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1 INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAHs) are important targets of experimental and theoretical 

studies, because of their potential use in optical and electronic devices, such as light-emitting 

diodes, field-effect transistors or photovoltaics.1 

The properties of PAH systems can be modified by embedding heteroatoms into the sp2 

backbone.2 In particular, phosphole is a unique building block, because compared to many of 

its heterocyclic analogues, it has a weak aromatic character.3,4 This property, and thus the 

electron distribution can be tuned by chemical modifications at the reactive P center, resulting 

even in slight antiaromaticity.5 The incorporation of phospholes into extended systems is 

challenging and required the development of novel synthetic routes (Scheme 1). 
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Scheme 1: Synthesis of P-doped PAHs modified at the edge 

By exploiting the phosphorus’s reactivity, further derivatives can be synthesized (Scheme 2), 

resulting in a 3,3-P-containing system in case of 5, and in cationic derivatives (6,7). The 

chemical modification has a significant influence on the optical properties of the molecules, as 

demonstrated in Figure 1. 
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Scheme 2: Chemical modification of P-doped PAHs 

 

 
Figure 1: Colours of 

P-containing PAHs 

Analogous synthetic strategy was successfully applied for the synthesis of PAH systems 

containing both phosphorus and sulphur in their planar framework. 
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2 METHODS 

During my PhD work, my objective was to combine theoretical and experimental methods, to 

gain a deeper understanding of heteroatom-containing PAHs. Theoretical calculations have 

been carried out at the Budapest University of Technology and Economics, while experimental 

work has been completed at the University of Rennes 1. 

All calculations were carried out with the Gaussian 09 program package.6 Theoretical 

characterisation included TD-DFT calculations, the analysis of Kohn-Sham frontier molecular 

orbitals to gain deeper insight into optical and redox properties. To investigate the extent of 

aromaticity, the applicability of different aromatic descriptors (ASE7, BDSHRT8, Bird9,10, 

Iring
11, MCI12 and NICS(1)13,14) was tested. Molecular orbitals have been visualized with the 

VMD package.15 Molecular Orbital composition analysis and MCI calculations have been 

carried out with the Multiwfn 3.3.8 program.16 

The stability and reactivity of the systems was investigated theoretically with aromaticity 

studies, and experimentally through Diels-Alder reactions. The Diels-Alder reaction products 

have been identified by 1H and 13C NMR and HRMS measurements and single crystal X-ray 

crystallography. For a better understanding of the experimental results, theoretical 

characterization was carried out as well. 

3 RESULTS AND DISCUSSION 

3.1 THEORETICAL STUDY OF THE OPTOELECTRONIC PROPERTIES OF THE SYNTHESIZED  

P-CONTAINING PAHS 

Experimental studies regarding the optical properties of molecules 4-7 (Scheme 1 and Scheme 

2) showed that the chemical modifications have significant impact both on the absorption and 

the emission properties (Figure 2). 

TD-DFT calculated vertical excitation energies, are in good agreement with the experimental 

absorption values. The calculations indicate that the lowest excited states are always linked to 

HOMO-LUMO transitions, therefore these orbitals were further investigated for molecules 4-

7. 
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Figure 2: Experimental UV-Vis absorption and emission spectra of molecules 4-7. The spectra are 

recorded in dichloromethane (10-5 M), and 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. 

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

orbitals significantly (Figure 3). On the one hand, both orbitals keep the spatial characteristics 

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

compared to the parent heterocycle, as a consequence of the interaction between the phosphole 

unit and the aromatic system: the molecular orbitals are delocalized throughout the sp2-carbon 

skeleton. 
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Figure 3: Energies of the HOMO and LUMO orbitals in phosphole (C4H4PH) and molecules 4-7 
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The absorption spectra presented in Figure 2 show that the absorption peaks of the 4-7 series 

cover a substantial part of the visible spectrum. To understand this wide range, we compared 

the P-containing PAHs, with their corresponding parent heterocycles (Table 1). 

 

   
 

∆ (eV) 4.96 4.96 4.80 4.34 

Table 1: Monocyclic analogues of P-doped PAHs 4-7 

We found that upon chemical modification, the change in the HOMO-LUMO gap throughout 

the investigated stand-alone heterocycle series (Table 1) is comparable with the P-embedded 

PAHs (Figure 3). However, this energy difference causes a larger shift in the extended systems, 

because of the already decreased HOMO-LUMO gap. This shows that the incorporation of the 

phosphole heterocycle into the PAH enhances the effect of chemical modifications on the 

optical properties. 

TD-DFT emission studies reproduce the experimental trends for the chemically modified fused 

systems 4-7, however, the precision of the prediction is somewhat inferior to that of the 

absorption studies. To an extent, this can be rationalized by the reciprocal relation between the 

energy and the wavelength of a photon.  

3.2 THEORETICAL STUDY OF THE AROMATICITY IN HETEROATOM-CONTAINING PAHS 

3.2.1 Assessment of the aromaticity descriptors for heteroatom-containing PAHs 

To study the aromatic nature of heteroatom-containing PAHs, we first had to investigate which 

methods provide the best description of the local aromaticities of the different rings in 

heterocycle-incorporated systems (Scheme 3). A wide span of five-membered heterocycles has 

been chosen with the intent of covering the aromaticity range from aromatic to antiaromatic 

systems. The different aromatic descriptors: BDSHRT, Bird, Iring, MCI and NICS(1) of the 

built-in heterocycles were compared with the ASE values of the stand-alone heterocycles, based 

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

molecules 8 should follow the trends in the stand-alone heterocycles 

 

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 8 

Scheme 3: Reference system of the rings in the investigated reference molecule  
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Although all methods had significant correlation with the energy-based descriptor ASE, the 

correlation for the NICS(1) values is significantly better than in case of the geometry or 

delocalisation-based descriptors, therefore we chose this descriptor. 

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

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. 

The NICS(1) aromaticity results of molecules 2-7 are visualized in Figure 4. 

   

2 3 4 
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Figure 4: Visualisation of the NICS(1) results (ppm) of molecules 2-7 

The NICS(1) results 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-sulphide with each ring-closure step. The newly formed 

rings are aromatic, but interestingly, the NICS values of the endocyclic rings are positive 

throughout the series, which is rather rare for such cycles. However, this is in accordance with 

the synthetic results, where the closure of the ring in the 3,4 position was unsuccessful  

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 molecules shows that P(III) derivative 5 exhibits 

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

strongest in case of the cationic molecules 6 and 7. As the antiaromatic character of the 

heterocycle increases, the NICS(1) values obtained for the B rings also become more positive. 
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3.2.3 The effect of the built-in heterocycles on the aromaticity patterns 

In order to further investigate the phenomenon that a heterocycle’s incorporation into an 

extended -system has an impact on the aromaticity of the connecting benzenoid ring as well, 

the aromaticity patterns have been investigated in reference molecules of type 8. The NICS(1) 

aromaticities of the investigated systems, where R=H are displayed in Figure 5. 

 
   

 
 

      

      

 

Figure 5: Visualization of the NICS (1) aromaticity (ppm) patterns at the B3LYP/cc-pVTZ level 

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

in the surrounding six-membered rings (Figure 6) 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 suggest 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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Figure 6: Correlation between the five-membered and the six-membered rings’ NICS (1) aromaticity 

(B3LYP/cc-pVTZ) 

3.3 DIELS-ALDER REACTIVITY STUDIES 

The reactivity of the different sites of the extended system can be investigated through 

Diels-Alder addition reactions. In order to establish the most reactive regions in our molecules, 

after reproducing the synthesis of phosphole derivatives 2 and 4, I investigated their reaction 

with the activated alkyne, dimethyl acetylenedicarboxylate in order to conduct 4+2 

cycloadditions. (Scheme 4-Scheme 5) 
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Scheme 4: Diels-Alder reaction of 2  Scheme 5: Diels-Alder reaction of 4 

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 (with the 

elimination of the short-lived species Ph-P=S) 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 
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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.  

Figure 7 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 at the phosphole unit. 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 Figure 4), 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. The reaction proceeds 

analogously in case of 4. 

 
 +PhPO 

Figure 7: The reaction intermediates of the Diels-Alder addition at different sites of 2 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. 

The reaction products have been identified by 1H and 13C NMR and HRMS measurements. 

Single crystal X-ray structures (Figure 8) revealed that even though the fused skeleton contains 

now only benzenoid, six-membered rings, the structures are not planar, but bent, in order to 

accommodate the ester groups. 
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9 10 

Figure 8: X-ray structures of molecules 9 and 10 

Further characterization included UV-Vis absorption and emission spectroscopy, cyclic 

voltammetry, and theoretical calculations. The optical measurements revealed that compared to 

the phosphole starting materials, the molecules 9 and 10 exhibit significant blue shifts both in 

their absorption and emission (Figure 9).  

  

9 10 

Figure 9: Comparison of the experimental and the TD-DFT predicted (B3LYP/6-31+G*)  

absorption and emission spectra of molecules 9-10 

The highly aromatic NICS(1) values of A, C and E rings show that aromaticity can prevail in 

case of the distorted structures. 

  

9 10 

 

Figure 10: Visualization of the NICS(1) aromaticity (ppm) of molecules 9 and 10  
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4 THESES 

1. It has been revealed that the incorporation of phosphorus at the edge position of a PAH 

via phosphole formation has a significant effect on the electronic structure of the entire 

conjugated π-system, as shown by the phosphole-like FMOs. [1, 2, 5, 6] Accordingly, 

further simple chemical modifications (including complexation) at the phosphorus atom 

can be used to fine-tune the optical properties in absorption and emission, throughout the 

entire visible range, in good agreement with B3LYP/6-31+G* TD-DFT calculations. [1, 

5, 6] The significant role of phosphole prevails in the extended, phosphole and thienyl-

containing systems. [4] 

2. It has been established that the local aromaticities in the investigated ring system could 

be best described by the NICS(1) values. [3] The modification of the local aromaticity of 

the five-membered ring in a Clar-aromatic position (by the variation of the heteroaromatic 

unit) has a significant impact on the local aromaticities of the other rings. The extent of 

this effect depends on the position of the rings. [3, 2, 4, 5] 

3. It has been shown that during cyclodehydrogenation reactions of PAH precursors, the 

formation of the rings with the highest local aromaticity is favoured. [5] These results 

also apply to those extended phospholes, where two benzenoid rings were replaced by 

thienyl moieties. [4] 

4. It has been shown that the Diels-Alder cycloaddition of the P-embedded PAHs proceeds 

at the rings that exhibit the lowest aromaticity. The details of the computed reaction 

mechanism are in accordance with the experimental observations.  
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