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The central theme of this thesis is the ability to tune various molecular properties by
controlling and utilizing aromaticity and antiaromaticity in the lowest electronically excited
states. This investigation is based on qualitative theory, quantum chemical (QC) calculations
and experimental work.

Baird's rule tells that the π-electron count for aromaticity and antiaromaticity is reversed in
the ππ* triplet (T1) state when compared to Hückel's rule for the singlet ground state. The excited
state aromatic character of [4n]annulenes is probed by usage of two structural moieties, the
cyclopropyl (cPr) group and the silacyclobutene (SCB) ring. The results of QC calculations
and photoreactivity experiments showed that the cPr group and the SCB ring remained closed
when attached to or fused with [4n]annulenes so as to preserve T1 aromatic stabilization. In
contrast, both moieties ring-opened when attached to or fused with [4n+2]annulenes as a means
for alleviation of T1 antiaromaticity. These two structural moieties are shown to indicate T1

aromatic character of [4n]annulenes except in a limited number of cases.
The T1 antiaromatic character of compounds with 4n+2 π-electrons was utilized for

photo(hydro)silylations and photohydrogenations. QC calculations showed that due to T1

antiaromaticity, benzene is able to abstract hydrogen atoms from trialkylsilanes. The
photoreactions occurred under mild conditions for benzene and certain polycyclic aromatic
hydrocarbons. In contrast, COT was found to be unreactive under similar conditions.

It is further revealed that various properties of molecules can be tailored by rational
design using Baird’s rule. Three modes of connectivity (linear, bent, and cyclic) of polycyclic
conjugated hydrocarbons (PCH) were explored by DFT calculations. When the PCHs contain
a central [4n]unit and 4nπ-electron perimeter, bent isomers have lower triplet state energies
than linear ones due to increased T1 aromaticity in the bent isomers. With regard to the
cyclic connectivity, macrocyclic compounds are designed by modifying the C20 monocycle
through incorporation of monocyclic units (all-carbon as well as heterocyclic) and the impact
of macrocyclic T1 aromaticity upon insertion of different units is examined through QC
calculations. The results provide insights on excited state aromaticity in macrocyclic systems.

Keywords: Baird's rule, Clar's rule, Computational quantum chemistry, Excited state
aromaticity, Excited state aromaticity indicators, Organic photochemistry, Polycyclic
conjugated hydrocarbons

Rabia Ayub, Department of Chemistry - Ångström, Box 523, Uppsala University, SE-75120
Uppsala, Sweden.

© Rabia Ayub 2017

ISSN 1651-6214
ISBN 978-91-513-0138-9
urn:nbn:se:uu:diva-332404 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-332404)



 

  

To my mother
                  and 

my late father 



 

 



 

List of Papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 

 
I Ayub, R.; Papadakis, R.; Jorner, E.; Zietz, B.; Ottosson, H. Cy-

clopropyl group: An excited state aromaticity indicator? Chem. 
Eur. J. 2017, 23, 13684-13695. 
 

II Ayub, R.; Jorner, K.; Papadakis, R.; Ottosson, H. The silacyclo-
butene ring: An indicator of triplet state Baird-aromaticity. Man-
uscript. 

 
III Papadakis, R.; Li, H.; Bergman, J.; Lundstedt, A.; Jorner, K.; 

Ayub, R.; Halder, S.; Jahn, B. O.; Denisova, A.; Zietz, B.; Lindh, 
R.; Sanyal, B.; Grennberg, H.; Leifer, K.; Ottosson, H. Metal-
free photochemical silylations and transfer hydrogenations of 
benzenoid hydrocarbons and graphene. Nat. Commun. 2016, 7, 
12962. 

 
IV Ayub, R.; El. Bakouri, O.; Jorner, K.; Solà, M.; Ottosson, H. Can 

Baird’s and Clar’s rules combined explain triplet state energies 
of polycyclic conjugated hydrocarbons with fused 4nπ- and 
(4n+2)π-rings? J. Org. Chem. 2017, 82, 6327-6340. 

 
V Ayub, R.; Ottosson, H. Relating the triplet state Baird-aromatic-

ity of the monocycle to that of the macrocycle. Manuscript. 
 
 
 

Reprints were made with permission from the respective publishers. 
  



 

Work not included in this thesis 

I. Jorner, K.; Feixas, F.; Ayub, R.; Roland, L.; Solà, M.; Ottosson, H. 
Analysis of a compound class with triplet states stabilized by poten-
tially Baird-aromatic [10]annulenyl dicationic rings. Chem. Eur. J. 
2016, 22, 2793-2800. 

 
II. Ayub, R.; Sundell, J.; Nicaso, M.; Alabugin, I.; Bergman, J.; Ot-

tosson, H. Bicyclo[3.1.0]hex-2-enes from benzenes through acid cat-
alyzed excited state antiaromaticity relief, photorearrangement and 
nucleophilic addition. Manuscript. 

 
III. Kato, H.; Akasaka, R.; Ayub, R.; Muthas, D.; Karatsu, T.; Ottosson, 

H. Application of Baird’s rule on ππ* triplet state aromaticity for de-
sign of an olefin that displays a one-way adiabatic Z→E photoisom-
erization. Manuscript. 

 
The author would like to point out that some parts of this thesis are based on 
an old thesis that was defended for her Licentiate degree in 2016. However, 
the content is revised extensively, rewritten, and expanded with new results. 
 
Ayub, R. Excited state aromaticity and antiaromaticity: Fundamental studies 
and applications. Fil. Lic. Thesis, Acta Universitatis Upsaliensis, 2016.  



 

Contribution report 

My contribution to the research articles is given below; 
 

I Performed all quantum chemical calculations and analyzed the 
data except the S1 state calculations of transition states. Per-
formed synthesis and photochemical investigations of all com-
pounds. Participated in project development. Co-wrote the man-
uscript with HO. 
 

II Performed the majority of the quantum chemical calculations and 
data analysis. Designed the project together with HO. Wrote the 
first draft of the manuscript and finalized it together with HO. 

 
III Participated extensively during the four revisions of the manu-

script. Performed a significant part of the photoreactions, isola-
tions, and purifications of benzene and polycyclic aromatic hy-
drocarbons. Performed and analyzed quantum chemical calcula-
tions of benzene and polycyclic aromatic hydrocarbons at 
B3LYP level.  
 

IV Performed and analyzed all quantum chemical calculations, ex-
cept those with FLU. Participated in project development. Wrote 
the first draft of the manuscript and improved it together with 
HO. 

 
V Participated in developing the project. Performed all quantum 

chemical calculations and data analysis. Wrote the first draft of 
the manuscript and updated it together with HO. 
 

 
 
 
 
 
 
 



 

  



 

Contents 

1. Introduction ............................................................................................... 13 

2. Background ............................................................................................... 15 
2.1 Aromaticity and antiaromaticity ......................................................... 15 
2.2 Clar's rule ........................................................................................... 17 
2.3 Baird's rule ......................................................................................... 18 
2.4 Types of aromaticity ........................................................................... 19 
2.5 Aromatic chameleons ......................................................................... 21 
2.6 Criteria for characterizing aromaticity ............................................... 21 
2.7 Computational methods, ..................................................................... 23 
2.8 Computational methods for analyzing aromaticity ............................ 26 

3. Excited state aromaticity indicators (Papers I and II) ............................... 31 
3.1 Hypothesis .......................................................................................... 31 
3.2 Cyclopropyl (cPr) group ..................................................................... 32 
3.3 Silacyclobutene (SCB) ring ................................................................ 33 
3.4 Experimental results ........................................................................... 34 
3.5 Computational results ......................................................................... 35 
3.6 Scope and limitations of ESA indicators ............................................ 36 

4. Photo(hydro)silylations and photohydrogenations (Paper III) .................. 39 
4.1 Photo(hydro)silylations ...................................................................... 40 
4.2 Photohydrogenation ........................................................................... 43 

5. π-Conjugated polycyclic hydrocarbons (Papers IV and V) ...................... 44 
5.1 Connectivity ....................................................................................... 44 
5.2 Linear and angular connectivities ....................................................... 45 
5.3 Cyclic connectivities .......................................................................... 48 

6. Conclusions ............................................................................................... 51 

7. Svensk sammanfattning ............................................................................ 53 

8. Acknowledgments ..................................................................................... 55 

9. References ................................................................................................. 57 

 



 

  



 

Abbreviations 

Anisotropy of the induced current density 
Antiaromaticity (antiaromatic) 
Aromaticity (aromatic) 
Aromatic fluctuation index 
Baird-aromatic 
Bond length alternation 
Bent-bent 
Born-Oppenheimer approximation 
Complete active space self-consistent field 
Configuration interaction 
Coupled Cluster 
Cyclobutadiene 
Cyclooctatetraene 
Cycloparaphenylene 
Cyclopropyl 
Delocalization index 
Density functional theory 
Dispersion 
Excited state antiaromaticity 
Excited state aromaticity 
First quintet state 
First singlet excited state 
First triplet excited state 
Gas-chromatography-mass spectrometry 
Gauge independent atomic orbital method 
Hartree-Fock 
Harmonic oscillator model of aromaticity 
Hückel molecular orbital theory 
Isomerization stabilization energy 
Linear-bent 
Linear-linear 
Møller-Plesset 
Multicenter index 
Non-aromatic 
Nuclear magnetic resonance 
Nucleus independent chemical shifts 

ACID 
AA 
A 
FLU 
BA 
BLA 
BB 
BO 
CASSCF 
CI 
CC 
CBD 
COT 
CPP 
cPr 
DI 
DFT 
D 
ESAA 
ESA 
Qu1 
S1 

T1 

GC-MS 
GIAO 
HF 
HOMA 
HMO 
ISE 
LB 
LL 
MP 
MCI 
NA 
NMR 
NICS 



 

Para-delocalization index 
Polycyclic aromatic hydrocarbons 
Polycyclic conjugated hydrocarbons 
Potential energy surface 
Quantum chemical 
Schrödinger equation 
Self-consistent field 
Silacyclobutene 
Singlet ground state 
Singly occupied molecular orbital 
Solvation model based on density 
Time dependent 
 

PDI 
PAHs 
PCHs 
PES 
QC 
SE 
SCF 
SCB 
S0 

SOMO 
SMD 
TD 
 

  
 



 13

1. Introduction 

Aromaticity is one of the oldest concepts in chemistry and a basic topic in 
organic chemistry textbooks. π-Conjugation in a planar monocyclic molecule 
with 4n+2 π-electrons gives a molecule a special stabilization. Aromatic mol-
ecules have central roles in the many fields ranging from material sciences to 
life sciences; for example, all five bases of DNA and RNA, i.e., adenine, gua-
nine, cytosine, thymine and uracil are aromatic. Heme, a component of hemo-
globin, is an iron(II) porphyrin formed by joining four pyrrolic groups via 
methylene bridges and it has 22 π-electrons in a macrocycle which is influ-
enced by macrocyclic aromaticity. Aromaticity can be used to describe the 
bonding, structure and reactivity of molecules. 
 
According to Baird, every molecule which is aromatic in the electronic ground 
(S0) state should be antiaromatic in the first electronically excited triplet (T1) 
state, provided it is of ππ* character. Antiaromatic molecules are more reac-
tive in comparison to aromatic ones. The idea given by Baird can be explored 
to develop organic photoreactions because excitation of aromatic molecules 
to their T1 or S1 state can convert them into reactive antiaromatic species.  
 
This thesis is focused on the fundamental concept of excited state aromaticity 
and antiaromaticity and its effect on the various properties of molecules. The 
investigation primarily involves a number of qualitative chemical bonding 
theories, quantum chemical calculations, and organic photochemistry. The 
thesis is divided into two main sections. In the first section, the fundamentals 
as well as methods and techniques used during the study are described. The 
second section is a summary of a number of research articles. The summary 
of these research articles given here can be different from the main focus of 
the research articles. Here only specific results are summarized in order to 
give a coherent picture. 
 
The second section is further subdivided into two parts. The chapters 3 and 5 
are related to the fundamental understanding of aromaticity in electronically 
excited states. Chapter 4 describes exploration of this concept to develop or-
ganic photoreactions (chapter 4).  
 
Aromaticity is a driver of many reactions so it can be related to the reactivity. 
If the rule of aromaticity is reversed for the lowest ππ* excited states, there 
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must be reversals in the reactivities of molecules that normally are considered 
as aromatic and antiaromatic. Can one tune the differences in reactivity qual-
itatively and could it be useful for future design of photostable molecules?  
 
Annulenes with 4n+2 π-electrons can be categorized as Baird-antiaromatic 
compounds in their T1 state (ππ* excited). The antiaromaticity can increase 
the reactivity of [4n+2]annulenes in their first excited states. The excited state 
antiaromatic character of [4n+2]annulenes is utilized for developing photo-
chemical silylations and hydrogenations.  
 
The study presented here describes how the electronic properties of polycyclic 
π-conjugated molecules can be tuned. The π-conjugated macrocyclic com-
pounds can exhibit unique structure and properties. In this thesis, effects of T1 
aromaticity in certain π-conjugated macrocyclic compounds (4nπ-electrons) 
are also studied. 
 
The findings of this research thesis could tentatively be used in organic syn-
thesis as well as in organic electronics and pharmaceutical chemistry.  
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2. Background 

2.1 Aromaticity and antiaromaticity 
Gain of aromaticity provides a driving force for many reactions, such as elec-
trophilic aromatic substitution reactions.1,2 The concept is broadly applied for 
the evaluation of reactions and properties in the electronic ground state (S0). 
In 1931, the German physicist Erich Hückel gave a rule for aromaticity. Ac-
cording to Hückel's rule, in the S0 state a planar, monocyclic, and fully π-con-
jugated hydrocarbon with 4n+2 π-electrons is aromatic (Figure 1).3 The con-
cept of antiaromaticity was introduced by Breslow in 1967, and it can be de-
scribed as the destabilization obtained by cyclic delocalization of 4n π-elec-
trons.4  
 
According to Hückel molecular orbital (HMO) theory (Figure 1), molecular 
orbitals that fall below the dashed reference line are bonding molecular orbit-
als, and placing electrons in these stabilize the molecule. The orbitals above 
the reference line are antibonding and electrons in these destabilize the mole-
cule. Benzene is stabilized due to the presence of π-electrons in all filled bond-
ing molecular orbitals in comparison to cyclobutadiene (CBD). CBD has two 
unpaired electrons in non-bonding molecular orbitals which are responsible 
for its chemical reactivity. The stabilization energy of benzene in comparison 
to a hypothetical π-bond localized cyclohexatriene is about 36.0 kcal/mol 
based on the heat of hydrogenation of benzene.5 On the other hand, the anti-
aromatic destabilization of CBD is 42.0 kcal/mol relative to 1,3-butadiene.6 A 
brief historic review on aromaticity is given in Table 1. 
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Figure 1. Benzene and cyclobutadiene in the S0 state according to HMO theory. The 
parameters α represent the Coloumb integral and β is the resonance integral. 

 
Table 1. Historical development in the aromaticity research area.7 

Year Development 

1825 Isolation of benzene by Michael Faraday.8 

1865 Kekulé's representation of benzene.9 

1925 Armit and Robinson's circular electron sextet representation.10 

1928 Crystal structure of hexamethylbenzene by Lonsdale.11 

1931 Hückel's rule of aromaticity.3 

1964 Heilbronner's formulation of Möbius aromaticity.12 

1966 Dewar and Zimmerman's descriptions of pericyclic reactions (ther-

mal/photochemical) in terms of transition state aromaticity.13,14 

1967 Introduction of the antiaromaticity concept by Bresslow.4 

1972 Baird's rule on triplet state (anti)aromaticity.15,16 

1972 Clar's rule for polycyclic aromatic hydrocarbons.17 
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2.2 Clar's rule   
Hückel's rule is only applicable to monocyclic π-conjugated molecules. How 
should one describe the aromaticity of polycyclic π-conjugated systems? Clar 
resolved this issue and in 1972 extended Hückel's rule to polycyclic aromatic 
hydrocarbons (PAHs).17 The rule was first given in his book ''The Aromatic 
Sextet'', and it tells that ''the resonance structure with the largest number of 
disjointed aromatic π-sextets is the most important for describing the proper-
ties of a PAH''. The ring which hosts the Clar’s sextet is more aromatic than 
the other rings of a PAH. 
 
Moreover, the isomer of a series of isomeric PAHs that can host the largest 
number of disjointed aromatic π-sextets (benzene rings or Clar’s sextets) is 
also the most stable. The structure of anthracene can be represented in many 
ways, three of these are given in Figure 2 (A-I to A-III). For phenanthrene, the 
most important resonance structure is P-I. Among phenanthrene and anthra-
cene, phenantharene is 4 - 8 kcal/mol more stable thermodynamically than 
anthracene because it can host two benzene π-sextets (Figure 2).18,19 It was 
reported by Zhu and co-workers that among heptabenzene isomers, tetra-
benzanthracene (bent isomer) is much more stable than the linear isomer.20  
 

 

Figure 2. Clar's representation of anthracene and phenanthrene. 

 

Clar's rule was later confirmed by the valence bond, NICS and PDI calcula-
tions.21 Clar's rule is also extended to heterocyclic systems,22 non-benzenoid 
hydrocarbons (Glidewell and Lloyd's extension),23 and to excited states24 (to-
gether with Baird's rule). Thus, Clar's rule is a simple qualitative tool for pre-
dicting the structure and properties of PAHs. 
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2.3 Baird's rule  
Dewar and Zimmerman separately first analyzed pericyclic reactions (photo-
chemical and thermal) with the help of the theory of transition state aromatic-
ity and antiaromaticity. They showed that photochemical pericyclic ring-clos-
ing reactions passed through antiaromatic transition states.13,14 Later on, in 
1972, Baird continued on the perturbation molecular orbital theoretical ap-
proach of Dewar to show the reversal of Hückel’s S0 state aromaticity in the 
ππ* triplet state (T1).15 His study was applied to the minima on the potential 
energy surface (PES). According to Baird’s rule; 
 

‘The ring with 4n π-electrons show aromaticity and those with (4n + 2) π-
electrons antiaromaticity.’ 

 
Baird explained that [4n]annulenes are stabilized and [4n + 2]annulenes in the 
T1 state are destabilized in comparison to their two separate open-chain mon-
oradicals. This method involves splitting an annulene into two polyenyl mon-
oradical fragments with odd numbers of carbon atoms, and then combining 
these separate fragments to get the triplet diradical annulene. The net energy 
gain or loss on combining these fragments gave the stabilization or destabili-
zation, indicative of aromaticity and antiaromaticity. Two types of π-orbital 
interactions, type I and type II, occur when combining these fragments accord-
ing to orbital and symmetry considerations. The type I interaction is formed 
between the two singly occupied molecular orbitals (SOMOs) of the two frag-
ments. Type II interactions occur between the SOMO of one fragment with 
the doubly occupied and vacant orbitals of the other fragment having the same 
symmetry. For CBD, the type I interaction is zero because of mismatch in the 
symmetry of the orbitals. The stabilization due to type II interaction is greater 
than 0. In the case of benzene, the type I interaction is destabilizing while the 
type II interaction is equal to zero. In summary, CBD is stabilized and benzene 
destabilized in their T1 states on combining the isolated fragments. When go-
ing to QC calculations, Baird found that cyclobutadiene (CBD) and cyclooc-
tatetraene (COT) are stabilized by 14.1 and 17.7 kcal/mol at the semi-empiri-
cal NNDO level, when compared to an allyl plus a methyl radical and a pen-
tadienyl plus a methyl radical, respectively. Benzene, on the other hand, is 
destabilized by 16.4 kcal/mol when compared to two allyl radicals (Figure 3).   
 
The first experimental evidence of Baird's rule comes from the study of Wan 
and co-workers who reported several examples in the 80's and 90's where ex-
cited state aromaticity was used for developing photoreactions.25 Yet, they 
never connected their findings with Baird's theoretical work. Ottosson, Kilså, 
and co-workers have utilized this concept for rationalizing the excitation en-
ergies of variously substitued fulvenes in the T1 and the S1 states.26 Explicit 
spectroscopic evidence for Baird’s rule was provided by Kim, Osuka and co-
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workers when they investigated [26]- (aromatic) and [28]hexaphyrins (anti-
aromatic) in their S0 and T1 states.27,28 Ottosson and co-workers have described 
various theoretical and experimental examples from the literature that can be 
understood in terms of excited state aromaticity and antiaromaticity.29,30 
 
Type I

Type II

S AA A

S S

A

S

S A

S

S

EI = 0

EII > 0

EI < 0

EII = 0

EI + EII > 0EI + EII = 0

A

S

C

Antiaromatic Aromatic  

Figure 3. Formation of T1 state benzene and CBD through Type I and II interactions 
between two monoradical fragments. The labels A and S represent the symmetries of 
π-molecular orbitals as symmetric or antisymmetric, respectively.  

 
''Baird's rule is the photochemical analogue of Hückel's rule'16 

 

2.4 Types of aromaticity 
Schleyer concluded in the two issues of Chemical Reviews that he edited in 
2001 and 2005 that aromaticity has developed into a concept not only re-
stricted to regular Hückel aromaticity but to many other types of aromaticities 
as well:31,32  
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1) Hückel aromaticity: A planar fully π-conjugated monocycle with 4n+2 π-
electrons is influenced by Hückel aromaticity.  
 
2) In-plane aromaticity: When the π-electrons delocalize in the cyclic ring-
plane as in n-trannulenes, i.e., all-trans-cyclodecapentaene which is the cen-
tral unit in dodecahedrapentaene (Figure 4b).33,34   
 
3) Möbius aromaticity: [4n]Annulenes are aromatic and [4n+2]annulenes are 
antiaromatic in the S0 state according to Möbius aromaticity (Figure 4c). Mö-
bius aromaticity is observed when a cyclic array of pπ atomic orbitals is ar-
ranged in such a way that it has a single half-twist and due to this twist the 
symmetry of the orbitals is changed and Hückel's rule of aromaticity is re-
versed.12  
 
4) Macrocyclic aromaticity: A macrocylic molecule can host several π-conju-
gation pathways and the pathway which corresponds to 4n+2 π-electrons can 
be influenced by macrocyclic aromaticity or superaromaticity,35 as in the por-
phyrin ring36 (Figure 4d). 
 
5) Excited state aromaticity: According to Baird’s rule, rings with 4n π-elec-
trons are aromatic and those with 4n+2 π-electrons are antiaromatic in the T1 
state, provided these states are ππ* excited.15,16  
 
Besides these, transition-metal sandwich complexes (e.g., ferrocene)37 and 
metallabenzenes,38 are also influenced by aromaticity. 
 

 

Figure 4. (1) Orbital representations of different types of aromaticity; (a) Hückel aro-
maticity in which all pπ-orbitals are perpendicular to the ring plane; (b) in-plane aro-
maticity in n-trannulene (all-E-cyclodecapentaene) with all pπ-orbitals parallel to the 
ring plane; (c) Möbius aromaticity having odd number of out-of-phase overlap result-
ing upon formation of a Möbius strip; (d) a macrocyclic aromatic pathway represented 
by bold lines. 
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2.5 Aromatic chameleons  
Besides aromatic, antiaromatic, and non-aromatic compounds, Ottosson and 
co-workers identified a compound class which they labelled as "aromatic cha-
meleons".39 Such compounds can adapt to the different aromaticity rules in 
different electronic states. Fulvenes were recognized as polar aromatic cha-
meleons.40 Biphenylene, on the other hand, is identified as a non-polar aro-
matic chameleon compound, and it is influenced in the S0 state by a resonance 
structure which is twice Hückel-aromatic while in the T1 state it is influenced 
by a resonance structure which is singly Baird-aromatic (Figure 5).24 This de-
scription is in line with previously reported computational data.41-43 It was re-
ported that the central S0 antiaromatic cyclobutadiene ring in biphenylene un-
derwent geometric changes upon its excitation to the S1 and T1 states. The 
geometry changes also support the presence of a fully delocalized 12π-elec-
tron Baird aromatic cycle. 
 

 

Figure 5. Aromatic chameleon character of biphenylene. 

2.6 Criteria for characterizing aromaticity  
Aromaticity cannot be measured directly and there is no general and unam-
biguous method by which it can be determined. Thus, it can only be indirectly 
evaluated on the basis of certain criteria according to quantum chemical (QC) 
calculations and spectroscopy. Five different criteria based on physicochemi-
cal properties were developed over the years to characterize molecules as be-
ing aromatic, nonaromatic and antiaromatic, respectively.31,32,44 These five cri-
teria are discussed below: 
 
Structural: Bond length equalization due to π-electron delocalization as well 
as planarity determines the aromaticity of a molecule. Antiaromatic com-
pounds have structures with localized π-bonds.  
 
Energetic: The energy of (de)stabilization due to cyclic π-electron delocaliza-
tion is termed as the aromatic stabilization energy.45 The net (de)stabilization 
calculated from the resonance energy or the aromatic stabilization energy 
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based on isodesmic and homodesmotic reactions are used as criteria to quan-
tify (anti)aromaticity. However, they have flaws, i.e., they depend on the ref-
erence chosen and the type of equations used. They neglect the effect of strain 
and hybridization changes and overestimate the effect of conjugation.46 The 
isomerization stabilization energy (ISE) overcomes these drawbacks. The ISE 
is based on the energy difference between a fully aromatic methyl substituted 
derivative of an (anti)aromatic compound and a nonaromatic exocyclic meth-
ylene isomer.46 
 
Reactivity: In general, aromatic compounds are less reactive than non-aro-
matic ones and usually undergo substitution reactions instead of addition re-
actions. Antiaromatic compounds, on the other hand, are highly reactive. 
However, it is difficult to quantify aromaticity based on the reactivity crite-
rion. 
 
Magnetic: The circulation of π-electrons generates ring-currents in response 
to an externally applied magnetic field. These ring-currents induce a magnetic 
field which opposes the applied field inside the ring and reinforces it outside 
the ring (Figure 6). The magnetic properties of a molecule depend on these 
ring-currents. Based on the magnetic properties and ring-currents, several 
methods, e.g., 1H NMR chemical shifts, magnetic susceptibility exaltations, 
and NICS, have been developed for the assessment of (anti)aromaticity.47 

 

Figure 6. Aromatic ring-current in a benzene molecule. 

 

Electron delocalization: As aromaticity is related to cyclic π-electron delocal-
ization the degree of uniformity of the electron (de)localization provides an-
other measure to evaluate (anti)aromaticity. This (de)localization measures 
the extent of sharing of electrons over atomic basins. Bader and co-workers 
described that the (de)localization of an electron depends on the localization 
of its Fermi hole density.48 The percentage of localization and delocalization 
can be measured by integration of the Fermi hole density,49 and different meth-
ods have been developed based on the topology of electron density, e.g., the 
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delocalization index (DI), para-delocalization index (PDI), aromatic multi-
center index (MCI), and aromatic fluctuation index (FLU). MCI describes the 
sharing of electrons between different centers while FLU computes the fluc-
tuation of electronic charges in a ring. FLU describes electron sharing and the 
uniformity of electron sharing between atoms connected next to each other in 
a ring. Lower values correspond to higher aromaticity for FLU, while higher 
values correspond to higher aromaticity for MCI.50 
 
In summary, compounds which fulfill all the aromaticity criteria given above 
are called fully aromatic whereas the compounds which satisfy only one or 
two criteria are called weakly or partly aromatic. Solà and co-workers de-
scribed that the indices based on electron delocalization are the best among all 
of the above criteria to evaluate aromaticity.44 

 

2.7 Computational methods51,52 
The primary equation to understand quantum mechanics is the Schrödinger 
equation (SE) which was derived by Erwin Schrödinger in 1926 for which he 
won Nobel prize in 1933.53 According to the wave-particle duality an electron 
may be described either as a wave or as a particle. Quantum mechanics con-
siders electrons as wavefunctions. The time-independent Schrödinger equa-
tion (Equation 1) shows that when a Hamiltonian operates on a state wave-
function, it produces the same wavefunction multiplied by an energy eigen-
value E. This energy obtained corresponds to the energy of the wavefunction. 
  =         (Eq. 1) 
 
Only two-particle systems can be solved exactly through the SE. For three-
particle systems (one electron and two nuclei), the Born-Oppenheimer (BO) 
approximation is used. In the BO approximation, electrons are considered as 
the only moving particles while nuclei being larger are kept fixed in space. 
Approximations to the SE are made for larger or many-electron systems. Ap-
proximations can be made in two ways;  
 
(a) Through empirical parameters: Computationally intensive terms are re-
placed by adjustable parameters derived from experimental quantities.  
 
(b) Through Ab-initio approach: A series of mathematically well-defined ap-
proximations are made and all necessary integrals are solved in order to get 
an approximate solution to the SE.  
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With these approaches, the total wavefunction, the individual molecular orbit-
als, and the MO's energies are obtained. By applying the variational principle, 
the first trial wavefunction is solved, and then it can be used to approximate 
the true wavefunction. The variational principle says that any approximate so-
lution to the SE will have an energy equal or higher than the true energy of the 
system. Therefore, an iterative self-consistent field (SCF) method is used to 
compute the lowest energy of the wavefunction. 
 
Quantum chemical methods are divided into wavefunction based and electron 
density based methods. An overview of only those methods used in this thesis 
are given below; 
 
Wavefunction based methods: Wavefunction based methods can be classified 
into single-reference and multi-reference wavefunction methods. 
 
Single-reference wavefunction methods:  In the Hartree-Fock (HF) method the 
interaction between electrons is considered in an average way and Coulomb 
correlation between electrons is neglected. To describe the wavefunction cor-
rectly, correlated wavefunction methods, e.g., configuration interaction (CI), 
Møller-Plesset (MP), and Coupled Cluster (CC) are employed. In these meth-
ods, an estimate of the correlation energy is made by describing the total wave-
function as a linear combination of the reference and various excited Slater 
determinants (cf. configurations). Here, only the CC methods are described 
because they are used in upcoming chapters. 
 
In CC, the HF wavefunction is used as a reference and several excited elec-
tronic configurations are added to an infinite order using an exponential clus-
ter operator. When singly excited configurations are added, CCS is obtained, 
and it gives no improvement in energy over the HF method. In CCD, doubly 
excited configurations are included. Simultaneous incorporation of singly and 
doubly excited configurations (CCSD), and CCSD(T) (if triple excitations are 
calculated according to perturbation theory, then it is Coupled Cluster singles-
doubles with perturbative triples), can provide better results. But CC is an ex-
pensive computational method and can be used only for rather small systems. 
The CC, CI, and MP methods are all single-reference wave-function methods.  
 
Multi-reference wavefunction methods: When a molecule is described by 
more than one dominant electronic configuration then single-reference wave-
function methods fail and one needs to consider multi-reference methods. The 
multi-reference wave-function methods, e.g., multi-configurational self-con-
sistent field methods (MCSCF) treats multi-configurational character of mol-
ecules by including static correlation. One such method is complete active 
space self-consistent field (CASSCF). The active space is designated by 
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[n,m]CASSCF, where n electrons are distributed in the m orbitals in all possi-
ble ways. A full CI calculation is performed within the active space selected. 
However, the CASSCF becomes very expensive even for small active spaces. 
The CASSCF method does not include dynamic correlation, so CASPT2 (sec-
ond-order perturbation theory) calculations are carried out after the CASSCF 
calculations. The MCSCF methods recover changes that occur in the correla-
tion energy in a certain process but these are not black-box methods. They 
require expertise and insight into the problem because sometimes MCSCF 
wavefunctions are difficult to converge. 
 
Density functional theory (DFT) methods: The advantage of density functional 
theory methods over wavefunction methods is that they consider correlation 
energy from the beginning. The electronic energy is considered as a functional 
of the electron density (ρ). According to the Hohenberg-Kohn theorem, the 
total energy is comprised of several terms, kinetic energy term (ET), potential 
energy term (EV: nuclear-electron attraction and nuclear-nuclear repulsion), 
coulomb interaction (EJ: electron-electron repulsion), and exchange and cor-
relation term (EXC) (Equation 2). 
 = + + +               (Eq. 2) 

 
The exchange-correlation functional deals with the exchange interaction and 
electron-electron correlation. The most widely used functional is B3LYP, B3 
is Becke three parameter, in which three parameters are mixed with HF ex-
change functional.54 The LYP is Lee, Yang, and Parr (LYP) as the correlation 
functional which deals with dynamic electron correlation.55 The B3LYP is a 
hybrid functional because the exchange functional includes both HF and DFT 
exchange terms while the correlation functional comes only from DFT.  
 
LSDA and GGA functionals were used before hybrid DFT methods were in-
troduced. In the local density approximation (LDA) and local spin density ap-
proximation (LSDA) method, density is considered as a uniform electron gas. 
In the general gradient approximation (GGA) methods, the gradient of density 
is also evaluated at each point along with the density.  
 
DFT based methods are most widely used methods but they have some disad-
vantages in the computations because charge-transfer excited states, Rydberg 
states, and van der Waals complexes are poorly described. The meta-hybrid 
GGA methods (e.g., M06 series) developed later can account for some of these 
problems.  
 
Dispersion-corrected DFT:56,57 Standard hybrid DFT methods do not include 
any term related to the C6/R6 dependence of dispersion energy on intermolec-
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ular distance R. Therefore, the non-bonded interactions (inter or intramolecu-
lar, hydrogen bonding, etc.), in transition state structures, dimers, and com-
plexes are not well described. Thus, DFT-D methods were introduced by 
Grimme and co-workers for treating the dispersion interactions in DFT. In 
DFT-D methods, the total energy is calculated by adding the dispersion cor-
rection (R-6 term) to the Kohn-Sham DFT energy. DFT-D1, DFT-D2, DFT-
D3, and DFT-D3BJ, are different version of this method. DFT-D3BJ which is 
used in this thesis includes the Becke-Johnson damping function together with 
Grimme D3 dispersion. The damping function is added to reduce the double 
counting effect of correlation at intermediate distances. 
 
TD-DFT: Time-dependent DFT (TD-DFT) is based on Runge-Gross theorem 
which tells that for an initial wave function, there is an intimate relationship 
between the time-dependant density and time-dependent external potential.58 
TD-DFT is similar to the Hohenberg-Kohn theorem except that a molecule is 
exposed to a time-dependant electric field. The electron density is constructed 
at all times in all points. TD-DFT used to calculate the properties of molecules 
in the excited states, e.g., excitation energies, probabilities of electronic tran-
sitions, excited state configurations, and absorption spectra. Optimized ground 
state geometries at the DFT level can be used as a starting point for TD-DFT 
calculation. In the upcoming chapters, TD-DFT is used to the calculate the 
electronic absorption spectra, for S1 state geometry optimizations, and for con-
struction of an approximate curve-crossing diagram. 
 
Solvation model:59 In order to compare the computed results with the experi-
mental ones, continuum solvation models are used. One such continuum solv-
ation model is SMD (solvation model based on density).  In this model a solute 
molecule is placed in an electrostatic cavity of continuous dielectric medium 
(solvent). The solute molecule and the solvent medium then polarize each 
other continuously. SMD gives more accurate energies in comparison to the 
PCM (polarizable continuum model) by considering cavitation, dispersion, 
and solvent-structure effects.  
 

2.8 Computational methods for analyzing aromaticity  
In order to characterize aromaticity, different aromaticity indices have been 
developed based on structural, energetic, electronic and magnetic properties. 
Only aromaticity indices which are used in forthcoming chapters are discussed 
here. 
 
Harmonic oscillator model of aromaticity (HOMA): HOMA is a geometric 
index and depends on the degree of π-electron delocalization. It is based on 
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the harmonic oscillator energy of compression or extension of a bond which 
is directly dependent on the force constant. The force constant, in turn, de-
pends on the bond lengths. The formula to calculate HOMA for a system with 
n bonds is; 
 = 1 − ∑ ( − )        (Eq. 3) 

where Ropt is the optimal aromatic bond length, α is an empirical normalization 
constant, and Ri is the experimental or computed bond length of the ith bond 
(Equation 3). 
 
An aromatic molecule has a HOMA value that approaches one, a non-aromatic 
molecule has a HOMA value close to zero, and an antiaromatic molecule has 
a distinctly negative HOMA value (Figure 7). The HOMA index can be used 
to determine both local and global aromaticity of polycyclic molecules.60 The 
optimal bond lengths in HOMA are derived only for S0 state molecules so this 
index is not ideal for calculation of aromaticity in the T1 state and one should 
apply it with caution for the T1 state. Still, Krygowski used it for triplet states 
of 4n π-electron annulenes.61   
 

 

Figure 7. HOMA values of benzene, CBD, and COT from ref. 60b and 61. 
 
Nucleus independent chemical shifts (NICS): NICS is an aromaticity index 
based on the magnetic properties of a molecule. The magnetic shielding of a 
ghost (bq) atom, which has no nucleus and no basis function and which is 
placed in the vicinity of a molecule, is computed. Negative NICS values indi-
cate aromaticity while positive NICS values denote antiaromaticity. The 
NICS(0) method was initially developed in which the bq atom is placed in the 
center of the molecule, however, this method has flaws. It has local contribu-
tion due to the σ-framework composed by the CC and CH single bonds. Later 
on, the NICS(1) method in which the ghost atom is placed 1 Å above the ring-
plane was adopted but it was also not perfect to evaluate (anti)aromaticity 
based on just one value.21b,62  
 
Stanger introduced the method of NICS scans by plotting the NICS value as a 
function of distance.  The chemical shifts of the NICS probe (the bq atom) are 
scanned over a certain distance (0 - 5 Å) above the center of molecular plane 
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and separated into in-plane and out-of-plane components. The shapes of the 
plots clearly indicate diamagnetic or paramagnetic ring-currents. Aromatic 
compounds show relatively deep minima for out-of-plane components, 
whereas for non-aromatic compounds these values are positive close to the 
molecular plane, decrease asymptotically, and approach zero as the distance 
is increased. Finally, antiaromatic compounds display highly positive values 
of the out-of-plane components and they go to zero with increasing distance 
(Figure 8). This method can be used to distinguish [4n+2]annulenes from 
[4n]annulenes.63  
 

  
Figure 8. NICS scans computed for benzene, CBD, and COT rings in the S0 states, 
respectively at (U)B3LYP/6-311+G(d,p) level.  

 

 

Figure 9. NICS-XY scan of biphenylene in the S0 state with (U)B3LYP/6-311+G(d,p). 
The straight line in biphenylene represents direction of NICS-XY scan. 
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For determining the aromaticity of PAHs, NICS-XY-scan method can be used. 
The ghost (bq) atoms are placed 1.7 Å above the molecular plane of the ring. 
For excluding the effects of the σ-electrons, the σ-only model is also used 
together with the NICS method.64 A negative/positive region in the NICS-XY 
profile describes (anti)aromatic currents due to the simultaneous presence of 
global, semi-global, and local currents (Figure 9). The NICS scans are gener-
ated with the Aroma Package65 with Aroma 1.0 software using the Gauge In-
dependent Atomic Orbital (GIAO) method.66 
 
Anisotropy of the induced current density (ACID): ACID is a magnetic-based 
aromaticity indicator used for visualizing ring-currents and electron delocali-
zation, plotted at different isosurface values. Ring-currents generated by this 
method do not depend on the orientation of the magnetic field and the mole-
cule. The directions of the ring-currents as clockwise or counter-clockwise 
indicate aromaticity or antiaromaticity, respectively, and the lengths of the ar-
rows tell about the strength of the (anti)aromaticity (Figure 10). The ACID 
plots are generated with the AICD 2.0 program67 using the Continuous Set of 
Gauge Transformations (CGST) method.68  

      

 

Figure 10. ACID plots of (a) benzene, (b) CBD, and (c) COT at (U)B3LYP/6-
311+G(d) level showing the diatropic and paratropic directions of ring-currents.  
 
Isomerisation stabilization energy (ISE): ISE is an energy based aromaticity 
index and it is based on the difference between the calculated total energies of 
two isomeric molecules; one being a substituted methyl isomer of an aromatic 
compound and the second being a non-aromatic exocyclic methylene deriva-
tive (Scheme 1). This method is effective, easy, and can also be applied to 
highly strained systems and polycyclic aromatic hydrocarbons.46 Zhu and co-
workers applied this method for evaluation of triplet state aromaticity of 
[4n]annulenes.69 Negative ISE values represent aromatic stabilization whereas 
positive values show destabilization due to antiaromaticity. 
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Scheme 1. T1 state ISE values (kcal/mol) of methyl derivatives of benzene, CBD, and 
COT according to ref. 69. 

 
 



 31

3. Excited state aromaticity indicators     
(Papers I and II) 

The reactivity of molecules can be determined by the most reactive site in the 
molecule. One needs a particular reference or a structural moiety that can be 
used to identify compounds with reactive (antiaromatic) T1 states from unre-
active (aromatic) T1 states. In this chapter, a brief discussion of two such kinds 
of structural moities, the cyclopropyl group (cPr) and the silacyclobuteno ring 
(SCB) that are identified as excited state aromaticity (ESA) indicators is given. 

3.1 Hypothesis  
The proposed hypothesis is that both of these structural moieties, the cPr group 
and the SCB ring, when attached to, or fused with a [4n]annulene will remain 
closed in order to maintain the T1 aromaticity of the [4n]annulene. In contrast, 
if these groups are attached to or fused with a [4n+2]annulene, they will open 
because of the excited state antiaromatic destabilization of the [4n+2]annulene 
(Figure 11). However, three key requirements must be fulfilled for these struc-
tural moieties to function as ESA indicators; 

 
a) The structural moieties must be directly attached to or fused with 

an annulene. 
b) The excitation must be localized to the annulene center. 
c) The reaction rate for the ring-opening of the structural moities must 

be faster than the radiative or non-radiative processes for decay of 
the annulene to the S0 state. 
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Figure 11. A general representation of ESA indicators. 
 
The hypothesis was tested both computationally and experimentally. For the 
experimental investigation, the cPr group was chosen because of the ease of 
the synthesis of cPr substituted compounds. QC calculations were also per-
formed to support the experimental results. The SCB group is only investi-
gated computationally because it was already reported to ring-open upon irra-
diation when attached to a [4n+2]annulene.70 Moreover, ring-opening of ESA 
indicators attached to or fused with the two model T1 antiaromatic (benzene) 
and T1 aromatic (COT) compounds are described together with experiments 
and QC calculations. Then the scope and limitations of cPr group is tested 
when attached to heterocyclic systems. The role of the SCB group to perform 
as ESA indicator is analyzed when fused to [4n]- and [4n+2]cations and ani-
ons. 

3.2 Cyclopropyl (cPr) group 
The cyclopropyl (cPr) group is interesting due to its unique spatial and elec-
tronic properties. The cPr group is a structural unit that is found in several 
preclinical and clinical drug candidates (Figure 12).71,72 Especially N-substi-
tuted cPr groups are important in pharmaceuticals.  
 

 
 
Figure 12. Examples of few drugs with cPr groups as a substituent. 
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The cyclopropyl group was selected for investigation because it is a useful 
kinetic and mechanistic radical probe and it tends to ring-open when attached 
to radicals or diradicals.73-76 The reported rate of ring-opening of the cPr car-
binyl radical to 3-butenyl radical is 6.7 × 107 s-1 at 37 oC which corresponds to 
a lifetime of 14.9 ns (Scheme 2).77-79 The barrier to the cPr carbinyl ring-open-
ing is 7.2 kcal/mol at the CBS-RAD level whereas the reaction energy is ex-
ergonic (-3.0 kcal/mol).80  
 

 
 

Scheme 2. The ring-opening of cPr carbinyl radical. 
 

The excited state lifetimes of the annulenes selected are first compared with 
the rate of cPr ring-opening. The T1 state lifetime of benzene is >10 µs and 
COT has a lifetime of 100 µs.81,82 With regard to the S1 state, the lifetime of 
benzene is 28 and 34 ns in non-polar and polar solvents, respectively, whereas 
the S1 state lifetime of COT is unknown.83 In summary, the lifetimes of ben-
zene and COT are longer than the rate of ring-opening of cPr carbinyl (corre-
sponding to the lifetime of 14.9 ns), therefore, these annulenes was considered 
for investigation. 

3.3 Silacyclobutene (SCB) ring 
The SCB ring is selected because of its high chemical reactivity and ring-
strain.84 In fact, the UV light mediated SCB ring-opening followed by 
subsequent trapping with methanol was reported in 1,1-dimethyl-2-phenyl-1-
sila-2-cyclobutene (Scheme 3).85 Upon irradiation, the SCB ring formed a re-
active intermediate containing a Si=C double bond which can be trapped by a 
nucleophile.86 In Scheme 3, the SCB group was used as a substituent.  
 

 
 
Scheme 3. Photo-initiated ring-opening of SCB-ring and its trapping by methanol. 
 
However, it could act better as an indicator when fused with the annulene 
because it will not be influenced by conformational changes and always sits 
in the same arrangment irrespective of the annulene. The SCB ring has also 
advantages in comparison to all-carbon benzocyclobutene and 
benzodisilacyclobutene. The former did not ring-open photochemically and 
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the latter (3,4-benzo-1,1,2,2-tetramethyl-1,2-disilacyclobut-3-ene) is too 
labile by being moisture and air sensitive.87,88 Therefore the SCB ring could 
be an ideal indicator to test the T1 aromatic character of annulenes.  

3.4 Experimental results  
cPr-COT was prepared in 73% yield according to a known method  reported 
by Paquette and co-workers while cPr-benzene was purchased.89 The liquid-
phase photolysis of 14.5 mM solution of cyclopropylbenzene at λ = 254 nm 
in methanol showed the formation of 1-methoxy-3-propylbenzene after 2 h 
according to the GC-MS (Scheme 4a). Continuous monitoring of the reaction 
with GC-MS showed that the conversion to the 1-methoxy-3-propylbenzene 
is only 3% after 10 h and at this time it reached the photostationary state. Ir-
radiation for longer time (24 h) leads to the formation of mostly polymeric 
material. The polymeric material was formed due to the over-irradiation and 
photodegradation of 1-methoxy-3-propylbenzene. It was confirmed by irradi-
ation of a solution of a separately prepared 1-methoxy-3-propylbenzene at λ 
= 254 nm for 24 h.  
 
In comparison, cPr-COT showed completely different photoreactivity. No 
ring-opened adduct was observed after 24 h of irradiation of a methanolic so-
lution of cPr-COT at λ = 254 nm. The reaction was performed both with and 
without triplet sensitizers (anthracene and pyrene) several times (Scheme 4b). 
 

 
Scheme 4. Photoreactions of (a) cPr-benzene and (b) cPr-COT in the presence of 
methanol. 
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3.5 Computational results  
The reaction and activation energies are calculated at the (U)B3LYP/6-
311G(d,p) level for the ring-openings of cPr-benzene, cPr-COT, SCB-ben-
zene, and SCB-COT followed by T1 (anti)aromaticity changes along the ring-
opening reaction coordinates are presented next. The S1 state ring-opening is 
only discussed for the cPr-benzene and cPr-COT. 
 
Reaction energies in the T1 and S1 states: The reaction energies for the ring-
opening of cPr-benzene and SCB-benzene are exergonic (37.1 – 35.6 
kcal/mol) whereas endergonic reaction energies are observed for cPr-COT and 
SCB-COT (13.2 - 22.2 kcal/mol). The T1 aromaticity of COT is deteriorated 
in the cPr ring-opening, therefore the reaction is uphill and is not favored. 
  

 
Figure 13. T1 state PES diagram for the ring-opening of cPr group and the SCB ring 
at (U)B3LYP/6-311G(d,p) level. The energies for transition states are given in bold. 
 
With regard to the activation energies, it is merely 2.2 kcal/mol for cPr-ben-
zene and only 9.0 kcal/mol for SCB-benzene. In contrast, the barrier to ring-
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opening is quite high in cPr-COT and SCB-COT (18.0 and 31.6 kcal/mol re-
spectively) (Figure 13). The ring-opening of the cPr group and SCB ring is 
observed when both of these moieties are attached to or fused with benzene in 
order the relieve the T1 antiaromaticity. 
 
In the S1 state, the reaction free energies for cPr-benzene and cPr-COT are 
12.7 kcal/mol and 54.3 kcal/mol at the MS-CASPT2/CASSCF level. The cPr 
ring-opening is endergonic in both compounds but the higher endergonicity 
of the cPr-COT supports the hypothesis that the loss of aromaticity is an un-
favorable process. 
 
Changes in T1 (anti)aromaticity along the reaction coordinate: ACID plots 
and HOMA values are analyzed in order to connect the shape of the T1 PES 
surface with the T1 (anti)aromaticity changes. Negative HOMA values and 
paratropic ring-currents are observed for cPr-benzene and SCB-benzene in the 
ring-closed structures. After ring-opening, inverse behavior, i.e., positive 
HOMA values and diatropic ring-currents, are observed. This indicates alle-
viation of T1 antiaromaticity in the process of ring-openings. In contrast, cPr-
COT and SCB-COT showed opposite behavior, i.e., positive HOMA values 
and diatropic ring-currents for ring-closed structures (Figure 14). This shows 
that the T1 aromaticity is lost during the process of ring-openings. It is in 
agreement with the endergonic reaction energies for cPr-COT and SCB-COT 
(Figure 13). 

3.6 Scope and limitations of ESA indicators 
The influence of a cPr group attached to different [4n]- and [4n+2]heterocyclic 
annulenes is also investigated. The results showed that the reaction and acti-
vation energies in general are low for [4n+2]heteroannulenes than for [4n]het-
eroannulenes. N-substituted cPr compounds have higher activation and reac-
tion energies than those with cPr groups on C atoms. Heteroaromatic com-
pounds having two heteroatoms represent limitations because they behave like 
non-aromatic compounds (Figure 15). 
 
The effect of the SCB group as an ESA indicator is expanded to study the ring-
openings of the [4n]- and [4n+2]cations and anions. The results are in agree-
ment with the hypothesis. The [4n]cations/anions have reaction energies 
which are exergonic and [4n+2]cations/anions have endergonic ones. The re-
action energies increased with the increase in the ring-size which could be due 
to the effect of ring-strain in the small rings (Figure 16).  
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Figure 14. ACID plots at the (U)B3LYP/6-311+G(d,p) level and HOMA values at the 
(U)B3LYP/6-311G(d,p) level in the T1 state. 
 

 
 
Figure 15. Activation (red) and reaction (black) free energies (kcal/mol) of cPr sub-
stituted heterocyclic compounds in the T1 state at the (U)B3LYP/6-311G(d,p) level. 
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Figure 16. T1 PES of SCB fused cations and anions at (U)B3LYP/6-311G(d,p) level. 
The ring-closed structures are taken as reference in the S0 state. 
 
One limitation of both of these structural moieties is that they cannot differ-
entiate the excited state antiaromatic compounds from the excited state non-
aromatic ones. A separate probe (cyclopentyl or cyclohexyl) might be able to 
distinguish ESAA compounds from non-aromatic ones. Thus, Baird’s rule can 
provide qualitative means for predicting the photo(in)stability that could be 
useful in the design and synthesis of new compounds. 
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4. Photo(hydro)silylations and 
photohydrogenations (Paper III) 

When molecules are exposed to light of certain wavelengths, their electronic 
configuration change upon excitation to an electronically excited state. Annu-
lenes with 4n π-electrons are stabilized relative to non-aromatic reference 
compounds and those with (4n+2)π-electrons are destabilized according to 
Baird’s rule. Benzene is a molecule with dual properties; it is aromatic in the 
S0 state and antiaromatic in its first excited states (T1 and S1). It has been con-
cluded that benzene can be regarded as a molecule with ''Dr. Jekyll and Mr. 
Hyde'' character: ''Dr. Jekyll'' representing the S0 state aromatic character and 
''Mr. Hyde'' representing the T1 and S1 state antiaromatic character.30 Excited 
state antiaromatic character of benzene can be useful in a range of areas, par-
ticularly for performing photoassisted transformations leading to new com-
pounds (Figure 17). In this chapter, one such example is described. 
 
 

 
Figure 17. A schematic drawing showing how the T1 state AA character of [4n+2]an-
nulenes can be utilized for achieving new transformations in an adiabatic photochem-
ical process. A= aromatic, AA= antiaromatic, and NA= non-aromatic. 
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Photochemical reactions have also been recognized as efficient synthetic 
routes to complex polycyclic molecules with potential drug applications.90,91 
One advantage is that they can be metal-free reactions which can be attractive 
in the synthesis of e.g., pharmaceutical products. They also lead to less organic 
waste in comparison to metal mediated reactions. Finally by employing pho-
tochemistry, products can be synthesized which are difficult to synthesize with 
conventional methods in the ground state, such as CBD.29 
 
In this chapter, I will discuss paper III where ESAA character of benzene and 
polycyclic aromatic hydrocarbons is used to perform photoassisted (hydro)si-
lylations and hydrogenations using both QC calculations and experiments. 

4.1 Photo(hydro)silylations  
The first hydrogenation of benzene in the S0 state is endergonic and metal 
catalysts together with high temperature and pressure are needed for this re-
action to proceed. This is because the aromatic cycle of 6π-electrons is broken 
during hydrogenation which is an unfavorable process. However, hydrogena-
tion in the T1 and S1 states should be facile because of the antiaromatic char-
acter of benzene in these states.  QC calculations revealed the reversal in hy-
drogenation behavior of benzene and COT when going from the S0 to the T1 
state. Dihydrogen was not used in a photoreaction due to hazard and instead 
triethylsilane was used as a "heavy dihydrogen" for photo(hydro)silylations. 
The results are summarized below. 
 
Experimental results  

• When benzene was irradiated in presence of triethylsilane at λ = 254 
nm for 24 h, phenyltriethylsilane was isolated in 6% yield. Traces of 
triethylsilylcyclohexadiene intermediates were observed via GC-MS. 
The yield of the phenyltriethylsilane was low because of the formation 
of an insoluble polymer which deposited as a by-product on the walls 
of the quartz tube in which the reaction took place. No polymer was 
observed when the photoreaction was performed in the presence of 
oxygen. However, the yield of phenyltriethylsilane then reduced to 
only 0.35% because of the formation of siloxanes (Scheme 5). 

• No photoreaction was observed when COT was irradiated at λ = 254 
nm in the presence of triethylsilane even after 24 h of irradiation.  

• When naphthalene was irradiated with an excess of triethylsilane in 
n-heptane at λ = 254 nm for 24 h, a 1:1 mixture of two (α and β) 
isomeric triethylsilylnapthalene were isolated in 21% yield. 

• The photoreaction of phenanthrene with triethylsilane in n-heptane 
gave mixture of three different monosilylated phenanthrenes in 11% 
conversion.  
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• Pyrene, fluoranthene, and coronene gave only traces of silylated prod-
ucts. 

 

 
Scheme 5. Photoreaction of benzene, naphthalene, and COT with triethylsilane. 
 
Computational results: For QC calculations, trimethylsilane was used instead 
of triethylsilane in order to save the computational time. Reaction and activa-
tion energies were calculated at B3LYP-D3(BJ)/6-311+G(d,p) level.  
 

• QC calculations revealed that benzene in the T1 state is excellent at 
hydrogen atom abstraction from the silicon atom of trimethylsilane. 
The activation free energy was only 2.4 kcal/mol proceeding from van 
der Waals complex to benzenium and trimethylsilyl radicals (Figure 
18). The activation free energy of H-atom abstraction from trime-
thylsilane by T1 benzene is even 5.8 kcal/mol lower than that of the 
tert-butoxyl radical, a well-known radical initiator.  

• The similar H-atom abstraction from T1 COT is endergonic by 35.9 
kcal/mol. The activation free energies of H-atom abstraction by T1 
benzene and T1 COT revealed that the T1 antiaromaticity of benzene 
is alleviated while T1 aromaticity of COT is lost. This supports the 
photochemically unreactive behavior of COT (Scheme 5).  

• With respect to the T1 non-aromatic compound, cycloocta-1,3,5-tri-
ene, the activation energy for H-atom abstraction is 15.5 kcal/mol. 

• The activation free energies for H-atom abstraction are 14.3 kcal/mol 
and 18.5 kcal/mol leading to 1-naphthalenium and 2-naphthalenium 
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radicals starting from the van der Waals complex of naphthalene and 
trimethylsilane (Figure 19). 

 

 
Figure 18. PES for the hydrogen-atom abstractions from Me3SiH by T1 state benzene, 
T1 state 1,3,5-cyclooctatriene, and T1 state COT at (U)B3LYP-D3(BJ)6-311+G(d,p) 
level. 
 

 

 
Figure 19. PES of the H-atom abstraction by T1 state naphthalene from Me3SiH at 
(U)B3LYP-D3(BJ)6-311+G(d,p) level. 
 

• The calculated activation barrier of H-atom abstraction starting from 
the T1 state van der Waals complex between phenanthrene and trime-
thylsilane is only 9.9 kcal/mol (Figure 20).  
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Figure 20. PES of the H-atom abstraction from Me3SiH by phenanthrene, anthracene, 
and pyrene in their T1 states at (U)B3LYP-D3(BJ)6-311+G(d,p) level. 
 

• When going from phenanthrene and anthracene to pyrene, the activa-
tion energy increased significantly. An activation barrier of 28.1 
kcal/mol was found for pyrene. This barrier is even higher than that 
of a T1 state non-aromatic compound (cycloocta-1,3,5-triene).  

• These QC calculations support the experimental results for PAHs. The 
decrease in the yield of (hydro)silylation was observed with increas-
ing size of the PAHs in line with the increase in the activation free 
energies for H-atom abstractions (Figure 20).  

4.2 Photohydrogenation 

Formic acid was used for photohydrogenations at wavelengths greater than 
300 nm.  Benzene and naphthalene was excluded for performing photohydro-
genations because of the hazard of using formic acid at λ = 254 nm. Anthra-
cene, phenanthrene, and pyrene were irradiated with an excess of formic acid 
in the benzene/ethyl acetate (1:1) solvent mixture. The 9,10-dihydroanthra-
cene was isolated in only 5% yield along with 35% of anthracene dimer 
(Scheme 6). The yield of photohydrogenation was even lower for phenan-
threne and pyrene. 
 

 
Scheme 6. A schematic representation of a photoreaction of anthracene in a mixture 
of PhH/AcOEt/HCOOH (5/5/1: v/v/v) at λ = 300 nm.  
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5. π-Conjugated polycyclic hydrocarbons      
(Papers IV and V) 

With the help of qualitative chemical bonding theories and quantum chemical 
computations, one can design new molecules, compute their electronic prop-
erties, and modulate their design. Benzene can be considered as a building 
block or a molecular tile92 for constructing larger hydrocarbons, similar to clay 
which is used for making pots and bricks. Organic compounds that are made 
by fusing several aromatic rings, e.g., benzene rings, are called polycyclic ar-
omatic hydrocarbons (PAH) (benzenoid). PAHs have extended π-conjugation 
and inherent ring-currents. PAHs have applications in organic electronics as 
organic semiconductors because of their electronic and self-assembling prop-
erties.93-96 Hydrocarbons comprised of fused aromatic and antiaromatic units 
are called polycyclic conjugated hydrocarbons (PCHs). But how PCHs are 
connected and what is the effect of connectivity on the electronic properties 
will be discussed in this chapter. 

5.1 Connectivity  
Thermal and chemical stability and electronic properties of PAHs can be tuned 
by constructing them with a particular connectivity. The PAHs can be ar-
ranged linearly, angularly or in a cycle (Figure 21).  
 

 
 
Figure 21. Different connectivities of PAHs, (a) linear, (b) angular, and (c) circular 
connectivity. 
 
In paper IV, Baird’s rule is combined with Clar’s rule in the search of com-
pounds with low triplet state energies. The effect of linear vs. angular connec-
tivity on the electronic properties was studied by quantum chemical (QC) cal-
culations. In paper V, electronic properties of cyclic compounds (monocyclic 
vs. macrocyclic) were analyzed by QC calculations.  
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5.2 Linear and angular connectivities  
PAHs are interesting candidates in the field of organic electronics, yet larger 
linear PAHs photo-oxidize or dimerize at ambient conditions unless they are 
stabilized by either insertion of heteroatoms or nonhexagonal carbocycles or 
by further substitution.97-101 If one or several antiaromatic units are inserted 
inside the PAHs, what will be the effect on the properties? Antiaromatic com-
pounds have small HOMO-LUMO gaps and low triplet energies. One famous 
class of such compounds is [N]phenylenes, comprised of alternating fused 
benzene and cyclobutadiene units, is known to have applications in organic 
and molecular electronics.102 
 
[N]Phenylenes in the S0 state display properties that are intermediate between 
those of fully aromatic and fully antiaromatic compounds. In the T1 state, it is 
found that the smallest [N]phenylene, biphenylene, retain the 12π-electron 
Baird-aromaticity (Figure 5 in chapter 2) and it is known as an aromatic cha-
meleon.  
 
In paper IV, a series of PCHs are constructed with following key require-
ments; 

• Each of the compounds should have a total of 4n π-electrons whereby 
they can be Baird-aromatic in their T1 states. 

• The central unit should also be T1 aromatic. Three T1 aromatic central 
units were selected, cyclobutadiene (class A), cyclooctatetraene (class 
B), and pentalene (class C). 

• Firstly, two benzene rings are fused on the sides of the central 4nπ-
electron units, such as biphenylene, dibenzoCOT, and 
dibenzo[a,e]pentalene. The results of QC calculations and various ar-
omaticity indices revealed that they can be characterized as aromatic 
chameleons. They are influenced by Hückel’s rule in S0 states and by 
Baird’s rule in T1 states.  

• Secondly, two naphthalene rings are fused in different ways, linearly 
and angularly. The resulting polycyclic π-conjugated hydrocarbons 
(PCHs) are named based on four different connectivities, linear-linear 
(LL), linear-bent (LB), cis-bent-bent (BB-cis), and trans-bent-bent 
(BB-trans) (Figure 22). 

 

 
Figure 22. Different isomers of class A compounds based on connectivity. 
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• Finally, two phenanthrene units fused to both sides of the central 4nπ-
electron unit are constructed and these are named as fully bent 
(BBBB). 
 

In this chapter, only the second step of point 3 is described. Other results will 
be explained briefly in the summary. Upon going from the linear to the 
cis/trans-BB connectivities, the T1 energies and the ΔεHOMO-LUMO decrease in 
all three compound classes studied. The largest decrease was observed in class 
A compounds while class B compounds showed the smallest. The cis- and 
trans-isomers showed similar T1 energies (Figure 23). 
 
The CBD is only weakly aromatic in the T1 state61,103,104 and the compounds 
in class B,  which are constructed by fusing COT with two naphthalene units 
in different fashions were not completely planar in their T1 states. Therefore 
only Class C compounds are considered here for the purpose of analyzing how 
the T1 aromaticity is linked with connectivity.  
 
When considering the stability of the various isomers in the T1 states, it was 
found that the cis/trans-BB isomer of class C are 7.3 kcal/mol lower in energy 
than the linear ones. The gain in stability in cis/trans-BB isomers could be a 
consequence of two Clar’s sextets in the outer benzene rings and one Baird-
octet in the central pentalene ring. The presence of three aromatic circuits in 
cis/trans-BB isomers is evident by NICS-XY scans, ACID plots, and the 
HOMA values (Figure 24). 
 
Some of the compounds analyzed herein have been synthesized in the recent 
years105,106 (Figure 25) which showed changes in UV-Vis absorption spectra 
when going from the linear to the cis/trans connectivity. This supports that 
electronic properties can be tuned by the connectivity. 
 
In summary, an analysis of the aromaticity showed that the triplet energies 
decrease due to the increased aromaticity in the T1 state. The aromaticity in 
the T1 state increased due to the presence of more Clar’s π-sextets in bent 
compounds in comparison to the linear ones. The fully bent compound of class 
C (BBBB) was found to have triplet state energy as low as that of parent pen-
talene. It was found to have four disjointed Clar π-sextets and one disjointed 
Baird π-octet in its T1 state. Thus, Clar’s rule together with Baird’s rule can 
be used for tuning the electronic properties of compounds, provided that the 
compounds are designed in such a way that they contain T1 aromatic units 
(Baird aromatic) and T1 antiaromatic units (that can adopt closed-shell Clar’s 
π-sextets). 
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Figure 23. The T1 energies and ∆ɛHOMO-LUMO of two naphthalene rings fused to differ-
ent central 4nπ-electron units. 
 

 
Figure 24. Analysis of T1 aromaticity with NICS-XY scans, ACID plots, and HOMA 
values of class C compounds at the B3LYP level. Red: HOMA of perimeter, black: 
HOMA of pentalene unit above each compound. 
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Figure 25. A compound studied experimentally by Yamaguchi and co-workers (Ref. 
106). X represents I or H. 

5.3 Cyclic connectivities 
How the cyclic connectivity can influence the various properties of monocy-
clic and macrocyclic compounds was explored in paper V.  
 
Inspired by the on-going research on the [n]cycloparaphenylene ([n]CPP), we 
were interested to understand the bonding and electronic properties of [n]CPP. 
[n]CPPs are composed of benzene rings linked at their para-positions end to 
end. They are the smallest unit-cell cycle of armchair carbon nanotubes.107 
The neutral [6]CPP and [7]CPP are found to be weakly antiaromatic and aro-
matic in their S0 states, respectively.108 Tourimi and co-workers reported that 
the radially oriented p-orbitals in dications and dianions of [n]CPPs show in-
plane aromaticity.109 [n]CPPs are macrocyclic compounds and can be influ-
enced by macrocyclic aromaticity. Their T1 states can display macrocyclic 
Baird-aromaticity along the perimeter or each benzene ring can show regular 
closed-shell Hückel aromaticity. In order to understand their bonding features, 
could it be helpful to compare them with the monocyclic compound? Is it pos-
sible to analyze how the degree of Baird-aromaticity changes when going 
from monocyclic compounds to macrocyclic ones? 
 
C16, a cyclic polyyne, is reported to display double Baird-aromaticity in its 
first quintet (Qu1) state due to the presence of two orthogonally oriented p-
orbitals (in-plane and out-of-plane).110 The other polyynes with even number 
of carbon atoms could also be influenced by double Baird-aromaticity in the 
Qu1 state. With regard to the T1 state, the out-of-plane 16π-electron cycle of 
C16 can display Baird-aromaticity.  
 
It is noteworthy that C20 was chosen in our investigation due to its larger inner 
diameter in comparison to C16 and its resemblance to the [5]CPP. The [5]CPP 
is the smallest [n]CPP synthesized so far. It is also reported that aromaticity 
decreased with increasing annulene size and can be diminished in those annu-
lenes which have 30 π-electrons with inner diameter of 1.3 nm.111,112 There-
fore, C20 in this context could be ideal. In order to get a deeper insight into the 
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aromaticity changes when going from monocycle (C20) to the macrocycle 
([5]CPP), π-conjugated macrocyclic compounds were designed by modifying 
the C20 cycle. The electronic properties of the resulting isomeric macrocycles 
were investigated quantum chemically. The following key requirements 
should be met in the design of the C20 analogues:  
 

• The total number of π-electrons in the macrocyclic π-conjugation 
should be kept the same (20π-electrons) whereby the resulting cycle 
could be Baird aromatic. 
 

• 1,3-butadiyne units are replaced with a monocycle that contributes 
4π-electrons. 
 

• Six different types of monocyclic rings (p-phenylene, cyclohexadi-
ene, cyclopentadiene, furan, thiophene, and pyrrole) are placed in the 
C20 framework stepwise starting from one until five, when all the tri-
ple bonds of the C20 have been replaced completely by the above mon-
ocycles. 

 
The results are summarized below only for the T1 states; 

• With regard to the geometry, a few differences were observed with 
different monocyclic rings. The p-phenylene and cyclohexadiene 
rings adopt conformations where they stand perpendicular to the mac-
rocycle while the heterocyclic rings take in-plane arrangements to the 
macrocycle. The cyclopentadiene showed intermediate confor-
mations, neither completely planar nor perpendicular. Upon analyzing 
the BLA in the T1 state, it was found that with increasing number (n) 
of cyclic rings, the value of BLA is increased in all compounds when 
going from one till four. Positive BLA values were indicative of Baird 
aromatic character. 
 

• Diatropic ring-currents were observed in the T1 states of all analogous 
compounds with one till four rings in the C20 isomers except a few. 
When the C20 framework contained more than three cyclohexadiene 
rings, no diatropic ring-currents were observed. The C20 analogues 
with five thiophene, pyrrole, and cyclopentadiene, also showed no 
particular direction of ring-currents because of the non-planarity as a 
result of steric congestion. The C20 analogues with five furan and p-
phenylene rings showed strong diatropic ring-currents along the pe-
rimeter. 
 

• Negative NICS(0) ppm values were observed for all isomeric com-
pounds. The most negative value was observed when C20 analogues 
comprised of two monocyclic rings and twelve acetylenic bonds. The 
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analogues of C20 with five rings showed lowest NICS values except 
those analogues composed of furan and p-phenylene rings. 

 
According to the above results, it can be concluded that the C20 framework 
upon modification could be influenced by macrocyclic Baird- aromaticity 
provided the rings which make the cycle are in-plane with the macrocyclic 
ring-plane.  
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6. Conclusions 

In recent years, the excited state aromaticity and antiaromaticity concepts have 
gained gradually more attention. In this thesis, it has been shown that these 
concepts are not only fundamental but the knowledge gained from them can 
likely be utilized in different areas, for designing molecules and for predicting 
various properties.  
 
It has been shown through photoreactivity experiments and QC calculations 
that the cyclopropyl (cPr) group and the silacyclobutene (SCB) ring can detect 
the T1 aromatic character of [4n]annulenes. Both of these moieties remained 
closed when attached to or fused with T1 and S1 states aromatic compounds 
because ring-openings could ruin the excited state aromaticity. Therefore, 
these structural moieties could potentially be used as T1 aromaticity probes. A 
few examples are found where these moieties fail to detect the T1 aromatic 
character of [4n]annulenes. The cPr group when attached to heterocyclic com-
pounds with more than one heteroatoms failed to detect the T1 aromatic char-
acter of [4n]heteroannulenes because of weaker π-conjugation. With regard to 
the SCB ring, when it is fused to small rings, ring-strain together with excited 
state antiaromaticity could be responsible for the SCB ring-opening. Moreo-
ver, both of these structural moieties cannot differentiate T1 antiaromatic com-
pounds from those which are T1 non-aromatic. For this one needs a separate 
probe, possibly a larger cycloalkyl group. The studies presented in this thesis 
can be used further to understand photoreactivity of other classes of com-
pounds. It can be employed for studying the photostability and photodegrabil-
ity of compounds which can be useful for designing other compounds.  
 
In this thesis, T1 antiaromatic character of benzene and certain polycyclic ar-
omatic hydrocarbons was used for photo(hydro)silylations and photohydro-
genations. A metal-free (hydro)silylation and hydrogenation method was de-
veloped for the formation of silylated products. It was found that T1 state ben-
zene can abstract a hydrogen atom from trialkylsilane, although the yield of 
the silylated product was merely 6% due to the polymer formation. The best 
yield of the silylated product (21%) was observed when naphthalene was irra-
diated in the presence of triethylsilane. However, an inseparable mixture of 
two products was obtained. Larger polycyclic aromatic hydrocarbons gave ex-
tremely low yields because factors other than excited state antiaromaticity de-
termine the reactivity of larger polycyclic aromatic hydrocarbons. However, 
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higher yields of silylated products could potentially be obtained if one use 
directing groups on the small T1 antiaromatic compound. The concept of ex-
cited state aromaticity can likely be extended for the synthesis of molecules 
with complex features and to develop other organic photoreactions.  
 
It has been shown through quantum chemical calculations that electronic prop-
erties of polycyclic π-conjugated compounds can also be tuned just by chang-
ing the connectivity. Baird's rule when combined together with the Clar's rule 
was extended to the T1 states of fully benzenoid hydrocarbons when the cen-
tral benzene ring was replaced with the T1 aromatic [4n]annulenes. It was 
found that combining both rules could be helpful for searching compounds 
with low lying triplet states. This can potentially be utilized for designing 
other molecules with unique features.  
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7. Svensk sammanfattning 

Avhandlingen är baserad på manuskript och forskningsartiklar som är publi-
cerade i vetenskapliga tidskrifter. Fokus ligger på aromaticitet och endast 
dessa resultat presenteras och diskuteras i denna avhandling. 
 
En person som väger 70 kg besår av sju miljarders × miljarders × miljarder (7 
× 1027) atomer. Varje atom består av protoner, neutroner och elektroner. När 
två atomer befinner sig tillräckligt nära varandra kan de dela valenselektroner 
– de elektroner som ligger i det yttersta skalet – mellan varandra, och därmed 
bilda en kovalent bindning. Kovalenta bindningar kan delas upp i enkel-, dub-
bel- och trippelbindning ar, vilket motsvarar delandet av två, fyra respektive 
sex elektroner. En enkelbindning bildas när molekylernas σ-orbitaler överlap-
par med varandra medan dubbelbindningar bildas genom överlappning av 
både σ- och π-orbitaler.  
 

 
Figur 26. En aromatisk molekyl (bensen) med sex kolatomer och dess icke-aroma-
tiska linjära analog (1,3,5-hexatrien). 
 
Konjugation beskriver delokalisering av π-elektroner i ett linjärt system med 
flera alternerande enkel- och dubbelbindningar. Ett slutet, konjugerat system 
med ett speciellt antal π-elektroner (4n + 2 = 6, 10, 14, osv) ger upphov till en 
särskild egenskap som är känd under namnet aromaticitet. Aromatiska mole-
kyler har unika strukturer och uppvisar en karaktäristisk respons i magnetfält.  
Aromatiska molekyler är stabilare än de linjära analogerna (Figur 26). Till 
skillnad mot dessa är de cykliska molekylerna med 4n π-elektroner mindre 
stabila jämfört med sina linjära motsvarighet. Dessa molekyler beskrivs som 
antiaromatiska och har högre reaktivitet än de aromatiska. 
 

 
Figur 27. Representation av aromaticitet i bensen. 
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Dubbelbindningar i aromatiska molekyler representeras ibland av en cirkel, 
vilket indikerar delokalisering av π-elektroner (Figur 27). Tillbaka till männi-
skokroppen: en person som väger 70 kg innehåller 1,2 kg aromatiska aminosy-
ror, vilket motsvarar cirka 20% av de totala proteinerna i en mänsklig kropp. 
Hemoglobin, DNA och RNA är några exempel på andra aromatiska biomole-
kyler som förekommer i naturen. 
 
I molekylens grundtillstånd (S0) placeras två elektroner med motsatt spinn i 
samma orbital. Dessa elektroner exciteras till singlett (S1) eller triplett (T1) 
tillstånd vid bestrålning av ultraviolett (UV) eller synligt ljus. Då förändras de 
elektroniska egenskaperna och reaktiviteten hos dessa molekyler. De excite-
rade molekylerna är mycket reaktiva och tillgängliga för ytterligare reaktioner 
(Figur 28). Dessa föreningar betecknas som exciterade antiaromatiska mole-
kyler. 
 

 
Figur 28. Strategin att utnyttja T1-antiaromaticitet för att funktionalisera bensen-
ringen. 
 
Denna avhandling berör fundamentala studier av aromaticitet i exciterade till-
stånd, vilket innefattar teori, beräkningar och experiment. Att utnyttja T1-an-
tiaromaticitet ger oss möjligheten att framställa nya molekyler som annars är 
svåra att ta fram i S0. Ett sådant exempel är hydrogenering av molekyler med 
(4n+2) π-elektroner där dyra metallkatalysatorer, högt tryck och temperatur 
oftast krävs för att utföra reaktionen i S0. Foto(hydro)silylering och fotohyd-
rogenering där ljus utnyttjas för att excitera molekylen till de högre elektro-
niska tillstånden är en möjlig strategi för att övervinna den aromatiska stabili-
seringen.  
 
Sammanfattningsvis visar denna avhandling hur de aromatiska egenskaperna 
förändras vid olika elektroniska tillstånd (S0, S1/T1). Detta ger oss möjligheten 
att framställa nya ljusabsorberande material och nya molekyler med unika 
egenskaper för organiska och farmaceutiska tillämpningar. 
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