag and D. Goswami,
J. Am. Chem. Soc., 2006, 128, 16083-16091.

L. Schmidt-Mende, W. M. Campbell, Q. Wang, K. W. Jolley, D. L. Officer, M. K.
Nazeeruddin and M. Gratzel, ChemPhysChem, 2005, 6, 1253—-1258.

J. Seenisamy, S. Bashyam, V. Gokhale, H. Vankayalapati, D. Sun, A. Siddiqui-
Jain, N. Streiner, K. Shin-Ya, E. White, W. D. Wilson et al., J. Am. Chem. Soc.,
2005, 127, 2944-2959.

B. Franck and A. Nonn, Angew. Chem. Int. Ed., 1995, 34, 1795-1811.

R. Charriere, T. Jenny, H. Rexhausen and A. Gossauer, Heterocycles (Sendai),
1993, 36, 1561-1575.

J. L. Sessler, S. J. Weghorn, Y. Hiseada and V. Lynch, Chem. Eur. J., 1995, 1,
56-67.

Y. M. Sung, J. Oh, W.-Y. Cha, W. Kim, J. M. Lim, M.-C. Yoon and D. Kim,
Chem. Rev., 2017, 117, 2257-2312.

R. Herges, Chem. Rev., 2006, 106, 4820-4842.
A. A. Frost and B. Musulin, J. Chem. Phys., 1953, 21, 572-573.
H. E. Zimmerman, J. Am. Chem. Soc., 1966, 88, 1564-1565.

M. Stepien and L. Latos-Grazynski, Aromaticity in Heterocyclic Compounds, 2009,
83-153.

E. Vogel, Pure Appl. Chem., 1993, 65, 143-152.
E. Vogel, Angew. Chem. Int. Ed., 2011, 50, 4278-4287.

J.-i. Aihara, Y. Nakagami, R. Sekine and M. Makino, J. Phys. Chem. A, 2012,
116, 11718-11730.

190



Bibliography

[143] M. K. Cyrafiski, T. M. Krygowski, M. Wisiorowski, N. J. van Eikema Hommes and
P. v. R. Schleyer, Angew. Chem. Int. Ed., 1998, 37, 177-180.

[144] J.-i. Aihara, E. Kimura and T. M. Krygowski, Bull. Chem. Soc. Jpn., 2008, 81,
826—835.

[145] H. Fliegl, D. Sundholm, S. Taubert and F. Pichierri, J. Phys. Chem. A, 2010, 114,
7153-7161.

[146] J. I. Wu, |. Fernandez and P. v. R. Schleyer, J. Am. Chem. Soc., 2013, 135,
315-321.

[147] P. Parkinson, D. V. Kondratuk, C. Menelaou, J. Q. Gong, H. L. Anderson and
L. M. Herz, J. Phys. Chem. Lett., 2014, 5, 4356-4361.

[148] C. Maeda, S. Toyama, N. Okada, K. Takaishi, S. Kang, D. Kim and T. Ema, J.
Am. Chem. Soc., 2020, 142, 15661-15666.

[149] M. D. Peeks, M. Jirasek, T. D. Claridge and H. L. Anderson, Angew. Chem. Int.
Ed., 2019, 58, 15717-15720.

[150] M. Rickhaus, A. Vargas Jentzsch, L. Tejerina, I. Griibner, M. Jirasek, T. D. Clar-
idge and H. L. Anderson, J. Am. Chem. Soc., 2017, 139, 16502-16505.

[151] M. Jirasek, M. Rickhaus, L. Tejerina and H. L. Anderson, J. Am. Chem. Soc.,
2021, 143, 2403-2412.

[152] J. Gong, K. Sumathy, Q. Qiao and Z. Zhou, Renewable and Sustainable Energy
Reviews, 2017, 68, 234-246.

[153] O. S. Wenger, J. Am. Chem. Soc., 2018, 140, 13522-13533.
[154] O. S. Wenger, Nat. Chem., 2020, 12, 323-324.

[155] N. Kandoth, J. P. Hernandez, E. Palomares and J. Lloret-Fillol, Sustainable Energy
& Fuels, 2021, 5, 638-665.

[156] A. Call, F. Franco, N. Kandoth, S. Fernandez, M. Gonzélez-Béjar, J. Pérez-Prieto,
J. M. Luis and J. Lloret-Fillol, Chem. Sci., 2018, 9, 2609-2619.

[157] K. Maeda and K. Domen, J. Phys. Chem. Lett., 2010, 1, 2655-2661.
[158] W. Riittinger and G. C. Dismukes, Chem. Rev., 1997, 97, 1-24.

[159] K. E. Dalle, J. Warnan, J. J. Leung, B. Reuillard, I. S. Karmel and E. Reisner,
Chem. Rev., 2019, 119, 2752-2875.

191



Bibliography

[160]

[161]

[162]

[163]

[164]

[165]
[166]

[167]

[168]

[169]

[170]

[171]

[172]
[173]
[174]
[175]

[176]

H. Uoyama, K. Goushi, K. Shizu, H. Nomura and C. Adachi, Nature, 2012, 492,
234-238.

P. Xiao, F. Dumur, J. Zhang, J. P. Fouassier, D. Gigmes and J. Lalevée, Macro-
molecules, 2014, 47, 3837-3844.

C. Bizzarri, C. Strabler, J. Prock, B. Trettenbrein, M. Ruggenthaler, C.-H. Yang,
F. Polo, A. lordache, P. Briiggeller and L. D. Cola, Inorg. Chem., 2014, 53,
10944-10951.

G. C. Dos Santos, E. F. Oliveira, F. C. Lavarda and L. C. da Silva-Filho, J. Mol
Model, 2019, 25, 1-13.

N. A. Ludin, A. A.-A. Mahmoud, A. B. Mohamad, A. A. H. Kadhum, K. Sopian
and N. S. A. Karim, Renew. Sustain. Energy Rev., 2014, 31, 386-396.

M. Jacoby, Chem. Eng. News, 2016, 94, 30-35.
B. O'regan and M. Gratzel, Nature, 1991, 353, 737-740.

M. Kimura, H. Nomoto, H. Suzuki, T. lkeuchi, H. Matsuzaki, T. N. Murakami,
A. Furube, N. Masaki, M. J. Griffith and S. Mori, Chem. Eur. J., 2013, 19, 7496—
502.

H. Tributsch, Photochem. Photobiol., 1972, 16, 261-2609.

L. Han, A. Islam, H. Chen, C. Malapaka, B. Chiranjeevi, S. Zhang, X. Yang and
M. Yanagida, Energy Environ. Sci., 2012, 5, 6057-6060.

A. Blakers, N. Zin, K. R. McIntosh and K. Fong, Energy Procedia, 2013, 33,
1-10.

P. Ushasree and B. Bora, in Solar Energy Capture Materials, ed. E. A. Gibson,
Royal Society of Chemistry, UK, 2019, pp. 1-55.

H. J. Snaith, Adv. Funct. Mat, 2010, 20, 13-19.

Y. H. Hu and W. Wei, Comprehensive Energy Systems, 2018, 2, 150-181.
A. Abbotto and N. Manfredi, Dalton Trans., 2011, 40, 12421-12438.

M. S. Lowry and S. Bernhard, Chem. Eur. J., 2006, 12, 7970-7977.

S. Ladouceur, D. Fortin and E. Zysman-Colman, Inorg. Chem., 2010, 49, 5625-
5641.

192



Bibliography

[177]
[178]

[179]

[180]
[181]

[182]

[183)]

[184]

[185]
[186]

[187]

[188]

[189]

[190]
[101]

[192]

[193]

[194]

E. Mejia, S.-P. Luo, M. Karnahl, A. Friedrich, S. Tschierlei, A.-E. Surkus, H. Junge,
S. Gladiali, S. Lochbrunner and M. Beller, Chem. Eur. J., 2013, 19, 15972-15978.

F. Glaser and O. S. Wenger, Coord. Chem. Rev., 2020, 405, 213129.

S.-P. Luo, E. Mejia, A. Friedrich, A. Pazidis, H. Junge, A.-E. Surkus, R. Jackstell,
S. Denurra, S. Gladiali, S. Lochbrunner et al., Angewandte Chemie, 2013, 125,
437-441.

A. Hossain, A. Bhattacharyya and O. Reiser, Science, 2019, 364, 1-11.
R. Baer, E. Livshits and U. Salzner, Ann. Rev. Phys. Chem., 2010, 61, 85-109.

K. Garrett, X. Sosa Vazquez, S. B. Egri, J. Wilmer, L. E. Johnson, B. H. Robinson
and C. M. Isborn, J. Chem. Theory Comput., 2014, 10, 3821-3831.

R. A. Friesner, Proc. Natl. Acad. Sci. U.S.A, 2005, 102, 6648—6653.

J. E. Huheey, E. A. Keiter, R. L. Keiter and O. K. Medhi, Inorganic chemistry:

principles of structure and reactivity, Pearson Education India, 2006.
J. C. Slater, Phys. Rev., 1930, 36, 57-64.
E. R. Davidson and D. Feller, Chem. Rev., 1986, 86, 681-696.

F. Jensen, Wiley Interdisciplinary Reviews: Computational Molecular Science,
2013, 3, 273-295.

R. Krishnan, J. S. Binkley, R. Seeger and J. A. Pople, J. Chem. Phys., 1980, 72,
650—-654.

T. Clark, J. Chandrasekhar, G. W. Spitznagel and P. v. R. Schleyer, J. Comput.
Chem., 1983, 4, 294-301.

J. A. Pople, Quantum Chemical Models, Nobel Lecture, 1998.
T. H. Dunning Jr., J. Chem. Phys., 1989, 90, 1007-1023.

A. Szabo and N. S. Ostlund, Modern quantum chemistry: introduction to ad-

vanced electronic structure theory, Courier Corporation, 2012.

H. Cox and A. L. Baskerville, in Advances in Quantum Chemistry, ed. J. R. Sabin
and E. J. Brandas, Academic Press, 2018, vol. 77 of Advances in Quantum Chem-
istry, pp. 201-240.

E. Wigner and F. Seitz, Phys. Rev., 1933, 43, 804-810.

193



Bibliography

[195] E. Wigner and F. Seitz, Phys. Rev., 1934, 46, 509-524.
[196] J. Slater, Rev. Mod. Phys., 1953, 25, 199-210.
[197] P.-O. Léwdin, Adv. Chem. Phys., 1959, 2, 207-322.

[198] C. J. Cramer, Essentials of computational chemistry: theories and models, John
Wiley & Sons, 2013.

[199] D. Pines, in Solid State Phy., Elsevier, 1955, vol. 1, pp. 367-450.

[200] S. Wilson, Electron correlation in molecules, Dover, New York, 2007.
[201] W. Kutzelnigg, G. Del Re and G. Berthier, Phys. Rev., 1968, 172, 49-59.
[202] J. E. Lennard-Jones, J. Chem. Phys., 1952, 20, 1024-1029.

[203] M. Buijse and E. Baerends, Density Functional Theory of Molecules, Clusters, and
Solids, Springer Science & Business Media, 1995, vol. 12.

[204] M. Via-Nadal, Ph.D. thesis, Universidad del Pais Vasco / Euskal Herriko Unibert-
sitatea, Donostia, 2020.

[205] O. Sinanoglu, Adv. Chem. Phys., 1964, 6, 315-412.

[206] E. Ramos-Cordoba, P. Salvador and E. Matito, Phys. Chem. Chem. Phys., 2016,
18, 24015-24023.

[207] E. Ramos-Cordoba and E. Matito, J. Chem. Theory Comput., 2017, 13, 2705-
2711.

[208] M. Via-Nadal, M. Rodriguez-Mayorga, E. Ramos-Cordoba and E. Matito, J. Phys.
Chem. Lett., 2019, 10, 4032-4037.

[209] G. C. Lie and E. Clementi, J. Chem. Phys., 1974, 60, 1275-1287.

[210] T. Helgaker, P. Jorgensen and J. Olsen, Molecular Electronic Structure Theory,
Wiley, Chichester, 2000.

[211] C. Mgller and M. S. Plesset, Phys. Rev., 1934, 46, 618-622.
[212] R. J. Bartlett and G. D. Purvis, Int. J. Quantum Chem., 1978, 14, 561-581.
[213] B. O. Roos, Adv. Chem. Phys., 1987, 69, 399-445.

[214] H. G. Kimmel, Int. J. Mod. Phys. B, 2003, 17, 5311-5325.

194



Bibliography

[215] J. Cigek, J. Chem. Phys., 1966, 45, 4256-4266.

[216] J. A. Pople, M. Head-Gordon, D. J. Fox, K. Raghavachari and L. A. Curtiss, J.
Chem. Phys., 1989, 90, 5622-5629.

[217] G. D. Purvis lll and R. J. Bartlett, J. Chem. Phys., 1982, 76, 1910-1918.
[218] F. Jensen, Introduction to computational chemistry, John wiley & sons, 2017.
[219] T. J. Lee and P. R. Taylor, Int. J. Quantum Chem., 1989, 23, 199-207.

[220] M. L. Leininger, I. M. Nielsen, T. D. Crawford and C. L. Janssen, Chem. Phys.
Lett., 2000, 328, 431-436.

[221] I. M. B. Nielsen and C. L. Janssen, Chem. Phys. Lett., 1999, 310, 568-576.
[222] F. Neese, F. Wennmohs and A. Hansen, J. Chem. Phys., 2009, 130, 114108.
[223] C. Riplinger and F. Neese, J. Chem. Phys., 2013, 138, 034106.

[224] C. Riplinger, B. Sandhoefer, A. Hansen and F. Neese, J. Chem. Phys., 2013, 139,
134101.

[225] C. Riplinger, P. Pinski, U. Becker, E. F. Valeev and F. Neese, J. Chem. Phys.,
2016, 144, 024109.

[226] F. Neese, A. Hansen and D. G. Liakos, J. Chem. Phys., 2009, 131, 064103.
[227] D. J. Thouless, Nuclear Physics, 1960, 21, 225-232.

[228] M. Saitow, U. Becker, C. Riplinger, E. F. Valeev and F. Neese, J. Chem. Phys.,
2017, 146, 164105.

[229] R. G. Parr and W. Yang, Density-Functional Theory of Atoms and Molecules,
Oxford University Press, 1989.

[230] M. E. Casida and M. Huix-Rotllant, Ann. Rev. Phys. Chem., 2012, 63, 287-323.
[231] M.-C. Kim, E. Sim and K. Burke, Phys. Rev. Lett., 2013, 111, 073003.

[232] L. H. Thomas, Mathematical Proceedings of the Cambridge Philosophical Society,
1927, pp. 542-548.

[233] E. Fermi, Rend. Accad. Naz. Lincei, 1927, 6, 5.

[234] A. Dreuw and M. Head-Gordon, Chem. Rev., 2005, 105, 4009-4037.

195



Bibliography

[235]
[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]
[250]

[251]

W. Kohn and L. J. Sham, Phys. Rev., 1965, 140, A1133-A1138.
J. P. Perdew and K. Schmidt, AIP Conference Proceedings, 2001, pp. 1-20.

J. P. Perdew, A. Ruzsinszky, J. Tao, V. N. Staroverov, G. E. Scuseria and G. I.
Csonka, J. Chem. Phys., 2005, 123, 062201.

X. Zheng, M. Liu, E. R. Johnson, J. Contreras-Garcia and W. Yang, J. Chem.
Phys., 2012, 137, 214106.

B. Champagne, E. A. Perpéete, S. J. Van Gisbergen, E.-J. Baerends, J. G. Snijders,
C. Soubra-Ghaoui, K. A. Robins and B. Kirtman, J. Chem. Phys., 1998, 109,
10489-10498.

C.-O. Almbladh and U. von Barth, Phys. Rev. B, 1985, 31, 3231-3244.
F. Della Sala and A. Gorling, Phys. Rev. Lett., 2002, 89, 033003.

T. Woller, J. Contreras-Garcia, P. Geerlings, F. De Proft and M. Alonso, Phys.
Chem. Chem. Phys., 2016, 18, 11885-11900.

E. Marcos, J. M. Anglada and M. Torrent-Sucarrat, J. Phys. Chem. C, 2012, 116,
24358-24366.

M. Alonso, P. Geerlings and F. De Proft, Chem. Eur. J., 2013, 19, 1617-1628.

C.S. Wannere, K. W. Sattelmeyer, H. F. Schaefer Il and P. v. R. Schleyer, Angew.
Chem. Int. Ed., 2004, 43, 4200-4206.

D. W. Szczepanik, M. Sola, M. Andrzejak, B. Pawetek, J. Dominikowska,
M. Kukutka, K. Dyduch, T. M. Krygowski and H. Szatylowicz, J. Comput. Chem.,
2017, 38, 1640-1654.

T. Leininger, H. Stoll, H.-J. Werner and A. Savin, Chem. Phys. Lett., 1997, 275,
151-160.

H. likura, T. Tsuneda, T. Yanai and K. Hirao, J. Chem. Phys., 2001, 115, 3540-
3544.

O. A. Vydrov and G. E. Scuseria, J. Chem. Phys., 2006, 125, 2341009.
T. Yanai, D. P. Tew and N. C. Handy, Chem. Phys. Lett., 2004, 393, 51-57.

J.-D. Chai and M. Head-Gordon, J. Chem. Phys., 2008, 128, 084106.

196



Bibliography

[252] J.-W. Song, T. Hirosawa, T. Tsuneda and K. Hirao, J. Chem. Phys., 2007, 126,
154105.

[253] O. S. Bokareva, G. Grell, S. I. Bokarev and O. Kiihn, J. Chem. Theory Comput.,
2015, 11, 1700-1709.

[254] K. Hirao, B. Chan, J.-W. Song and H.-S. Bae, J. Phys. Chem. A, 2020, 124,
8079-8087.

[255] K. Hirao, T. Nakajima, B. Chan, J.-W. Song and H.-S. Bae, J. Phys. Chem. A,
2020, 124, 10482-10494.

[256] Y. Mei, C. Li, N. Q. Su and W. Yang, J. Phys. Chem. A, 2018, 123, 666-673.
[257] R. L. A. Haiduke and R. J. Bartlett, J. Chem. Phys., 2018, 149, 131101.
[258] E. Livshits and R. Baer, Phys. Chem. Chem. Phys., 2007, 9, 2932-2941.

[259] T. Stein, L. Kronik and R. Baer, J. Am. Chem. Soc., 2009, 131, 2818-2820.
[260] T. Stein, L. Kronik and R. Baer, J. Chem. Phys., 2009, 131, 244119.

[261] K. Hirao, H.-S. Bae, J.-W. Song and B. Chan, J. Phys. Chem. A, 2021, 125,
3489-3502.

[262] V. U. Nazarov, arXiv preprint arXiv:2104.07882, 2021.
[263] A. Karolewski, L. Kronik and S. Kimmel, J. Chem. Phys., 2013, 138, 204115.

[264] L. Kronik, T. Stein, S. Refaely-Abramson and R. Baer, J. Chem. Theory Comput.,
2012, 8, 1515-1531.

[265] J. Kiefer, Proc. Amer. Math. Soc., 1953, 4, 502-506.

[266] N. T. Maitra, J. Chem. Phys., 2016, 144, 220901.

[267] C. Adamo and D. Jacquemin, Chem. Soc. Rev., 2013, 42, 845-856.
[268] M. Ruggenthaler and R. van Leeuwen, EPL, 2011, 95, 13001.

[269] E. Runge and E. K. Gross, Phys. Rev. Lett., 1984, 52, 997-1000.
[270] R. van Leeuwen, Phys. Rev. Lett., 1999, 82, 3863—-3866.

[271] M. E. Casida, in Recent Advances In Density Functional Methods: (Part 1), World
Scientific, 1995, pp. 155-192.

197



Bibliography

[272] C. A. Ullrich, Time-dependent density-functional theory: concepts and applica-
tions, OUP Oxford, 2011.

[273] N. T. Maitra, F. Zhang, R. J. Cave and K. Burke, J. Chem. Phys., 2004, 120,
5932-5937.

[274] M. E. Casida, F. Gutierrez, J. Guan, F.-X. Gadea, D. Salahub and J.-P. Daudey,
J. Chem. Phys., 2000, 113, 7062-7071.

[275] M. J. Peach, M. J. Williamson and D. J. Tozer, J. Chem. Theory Comput., 2011,
7, 3578-3585.

[276] K. Yabana and G. Bertsch, Int. J. Quantum Chem., 1999, 75, 55-66.

[277] B. G. Levine, C. Ko, J. Quenneville and T. J. Martinez, Mol. Phys., 2006, 104,
1039-1051.

[278] S. Hirata and M. Head-Gordon, Chem. Phys. Lett., 1999, 314, 291-299.
[279] M. Born, Eur. Phys. J. A, 1926, 38, 803-827.

[280] J. Von Neumann, Nachrichten von der Gesellschaft der Wissenschaften zu Géttin-
gen, Mathematisch-Physikalische Klasse, 1927, 1927, 245-272.

[281] P. A. Dirac, Mathematical proceedings of the Cambridge philosophical society,
1930, pp. 376-385.

[282] P.-O. Léwdin, Phys. Rev., 1955, 97, 1474-1489.

[283] E. Davidson, Reduced density matrices in quantum chemistry, Elsevier, 2012,
vol. 6.

[284] R. S. Mulliken, J. Chem. Phys., 1955, 23, 1833-1840.
[285] C. Gatti, Zeit. Kristallogr., 2005, 220, 399-457.

[286] C. Fonseca Guerra, J.-W. Handgraaf, E. J. Baerends and F. M. Bickelhaupt, J.
Comput. Chem., 2004, 25, 189-210.

[287] F. L. Hirshfeld, Theor. Chim. Acta (Ber/in), 1977, 44, 129-138.
[288] |. Mayer and P. Salvador, Chem. Phys. Lett., 2004, 383, 368-375.

[289] L. Guillaumes, P. Salvador and S. Simon, J. Phys. Chem. A, 2014, 118, 1142-
1149.

198



Bibliography

[290] A. D. Becke, J. Chem. Phys., 1988, 88, 2547-2553.

[291] E. Matito, M. Sola, P. Salvador and M. Duran, Faraday Discuss., 2007, 135,
325-345.

[292] E. Francisco, A. Martin Pendas and M. A. Blanco, J. Chem. Theory Comput.,
2006, 2, 90-102.

[293] P. Salvador and E. Ramos-Cordoba, J. Chem. Phys., 2013, 139, 071103.

[294] W. Heyndrickx, P. Salvador, P. Bultinck, M. Sola and E. Matito, J. Comput.
Chem., 2011, 32, 386-395.

[295] E. Ramos-Cordoba, V. Postils and P. Salvador, J. Chem. Theory Comput., 2015,
11, 1501-1508.

[296] V. Postils, C. Delgado-Alonso, J. M. Luis and P. Salvador, Angew. Chem. Int. Ed.,
2018, 130, 10685-10689.

[297] I. Mayer, J. Phys. Chem., 1996, 100, 6249-6257.

[298] I|. Baké, A. Stirling, A. Seitsonen and |. Mayer, Chem. Phys. Lett., 2013, 563,
97-101.

[299] R. F. W. Bader, Atoms in Molecules: A Quantum Theory, Oxford University Press,
Oxford, 1990.

[300] M. Leboeuf, A. M. Késter, K. Jug and D. R. Salahub, J. Chem. Phys., 1999, 111,
4893-4905.

[301] T. A. Keith, AIMAII (Version 14.11.23), 2014, TK Gristmill Software, Overland
Park KS, USA (aim.tkgristmill.com).

[302] F. Biegler-Konig, J. Schonbohm and D. Bayles, Software news and updates-
AIM2000-A program to analyze and visualize atoms in molecules, 2001.

[303] F. Biegler-Kénig and J. Schénbohm, J. Comput. Chem., 2002, 23, 1489-1494.

[304] P. Salvador and E. Ramos-Cordoba, APOST-3D program, 2012, Universitat de
Girona (Spain).

[305] E. Matito, ESI-3D: Electron Sharing Indices Program for 3D Molecular Space
Partitioning, 2015, Institute of Computational Chemistry and Catalysis, University
of Girona, Catalonia, Spain.

199



Bibliography

[306] C. A. Coulson, Proc. R. Soc. London Ser. A, 1938, 164, 383-396.
[307] C. A. Coulson, Proc. R. Soc. London Ser. A, 1939, 169, 413-428.
[308] R. L. Fulton and S. T. Mixon, J. Phys. Chem., 1993, 97, 7530-7534.
[309] K. Ruedenberg, Rev. Mod. Phys., 1962, 34, 326-376.

[310] I. Mayer, Int. J. Quantum Chem., 1983, 23, 341-363.

[311] X. Fradera, M. A. Austen and R. F. W. Bader, J. Phys. Chem. A, 1999, 103,
304-314.

[312] X. Fradera, J. Poater, S. Simon, M. Duran and M. Sola, Theor. Chem. Acc., 2002,
108, 214-224.

[313] J. Poater, X. Fradera, M. Sola, M. Duran and S. Simon, Chem. Phys. Lett., 2003,
369, 248-255.

[314] J. Poater, X. Fradera, M. Duran and M. Sola, Chem. Eur. J., 2003, 9, 400-406.
[315] E. Matito, M. Duran and M. Sola, J. Chem. Phys., 2005, 122, 0141009.

[316] E. Matito, M. Duran and M. Sola, J. Chem. Phys., 2006, 125, 059901.

[317] I. Mayer, Chem. Phys. Lett., 1983, 97, 270-274.

[318] J. G. Angyan, M. Loos and |. Mayer, J. Phys. Chem., 1994, 98, 5244-5248.
[319] A. M. K. Miiller, Phys. Lett., 1984, 105A, 446-452.

[320] I. Ruiz, E. Matito, F. J. Holguin-Gallego, E. Francisco, A. M. Pendas and T. Rocha-
Rinza, Theor. Chem. Acc., 2016, 135, 2009.

[321] G. N. Lewis, J. Am. Chem. Soc., 1916, 38, 762-786.

[322] M. Giambiagi, M. S. de Giambiagi and K. C. Mundim, Struct. Chem., 1990, 1,
423-427.

[323] A. B. Sannigrahi and T. Kar, Chem. Phys. Lett., 1990, 173, 569-572.
[324] T. Kar and E. Sanchez Marcos, Chem. Phys. Lett., 1992, 192, 14-20.
[325] R. Ponec and |. Mayer, J. Phys. Chem. A, 1997, 101, 1738-1741.

[326] K. C. Mundim, M. Giambiagi and M. S. de Giambiagi, J. Phys. Chem., 1994, 98,
6118-6119.

200



Bibliography

327]

[328]

[329]

330]

331]

332]

333]

[334]

[335]

[336]
337]

338

[339]
[340]
[341]
[342]

[343]

[344]

[345]

A. B. Sannigrahi and T. Kar, Chem. Phys. Lett., 1999, 299, 518-526.

M. S. de Giambiagi, M. Giambiagi and M. S. Fortes, J. Mol. Struct. (Theochem),
1997, 391, 141-150.

M. Giambiagi, M. S. de Giambiagi, C. D. dos Santos Silva and A. P. de Figuereido,
Phys. Chem. Chem. Phys., 2000, 2, 3381-3392.

P. Bultinck, R. Ponec and S. Van Damme, J. Phys. Org. Chem., 2005, 18, 706—
718.

J. Cioslowski, E. Matito and M. Sola, J. Phys. Chem. A, 2007, 111, 6521-6525.

F. Feixas, E. Matito, J. Poater and M. Sola, J. Phys. Chem. A, 2011, 115, 13104-
13113.

E. Matito, New tools for chemical bonding analysis, 2020, Notes of MACMoM
master, Universitat de Girona.

F. Feixas, E. Matito, J. Poater, F. Maseras and M. Sola, unpublished.

E. Francisco, A. Martin Pendas and M. A. Blanco, J. Chem. Phys., 2007, 126,
094102.

M. Torrent-Sucarrat, J. M. Luis and M. Sola, Chem. Eur. J., 2005, 11, 6024-6031.
M. Alonso and B. Herradon, J. Comput. Chem., 2010, 31, 917-928.

L. Zhao, R. Grande-Aztatzi, C. Foroutan-Nejad, J. M. Ugalde and G. Frenking,
ChemistrySelect, 2017, 2, 863-870.

S. W. Slayden and J. F. Liebman, Chem. Rev., 2001, 101, 1541-1566.

J. Kruszewski and T. M. Krygowski, Tetrahedron Lett., 1972, 13, 3839-3842.
T. M. Krygowski, J. Chem. Inf. Comput. Sci., 1993, 33, 70-78.

J.-L. Bredas, J. Chem. Phys., 1985, 82, 3808-3811.

C. B. Gorman and S. R. Marder, Proc. Natl. Acad. Sci. U.S.A, 1993, 90, 11297
11301.

C. F. Matta and J. Hernandez-Trujillo, J. Phys. Chem. A, 2003, 107, 7496-7504.

S. Noorizadeh and E. Shakerzadeh, Phys. Chem. Chem. Phys., 2010, 12, 4742—
4749,

201



Bibliography

[346] D. W. Szczepanik, E. Zak, K. Dyduch and J. Mrozek, Chem. Phys. Lett., 2014,
593, 154-159.

[347] E. Matito, J. Poater, M. Sola, M. Duran and P. Salvador, J. Phys. Chem. A, 2005,
109, 9904-9910.

[348] E. Matito, M. Sola, M. Duran and P. Salvador, J. Phys. Chem. A, 2006, 110,
5108-5113.

[349] C. G. Bollini, M. Giambiagi, M. S. d. Giambiagi and A. P. de Figuereido, Struct.
Chem., 2001, 12, 113-120.

[350] R. Ponec, P. Bultinck and A. Gallegos Saliner, J. Phys. Chem. A, 2005, 109,
6606—6609.

[351] J. M. Mercero, E. Matito, F. Ruipérez, |. Infante, X. Lopez and J. M. Ugalde,
Chem. Eur. J., 2015, 21, 9610-9614.

[352] F. Feixas, E. Matito, M. Sola and J. Poater, Phys. Chem. Chem. Phys., 2010, 12,
7126-7137.

[353] I. Casademont-Reig, R. Guerrero-Avilés, M. Torrent-Sucarrat, E. Ramos-Cordoba
and E. Matito, ChemRxiv, 2021.

[354] J. Jusélius, D. Sundholm and J. Gauss, J. Chem. Phys., 2004, 121, 3952-3963.

[355] H. Fliegl, S. Taubert, O. Lehtonen and D. Sundholm, Phys. Chem. Chem. Phys.,
2011, 13, 20500-20518.

[356] M. Buhl and C. van Wiillen, Chem. Phys. Lett., 1995, 247, 63-68.
[357] R. Herges and D. Geuenich, J. Phys. Chem. A, 2001, 105, 3214-3220.

[358] D. Geuenich, K. Hess, F. Kohler and R. Herges, Chem. Rev., 2005, 105, 3758-
3772.

[359] C. Foroutan-Nejad, J. Phys. Chem. A, 2011, 115, 12555-12560.

[360] P. v. R. Schleyer, C. Maerker, A. Dransfeld, H. Jiao and N. J. v. E. Hommes, J.
Am. Chem. Soc., 1996, 118, 6317-6318.

[361] J. O. C. Jiménez-Halla, E. Matito, L. Blancafort, J. Robles and M. Sola, J. Com-
put. Chem., 2009, 30, 2764-2776.

[362] J. O. C. Jiménez-Halla, E. Matito, J. Robles and M. Sola, J. Organomet. Chem.,
2006, 691, 4359-4366.

202



Bibliography

[363] A. Stanger, J. Org. Chem., 2006, 71, 833-893.

[364]
[365]

[366]

367]

368]

[369]

[370]

371]

[372]

373]

[374]

375]

[376]

R. Gershoni-Poranne and A. Stanger, Chem. Eur. J., 2014, 20, 5673-5688.
|. Morao, B. Lecea and F. P. Cossio, J. Org. Chem., 1997, 62, 7033-7036.

C. Foroutan-Nejad, S. Shahbazian and P. Rashidi-Ranjbar, Phys. Chem. Chem.
Phys., 2010, 12, 12630-12637.

A. C. Castro, E. Osorio, J. O. C. Jiménez-Halla, E. Matito, W. Tiznado and
G. Merino, J. Chem. Theory Comput., 2010, 6, 2701-2705.

F. Feixas, J. Jiménez-Halla, E. Matito, J. Poater, M. Sola and J. Pol, Polish J.
Chem, 2007, 783-797.

Z. Badri, C. Foroutan-Nejad and P. Rashidi-Ranjbar, Phys. Chem. Chem. Phys.,
2012, 14, 3471-3481.

T. Woller, |I. Casademont-Reig, V. Garcia, J. Contreras-Garcia, W. Tiznado,
M. Torrent-Sucarrat, E. Matito and M. Alonso, in preparation.

T. Woller, Ph.D. thesis, Vrije Universiteit Brussel (VUB) and Sorbonne Université,
Brussels and Paris, 2021.

S. Fernandez, F. Franco, C. Casadevall, V. Martin-Diaconescu, J. M. Luis and
J. Lloret-Fillol, J. Am. Chem. Soc., 2020, 142, 120-133.

U. Salzner and A. Aydin, J. Chem. Theory Comput., 2011, 7, 2568-2583.

T. Korzdorfer, R. M. Parrish, N. Marom, J. S. Sears, C. D. Sherrill and J.-L.
Brédas, Phys. Rev. B, 2012, 86, 205110.

Z. Lin and T. Van Voorhis, J. Chem. Theory Comput., 2019, 15, 1226-1241.

|. Casademont-Reig, A. Call, C. Casadevall, S. Fernandez, J. Lloret-Fillol,

E. Ramos-Cordoba and E. Matito, in preparation.

203






Appendices

205






Appendix A

Supporting Information Chapter 5

207



Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2018

Electronic Supplementary Information

New Electron Delocalization Tools to Describe the

Aromaticity in Porphyrinoids

Irene Casademont—Reig,l’“ Tatiana Woller,>® Julia Contreras-Garcia,’

Mercedes Alonso,” * Miquel Torrent-Sucarrat, 4% Eduard Matito,»* *

! Kimika Fakultatea, Euskal Herriko Unibertsitatea (UPV/EHU), and Donostia

International Physics Center (DIPC), P.K. 1072, 20080 Donostia, Euskadi, Spain

2 Eenheid Algemene Chemie (ALGC). Vrije Universiteit Brussel (VUB), Pleinlaan 2, 1050

Brussels (Belgium)

3 Sorbonne Universités, UPMC Univ. Paris, UMR 7616 Laboratoire de Chimie

Théorique, CNRS, UMR 7616, LCT 75005, Paris (France).

4 Ikerbasque, Basque Foundation for Science, Maria Diaz de Haro 3, 62, 48013 Bilbao,

Euskadi, Spain.

* These authors contributed equally to this work.



This PDF files includes:

Figures S1: Schematic representation of the different pathways in 18H and their

respective AV1245 values.

Figures S2 - S10: Delocalization index (DI) values for the studied porhyrinoids

calculated at the CAM-B3LYP/6-311G(d,p) level of theory.

Tables S1 - S2: Aromaticity indices (FLU, BOA, HOMA, BLA, AV1245 and AV,,,) for the
different pathways in 18H calculated at the B3LYP and M06-2X/6-311G(d,p) levels of

theory.

Table $3: MCI values for the imine and pyrrole rings within 18H at the B3LYP, CAM-

B3LYP and M06-2X /6-311G(d,p) levels of theory.

Tables S4 — S5: Aromaticity indices for the annulene pathway of the nine porphyrinoid

structures, calculated at the B3LYP and M06-2X/6-311G(d,p) levels of theory.

Table S6: Aromaticity indices for several pathways of the nine porphyrinoid structures,

calculated at the B3LYP, CAM-B3LYP and M06-2X/6-311G(d,p) levels of theory.



oioi

iioi ooii 0o0io

iiii iiio ioio

Figure S1. Schematic representation of the different pathways in 18H and their

respective AV1245 values.




Figure S2. DI values for 18H calculated at the CAM-B3LYP/6-311G(d,p) level of theory.

The annulene-type conjugation pathway is depicted with bold red bonds.
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Figure S3. DI values for 16H calculated at the CAM-B3LYP/6-311G(d,p) level of theory.

The annulene-type conjugation pathway is depicted with bold green bonds.

Figure S4. DI values for 26H calculated at the CAM-B3LYP/6-311G(d,p) level of theory.

The annulene-type conjugation pathway is depicted with bold red bonds.



Figure S5. DI values for 26M calculated at the CAM-B3LYP/6-311G(d,p) level of theory.

The annulene-type conjugation pathway is depicted with bold green bonds.

Figure S6. DI values for 28H calculated at the CAM-B3LYP/6-311G(d,p) level of theory.

The annulene-type conjugation pathway is depicted with bold green bonds.



Figure S7. DI values for 28M calculated at the CAM-B3LYP/6-311G(d,p) level of theory.

The annulene-type conjugation pathway is depicted with bold red bonds.
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Figure S8. DI values for 32H calculated at the CAM-B3LYP/6-311G(d,p) level of theory.

The annulene-type conjugation pathway is depicted with bold green bonds.



Figure S9. DI values for 32M calculated at the CAM-B3LYP/6-311G(d,p) level of theory.

The annulene-type conjugation pathway is depicted with bold red bonds.

Figure S10. DI values for 32F calculated at the CAM-B3LYP/6-311G(d,p) level of theory.

The annulene-type conjugation pathway is depicted with bold green bonds.



Table S1. Aromaticity indices for the different pathways in 18H calculated at the
B3LYP/6-311G(d,p) level of theory.

Pathway” FLU BOA HOMA BLA AV1245 AV in
oioi 0.010 0.000 0.850 0.000 2.19 1.31
000i (2) 0.016 0.305 0.711 0.289 1.95 0.52
0000 0.021 0.040 0.585 0.011 1.73 0.52
iioi (2) 0.008 0.362 0.894 0.316 1.59 0.18
ooii (4) 0.014 0.022 0.745 0.006 1.39 0.18
00i0 (2) 0.020 0.367 0.611 0.272 1.20 0.18
iiii 0.006 0.000 0.944 0.000 0.93 0.18

iiio (2) 0.013 0.383 0.783 0.309 0.76 0.18
ioio 0.019 0.000 0.640 0.000 0.61 0.18

a) The number in brackets indicates the number of equivalent pathways.

Table S2. Aromaticity indices for the different pathway in 18H calculated at the
MO06-2X /6-311G(d,p) level of theory.

Pathway” FLU BOA HOMA BLA AV1245 AV pin
oioi 0.011 0.000 0.859 0.000 2.13 1.25
000i (2) 0.017 0.309 0.715 0.288 1.89 0.47
0000 0.023 0.040 0.584 0.011 1.68 0.47
iioi (2) 0.009 0.366 0.909 0.314 1.55 0.12
ooii (4) 0.016 0.023 0.753 0.006 1.34 0.12
0oio (2) 0.022 0.371 0.614 0.271 1.15 0.12
iiii 0.007 0.000 0.964 0.000 0.90 0.12

iiio (2) 0.014 0.387 0.796 0.308 0.72 0.12
ioio 0.021 0.000 0.647 0.000 0.56 0.12

2 The number in brackets indicates the number of equivalent pathways.

Table S3. MClI values for the imine and pyrrole rings within 18H at the B3LYP, CAM-
B3LYP and M06-2X /6-311G(d,p) levels of theory.

Ring B3LYP CAM-B3LYP MO06-2X

Pyrrole 0.023 0.022 0.021
Imine 0.025 0.024 0.023




Table S4. Aromaticity indices for the annulene pathway of the nine porphyrinoid

structures, calculated at the B3LYP/6-311G(d,p) level of theory. The numbers in

parenthesis are the minimum value for BLA, BOA and FLU, and the maximum value for

AV1245, AV,i» and HOMA among all possible pathways.

Porphyrin | pathway FLU BOA HOMA BLA AV1245 AV in
0.165 0.047 1.40
16H ioi 0.018 0.549 0.17
ol (0.000) (0.000) (1.84)
. 0.010 0.850
18H oioi 0.000 0.000 2.19 1.31
(0.006) (0.944)
- 0.008 0.887
26H oiioii 0.000 0.000 2.30 1.25
(0.006) (0.943)
o 0.020 0.259 0.655 0.063 1.33
26M oiioii 0.13
(0.018) (0.016) (0.723) (0.001) (1.39)
L 0.016 0.203 0.713 0.047 1.60
28H 00i00i 0.64
(0.013) (0.000) (0.811) (0.000) (1.70)
0.010 0.039 0.833 0.009
28M 000i0i 2.07 1.05
(0.009) (0.002) (0.886) (0.000)
39H o0icio] 0.016 0.219 0.723 0.051 156 0.76
(0.013) (0.006) (0.821) (0.000)
0.010 0.038 0.849 0.009
32M iooioio 2.08 1.14
(0.008) (0.000) (0.913) (0.000)
L 0.015 0.195 0.721 0.046 1.55
32F oioiooi 0.72
(0.011) (0.001) (0.830) (0.001) (1.62)




Table S5. Aromaticity indices for the annulene pathway of the nine porphyrinoid

structures, calculated at the MO06-2X/6-311G(d,p) level of theory. The numbers in

parenthesis are the minimum value for BLA, BOA and FLU, and the maximum value for

AV1245, AV.i» and HOMA among all possible pathways.

Porphyrin | pathway FLU BOA HOMA BLA AV1245 AV in
0.223 0.062 1.18
16H ioi 0.021 0.517 0.14
ool (0.000) (0.000) (1.56)
- 0.011 0.859
18H oioi 0.000 0.000 213 1.25
(0.007) (0.964)
0.017 0.228 0.743 0.055
26H oiioii 1.70 0.66
(0.014) (0.000) (0.823) (0.001)
L 0.027 0328 0.546 0.080 1.06
26M oiioii 0.13
(0.024) (0.009) (0.643) (0.002) (1.13)
»gH oiool 0.021 0.274 0.618 0.064 1.35 043
(0.017) (0.000) (0.772) (0.000) (1.48)
0.017 0.219 0.730 0.051 1.58
28M iof 0.67
ooolol (0.012) (0.001) (0.841) (0.001) (1.60)
0.023 0.308 0.588 0.072 1.19
32H ioioi 0.46
ootolol (0.018) (0.006) (0.732) (0.001) (1.24)
- 0.019 0.241 0.678 0.057 1.48
32M iooioio 0.58
(0.014) (0.002) (0.805) (0.000) (1.52)
- 0.020 0.259 0.631 0.062 1.29
32F oioiooi 0.49
(0.015) (0.004) (0.784) (0.000) (1.40)




Table S6. Aromaticity indices for several pathways of the nine porphyrinoid structures, calculated at the B3LYP, CAM-B3LYP and M06-2X/6-
311G(d,p) levels of theory.

B3LYP CAM-B3LYP MO06-2X
Porphyrin | Pathway

FLU BOA HOMA BLA AV1245 AV,,| FLU BOA HOMA BLA AV1245 AV, FLU BOA HOMA BLA AV1245 AV,
oioi |0.018 0.165 0.549 0.047 1.40 0.17 |0.021 0.227 0.547 0.063 1.19 0.13 (0.021 0.223 0.517 0.062 1.18 0.14
16H ioio 0.026 0.127 0.342 0.022 1.33 0.04 [0.031 0.177 0.293 0.034 1.13 0.05 [0.032 0.178 0.241 0.034 1.11 0.04
iiii 0.021 0.000 0.532 0.000 0.78 0.13 |0.025 0.000 0.505 0.000 0.62 0.07 (0.026 0.000 0.478 0.000 0.61 0.08
oooo |0.023 0.000 0.378 0.000 1.84 0.10 |0.027 0.000 0.354 0.000 1.58 0.07 (0.028 0.000 0.302 0.000 1.56 0.06
oiioii |0.008 0.000 0.887 0.000 2.30 1.25 (0.019 0.256 0.716 0.062 1.58 0.61 [0.017 0.228 0.743 0.055 1.70 0.66
jooioo |0.023 0.003 0.494 0.002 0.54 0.06 |0.031 0.000 0.374 0.001 0.51 0.02 {0.031 0.000 0.363 0.002 0.50 0.02
26H fiiiii 0.006 0.001 0.943 0.000 1.59 0.22 |0.017 0.002 0.787 0.001 1.06 0.12 (0.015 0.001 0.819 0.001 1.15 0.10
oooooo [0.024 0.000 0.475 0.000 1.21 0.06 {0.032 0.055 0.340 0.012 1.02 0.01 [0.032 0.049 0.328 0.010 1.04 0.02
oioooo (0.020 0.225 0.575 0.175 1.49 0.06 |0.029 0.215 0.420 0.183 1.14 0.14 |0.029 0.216 0.420 0.182 1.19 0.02
oiiiii  [0.007 0.242 0.914 0.207 196 0.22 |0.016 0.199 0.797 0.225 1.41 0.43|0.014 0.159 0.823 0.226 151 041
oiioii |0.020 0.259 0.655 0.063 1.33  0.13 (0.028 0.340 0.542 0.083 1.02 0.04 |0.027 0.328 0.546 0.080 1.06 0.13
jooioo |0.030 0.016 0.311 0.005 0.60 0.06 |0.036 0.011 0.231 0.004 0.56 0.03 (0.037 0.009 0.200 0.003 0.55 0.04
26M fiiiii 0.019 0.033 0.716 0.008 0.81 0.13 |0.026 0.027 0.616 0.007 0.61 0.04 [0.025 0.017 0.628 0.005 0.63 0.13
oooooo [0.031 0.036 0.285 0.008 1.10 0.02 (0.037 0.061 0.193 0.013 0.97 0.03 |0.038 0.060 0.158 0.013 0.97 0.04
ooiooo (0.028 0.305 0.374 0.166 1.17 0.08 |0.034 0.350 0.281 0.155 1.01 0.03 |0.034 0.348 0.254 0.155 1.01 0.05
iiioii  |10.021 0.384 0.646 0.182 1.04 0.13 (0.029 0.424 0.522 0.172 0.74 0.04 |0.028 0.412 0.529 0.175 0.78 0.13
ooiooi [0.016 0.203 0.713 0.047 1.60 0.64 [0.021 0.286 0.617 0.066 1.32 0.42 |0.021 0.274 0.618 0.064 135 0.43
iioiio  |0.021 0.000 0.626 0.000 0.29 0.05 |0.026 0.000 0.599 0.000 0.28 0.03 (0.026 0.000 0.560 0.000 0.25 0.00
28H jiiiii 0.015 0.055 0.785 0.014 0.09 0.05|0.020 0.075 0.722 0.018 0.07 0.03 (0.020 0.072 0.739 0.018 0.06 0.00
oooooo [0.021 0.000 0.580 0.000 1.70 0.18 (0.026 0.000 0.482 0.000 1.46 0.08 |0.026 0.000 0.471 0.000 1.48 0.08
ooooio (0.018 0.391 0.644 0.146 1.66 0.18 |0.024 0.191 0.547 0.192 139 0.08 |0.024 0.193 0.542 0.192 142 0.08
ioiiii 0.016 0.227 0.732 0.221 0.50 0.05 |0.022 0.223 0.643 0.221 0.38 0.03 (0.022 0.292 0.654 0.204 0.39 0.00




B3LYP CAM-B3LYP MO06-2X
Porphyrin | Pathway

FLU BOA HOMA BLA AV1245 AV,,| FLU BOA HOMA BLA AV1245 AV, FLU BOA HOMA BLA AV1245 AV,
oooioi [0.010 0.039 0.833 0.009 2.07 1.05 [0.018 0.250 0.682 0.058 1.48 0.60 |0.017 0.219 0.730 0.051 1.58 0.67
iiioio |0.016 0.004 0.730 0.001 0.18 0.06 |0.023 0.005 0.594 0.002 0.21 0.02 {0.023 0.005 0.609 0.002 0.18 0.01
28M fiiiii 0.009 0.002 0.900 0.001 0.07 0.06 |0.016 0.000 0.790 0.000 0.12 0.02 {0.015 0.001 0.817 0.001 0.10 0.01
oooooo [0.017 0.004 0.690 0.002 2.01 0.53 (0.024 0.042 0.519 0.008 1.50 0.04 |0.024 0.037 0.530 0.006 1.58 0.06
oooooi (0.014 0.222 0.763 0.184 2.06 0.61 |0.021 0.265 0.602 0.173 1.50 0.08 |0.020 0.258 0.618 0.175 1.60 0.11
oiiiii  [0.010 0.241 0.874 0.216 0.64 0.07 |0.018 0.281 0.721 0.207 0.53 0.02 |0.017 0.276 0.749 0.208 0.54 0.01
ooioioi [0.016 0.219 0.723 0.051 1.56 0.76 [0.023 0.314 0.594 0.073 1.18 0.45 |0.023 0.308 0.588 0.072 119 0.46
iioioio [0.024 0.209 0.525 0.171 0.38 0.04 |0.029 0.223 0.439 0.167 0.36 0.06 |0.031 0.226 0.416 0.166 033 0.06
32H jiiiiii~ ]0.015 0.013 0.793 0.003 0.41 0.04 |0.022 0.018 0.698 0.004 0.32 0.06 ({0.022 0.015 0.699 0.003 0.31 0.06
0000000 |0.024 0.186 0.491 0.152 1.47 0.10 |0.030 0.190 0.373 0.151 1.20 0.02 (0.031 0.189 0.347 0.151 1.19 0.01
ooooioo (0.022 0.024 0.567 0.006 1.53 0.10 |0.028 0.033 0.451 0.009 1.24 0.02 |0.028 0.031 0.436 0.008 1.24 0.01
iooioio [0.010 0.038 0.849 0.009 2.08 1.14 (0.020 0.263 0.666 0.062 1.41 0.55 |0.019 0.241 0.678 0.057 1.48 0.58
oiioioi |0.018 0.207 0.672 0.170 0.38 0.01 |0.025 0.211 0.541 0.170 0.42 0.02 (0.026 0.209 0.538 0.170 0.40 0.00
jiiiiii |1 0.008 0.000 0.913 0.000 0.49 0.01 |0.018 0.006 0.767 0.001 0.33 0.02 (0.017 0.002 0.787 0.000 0.34 0.00
32m 0000000 [0.019 0.191 0.641 0.150 1.81 0.36 |[0.027 0.198 0.474 0.149 142 0.07 (0.027 0.198 0.467 0.149 146 0.07
oooooio (0.016 0.010 0.719 0.003 1.98 0.49 |0.025 0.043 0.543 0.011 1.48 0.07 |0.024 0.043 0.544 0.011 152 0.07
fiiioi  [0.012 0.213 0.812 0.183 0.35 0.01 |0.020 0.177 0.675 0.192 0.30 0.02 |0.020 0.182 0.686 0.191 0.30 0.00
oiiiioi  [0.015 0.003 0.737 0.001 0.35 0.01 |0.023 0.021 0.601 0.006 0.34 0.02 |0.023 0.018 0.606 0.005 0.33 0.00
oioiooi [0.015 0.195 0.721 0.046 1.55 0.72 (0.021 0.277 0.632 0.065 1.26 0.46 |0.020 0.259 0.631 0.062 1.29 0.49
joioiio [0.021 0.233 0.589 0.164 0.55 0.01 |0.026 0.242 0.526 0.162 0.52 0.03 |0.026 0.241 0.518 0.162 0.52 0.01
jiiiiiii ]10.013 0.010 0.820 0.002 0.44 0.01 |0.017 0.016 0.756 0.004 0.38 0.03 (0.017 0.015 0.768 0.003 0.39 0.01
32 0000000 |0.023 0.106 0.526 0.171 1.57 0.06 |0.028 0.081 0.439 0.177 1.36 0.00 [0.028 0.087 0.421 0.176 1.39 0.01
joiiiii  [0.016 0.273 0.720 0.169 0.410 0.01 |0.021 0.295 0.659 0.163 0.38 0.03 |0.021 0.289 0.660 0.164 0.38 0.01
oiooooo (0.020 0.034 0.602 0.009 1.62 0.12 |0.025 0.045 0.512 0.011 1.38 0.03 |0.025 0.043 0.502 0.011 140 0.02
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4n+2 annulenes

Singlet
FLU Ir(H) BOA HOMA BLA Iring Iring?’™ MCI AV AV nin |AVmin | E (au)
HF 0.000 0.624 0.000 1.002 0.000 0.045 0.597 0.069 10.25 10.25 10.25 -230.754098
B3LYP 0.000 0.625 0.000 0.991 0.000 0.048 0.603 0.073 10.72 10.72 10.72 -232.308550
CAM-B3LYP 0.000 0.628 0.000 1.000 0.000 0.048 0.603 0.072 10.71 10.71 10.71 -232.164821
M06-2X 0.000 0.626 0.000 0.998 0.000 0.048 0.603 0.073 10.73 10.73 10.73 -232.196133
FLU Ir(H) BOA HOMA BLA Iring Iring!’™ MCI AV AVnin |AVmin | E (au)
HF 0.024 0.393 0.246 -0.525 0.089 0.001 0.341 0.002 -0.59 -1.07 0.39 -230.653970
B3LYP 0.025 0.399 0.275 -0.513 0.090 0.002 0.353 0.000 -1.48 2.98 1.51 -232.166392
CAM-B3LYP 0.025 0.408 0.276 0.433 0.091 0.002 0.363 0.001 -1.26 -2.48 1.20 -232.023298
M06-2X 0.041 0.467 0.281 0.107 0.056 0.004 0.380 0.002 1.25 0.28 0.28 -232.049781
Singlet
FLU Ir(H) BOA HOMA BLA Iring Iring!’™ MCI AV AVnin |AVmin | E (au)
HF twist 0.068 0.421 0.728 -0.668 0.157 0.000 0.339 0.000 0.02 0.07 0.00 -384.468544
HF heart 0.065 0.436 0.712 0.605 0.153 0.000 0.380 0.000 0.16 0.01 0.01 -384.461289
B3LYP twist 0.052 0.480 0.639 -0.171 0.128 0.000 0.322 0.000 0.22 0.03 0.03 -387.063586
B3LYP heart 0.000 0.610 0.007 0.888 0.009 0.004 0.579 0.013 5.42 5.19 5.19 -387.074064
CAM-B3LYP twist 0.059 0.466 0.677 -0.285 0.137 0.000 0.341 0.000 0.12 0.07 0.03 -386.825917
CAM-B3LYP heart 0.000 0.614 0.009 0.923 0.010 0.004 0.579 0.013 5.41 5.13 5.13 -386.825003
MO06-2X twist 0.058 0.463 0.670 -0.291 0.136 0.000 0.325 0.000 0.17 0.06 0.05 -386.886424
MO06-2X heart 0.000 0.611 0.010 0.913 0.010 0.004 0.579 0.013 5.38 5.11 5.11 -386.882758
FLU Ir(H) BOA HOMA BLA Iring Iring!’™ MCI AV AV in |AVmin | E (au)
HF naphthalene 0.030 0.470 0.364 0.075 0.085 0.000 0.353 0.000 0.11 0.40 0.14 -384.459329
HF twist 0.020 0.478 0.266 0.314 0.068 0.000 0.295 0.000 0.33 0.05 0.05 -384.472319
B3LYP naphthalene 0.023 0.531 0.328 0.463 0.064 0.000 0.460 0.000 0.44 0.96 0.91 -387.026485
B3LYP twist 0.020 0.517 0.305 0.421 0.066 0.000 0.352 0.000 0.61 0.08 0.08 -387.023180
CAM-B3LYP napnthalene 0.027 0.524 0.364 0.411 0.072 0.000 0.446 0.000 0.36 0.74 0.68 -386.785424
CAM-B3LYP twist 0.022 0.513 0.324 0.407 0.071 0.000 0.347 0.000 0.56 0.07 0.07 -386.784056
MO06-2X naphthalene 0.028 0.522 0.367 0.381 0.073 0.000 0.444 0.000 0.38 0.63 0.63 -386.838379
MO6-2X twist 0.022 0.511 0.328 0.384 0.072 0.000 0.337 0.000 0.49 0.11 0.10 -386.835164
Singlet
FLU Ir(H) BOA HOMA BLA Iring Iring?’™ MCI AV AV nin |AVmin | E (au)
HF 0.050 0.497 0.626 -0.240 0.136 - - - 0.72 0.49 0.49 -538.293750
B3LYP 0.001 0.605 0.010 0.952 0.008 - - - 4.44 4.24 4.24 -541.949455
TS CAM-B3LYP 0.000 0.609 0.007 0.983 0.007 - - - 4.43 4.29 4.29 -541.598070
TS M06-2X 0.001 0.606 0.007 0.974 0.007 - - - 4.40 4.27 4.27 -541.681702
CAM-B3LYP 0.026 0.561 0.449 0.437 0.091 - - - 2.11 1.80 1.80 -541.602139
M06-2X 0.025 0.561 0.438 0.453 0.088 - - - 2.20 1.89 1.89 -541.685367

Triplet

FLU Ir(H) BOA(1) HOMA BLA Iring Iring!’™ MCI AV AV min |AVmin | E (au)
UHF 0.021 0.502 0.282 0.327 0.069 - - - 0.37 -0.55 0.01 -538.297898
UB3LYP 0.017 0.554 0.302 0.564 0.060 - - - 0.87 0.26 0.13 -541.900820
UCAM-B3LYP 0.023 0.544 0.348 0.486 0.071 - - - 0.81 0.23 0.08 -541.562690
UMO06-2X 0.022 0.544 0.349 0.482 0.071 - - - 0.84 0.17 0.04 -541.636681

Singlet

FLU Ir(H) BOA HOMA BLA Iring Iring!™ MCI AV AV min |AVmin | E (au)
HF 0.049 0.504 0.616 -0.175 0.133 0.000 0.472 - 0.66 0.57 0.57 -692.115648
B3LYP 0.001 0.606 0.026 0.959 0.011 0.000 0.573 - 4.37 4.27 4.27 -696.816908
TS CAM-B3LYP 0.001 0.609 0.022 0.982 0.010 0.000 0.572 - 4.37 4.29 4.29 -696.359867
TS M06-2X 0.001 0.607 0.022 0.974 0.010 0.000 0.572 - 4.37 4.28 4.28 -696.462233
CAM-B3LYP 0.026 0.563 0.446 0.448 0.090 0.000 0.530 - 2.00 1.80 1.80 -696.365410
M06-2X 0.025 0.561 0.444  0.445 0.089 0.000 0.529 - 2.00 1.81 1.81 -696.467370

FLU Ir(H) BOA HOMA BLA Iring Iring!’™ MCI AV AVnin |AVmin | E (au)
UHF 0.018 0.514 0.257 0.463 0.060 0.000 0.411 - 0.62 0.39 0.12 -692.146760
UB3LYP 0.013 0.570 0.265 0.672 0.053 0.000 0.533 - 1.46 0.58 0.58 -696.772610
UCAM-B3LYP 0.019 0.559 0.324 0.574 0.066 0.000 0.513 - 1.27 0.30 0.30 -696.333162
UM06-2X 0.019 0.559 0.324 0.573 0.065 0.000 0.517 - 1.33 0.46 0.46 -696.425412



Cyclobutadiene

4n annulenes

Singlet

FLU Ir(H) BOA HOMA BLA Iring Iring?™ MCI AV AVmin |AVmin| E (au)
HF 0.101 0.391 0.888 -3.732 0.249 0.005 0.262 0.009 - - - -153.678713
B3LYP 0.104 0.416 0.900 -4.094 0.247 0.005 0.266 0.009 - - - -154.718514
CAM-B3LYP 0.103 0.398 0.898 -3.786 0.245 0.005 0.264 0.009 - - - -154.621763
M06-2X 0.103 0.405 0.898 -3.754 0.242 0.005 0.268 0.010 - - - -154.643340

FLU Ir(H) BOA HOMA BLA Iring Iring?™ MCI AV AVnin |AVmin| E (au)
HF 0.010 0.507 0.000 0.604 0.000 0.035 0.433 0.122 - - - -153.686831
B3LYP 0.012 0.499 0.000 0.314 0.000 0.038 0.440 0.126 - - - -154.708900
CAM-B3LYP 0.011 0.504 0.000 0.478 0.000 0.037 0.439 0.126 - - - -154.611405
M06-2X 0.011 0.505 0.000 0.468 0.000 0.037 0.438 0.125 - - - -154.625105

COT
Singlet

FLU Ir(H) BOA HOMA BLA Iring Iring? MCI AV AVmin AV minl| E (au)
HF 0.067 0.436 0.726 -0.599 0.156 0.001 0.406 0.001 -0.30 -0.30 0.30 -307.593865
B3LYP 0.056 0.477 0.664 -0.228 0.134 0.001 0.441 0.001 -0.72 -0.72 0.72 -309.665257
CAM-B3LYP 0.061 0.468 0.693 -0.309 0.140 0.001 0.428 0.001 -0.52 -0.52 0.52 -309.474490
M06-2X 0.062 0.460 0.694 -0.336 0.141 0.001 0.427 0.001 -0.51 -0.51 0.51 -309.518754

FLU Ir(H) BOA HOMA BLA Iring Iring’" MCI AV AVpmin |AVmin| E (au)
HF 0.001 0.590 0.000 0.990 0.000 0.007 0.534 0.026 -4.07 -4.07 4.07 -307.553620
B3LYP 0.001 0.589 0.000 0.943 0.000 0.007 0.540 0.028 -4.31 -4.31 4.31 -309.601832
CAM-B3LYP 0.001 0.593 0.000 0.981 0.000 0.007 0.539 0.027 -4.29 -4.29 4.29 -309.441037
M06-2X 0.001 0.591 0.000 0.965 0.000 0.007 0.539 0.027 -4.29 -4.29 4.29 -309.477016

Singlet
FLU Ir(H) BOA HOMA BLA Iring Iring?™ MCI AV AVmnin |AVmin| E (au)
HF 0.063 0.445 0.698 -0.583 0.153 - - - 0.20 -0.11 0.04 -461.380728
B3LYP 0.042 0.511 0.565 0.022 0.115 - - - 0.58 -0.21 0.01 -464.498264
CAM-B3LYP 0.050 0.494 0.624 -0.135 0.128 - - - 0.41 -0.14 0.02 464.210977
MO06-2X 0.050 0.488 0.624 -0.160 0.128 - - - 0.42 -0.15 0.06 -464.283242
Triplet
FLU Ir(H) BOA HOMA BLA Iring Iring™ MCI AV AVnin |AVmin| E (au)
HF 0.021 0.487 0.280 0.265 0.067 - - - 0.37 -0.30 0.07 -461.380989
B3LYP 0.002 0.590 0.033 0.901 0.012 - - - 0.04 -0.50 0.07 -464.470613
CAM-B3LYP 0.015 0.562 0.288 0.648 0.056 - - - 0.39 -0.26 0.21 -464.173466
M06-2X 0.008 0.577 0.208 0.784 0.039 - - - 0.27 -0.54 0.13 -464.238704
[16]annulene
Singlet
FLU Ir(H) BOA HOMA BLA Iring Iring!™ MCI AV AVpin |AVmin| E (au)
HF (S,) 0.054 0.486 0.651 -0.288 0.139 0.000 0.440 - 0.37 0.33 0.33 -615.212342
HF (Cy) 0.053 0.488 0.643 -0.296 0.139 0.000 0.452 - 0.45 0.25 0.25 -615.205778
B3LYP (S,) 0.029 0.551 0.476 0.367 0.095 0.000 0.513 - 1.16 0.96 0.96 -619.371721
B3LYP (C,) 0.029 0.548 0.474 0.339 0.096 0.000 0.512 - 1.17 0.78 0.78 -619.368275
CAM-B3LYP (S,) 0.041 0.529 0.564 0.143 0.113 0.000 0.484 - 0.74 0.64 0.64 -618.983469
CAM-B3LYP (C,) 0.040 0.530 0.555 0.138 0.113 0.000 0.487 - 0.82 0.55 0.55 -618.980237
MO06-2X (S;) 0.040 0.526 0.562 0.138 0.113 0.000 0.484 - 0.74 0.63 0.63 -619.076857
M06-2X (C;) 0.039 0.526 0.553 0.133 0.112 0.000 0.487 - 0.83 0.58 0.58 -619.074775
Triplet
FLU Ir(H) BOA HOMA BLA Iring Iring?™ MCI AV AVnin |AVmin| E (au)
HF 0.001 0.598 0.013 0.983 0.005 - - - 1.45 1.08 1.08 -615.138406
B3LYP 0.002 0.596 0.057 0.938 0.013 - - - 1.51 1.16 1.16 -619.349773
CAM-B3LYP 0.015 0.568 0.294 0.676 0.059 - - - 1.23 0.35 0.35 618.953069
M06-2X 0.011 0.576 0.252 0.753 0.050 - - - 1.36 0.74 0.74 -619.040163
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Four-atom MCI profiles

Benzene triplet
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1 1.51
2

0.39 1.20 0.28

-1.07 -2.98 -2.48 0.28

3 -1.07 -2.98 -2.48 3.20
4 0.39 1.51 1.20 0.28
5 -1.07 -2.98 -2.48 0.28
6 -1.07 -2.98 -2.48 3.20

4.00
= HF = B3LYP = CAM-B3LYP == M06-2X
[10]annulene singlet (twist)
0.60
Fragment [IIHFINN B3LYP  [[CAM:B3LYPINMOG=2XIN =~ °°°

1 0.00 0.07 0.03 0.05
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9 0.08 0.50 0.29 0.36
10 0.08 0.50 0.29 0.36

—HF B3LYP e CAM-B3LYP === MO6-2X
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Supporting Information: How aromatic are molecular nanoring? The case of a six-porphyrin
. T
nanoring

Irene Casademont-Reig,*? Ratil Guerrero-Avilés,%¢ Eloy Ramos-Cordoba,** Miquel Torrent-Sucarrat,**¢¢ and Eduard
Matito*@4

1 Computational details

Following the computational work of Ref. 1, we have studied four different oxidation states of the six-porphyrin nanor-
ing: neutral, +4, +6, and +12. The molecules have been studied considering not only the isolated belt structure (c-P6,
c-P6**, ¢-P6°", and c-P6'**) but also taking into account the encapsulated template and the two phenyl substituents in
each porphyrin (c-P6-T6, c-P6-T6*", c-P6-T6°", and c-P6 - T6'*1).

Geometry optimizations and frequency calculations have been performed with the Gaussian16 software package? using
B3LYP,3* CAM-B3LYP,”, LC-wHPBE, and M06-2X° density functional approximations (DFAs) including Grimme’s D3 dis-
persion correction (for the first two DFAs) 7 and in combination with the 6-31G* basis set.® The initial structures have been
obtained from previous works.! Single-point coupled-cluster calculations were performed with ORCA software package’
using DLPNO-CCSD(T) ! with resolution of identity'! in combination with the Def-SVP/C basis set'? and the correspond-
ing auxiliary basis set in order to obtain accurate reference calculations to assess the accuracy of DFAs.

The calculation of the electronic aromaticity indices (AV1245,13 AV,in,14 BOA,'® and FLU!®17) and the delocaliza-
tion indices (DIs) 19 employs the quantum theory of atoms in molecules (QTAIM)%° atomic partition performed by the
AIMAII software.?! The atomic overlap matrices resulting from this partition and the wavefunction files are the input of
the in-house ESI-3D code, 162223 which provides AV1245,13 AV,;,, 14 BLA,'® BOA, !> DIs, 1923 FLU, 1617 HOMA, 24 and
MCI?® values. The numerical integrations of the atoms in the QTAIM2? as well as the corresponding oxidation states have
errors below 0.004 and 0.03 electrons for c-P6 (and all its oxidation states) and c-P6-T6 (and all its oxidation states),
respectively. The ESI-3D code is available upon request (ematito@gmail.com).%2223 ACID2?® and NICS?7 calculations
were conducted using the CSGT and GIAO methods, respectively, using Gaussian software packages (Gaussian0928 and
Gaussian162). NICS grids were calculated with 1A resolution (plots 20A x 204 grid) and the plots were generated with a
Python script. The version 2.0.0 of the AICD program2° was used to generate ACID results and they were visualized using
POV-Ray. %’

The effective oxidation state (EOS) analysis3?3! was performed with APOST-3D. The software provided in Ref. 32
was used to assess the similarity of two molecular geometries through the calculation of the root mean square deviation
(RMSD) of the atomic distances.

NMR calculations were also performed using GIAO method in Gaussian16 software package? with B3LYP,34 CAM-
B3LYP,> and M06-2X® functionals including Grimme’s D3 dispersion correction’ and in combination with the 6-31G*
basis set.8 Solvent effects of dichloromethane were taken into account using the Polarizable Continuum Model (PCM).33

2 Geometry assessment

In order to quantify the structural differences among the several optimized geometries, the root mean square deviation
(RMSD) of two molecules has been calculated. The RMSD of two structures was calculated using the software provided
in Ref. 32. This program calculates the RMSD between two Cartesian geometries in either .xyz or .pdb format and uses
the Kabsch algorithm (1976) 34 or Quaternion algorithm35 if rotation is needed before the calculation of RMSD. All the
RMSD values included in this work compare two structures ignoring all the hydrogen atoms.

From the data in Table S1, we conclude that the structures found by Anderson et al. at the B3LYP/6-31G* level of
theory were not absolute minima of the corresponding potential energies for c-P6, c-P6**, c-P6%*, and c-P6!>*. However,
their geometries are very similar to the ones we have found in this work at the same level of theory.
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Table S1 Energy comparison and the RMSD of the minimum geometries calculated by Anderson et al.! and this work at the B3LYP/6-31G* level of
theory. Energy units are atomic units (au) while RMSD are in la\ngstrorns (la\).

Species  Energy (Ref. 1) Energy (this work) RMSD

c-P6 -17512.513898 -17512.514222 0.001
c-P6*t -17511.456927 -17511.457194 0.040
c-P6o+ -17510.640233 -17510.640427 0.033
c-P6!2t  -17507.033356 -17507.033566 0.015

@ Geometries from Ref. 1.

Table S2 Comparison between the geometries calculated at the B3LYP, CAM-B3LYP, and M06-2X methods. The columns 2-4 give the total energy of the
molecules at the corresponding geometry. The third last columns correspond to the RMSD values obtained from these geometries. All the calculations

employed the 6-31G* basis set. Energy units are atomic units (au) while RMSD are in f\ngstroms (7\).

Species | G; (B3LYP) G, (CAM-B3LYP)  G; (M06-2X)  RMSD(G;-Gz) RMSD(G,-G3) RMSD (G;-G3)
cP6 | -17512.514222  -17509.042830  -17509.271928 0.049 0.021 0.041
c-P6* | -17511.457194  -17507.935387  -17508.138955 0.661 0.666 0.201
c-P6%t | -17510.640427  -17507.119479  -17507.306773 0.224 0.031 0.206
¢-P6!2+ | -17507.033566  -17503.560977  -17503.701580 0.040 0.031 0.036

The results of Table S2 demonstrate that the B3LYP energy minima found for c-P6 and c-P6!*" structures are well
reproduced by the CAM-B3LYP and M06-2X methods. However, the geometries of the B3LYP energy minima of c-P6*"
and c-P6°" are significantly different from those found at the M06-2X and CAM-B3LYP levels of theory. Since the latter
functional approximations do not suffer from large electron delocalization errors, one is prompted to conclude that B3LYP
overestimates the symmetry of ¢-P6%" (and, hence, its aromaticity, see below), whereas it overestimates the asymmetry
of ¢-P6*t (RMSD=0.661) resulting in a spurious enhancement of the antiaromatic features of this molecule (see below).
Similar results have been recently reported by our group'>3%-39 and others. 4043

We have also characterized the structure of c-P6°" using the LC-wHPBE*+*> method with ®=0.1 and ®=0.2 in com-
bination with the 6-31G* basis set. Using LC-wHPBE with ©=0.1, the optimized structure lies in between the B3LYP and
CAM-B3LYP ones, as confirmed by the fact that the RMSD values between the LC-oHPBE(w = 0.1) geometry and these
two geometries are quite similar (0.160 and 0.142, for B3LYP and CAM-B3LYP, respectively). On the contrary, LC-wHPBE
with ®=0.2 provides a geometry closer to the CAM-B3LYP one (RMSD=0.095). This further demonstrates the importance
of including a large percentage (typically above 50%) of HF exchange in the functional in order to correctly characterize
conjugated molecules (avoiding the delocalization error?9).,



3 1H-NMR calculations

We have calculated the 'H-NMR spectra for all species, including the template structure and the phenyl substituents. The
most important protons for the study of aromaticity are highlighted in the following figure.
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Figure S1 Nanoring’s structure where the most important protons of the 'H-NMR spectra are highlighted (see also Table S3).

In Table S3, we have summarized the shielding of the most relevant protons for the study of aromaticity and compared

1

them with the experimental values from the literature.

Table S3 'H-NMR values (in ppm) calculated using CAM-B3LYP, M06-2X, and B3LYP methods in combination with 6-31G* basis set and using CH,Cl, as
a solvent (PCM model). 33 We have compared with the experimental data from the literature.! Maximum error (MAX), root mean square error (RMSE),
and mean absolute error (MAE) of each method are also given.

Proton c-P6-T6 c-P6-T6™ c-P6-T6ST c-P6-T6™>F
CAM-B3LYP MO06-2X B3LYP Experimental | CAM-B3LYP MO06-2X B3LYP Experimental | CAM-B3LYP MO06-2X B3LYP Experimental | CAM-B3LYP MO06-2X B3LYP Experimental
a 2.28 2.72 3.18 2.41 6.69 9.02 68.95 22.7 7.65 8.08 -3.74 5.71 10.50 11.32 14.15 11.31
B 4.68 5.23 5.13 4.99 6.79 8.81 56.20 19.9 6.87 7.38 -2.75 5.27 8.35 9.10 9.78 8.83
% 5.32 5.74 5.65 5.45 6.90 8.62 50.52 - 6.85 7.25 -1.65 5.17 7.96 8.55 8.93 7.94
8 5.55 5.94 5.83 5.56 6.91 8.49 49.97 6.82 7.18 -1.03 5.17 7.84 8.35 8.58 7.73
a 9.74 10.39 9.38 9.56 8.29 9.08 14.10 7.44 8.02 6.02 6.52 6.50 6.97 4.31 6.05
b 8.95 9.58 8.66 8.75 7.82 8.60 17.05 7.06 7.57 4.94 5.99 6.04 6.51 4.28 5.77
o 8.13 8.84 7.92 8.06 7.71 8.10 -0.63 7.69 8.39 9.36 7.78 7.90 8.56 8.49 7.31
o 8.21 8.85 8.23 8.32 8.12 9.50 35.74 7.51 8.03 2.13 591 6.99 7.55 5.82 6.57
P 7.97 8.51 7.85 8.02 7.98 8.74 14.66 7.85 8.41 6.51 7.92 7.98 8.61 7.78 7.58
MAX 0.31 0.83 0.77 0.00 1.94 2.37 9.45 0.00 0.81 1.25 2.84 0.00
MAE 0.13 0.52 0.23 0.00 1.18 1.65 4.31 0.00 0.39 0.71 1.22 0.00
RMSE 0.16 0.57 0.30 0.00 1.35 1.77 5.36 0.00 0.45 0.80 1.41 0.00

All the errors presented in Table S3 (MAX, MAE, and RMSE) clearly indicate that the functional that better reproduces

the experimental data is CAM-B3LYP. While errors are of similar magnitude for c-P6 - T6, they are much larger for c-P6-
T6%", indicating that B3LYP geometry is quite different from the experimental one.

To assess to which extent we can rely on the 'H-NMR data to analyze the aromaticity of these systems, we have
constructed a structure that has no current, therefore, is not aromatic. To construct it, we have taken the optimized
structure of each species and replaced all the bridging butadiyne linkers by capping hydrogen atoms. Then, we made a
single-point calculation to obtain the chemical shieldings of the disconnected structure (see Figure S2). In the following
table, the chemical shielding of the protons that are used to analyze of the aromatic character are presented for both
disconnected and connected structures of the nanoring’s species. In addition, the 'H-NMR chemical shift of « and S
protons of the free template are presented in Table S5.



Figure S2 Nanoring’s disconnected structure where the bridging butadiyne linkers have been removed.

Table S4 Selected 'H-NMR chemical shift (in ppm) calculated using CAM-B3LYP and B3LYP methods in combination with 6-31G* basis set and using
CH,Cl, as a solvent (PCM model).3? Experimental data is taken from Ref. 1 and Ref. 47. For each species we include the values of the nanoring’s
structure (connected) and an idealized model, where the bridging butadiyne linkers have been removed (disconnected) (See Figure S2)

Method | data ¢P6-T6 cP6-T6* \ c-P6-T6*T \ ¢-P6-T6™>T
Connected Disconnected | Connected Disconnected | Connected Disconnected | Connected Disconnected
o 2.28 1.93 6.69 9.95 7.65 13.62 10.50 10.60
B 4.68 4.47 6.79 7.77 6.87 9.32 8.35 8.35
CAM-B3LYP o 8.13 8.17 7.71 7.38 7.69 7.36 7.90 7.93
o 8.21 8.24 8.12 6.88 7.51 6.21 6.99 6.98
a 3.18 2.09 68.95 9.03 -3.74 15.34 14.15 14.42
B3LYP B 5.13 4.46 56.20 6.66 -2.75 9.89 9.78 9.84
o 7.92 8.02 -0.63 7.48 9.36 7.07 8.49 8.52
o’ 8.23 8.12 35.74 6.05 2.13 5.68 5.82 5.82
a 2.41 - 22.7 - 5.71 - 11.31 -
Experimental B 4.99 - 19.9 - 5.27 - 8.83 -
o 8.06 - - - 7.78 - 7.31 -
o 8.32 - - - 5.91 - 6.57 -

Table S5 'H-NMR chemical shift of o and B protons of the free template (in ppm) calculated using CAM-B3LYP and B3LYP methods in combination with
6-31G* basis set and using CH,Cl, as a solvent (PCM model). 33 Experimental data is taken from Ref. 1.

data CAM-B3LYP B3LYP Experimental
o 8.62 8.52 8.54
B 7.22 7.10 7.33

Comparing the 'H-NMR data of all the species’ connected and disconnected structures, we can appreciate that the
values are pretty similar. Even in some cases, the disconnected structure presents a slightly higher value. Therefore, these
results show that, although the porphyrins are not connected, a ring current is present. For this reason, we can say that
this is another piece of evidence that proves that none of the species studied is aromatic.



4 Aromaticity

4.1 Porphyrinoid reference systems

In order to assess the aromaticity of the molecules presented in the manuscript, we have collected in Table S6 the aromatic-
ity indices for the different pathways of a simple aromatic porphyrin molecule, porphin (18H). All the values presented
in this section regarding 18H were calculated at the CAM-B3LYP/6-311G(d,p) level of theory.3¢ A molecular graph of
porphin, with delocalization indices values included, can be found in Figure S3. If the pathway goes either through C-N
bonds of the pyrrole or the imine groups, this fragment is labeled as "i" (inner), otherwise "o" (outer) is used. As a result,
all the pathways are characterized by four letters, the first of which corresponds to pyrrole group at the top-left corner of

Figure S3. The "oioi" pathway corresponds to the annulene pathway.

Figure S3 Delocalization indices of (left) c-P6 porphyrins and (right) porphin. In green, we have highlighted the annulene pathway (the most aromatic
one) of 18H.3° Calculations employed the CAM-B3LYP functional in combination with 6-31G* and 6-311G** basis set, respectively.

Table S6 Aromaticity indices for the different pathways of porphin (18H). Geometries and some results extracted from Ref. 36. The number in
parentheses indicates the number of pathways that are equivalent by symmetry.

pathway | FLU BOA? HOMA BLA® AVI245 |AVmin|
oioi 0.010 0.137 0.872 0.035  2.16 1.28
000i (2) | 0.016 0.202 0.734 0.047  1.91 0.49
0000 0.022 0.260 0.610 0.058  1.70 0.49
fioi (2) | 0.008 0.111 0917 0.026 157 0.13
00ii (4) | 0.015 0.180 0.769 0.040  1.36 0.13
00io (2) | 0.021 0.243 0.637 0.052  1.17 0.13
iiii 0.006 0.081 00968 0.016  0.91 0.13
iiio (2) | 0.013 0.157 0.808 0.031  0.73 0.13
ioio 0.019 0.224 0666 0.045  0.57 0.13

4 BOA and BLA were recalculated according to the formulation of Ref. 37.

In order to compare 1245-index distribution graphs of the nanoring structure with different oxidation states, we have
included the 1245-index distribution plots of the 26x-electron porphyrin in Hiickel conformation (26H) and the 327-
electron porphyrin in Mébius conformation (32M) as examples of aromatic expanded porphyrins (see Figure S4). For a
detailed analysis of the aromaticity of 26H and 32M see Ref 36.
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circle and used an arrow to indicate the direction of the x-axis.



4.2 Local Aromaticity indices values

In the following tables, the values of the aromaticity indices corresponding to the porphyrins of the four oxidation states
of the nanoring structure are summarized. In all cases, the six porphyrins are either symmetrically equivalent or give
quantitatively similar values. The only exception is c-P6** for which the values of one porphyrin (P;) are presented,
and the reader is referred to Figure S9 for the values of all the porphyrins. In all cases, all the possible pathways of
the porphyrin were analyzed, and three different DFAs with a variable amount of HF exchange (B3LYP, CAM-B3LYP, and
MO06-2X) were used.

Table S7 Aromaticity indices values for the different pathways of the porphyrins in c-P6, c-P6*", ¢-P6°", and c-P6'** nanoring. The number in
parentheses indicates the number of pathways that are equivalent by symmetry. c-P6** is asymmetric, therefore, the values differ slightly from porphyrin
to porphyrin. Here values of the first porphyrin (P;) are presented, see Table S9 for a full study of the other porphyrins.

B3LYP CAM-B3LYP M06-2X
pathway | FLU BOA HOMA BLA AV1245 |AV;,| | FLU BOA HOMA BLA AV1245 |AVpy,| | FLU BOA HOMA BLA AVI245 [AV gl
0000 | 0.022 0214 0.621 0046  1.66 057 | 0.023 0235 0.658 0050 1.64 0.57 | 0.025 0239 0611 0050  1.61 0.54
i 0.008 0.062 0.865 0.019  0.92 0.58 | 0.007 0.071 0927 0017  0.92 0.52 | 0.008 0.071 0918 0021 091 0.54
ioio (2) | 0.016 0.147 0.730 0.034  1.33 0.58 | 0016 0.162 0778 0.036  1.32 0.52 | 0.017 0.164 0.747 0.037  1.29 0.54
c-P6 iiio (4) | 0012 0.107 0793 0.027 113 058 | 0012 0119 0848 0027 113 052 | 0013 0120 0827 0029 111 0.54
iioo (2) | 0.016 0.147 0730 0.034  1.33 058 | 0.016 0162 0778 0.036 1.32 0.52 | 0.017 0.164 0747 0037  1.30 0.54
iooi (2) | 0.016 0.147 0730 0.034  1.33 057 | 0016 0162 0778 0.036  1.32 0.52 | 0.017 0.164 0747 0037  1.30 0.54
000i (4) | 0.019 0.182 0.672 0040 1.50 057 | 0020 0200 0715 0043 1.49 0.52 | 0.021 0203 0.675 0044 1.46 0.54
0000 | 0.024 0.206 0598 0.043  1.36 0.63 | 0.025 0206 0.642 0041  1.35 032 | 0.027 0231 0583 0048 1.35 0.44
i 0.011 0.075 0.823 0.026 1.24 029 | 0016 0112 0784 0039 1.29 0.09 | 0.013 0.099 0845 0034 117 0.13
ioio (2) | 0.018 0.148 0.698 0.036  1.31 029 | 0.021 0164 0705 0.040  1.33 0.09 | 0.021 0173 0.699 0042 1.27 0.13
cP6*T(P)) iiio (4) | 0.014 0116 0.761 0.031  1.25 029 | 0018 0141 0754 0.039 1.25 0.09 | 0016 0.140 0.781 0.037  1.20 0.13
iioo (2) | 0.018 0.148 0.698 0.036  1.31 029 | 0021 0164 0705 0.040  1.33 0.09 | 0021 0173 0.699 0042 1.27 0.13
iooi (2) | 0.018 0.143 0.691 0.036 1.36 0.64 | 0022 0160 0.683 0041 1.45 032 | 0021 0170 0673 0043 132 0.44
000i (4) | 0.021 0176 0.642 0040 136 0.63 | 0.023 0.184 0.662 0041 1.40 0.32 | 0.024 0202 0626 0046 134 0.44
0000 | 0.024 0.190 0587 0.039  1.17 0.62 | 0.026 0225 0599 0045 1.4 0.24 | 0.028 0229 0544 0046 1.1 0.28
i 0.012 0.068 0.797 0.027  1.46 050 | 0017 0132 0760 0.045  1.30 0.05 | 0.017 0.126 0.748 0.044 1.33 0.06
ioio (2) | 0.019 0.136 0.680 0.034  1.30 050 | 0.022 0.184 0.670 0045 1.27 0.05 | 0.023 0.183 0.634 0045 1.26 0.06
P65+ iiio (4) | 0016 0.104 0735 0.031 137 050 | 0.020 0.157 0700 0.045  1.33 0.05 | 0.021 0153 0.675 0045 1.34 0.06
iioo (2) | 0.019 0.136 0.680 0034  1.30 050 | 0.022 0.184 0670 0045 1.27 0.05 |0.023 0183 0634 0045 1.26 0.06
iooi (2) | 0.019 0.136 0.680 0.034  1.30 050 | 0.021 0189 0.695 0045 1.17 0.05 | 0.023 0.189 0.658 0045 1.17 0.06
000i (4) | 0.021 0.164 0.631 0037 1.23 050 | 0.024 0208 0.644 0.045 1.20 0.05 | 0.026 0210 0598 0045 1.19 0.06
0000 | 0.035 0.337 0.198 0.073  0.07 0.00 | 0.042 0398 0.107 0.085  0.07 0.04 | 0.044 0401 0.014 0086  0.07 0.05
i 0.020 0251 0513 0.071 092 0.16 | 0.027 0337 0426 0095 0.63 0.03 | 0.028 0335 0389 0095 0.66 0.04
ioio (2) | 0.030 0311 0329 0076  0.34 0.00 | 0.036 0378 0241 0.091 0.24 0.02 | 0038 0378 0.173 0.092 0.26 0.02
c-P6!2+ iiio (4) | 0.025 0283 0415 0074  0.61 0.00 | 0.032 0358 0328 0093 043 0.02 | 0033 0358 0274 0093 045 0.02
iioo (2) | 0.029 0299 0338 0072 044 0.00 | 0.036 0371 0249 0089 031 0.02 | 0.037 0372 0.180 009 032 0.01
iooi (2) | 0.029 0299 0338 0.072 044 0.00 | 0.036 0371 0249 0089 031 0.02 |[0037 0372 0181 0.090  0.32 0.02
000i (4) | 0.032 0313 0.268 0071 029 0.00 | 0039 0382 0178 0087 0.20 0.02 | 0.041 0.384 0097 0087 021 0.01

Table S8 Aromaticity indices for the different pathways of the porphyrins in ¢-P6 - T6, c-P6 - T6*", ¢-P6 - T6°*, and c-P6- T6'>* nanoring. Here values of

the first porphyrin of ¢-P6-T6*" are presented, see Table S9 for a full study of the other porphyrins.
B3LYP CAM-B3LYP MO06-2X
pathway | FLU BOA HOMA BLA AVI245 |[AVy,| | FLU BOA HOMA BLA AVI245 [AVyy,| | FLU BOA HOMA BLA AVI245 AV |
o000 | 0.024 0210 0.563 0.046  1.56 0.54 | 0.025 0231 0610 0050 155 0.54 | 0.027 0.233 0557 0050 152 0.51
i 0.009 0.041 0845 0025  0.87 052 | 0008 0051 0921 0.023  0.89 045 | 0.009 0.050 0900 0.027  0.86 0.46
ioio (2) | 0.018 0.134 0.689 0.036  1.26 059 | 0018 0150 0749 0.038  1.26 0.54 | 0019 0151 0711 0.040  1.24 0.54
¢P6-T6 iiio (4) | 0.014 0090 0763 0.031  1.07 052 | 0013 0.103 0830 0031 108 045 | 0015 0104 0.800 0.034  1.06 0.46
iioo (2) | 0.018 0.135 0.688 0.036  1.25 052 | 0018 0151 0748 0038 125 045 | 0019 0152 0709 0040  1.23 0.46
iooi (2) | 0.018 0.135 0.688 0.036  1.26 0.56 | 0018 0.151 0748 0.038  1.26 050 | 0.019 0152 0709 0040  1.23 0.50
000i (4) | 0.021 0.175 0.621 0.041  1.42 0.56 | 0.022 0.194 0675 0045 141 0.50 | 0.023 0195 0.629 0045  1.38 0.50
o000 | 0.026 0.203 0546 0.044  1.34 0.55 | 0.028 0209 0.594 0043 134 026 | 0.030 0222 0518 0.045 1.30 0.30
i 0.012 0.060 0.801 0032 114 0.27 | 0018 0108 0759 0.044 1.18 0.08 | 0017 0107 0757 0044 112 0.08
ioio (2) | 0.020 0.139 0.661 0.038 1.26 0.28 | 0023 0.164 0.669 0043  1.28 0.09 | 0024 0171 0.626 0045  1.23 0.09
¢P6.-T6* (P)) iiio (4) | 0.016 0.098 0.724 0.035 123 0.28 | 0.021 0134 0701 0044  1.29 009 | 0021 0139 0675 0045 122 0.09
iioo (2) | 0.020 0.140 0.659 0.039  1.25 028 |0.023 0.164 0.667 0043 126 009 | 0024 0171 0.624 0045 122 0.09
iooi (2) | 0.020 0.148 0.665 0.038  1.20 027 | 0022 0171 0.686 0042 1.16 0.08 | 0023 0176 0649 0043 115 0.08
000i (4) | 0.023 0.177 0.601 0.041  1.27 0.27 | 0025 0191 0637 0042 125 0.08 | 0.027 0.200 0579 0044  1.23 0.08
o000 | 0.026 0.194 0.542 0.041  1.20 051 | 0.029 0229 0556 0.046  1.26 0.25 | 0.031 0.228 0495 0046  1.23 0.27
iiii 0014 0057 0774 0034 129 032 |0019 0136 0734 0049 116 006 |0019 0126 0711 0049 117 0.07
ioio (2) | 0.021 0.133 0.647 0038 1.26 033 | 0024 0187 0636 0047 123 0.07 | 0025 0183 0592 0047 1.21 0.08
¢-P6-T60T iiio (4 | 0.017 0.093 0706 0.036 1.29 033 | 0022 0160 0673 0049 123 0.07 | 0023 0153 0.639 0049 1.23 0.08
ioo (2) | 0.021 0.134 0.645 0038 1.24 033 | 0.024 0187 0633 0048 121 0.07 | 0.026 0183 0590 0.047  1.20 0.08
iooi (2) | 0.021 0.142 0646 0.038 1.1 032 |0.024 0193 0652 0047 114 006 | 0025 0180 0607 0045 113 0.07
000i (4) | 0.024 0.170 0591 0.040  1.20 032 | 0026 0212 0.602 0.047  1.20 0.06 | 0028 0210 0548 0046 118 0.07
o000 | 0.031 0.263 0.360 0.057 0.68 0.03 | 0.039 0352 0211 0077 046 0.06 | 0.040 0349 0.144 0.077 047 0.06
i 0.018 0.176 0.608 0.055  1.08 0.27 | 0.026 0298 0470 0.086  0.66 0.01 | 0.027 0289 0443 0.084  0.70 0.04
ioio (2) | 0.024 0218 0504 0.055  0.87 013 |0.031 0321 0377 0080 058 010 |0032 0315 0329 0079 061 0.09
¢P6-T6'2*  iiio(4) | 0021 0197 0557 0055 097 013 | 0029 0310 0425 0082  0.62 001 | 0029 0302 0387 0.081 0.66 0.04
iioo (2) | 0.025 0223 0472 0.056  0.86 0.03 | 0033 0328 0329 0081 055 0.01 | 0.034 0322 0280 0.080 0.7 0.04
iooi (2) | 0.025 0.225 0465 0.056  0.85 0.03 | 0033 0329 0321 0081 053 0.03 | 0.034 0323 0271 0.080 0.6 0.03
000i (4) | 0.029 0.248 0393 0.057  0.76 0.03 | 0037 0345 0238 0080 048 003 | 0039 0341 0.178 0.079  0.50 0.03




Table S9 Aromaticity indices values of the three asymmetric porphyrins of c-P6**. We can group the six porphyrins of the structure into three groups of
two porphyrins each, according to symmetry. The members of the same group exhibit very similar aromaticity values. Labels P, P,, and P3 match with
the representation exposed in Figure 6 of the manuscript. These porphyrins host inside Zn33, Znyg, and Zngg, respectively, where the numeration of the

Zn atoms follows the numeration of the Cartesian coordinates given in a separate file of this Supporting Information.

B3LYP CAM-B3LYP M06-2X
pathway | FLU BOA HOMA BLA AVI1245 |AV,;,| | FLU BOA HOMA BLA AV1245 |AV,;,| | FLU BOA HOMA BLA AVI245 [AV |
0000 | 0.024 0.206 0.598 0.043  1.36 0.63 | 0.025 0206 0642 0041 1.35 0.32 | 0.027 0231 0.583 0048 1.35 0.44
i 0.011 0.075 0.823 0.026 1.4 029 |0016 0112 0784 0039 1.29 0.09 | 0.013 0.099 0845 0034 1.17 0.13
ioio (2) | 0.018 0.148 0.698 0.036  1.31 0.29 | 0021 0.164 0705 0040 1.33 0.09 | 0021 0173 0699 0042 1.27 0.13
c-P6+t iiio (4) | 0014 0.116 0.761 0.031 125 029 |0.018 0141 0754 0039 1.25 0.09 | 0016 0.140 0.781 0.037  1.20 0.13
iioo (2) | 0.018 0.148 0.698 0.036  1.31 029 |0.021 0164 0705 0040 1.33 0.09 | 0021 0173 0.699 0042 1.27 0.13
iooi (2) | 0.018 0.143 0.691 0036  1.36 0.64 | 0022 0160 0.683 0041 1.45 032 | 0021 0170 0673 0043  1.32 0.44
. 000i (4) | 0.021 0.176 0642 0.040  1.36 0.63 | 0023 0.184 0662 0041  1.40 032 | 0.024 0202 0626 0046 1.34 0.44
! 0000 | 0.026 0.203 0.546 0.044  1.34 055 | 0.028 0209 0594 0043 1.34 026 | 0.030 0222 0518 0045  1.30 0.30
i 0.012 0.060 0.801 0.032 1.14 027 |0.018 0108 0759 0.044 1.18 0.08 | 0.017 0107 0757 0.044 1.12 0.08
ioio (2) | 0.020 0.139 0.661 0.038  1.26 028 | 0023 0164 0669 0043 1.28 0.09 | 0.024 0171 0626 0045 1.23 0.09
¢P6-T6*"  iiio (4) | 0.016 0.098 0.724 0.035  1.23 0.28 | 0021 0.134 0701 0044  1.29 0.09 | 0021 0139 0675 0045 1.2 0.09
iioo (2) | 0.020 0.140 0.659 0.039 125 028 | 0023 0164 0667 0043 1.26 0.09 | 0024 0171 0.624 0045  1.22 0.09
iooi (2) | 0.020 0.148 0.665 0.038  1.20 027 |0022 0171 068 0042 116 0.08 | 0.023 0176 0.649 0043 1.15 0.08
000i (4) | 0.023 0.177 0.601 0.041 127 027 |0025 0191 0637 0042 125 0.08 | 0.027 0200 0579 0044 1.23 0.08
0000 | 0.023 0.187 0.607 0037  1.35 056 | 0.025 0206 0642 0041 1.35 032 | 0.025 0.190 0.620 0036 1.36 0.42
iiii 0.012 0.072 0789 0.027  1.37 0.49 | 0016 0112 0784 0.039  1.29 0.09 | 0.016 0.083 0.789 0.034  1.39 0.41
ioio (2) | 0.018 0.135 0.688 0.033  1.36 0.49 | 0.021 0164 0705 0.040 1.33 0.09 | 0021 0143 0.695 0035 1.38 0.41
c-P6+t iiio (4 | 0016 0.105 0.735 0.030 136 049 |0.019 0137 0731 0040 1.38 0.09 | 0019 0115 0739 0035 1.38 0.41
iioo (2) | 0.018 0.135 0.688 0033  1.36 0.49 |0.021 0164 0705 0.040 1.33 0.09 | 0.021 0143 0.695 0035 1.38 0.41
iooi (2) | 0.018 0.135 0.688 0.033 136 0.49 |0.020 0168 0727 0.040 1.20 0.09 | 0.021 0143 0.695 0035 1.38 0.41
b 000i (4) | 0.021 0.162 0.645 0035 136 0.49 | 0023 0188 0.682 0188 1.28 0.09 | 0023 0168 0.656 0036 137 0.41
2 0000 | 0.026 0.203 0.548 0044  1.33 051 | 0026 0229 0601 0050 1.38 039 | 0.029 0233 0535 0050 1.33 0.38
iiii 0.012 0.060 0.803 0031 113 024 |0.010 0051 0911 0027  1.00 037 | 0.013 0.073 0853 0035 1.02 0.17
ioio (2) | 0.020 0.141 0.656 0.039 121 024 |0019 0152 0733 0040 1.17 037 | 0.022 0164 0670 0044 1.15 0.17
¢P6-T6*"  iiio (4) | 0.016 0.108 0.728 0.035 1.14 024 | 0015 0105 0818 0034 1.09 037 | 0017 0123 0766 0.039  1.08 0.17
iioo (2) | 0.020 0.140 0.662 0.038 124 028 |0.019 0150 0738 0.040 1.21 039 | 0022 0163 0676 0043 1.18 0.22
iooi (2) | 0.020 0.131 0.656 0.038  1.29 059 |0.019 0150 0735 0.040 1.20 0.44 | 0.022 0159 0.657 0045 1.19 0.46
000i (2) | 0.023 0.168 0.602 0.041 1.33 052 | 0023 0190 0.668 0045 1.32 0.41 | 0.025 0197 059 0.047  1.29 0.40
0000 | 0.024 0206 0.598 0.043  1.36 0.63 | 0.024 0231 0643 0049 144 0.48 | 0.027 0231 0.583 0048 1.35 0.44
i 0.011 0.075 0.823 0.026 1.24 029 |0.008 0068 0917 0021 1.07 0.50 | 0.013 0.099 0845 0034 1.17 0.13
ioio (2) | 0.018 0.148 0.698 0.036  1.31 029 |0.017 0159 0765 0.037 127 050 | 0.021 0173 0.699 0042 1.27 0.13
cPe+t iiio (4) | 0.015 0.111 0753 0.031  1.31 029 |0013 0116 0837 0029 118 050 | 0.017 0137 0.754 0.039 1.25 0.13
iioo (2) | 0.018 0.148 0.698 0.036  1.31 029 |0017 0159 0765 0.037 1.28 0.48 | 0.021 0173 0.699 0042 1.27 0.13
iooi (2) | 0.018 0.153 0706 0.036 125 029 |0.017 0159 0765 0.037 1.27 050 | 0.020 0176 0725 0.040  1.22 0.13
P 000i (4) | 0.021 0.181 0.649 0.040 1.31 029 |0.021 0197 0701 0043 136 0.48 | 0.023 0205 0.650 0.044 1.29 0.13
3 0000 | 0.025 0.184 0.568 0038  1.32 056 | 0.027 0205 0608 0042 1.33 028 | 0.028 0.195 0574 0039 131 0.33
i 0.014 0.060 0.774 0.033  1.24 0.47 |0.017 0102 0771 0042 119 0.10 | 0.018 0.080 0.761 0.041  1.23 0.24
ioio (2) | 0.021 0.128 0.652 0.036 125 0.47 | 0023 0161 0671 0042 1.23 0.10 | 0.024 0.141 0.645 0041 1.25 0.24
¢P6-T6**  iiio (4) | 0.017 0.096 0.710 0.035  1.25 0.47 |0.020 0138 0730 0042 115 0.10 | 0.021 0.114 0706 0.040  1.20 0.24
jioo (2) | 0.020 0.129 0.659 0.036  1.29 0.47 |0.023 0161 0.684 0042 1.26 0.10 |0.023 0142 0661 0039 1.27 0.24
iooi (2) | 0.020 0.129 0.659 0.036  1.29 0.47 | 0023 0153 0.662 0044 1.39 0.28 | 0.024 0.138 0.649 0041 1.34 0.33
000i (4) | 0.023 0.158 0.614 0037 133 051 |0.025 0179 0635 0042 139 0.28 | 0.026 0169 0613 0040 1.34 0.33




4.3 Global Aromaticity indices values

In this section, we have gathered different tables with aromaticity indices and images related to the global aromaticity
of the nanoring structure. In Tables S10 and S11, the MCI values of the linkers bridging the porphyrins are analyzed,
while in Tables S12 and S13, the aromatic pathways consisting of large conjugated chains along the whole belt structure
of the nanoring are given. Afterward, we present the 1245-index distribution plots, ACID plots, and NICS values.

Table S10 MCI (x 1000) values for the six carbon atoms that form the linker bridging two porphyrins for ¢-P6, c-P6**, c-P6°*, and c-P6'%* calculated at
the B3LYP, CAM-B3LYP, and M06-2X/6-31G* levels of theory.

B3LYP CAM-B3LYP MO06-2X
Species/ Linker L; L, L; Ly Ls Lg L; L, Ls Ly Ls Lg Ly L, Ls Ly Ls Lg
¢-P6 2 2 2 2 2 21 1 1 1 1 1]1 1 1 1 1 1
c-P6*F 7 7 2 7 7 220 4 4 20 4 4 |14 14 2 14 14 2
c-P6°F 6 6 6 6 6 6|1 21 1 21 1 212 21 2 21 2 21
c-P6I2F 2 2 2 2 2 2]/1 1 1 1 1 1]1 1 1 1 1 1

Table $11 MCI (x 1000) values for the six carbon atoms that form the linker bridging two porphyrins for ¢-P6-T6, ¢-P6-T6**, ¢-P6-T6°", and ¢-P6-T6'>*

calculated at the B3LYP, CAM-B3LYP, and M06-2X/6-31G* levels of theory.

B3LYP CAM-B3LYP M06-2X
Species/ Linker L; L, L; Ly Ls Lg L; L, Ls Ly Ls Lg Ly L, L3 Ly Ls Lg
¢-P6-T6 3 3 3 3 3 3|1 1 1 1 1 22 2 2 2 2 2
c-P6-T6 3 11 11 4 11 12| 4 4 21 4 212 10 18 2 9 19
¢-P6-T6oF 5 14 5 14 5 14| 1 22 1 22 1 221 22 1 22 1 22
¢-P6-T612F 3 3 3 3 3 3|1 1 1 1 1 1)1 1 1 1 1 1

Table S12 Aromaticity indices for several pathways of c-P6, ¢-P6*t, ¢-P6°", and ¢-P6'** calculated at the B3LYP, CAM-B3LYP, and M06-2X/6-31G* levels

of theory.
B3LYP CAM-B3LYP MO06-2X
pathway FLU BOA HOMA BLA AVI245 [AVy,| | FLU BOA HOMA BLA AVI245 |[AVy,| | FLU BOA HOMA BLA AVI245 [AV ]
G 0.082 0375 -0.116 0061 1.23 0.57 | 0.097 0431 -0.182 0.068 0.9 0.50 | 0.097 0427 -0.172 0.069  1.01 0.52
000000000000 | 0.082 0435 -0.190 0.073  1.48 0.19 | 0096 0493 -0.272 0083 125 0.03 | 0.096 0491 -0.286 0.082  1.26 0.04
ooiiooiicoii | 0.082 0407 -0.161 0067  1.37 0.19 | 0.097 0464 -0.235 0076 113 0.03 | 0.096 0461 -0.240 0.076  1.14 0.04
opg  0000ii0O00i | 0082 0417 -0.172 0069 141 019 |0.096 0474 -0249 0078 117 003 | 0096 0427 -0257 0078 118 0.04
000000ii0000 | 0082 0426 -0.182 0.071 145 0.19 | 0096 0484 -0.261 0081  1.21 0.03 | 0096 0482 -0.273 0.080  1.22 0.04
oioioioioioi | 0082 0407 -0.161 0067 137 0.19 | 0.097 0464 -0.235 0076 113 0.03 | 0.096 0461 -0.240 0.076 1.14 0.04
oiiooiiooiio | 0.082 0407 -0.161 0067  1.37 0.19 | 0.097 0464 -0.235 0076 113 0.03 | 0.096 0461 -0.240 0.076 1.14 0.04
oiiiiiioiiii | 0.082 0.387 -0.133 0063 1.28 019 | 0.097 0443 -0202 0.071  1.04 003 | 0097 0439 -0.197 0.072  1.06 0.04
i 0.067 0337 -0.033 0062  1.87 0.83 | 0.073 0361 -0.047 0.067  1.70 081 | 0072 0367 -0.035 0069  1.79 0.68
000000000000 | 0.067 0386 -0.111 0.067  1.55 0.08 | 0.072 0404 -0.121 0070 151 0.07 |0.073 0413 -0.140 0071 153 0.01
ooiiooiiooii | 0.067 0.364 -0.081 0.065  1.70 0.08 | 0.072 0384 -0.091 0.069  1.60 0.07 | 0.073 0392 -0.098 0070  1.65 0.01
4. ooooiiooooii | 0.067 0370 -0.089 0.065  1.65 008 |0072 0382 -0083 0066 158 012 | 0072 0397 -0107 0070 161 0.01
c-P6 000000ii0000 | 0067 0378 -0.101 0.066  1.60 0.08 | 0073 0400 -0.117 0.070  1.54 0.07 | 0073 0405 -0.124 0.070  1.57 0.01
oioioioioioi | 0.067 0364 -0.081 0.065 1.70 0.08 | 0072 0384 -0.091 0.069  1.60 0.07 |0.073 0392 -0.098 0070  1.65 0.01
oiiooiiooiio | 0.067 0.364 -0.081 0065  1.70 0.08 | 0.072 0384 -0.091 0.069  1.60 0.07 | 0.073 0392 -0.098 0070  1.65 0.01
i 0.067 0347 -0.053 0.063 181 008 | 0072 0367 -0.058 0.067 167 012 | 0073 0377 -0.063 0.070 174 0.01
0.063 0326 -0.017 0062  2.03 0.94 | 0073 0379 -0.102 0.075  1.54 0.69 | 0.073 0376 -0.092 0.075  1.61 0.74
000000000000 | 0.064 0373 -0.098 0.066  1.41 0.0 | 0072 0408 -0.157 0071 125 001 |0.073 0411 -0.177 0072 1.26 0.00
ooiiooiiooii | 0.064 0351 -0.066 0.064  1.70 0.0 | 0.073 0394 -0.136 0.073 1.38 001 |0.073 0395 -0.145 0073 142 0.00
6. 0000ii0000i | 0.064 0359 -0.079 0.065  1.60 010 |0.073 0399 -0.144 0072 134 001 |0073 0400 -0.157 0073 136 0.00
c-P6 0000 00ii0000 | 0.064 0366 -0.089 0.065  1.50 0.0 | 0072 0404 -0.151 0.072  1.29 001 |0.073 0406 -0.168 0072 131 0.00
oioioioioioi | 0.064 0351 -0.066 0.064  1.70 0.0 | 0073 0394 -0.136 0.073 1.38 001 |0.073 0395 -0.145 0073 142 0.00
oiiooiiooiio | 0.064 0351 -0.066 0.064  1.70 0.0 |0.073 0391 -0.158 0073 145 001 |0.073 0391 -0.164 0073 148 0.00
oiiiiiioiiii | 0.063 0335 -0.036 0.063 191 010 |0.073 038 -0.123 0074 151 001 |0073 0381 -0.119 0.074 156 0.00
i 0.081 0465 -0.285 0.090  1.42 0.09 | 0107 0579 -0.521 0.113 093 0.02 | 0.106 0575 -0.518 0.113  0.97 0.03
000000000000 | 0.083 0493 -0.403 0.089  0.71 0.03 | 0.106 0587 -0.639 0.105  0.50 001 |0.106 0587 -0.662 0.105  0.51 0.01
ooiiooiiooii | 0.082 0.480 -0.355 0.080  1.04 0.03 | 0.106 0.583 -0.594 0.109  0.70 001 |0.106 0.581 -0.603 0.109  0.73 0.02
2 00o00iicoooii | 0.082 0485 -0.372 0.089  0.93 003 |[0.106 058 -0.611 0.107  0.63 001 | 0106 058 -0.624 0108 065 0.02
c-P6 000000ii0000 | 0.083 0489 -0.388 0.089  0.82 0.03 | 0106 0586 -0.626 0.106  0.56 001 |0.106 0.585 -0.643 0.106  0.58 0.01
oloioioioioi | 0082 0475 -0.351 0.088  1.09 0.02 | 0106 0581 -0.590 0.108  0.71 001 |0.106 0578 -0.600 0.108  0.74 0.01
oiiooiiooiio | 0.082 0477 -0.353 0.089  1.06 0.02 | 0106 0582 -0.592 0.108  0.70 001 |0.106 0.580 -0.601 0.109  0.73 0.02
oiiiiiioiiii | 0.081 0.468 -0.310 0.089 131 003 | 0106 0579 -0.547 0.111  0.86 001 | 0106 0576 -0.549 0.111  0.90 0.02




Table S13 Aromaticity indices for several pathways of c-P6 - T6, ¢-P6-T6*", ¢-P6-T6%F, and ¢-P6-T6'*t calculated at the B3LYP, CAM-B3LYP, and

MO06-2X/6-31G* levels of theory.

B3IYP CAM-B3IYP M06-2X

pathway FLU BOA HOMA BLA AVI245 [AV,,| | FLU BOA HOMA BLA AVI245 [AVy,| | FLU BOA HOMA BLA AVI245 [AV gl
i 01 4 i 0 0.081 0.354 -0.138 0.064 1.5 0.42 | 0096 0412 -0.196 0.070 1.01 035 | 0.096 0407 -0.189 0.071  1.03 0.37
000000000000 | 0.082 0.425 -0.235 0.073  1.44 0.16 | 0.096 0484 -0315 0082 121 0.00 |0.09 0481 -0.324 0081 122 0.01
ooiiooiiooii | 0.082 0.392 -0.197 0.069  1.35 0.16 | 0.096 0451 -0.266 0076 112 0.00 |0.096 0447 -0270 0076 1.13 0.01
P6.T6 0000ii0000ii | 0.082 0403 -0.212 0070  1.38 0.16 | 0.096 0462 -0.285 0078 115 0.00 |0.09 0459 -0.291 0078 116 0.01
000000ii0000 | 0.082 0414 -0.224 0.071  1.41 0.16 | 0096 0473 -0301 0080 118 0.00 |0.09 0470 -0.308 0.079 119 0.01
oioioioioioi | 0.082 0.392 -0.196 0.069 1.36 0.16 | 0.096 0450 -0.265 0.076  1.12 0.00 | 0.096 0.446 -0269 0076 1.14 0.01
oiiooiiooiio | 0.082 0.392 -0.196 0.069  1.35 0.17 | 0096 0451 -0.266 0076 111 0.01 |0.09 0447 -0271 0076 112 0.02
oi i i ii 0.081 0.368 -0.161 0.066 1.28 0.18 | 0096 0426 -0.223 0072 1.04 0.01 |0.09 0421 -0.221 0073 1.06 0.03
iii ii 0.068 0.328 -0.078 0.065  1.85 0.87 | 0073 0352 -0.094 0070 167 0.75 | 0.073 0.006 -0.087 0.072 1.73 0.75
000000000000 | 0.069 0.383 -0.169 0.067 1.5 0.08 | 0.074 0402 -0.184 0070  1.49 0.06 | 0.074 0.409 -0.200 0071  1.51 0.00
ooiiooiiooii | 0.068 0.357 -0.134 0.066  1.69 0.08 | 0074 0379 -0.149 0070 157 0.08 | 0074 0385 -0.156 0071 1.62 0.01
ep6.TgH  0000ii0000i | 0.060 0369 -0.155 0068  1.64 0.08 |0074 0392 -0.172 0072 153 0.06 |0.074 0397 -0.187 0073 157 0.00
000000ii 0000 | 0.069 0374 -0.158 0.067  1.60 0.08 |0074 0397 -0.179 0071 151 0.06 |0.074 0402 -0.187 0071 154 0.00
oioioioioioi | 0.068 0357 -0.132 0066  1.70 0.09 | 0074 0379 -0.146 0070 1.58 0.06 | 0074 0385 -0.152 0071  1.63 0.01
oiiooiiooiio | 0.068 0.357 -0.133 0.066  1.69 0.09 | 0074 0379 -0.148 0070 157 0.08 | 0074 0385 -0.156 0071 1.61 0.00
oi ii i io i ii 0.068 0339 -0.102 0.066 1.79 0.09 |0073 0359 -0.109 0069 164 0.13 | 0073 0366 -0.113 0071 1.69 0.08
i i 1 1 0.066 0322 -0.088 0.066  1.92 0.81 | 0075 0379 -0.164 0077 148 0.64 | 0.075 0375 -0.157 0.077 154 0.65
000000000000 | 0.068 0377 -0.173 0.066  1.43 0.04 | 0074 0409 -0225 0071 127 0.06 | 0075 0410 -0.240 0071  1.28 0.05
ooiiooiiooii | 0.067 0.352 -0.140 0.066  1.66 0.04 |0075 0395 -0202 0074 137 0.07 |0.075 0394 -0.209 0074 1.40 0.07
opG.TE0+  O0ooilooooii | 0067 0361 -0.153 0066 158 0.05 | 0074 0399 -0211 0073 134 0.06 |0.075 0399 -0.221 0073 136 0.05
0000 00ii 0000 | 0.068 0369 -0.163 0.066  1.50 0.04 | 0074 0404 -0218 0072 130 0.06 |0.075 0405 -0.232 0072 132 0.05
oioioioioioi | 0.067 0352 -0.138 0066  1.66 0.05 | 0074 0395 -0.200 0074 138 0.08 |0.075 0393 -0.207 0.074 1.41 0.05
oiiooiiooiio | 0.067 0.347 -0.141 0.066 1.67 0.14 | 0075 0391 -0216 0074 143 0.07 | 0075 0390 -0.222 0075 146 0.08
oi i i ii 0.067 0331 -0.109 0.066 1.83 0.14 | 0075 0384 -0.185 0076 146 0.07 | 0075 0380 -0.183 0076 151 0.08
i ii 0.082 0425 -0.300 0.080  1.45 024 | 0.105 0552 -0.523 0.106 095 0.01 | 0.104 0544 -0.514 0.105  0.99 0.02
000000000000 | 0.082 0.449 -0.365 0.078  0.94 0.02 | 0103 0553 -0.609 0.098  0.70 0.01 |0.103 0550 -0.610 0.098  0.71 0.01
ooiiooiiooii | 0.082 0438 -0.341 0.079 1.18 0.02 |0.104 0552 -0577 0.102  0.82 0.01 |0.104 0547 -0.574 0.101  0.84 0.01
ope. T2+  ©0000ilooo0il | 0.082 0443 0355 0079  1.09 0.03 |0.104 0553 -0.594 0.101 0.77 0.02 |0.104 0549 -0.592 0.100  0.79 0.02
000000ii 0000 | 0.082 0446 -0.359 0.078  1.02 0.02 | 0103 0553 -0.600 0.099 0.74 0.01 |0.103 0549 -0.599 0.099  0.75 0.01
oioioioioioi | 0.082 0439 -0.348 0079 1.16 0.03 | 0105 0556 -0.601 0.102 0.78 0.01 |0.105 0550 -0.597 0.102  0.80 0.00
oiiooiiooiio | 0.083 0440 -0.354 0.079 1.14 0.02 | 0.104 0554 -0.587 0.102  0.79 0.01 |0.104 0549 -0.584 0.101  0.82 0.00
oi ii i io i ii 0.083 0431 -0.325 0.080 1.33 0.06 | 0105 0552 -0.544 0.105  0.90 0.01 |0.104 0545 -0.537 0.104 0.94 0.00

4.3.1 1245-index distribution plots

—— c-P6 cPe*t —e— cPEOT o P62+
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Figure S5 1245-index distribution including the individual MCI(1,2,4,5) values along the most aromatic path of c-P6, c¢-P6*t, ¢-P6%F, and c-P6'*H

calculated at the B3LYP/6-31G* level of theory.
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Figure S6 1245-index distribution including the individual MCI(1,2,4,5) values along the most aromatic path of c-P6, c¢-P6*t, ¢-P6%F, and c-P6'*"
calculated at the M06-2X/6-31G* level of theory.

—— CAM-B3LYP —— B3LYP —e— MO06-2X

351 L L, Ls L, Ls Le

S )
[6)] o [6)] o
L]
[ ]
[ ]

1245 index values

y
=)
.

PAUEANEAN PRI

0.0 ; T .
1 10 20 30 40 50 60 70

ot
o
)

Figure S7 Comparison of the 1245-index distributions including the individual MCI(1,2,4,5) values along the most aromatic path of c-P6-T6 calculated
at different levels of theory.
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Figure S8 Comparison of the 1245-index distributions including the individual MCI(1,2,4,5) values along the most aromatic path of c-P6-T6** calculated
at different levels of theory.
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Figure S9 Comparison of the 1245-index distributions including the individual MCI(1,2,4,5) values along the most aromatic path of c-P6-T6'>* calcu-
lated at different levels of theory.
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Figure S10 1245-index distribution including the individual MCI(1,2,4,5) values along the most aromatic path of c-P6%*, c-P6%* with Ph substituents,
and c-P6 - T6%* calculated at the B3LYP/6-31G* level of theory.
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Figure S11 1245-index distribution including the individual MCI(1,2,4,5) values along the most aromatic path of c-P6°*, c-P6% with Ph substituents,
and ¢-P6 - T6%" calculated at the CAM-B3LYP/6-31G* level of theory.
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Figure $12 1245-index distribution along the most aromatic path of c-P6%*+, c-P6%* with Ph substituents, and ¢-P6-T6%* calculated at the M06-2X/6-31G*
level of theory.

4.3.2 ACID plots

ACID calculations were performed using the CSGT method with B3LYP and CAM-B3LYP density functional approx-
imations in combination with the 6-31G* basis set, including Grimme’s dispersion (no solvent model was employed).
In Figures S13 and S14, we present two perspectives of the ACID plots for the four oxidation states of the nanoring at
the B3LYP/6-31G* computational level. The former picture can be used to assess the local aromaticity of the porphyrin,
whereas the latter is useful in analyzing the global aromaticity of nanoring. Similar pictures of the CAM-B3LYP geometries

can be found in the manuscript.

Figure S13 ACID isosurface plots (isocontour value 0.06) for a) c-P6, b) ¢-P6*t, ) ¢-P6°F, and d) ¢-P6'%" at the B3LYP/6-31G* level of theory (employed
for both geometry optimization and ACID calculation).
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Figure S14 ACID isosurface plots (isocontour value 0.06) for a) c-P6, b) ¢-P6*t, ) ¢-P6%F, and d) c-P6'*+ using B3LYP/6-31G* level of theory (employed
for both geometry optimization and ACID calculation).

4.3.3 NICS

NICS values calculated with CAM-B3LYP and B3LYP density functional approximations in combination with the 6-31G*
basis set. NICS(0,0) refers to the NICS value computed at the center of the nanoring (blue circle), whereas NICS(20,20)
corresponds to the NICS value calculated at point (20,20) (orange circle) of a frame centered at the center of the nanoring
with x- and y-axis pointing towards one linker and the center of a porphyrin, respectively (see Figure S15). Therefore,
(20,20) corresponds to a point outside the nanoring at a fairly large distance. The distance unit is Angstroms (A).

NICS(20,20)

NICS(0,0) | Species CAM-B3LYP B3LYP
NICS(0,0) NICS(20,20) | NICS(0,0) NICS(20,20)

c-P6 -1.68 -0.08 -1.42 -0.09

c-P6t 0.88 -0.12 102.24 -6.46

c-P6ot -0.42 -0.01 -13.36 0.86

c-P6!2t 0.47 0.02 1.37 0.08

Figure S15 & Table S14 NICS(0,0) and NICS(20,20) values.
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5 Aromaticity indices

In the present section, the aromaticity indices used in the manuscript will be briefly reviewed. Henceforth, we will use
the short-hand notation 1 = (7}, 01) to denote the coordinates of an electron and d1 = d7;,do; for the electron positions
and their derivatives. To provide a general expression, we will consider a molecule including at least one ring structure
consisting of n atoms, represented by the string A = {A4,,A,,...,A,} and whose elements are ordered according to the
connectivity of the atoms in the ring.

)18,19,23

First of all, we will define the delocalization index (DI using the exchange-correlation density (XCD) *° between

points belonging to two different atoms A; and A,,
SMhAﬁ:2/‘/dhnmAL&:—QwﬂMmNhL e
A JA

where N4, and N,, are the atomic populations of atoms A; and A,. The delocalization index is related to the covariance
of these populations and, for this reason, the DI is a measure of the number of electrons fluctuating between these atoms
concurrently. On the other hand, the localization index (LI) is defined as

) = [ [ atazp.(1,2), @
AJA
where we integrate the two points of the XCD over the same atom A;.
Secondly, we define the geometric aromaticity indices: the so-called harmonic oscillator model of aromaticity (HOMA) >°

and the bond-length alternation (BLA). Kruszewski and Krygowski defined the former, and they used bond-length refer-
ences, R,,, to compare with the actual bond length of the ring structure:

1 n
HOMA(A) =1- ; Zai(rgpt —TALA )27 (3)

where ry p is the distance between atoms A and B, and o; is an empirical constant fixed to give values close to one for
aromatic species and small or negative values for non-aromatic and antiaromatic species. The geometrical data of reference
(Rop) is such that the compression energy of the double bond and the expansion energy of the single bond are minimal in
accordance with the harmonic potential model. The bond-length alternation indicator compares the bond-length among
the consecutive bonds along the perimeter of the ring,

HM=

|rAi7Ai+1 A Al ls 4

BLA(A) = %

where n; = |(n+1)/2]| and ny = |n/2], |n] being floor function of x, which returns the largest integer less than or equal to x.

We now consider the electronic aromaticity indices. The bond-order alternation (BOA) is one of the most popular
aromatic indicators, and it corresponds to the electronic structure analogous to BLA. BOA uses bond orders or electron-
sharing indices?? rather than the bond length,

l n
BOA(A) = - Y 18(AiAiv1) — 8(Aip1,Aiga)- 5)
i=1

Aromaticity indicators based on bond orders, such as BLA or FLU (see below), do not have a strong dependency on the
computational method used.>!

Just as we had the electronic counterpart of BLA, we have the counterpart of HOMA, the aromatic fluctuation index
(FLU), which goes beyond the bond length information employed in HOMA. 117 The FLU index also employs references
to measure the electron delocalization:

o - 8 [(soy) (Pt teae)

i
where o is a simple function to ensure the first term in Eq. 6 is always greater or equal to 1,

a{l S(Ai1) < 8(A)

1 S(A) < 8(A) @
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and 6,.7(A,B) is the DI of an aromatic molecule of reference. For C-C bonds, benzene is used as a reference while the
C-N value is taken from pyridine.'® When the molecule is aromatic, the FLU index will be close to zero, whereas for
non-aromatic or antiaromatic species it will be greater than zero.

Giambiagi employed one of the most reliable electronic multicenter indices as an aromaticity index. This many-center
electron delocalization index (I,;,,) measures the delocalization along the ring: 52

occ
Ling(A) =Y. Siir(A1)Sii5 (A2)...Siy iy (An) 8)
iip...in
and if one takes into account all the permutations of the atoms in the ring, thus including delocalization patterns across
the ring, we obtain the expression of the multicenter index (MCI): 2>

occ

MCI 2, Z I””‘o’ Z Z Slllz Al lzl3(A2) Sinail(A”l> C))

)i1in--in

where P(A) stands for the n! permutations of the elements in the string A. Like I,;,,, MCI gives large numbers for aromatic
species and the authors claim negative values for antiaromatic molecules. >3 However, these two electronic indices are not
suitable for large (anti)aromatic molecules because they scale exponentially with the number of atoms in the ring and
present large numerical errors derived from the numerical integration of the atomic overlap matrices.

In order to solve the drawbacks of I,;,, and MCI, one of us defined the AV1245 index!3 as the average value of the four-
atom MCI index between relative positions 1-2 and 4-5 constructed from every five consecutive atoms along the perimeter
of the ring. Lately, it has been seen that the average value could hinder some important values and that the minimal
value of the index, AV, , 143 could be more useful. The AVpy, value corresponds to the least delocalized fragment of the
ring. Aromatic molecules present large values of AV, while non-aromatic molecules exhibit low values. Antiaromatic
molecules are more difficult to identify because they usually present intermediate values of AV, . To identify the antiaro-
matic molecules, we could help ourselves using BOA values (if the species are smaller) or the 1245-index distributions
plots (from which the average value, AV1245, is obtained) along the ring (see e.g., Figure S12).

Finally, we have the magnetic aromaticity indices. When an (anti)aromatic species is exposed to an external field, this
field induces a m-electron ring current that can be measured to characterize the molecule either as an aromatic or an-
tiaromatic molecule. Aromatic molecules will show diatropic ring currents. On the contrary, the antiaromatic species will
present paratropic ring currents. The most important and popular magnetic index of aromaticity is the nucleus indepen-
dent chemical shift (NICS) due to Paul Schleyer and co-workers. 27 NICS is defined as the negative value of the absolute
shielding computed at a certain point of the space. It is usually calculated at the center of the ring, NICS(0). However,
it could also be calculated in other important points (see e.g., Table S14), or one could calculate a NICS scan along some
region of the space to obtain a NICS grid plot (see manuscript).>* Negative values are a signature of aromaticity, whereas
positive values indicate antiaromaticity. Another well-known magnetic index is the Anisotropy of the Induced Current
Density (ACID) 26, Using the ACID software, 26 one can visualize ACID scalar field isosurfaces and the current density
vectors (see e.g. Figure S14).
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Basis set validation

To validate the basis set chosen for the optimization calculations, we compared the most
important distances (Cu—P and Cu-N) of the optimized geometry with the X-Ray data of two

photosensitizers.

Table S1. Cu-N and Cu-P bond distances in Angstroms (A) of PSg and PSyg from experimental
data and computational data using B3LYP-GD3/LANL2DZ. We also include the difference between

the experimental and the computational values (Ay):

PS bond X-Ray distance optimized distance Ay

Cu-N; 2.107 2.090 0.016
PS, Cu—Ny 2.126 2.099 0.028
Cu-P, 2.222 2.376 0.154
Cu-P, 2.290 2.375 0.085
Cu-N; 2.075 2.096 0.021
PS,, Cu-Ny 2.086 2.106 0.020
Cu-P, 2.294 2.394 0.100
Cu-P, 2.256 2.338 0.083
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As we can appreciate in Table S1, the optimized geometry presents Cu-P bond distances
longer than the Cu—N bond in comparison with experimental data. Nevertheless, both sets
of distances, the experimental and the computational, are in a reasonable agreement. Hence,
the basis set used for the geometry optimization of the complexes is good enough for the
present purposes. Even though the experimental data should be taken as a reference to the
computational calculations, one should bear in mind that the experimental data results from
several macroscopic measurements, which are the response of more than one molecule, and
the interaction between the solvent and the molecule plays a role. In contrast, computational
results are obtained from the treatment of only one molecule and to account for solvent effects
we performed simulations with the PCM model. In addition, there is always an uncertainty
associated to the measurement. Therefore, we do not expect, neither we pretend, to obtain an
absolute agreement of our computational data with the available experiment. Instead, we will

focus on obtaining a similar qualitative picture from both analyses.

Optimization of the attenuating parameter

As stated, the attenuating parameter has been optimized in order to obtain a more accurate
description of the UV-Vis absorption spectrum and to try the performance of LC-wPBE-opt in
the redox potential calculations.

In the following table (Table S2), we have summarized the results obtained from the calcu-
lations of the optimization of the w parameter. To obtain the w,, value, the J* function should
be minimal.

All the optimization processes of the w parameter required 17 or 18 optimization steps.
The number of steps that the script needs to optimize the attenuating parameter depends on
the initial range of w that we have chosen and on the accuracy of the w parameter requested.
Since most current calculations run in parallel, we have also performed calculations with four
cores and we have evaluated the cpu time per core of the optimization process and the spectra

calculations (see Table S2).
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Table S2. Cpu time/proc (h) of the whole w optimization calculation and the calculation that allows
to simulate the UV-Vis spectrum. In addition, there is the number of basis functions used for each

photosensitizer using LANL2DZ basis set and the total SCF cycles of the optimization process:

PS Wopt Total SCF spectrum calculation basis
cpu time/proc (h) cycles cpu time/proc (h)  functions
PS; 34.3 1136 4.7 604
PS, 46.1 1410 6.9 672
PSs 46.0 1161 7.7 728
PS, 52.1 1244 10.0 798
PSs 128.3 2080 6.5 838
PSq 41.1 1045 5.5 630
PS; 35.0 904 4.5 698
PSs 41.0 955 9.7 754
PSy 56.5 1168 12.0 824
PSio 42.5 1067 9.5 642
PS1y 65.0 1249 13.7 820
PSyo 75.9 1448 8.4 728
PSi3 67.8 1186 9.8 796
PS4 75.7 1149 12.3 852
PSy5 80.7 1140 13.0 922
PSi6 89.7 1125 10.2 962

Cpu time per core is the effective calculation time per core, which is the average time per
core when we split the total cost of a parallelized calculation. The time will increase with the
number of SFC cycles done, the number of basis functions, and the number of w optimization
steps. We will assume that the number of w optimization steps is constant in all the studied
complexes, as it barely changes from complex to complex. Overall, with the data of copper dyes,
we estimate that the simulation of UV-Vis absorption spectrum with w,,; is seven times more
expensive than the simulation of the same spectrum with the default value of the w parameter.

In the following table, we have all important data of the w parameter optimization process

for all the photosensitizers (copper and iridium families).
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Table S3. From left to right, ionization potential (IP) of the system with N electrons, the electron
affinity with N electrons (EA), the optimized attenuating parameter minimizing J*, the HOMO energy
of the system with N electrons (e zoaro(N)) and with N-+1 electrons (¢ gorro(N+1)), and the value of

J* function of PSs:

PS IP(N)(au) EA(N)(au) we(au™) exomo(N)(au) exomo(N+1)(au) J*(au)

PS, 0.3627 0.1155 0.2524 -0.3576 -0.1259 0.0116
PS, 0.3799 0.1528 0.2664 -0.3763 -0.1606 0.0086
PS; 0.3602 0.1148 0.2583 -0.3527 -0.1304 0.0173
PS, 0.3733 0.1426 0.2676 -0.3685 -0.1535 0.0120
PSs 0.4956 0.3151 0.2286 -0.4898 -0.3255 0.0120
PSg 0.3486 0.1145 0.2155 -0.3456 -0.1204 0.0066
PS; 0.3638 0.1467 0.2110 -0.3598 -0.1532 0.0076
PSs 0.3560 0.1174 0.2469 -0.3489 -0.1315 0.0158
PSy 0.3699 0.1309 0.2277 -0.3616 -0.1477 0.0188
PSio 0.3516 0.1296 0.2086 -0.3475 -0.1370 0.0084
PSy, 0.2029 -0.0303 0.2811 -0.1961 0.0125 0.0190
PSi2 0.3526 0.1193 0.2385 -0.3475 -0.1306 0.0124
PSi3 0.3604 0.1503 0.2142 -0.3553 -0.1597 0.0106
PS4 0.3413 0.1203 0.2159 -0.3381 -0.1295 0.0097
PSi; 0.3524 0.1442 0.2191 -0.3490 -0.1529 0.0094
PSi6 0.4859 0.3065 0.2151 -0.4798 -0.3176 0.0127
PSi7 0.3507 0.1462 0.2059 -0.3496 -0.1479 0.0020
PSis 0.3507 0.1570 0.2003 -0.3489 -0.1601 0.0036
PSq9 0.3292 0.1176 0.1969 -0.3272 -0.1204 0.0034

Additionally, in Table S4, we have all important data of the w parameter optimization

process for the cobalt catalyst family.

Table S4. From left to right, ionization potential (IP) of the system with N electrons, the electron
affinity with N electrons (EA), the optimized attenuating parameter minimizing J*, the HOMO energy
of the system with N electrons (e zoaro(N)) and with N+1 electrons (e zoamo()N+1)), and the value

of J* function of cobalt complexes family:

1¥  IP(N)(au) EA(N)(au) we(au™) epomo(N)(au) epomo(N+1)(au) J*(au)

14 0.5327 0.2440 0.2447 -0.5037 -0.2902 0.0545
1C02E 0.5315 0.2456 0.2401 -0.5009 -0.2964 0.0593
1N 0.5447 0.2546 0.2414 -0.5108 -0.3089 0.0640
103 0.5467 0.2557 0.2446 -0.5135 -0.3084 0.0622
1¢ 0.5367 0.2495 0.2421 -0.5071 -0.2963 0.0554
1PMM 0.5238 0.2436 0.2500 -0.4976 -0.2841 0.0483
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As we can see, the J* function attains a minimum, but in any case is exactly zero because
we work with two systems, N and N-+1 electron systems. To obtain a zero, the same parameter

w should force the condition fulfilled by the exact functional in both systems simultaneously.

UV-Vis absorption spectra and redox potentials

Here we present the data of the UV-Vis absorption spectra of the copper photosensitizers

that have not been synthesized.

Table S5. For copper PSs, maximum wavelength (A, in nm) corresponding to a CT excitation for
B3LYP and LC-wPBE-opt with LANL2DZ, and the reduction potentials (E?CUI/CUO)(V)) with the

same functionals:

PS A maz (M) E?CuI/CuO)(V)
B3LYP LC-wPBE-opt | BBLYP LC-wPBE-opt

PS; | 424.99 360.15 -1.78 -1.58
PS, | 506.07 403.65 -1.23 -1.19
PSs 435.12 361.95 -1.62 -1.56
PS, 481.08 379.46 -1.53 -1.46
PS5 524.66 450.01 -0.82 -0.76
PS¢ 428.85 376.91 -1.71 -1.66
PS; | 507.95 435.70 -1.35 -1.27
PSq 452.34 362.92 -1.50 -1.55
PSi2 | 405.62 337.96 -1.92 -1.61
PSi3 | 529.19 453.61 -1.10 -1.09
PS4 | 440.47 402.13 -1.51 -1.46
PS5 | 504.24 426.82 -1.35 -1.29
PSi6 | 503.45 450.31 -0.74 -0.75

For all the studied PS and the cobalt catalyst family we have plotted the UV-Vis absorption
spectrum with LC-wPBE-opt (optimal value of w), LC-wPBE (default value of w) and B3LYP
in combination with LAN2DZ in solvent phase.
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Figure S1. Simulated UV-Vis absorption spectra of PS; with LC-wPBE-opt, LC-wPBE, and B3LYP
functionals. The spectra are plotted using a standard deviation of 0.4eV. For LC-wPBE-opt functional,

we have also plotted the orange vertical lines corresponding to the different vertical excitations.

30000 T T T T T T T
LC-WPBE-opt
LC-®WPBE
B3LYP
25000

5000

200 250 300 350 400 450 500 550 600
A (nm)

Figure S2. Simulated UV-Vis absorption spectra of PSy with LC-wPBE-opt, LC-wPBE, and B3LYP
functionals. The spectra are plotted using a standard deviation of 0.4 V. For LC-wPBE-opt functional,

we have also plotted the orange vertical lines corresponding to the different vertical excitations.
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Figure S3. Simulated UV-Vis absorption spectra of PS3 with LC-wPBE-opt, LC-wPBE, and B3LYP
functionals. The spectra are plotted using a standard deviation of 0.4 eV. For LC-wPBE-opt functional,

we have also plotted the orange vertical lines corresponding to the different vertical excitations.
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Figure S4. Simulated UV-Vis absorption spectra of PS4 with LC-wPBE-opt, LC-wPBE, and B3LYP
functionals. The spectra are plotted using a standard deviation of 0.4 V. For LC-wPBE-opt functional,

we have also plotted the orange vertical lines corresponding to the different vertical excitations.
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Figure S5. Simulated UV-Vis absorption spectra of PS; with LC-wPBE-opt, LC-wPBE, and B3LYP
functionals. The spectra are plotted using a standard deviation of 0.4 eV. For LC-wPBE-opt functional,

we have also plotted the orange vertical lines corresponding to the different vertical excitations.
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Figure S6. Simulated UV-Vis absorption spectra of PSg with LC-wPBE-opt, LC-wPBE, and B3LYP
functionals. The spectra are plotted using a standard deviation of 0.4 V. For LC-wPBE-opt functional,

we have also plotted the orange vertical lines corresponding to the different vertical excitations.
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Figure S7. Simulated UV-Vis absorption spectra of PSy with LC-wPBE-opt, LC-wPBE, and B3LYP
functionals. The spectra are plotted using a standard deviation of 0.4 eV. For LC-wPBE-opt functional,

we have also plotted the orange vertical lines corresponding to the different vertical excitations.
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Figure S8. Simulated UV-Vis absorption spectra of PSg with LC-wPBE-opt, LC-wPBE, and B3LYP
functionals. The spectra are plotted using a standard deviation of 0.4 V. For LC-wPBE-opt functional,

we have also plotted the orange vertical lines corresponding to the different vertical excitations.
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Figure S9. Simulated UV-Vis absorption spectra of PS15 with LC-wPBE-opt, LC-wPBE, and B3LYP
functionals. The spectra are plotted using a standard deviation of 0.2 eV. For LC-wPBE-opt functional,

we have also plotted the orange vertical lines corresponding to the different vertical excitations.
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Figure S10. Simulated UV-Vis absorption spectra of PSi3 with LC-wPBE-opt, LC-wPBE, and
B3LYP functionals. The spectra are plotted using a standard deviation of 0.2 e¢V. For LC-wPBE-
opt functional, we have also plotted the orange vertical lines corresponding to the different vertical

excitations.
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Figure S11. Simulated UV-Vis absorption spectra of PSy4 with LC-wPBE-opt, LC-wPBE, and
B3LYP functionals. The spectra are plotted using a standard deviation of 0.2 eV. For LC-wPBE-
opt functional, we have also plotted the orange vertical lines corresponding to the different vertical

excitations.
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Figure S12. Simulated UV-Vis absorption spectra of PSi5 with LC-wPBE-opt, LC-wPBE, and
B3LYP functionals. The spectra are plotted using a standard deviation of 0.2 eV. For LC-wPBE-
opt functional, we have also plotted the orange vertical lines corresponding to the different vertical

excitations.
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Figure S13. Simulated UV-Vis absorption spectra of PSig with LC-wPBE-opt, LC-wPBE, and
B3LYP functionals. The spectra are plotted using a standard deviation of 0.2 eV. For LC-wPBE-
opt functional, we have also plotted the orange vertical lines corresponding to the different vertical

excitations.
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Figure S14. Simulated UV-Vis absorption spectra of 17 with LC-wPBE-opt, LC-wPBE, and B3LYP
functionals. The spectra are plotted using a standard deviation of 0.2 eV. For LC-wPBE-opt functional,

we have also plotted the orange vertical lines corresponding to the different vertical excitations.
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Figure S15. Simulated UV-Vis absorption spectra of 192 with LC-wPBE-opt, LC-wPBE, and
B3LYP functionals. The spectra are plotted using a standard deviation of 0.2 eV. For LC-wPBE-
opt functional, we have also plotted the orange vertical lines corresponding to the different vertical

excitations.
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Figure S16. Simulated UV-Vis absorption spectra of 1¢VV with LC-wPBE-opt, LC-wPBE, and B3LYP
functionals. The spectra are plotted using a standard deviation of 0.2 V. For LC-wPBE-opt functional,

we have also plotted the orange vertical lines corresponding to the different vertical excitations.
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Figure S17. Simulated UV-Vis absorption spectra of 1¢3 with LC-wPBE-opt, LC-wPBE, and
B3LYP functionals. The spectra are plotted using a standard deviation of 0.2 eV. For LC-wPBE-
opt functional, we have also plotted the orange vertical lines corresponding to the different vertical

excitations.
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Figure S18. Simulated UV-Vis absorption spectra of 1¢! with LC-wPBE-opt, LC-wPBE, and B3LYP
functionals. The spectra are plotted using a standard deviation of 0.2 V. For LC-wPBE-opt functional,

we have also plotted the orange vertical lines corresponding to the different vertical excitations.
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Figure S19. Simulated UV-Vis absorption spectra of 1°MM with LC-wPBE-opt, LC-wPBE, and
B3LYP functionals. The spectra are plotted using a standard deviation of 0.2 eV. For LC-wPBE-
opt functional, we have also plotted the orange vertical lines corresponding to the different vertical

excitations.
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