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1 PREFACE 

During my PhD work, I have participated in a joint program between the Budapest University 

of Technology and Economics (BME), where I’ve worked in the theoretical chemistry group 

of László Nyulászi, and the University of Rennes 1, where I’ve joined the experimental group 

of Muriel Hissler. There is a long-term collaboration between the two groups, dating back to 

2000. Over the years, more than ten joint publications appeared in the field of π-conjugated 

phospholes, showing that the combination of experimental and theoretical methods is beneficial 

and leads to a deeper understanding of the investigated molecules. 

I have joined this project in 2012, after the successful synthesis of previously unprecedented 

phosphole-containing extended structures, up to 8 fused rings, to carry out their theoretical 

characterisation, for a better understanding of the role of phosphorus in determining the 

optoelectronic properties of the synthesized molecules. This included TD-DFT calculations, 

and the analysis of Kohn-Sham frontier molecular orbitals to gain deeper insight into optical 

and redox properties. 

When I’ve started my PhD training at BME, I have successfully applied for a Campus France 

scholarship so I could spend time in both groups, strengthening my skills in experimental 

techniques as well. During the following years, I continued the theoretical studies, extending 

them by the investigation of the energetic aspects of the ring-formation reactions leading toward 

the extended P-containing systems, to explain the observed differences between the 

investigated precursors. The first studies on the originally investigated system were extended 

toward heterocycles, where some of the phenyl groups were replaced by thienyl moieties. 

Further investigations included the transition metal complexed derivatives, where the electronic 

spectrum was shown to be determined basically by the properties of the ligand. Altogether these 

studies broadened our original picture, and have shown the flexible tunability of the electronic 

structure of phosphorus modified PAHs. 

As the electronic structure is clearly related to aromaticity, we focused also on the description 

of this phenomenon. Since there were no comprehensive studies which aromaticity descriptors 

can be used in heteroatom-containing PAHs, I’ve carried out this investigation. Beside the 

investigation of the local aromaticity of the synthesized derivatives, to establish a general 

understanding of the relationship between the heteroatom, the delocalised system and the 
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properties of such molecules I widened the scope of the investigated structures by using 

numerous heteroatoms. 

The main focus of my experimental work was the investigation of the stability and reactivity of 

the systems through Diels-Alder reactions. In order to complete this work, I also had to 

reproduce the multi-step synthetic route leading to the investigated P-containing extended 

systems.  

I would like to thank both of my supervisors for letting me be a part of this interesting research, 

for their expertise, and also for their patience. I would like to thank the members of both groups 

for their support and help along the way.  
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2 LITERATURE REVIEW 

2.1 INTRODUCTION 

Carbon is one of the most abundant elements in the Earth’s crust, however what makes it unique 

and extremely important is its diversity, demonstrated by the varied nature of carbon-containing 

compounds and also by the carbon allotropes, which exhibit diverse properties. The longest 

known structured carbon allotropes are diamond (a three-dimensional network containing 

carbon in the sp3 form) and graphite (possessing a lamellar, multilayer structure of sp2 carbon 

sheets). However, in the last decades the discovery of fullerenes1 (Figure 1, A) and carbon 

nanotubes2 (Figure 1, B) extended this list. The group of allotropes was further extended by the 

addition of graphene, a monolayer of graphite, which is the only two-dimensional allotrope 

(Figure 1, C). 

A, B, C, 

 

  

Figure 1: Examples for the structure of fullerenes (A), carbon nanotubes (B) and graphene (C) 

Theoretical studies even as early as 1947 predicted intriguing electronic properties for this two-

dimensional compound.3 The first experimental observation of such materials is dated back to 

1962, when Boehm and co-workers used transmission electron microscopy to identify the 

thinnest possible layers in reduced graphite-oxide fragments.4 Later on, some scattered 

observations confirmed the existence of such monolayers, however the breakthrough came in 

2004, when Geim and Novoselov carried out the first thorough investigation of the electronic 

properties of graphene,5 confirming the exceptional electronic properties of this two-

dimensional structure. Subsequently, other favourable properties such as high carrier mobilities, 

exceptional Young modulus and large spring constants were found.6 

These properties created vast interest toward graphene itself – reflected in the Nobel Prize in 

Physics, awarded to Geim and Novoselov in 2010 – and its possible applications in various 
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fields, such as flexible7 and printed8 electronics, energy storage9, corrosion prevention10, DNA 

sequencing11, as well as application in life-sciences12 or in space-technology13.  

Although the previously mentioned applications exploit the extreme conductivity of graphene, 

in some cases the lack of a bandgap – a result of the “infinite” structure – hinders the 

applicability of graphene itself.14 In certain (opto)-electronic applications, such as field-effect 

transistors (FETs) or organic light emitting diodes (OLEDs), a reduced but still non-zero 

bandgap is crucial. 

To overcome this problem, we can use graphene’s molecular analogues, the so called 

nanographenes that are structurally confined, extended polycyclic aromatic hydrocarbons 

(PAHs). These molecules show non-zero bandgap, furthermore, the bandgap – tightly linked to 

(opto-)electronic properties such as absorption and emission wavelength or reduction and 

oxidation potential – depends mainly on the size and edge configuration (zigzag or armchair 

type, see Figure 2) of the condensed system, making it an excellent subject to molecular 

engineering.15  

 

zigzag 

armchair  

Figure 2: Visualization of zigzag and armchair edge types in nanographenes 

2.2 SYNTHESIS OF POLYCYCLIC AROMATIC HYDROCARBONS 

As the size of nanographenes is between classical organic molecules and nanostructures, there 

are two strategies toward their synthesis: the “top-down” and the “bottom-up” methods.  

In “top-down” methods, the original carbon sources, most frequently graphite or graphene, are 

subjected to “cutting” procedures, such as lithography, resulting in smaller segments. The 

drawback of these methods – in their current state of development – is the lack of precise control 

over the resulting structure, leading to a mixture of different nanographenes.  
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“Bottom-up” methods – using classical chemical synthesis – increase the system’s size 

stepwise, thus provide access to monodisperse graphene flakes with defined size and 

edge-structure, resulting in uniform properties.15  

The applicability in (opto)-electronic devices is highly dependent on the properties, and as the 

use of mixtures leads to irreproducibility, “bottom-up” methods are favoured. 

The first “bottom-up” methods toward polycyclic systems were carried out in the beginning of 

the 20th century. After the observations of Friedel and Crafts stating that benzene and 

naphthalene can undergo dimerization in the presence of anhydrous aluminium chloride 

(Scheme 1, Scheme 2),16 Scholl and Scheer developed their method based on the same reagent. 

This method was not only able to form C-C bonds between aromatic units, but also to carry out 

intramolecular cyclodehydrogenation steps as well (Scheme 3).17,18 

   

1  2 

Scheme 1: Synthesis of biphenyl from benzene 

  
 

3  4 

Scheme 2: Synthesis of 2,2’-binapthyl from naphthalene 

  

 

 

 

3  5  6 

Scheme 3: Synthesis of 1,1’-binapthyl and perylene from naphthalene via the Scholl reaction 

The study on the applicability of aluminium-chloride was later extended to PAHs differing in 

geometry and size up to 11 fused ring, including heteroatoms and some functional groups in 

the systems (Scheme 4).18 
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7 8 9 

Scheme 4: Extended structures synthetized via the Scholl reaction 

Starting from the 1920s, several research groups contributed to the synthesis of PAHs, in the 

attempt to identify the exact compounds responsible for the carcinogenic nature of coal-tar via 

animal studies.19,20 Even though, some of the investigated compounds have been found 

carcinogenic, modern laboratory procedures can minimalize the risk of exposure during their 

synthesis and application in devices. 

Another key figure in this field is Clar, who not only contributed to the synthesis of novel PAHs 

(examples can be seen in Scheme 521 and Scheme 622), and provided their physical 

characterisation via optical and magnetic techniques, but also supplied one of the most used 

aromaticity criteria for polycondensed systems (vide infra).23,24 

  
 

  
  

10  11  12 
 

12 

 
  

 
 

 

  13  14 

Scheme 5: Clar’s synthesis toward molecule 14 

 

 

 

 

 
15  16  17 

Scheme 6: Clar’s synthesis toward hexa-peri-hexabenzocoronene 17 
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Even though a vast library of PAHs was established by the 1960s, the common problem of their 

synthesis – beside the low yields – was the use of extreme temperatures and strongly oxidizing 

reaction mixtures. In the 1960s, Kovacic developed mild methods to form C-C bonds in order 

to polymerize benzene, using Cu(II) salts, co-catalysed by either AlCl3
25 or FeCl3

26. In the 

1990s, these methods have been successfully applied in the dehydrogenation reaction of 

oligophenylenes. Scheme 7 and Scheme 8 show the improved syntheses toward molecules 14 

and 17 (compare with Scheme 5, Scheme 6).27,28  

  
 

  
  

18  19  14 

Scheme 7: Application of oxidative cyclodehydrogenation to form extended PAH 14 

Beside the use of mild conditions, the advantage of the new procedures is the possible 

introduction of solubilizing groups, during the synthesis of the star-shaped precursors (Scheme 

8). 

 

 

 

 

 
20  21  17’ 

Scheme 8: Application of oxidative cyclodehydrogenation to form  

hexa-peri-hexabenzocoronene derivatives 

To widen the scope of hexa-peri-hexabenzocoronene derivatives (17), iodo substituted 

molecules have been synthesized and successfully used in Hagihara-Sonogashira, 

Buchwald-Hartwig, Kumada and Negishi cross-coupling reactions, to afford functional 

molecules with increased solubility or modified electronic properties (Scheme 9).29 
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22 23 

Scheme 9: Examples of modified hexa-peri-hexabenzocoronenes 

Another approach for the cyclodehydrogenation step is the photocyclization process. The 

reaction was first developed for stilbene (24) and its derivatives by Mallory and co-workers 

(Scheme 10).30,31 The method has been applied in the synthesis of 

hexa-cata-hexabenzocoronene and its derivatives by the group of Nuckolls (Scheme 11).32 

 

 

  

 

 
 

24    25 

Scheme 10: The mechanism of the photochemical ring-closure reaction of stilbene (24) 

 

 

 
26  27 

Scheme 11: Application of photocyclization to form extended PAHs 

The above examples showed that various structures can be synthesized in order to tune the 

optical and electronical properties. A different approach for the modification of the properties 

is the introduction of heteroatoms into the sp2 framework. 
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2.3 SYNTHESIS OF HETEROATOM-DOPED PAHS 

The presence of heteroatoms modifies the properties of a homogenous matrix: the colour of 

α-Al2O3 can change to red in case of rubies or blue in case of sapphires just by the presence of 

metals in trace amounts. Another well-known example is the modulation of the electrical 

properties of extremely pure silicon semiconductors by boron, a p-type dopant, or phosphorus, 

an n-type dopant. In good agreement with these examples, studies showed that heteroatom-

doped graphenes indeed possess different properties from those of the parent graphene.33 

However, heteroatom-doping of graphite or graphene sheets is a statistical process, leading to 

a mixture of compounds. A well-known example of such “top-down” techniques is the synthesis 

of graphene oxides, in which the individual sheets of graphene possess oxygen functional 

groups on both the basal planes and edges.34 Just as in the case of all-carbon molecules, 

“bottom-up” procedures are more reliable in providing control of the size, edge-structures and 

the heteroatom/carbon ratio and the controlled distribution of the heteroatoms along the 

extended structure.15 

2.3.1 Nitrogen-doped extended systems 

Nitrogen is probably the most often used heteroatom for doping purposes, since it can replace 

internal carbon atoms without disrupting the planar structure.35 Typical examples of N-doped 

nanographenes can be obtained via oxidative cyclodehydrogenation of nitrogen-incorporated 

star-shaped molecules analogously with Scheme 8. Using this method, hexabenzocoronenes 

containing up to six electron-rich pyrrole units can be synthesized (Scheme 12).  

 

 

 

28 29 30 

Scheme 12: Examples of pyrrole-incorporated PAHs, synthesized with the oxidative 

cyclodehydrogenation method 

The replacement of the benzene units by different number of pyrrole rings (Scheme 12) has a 

significant effect on the optical and electronic properties, which is well exemplified by the 
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emission colour shifting from green (28) to red (30) with the increasing number of the 

heterocycles.36 

While the pyrrole units are electron-rich, building blocks containing imine-type nitrogen – 

namely pyridine and pyrimidine – can be incorporated to obtain systems that are electron-

deficient compared to the all-carbon analogue (Scheme 13).15  

 
 

31 32 

Scheme 13: Examples of pyridine and pyrimidine-incorporated PAHs 

While the synthesis of 31 uses a threefold Pictet-Spengler reaction,37 32 can be achieved by the 

cyclodehydrogenation process introduced in Scheme 8. Beside obtaining electron-deficient 

structures, in case of 32, the N atoms residing at the edge of the structure allow the use of the 

system as a ligand in metal complexes, introducing a further possibility to modulate the optical 

properties.38 Coordination to Pd(II), can be used to quench the intense emission of 32, while 

ruthenium complexes exhibit a red-shifted absorption band due to a metal-to-ligand charge 

transfer.38 

2.3.2 Boron-doped polycyclic molecules 

Generally, boron-containing compounds are sensitive to moisture and the presence of oxygen, 

limiting their application. However, according to the study carried out by Clark and co-workers, 

beside nitrogen, electron-deficient boron is the only heteroatom that can be introduced into a 

planar sp2 carbon frame without distorting it.35 This “structural constraint” stabilizes the internal 

B-atom, therefore it opens the possibilities of their application in devices.15 Accordingly, the 

first example of B-doped graphene molecule 33 (Scheme 14) – synthesized by Yamaguchi and 

co-workers by cyclodehydrogenation using FeCl3 – was found highly stable and required no 

precautions upon handling.39 Because of the sensitivity of the tri-coordinated boron atom, later 

examples (Scheme 14) either follow the incorporation into an internal position of the π-system 

(34), or use bulky groups for kinetic stabilization (35). 
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33 34 35 

Scheme 14: Examples of boron-incorporated PAHs 

2.3.3 Sulphur-doped PAHs 

The application of thiophene and its oligomeric and polymeric forms in organic electronic 

devices is well established.40 These successful examples have created vast interest toward 

thiophene-fused PAHs to discover their suitability in electronics. 

Accordingly, numerous sulphur-doped molecules have been synthesized,15 Scheme 15 presents 

one example for each of the most used synthetic routes toward doped PAHs: 36, the first 

example of an extended π-system containing thiophene units was obtained by a modified 

hexa-peri-benzocoronene procedure, in the group of Müllen using oxidative 

cyclodehydrogenation as synthetic approach,41 while 37 was prepared via photocyclization in 

the group of Nuckolls.42  

 
 

36 37 

Scheme 15: Examples of thiophene-fused PAHs 

2.3.4 Oxygen-doped fused systems 

In contrast to the plethora of sulphur-doped PAHs, to this day there are only a few examples of 

oxygen-doped structures. The first example of an extended π-system containing an oxygen is 

the cationic 38, prepared in the group of Müllen using UV irradiation (Scheme 16).43 To our 

best knowledge, there is only one other publication in the literature for oxygen-containing 
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PAHs, where Bonifazi and co-workers used intramolecular C-O bond formation for the 

planarization of oligonaphtalenes to result in 39 and 40 (Scheme 16).44  

 

 

 

 

38 39 40 

Scheme 16: Examples of oxygen-doped PAHs 

2.3.5 Phosphorous-doped PAH molecules 

π-Conjugated organophosphorus molecules and oligomers have diverse application in organic 

electronics, namely in sensors, OLEDs and in solar cells.45,46 As a consequence, phosphole-

fused PAH systems are likely to have promising properties, although up to this day there are 

only a few examples of P-embedded PAHs. Because of the pyramidal structure around the 

σ3,λ3-phosphorus atom, its incorporation into the sp2 carbon framework causes distortions, 

confirmed both experimentally (4147, 4348) and theoretically (4335) as shown in Scheme 17. 

 
  

41 42 43 

Scheme 17: Examples of internally P-doped PAHs 

To obtain planar structures, the phosphorus-doping has to occur at the edge of the skeleton. 

However, there are only a handful reports on planar P-containing moieties.49–51 The low number 

of structures might be attributed to the low aromaticity – therefore vulnerability – of the 

phosphole unit, rendering the application of the above-mentioned synthetic strategies 

challenging. Scheme 18 clearly shows that the cyclodehydrogenation of star-shaped precursor 

45 did not afford the multiply fused derivative.52 
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44 

 
 

  

45 

 

 

 

46 

 

 

 

47 

Scheme 18: Attempts for the synthesis of P-doped PAHs from star-shaped precursors 

In order to favour the cyclization process, precursors containing thiophene units have been 

synthesized. The presence of the thiophene units indeed increases the number of fused rings: 

both in case of precursor 49, containing four thienyl substituents, and in case of 52, a precursor 

containing phenyl and thienyl substituents the photocyclization process resulted in the 

formation of two new C-C bonds (Scheme 19, Scheme 20). Unfortunately, neither chemical 

oxidation, nor photocyclization was able to form the C-C bond at the back of the molecules in 

either case. Both in case of 50 and 53, the π-system has a helicoidal structure due to the 

o,o′-substitution pattern of the newly formed six-membered rings, which causes a steric 

repulsion of the two H atoms of the rings at the 3 and 4 position of the phosphole ring. 

  

 
 

 

 
 

48  49  50 

Scheme 19: Attempts for the synthesis of P- and S-doped PAHs from star-shaped precursors 
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51  52  53 

Scheme 20: Attempts for the synthesis of P- and S-doped PAHs from star-shaped precursors 

To obtain the desired planar molecules, a new synthetic strategy had to be developed.49 The 

detailed synthesis is shown in Scheme 21, reaction steps include the Corey-Fuchs reaction for 

the preparation of 58, a Sonogashira-coupling to form the bis-alkyne 59, then the phosphole 

unit is formed by the application of the Sato-Urabe method to afford 60, which is used in its 

protected form 61. For the cyclodehydrogenation step both chemical and photochemical 

procedures were tested. While chemical oxidation only succeeded to close one ring, yielding 

62 as the main product, photocyclization was successfully applied for the preparation of the 

symmetric 63. 

An analogous synthetic route has later been developed for molecules with longer alkoxy chains 

in order to improve solubility (O-Hex analogues will be referred to with the same numbering, 

using -C6 tag).50 Experimental UV-Vis studies show that the change in the length of the alkyl 

chain doesn’t have an impact on the optical properties of the molecules. 
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  58  59  60 
 

60 
 

 

61 

 

 

62 

+ 

 

63 

Scheme 21: Synthesis of P-doped PAHs modified at the edge 

X-ray crystallographic evidence (Figure 3) shows that in case of 61 – in order to better 

accommodate the perpendicularly connecting dimethoxyphenyl rings – the backbone of the 

molecule is bent. However, by fusing the rings, we can rigidify the system, resulting in planar 

sp2 carbon skeleton both in case of 62 and 63. While the phosphorus atom keeps its tetrahedral 

structure, the heteroatom itself is located in the molecular plane. 
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61 62 63  

Figure 3: X-ray crystallographic structure of molecules 61, 62 and 63 

By exploitation of the phosphorus atom’s reactivity further derivatives can be synthesized 

(Scheme 22), resulting in a 3,3-P-containing system in case of 64, and in cationic derivatives 

(65, 66). The chemical modification has a significant influence on the optoelectronic properties 

of the molecules, as demonstrated by Figure 4.  

 

  

64 65 66 

Scheme 22: Chemical modification of P-doped PAHs 

 
64 63 65 66 

Figure 4: Observable colour change as a result of chemical modification in case of P-containing PAHs 

S 

P 
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Beside the above chemical modifications, coordination chemistry is a useful tool in molecular 

engineering. The use of derivative 64 (64-C6 in case of 71-C6) as a two-electron donor ligand 

towards different transition metals proved to be another efficient method for fine-tuning the 

optical properties, and to obtain a great diversity of solid state structures. The successfully 

synthesised structures are shown in Scheme 23.53 

 

 

67 68 

 
 

 

69 70 71-C6 

Scheme 23: The coordination complexes of 64 and 64-C6.  

The extended phosphole is represented by its phosphole ring. 

An analogous synthetic strategy was successfully applied for the synthesis of PAH systems 

containing both phosphorus and sulphur in their planar framework (Scheme 24, Scheme 25). 

The photocyclization of the phosphole intermediates 73 and 77 afforded the asymmetric half-

fused derivatives 74 and 78 respectively as main products. Only mass spectroscopic evidence 

could confirm the presence of the fully cyclized product 75, in the case of precursor 73.51 

 

 
 

 
 

 

 

+ 

 

72  73  74  75 
 

Scheme 24: Synthesis of PAHs containing both P and S heteroatoms 
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76 

 
 

 

 

 

 

77 

 

 

 

78 

 

  

79 

not observed 

Scheme 25: Synthesis of PAHs containing both P and S heteroatoms 

2.4 THE DESCRIPTION OF AROMATICITY 

The concept of aromaticity was introduced more than 150 years ago. The first milestone toward 

the understanding of this phenomena corresponds with Kekulé’s first description of the 

aromatic unit of benzene and several other molecules, with alternating single and double bonds 

in a closed chain in 186554 (Scheme 26, A). In 1872, he complemented his work by suggesting 

that the molecule alternates between two structures, therefore a carbon atom has the same 

relation with both of its carbon neighbours55 (Scheme 26, B).  

A,   

 

B, 

 

Scheme 26: A, Kekulé’s original representation of the aromatic unit (A closed chain of six carbon 

atoms represented as ovals that are connected to each other by either one or two double bonds in an 

alternating way. The arrows represent the bond that closes the ring, dots represent free valence, which 

in case of benzene is occupied by hydrogens.)  

B, The two alternating Kekulé structures of benzene 

Throughout the 20th century many experimental and theoretical studies focused on aromatic 

compounds. However, the precise description of the phenomena still has its challenges, the 

subject being covered from time to time by thematic issues.56–58 In order to distinguish aromatic 
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molecules from non-aromatic, or antiaromatic ones, we can lean on a handful of rules based on 

the observation of numerous systems, such as Hückel’s59,60 4𝑛 + 2 rule (𝑛 ∈ ℕ), stating that 

planar, cyclic structures, where the number of the shared electrons can be described by the 

above formula are aromatic. The formula of Hückel not only applies to benzene, but explains 

the aromaticity of heterocycles as well.  

2.4.1 The aromaticity of five-membered heterocycles 

In five-membered heterocycles (C4H4X), the aromaticity is determined by the nature of the 

heteroatom. In aromatic cycles, the heteroatom has a lone-pair that can interact with the double 

bonds, resulting in 6 delocalised electrons, such as in case of pyrrole (80 in Scheme 27), while 

antiaromaticity occurs when there are only 4 electrons that interact, for which a well-known 

example is borole (82 in Scheme 27). 

   

80 81 82 

Scheme 27: Heterocyclic compounds: pyrrole (80), phosphole (81) and borole (82)  

Phosphole (81 in Scheme 27) has a non-planar structure, therefore the lone-pair of the 

heteroatom (which has strong s character) cannot establish a strong interaction with the -

system (see the HOMO-1 in Figure 5).  

 

Figure 5: The interaction between the lone-pair of phosphole and the double-bonds,  

as shown by the HOMO-1 Kohn-Sham orbital 

However, as a consequence of hyperconjugation, involving the out of plane σ and σ* orbitals 

(note the small contribution on the phosphorus substituent hydrogen in Figure 5), phosphole 

exhibits low aromaticity.61,62 By replacing the hydrogen by electron-donating substituents, the 

involvement of the doubly occupied σ orbital in the cyclic conjugation enhances aromaticity, 

while electron withdrawing substituents increase the involvement of the σ * orbital, leading to 

antiaromaticity.62 Remarkably, the planarization of the P atom has a much more significant 
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effect, the aromaticity of a planar phosphole is larger than that of analogous heterocycles 

pyrrole and thiophene, however, the energy barrier of the planarization is difficult to overcome. 

In hypervalent phospholes, such as phosphole-oxides (83) and phospholium cations (84) the 

increasing valence of the phosphorus atom is reflected in the positive charge on the heteroatom, 

and changes the aromatic character of the ring to slightly antiaromatic.63 In cationic derivatives, 

the positive charge increases that results in further destabilisation.62 

  

83 84 

Scheme 28: Hypervalent phospholes: phosphole-oxide (83) and phospholium cation (84)  

2.4.2 The aromaticity of extended -systems 

Hückel’s rule can be extended to larger systems, but only to ortho-fusedi derivatives, as the rule 

fails to predict the aromatic character even for the simplest ortho- and peri-fusedii polycyclic 

compounds (Scheme 29): pyrene (85), perylene (6) and coronene (86), possessing 16, 20 and 

24 π-electrons respectively. 

  
 

85 6 86 

Scheme 29: Examples of ortho- and peri-fused polycyclic compounds 

Even though these extended systems are aromatic, the increasing number of the rings has an 

effect on the degree of aromatic stabilization: while benzene doesn’t react with concentrated 

sulphuric acid at ambient conditions,64 naphthalene undergoes sulfonation at room 

temperature65.  

Even more interestingly, there are differences in the absorption bands and behaviour – including 

reactivity – of the differently fused derivatives, even if they have the same number of benzene 

units. Perhaps the most known example of this is the difference between linear anthracene (87) 

and angular phenanthrene (25) (Scheme 30). 

                                                 
i IUPAC Gold Book116 definition of ortho-fused polycyclic compounds:   

Polycyclic compounds in which two rings have two, and only two, atoms in common. Such compounds have n 

common faces and 2n common atoms 
ii IUPAC Gold Book definition of ortho- and peri-fused polycyclic compounds:   

Polycyclic compounds in which one ring contains two, and only two, atoms in common with each of two or more 

rings of a contiguous series of rings. Such compounds have n common faces and less than 2n common atoms. 
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87 25 

Scheme 30: Linearly and angularly fused PAHs: anthracene (87) and phenanthrene (25) 

2.4.2.1 Clar’s rule of aromatic sextets 

The different stability and reactivity of the isomers can be explained by Clar’s rule regarding 

aromatic sextets.23,24 Clar states that among the Kekulé structures, the most significant ones are 

those that possess the maximal number of aromatic sextets (visualized by circles), because a 

sextet is the representation of benzenoid stability, therefore stabilization. (Figure 6). 

 

 

 

 

 

 

 

 

A B C D 

Figure 6: “The aromatic sextet”. Clar’s representation of the π-electrons in aromatic molecules 

In case of naphthalene and anthracene, all the possible structures have one stabilizing π-sextet, 

explaining the increased reactivity compared to benzene. However, the case of anthracene is 

complex: even though the rings should be equally stabilized by their shared π-sextet, the middle 

ring is more prone to undergo reactions, such as oxidation66 (Scheme 31) or Diels-Alder 

reaction67 (Scheme 32).  

 
 

 

87  88 

Scheme 31: Oxidation of anthracene (87) into anthraquinone (88) 

 
 

 

87  89 

Scheme 32: The Diels-Alder reaction of anthracene (87) with maleic anhydride 
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A possible explanation of these phenomena is given upon investigation of the reaction products, 

where the reaction of the middle ring resulted in two separate aromatic units that stabilize the 

products.  

In case of phenanthrene, the Clar structure with two sextets dominates, leading to benzene-like 

stability in the outer rings (Figure 6). However, the double bond of the central ring is not part 

of the delocalised benzenoid sextets, thus, the reactivity of this bond matches that of other 

olefins, as shown by its bromine addition proceeding without the need for catalyst (Scheme 33), 

justifying the existence of two benzenoid rings and a double bond.  

 

 

 
25  90 

Scheme 33: Bromination reaction of phenanthrene 

The different stability of isomeric structures in larger systems can also be explained by the 

different number of π-sextets. The increasing number of the benzenoid rings not only results in 

increased stability, but produces shifts in the absorption to the violet.23,24 Figure 7 shows the 

different isomers of PAHs with seven fused rings and their colour.68 It can be seen, that isomers 

with the same number of sextets (compare 93 and 94) have only minor spectral differences. 

 

  
max: 728 nm69 max: 651 nm68 max: 539 nm68 

91 92 93 

Dark green Blue-green Violet-red 
 

   
max: 529 nm68 max: 423 nm68 max: 334 nm68 

94 95 96 
Red Yellow Colourless 

Figure 7: The link between the aromaticity and the colour of extended π-systems. The displayed 

colours serve visualization purposes only. 
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As the sextet is a symbol of benzenoid stability, fully benzenoid structures (Scheme 34) are 

extremely stable, shown by their light colour, their lack of reactivity and their high melting 

points. 

   

 
97 98 99 100 

Scheme 34: Examples of fully benzenoid polycyclic compounds 

Clar’s aromaticity rule introduced the concept of “local aromaticity”, in light of the considerable 

difference between the aromaticities and reactivities of the rings in the fused system. Based on 

these rules we can differentiate the Clar-aromatic and non-Clar-aromatic rings, providing a 

qualitative picture; however, no clear-cut way has been found for exact quantification. 

2.4.3 Quantitative aromaticity descriptors 

There are several properties that chemists link to the presence of delocalized electrons and 

aromatic stabilization. The most endorsed of these are the planarity and the equalized bond 

length within the aromatic cycle and the ability to sustain a diamagnetic ring current. Different 

quantitative aromaticity descriptors are based on the measurement of such characteristics.  

2.4.3.1 Energy-based aromaticity measures 

Isodesmiciii – and even more so homodesmoticiv – reaction energies (using a matching reference 

system) can be reliably used for the comparison of different aromatic, non-aromatic or 

antiaromatic cycles; however, great care should be taken during the selection of the proper 

reference system. As an example, the aromatic stabilization energy (ASE), used by Schleyer 

and co-workers is a well-balanced homodesmotic reaction (for five-membered rings see 

Scheme 3570, for six-membered rings see Scheme 3671). These reactions not only compensate 

                                                 
iii IUPAC Gold Book definition of isodesmic reaction:   

A reaction (actual or hypothetical) in which the types of bonds that are made in forming the products are the 

same as those which are broken in the reactants. 

 
iv IUPAC Gold Book definition of homodesmotic reaction:   

A subclass of isodesmic reactions in which reactants and products contain equal numbers of carbon atoms in 

corresponding states of hybridization; moreover, there is matching of the carbon-hydrogen bonds in terms of the 

number of hydrogen atoms joined to the individual carbon atoms. To achieve all this matching, one should 

significantly extend the number and types of reference molecules. 
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for conjugative stabilization, but also for ring strain. In case the unsaturated cycle is aromatic 

or antiaromatic, the disruption of the delocalized structure will result in an energy difference 

compared to the other derivatives. The ASE values can be regarded as the difference between 

the hydrogenation energy of the investigated system and the reference (alternatively, the 

enthalpy values can be used as descriptors as well).72 

 

Scheme 35: Homodesmotic reaction to determine the ASE value in five-membered rings 

 

Scheme 36: Homodesmotic reaction to determine the ASE value in six-membered rings 

Isomerization stabilization energy (ISE) – another descriptor introduced by Schleyer – uses a 

hypothetical isomerisation reaction in order to investigate six-membered rings (Scheme 37).73 

Beside the two isomers of the investigated cycle, the equation contains two reference structures 

(displayed in blue) in order to correct the energy difference caused by the dienic part being 

either in the anti or syn form. The corrected isomerisation stabilization energies (ISEc) can be 

interpreted similarly to the ASE values, but give more prompt descriptions in strained systems. 

 

Scheme 37: Reaction to determine the isomerisation stabilization energy in six-membered rings 

The corresponding reaction that can be used to obtain the ISE value of five-membered systems 

was independently developed by the group of Geerlings74 and ours.63 In case of the five-

membered rings, the anti and syn correction can be avoided by a strategically spaced methyl 

group, resulting in the corrected ISE value.75 

 

Scheme 38: Reaction to determine the isomerisation stabilization energy in five-membered rings 
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The results of both the ASE and the ISEc methods are in good agreement with the experimental 

results, however, their application is limited to simple systems, containing only a few rings. To 

our knowledge, no solution was found to estimate the local aromaticity of individual rings in 

polycondensed systems using these methods. 

2.4.3.2 Geometry-based aromaticity measures 

The length of a chemical bond holds information about its strength, which can also be described 

with its bond order. Regrettably, there is no unequivocal method for the determination of this 

value. Geometry-based aromaticity descriptors are based on different aspects of the bond order. 

What unifies them is that all of them take benzene as the ideal aromatic molecule, and establish 

rules based on its structure. In the following part, a few of these methods will be introduced. 

Bond shortening index (BDSHRT) 

The bond shortening index76 is simply defined as the average of the bond orders. Originally, it 

was calculated from the π-bond order (Equation 1: R is the observed bond length, Rs and Rd are 

the length of the reference single and double bonds), later the concept was extended to the 

Gordy bond order77 (Equation 2: R is the observed bond length, a and b being constants 

calculated from the length of the single and double bonds), but the use of Mayer78 or Wiberg79 

bond orders is possible as well. In all cases, the aromatic stabilization results in shorter bonds, 

therefore higher bond orders that is reflected throughout their average. 

𝐼 =
1

𝑛
∑

𝑅𝑠 − 𝑅

𝑅𝑠 − 𝑅𝑑

𝑛

𝑖=1

 Equation 1 

 

𝑁 =
𝑎

𝑅2
− 𝑏 Equation 2 

Bird aromaticity index 

While BDSHRT simply uses the average of the bond orders, and is basically related to the 

stabilization by aromaticity, the Bird index80,81 operates with its standard deviation (Equation 

3: N is the Gordy bond order, n is the number of bonds, and Vk is a constant calculated from the 

ideal bond orders), thus reporting high aromaticity in case of uniform bond lengths. Originally, 
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this descriptor uses the Gordy bond order, again, the concept could be adapted to any type of 

bond order.  

𝐼 = 100 −

100
∑ 𝑁

𝑛

√∑ (𝑁 −
∑ 𝑁

𝑛
)

2

𝑛

𝑉𝑘
∙ 100 

Equation 3 

The undeniable advantage of geometrical indices, is that they can be applied not only in 

theoretical, but also in experimental studies based on single-crystal X-ray structures. However, 

studies showed that geometry alone cannot give conclusive results, as in certain cases 

aromaticity is resistant to even large geometrical distortions.82 

2.4.3.3 Electron delocalisation measures 

Electronic delocalisation within a ring can be measured by multicentre bond indices. Giambiagi 

and co-workers first introduced their multicentre index (Equation 4) for the assessment of 

hydrogen bonds,83 later the same method was found to be applicable for the description of 

aromaticity.84 The equation is adaptable to the desired ring-size, P stands for the density, S for 

the overlap matrix. As in case of the Bird index, electron delocalization measures give high 

aromatic values in case of uniform bonds. 

𝐼𝐴𝐵𝐶𝐷…𝐿 = 2𝐿 ∑ ∑ ∑ …

𝑐𝜖𝐶𝑏𝜖𝐵𝑎𝜖𝐴

∑(𝑃𝑆)𝑎𝑏(𝑃𝑆)𝑏𝑐(𝑃𝑆)𝑐𝑑 … (𝑃𝑆)𝑙𝑎

𝑙𝜖𝐿

 Equation 4 

As multiplication of matrices is not commutative, in non-symmetric cases the value of 

multicentre bond order relies on the input direction. In order to overcome this problem, and to 

show the delocalization between atoms in the para position, Bultinck and co-workers suggested 

a modification to the above method, by calculating and then summarizing the I values for all 

the possible input permutations (Equation 5).85 Unfortunately, this solution elevates the 

necessary computational time, since in case of six-membered rings the necessary number of 

permutations is 5!=120. 

𝑀𝐶𝐼𝐴𝐵𝐶𝐷…𝐿 =
1

2𝐿
∑ ∑ ∑ …

𝑐𝜖𝐶𝑏𝜖𝐵𝑎𝜖𝐴

∑ ∑ Γ𝑖

𝑖

[(𝑃𝑆)𝑎𝑏(𝑃𝑆)𝑏𝑐(𝑃𝑆)𝑐𝑑 … (𝑃𝑆)𝑙𝑎]

𝑙𝜖𝐿

 Equation 5 
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Besides its computational cost, a serious drawback of these methods is the inability to 

differentiate between non-aromatic and antiaromatic compounds, therefore they can only be 

applied to investigate the extent of aromatic stabilization.86 

2.4.3.4 Magnetism-based aromaticity measures 

The aromatic nature of a compound can be confirmed by its ability to sustain a diamagnetic 

ring current that diminishes the effect of the external magnetic field, resulting in deshielding 

effect on the atoms outside, and a shielding effect on the atoms above or below the ring (Figure 

8). This effect is relevant in NMR spectroscopy, and also exploited in several theoretical 

approaches. The concept can be applied for the study of antiaromatic behaviour too, as 

antiaromatic rings sustain paramagnetic ring currents. The most known methods based on 

magnetic criteria are magnetic susceptibility anisotropy, magnetic susceptibility exaltation, 

aromatic ring current shielding, current density analysis and nucleus independent chemical 

shifts (NICS).87 

 

Figure 8: Visualization of the shielding and deshielding effect of ring currents 

Nucleus independent chemical shift (NICS) 

The nucleus independent chemical shift (NICS) method88 is one of the most popular aromaticity 

descriptors, which can be determined computationally. Its first version was introduced by 

Schleyer and co-workers in 199689. The method is based on the calculation of the absolute 

magnetic shielding corresponding with any given ring in the system. As the magnetic shielding 

is modified by the either dia- or paramagnetic ring current, this value gives information about 

the aromatic character of the ring. NICS calculations are based on ghost “atoms” that act as 

sensors of the magnetic environment. During NICS(1) calculations, the ghost atom is placed 1 

Å above or below the plane of the ring, in order to reflect the contributions of the π-electrons.90 

Further improvements of the NICS method were introduced using two principles, the separation 

of σ and π contributions91 and using only the out of plane component of the shielding tensor92 
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instead of the isotropic value. For planar systems, the most adequate description is given by the 

combination of these two corrections, the NICS(0)πzz method,93 however there generally is a 

strong collinearity between the different NICS values, suggesting that the use of the 

computationally more readily available indices, such as NICS(1) give a reasonably good 

description of the aromaticity in most systems, especially when comparing related molecules. 

One of the method’s main advantages is its simplicity, furthermore it is possible to treat not 

only aromatic, but also antiaromatic compounds, which is problematic in case of geometry and 

delocalisation-based descriptors. The drawback is that certain comparative studies on PAHs 

suggested that the NICS values not only reflect the currents of the ring in question but the larger 

delocalised circuits (including 10 or 14 electrons) have some contribution as well 94–96. 

According to this hypothesis the higher NICS aromaticity of the middle ring of anthracenev. is 

the consequence of the different number of currents in the rings (Figure 9), the middle ring 

having one more 10 e- circuit than its neighbours.96 However, it should be noted that the number 

of circuits is analogous in phenanthrene (25), where the NICS resultsv clearly state that the outer 

rings are more aromatic than the middle ring – in accordance with the Clar-structure presented 

in Figure 6.  

A, B,  

  

—— 6 e- 

—— 10 e- 

—— 10 e- 

—— 14 e- 

Figure 9: Delocalised circuits in anthracene (87) and phenanthrene (25) 

  

                                                 
v  

 

 NICS(0) NICS(1)  

 

 NICS(0) NICS(1) 

A -8.52 -11.02  A -8.91 -11.33 

B -11.34 -13.37  B -6.64 -9.69 

B3LYP/6-311G**96 
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2.4.3.5 Comparison of the different descriptors 

Aromaticity measures based on different phenomena often give somewhat contradictory results. 

These observations have led to the concept of “the multidimensional character of aromaticity”, 

claiming that there is no conclusive relationship between descriptors of different nature.97,98 

However, more recent comparative studies showed that many indices correlate well,vi and there 

is significant collinearity between energetic, geometric and magnetic indices of aromaticity,99 

furthermore, in some instances the lack of correlation can be rationalized.95 

Nevertheless, there is a general agreement that in case of the five membered heterocyclic 

systems all aromaticity measures correlate well with each other.99 Thus, we decided to use the 

aromaticities of these rings for comparison to establish which descriptors are the best choice to 

investigate the local aromaticities in the PAHs studied.  

                                                 
vi  Remarkably, excellent correlation was found between NICS and energy based descriptors in case of 

five-membered heterocycles containing a single heteroatom.89 
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3 RESULTS AND DISCUSSION 

3.1 THEORETICAL STUDY OF THE ENERGETICS OF THE RING-FORMATION STEPS OF THE SYNTHESIS 

Throughout the synthetic attempts to increase the number of fused rings shown in Scheme 18-

Scheme 22, we could see that the success or failure of a ring-forming step is highly dependent 

on the rings and their arrangement in the precursor. 

To study the expansion of the π-system at different ring junctions, I have investigated two 

aspects of the photochemical ring-closure reactions. The first is the formation of the (apparent) 

intermediate that has a saturated bond with the hydrogens in trans position (Scheme 39).  

 

Scheme 39: Energy difference between the precursor and the intermediate of the ring-closure. 

The position of the forming new ring will be referenced as shown on the left. 

The second is the investigation of the overall process, where the energetics are studied 

throughout an isodesmic reaction, to estimate the stabilization achieved, using the ring-closure 

reaction of (Z)-stilbene forming a phenantrene as reference (Scheme 40). The results are 

summarized in Table 1. 

 

Scheme 40: Isodesmic reaction to study the ring-formation process 
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Table 1: Energetic aspects of the ring-formation reactions at the B3LYP/6-31+G* level in kcal/mol.

 Pb  ΔE1 ΔE2 

24 A 
 

+17.6  

(TS: 

+84.2d) 

0.0 

45Ha A=A’ 

 

+38.3/+38.9 +4.4 

 B 

 

nmfc +15.5 

47H A’ 

 

+40.5/+43.8 +7.5 

 B 

 

nmfc +9.2 

49Hα A 

 

+17.3/+17.3 -3.2 

 A’ 

 

+20.0/+20.6 +1.0 

 B 

 

+50.0/nmfc +11.6 

49Hβ A 

 

+51.9/+52.4 +3.4 

 A’ 

 

+55.8/+57.0 +8.4 

 B 

 

nmfc/nmfc +13.4 

 Pb  ΔE1 ΔE2 

50H B 

 

nmfc/nmfc +9.2 

61 A=A’ 

 

+27.1/+27.5 +0.8 

62 A’ 

 

+31.5/+31.9 +4.3 

73α A 

 

+14.5/+14.7 -4.9 

 A’ 

 

+15.3/+15.7 -4.9 

73β A 

 

+49.8/+50.1 +2.9 

 A’ 

 

+50.6/+51.5 +2.9 

74α A 

 

+19.0/+19.1 -1.6 

74β A 

 

+53.9/+54.0 +4.7 

77 A=A’ 

 

+12.7/+12.8 -2.3 

78 A 

 

+21.2/+21.6 +5.2 

aXH refers to compound X with R = H instead of Bu,  bP: Position of the forming new ring,  
cnmf: no minima found,  dThis TS has an RHF/UHF instability, we did not locate the 

UB3LYP/6-31+G* saddle point. 
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ΔE1 values reflect that the formation of the intermediate is endothermic, with the corresponding 

transition structures apparently being at even higher energies. Indeed, we have located the 

transition state for stilbene (See Table 1, 24), which is ca. 65 kcal/mol higher in energy than the 

intermediate. The endothermic behaviour can be rationalized by the fact that the newly forming 

C-C bond changes the hybridization state of the two newly connected carbon atoms from sp2 to 

sp3, which results in a dearomatization of both originally aromatic cycles. There is a significant 

difference between the energies corresponding to different positions. The closure of the B ring 

(see Scheme 39) is thermodynamically much less favourable than the closure of the A ring (see 

Scheme 39) for all the investigated systems according to the ΔE1 values, the fact that in some 

cases no minima was found for the intermediates linked to the closure of the B rings further 

supports this conclusion. A likely reason of this is the increased steric congestion at these 

positions in the starting material. In case of thienyl substituted systems, the reactivity difference 

between the α- and β-position of the heterocycle was confirmed. According to the results, in 

case of a successful cyclization, the connection includes the α-position of the thienyl ring. 

By comparing the ring-closure reactions occurring between two phenyl units or one phenyl and 

one thiophene, we can see that the presence of the S-containing heterocycle is somewhat 

favourable for the ring-formation reactions, assuming that the thiophene reacts at its α-position. 

While the sulphur derivatives give similar ΔE1 values as stilbene (See Table 1, 24), the energies 

of the intermediates in the corresponding phenyl analogues are always considerably higher. The 

ring-closure is also favoured for the methoxy substituted rings, suggesting that π-electron rich 

rings are more active in this reaction. 

A further important conclusion can be drawn from both ΔE1 and ΔE2 values of the same systems 

with different number of fused rings: the more endothermic values suggest that in case of the 

partially closed and apparently more rigid systems the ring-closure is harder to achieve than in 

case of the more flexible precursor. 

As the previously suggested mechanism of the photochemical ring-closure in Scheme 10 

shows,31 the first step of the reaction is reversible, therefore the energetically achievable 

intermediate-formation is a necessary, but not a sufficient requirement for a successful 

photocyclization. The comparison of the ΔE2 values and the experimental observations lead to 

the conclusion that in order to have a successful ring-closure, the system has to be almost as 

prone to the reaction as stilbene, reflected by ΔE2 values lower than +5.0 kcal/mol. 

These observations can be used for the prediction of the success or failure of future 

photocyclization reactions in order to choose the most promising synthetic precursors. 
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3.2 THEORETICAL STUDY OF THE OPTOELECTRONIC PROPERTIES OF THE SYNTHESIZED P-CONTAINING 

PAHS 

Experimental studies regarding the optical properties of molecules 61-66 (Scheme 21 and 

Scheme 22) showed that there is a difference both in the absorption and emission properties of 

the systems with different number of fused cycles (Figure 10, A), and also between the 

chemically modified structures (Figure 10, C-D). Molecules 61 and 62 are not emissive in 

dichloromethane solutions, although aggregation induced emission100–102 studies (based on the 

phenomenon that in the aggregate form, the rotation of the phenyl groups and consequently the 

desactivation of the excited state by relaxation is hindered, resulting in intense fluorescence) of 

61 revealed a red-shifted emission compared to 63 in an acetone/water mixture (Figure 10, B). 

The theoretical study of these molecules began with the investigation of all possible rotational 

structures of 61-63 at the B3LYP/6-31+G* level of theory, taking methoxy and phenyl rotations 

into account (For details see 3.8 Computational details, the results are summarized inTable A1-

Table A3 in the Appendix. For XYZ geometries, see the SI of reference 50). The Kohn–Sham 

HOMO–LUMO gap was nearly unchanged for the different conformers. Further calculations, 

such as TD-DFT calculations, and later aromaticity studies were carried out on the most stable 

isomers. In case of molecules 64-66, where no crystal structure was available I used the fully 

optimised methoxy rotamer analogous to 63. 
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Figure 10: Experimental UV-Vis absorption and emission spectra of molecules 61-66. The spectra are 

presented by different colours, as shown by the numbers of the displayed molecules. TD-DFT 

simulated vertical excitation are shown above the spectra, the height of a peak is proportional to the 

oscillator strength of the excitation. 

A, C, D: recorded in dichloromethane (10-5 M). B: recorded in an acetone/water mixture (10-5 M). The 

ratio of acetone to water is 100 to 0 in case of dashed, and 10 to 90 in case of continuous lines. 
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3.2.1 Absorption spectra 

In case of molecules 61-63, the change in the absorption spectra upon ring-closure is in 

accordance with the expectations: the band maxima are shifted toward longer wavelengths with 

the increasing conjugation, although the difference between the band maxima of 61 and 62 is 

small. However, the TD-DFT (B3LYP/6-31+G*) calculated vertical excitation energies vii 

(Table 2) do not reflect the experimental trends, predicting only a small change throughout the 

series. To estimate solvent effects, polarizable continuum model (PCM) calculations103 were 

carried out, using dichloromethane as solvent. The obtained results do not change much 

numerically, nevertheless, the increased solvent polarity effects these excitations in a different 

way throughout the 61-63 series, predicting a blue shift for 61, while red shift for 63. The lowest 

energy transition is basically a HOMO-LUMO excitation (Table 2), therefore we decided to 

investigate the FMOs to gain deeper understanding.  

Table 2: TD-DFT vertical excitation energy calculations for molecules 61-63  

at the B3LYP/6-31+G* level 

 
Experimental 

λabs (nm) 

Theoretical 

λabs (nm) 

Intensity Transition Coefficient Theoretical 

λabs (nm) 

PCM(CH2Cl2) 

61 463 

527 0.024 HOMO → LUMO 0.67 516 

469 0.042 
HOMO-1 → LUMO 0.67 

460 
HOMO → LUMO 0.18 

62 468 

509 0.089 HOMO → LUMO 0.68 512 

461 0.024 

HOMO-4 → LUMO 0.13 

458 
HOMO-2 → LUMO 0.50 

HOMO-1 → LUMO -0.45 

HOMO → LUMO -0.13 

63 514 516 0.231 HOMO → LUMO 0.70 528 

The incorporation of the phosphole unit into the PAH backbone effects the frontier molecular 

orbitals (FMOs) significantly (Figure 11). On the one hand, both orbitals keep the spatial 

characteristics of the parent heterocycle, on the other hand, the reduced HOMO-LUMO gap 

                                                 
vii The CAM-B3LYP function has also been tested for the TD-DFT studies, results can be seen in Table A4 in the 

Appendix 
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compared to the parent heterocycle is a consequence of the interaction between the phosphole 

unit and the aromatic system: the molecular orbitals are delocalized on the sp2 carbon skeleton, 

the extent of delocalisation is increasing with each ring-closure, resulting in a lower 

contribution from the phosphole orbitals (see Table 3). The other consequence of the 

destabilizing HOMO orbitals is the decreasing contribution from the lone pair of the sulphur 

atom. This can be rationalized with the help of Figure 12: in case of a stand-alone heterocycle, 

the phosphole-type orbital’s energy is significantly lower than the sulphur lone pair’s, therefore 

no mixing occurs, however, as the size of the conjugated π-system expands, the energy of the 

π-orbital with the phosphole HOMO contribution increases, allowing an interaction with the 

sulphur’s lone pair (see Table 4, 61), resulting in a mixing. As the energy of the orbital increases 

further, the interaction weakens, then ceases almost completely (see Table 4, 63 and also Figure 

11). Clearly, the effect of the solvent on the π-type orbitals differs from the effect on the sulphur 

lone pair, and this might contribute to the observed differences when applying the PCM model. 

 
 61 62 63 

Figure 11: Shape and energies of the HOMO and LUMO orbitals in molecules 61-63 at the 

B3LYP/6-31+G* level of theory. The corresponding orbitals of the parent phosphole are presented on 

the left-hand side. The HOMO-LUMO gaps are calculated in Hartree and later converted to eV. 
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Table 3: Contribution of the phosphole unit to the FMOs based on orbital composition analysis104 

 61 62 63 

Hirshfeld  

method105 

LUMO 47.54 % 43.52 % 37.27 % 

HOMO 38.12 % 32.58 % 25.83 % 

Becke  

method106 

LUMO 50.55 % 46.21 % 39.51 % 

HOMO 39.69 % 34.06 % 27.02 % 

Table 4: Contribution of the sulphur atom to the FMOs based on orbital composition analysis 

 61 62 63 

Hirshfeld  

method105 

LUMO 5.88 % 5.12 % 3.39 % 

HOMO 16.11 % 5.50 % 2.02 % 

Becke  

method106 

LUMO 5.98 % 5.22 % 3.43% 

HOMO 16.72 % 5.73 % 2.11 % 

 

 

    

Figure 12: Shape and energies of the orbitals corresponding with the HOMO and LUMO orbitals of 

phosphole and the sulphur’s lone pair in the phosphole sulphide model molecules at the 

B3LYP/6-31+G* level of theory. 
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For the chemically modified derivatives of the fused system (63-66), TD-DFT calculated 

vertical excitation energies (Table 5), are in excellent agreement with the experimental 

absorption values for the neutral molecules. In order to give a proper description of cationic 

systems 65 and 66, the trifluoromethanesulfonate counter anion should be explicitly considered. 

This behaviour suggests that in solution the positive and negative ions form a tight ion pair. The 

calculations indicate that the excited states with the lowest energy are always linked to HOMO-

LUMO transitions. As the HOMO-LUMO transition is of high importance in shaping the 

absorption character of the molecules, the orbitals were further investigated for molecules 63-

66. 

Table 5: TD-DFT vertical excitation energy calculations for molecules 63-66  

at the B3LYP/6-31+G* level, in case of the cationic derivatives the values in italic represent values 

obtained without the counter ion 

 
Experimental 

λabs (nm) 

Theoretical 

λabs (nm) 

Intensity Transition Coefficient Theoretical 

λabs (nm) 

PCM(CH2Cl2) 

63 514 516 0.231 HOMO → LUMO 0.70 528 

64 472 474 0.314 HOMO → LUMO 0.70 481 

65 554 
537 

(584) 
0.250 HOMO → LUMO 0.70 

546 

(565) 

66 569 
583 

(663) 
0.177 HOMO → LUMO 0.69 

599 

(638) 

The effect of the chemical modification (molecules 63-66) is also reflected in the frontier 

orbitals (Figure 13). The difference between the derivatives is not only reflected in the gap 

between the occupied and unoccupied orbitals, but also in the energy level of the different types 

of phosphole derivatives. Even though, the spatial characteristics of the orbitals are visually 

similar (significant contribution of the respective phosphole orbitals, high delocalization), the 

orbital decomposition analysis (Table 6) reveals that the stabilization of the HOMO is linked to 

a decreasing contribution of the phosphole unit. Contrarily, the more pronounced stabilization 

of the LUMO orbitals is linked to an increasing percentage of the phosphole-type FMOs. Both 

TD-DFT studies and HOMO-LUMO energy differences confirm that by changing only the 

substituents of the phosphorus atom of 64, the absorption maximum can be significantly shifted 

toward the red. 
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 64 63 65 66 

Figure 13: Shape and energies of the HOMO and LUMO orbitals in molecules 63-66 at the 

B3LYP/6-31+G* level of theory. The HOMO-LUMO gaps are calculated in Hartree and later 

converted to eV. 

Table 6: Contribution of the phosphole unit to the FMOs based on orbital composition analysis 

 64 63 65 66 

Hirshfeld  

method105 

LUMO 35.15 % 37.27 % 40.00 % 40.27 % 

HOMO 27.88 % 25.83 % 18.76 % 17.58 % 

Becke  

method106 

LUMO 37.45 % 39.51 % 42.77 % 42.94 % 

HOMO 29.23 % 27.02 % 19.54 % 18.31 % 

The absorption spectra presented in Figure 10 show that the 63-66 series cover a substantial 

part of the visible spectrum. To understand this wide range, we have to compare the 

P-containing PAHs, with their parent heterocycles, where the phenyl groups have been replaced 

by methyls (Scheme 41). 
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101 102 103 104 

Scheme 41: Monocyclic analogues of of P-doped PAHs 63-66 

 
 

   
 

 

 101 102 103 104  

Figure 14: Shape and energies of the HOMO and LUMO orbitals in molecules 101-104 at the 

B3LYP/6-31+G* level of theory. The HOMO-LUMO gaps are calculated in Hartree and later 

converted to eV. 
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The HOMO-LUMO gap in series 63-66 varies between 3.00 and 2.57 eV, while in case of series 

101-104, between 4.96 and 4.34 eV. The difference between the extremities is 0.43 eV for the 

extended series and 0.62 eV for the analogous small molecules. However, the comparable 

energy difference between the chemically modified derivatives results in a completely different 

effect depending on the system size. It is easy to see, that even though the change is more 

pronounced in case of the stand-alone heterocycles, the occurring shift of the absorption peaks 

in nanometers is more than two times larger for the extended π-system. These results show that 

the incorporation of the phosphole heterocycle into the PAH not only causes a red-shift in the 

absorption and emission properties compared to the stand-alone cycles, but also enhances the 

effect of chemical modifications.  

3.2.2 Emission spectra 

By performing a TD-DFT geometry optimization, we can find the minimum energy point on 

the excited state potential energy surface. The energy difference between the excited and ground 

states gives the vertical emission energy. The TD-DFT emission studies reproduce the 

experimental trends, both for the red-shifted emission of 61 compared to 63, and also for the 

chemically modified fused systems 63-66. However, the precision of the prediction is somewhat 

inferior to that of the absorption studies. To an extent, this can be rationalized by the relation 

between the energy and the wavelength of a photon. Clearly, the approximate nature of the 

applied model results in inaccuracies of the calculated energy. Since the energy is inversely 

proportional with the wavelength, the same energetical error results in larger differences in 

wavelength toward the red and infrared regions. 
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Table 7: TD-DFT vertical emission energy calculations for molecules 61-66 at the B3LYP/6-31+G* 

level, in case of the cationic derivatives the italic values were obtained without the counter ion 

 
Experimental 

λabs (nm) 

Theoretical 

λabs (nm) 

Intensity Transition Coefficient Theoretical 

λabs (nm) 

PCM(CH2Cl2) 

61 - / 628 681 0.049 HOMO ← LUMO 0.64 675 

62 - 625 0.084 HOMO ← LUMO 0.64 631 

63 544 655 0.204 HOMO ← LUMO 0.70 640 

64 489 552 0.306 HOMO ← LUMO 0.70 563 

65 599 
652 

(717) 
0.209 HOMO ← LUMO -0.70 

667 

(693) 

66 669 
751 

(885) 
0.119 HOMO ← LUMO 0.69 

782 

(808) 

 

3.2.3 Cyclic voltammetry studies of the redox properties 

Throughout cyclic voltammetry (CV) studies we can gather experimental results about the 

redox properties of the molecules. Conceptually, oxidation is linked to the HOMO, while 

reduction is linked to the LUMO of the compound. This was confirmed by our investigations 

of the reduced and oxidized species of 63 (Figure 15). The shape of the singly occupied 

molecular orbitals (SOMOs) is similar to the corresponding orbital of the neutral compound: 

upon oxidation to the HOMO and upon reduction to the LUMO. The experimentally observed 

oxidation and reduction potentials show the same trend as the energy levels of the HOMO and 

LUMO orbitals, the highest energy HOMO being the readiest to undergo oxidation, while the 

LUMO with the lowest energy belongs to the lowest reduction potential (Table 8).  
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 63
∙ +

 63 63
∙ -

  

Figure 15: Frontier molecular orbitals of 63, and its reduced and oxidized species at the 

B3LYP/6-31+G* level of theory. The FMO and SOMO images correspond with the orbitals displayed 

in bold. Note that for the radicals the orbital energies correspond with the set of  and  orbitals. 

 

Table 8: Electrochemical data and corresponding theoretical values 

 64 63 65 66 

CV (V) 

Oxidation 0.44 0.71 0.97 1.01 

Reduction <-2.10 -1.70 -1.31 -1.04 

∆ >2.54 3.41 2.28 2.05 

FMOs (eV) 

HOMO -5.04 -5.27 -5.90 -5.90 

LUMO -2.04 -2.44 -3.19 -3.33 

∆ 3.00 2.83 2.71 2.57 
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3.3 THEORETICAL STUDY OF THE OPTOELECTRONIC PROPERTIES OF THE COORDINATION COMPLEXES 

OF P-CONTAINING PAHS 

Experimental UV-Vis studies of molecules 67-71-C6 (Scheme 23) showed that the spectra of 

the complexes resembles that of ligand 64, but each metal leaves a different imprint on it (Figure 

16). To rationalize the experimental observations, and gain deeper understanding, I have 

investigated the (Kohn-Sham) molecular orbitals and also carried out TD-DFT calculations at 

the B3LYP/def2-tZVP and CAM-B3LYP/def2-tZVP levels to obtain vertical excitation 

energies, using the single crystal X-ray geometries – with the exception of 71-C6, where the 

OHex chains have been replaced by OMe groups in order to facilitate the calculations, taking 

advantage of the fact that the OMe and OHex substituted ligands have very similar spectral 

properties.50 

A, 

 

 

B, 

 

 
64 67 68 64 69 70 71-(C6) 

Figure 16: Experimental UV-Vis absorption spectra of molecules 64 and 67-71-C6. The spectra are 

presented by different colours, as shown by the numbers of the displayed molecules. 

A, B: recorded in dichloromethane (10-5 M) 

As in case of molecules 61-66, the CAM-B3LYP results (Table A5 in the Appendix) did not 

match the experimental results well, therefore, the B3LYP results will be discussed in details. 
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In case of complexes 67-68, where only one ligand is present (ML), the absorption peaks show 

bathochromic shifts, while maintaining the PAH vibrational fine structure (Figure 16, A). The 

TD-DFT results (Table 9) match favourably with the positions of the observed band maxima, 

showing a smaller bathochromic shift for the Re than for the Au complex. The calculations 

reveal that the lowest energy excitations belong to the HOMO-LUMO transition. The frontier 

MOs of each complexes (Figure 17) are located basically at the ligand, the orbitals of the metal 

atoms have only some perturbing effect. Even though, in case of the Re compound, the HOMO 

contains some small Re d orbital participation (see Figure 17), the HOMO-LUMO difference 

remains virtually unaltered. 

Table 9: TD-DFT vertical excitation energy calculations for molecules 64, 67 and 68  

at the B3LYP/def2-tZVP//X-ray level 

 
Experimental 

λabs (nm) 

Theoretical 

λabs (nm) 

Intensity Transition Coefficient 

64 472 474 0.314 HOMO → LUMO 0.70 

67 494 482 0.209 HOMO → LUMO 0.69 

68 509 512 0.235 HOMO → LUMO 0.70 

 

 
 64 67 68  

Figure 17: Shape and energies of the HOMO and LUMO orbitals in molecules 64, 67 and 68 at the 

B3LYP/def2-tZVP//X-ray level of theory. The HOMO-LUMO gaps are calculated in Hartree and later 

converted to eV. 
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The absorption of the ML2 type complexes is also red-shifted compared to the ligand itself. The 

PAH vibronic fine structure, can also be recognised, however, this feature is more diffuse, 

furthermore the bands are also getting broader, especially in case of the Pd derivative, where 

even a new shoulder emerges at the low energy side. The TD-DFT calculations predict four 

close lying transitions, which involve the (admixture of the) excitations from the HOMO-1 and 

HOMO to the LUMO and LUMO+1 orbitals (Table 10). The participating orbitals can be 

derived from the HOMOs and LUMOs of the two ligands, giving rise altogether to a pair of 

occupied and a pair of unoccupied orbitals (Figure 18). 

The numerical agreement between the calculated and the experimental results is the best in case 

of 71. As an apparent consequence of the rather strong intramolecular π-stacking between the 

ligands of PdL2 (71), the four excitations are splitted in this case significantly, and accordingly 

the TD-DFT calculations predicts two low-energy and medium intensity transitions at 578 and 

573 nm. In accordance, with the shoulder at 578 nm on the low energy side of the broad band 

with a maximum at 510 nm, which in turn is in reasonable agreement with the most intense 

transition for 71 predicted at 527 nm. Complexes CuL2 (69) and AuL2 (70) neither exhibit the 

low energy spectral feature, nor have low energy predicted transition energy. In these 

complexes, the two ligands are rotated away from each other allowing weaker interactions 

between the two ligands. In order to test if the π-stacking is responsible for the low energy 

feature in the spectrum, I have carried out TD-DFT calculations on CuL2 with the two ligands 

optimized at “cis” and “trans” position (neglecting the two acetonitriles, which are present in 

the crystalline phase according to the X-ray structure), two extreme positions allowing either 

strong or very week interactions between the two ligands, respectively. With the ligands in 

“trans” position the B3LYP/def2-cc-PVTZ//B3LYP/6-31G* calculations predict the four 

transition energies at 541, 530, 510 and 509 nm, in case of the “cis” structure the vertical 

excitation energies are at 596, 578, 501 and 500 nm, showing that the splitting of the excitation 

energies is related to the π-stacked “cis” arrangement of the two ligands. Since the two ligands 

in the CuL2 (69) complex have a parallel displaced arrangement due to the distorted tetrahedral 

geometry of the copper centre (the dihedral angle between the ligands is 47°), the interaction 

between the two ligands are not maximized leading to absorption properties (Table 2) lying 

between those calculated for CuL2 complexes having a cis or trans arrangement of the ligands.  
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Table 10: TD-DFT vertical excitation energy calculations for molecules 64, 69-71  

at the B3LYP/def2-tZVP//X-ray level 

 
Experimental 

λabs (nm) 

Theoretical 

λabs (nm) 

Intensity Transition Coefficient 

64 472 474 0.314 HOMO → LUMO 0.70 

69 502 

534 0.0393 HOMO → LUMO 0.6957 

511 0.0735 HOMO-1 → LUMO+1 -0.1171 

HOMO → LUMO+1 0.6843 

500 0.0586 HOMO-1 → LUMO 0.6853 

HOMO-1 → LUMO+1 -0.1409 

480 0.1046 HOMO-1 → LUMO 0.1304 

HOMO-1 → LUMO+1 0.6760 

HOMO → LUMO+1 0.1125 

70 516 

541 0.0000 HOMO-1 → LUMO+1 -0.3405 

HOMO → LUMO 0.6102 

529 0.2528 HOMO-1 → LUMO 0.6073 

HOMO → LUMO+1 -0.3379 

503 0.0075 HOMO-2 → LUMO+1 -0.1125 

HOMO-1 → LUMO 0.3501 

HOMO → LUMO+1 0.5992 

502 0.0000 HOMO-1 → LUMO+1 0.6130 

HOMO → LUMO 0.3368 

71 510  

(shoulder: 578) 

578 0.0149 HOMO-1 → LUMO 0.5801 

HOMO → LUMO 0.3841 

573 0.0068 HOMO-1 → LUMO -0.3941 

HOMO → LUMO 0.5672 

HOMO → LUMO+1 0.1342 

549 0.0032 HOMO-1 → LUMO+1 0.4152 

HOMO → LUMO -0.1000 

HOMO → LUMO+1 0.5592 

527 0.1276 HOMO-1 → LUMO+1 0.5551 

HOMO → LUMO 0.1101 

HOMO → LUMO+1 -0.3942 
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 69 70 71  

Figure 18: Shape and energies of the HOMO and LUMO orbitals in molecules 69-71 at the 

B3LYP/def2-tZVP//X-ray level of theory. The HOMO-LUMO gaps are calculated in Hartree and later 

converted to eV. 
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3.4 THEORETICAL STUDY OF THE SYNTHESIZED P- AND S-CONTAINING PAHS 

Experimental UV-Vis absorption and emission measurements of compounds 73, 74, 77 and 78 

(Figure 19) showed that compounds 73, 74 and 77, 78 possess significantly different absorption 

bands and no emission, even though the conjugated system consists of the same building blocks: 

a phosphole, two thiophene and a varied number of phenyl cycles. All possible rotational 

structures of 73-75 and 77-79 were optimized at the B3LYP/6-31+G* level of theory, taking 

thiophene, phenyl and methoxy rotations into account (Table A6-Table A10 in the Appendix). 

Where X-ray crystallographic data is available, there is a good match with the most stable 

geometry optimized structures (For XYZ geometries, see the SI of reference 51). Kohn-Sham 

orbital analysis, TD-DFT calculations, and later aromaticity studies were carried out on the 

most stable isomers. 

 

 

 

 

 

 
73 74 77 78 

Figure 19: Experimental UV-Vis absorption spectra of molecules 73, 74, 77 and 78 recorded in 

dichloromethane (10-5 M)  

3.4.1 Absorption spectra 

Theoretical studies carried out on the systems are in reasonable agreement with the measured 

optical properties (Table 11). As in case of molecules 61-66, results obtained with or without 

the application of the PCM solvent model give similar results. In all cases, the calculations 

suggest that the most red-shifted absorption maximum belongs to the HOMO-LUMO 

transition, therefore the energies and the shape of these orbitals were studied in depth. 
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Table 11: TD-DFT vertical excitation energy calculations for molecules 73-75 and 77-79  

at the B3LYP/6-31+G* level 

 
Experimental 

λabs (nm) 

Theoretical 

λabs (nm) 

Intensity Transition Coefficient Theoretical 

λabs (nm) 

PCM(CH2Cl2) 

73 486 

553 0.059 HOMO → LUMO 0.69 550 

458 0.052 

HOMO-2 → LUMO 0.62 

424 HOMO-1 → LUMO 0.29 

HOMO → LUMO -0.16 

74 482 517 0.105 HOMO → LUMO 0.68 519 

75 - 514 0.1917 HOMO → LUMO 0.68 522 

77 432 

471 0.00 HOMO → LUMO 0.66 454 

430 0.014 

HOMO → LUMO 0.19 

432 

HOMO-1 → LUMO 0.67 

78 434 

451 0.038 HOMO → LUMO 0.62 452 

434 0.047 

HOMO-1 → LUMO 0.65 

442 HOMO → LUMO -0.25 

HOMO → LUMO+1 -0.10 

79 - 440 0.178 HOMO → LUMO 0.69 448 

Figure 20 and Figure 21 display the change of the frontier orbitals in the two series of molecules 

after the first, and the second ring-closure. The FMOs are typical for thio-oxophosphole, 

similarly to the 61-63 series. It is noteworthy that with the extension of the conjugation the 

participation of the S lone pair decreases in the HOMO, in a similar fashion to the 61-63 series. 

There is a small stabilization of the HOMO between 73 and 74. Since the LUMO is also 

somewhat destabilized the observed unusual blue shift (see Table 11, entries 73-74) is 

understandable. The electrochemical observations are also in accordance with the variation of 

the FMO energies.51 
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 73 74 75 

Figure 20: Shape and energies of the HOMO and LUMO orbitals in molecules 73-75 at the 

B3LYP/6-31+G* level of theory. The FMOs of phosphole (C4H5P) are also presented for comparison. 

The HOMO-LUMO gaps are calculated in Hartree and later converted to eV. 

The main difference between the series 73-75 and 77-79 lies in the differing LUMO levels, 

while the HOMOs are nearly the same. The conjugation between the phosphole and the 

thiophene units is always weak, concluded from the small contribution of the thiophene units 

to the FMOs, and it is also evidenced by the small MO coefficients of the β carbon in the 

thiophene FMOs (See Figure 21). However, the conjugation between the phenyl groups and the 

phosphole unit strongly depends on the phenyls’ positions. In the case where there is a biphenyl 

unit grafted at the 3 and 4 positions of the phosphole ring (73-75), there is a strong interaction: 

the LUMO orbital shows significant contribution from the phenyl units. However, this 

interaction is significantly weakened when the phenyl rings are connecting to the 2 or 5 

positions of the phosphole unit (77-79). (For numeric results of the orbital composition analyses 

see Table 12.) 
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 77 78 79 

Figure 21: Shape and energies of the HOMO and LUMO orbitals in molecules 77-79 at the 

B3LYP/6-31+G* level of theory. The HOMO-LUMO gaps are calculated in Hartree and later 

converted to eV. 

Table 12: FMO contribution of the building blocks based on orbital composition analysis 

 
Hirshfeld method105 

Phosphole Thiophene I Thiophene II Phenyl I Phenyl II 

73 
HOMO 39.17% 13.81% 11.96% 10.98% 11.40% 

LUMO 45.31% 7.36% 7.28% 13.99% 14.83% 

74 
HOMO 33.78% 10.66% 14.36% 19.25% 11.62% 

LUMO 39.86% 5.89% 8.09% 19.52% 16.50% 

75 
HOMO 27.01% 15.47% 15.47% 17.85% 17.85% 

LUMO 29.80% 8.19% 8.19% 22.59% 22.59% 

77 
HOMO 31.50% 10.09% 10.09% 6.35% 6.35% 

LUMO 53.38% 13.18% 13.18% 4.08% 4.08% 

78 
HOMO 25.32% 28.26% 14.89% 14.70% 4.88% 

LUMO 48.32% 8.87% 14.00% 11.09% 5.98% 

79 
HOMO 16.90% 24.91% 24.91% 13.20% 13.20% 

LUMO 42.24% 10.51% 10.51% 13.66% 13.66% 
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Continuation of Table 12 

 
Becke method106 

Phosphole Thiophene I Thiophene II Phenyl I Phenyl II 

73 
HOMO 40.78% 13.62% 11.82% 11.11% 11.51% 

LUMO 48.04% 6.99% 6.92% 14.20% 15.09% 

74 
HOMO 35.23% 10.38% 14.50% 19.51% 11.72% 

LUMO 42.18% 5.40% 7.93% 19.88% 16.81% 

75 
HOMO 28.21% 15.65% 15.65% 17.99% 17.99% 

LUMO 31.49% 8.08% 8.08% 23.19% 23.19% 

77 
HOMO 32.56% 10.09% 10.09% 6.05% 6.04% 

LUMO 56.84% 13.16% 13.16% 3.51% 3.51% 

78 
HOMO 26.42% 28.40% 14.79% 15.08% 4.51% 

LUMO 51.35% 8.55% 14.04% 10.98% 5.40% 

79 
HOMO 17.61% 24.99% 24.99% 13.53% 13.53% 

LUMO 44.83% 10.23% 10.23% 13.63% 13.63% 

3.4.2 Cyclic voltammetry studies of the redox properties 

As in case of the series 63-66, the oxidation and reduction potentials reflect the energy levels 

of the HOMO and LUMO orbitals, also the largest HOMO-LUMO gap corresponds with the 

biggest difference of the oxidation and reduction potentials (Table 13). 

Table 13: Electrochemical data and corresponding theoretical values 

 73 74 77 78 

CV (V) 

Oxidation 0.78 0.73 1.01 0.88 

Reduction -1.61 -1.67 -1.80 -1.82 

∆ 2.39 2.40 2.81 2.70 

FMOs (eV) 

HOMO -5.55 -5.58 -5.71 -5.57 

LUMO -2.75 -2.68 -2.38 -2.25 

∆ 2.79 2.89 3.33 3.32 
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3.5 THEORETICAL STUDY OF THE AROMATICITY IN HETEROATOM-CONTAINING PAHS 

3.5.1 Assessment of the aromaticity descriptors for heteroatom-containing PAHs 

As we could see in the introductory part about aromaticity (2.4), there isn’t a single method that 

was deemed accurate for the description of local aromaticity in all types of extended systems. 

Therefore, to study the aromatic nature of heteroatom-containing PAHs, we first have to 

investigate which methods provide the best description of the aromaticity in heterocycle-

incorporated systems (Scheme 42). 

In five-membered cycles with one heteroatom (C4H4X), there is an excellent correlation 

between the investigated aromaticity descriptors: ASE, magnetic susceptibility, HOMA and 

NICS(1).99 For the investigation of extended heteroatom-containing systems, we made the 

assumption that the trends in the local aromaticity of the five-membered ring in molecules 105 

should follow the same trends as in the stand-alone heterocycles. Therefore different aromatic 

descriptors: BDSHRT, Bird, Iring, MCI and NICS(1) (For numeric values see Table A12 of the 

Appendix) were compared with the ASE values of the stand-alone heterocyclesviii (see Table 

A11 in the Appendix). 

A wide span of five-membered heterocycles has been chosen with the intent of covering the 

aromaticity range from aromatic to antiaromatic systems. The 105 systems cover borole, 

pyrrole, furan, silole, phosphole, thiophene, germole, arsole and selenophene derivatives. 

Besides varying the heteroatom, when applicable, –SiH3, –H and –F substituents were also 

considered, in order to investigate the effect of the electron-donating or withdrawing groups 

present on the heteroatom. 

 

X: BR; NR; O; SiR2; PR; P(O)R; P(O)OH; 

P+R2; S; SO; SO2; GeR2; AsR; As(O)R; 

As(O)OH; As+R2; Se; SeO; SeO2 

R:   H; F; SiH3 
105 

Scheme 42: Reference system of the rings in the investigated reference molecule  

Although all methods have significant correlation with the energy-based descriptor ASEix, the 

correlation for the NICS(1) method is decidedly better than in case of the geometry or 

                                                 
viii It should be noted that because of the excellent correlation between the aromaticity descriptors for the stand-

alone heterocycles, the use of other descriptors as reference, would lead to similar conclusions. 
ixThe significance of the correlation was tested using Student’s t-distribution at 5% significance level. 
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delocalisation-based descriptors (see Figure 22, for other descriptors see Figure A9-Figure A12 

in the Appendix). The linear correlation between the ASE and NICS(1) values is somewhat 

worse in the highly antiaromatic region, in good agreement with the observation that the NICS 

method is more sensitive in the antiaromatic region.72 

 

Figure 22: Correlation between the ASE values of the parent cycle and the NICS(1) aromaticity of the 

built-in heterocycles (B3LYP/cc-pVTZ) 

In order to investigate the basis sets necessary to obtain adequate values for the systems, aside 

from the cc-pVTZ basis set, NICS(1) values have been calculated with the 6-31G* and 6-31+G* 

basis sets as well. Results calculated at the different levels of theory do not show any significant 

differences, neither in relative, nor in absolute NICS values or in their correlation with the ASE 

values (see Figure A13-Figure A14 in the Appendix, for numeric results see reference 107). This 

observation will be of importance for future studies, where beside the synthetized systems, 

larger ring systems are planned to be investigated.  

3.5.2 Theoretical study of the aromaticity of the synthesized P-containing PAHs 

During the aromaticity studies of molecules 61-66, the rings will be referred to as shown in 

Figure 23. In order to aid the comparison of the different structures, NICS(1) values have been 

visualized using a colour scale that was designed to be more sensitive to changes in the area 

between -2.5 and +2.5, in order to show the switch between aromaticity and antiaromaticity. 

As in case of the optical properties, the effect of the ring-closure and the chemical modifications 

will be discussed separately.  

R² = 0.8841
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Figure 23: Reference system for the description of the different rings 

3.5.2.1 The influence of the size of the fused system 

The NICS(1) aromaticity results of molecules 61-63 are visualized in Figure 24, for numeric 

results see Table A13 in the Appendix. The aromaticity patterns clearly follow the expected 

Clar-structure seen in Figure 25. In all cases, there are four Clar-aromatic rings (C, C’, E, E’), 

the newly forming D and D’ rings are in non-Clar-aromatic positions. 

 

   

61 62 63 

 

Figure 24: Visualisation of the NICS(1) results of molecules 61-63. Values are in ppm. 

 

Figure 25: Clar-structure of molecules 61-66 

The NICS(1) results (Table A13 in the Appendix) show that the antiaromatic nature of 

phosphole-sulphide prevails when built into the fused systems. The magnetic based 

measurement suggests a slight increase in the antiaromatic character of the phosphole with each 

ring-closure step. This shift in the aromaticity of the heterocycle is also in good agreement with 

the experimental NMR measurements, the 13C shift of the carbon at the α position of the 

phosphole ring showing a slight increase in the shielding (Table 14).  
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Table 14: Experimental 13C NMR shifts of the α-carbons in molecules 61-63 

 13C NMR shift (ppm) 

61 134.9 

62 131.1 (average of 126.8 and 135.4) 

63 127.1 

Among the non-Clar-aromatic positions, the newly formed D and D’ rings are aromatic, but 

interestingly, the NICS values of the B rings are positive throughout the series, which is rather 

rare for such cycles. However, this is in accordance with the synthetic results and the energies 

of the ring-closing reactions in Table 1, where we saw that the closure of the B ring was 

unsuccessful and energetically demanding in all cases. The understanding of the aromaticity 

patterns provides useful information, when planning synthetic routes toward these types of 

systems. 

3.5.2.2 The effect of the chemical modifications of the phosphorous atom 

The results concerning the aromaticity of molecules 63-66 have been summarized in Table A13 

of the Appendix and visualized in Figure 26. 

    

64 63 65 66 

 

Figure 26: Visualisation of the NICS(1) results of molecules 63-66. Values are in ppm. 

As in case of the optical properties (3.2.1 Absorption spectra, 3.2.2 Emission spectra) the 

chemical modification of the phosphorus atom has more significant consequences than the 

increase in the number of fused rings. As in case of molecules 61-63, the aromaticity patterns 

match the predicted Clar-structure (Figure 25).  

In good accordance with the aromaticity order in the stand-alone phosphole derivatives, the 

trend in the NICS(1) results in case of the fused heterocycles shows that P(III) derivative 64 

exhibits a slightly negative NICS(1) value, while other derivatives show antiaromaticity that is 

stronger in case of the cationic molecules 65 and 66. As the antiaromatic character of the 
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heterocycle increases, the NICS(1) values obtained for the B rings also become more positive. 

The experimental 13C NMR shifts of the α-carbons are once again in good agreement with the 

trend set by the theoretical characterisation, resulting in the order 64-63-65-66 (Table 15). 

Table 15: Experimental 13C NMR shifts of the α-carbons of the phosphole unit in molecules 63-66 

 13C NMR shift (ppm) 

63 127.1 

64 127.7 

65 115.9 

66 111.2 

The observable trend in the aromaticity of the five-membered ring matches that of the 

absorption and emission properties, the most antiaromatic compounds belonging to the 

molecules with the most red-shifted peaks. This corresponds with the concept that the HOMO-

LUMO gap can be used to interpret the aromaticity of a molecule.108–110  
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3.5.3 Theoretical study of the aromaticity of synthesized P- and S-containing PAHs 

As in case of the P-containing PAHs, we complemented the optical studies with the 

investigation of aromaticity. For numeric results see Table A14 in the Appendix, where the 

rings are referenced as shown in Figure 27, for visualization of the NICS(1) results see Figure 

28. 

 

Figure 27: Reference system for the description of the different rings and Clar-structure of molecules 

73-75 and 77-79 

   

73 74 75 

   

77 78 79 

 

Figure 28: Visualisation of the NICS(1) results of molecules 73-75 and 77-79. Values are in ppm. 

The aromaticity patters seen in Figure 28 again follow the Clar-structures of the systems (Figure 

27). As in case of the 61-63 series, the NICS investigations (Table A14 and Figure 28) show 

that the non-aromatic (or slightly antiaromatic) character of the thioxophosphole unit spreads 

toward the ring fused to its 3,4 position. By increasing the number of the fused rings (73→75; 

77→79) the antiaromaticity of these rings strengthens in both series, but regardless of this 

phenomenon, the forming new rings are highly aromatic. This study is in good agreement with 

our hypothesis that the insertion of an antiaromatic ring inside a PAH skeleton impacts its 

properties. 
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3.5.4 The effect of the incorporation on the aromaticity of the heterocycle 

In order to further investigate the effect of a heterocycle’s incorporation into an extended 

-system and to test our hypothesis that a built-in heterocycle has an impact on the aromaticity 

of the connecting benzenoid ring as well, to complement our studies involving phospholes, the 

aromaticity patterns have been investigated in derivatives of 105. As reference systems for this 

study, we chose three extended systems, with no heteroatoms (Scheme 43). 

 
 

 

105-R1 105-R2 105-R3 

Scheme 43: The investigated reference molecules 

When investigating the connection between the NICS(1) values of the parent (Table A16) and 

the built-in heterocycles (Figure 29) we observed that the correlation is excellent. It is 

interesting that the NICS values of the antiaromatic five-membered rings are much higher in 

105 (Table A17, Figure 22) than in case of the isolated parent systems. These values, however 

fit into the linear correlation. I have also checked the stability of the wavefunction for these 

antiaromatic systems, but no instability was found. All these indicate that the huge NICS(1) 

values are not artefacts. 

 

Figure 29: Correlation between the NICS(1) aromaticity of the parent and PAH embedded 

five-membered rings (B3LYP/cc-pVTZ ) 
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3.5.5 The effect of the built-in heterocycles on the aromaticity patterns 

The NICS(1) aromaticities are displayed in Figure 30 (for numeric values see Table A17). 

 

 
 

 

 

   
  

 
    

     

     

     

     

     

     

 

Figure 30: Visualization of the NICS (1) aromaticity patterns at the B3LYP/cc-pVTZ level. Values are in ppm. 
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Investigation of the aromaticity of the reference molecules 105-R1, 105-R2 and 105-R3 (Figure 

30) shows that the aromaticity pattern corresponds well with the Clar-structure (analogous to 

the one presented in Figure 25), the rings bearing the π-sextets are significantly more aromatic 

then their neighbours (ΔNICS(1)≈7 ppm). The endocyclic six-membered ring in the symmetry 

axis is slightly antiaromatic in case of 105-R1. Though the presence of non-aromatic 

cyclopentadiene unit in 105-R2 changes the value slightly, the antiaromatic character prevails. 

Oppositely, in case of 105-R3 the endocyclic ring gains some aromaticity according to the 

NICS(1) values, as a consequence of having the highly aromatic connecting benzene unit 

(Figure 30). 

The aromaticity patterns of the heterocycle-containing systems also correspond with the 

Clar-structure (Figure 25), the rings bearing the π-sextets are significantly more aromatic then 

their neighbours, except in case of the C rings of systems with strongly antiaromatic 

heterocycles (X: As+F2, P
+F2, BR).  

Interestingly, as the heterocycle loses its aromatic nature, the endocyclic six-membered ring in 

the symmetry axis also becomes less aromatic (or even slightly antiaromatic) as well, 

confirming that the aromaticity of the endocyclic ring in question is influenced by the 

connecting heterocyclic unit (Figure 31). 

Regression studies between the aromaticity values observed in the five-membered cycles and 

in the surrounding six-membered rings (Figure 31) in the same systems show that the NICS(1) 

values of the B and the C rings are significantly influenced by the aromatic character of the 

five-membered ring, while the aromaticity of the D and E rings are almost constant throughout 

the series. These values show that as the heterocycles shift from aromatic to antiaromatic the B 

and C rings lose some of their aromatic character as well, resulting in antiaromatic values in 

case of B, and in moderate aromaticity in case of C rings. The slope of the regression line 

between the aromaticity of A and B, and A and C rings is 0.23 and 0.19 respectively. In both 

cases the slope is significantly smaller than 1.0 which suggests that the influence of the 

heterocycle is softened by the inherently aromatic nature of the benzenoid cycles. Even though 

studies for all-carbon PAHs showed that the NICS descriptors reflect the stabilization arising 

from circuits containing 10 or 14e- systems, the close relation between the aromaticity of the 

A, B and C rings cannot be contributed to this phenomenon, as in this case the aromaticity of 

the D rings should be as effected as B, and the aromaticity of the E rings as much as C, which 

is clearly not the case. 
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In order to understand the connection between the aromaticity of the different rings, further 

studies will be necessary, however that is beyond the scope of the present work. 

 

 

Figure 31: Correlation between the five-membered and the six-membered rings’ NICS (1) aromaticity 

(B3LYP/cc-pVTZ) 
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3.6 DIELS-ALDER REACTIVITY STUDIES 

3.6.1 Investigation of the reaction mechanism 

The reactivity of the different sites of the extended system can be investigated through 

Diels-Alder addition reactions, as seen in the case of anthracene in Scheme 32. In order to 

establish the most reactive regions in our molecules, after reproducing the synthesis of 

phosphole derivatives 61 and 63, I investigated their reaction with the activated alkyne, 

dimethyl acetylenedicarboxylate in order to conduct 4+2 cycloadditions. (Scheme 44-Scheme 

45) 

 

 

 

 

 

61  106 

106-C6 

Scheme 44: Diels-Alder reaction of 61 and its O-hexyl analogue 

 

 

 

 

 

63  107 

107-C6 

Scheme 45: Diels-Alder reaction of 63 and its O-hexyl analogue 

The addition reaction always occurred at the phosphole ring, however we were never able to 

isolate the intermediate adduct, only the product formed by the retro-Diels-Alder step that 

results in the rearomatization of the system. NMR spectra recorded during the reaction only 

revealed the presence of the starting materials, and the final products, suggesting the instability 

of the intermediate. The reaction of the phosphole cycle, and the different reaction times 

between the differently fused derivatives can be rationalized by examining the possible 

intermediates of the reaction occurring at different sites.  
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 +PhPO 

Figure 32: The reaction intermediates of the Diels-Alder addition at different sites of 61 and its 

analogues. Rings filled with colour show which rings lose their sp2 character during the addition. 

The energy diagram contains values calculated at the B3LYP/6-31+G* level in kcal/mol,   

Figure 32 shows the two possible routes of the Diels-Alder reaction in case of the non-fused 

derivatives, red representing the reaction of the bay region of the PAH, while blue representing 

the reaction of the phosphole unit (In both cases, the alkyne can attack either on the side of the 

phenyl or the oxygen substituent of the phosphorus. Figure 32 shows the route with the lower 

energy barrier regarding the first step. The diagram corresponding with the other route can be 

seen in Figure A15 in the Appendix). The addition step disrupts the delocalization of the 

reacting rings by saturating the double bonds, therefore it results in a loss of stabilization. In 

case of the reaction occurring at the PAH site, this would result in the loss of two highly 

aromatic benzenoid cycles, rings C and C’ (see Table A13), this is reflected in the high energy 

of the intermediates. In case of the reaction occurring at the phosphole unit (ring A), the addition 

only effects the slightly antiaromatic thioxo-phosphole unit, therefore the formation of the 

intermediate through this route is favoured. The rearomatization process has a significantly 

lower energy barrier, suggesting that the retro-Diels-Alder steps occurs easily, explaining why 

the intermediate of the reaction wasn’t observed experimentally. 
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 +PhPO 

Figure 33: The reaction intermediates of the Diels-Alder addition at different sites of 63 and its 

analogues. Rings filled with colour show which rings lose their sp2 character during the addition.  

The energy diagram contains values calculated at the B3LYP/6-31+G* level in kcal/mol. 

Analogously, Figure 33 shows the two reaction sites of the Diels-Alder reaction in case of the 

fused derivatives (The diagram corresponding with the higher energy barrier regarding the first 

step route can be seen in Figure A16 in the Appendix). Similarly, the reaction of the PAH site, 

results in the loss of two Clar-aromatic benzenoid cycles, rings C and C’ (see Table A13). 

However, in case of the fused derivatives, the reaction of the phosphole unit also results in the 

disruption of the connecting aromatic circuits of rings D and D’ as well. This is reflected in the 

lower stabilisation of the intermediate, compared to the values in Figure 32. Nevertheless, the 

benzenoid rings in the D and D’ positions are less aromatic than those in the C and C’ positions, 

as they are not Clar-aromatic, therefore the reaction occurring at the phosphole site is still 

favoured. 

3.6.2 Characterization of the reaction products 

The reaction products have been identified by 1H and 13C NMR and HRMS measurements. In 

case of the methoxy substitutes derivatives (106, 107) the structures were confirmed by single 

crystal X-ray structures as well (Figure 34). The X-ray structures revealed that even though the 

fused skeleton now only contains benzenoid, six-membered rings, neither structures are planar, 

but bent, in order to accommodate the ester groups. 
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106 107 

Figure 34: X-ray structures of molecules 106 and 107 

Further characterization included UV-Vis absorption and emission spectroscopy, cyclic 

voltammetry and theoretical calculations. The measured properties are summarized in Table 16 

and the optical properties are displayed in Figure 35 as well. 

Table 16: Optical and electrochemical data of molecules 106-107 

 
λabs a 

(nm) 

εa 

(L.mol-1.cm-1) 

λem
a 

(nm) 

Φb 

% 

Eox c 

(V) 

Ered  c 

(V) 

106 277 20000 411 0.01 +1.15 -2.38 

107 345 20000 499 15 +0.67d -2.04d 

106-C6 284 20000 411 0.05 - - 

107-C6 344 20000 501 16 - - 

aIn CH2Cl2 (10-5M). bMeasured relative to quinine sulfate (H2SO4, 0.1 M), Φref= 0.55 cIn CH2Cl2 with 

Bu4N+PF6
− (0.2 M) at a scan rate of 100 mVs−1. Potentials vs ferrocene/ferrocenium. d quasi reversible 

process. 
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A, 

 

B, 

 

106 107 

Figure 35: Comparison of the experimental (continuous line) and the TD-DFT predicted (dotted line, 

B3LYP/6-31+G*) absorption and emission spectra of molecules 106-107 

The optical measurements revealed that compared to the phosphole starting materials 61 and 

63, the molecules 106-107 exhibit significant blue shifts both in their absorption and emission. 

Comparison of the analogues with the same fused skeleton but with alkyl chains of different 

length revealed no significant difference between the derivatives, therefore we can assume that 

the optical properties are not influenced by the presence of such groups. This is in agreement 

with the optical properties of the hexyloxy substituted analogues of molecules 61-66.50 

The bathochromic shift in the absorption upon increasing the number of fused cycles between 

106 and 107 (or 106-C6 and 107-C6) is comparable to the observed shift in case of the phosphole 

analogues 61 and 63. The emission of the non-fused derivatives (106) in dichloromethane 

solution is very weak, but the materials are emissive in the solid state suggesting aggregation 

induced emission. The fused derivatives (107) have more red-shifted emission bands and 

increased quantum yields probably due to the rigidification of the structure. TD-DFT 

calculations carried out on 106 and 107 (Table A18 and Table A19 in the Appendix) are in good 

agreement with the experimental data, both for the absorption and emission (Figure 35). 

Aromaticity studies have been carried out on 106 and 107 to determine the change in the 

aromaticity patterns compared to the phosphole analogues. The results are summarized in Table 

A15 (referencing the rings as shown in Figure 36), and NICS(1) values have been visualized 

using a colour scale in Figure 37. 
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Figure 36: Reference system for the description of the different rings 

  

106 107 

 

Figure 37: Visualization of the NICS(1) aromaticity of molecules 106 and 107. Values are in ppm. 

The NICS(1) results give the expected aromaticity pattern (Figure 38) of the benzenoid rings, 

with rings A, C, C’ and E and E’ showing the highest aromaticity. The highly aromatic values 

are remarkable, as they confirm that aromaticity can prevail in case of distorted structures. 

 

Figure 38: Clar-structure of molecules 106-107  
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3.7 SUMMARY 

During my PhD work, my objective was to combine theoretical and experimental methods to 

gain a deeper understanding of heteroatom-containing PAHs.  

These studies included an investigation of the energetic aspects of the ring-formation reactions 

leading toward the extended P-containing systems, to explain the observed differences between 

the investigated precursors. It has been shown that during photochemical cyclodehydrogenation 

reactions of PAH precursors, the formation of the rings with the highest local aromaticity is 

favoured. 

In case of the successfully synthesized phosphole-PAH derivatives, a thorough theoretical 

characterisation was carried out, to complement the experimental data. This included TD-DFT 

calculations, the analysis of Kohn-Sham frontier molecular orbitals to gain deeper insight into 

optical and redox properties. It has been revealed that the incorporation of phosphorus at the 

edge position of a PAH has a significant effect on the electronic structure of the entire 

conjugated π-system, as shown by the phosphole-like FMOs. By exploiting the phosphorus’s 

reactivity, further chemical modifications (including complexation) at the phosphorus atom can 

be used to fine-tune the optical properties in absorption and emission 

The stability and reactivity of the systems was investigated theoretically with aromaticity 

studies, and experimentally through Diels-Alder reactions. During the investigation of the 

aromaticity patterns of the phosphole-containing PAH derivatives, we noticed that the change 

in the aromaticity of the five-membered ring has an influence on the aromaticity of connecting 

benzene units. In order to establish a general understanding of the relationship between the 

heteroatom, the delocalised system and the properties of such molecules, I widened the scope 

of the investigated structures by using numerous heteroatoms. We found that the modification 

of the local aromaticity of the five-membered ring had a significant impact on the local 

aromaticities of certain other rings. 

During the Diels-Alder cycloaddition reactions of the P-embedded PAHs, the addition always 

occurred at the rings that exhibit the lowest aromaticity, namely the phosphole. The details of 

the computed reaction mechanism are in accordance with the experimental observations.  
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3.8 COMPUTATIONAL DETAILS 

All calculations were carried out with the Gaussian 09 program package.111 When choosing the 

functional, I first tested the B3LYP/6-31+G* level, as the method, and a very similar base 

(6-31G*) has proved to be adequate for the description of the Kohn -Sham orbitals, and TD-

DFT result gave a good match with the experimental spectra for π-conjugated phospholes in 

previous publications of our group.112–114 The match with the experimental results was also 

remarkably good in case of the P-containing PAHs. For the investigation of the spectral 

properties, the CAM-B3LYP functional, which is often considered as an excellent choice to 

study excited state properties has also been tested, but the match with the experimental results 

as inferior, therefore we decided on the use of B3LYP. The use of B3LYP was possible, since 

in the investigated systems we did not have to consider dispersive forces, except for the 

complexes with two ligands, where the M06-2X functional was used (for details, which are not 

discussed in the thesis see reference 53). 

The theoretical study of the extended π-systems began with the investigation of rotational 

structures of 61-63, by performing full geometry optimizations at the B3LYP/6-31+G* level of 

theory on all initial structures built based on chemical intuition, taking methoxy and phenyl 

rotations into account in case of 61 and 62, and methoxy rotations in case of 63 (The relative 

energies of the optimized structures are summarized in Table A1-Table A3 in the Appendix, 

for XYZ geometries, see the SI of reference 50). Similarly, for molecules 73-75 and 77-79, all 

the possible rotamers were optimized at the B3LYP/6-31+G* level of theory, taking thiophene, 

phenyl and methoxy rotations into account (Table A6-Table A10 in the Appendix, for XYZ 

geometries, see the SI of reference 51). The most stable structures matched those obtained by 

X-ray crystallography. The Kohn–Sham HOMO–LUMO gap was nearly unchanged for the 

different conformers as is shown in Table A1-Table A3 and Table A6-Table A10 in the 

Appendix. Further calculations, such as TD-DFT calculations, and aromaticity studies were 

carried out on the most stable isomers. In case of molecules 64-66, where no crystal structure 

was available I used the fully optimised methoxy rotamer analogous to 63. 

For complexes 67-71, TD-DFT studies gave been carried out on the X-ray geometries at the 

B3LYP/def2-tZVP level of theory. 

In case of molecules, where the NICS(1) values obtained at the opposite sides of the rings were 

different we used the average of the two values. Molecular orbitals have been visualized with 
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the VMD package.115 Molecular Orbital composition analysis (using either Hirshfeld or Becke 

weighting functions) and MCI calculations have been carried out with the Multiwfn 3.3.8 

program.104 

3.9 EXPERIMENTAL DETAILS 

As mentioned in the introduction, the main interest towards PAHs was generated by their 

possible application in (opto-)electronic devices. Therefore, it is of key importance, to 

characterize the related properties. To determine the optical characteristics, I carried out 

UV-Vis absorption and emission spectroscopy in solution. To gather information about the 

redox behaviour, cyclic voltammetry was applied. For details of the experiments see the 

footnotes of Table 16. 

106: dimethyl 1,4-bis(3,5-dimethoxyphenyl)triphenylene-2,3-dicarboxylate  

1,3-bis(3,5-dimethoxyphenyl)-2-phenyldibenzo[e,g]isophosphindole 2-sulfide 61 (20 mg, 0.034 

mmol) and dimethyl 2-butynedioate (49 mg, 0.34 mmol, 10 eq) in chlorobenzene are heated 16h at 

150°C . The solvent is then evaporated. The product is purified with silica gel chromatography (n-

heptane/ethyl acetate, v/v 90/10→ 75/25) to afford 106 as a white solid (11 mg, 50%). 1H NMR (400 

MHz, CD2Cl2,) :  3.65 (s, 6H, OCH3) ; 3.76 (s, 12H, OCH3) ; 6.55 (m, 6H, Hphenyl) ; 7.18 (ddd, 2H, 3J 

= 7Hz,  3J = 7 Hz, 4J  = 1.2 Hz, Hphenyl); 7.54 (ddd, 2H, 3J = 7Hz,  3J = 7 Hz, 4J  = 1.2 Hz, Hphenyl); 7.78 

(dd, 2H, 3J = 7 Hz, 4J  = 1.2 Hz, Hphenyl); 8.49 (dd, 2H, 3J = 7 Hz, 4J  = 1.2 Hz, Hphenyl). 13C NMR (100 

MHz, CD2Cl2) :  52.4 (OCH3); 55.4 (OCH3); 100.1 (CHphenyl) ; 108.1 (CHphenyl); 123.2 (CHphenyl); 125.8 

(CHphenyl); 127.6 (CHphenyl); 129.5 (Cphenyl); 129.6 (CHphenyl); 131.1 (Cphenyl); 131.8 (Cphenyl); 132.6 

(Cphenyl); 136.0 (Cphenyl); 143.0 (Cphenyl); 161.4 (C-O); 168.9 (C=O); HR MS (ESI, CH2Cl2/MeOH, 1/9, 

m/z): [M+Na]+ calcd for C38H32O8Na: 639.19894, Found: 639.1991. 
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Figure E1: 1H NMR (400 MHz, CD2Cl2) of 106 

 

Figure E2: 13C NMR (100 MHz, CD2Cl2) of 106 
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106-C6: Dimethyl 1,4-bis(3,5-bis(hexyloxy)phenyl)triphenylene-2,3-dicarboxylate  

1,3-bis(3,5-bis(hexyloxy)phenyl)-2-phenyldibenzo[e,g]isophosphindole 2-sulfide 61-C6 (38 mg, 

0.043 mmol) and dimethyl 2-butynedioate (60 mg, 0.43 mmol, 10 eq) in chlorobenzene (2 ml) 

are heated at 150°C for 16 hours. Solvent is evaporated. The product is purified with silica gel 

chromatography (n-heptane/ethyl acetate, V/V 95/5) to afford 106-C6 as a white solid (17 mg, 

45%). 1H NMR (400 MHz, CD2Cl2,) :  0.92 (t, 12H, 3J = 7Hz, -CH3) ; 1.25-1.35 (m, 16H, CH2); 1.35-

1.45 (m, 8H, CH2); 1.73 (m, 8H, CH2); 3.65 (s, 6H, CH3); 3.92 (m, 8H, OCH2); 6.45-6.55 (m, 6H, Hphenyl) 

; 7.18 (ddd, 2H, 3J = 7Hz,  3J = 7 Hz, 4J  = 1.2 Hz, Hphenyl); 7.54 (ddd, 2H, 3J = 7Hz,  3J = 7 Hz, 4J = 1.2 

Hz, Hphenyl) ; 7.78 (dd, 2H, 3J = 7 Hz, 4J  = 1.2 Hz, Hphenyl); 8.49 (dd, 2H, 3J = 7 Hz, 4J  = 1.2 Hz, Hphenyl). 

13C NMR (100 MHz, CD2Cl2) :  13.8 (CH3); 22.6 (CH2); 25.6 (CH2); 29.1 (CH2) ; 31.5 (CH2); 52.4 

(CH3); 68.2 (CH2); 101.4 (CHphenyl); 108.5 (CHphenyl); 123.1 (CHphenyl); 125.8 (CHphenyl); 127.5 (CHphenyl); 

129.6 (Cphenyl); 129.7 (CHphenyl); 131.0 (Cphenyl); 131.7 (Cphenyl); 132.5 (Cphenyl); 136.1 (Cphenyl); 142.9 

(Cphenyl); 160.8 (Cphenyl-O); 169.0 (C=O); HR MS (ESI, MeOH, m/z): [M+Na]+ calcd for C58H72O8Na: 

919.51194, Found: 915.5110. 

 

Figure E3: 1H NMR (400 MHz, CD2Cl2) of 106-C6 
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Figure E4: 13C NMR (100 MHz, CD2Cl2) of 106-C6 

107: Dimethyl 2,4,11,13-tetramethoxytribenzo[fg,ij,rst]pentaphene-15,16-dicarboxylate 

2,4,11,13-tetramethoxy-15-phenylbenzo[g]benzo[5,6]tetraceno[11,12,1-bcde]phosphindole 

15-sulfide 63 (43 mg, 0.070 mmol) and dimethyl 2-butynedioate (99 mg, 0.70 mmol, 10 eq) in 

chlorobenzene (4 ml) are heated at 150°C for 2 days. Solvent is evaporated. The product is 

purified with silica gel chromatography (n-heptane/ethyl acetate, v/v 90/10→ 80/20) to afford 

107 as a yellow solid (21 mg, 48%). 1H NMR (400 MHz, CDCl3,) : 3.92 (s, 6H, CH3); 4.05 (s, 6H, CH3) 

; 4.19 (s, 6H, CH3) ; 6.92 (d, 2H, 4J = 2 Hz ; 7.86 (d, 2H, 4J = 2 Hz) ; 8.07 (dd, 2H, 3J = 7Hz,  3J = 7 Hz) 

; 8.96 (d, 2H, 3J = 7Hz); 9.78 (d, 2H, 3J = 7Hz). 13C NMR (100 MHz, CDCl3) :  53.2 (CH3); 55.7 (CH3); 

56,0 (CH3) ; 100.8 (CHphenyl) ; 102.3 (CHphenyl); 115.9 (Cphenyl) ; 121.2 (CHphenyl); 122.9 (Cphenyl); 125.5 

(Cphenyl); 126.1 (Cphenyl); 126.7 (CHphenyl); 127.4 (CHphenyl); 128.0(Cphenyl); 129.7 (Cphenyl); 129.9 (Cphenyl); 

133.1 (Cphenyl); 158.9 (Cphenyl - O); 159.8 (Cphenyl - O); 171.3 (Ccarbonyl); HR MS (ESI, CH2Cl2/MeOH, 

1/9, m/z): [M+Na]+ calcd for C38H28O8Na: 635.16764, Found: 635.1680. 
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Figure E5: 1H NMR (400 MHz, CDCl3) of 107 

 

Figure E6: 13C NMR (100 MHz, CDCl3) of 107 
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107-C6: Dimethyl 2,4,11,13-tetrakis(hexyloxy)tribenzo[fg,ij,rst]pentaphene-15,16-dicarboxylate 

2,4,11,13-tetrakis(hexyloxy)-15-phenylbenzo[g]benzo[5,6]tetraceno[11,12,1-

bcde]phosphindole 15-sulfide (63-C6) (62 mg, 0.070 mmol) and dimethyl 2-butynedioate (99 mg, 

0.70 mmol, 10 eq) in chlorobenzene (4 ml) are heated at 150°C for 2 days. Solvent is evaporated. The 

product is purified with silica gel chromatography (n-heptane/ethyl acetate, v/v 95/5) to afford 107-C6 

as a yellow solid (30 mg, 48%). 1H NMR (400 MHz, CD2Cl2,) : 0.80-1.00 (m, 12H, CH3); 1.20-1.40 

(m, 12H, CH3); 1.45-1.55 (m, 12H, CH3); 1.90-2.00 (m, 4H, CH2); 2.10-2.20 (m, 4H, CH2); 3.94 (s, 6H, 

CH3); 4.21 (t, 4H, 3J = 8 Hz, OCH2) ; 4.31 (t, 4H, 3J = 8 Hz, OCH2) ; 6.92 (d, 2H, 4J = 2 Hz); 7.75 (d, 

2H, 4J = 2 Hz) ; 8.03 (dd, 2H, Hphenyl) ; 8.91 (d, 2H, 3J = 7Hz); 9.84 (d, 2H, 3J = 7Hz). 13C NMR (125 

MHz, CD2Cl2) :  13.8 (CH3); 22.6 (CH2); 22.7 (CH2); 25.8 (CH2); 26.1 (CH2); 29.3 (CH2); 29.4 (CH2); 

29.7 (CH2); 31.6 (CH2); 53.1 (CH3); 68.4 (CH2); 69.7 (CH2); 101.4 (CHphenyl); 103.1 (CHphenyl); 115.5 

(Cphenyl); 121.0 (CHphenyl); 122.7 (Cphenyl); 125.2 (Cphenyl); 125.8 (Cphenyl); 126.6 (CHphenyl); 127.2 

(CHphenyl); 128.2 (Cphenyl); 129.6 (Cphenyl); 129.7 (Cphenyl); 132.8 (Cphenyl); 158.5 (Cphenyl-O); 159.3 (Cphenyl 

-O); 171.0 (C=O); HR MS (ESI, CH2Cl2/MeOH, 1/9, m/z): [M+Na]+ calcd for C50H68O8Na: 915.48064, 

Found: 915.4802. 

 

Figure E7: 1H NMR (400 MHz, CDCl3) of 107-C6 
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Figure E8: 13C NMR (100 MHz, CDCl3) of 107-C6 
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APPENDIX 

Table A1: Relative energies (in kcal/mol) and FMO energies (in eV) for the optimized conformers of 

61 indicated by letters a-p. Starting structures cover the possible methoxy and phenyl rotations. For 

XYZ geometries, see the SI of reference 50. (B3LYP/6-31+G*) 

  

Erel 

(kcal/mol) 

HOMO 

(eV) 

LUMO 

(eV) 

∆ 

(eV) 

61-a 0.00 -5.57 -2.58 2.98 

61-b 0.24 -5.61 -2.64 2.97 

61-c 0.31 -5.60 -2.64 2.96 

61-d 0.32 -5.55 -2.60 2.95 

61-e 0.55 -5.64 -2.70 2.94 

61-f 0.64 -5.57 -2.66 2.92 

61-g 1.05 -5.55 -2.58 2.97 

61-h 1.27 -5.58 -2.64 2.94 

61-i 1.32 -5.51 -2.54 2.98 

61-j 1.38 -5.52 -2.60 2.93 

61-k 1.60 -5.54 -2.60 2.94 

61-l 1.94 -5.51 -2.52 2.99 

61-m 2.13 -5.55 -2.58 2.98 

61-n 2.27 -5.49 -2.54 2.95 

61-o 2.38 -5.49 -2.54 2.95 

61-p 3.29 -5.46 -2.48 2.97 

 

Figure A1: The most stable conformer of 61 
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Table A2: Relative energies (in kcal/mol) and FMO energies (in eV) for the optimized conformers of 

62 indicated by letters a-x. Starting structures cover the possible methoxy and phenyl rotations. For 

XYZ geometries, see the SI of reference 50. (B3LYP/6-31+G*) 

  
Erel 

(kcal/mol) 

HOMO 

(eV) 

LUMO 

(eV) 

∆ 

(eV) 

62-a 0.00 -5.45 -2.50 2.96 

62-b 0.23 -5.49 -2.56 2.93 

62-c 0.82 -5.45 -2.50 2.94 

62-d 1.83 -5.41 -2.44 2.97 

62-e 2.73 -5.52 -2.57 2.95 

62-f 2.81 -5.56 -2.63 2.93 

62-g 2.81 -5.42 -2.45 2.97 

62-h 3.00 -5.46 -2.51 2.95 

62-i 3.36 -5.51 -2.58 2.94 

62-j 3.66 -5.42 -2.46 2.96 

62-k 3.95 -5.53 -2.55 2.98 

62-l 4.37 -5.47 -2.52 2.96 

 

  
Erel 

(kcal/mol) 

HOMO 

(eV) 

LUMO 

(eV) 

∆ 

(eV) 

62-m 4.63 -5.50 -2.54 2.96 

62-n 4.66 -5.38 -2.40 2.98 

62-o 4.85 -5.54 -2.60 2.94 

62-p 4.91 -5.48 -2.50 2.98 

62-q 5.20 -5.51 -2.53 2.98 

62-r 5.45 -5.56 -2.58 2.97 

62-s 5.47 -5.49 -2.54 2.95 

62-t 6.02 -5.52 -2.51 3.01 

62-u 6.45 -5.45 -2.48 2.97 

62-v 7.01 -5.47 -2.46 3.01 

62-w converged to a 

62-x converged to b 

 

Figure A2: The most stable conformer of 62 
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Table A3: Relative energies (in kcal/mol) and FMO energies (in eV) for the optimized conformers of 

63 indicated by letters a-u. Starting structures cover the possible methoxy rotations. For XYZ 

geometries, see the SI of reference 50. (B3LYP/6-31+G*) 

  

Erel 

(kcal/mol) 

HOMO 

(eV) 

LUMO 

(eV) 

∆ 

(eV) 

63-a 0.00 -5.27 -2.44 2.82 

63-b 2.48 -5.24 -2.40 2.84 

63-c 4.53 -5.31 -2.48 2.83 

63-d 4.63 -5.31 -2.48 2.83 

63-e 4.63 -5.31 -2.48 2.83 

63-f 5.11 -5.22 -2.36 2.86 

63-g 5.20 -5.30 -2.46 2.83 

63-h 7.13 -5.29 -2.43 2.86 

63-i 7.27 -5.29 -2.44 2.85 

63-j 9.17 -5.31 -2.48 2.83 

63-k 9.28 -5.36 -2.51 2.85 

63-l 9.50 -5.36 -2.51 2.84 

 

  
Erel 

(kcal/mol) 

HOMO 

(eV) 

LUMO 

(eV) 

∆ 

(eV) 

63-m converged to a 

63-n converged to a 

63-o converged to a 

63-p converged to a 

63-q converged to b 

63-r converged to c 

63-s converged to c 

63-t converged to d 

63-u converged to e 

 

 

 

Figure A3: The most stable conformer of 63 
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Table A4: TD-DFT vertical excitation energy calculations for molecules 61-66  

at the CAM-B3LYP/6-31+G*//B3LYP/6-31+G* level, in case of the cationic derivatives the values in 

italic represent values obtained without the counter ion 

 
Experimental 

λabs (nm) 

Theoretical 

λabs (nm) 

Intensity Transition Coefficient 

61 463 443 0.0560 HOMO → LUMO 0.69 

62 468 439 0.1386 HOMO → LUMO 0.68 

63 514 451 0.2794 HOMO → LUMO 0.69 

64 472 420 0.3638 HOMO → LUMO 0.69 

65 554 
468 

(501) 
0.2410 HOMO → LUMO 0.68 

66 569 
501 

(554) 
0.2041 HOMO → LUMO 0.66 

 

Table A5: TD-DFT vertical excitation energy calculations for molecules 64 

(CAM-B3LYP/def2-tZVP//B3LYP/6-31+G*) and 67-71 at the CAM-B3LYP/def2-tZVP//X-ray level, 

in case of the cationic derivatives the values in italic represent values obtained without the counter ion 

 Experimental 

λabs (nm) 

Theoretical 

λabs (nm) 

Intensity Transition Coefficient 

64 472 425 0.3401 HOMO → LUMO 0.6881 

67 494 421 0.2707 HOMO → LUMO 0.6859 

68 509 448 0.2741 HOMO → LUMO 0.6880 

69 502 439 0.1484 

HOMO → LUMO -0.2752 

HOMO → LUMO+1 0.5946 

HOMO-1 → LUMO -0.1734 

HOMO-1 → LUMO+1 0.1137 

70 516 465 0.0000 
HOMO → LUMO+1 -0.4592 

HOMO-1 → LUMO 0.5099 

71 510 469 0.0460 

HOMO-1 → LUMO -0.1720 

HOMO-1 → LUMO+1 0.2921 

HOMO → LUMO 0.5720 

HOMO → LUMO+1 -0.1462 
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Table A6: Relative energies (in kcal/mol) and FMO energies (in eV) for the optimized conformers of 

73 indicated by letters a-c. Starting structures cover the possible thienyl rotations. For XYZ 

geometries, see the SI of reference 51. (B3LYP/6-31+G*) 

  

Erel 

(kcal/mol) 

HOMO 

(eV) 

LUMO 

(eV) 

∆ 

(eV) 

73-a 0.00 -5.57 -2.72 2.86 

73-b 0.75 -5.68 -2.69 2.99 

73-c 0.89 -5.61 -2.70 2.91 

 

Figure A4: The most stable conformer of 73 

Table A7: Relative energies (in kcal/mol) and FMO energies (in eV) for the optimized conformers of 

74 indicated by letters a-d. Starting structures cover the possible thienyl rotations. For XYZ 

geometries, see the SI of reference 51. (B3LYP/6-31+G*) 

  

Erel 

(kcal/mol) 

HOMO 

(eV) 

LUMO 

(eV) 

∆ 

(eV) 

74-a 0.00 -5.57 -2.66 2.91 

74-b 0.73 -5.65 -2.63 3.01 

74-c 7.01 -5.52 -2.62 2.89 

74-d 7.77 -5.59 -2.59 3.00 
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Figure A5: The most stable conformer of 74 

Table A8: Relative energies (in kcal/mol) and FMO energies (in eV) for the optimized conformers of 

77 indicated by letters a-p. Starting structures cover the possible methoxy rotations. For XYZ 

geometries, see the SI of reference 51. (B3LYP/6-31+G*) 

  

Erel 

(kcal/mol) 

HOMO 

(eV) 

LUMO 

(eV) 

∆ 

(eV) 

77-a 0.00 -5.70 -2.38 3.32 

77-b 0.35 -5.76 -2.43 3.33 

77-c 0.35 -5.76 -2.43 3.33 

77-d 0.75 -5.71 -2.37 3.34 

77-e 0.75 -5.71 -2.37 3.34 

77-f 0.78 -5.81 -2.48 3.34 

77-g 1.18 -5.75 -2.43 3.32 

77-h 1.18 -5.75 -2.43 3.32 

77-i 1.69 -5.65 -2.30 3.35 

77-j 1.69 -5.65 -2.30 3.35 

77-k 1.73 -5.74 -2.30 3.43 

77-l 1.99 -5.70 -2.35 3.35 

77-m 1.99 -5.70 -2.35 3.35 

77-n 2.53 -5.66 -2.28 3.38 

77-o 2.53 -5.66 -2.28 3.38 

77-p 3.44 -5.60 -2.21 3.38 
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Figure A6: The most stable conformer of 77 

Table A9: Relative energies (in kcal/mol) and FMO energies (in eV) for the optimized conformers of 

78 indicated by letters a-x. Starting structures cover the possible methoxy rotations. For XYZ 

geometries, see the SI of reference 51. (B3LYP/6-31+G*) 

  

Erel 

(kcal/mol) 

HOMO 

(eV) 

LUMO 

(eV) 

∆ 

(eV) 

78-a 0.00 -5.54 -2.26 3.28 

78-b 0.32 -5.58 -2.32 3.26 

78-c 0.93 -5.55 -2.25 3.30 

78-d 1.83 -5.50 -2.19 3.31 

78-e 2.86 -5.51 -2.22 3.28 

78-f 3.18 -5.55 -2.29 3.27 

78-g 3.80 -5.51 -2.21 3.30 

78-h 4.73 -5.46 -2.15 3.31 

78-i-x converged to structures a-h 

 

Figure A7: The most stable conformer of 78 
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Table A10: Relative energies (in kcal/mol) and FMO energies (in eV) for the optimized conformers of 

79 indicated by letters a-u. Starting structures cover the possible methoxy rotations. For XYZ 

geometries, see the SI of reference 51. (B3LYP/6-31+G*) 

  

Erel 

(kcal/mol) 

HOMO 

(eV) 

LUMO 

(eV) 

∆ 

(eV) 

79-a 0.00 -5.37 -2.06 3.31 

79-b 2.58 -5.37 -2.04 3.32 

79-c 5.28 -5.36 -2.02 3.34 

79-d-u converged to structures a-c 

 

Figure A8: The most stable conformer of 79 

Table A11: ASE aromaticity of parent heterocycles in kcal/mol at the B3LYP/cc-pVTZ level 

 

      
 

 

ASE -22.4 -22.0 -18.3 20.5 21.9 12.0 16.0 0.9 

 

     
   

ASE -2.2 -7.5 9.8 6.1 -3.4 -3.1 -4.4 -6.9 

 

    
 

   

ASE -7.1 0.5 -10.4 -17.1 20.7 0.1 -4.1 1.6 

 

     
   

ASE -0.8 -6.1 7.3 4.1 -4.4 -1.5 -2.6 -1.5 

 

    
 

  

ASE -5.1 0.5 -5.3 -13.5 18.7 -0.5 -7.0 
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Table A12: Aromaticity of built-in heterocycles at the B3LYP/cc-pVTZ level  

(Iring and MCI calculations are carried out at the B3LYP/6-31G* level) 

 105-BSiH3 105-BH 105-BF 105-NSiH3 105-NH 105-NF 

BDSHRT 0.303 0.333 0.331 0.535 0.604 0.610 

Bird 7 14 12 55 73 78 

Iring 0.007 0.004 0.003 0.028 -0.014 0.023 

MCI 0.024 0.022 0.020 0.045 0.036 0.039 

NICS(1) 28.6 26.2 18.7 -10.2 -10.9 -11.8 

 

 105-O 105-Si(SiH3)2 105-SiH2 105-SiF2 105-PSiH3 105-PH 105-PF 

BDSHRT 0.553 0.378 0.392 0.436 0.508 0.502 0.491 

Bird 41 35 32 43 62 58 53 

Iring 0.038 0.043 0.034 0.029 0.000 0.023 0.025 

MCI 0.035 0.020 0.015 0.017 0.020 0.016 0.021 

NICS(1) -8.5 1.8 3.9 6.6 -3.95 -1.35 4.1 

 

 105-P(O)SiH3 105-P(O)H 105-P(O)F 105-P(O)OH 105-P+(SiH3)2 105-P+H2 105-P+F2 

BDSHRT 0.503 0.513 0.534 0.518 0.534 0.578 0.630 

Bird 56 57 62 57 70 81 89 

Iring 0.004 0.027 0.002 0.003 0.016 0.042 0.044 

MCI 0.009 0.014 0.011 0.010 0.014 0.023 0.029 

NICS(1) 2.35 3.7 5.65 5.75 1.3 6.1 13.6 

 

 105-S 105-SO 105-SO2 105-Ge(SiH3)2 105-GeH2 105-GeF2 105-AsSiH3 

BDSHRT 0.575 0.464 0.476 0.384 0.402 0.440 0.476 

Bird 74 35 35 34 38 48 55 

Iring 0.064 0.004 0.003 0.010 0.007 0.005 0.024 

MCI 0.036 0.014 0.011 0.013 0.011 0.016 0.017 

NICS(1) -8.4 0.6 3.7 1.6 3 5.4 -2.25 

 

 105-AsH 105-AsF 105-As(O)SiH3 105-As(O)H 105-As(O)F 105-As(O)OH 105-As+(SiH3)2 

BDSHRT 0.469 0.456 0.480 0.494 0.517 0.504 0.520 

Bird 50 45 51 54 59 55 66 

Iring 0.017 0.004 0.004 0.005 0.009 0.006 0.008 

MCI 0.016 0.015 0.013 0.015 0.018 0.016 0.014 

NICS(1) -0.05 5.55 2.35 3.15 4.85 4.65 1.7 

 

  



99 

Continuation of Table A12 

 105-As+H2 105-As+F2 105-Se 105-SeO 105-SeO2 

BDSHRT 0.559 0.594 0.564 0.440 0.468 

Bird 75 81 75 32 38 

Iring 0.007 0.027 0.060 0.003 0.004 

MCI 0.018 0.027 0.038 0.014 0.015 

NICS(1) 5.1 11.2 -7 2.25 3.3 

 
Figure A9: Correlation between the ASE value (B3LYP/cc-pVTZ) of the parent cycle and the Bird 

aromaticity of the built-in heterocycles (B3LYP/cc-pVTZ). The charged species displayed in grey are 

excluded from the regression. 

 

Figure A10: Correlation between the ASE value (B3LYP/cc-pVTZ) of the parent cycle and the 

BDSHRT aromaticity of the built-in heterocycles (B3LYP/cc-pVTZ). The charged species displayed 

in grey are excluded from the regression. 
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Figure A11: Correlation between ASE value (B3LYP/cc-pVTZ) of the parent cycle and the Iring 

aromaticity of the built-in heterocycles (B3LYP/6-31G*) The charged species displayed in grey are 

excluded from the regression. 

 

Figure A12: Correlation between the ASE value (B3LYP/cc-pVTZ) of the parent cycle and the MCI 

aromaticity of the built-in heterocycles (B3LYP/6-31G*) The charged species displayed in grey are 

excluded from the regression. 
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Figure A13: Correlation between the ASE value (B3LYP/cc-pVTZ) of the parent cycle and the 

NICS(1) aromaticity of the built-in heterocycles (B3LYP/6-31G*) 

 

Figure A14: Correlation between the ASE value (B3LYP/cc-pVTZ) of the parent cycle and the 

NICS(1) aromaticity of the built-in heterocycles (B3LYP/6-31+G*) 
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Table A13: NICS(1) values for 61-66 at the B3LYP/6-311+G*//B3LYP/6-31+G* level of theory 

 

61 62 63 64 65 66 

NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) 

A 0.8 2.4 3.5 -0.6 4.5 6.2 

B 1.9 2.2 3.0 2.1 3.4 3.9 

C -7.7 -7.8 -8.2 -9.0 -7.7 -7.1 

C' -8.0 -8.4 -8.2 -9.0 -7.7 -7.1 

D - -7.4 -6.4 -6.2 -6.0 -5.8 

D' - - -6.4 -6.2 -6.0 -5.8 

E -8.9 -8.8 -9.4 -9.0 -9.1 -9.2 

E' -8.9 -9.8 -9.4 -9.0 -9.1 -9.2 

 

Table A14: NICS(1) values at the B3LYP/6-31+G* level of theory 

 

 
  

73 74 75 77 78 79 

NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) 

A 0.8 2.9 3.2 0.4 1.9 2.6 

B 1.8 2.0 2.4 1.2 1.0 2.0 

C -7.7 -8.0 -7.8 -8.3 -7.6 -7.5 

C' -7.9 -8.0 -7.8 -8.3 -8.4 -7.5 

D - -8.4 -8.0 - -8.6 -7.6 

D' - - -8.0 - - -7.6 

E -8.8 -8.6 -8.6 -8.8 -9.4 -9.3 

E' -9.0 -9.2 -8.6 -8.8 -8.9 -9.3 
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Table A15: NICS(1) values at the B3LYP/6-31+G* level of theory 

 

106 107 

NICS(1) NICS(1) 

A -9.6 -11.9 

B -4.9 -4.0 

C -10.9 -11.8 

C' -10.8 -11.9 

D - -4.7 

D' - -4.8 

E -9.5 -10.2 

E' -9.5 -10.1 

 

Table A16: NICS aromaticity of parent heterocycles at the B3LYP/cc-pVTZ level 

 

      
 

 
NICS(1) +12.0 +11.6 +7.7 -10.1 -10.5 -10.3 -9.6 -2.9 

 

     
   

NICS(1) -1.3 +1.4 -7.5 -6.0 -2.4 -2.5 -1.8 +0.2 

 

    
 

   

NICS(1) +0.7 -4.7 -2.1 +2.1 -10.7 -4.7 -0.7 -2.7 

 

     
   

NICS(1) -1.6 +0.5 -6.2 -4.6 0.0 -2.2 -1.8 -0.4 

 

    
 

  

NICS(1) -0.3 -3.9 -2.0 +0.9 -10.0 -2.5 -1.3 
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Table A17: NICS(1) aromaticity of the extended systems at the B3LYP/cc-pVTZ level 

 

105-R1 105-R2 105-R3 105-BSiH3 105-BH 105-BF 105-NSiH3 

NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) 

A - -0.6 -11.2 28.6 26.2 18.7 -10.2 

B 3.2 2.3 -2.3 7.2 7.1 6.1 -0.8 

C -8.4 -8.8 -10.6 -3.1 -3.6 -5.2 -10.2 

D -6.7 -6.6 -3.8 -4.6 -5 -5.8 -5.8 

E -9.8 -9.6 -9.2 -9 -9.2 -9.5 -9.7 

 

 
105-NH 105-NF 105-O 105-Si(SiH3)2 105-SiH2 105-SiF2 

105-

PSiH3 
105-PH 105-PF 

NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) 

A -10.9 -11.8 -8.5 1.8 3.9 6.6 -3.6/-4.3 -1.2/-1.5 3.7/4.5 

B -1.2 -1.6 -0.1 2.9 3.5 4.2 1.1/1.4 1.8/2.1 3.3/3.3 

C -10.4 -10.6 -10 -8.4 -8.1 -7.5 -9.3/-9.4 -8.9/-9 -7.8/-7.9 

D -5.8 -5.7 -6.3 -6.2 -6.4 -6.4 -5.7/-5.9 -6/-6.1 -6.1/-6.4 

E -9.6 -9.7 -9.8 -9.6 -9.7 -9.9 -9.4/-9.9 -9.6/-9.7 -9.7/-9.8 

 

 
105-P(O)SiH3 105-P(O)H 105-P(O)F 105-P(O)OH 105-P+(SiH3)2 105-P+H2 105-P+F2 

NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) 

A 1.6/3.1 3.1/4.3 5.5/5.8 5.6/5.9 1.3 6.1 13.6 

B 2.7/3.1 3.2/3.5 3.8/3.8 3.9/3.9 2.6 3.8 5.7 

C -8.2/-8.3 -8/-8 -7.6/-7.6 -7.6/-7.6 -8.5 -7.3 -5 

D -6.3/-6.4 -6.4/-6.6 -6.4/-6.5 -6.5/-6.5 -5.9 -5.8 -5.2 

E -9.6/-10 -9.7/-9.9 -9.9/-10.1 -9.9/-10.1 -9.8 -9.8 -9.8 

 

 
105-S 105-SO 105-SO2 105-Ge(SiH3)2 105-GeH2 105-GeF2 105-AsSiH3 

NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) 

A -8.4 -0.4/1.6 3.7 1.6 3 5.4 -1.9/-2.6 

B -0.2 2.2/2.7 3.3 3 3.3 4 1.6/1.9 

C -10 -8.5/-8.6 -8 -8.4 -8.2 -7.6 -9.1/-9.2 

D -5.5 -6.2/-6.5 -6.6 -6.3 -6.4 -6.4 -6/-6.1 

E -9.5 -9.8/-9.8 -10 -9.6 -9.8 -10 -9.5/-9.8 
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Continuation of Table A17 

 
105-AsH 105-AsF 105-As(O)SiH3 105-As(O)H 105-As(O)F 105-As(O)OH 105-As+(SiH3)2 

NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) 

A -0.2/0.1 5.3/5.8 2/2.7 2.9/3.4 4.8/4.9 4.6/4.7 1.7 

B 2.2/2.5 3.6/3.7 3/3.2 3.2/3.4 3.7/3.7 3.7/3.7 2.7 

C -8.8/-8.8 -7.7/-7.7 -8.3/-8.3 -8.1/-8.1 -7.8/-7.8 -7.8/-7.8 -8.6 

D -6.2/-6.3 -6.3/-6.5 -6.5/-6.5 -6.5/-6.5 -6.4/-6.5 -6.5/-6.5 -6.1 

E -9.6/-9.8 -9.8/-9.8 -9.6/-10 -9.7/-10 -9.9/-10.1 -9.8/-10.1 -9.8 

 

 
105-As+H2 105-As+F2 105-Se 105-SeO 105-SeO2 

NICS(1) NICS(1) NICS(1) NICS(1) NICS(1) 

A 5.1 11.2 -7 1.7/2.8 3.3 

B 3.6 5.3 0.2 2.9/2.9 3.3 

C -7.7 -5.5 -9.8 -8.3/-8.4 -8.1 

D -6 -5.5 -5.6 -6.4/-6.5 -6.6 

E -9.9 -10 -9.5 -9.8/-9.9 -10 

 

 
 +PhPO 

Figure A15: The reaction intermediates of the Diels-Alder addition at different sites of 61 and its 

analogues. Rings filled with colour show which rings lose their sp2 character during the addition. 

The energy diagram contains values calculated at the B3LYP/6-31+G* level in kcal/mol for the 

conformers with higher energy transitions states, both for the red and the blue routes. 
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 +PhPO 

Figure A16: The reaction intermediates of the Diels-Alder addition at different sites of 63 and its 

analogues. Rings filled with colour show which rings lose their sp2 character during the addition.  

The energy diagram contains values calculated at the B3LYP/6-31+G* level in kcal/mol for the 

conformers with higher energy transitions states, both for the red and the blue routes. 
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Table A18: TD-DFT vertical excitation energy calculations for molecules 106-107 

 at the B3LYP/6-31+G* level 

 Experimental 

λabs (nm) 

Theoretical 

λabs (nm) 

Intensity Transition Coefficient 

106 277 

311 0.1616 

HOMO-3 → LUMO 0.4261 

HOMO-2 → LUMO+1 0.34 

HOMO-1 → LUMO+1 0.24205 

HOMO-2 → LUMO+1 0.22099 

310 0.1241 

HOMO-2 → LUMO 0.36147 

HOMO-3 → LUMO+1 0.45469 

HOMO-1 → LUMO 0.20 

HOMO-2 → LUMO+1 0.20 

307 0.1293 

HOMO-2 → LUMO+1 0.44943 

HOMO-2 → LUMO 0.26229 

HOMO-2 → LUMO+2 0.22616 

HOMO-3 → LUMO 0.18 

107 345 

355 0.2440 

HOMO → LUMO+1 0.54 

HOMO-1 → LUMO 0.29999 

HOMO-3 → LUMO 0.17917 

HOMO-1 → LUMO+1 0.17 

346 0.3899 

HOMO-1 → LUMO+1 0.60381 

HOMO-2 → LUMO 0.20 

HOMO → LUMO 0.15 

HOMO → LUMO+1 0.13698 

302 0.1961 

HOMO-1 → LUMO+2 0.38361 

HOMO-3 → LUMO 0.34 

HOMO → LUMO+1 0.13786 

HOMO-2 → LUMO+1 0.13619 

Table A19: TD-DFT vertical emission energy calculations for molecules 106-107 

 at the B3LYP/6-31+G* level 

 Experimental 

λabs (nm) 

Theoretical 

λabs (nm) 

Intensity Transition Coefficient 

106 411 

427 0.0417 HOMO-2  LUMO 0.64 

392 0.1153 HOMO-3  LUMO+1 0.58 

107 499 520 0.1078 HOMO  LUMO 0.68 


