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 Summary and Future Perspectives 

This thesis is a significant contribution to the progress of thiophene, selenophene, and 

tellurophene based helical systems in optoelectronic device applications. Extended π-

conjugation with unique molecular structures, these systems have suitable electronic properties 

for optical applications in neutral as well as in their radical cationic state. Comparative studies 

on chalcogen based β-helicenes (Chalcogen = S, Se and Te) show that energy gap of these 

systems decreases not only as the number of rings increases but also as the size and polarization 

of chalcogen atoms increases. Band gaps of telluro[n]helicenes (3.3-1.8 eV) calculated 

applying periodic boundary conditions based method are lower than those of corresponding 

thia[n]helicenes (3.8-3.0 eV)and seleno[n]helicenes (3.6-2.4 eV) systems. Excited-state study 

for radical cations of substituted thiophene, selenophene and tellurophene based helicenes in 

DCM solvent elucidates that these systems strongly absorb in visible and near NIR region of 

electromagnetic spectrum. Thus, these systems may find their applications in NIR devices. 

Optical absorption bands obtained in UV-Visible spectra for telluro[7]helicene radical cation 

have stronger absorption compared to the peaks obtained for thia[7]helicene and 

seleno[7]helicene radical cations in DCM solvent. The stability of these substituted chalcogen 

based helical systems in neutral and radical cationic state is another crucial aspect that has been 

evoked in this work. Substituted neutral thia[n]helicenes and seleno[n]helicenes have very low 

probability of dimerization in non-polar solvent. This dimerization probability is much lower 

in substituted radical cations of thia[n]helicenes and seleno[n]helicenes. In the presence of 

counter ion PF6
¯ this dimerization probability is further reduced. Though dimerization 

probability in telluro[7]helicene radical cation is more than that of the corresponding 

CHAPTER 7 

Summary and Future Perspectives 



 

169 

 

thia[7]helicene and seleno[n] helicene radical cations, this dimerization probability is further 

reduced in the presence of counter ion, PF6
¯.  

This study provides a strategy for fine-tuning energy gap by replacing individual chalcogen 

atoms or changing the numbers of aromatic rings of helicenes systems. This work definitely 

benefits the thiophene, selenophene and tellurophene chemistry researchers and chalcogen 

chemistry as a whole. As the future aspects, the mixed helicene systems formed by coupling 

and fusion of thiophene, selenophene and tellurophene may also provide novel candidates for 

device applications. As these theoretical results are providing novel candidates for optical 

applications, this work can serve as a motivating ground for future experimental investigations.  

In addition to selected chalcogen based helical systems for device applications, a model for 

understanding the antioxidant behaviour of diaryl dichalcogenides (S, Se and Te) radical anions 

is also included in this thesis. Due to partial interactions of pi orbitals from two phenyl rings, 

the most stable structures of diaryl dichalcogenides radical anion shows pi-pi stacking between 

two phenyl rings except in dibenzyl dichalcogenides radical anion in water medium. Binding 

energies for dichalcogenides radical anion increases as the size and polarizability of chalcogen 

atom increases. Use of macroscopic (solvation model based on solute density) and discrete 

solvent models to consider the effect of aqueous medium further increases the reliability of 

present work. A useful strategy for modulation of antioxidant properties of diaryl 

dichalcogenides is by introducing the electron-donating groups at ortho-position in phenyl 

rings. On substituting the electron-donating groups at the ortho position of the phenyl rings, 

the binding energies of the radical anions are increased compared to the unsubstituted radical 

anion. However, binding energies of the radical anions are decreased compared to the 

unsubstituted radical anion on substituting the electron withdrawing group at the ortho position 
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of phenyl rings. The binding energies of dibenzyl dichalcogenides radical anion are calculated 

to be lower than their corresponding diphenyl dichalcogenides radical anion. These 

observations indicate that geometrical flexibility does not play a significant role to stabilize 

these radical anions and electronic effects are expected to play a major role to 

stabilize/destabilize these systems. It is expected that these diaryl based diselenide and 

ditelluride systems can provide potential antioxidant molecules to encounter the oxidative 

stress responsible for several human disorders. Introduction the electron-donating groups at 

para-position in phenyl rings may become an alternate possible strategy for modulation of 

antioxidant properties of diaryl dichalcogenides. This can further expand the knowledge model 

for understanding the antioxidant behaviour of these systems. 

In the future, the studies on the measurement of antioxidant activity can be carried to calculate 

the kinetics data of the reaction between free radicals and dichalcogen based antioxidant 

systems. In-vitro and in-vivo experimental studies may be carried out to decide on a suitable 

dichalcogen based antioxidant system  
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Abstract  

In the present work, selected chalcogens (S, Se, and Te) based organic systems are studied in 

detail using electronic structure theory-based calculations. This work includes the chalcogen 

based flexible π-conjugated helical systems which may be very important in future as organic 

optoelectronic devices. Further, the present study also provides a model system to find suitable 

antioxidant based on diaryl dichalcogenides radical anions. 

The theoretical calculations predict that the thia[n]helicenes systems are non-planar and 

flexible when the number of thiophene rings are three or more. As expected, HOMO-LUMO 

energy gap decreases as the number of thiophenes ring increases. Further, band gap calculated 

applying periodic boundary conditions (PBC) for neutral thia[n]helicenes shows that band gap 

decreases as the number of thiophene rings increases. Excited-state studies show that the 

radical cations generated from thia[n]helicenes have strong absorption in near infrared region 

(NIR) region. A case study on unsubstituted thia[7]helicene radical cation shows that the 

radical cation generated from its corresponding neutral thia[7]helicene system has a very low 

probability of dimerization in non-polar solvent. Calculations suggest that seleno[n]helicenes 

have lower energy gaps in comparison to the energy gaps of their corresponding 

thia[n]helicenes. Similarly, band gaps of seleno[n]helicenes are lower than those of 

corresponding thia[n]helicenes systems calculated applying periodic boundary conditions-

based methods. The electronic spectral studies show that the radical cations generated from 

seleno[n]helicenes have strong absorption in near-infrared region (NIR) region. In addition, 

case study on seleno[7]helicene radical cation shows that the extent of dimerization is less in 

comparison to thia[7]helicene radical cation. This dimerization probability is less in the 

presence of counter ion PF6
¯. Comparative studies on chalcogen based β-helicenes (chalcogen 
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= S, Se and Te) show that energy gap of these systems decreases as the size and polarization 

of chalcogen atoms increases. It is worth mentioning that the band gap of higher size 

telluro[n]helicenes (n > 6) lies in NIR region. IR peaks obtained in UV-Visible spectra for 

telluro[7]helicene radical cation have stronger absorption compared to the IR peaks obtained 

for thia[7]helicene and seleno[7]helicene radical cations in DCM solvent. Moreover, the case 

study on telluro[7]helicene radical cation shows that these systems have a lower tendency for 

dimerization. 

The present thesis also includes model systems based on diaryl dichalcogenides radical anions 

in search of a suitable antioxidant system. The effect of an excess electron on geometry, nature 

of bonding and stability of diaryl dichalcogenides, namely, (RCh)2
 (Ch = S, Se & Te: R = Ph, 

PhCH2, o-NO2-Ph, o-HO-Ph, & o-CH3-Ph,) radical anions is studied. One electron reduction 

of neutral diaryl dichalcogenides leads to the formation of two-center three-electron (2c-3e) 

bonded radical anionic systems. These diaryl dichalcogenides radical anions show pi-pi 

stacking of two phenyl rings in water medium. They have high electron affinity in water 

medium and their corresponding neutral systems have a strong ability to capture electron 

efficiently suggesting their antioxidant property. Present calculations indicate that among all 

(RCh)2
 radical anions, the (o-CH3-Ph-Te)2

 and (o-CH3-Ph-Se)2
 systems are suitable 

antioxidant in water medium. The UV-Vis spectral studies show that in water medium diaryl 

dichalcogenides radical anions strongly absorb in visible region. The origin of the strong 

absorption bands in the visible region are assigned to the σ → σ * type electronic transition.  
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1 Introduction 

Organic molecules with extended conjugation have received considerable attention for 

applications in electronic and photonic devices like solar cells1,2, organic light-emitting diodes 

(OLEDs)2, and organic field-effect transistors (OFETs)3. Stability, suitable HOMO-LUMO 

gap, strong optical absorption in the desired region, and suitable bandgap range are among the 

requirements in molecular systems for finding applications as efficient photoelectric and 

optical devices.4 The various methods are available in the literature that can be used to tune the 

energy gap in these systems. Some of the popular methods that serve this purpose are extending 

the conjugation of heterocyclic rings, inclusion and replacement of heteroatoms, chemical 

functionalization, doping, and changing their shape (e.g., converting a film into nanotubes) 

etc.5–7 A longer effective conjugation length along with rigid planarity increases their charge 

carrier mobility and thereby enhance their charge transport characteristics. 

Along with these methods the nature of coupling and fusion of heterocyclic rings has become 

an important tool to produce wide varieties of high-performance materials for modern 

technological applications. Electrical conductivity and luminescence of conjugated systems 

depend on the overlap of p atomic orbitals which further depends on the conformations 

adopted, the presence of heteroatoms and effective conjugated framework.5 Thus, a detailed 

theoretical and experimental studies on structure-property relationships in the various 

conformations of heteroatom-based oligomer and polymeric systems are always subject of 

interest.  

In the past decades, the use of sulfur, selenium and tellurium-based compounds for applications 

as optical devices has grown significantly due to their appropriate molecular, electronic and 
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optical properties. The present chapter covers studies reported in the literature on the use of 

thiophene, selenophene and tellurophene based systems as optical materials. It also discusses 

opportunities and challenges with these chalcogen based organic systems. Finally, it presents 

motivation of the work, organization of the thesis and future scope in a precise manner.  

1.1 Overview of thiophene based optical materials  

Thiophene is an inexpensive material and can even be obtained as a by-product of petroleum 

distillations.8 Importantly, thiophene can be functionalized in α and β positions to sulfur or at 

the sulfur atoms itself.5,8–11 A great deal of diversity is found in the chemical structures of 

thiophene based materials. Thus, thiophene based regio-regular oligomer and polymer with 

different functionalization can be prepared in linear to branched type and also in star-shapes.12–

16 In addition to that, thiophene based dendrimers are also reported in the literature.17 The 

important reason behind the continuous creation of so many thiophene-based structures is that 

they allow fine-tuning of desirable electronic properties for optoelectronics. An interesting 

example of fine-tuning of the energy gap is that the linear polymerization of thiophene rings 

produces α-polythiophenes which has the band gap with a value of ~ 2.0 eV.18 The band gap 

of α-polythiophenes is approximately three times lower than the band gap of the single 

thiophene ring.19 In addition, conducting polymers based on α-polythiophenes produce changes 

in their colour and conductivity by twisting their polymeric backbone and disrupting 

conjugation when subjected to changes in temperature, solvent, and applied potential.20 Thus, 

thiophene based systems not only are crucial as low energy devices21,22 but also as sensors that 

can provide a range of optical and electronic responses.23 Further, thiophene based α-oligomers 

formed by coupling and condensation of a few numbers of thiophene monomers are also 

prominent semiconducting materials.24 In particular, functionalized α-sexithiophene has been 
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used as an efficient material for active layer deposition to produce high-performance organic 

electronic devices and as models for understanding polythiophenes.24 These α-oligothiophenes 

have rigid structures with an extended π-conjugation which could increase the intermolecular 

interactions in the solid as well as in solution state.24,25 The presence of multiple short 

intermolecular S…S contacts in α-oligothiophenes can enhance their transport properties26–28 

as well as improve their solar efficiency29,30. The strong π-conjugation in these α-

oligothiophene leads to strong intermolecular interactions, and due to these intermolecular 

interactions, π-dimerization becomes an inherent property of conjugated α-oligothiophenes and 

their corresponding radical cations.31,32 It is worth mentioning that dimerization affects spectral 

features, energy gap and stability, which limits the utility and performance of these systems. 

Therefore, it is obvious that varying the positions of sulfur atoms significantly affects the 

performances of the device. However, some possible solutions can be used to avoid 

dimerization in this type of systems. The intermolecular interactions in these systems can be 

suppressed when these α-oligothiophenes are functionalized with sterically demanding 

structural units. An example of this type of modification is that dimerization of α-

oligothiophene radical cations can be sterically controlled by annelation of this system with 

bicyclo[2.2.2]octene (abbreviated as BCO) units.31,32 Presence of large substituents like 

trimethylsilyl (TMS) and triisopropylsilyl (TIPS) at the terminal positions in α-oligothiophenes 

can significantly hinder dimerization. Such steric modifications are commonly employed to 

prevent the dimerization in these systems. However, the use of thiophene based cross-

conjugated flexible systems is often ignored as reported in the literature.24 The possible reason 

for this can be due to the lower solubility of flexible systems in comparison to their linear-

shaped systems. However, using the solubilizing substituent like TMS and TIPS at the terminal 
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positions may be a possible synthetic strategy to overcome this lower solubility issue in these 

flexible systems. 

1.2 Overview of selenophene based optical materials  

In general, selenophene based systems are crucial in the fields of the electronic device. 

Selenophene based conjugated systems are widely used as bulk heterojunction (BHJ) solar 

cells33, chemical-chiral sensors34, organic field-effect transistor35, high-performance 

complementary metal-oxide circuits (CMOC)36, and highly transmissive electrochromic 

polymer.37 In contrast to polythiophene, the polyselenophene are less explored due to its poor 

solubility and poor electrical properties. For example, the conductivities of doped 

polythiophenes films are in the range of 10-100 Scm-1 and 10-4-10-2 S cm-1 for doped 

polyselenophenes.38 Further, it is reported in the literature that iodine-doped oligoselenophenes 

exhibit the conductivities comparable to their doped oligothiophenes analogous. According to 

the literature, the majority of the thiophene-based oligomers have high charge carrier mobilities 

but often do not absorb strongly in the longer wavelengths of the solar spectrum. However, use 

of functionalized oligoselenophenes can lower the band gap as well as improve the overall solar 

device efficiencies. Interestingly, the experimentally reported HOMO-LUMO gap are changes 

from 2.0 eV for polythiophene39 to 1.9 eV for polyselenophene.40 Thus, it is obvious that due 

to large size and polarizable nature of Se than S, systems based on selenophene may attribute 

stronger π-conjugation. Larger and more polarizable nature of selenium atoms increases 

intermolecular interactions between oligomer backbones which in turn improve the p-type 

conductivity and mobilities in selenophene based π-conjugated systems. In addition to that, 

conformational flexibility in selenophene based systems are similar to their thiophene based 

systems.41 Thus, this conformational flexibility always provides an option to prepare modified 
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and novel selenophene based π-conjugated systems. Presence of selenium instead of sulfur in 

conjugated systems affects not only on the electronic structures but also on the solid-state 

structures.42 However, strong π-conjugation due to presence of selenium atoms in these 

selenophene based π-conjugated systems leads to strong intermolecular interactions and thus 

enhance the chance of intermolecular π-dimerization. But, use of flexible selenophene based 

systems along with solubilizing substituent at the terminal positions can decrease the 

probability of intermolecular π-dimerization and also improve their solubility. This makes 

selenophene based systems more attractive candidates for applications as optical materials 

compared to their thiophene based analogues. 

1.3 Overview of tellurophene based optical materials  

Tellurium based systems are used in various devices, including thin-film transistors43, infrared 

detectors44, and NO2 sensors.45 Tellurium is a metalloid and can form hypervalent coordination 

complexes. Along with that, tellurophene containing conjugated oligo- and polymers exhibit 

stronger interchain interaction that can be used to control the structure and electronic properties 

further. For example, polytellurophenes have a narrow HOMO-LUMO gap and thus the optical 

absorptions are red-shifted compared to their polythiophenes and polyselenophenes.46 Thus, 

the replacement of S and Se by Te in an organic system can increases the strength of 

intermolecular interactions and decreases the HOMO-LUMO gaps and may be better suitable 

for organic electronic device applications.47–51 It is reported in the literature that the 

incorporation of Te atoms does not affect the processability of these materials if the carbon 

content level is not compromised. This approach of substitution of the higher atom to its 

electronically similar lighter atoms can provide several new features. Some of these features 

are broader photon absorption and higher crystallinity.46 Further, the tellurophene based 
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conjugated systems may exhibit efficient singlet to triplet intersystem crossing and increase the 

exciton diffusion lengths.46 However, opportunities always come with challenges. The 

challenges in the synthetic chemistry of tellurophene based systems have hindered their fast 

development. 

1.4 Molecular spectroscopy along with quantum-chemical calculations to 

design novel materials for device applications 

To develop new and improved molecular materials for optical device applications, molecular 

spectroscopy along with quantum-chemical calculations are now essential tools.52–54 These 

methods are useful in establishing structure-property relationships in organic materials. When 

experimental spectroscopic data are combined with reliable quantum chemical calculations, it 

is possible to calculate precise molecular parameters which may be helpful to find suitable 

candidates for optoelectronic materials. If only experimental techniques are considered, this 

process of selection of appropriate systems for device applications can become a very tedious 

and difficult task. Some of the critical experiment techniques are as follows. 1) Single-crystal 

X ray diffraction data can provide the exact atomic positions, bond lengths, bond angles and 

dihedral angles.54,55 However, some additional bulk characterization methods must be used to 

get the identity and purity of a compound, 2) X-ray powder diffraction can provide valuable 

information on unit cell dimensions and phase identification of a crystalline material54,56, 3) 

Raman frequencies and intensities provided by Raman spectroscopy can directly give the 

information about the π-conjugated framework of organic materials57, 4) IR spectroscopy 

provide important frequency ranges, appearance of the vibration and absorptions for functional 

groups54, and 5) Ultraviolet-visible spectroscopy is helpful to find absorption or reflectance of 

the molecular systems in the ultraviolet to visible range.54 Optical absorption band, and in 
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particular the position of λmax and lifetimes (t1/2) of these bands may be used to provide indirect 

information on the nature and bonds strength formed in neutral and open-shell π-conjugated 

systems and 6) Electron Spin Resonance (ESR) offers valuable information on the nature of 

bonding in open-shell π-conjugated and can be used to study stability of these systems 

generated in solution phase. The above-mentioned experimental techniques in combination 

with quantum chemical methods, can become an indispensable tool to characterize the organic 

materials. First-principle quantum chemical calculations in the framework of the density 

functional theory (DFT) are well suited to model extended π-conjugated systems. With the easy 

availability of powerful and affordable parallel computer systems, electronic structure 

calculations of reasonably large systems are often routine these days. Moreover, efficient 

parallel version of computer programs are also available with good scaling for such 

calculations. Electronic structure calculations can predict geometrical parameters, atomic 

charges, dipole moments, IR and UV-Vis spectra with reasonable accuracy. Thus, 

understanding structure-property relationship of a large molecular systems is possible by 

theoretical calculations and such studies can provide excellent input to design novel systems 

for finding applications as optical electronic devices. 

1.5 Chalcogen based helical systems for optoelectronic device applications  

In general, the helicene term refers to the system that adopts a non-planar helical shape when 

aromatic or heteroaromatic rings are ortho-condensed.58 Due to steric interactions in these π-

conjugated systems, they get distorted into helices and become intrinsically chiral. In 1903, 

Jakob Meisenheimer reported the first helicene structure which was prepared by reduction of 

2-nitronaphthalene.59 Ever since several methods are being developed for synthesizing 

helicenes with different lengths and substituents. It is well reported in the literature that helicity 
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is a critical factor that can affect the electronic properties as well as solid-state self-organization 

of such systems.58,60,61 

Thia[n]helicene is a kind of carbon-sulfur helicene in which thiophene units are cross-

conjugated and fused to form helical structures.62–65 After the successful synthesis of 

thia[3]helicene and thia[7]helicene, these systems attracted renewed attention because of their 

flexible shape and unusually strong optical properties.65,66 In these β-oligothiophenes, sulfur 

atoms are positioned at the molecular periphery. The presence of short intermolecular S•••S 

contacts enhances transport properties by increasing the effective dimensionality in the 

electronic structure. The relevant examples are improved mobility in organic field-effect 

transistors, formation of neutral organic metals organic conductor-to-semiconductor phase 

transformations and increased critical temperatures inorganic superconductors. Furthermore, 

cross-conjugated π-systems have attracted recent attention because of their unusually robust 

optical properties; however, the studies of their electronic properties are in the early stages. 

Thia[7]helicene is fairly stable at room temperature (~ 11 h).66 Thia[7]helicene system has a 

relatively large optical band gap, ~ 3.5 eV.67 An exceptional structural property of this 

thia[7]helicene is recently explored. This shows that configurationally stable radical of 

thia[7]helicene can be easily generated via electrochemical one-electron oxidation in a non-

polar solvent. The generated thia[7]helicene radical is stable up to ~15 min at room 

temperature.67 The reason of this stability of open-shell radical cation may lie in its helical 

structure. The generated radical cation has strong absorption in NIR region; thus they can act 

as a substrate for making the detector for NIR region.67 Recently, synthesis and crystal 

structures of new kinds of selenophene based helical organic functional materials are also 

reported in the literature.68 However, structure-property relationship studies on thiophene and 

selenophene based helical structures are still at infant stages.62–65,67–70 No systematic 
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computational studies are reported on such helicenes systems either. To the best of the 

knowledge, no such effort is reported in the literature for tellurium based helicene systems. 

Thus, the use of quantum chemical methods to study such chalcogen based helical systems is 

the present subject of interest in search of novel high-performance optical materials. 

1.6 Overview of diaryl dichalcogenides (S, Se and Te) based antioxidant 

systems 

Sulfur and selenium based diaryl dichalcogenides are eco-friendly oxidation agents. Thus, 

these systems are receiving considerable attention in organic synthesis as well as in 

pharmaceutical chemistry.71 Along with these systems, their tellurium-based derivatives are 

also appealing drugs due to their antioxidant properties. After the discovery of ebselen which 

is a cyclic selenenyl amides, the antioxidant activity of diphenyl diselenides was established in 

1989.71 It is reported in the literature that antioxidant activity of diaryl diselenides can be 

modulated by inserting suitable ring substituents.71 Further, tellurium analogues of diaryl 

diselenides are also being used as anticancer drugs.71 These diphenyl ditellurides have 

comparable toxicity to their selenium-based analogues.71 The antioxidant nature of sulfur and 

selenium based diaryl dichalcogenides can be due to the ability to donate an electron in their 

anionic state in the solution phase. Along with the ability to donate an electron, the anionic 

diaryl dichalcogenides should possess sufficient stability in the aqueous medium. One electron 

reduction of neutral dichalcogenides may lead to the formation of two-center three-electron 

(2c-3e) bonded radical anion systems.72–80 Having two electrons in the highest bonding sigma 

orbital and one electron in the lowest antibonding sigma orbital results in the formation of a 

half bond (bond order = 0.5) and hence these 2c-3e bond is also known as hemi bond or half 

bond. The typical symbol for such anionic systems is (RCh.˙.ChR)•- in which Ch denotes S, Se, 
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Te etc and R denotes -Ph, -CH3, and other functional groups.81–83 Despite of the claimed 

antioxidant nature of these molecules, no systematic studies on the structural and electronic 

properties of diphenyl dichalcogenides are available in the literature. Thus, a model system to 

study the antioxidant nature of these diphenyl dichalcogenides can provide valuable 

information that might be used for rational drug design. 

1.7 Motivation of the thesis  

The recent decade has witnessed helicene based multiple molecular systems arising from the 

ortho-condensation of polycyclic aromatics rings. It is reported in the literature that the wide 

majority of helicenes are formed either by ortho-condensation aromatic rings like benzene, 

naphthalene, phenanthrene, and naphthol or by combination of benzene with heteroaromatic 

rings like thiophene/selenophene. But, the reports on helicenes systems formed by ortho-

condensation of thiophene, selenophene and tellurophene rings rarely appear in the literature. 

Further, these helicene systems may have unique structural, spectral, and optical features. The 

majority of radical cations are very short-lived due to the problem of dimerization. However, 

the use of bulky solubilizing substituents like TMS and bulky substituents like Br at terminal 

positions can be a possible strategy to overcome this problem. The radical cations generated 

from their corresponding neutral helical system may have stronger absorptions in the NIR 

region. Therefore, it is interesting to investigate the structure-property relationship in these 

helical molecules in their neutral as well as in their radical cationic state. Further, replacing 

higher chalcogen atom can strongly affect the electronic features of these helical molecules. 

Thus, a comprehensive structure-property relationship on neutral radical cations of these 

thiophene, selenophene and tellurophene based helical systems can provide valuable guidance 

that can be beneficial to design novel molecules for device applications. Thus, the aim of this 



 

11 

 

thesis is to perform a theoretical investigation on molecular and electronic properties of 

substituted chalcogen based helical systems in their neutral and radical cationic state. A 

comparative study on molecular and electronic properties of neutral and radical cations of 

thiophene, selenophene and tellurophene based helical systems will be useful for understanding 

the effect of size and polarization of chalcogen atoms.  

Radical anionic systems of diaryl dichalcogenides (S, Se and Te) are expected to have sufficient 

stability in the aqueous medium and the ability to donate an electron. In addition to that, their 

antioxidant activity can be modulated by inserting suitable substituents at various positions in 

phenyl ring. Therefore, systematic theoretical studies on these radical anionic systems having 

different substituents at different positions of the phenyl ring can provide information to design 

a suitable candidate as antioxidant. Thus, the aim of the thesis is also to make a comparative 

theoretical study of various diaryl dichalcogenides (S, Se and Te) with suitable substituents at 

suitable positions.  

1.8 Brief overview of thesis 

This thesis aims to understand to molecular structures and electronic properties of selected 

chalcogen based [n]helicenes (Chalcogen = S, Se and Te; n=1-10) in the gas phase and in DCM 

solvent. Further, the work also includes the study of molecular structures and electronic 

properties of chalcogen based [n]helicene radical cationic systems. Most of these helical 

systems are novel and may be useful in optical device applications. A comprehensive 

theoretical investigation on their molecular and electronic properties in the aqueous medium is 

performed on selected diaryl dichalcogenides (S, Se and Te) based radical anionic systems to 

understand their antioxidant behaviour. Based on the binding energies of these diaryl 

dichalcogenide (S, Se and Te) radical anions and electron affinity in their neutral state, a model 
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for understanding the antioxidant behaviour is also proposed in this thesis. The thesis is divided 

into seven chapters. The second chapter gives an overview of the theoretical methods used in 

the thesis. The third chapter deals with the structures, stability, ionization energies, energy gap 

of thia[n]helicenes (n=1-10) in the gas phase and in DCM solvent. The benchmark studies are 

performed to decide upon a suitable level of theory is provided in this chapter. The minimum 

energy structures of thia[n]helicenes radical cation are also calculated in the gas phase as well 

in DCM solvent. Geometrical parameters for the minimum energy structures are compared 

with available single crystal X-Ray data. Excited-state study for radical cations of 

thia[n]helicene shows that these systems strongly absorb in NIR region in DCM solvent. UV-

Vis spectral data generated are also compared with available experimental data. A case study 

on π-dimers of neutral and radical cation of thia[7]helicene is also performed considering both 

unsubstituted and end substituted case to check the extent of π-dimerization process in the 

presence and absence of PF6
- counter anion in DCM solvent.  

The fourth chapter reports the selenium analogues of thia[n]helicenes which can be named as 

seleno[n]helicenes. They are the first reported selenophene β-helical systems of this type 

motivated from their corresponding thia[n]helicenes. Due to the unavailability of single-crystal 

X-Ray and spectral data the methods used for thia[n]helicene systems are used to get structures, 

stability, ionization energies, energy gap and UV-Visible spectra of seleno[n]helicenes (n=1-

10) in the gas phase and in DCM solvent. Excited-state study for radical cations of 

seleno[n]helicenes in DCM solvent shows that these systems strongly absorb in NIR region. A 

case study on π-dimers on π-dimer unsubstituted and end substituted radical cations of 

seleno[7]helicene in presence and absence of PF6
- counter anion are also performed to 

understand the extent of π-dimerization process in DCM solvent. 
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The fifth chapter deals with first reported telluro[n]helicene systems motivated from their 

corresponding thia[n]helicenes. This chapter mainly discuss the effects of size of chalcogen 

atom on ionization energy, HOMO-LUMO energy gap and band gap of neutral chalcogen 

(chalcogen= S, Se and Te) based β-helicenes (n=1-10). Due to the unavailability of X-Ray and 

spectral data on telluro[n]helicene systems, comparative studies with experimental data could 

not be performed to decide on a suitable theoretical method for electronic structure 

calculations. Thus, the methods used for thia[n]helicenes systems are also applied on these 

systems to calculate structure, stability, ionization energy, energy gap and UV-Vis spectra of 

telluro[n]helicenes (n=1-10) in the gas phase and in DCM solvent. Periodic boundary condition 

based DFT (PBC-DFT) calculations are performed to predict the direct band gap for these 

chalcogen based neutral [n]helicenes. Excited-state study for radical cations of 

telluro[n]helicene in DCM solvent shows that these systems absorb strongly in NIR region of 

electromagnetic spectrum. The intensity of these bands is larger than the corresponding thia- 

and seleno- [n]helicenes A case study on π-dimers on π-dimer unsubstituted and end substituted 

radical cations of telluro[7]helicene in presence and absence of PF6
- counter anion is also 

performed to understand the extent of π-dimerization process in DCM solvent. Overall, these 

thiophene/selenophene/tellurophene based helical systems are identified as potential 

candidates to be useful in organic electronic devices. 

Sulfur selenium and tellurium based radical anionic systems of diaryl dichalcogenides are 

known to have strong antioxidant properties. In addition to that antioxidant activity of these 

systems can be modulated by inserting suitable substituents at phenyl rings. Chapter six 

provides a model system for understanding the antioxidant behaviour of dichalcogen systems. 

Benchmarking study is carried out to decide upon a suitable level of theory. The minimum 

energy structures for neutral and diaryl dichalcogenides radical anions are calculated in the gas 
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phase as well in the water medium. Geometrical parameters for the minimum energy structures 

are compared with available X-Ray data and microwave structural data. Based on the stability 

and have high electron affinity (corresponding neutral) in water medium, the high antioxidant 

systems are identified. These studies may serve as a model for understanding the antioxidant 

behaviour of these dichalcogen radical anionic systems. 

In chapter seven, the conclusions drawn from the work carried out in the present thesis and 

future scope related to this topic of research is briefly discussed. This thesis is a significant 

contribution to the progress of thiophene, selenophene and tellurophene based helical systems 

for applications in the optoelectronic device. These systems have suitable electronic properties 

in neutral as well as in their radical cationic state having extended π-conjugation with unique 

molecular structure. The stability of these substituted chalcogen based helical systems in 

neutral and radical cations is another important aspect that is evoked in this work. As these 

theoretical results provide novel candidates for optical applications, this work can serve as a 

motivating ground for future experimental investigations. This thesis has opened the way to 

use quantum chemical calculations on molecular systems to explore suitable systems for 

organic devices. 

In addition to selected chalcogen based helical systems for device applications, a model for 

understanding the antioxidant behavior of diaryl dichalcogenides (S, Se and Te) radical anions 

is also included in this thesis. A useful strategy for modulation of antioxidant properties of 

diaryl dichalcogenides is to introduce an electron donating or an electron withdrawing group 

at ortho-position of phenyl rings. Use of macroscopic and discrete solvent models to consider 

the effect of aqueous medium further increases the reliability of present work. As these 

theoretical results suggest suitable antioxidant candidates, the studies on measurement of 
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antioxidant activity can be carried out to measure the rates of the reaction between free radicals 

and dichalcogen based antioxidant systems in future. Experimental studies (in-vitro and in-

vivo) may be performed to decide on a suitable dichalcogen based antioxidant system in the 

future. 
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 Theoretical Background 

This thesis deals with the Theoretical studies on selected organic chalcogen systems in the 

quest for novel systems for electronic devices. The present thesis also includes the designing 

of a model system to find out a suitable antioxidant among selected diaryl dichalcogenides 

radical anions. Thus, before going into the actual work, this chapter provides a brief and 

structured theoretical background for the calculations. 

Time independent Schrödinger wave equation, Ĥ Ψ = E Ψ plays a crucial role in predicting 

the electronic structures of atoms, molecules and solids.84 Ĥ is the Hamiltonian operator, Ψ 

indicates the mathematical wave function representing the state of a molecule in terms of the 

coordinates and E denotes the total energy as the eigen value of that particular state for given 

molecular systems. The molecular Hamiltonian Ĥ can be expressed as by the following 

expression in atomic units. 
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2.1 

The first two terms in the above equation correspond to the kinetic energy of electrons (T̂e) and 

nuclei (T̂n) respectively while the remaining three terms represent coulombic electron-nuclear 

attraction (V̂ne), the repulsive potential of the electron-electron (V̂ee) and the inter-nuclear 

repulsion potentials (V̂nn) respectively. The negative and positive sign terms given in equation 

2.1 show the attractive and repulsive nature of the interactions respectively. The Hamiltonian 

in equation (2.1) takes form as given below. 

CHAPTER 2 

Theoretical Background 
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Ĥ = T̂e + T̂n + V̂ne + V̂ee + V̂nn  2.2 

The Schrödinger equation can be solved easily for single-electron systems. However, for N-

electron systems, the approximate solution is obtained by the iterative procedure until self-

consistency is achieved. Hence, solving the time-independent Schrödinger equation is a 

laborious task. However, decoupling the electronic and nuclear motions by using several 

approximations simplify the problem. Thus, the first approximation which significantly 

suppressed this problem is Born-Oppenheimer approximation85 which is discussed in the next 

section. 

2.1 Born-Oppenheimer Approximation  

As the mass of nuclei is ≈ 1900 times more than the mass of electrons, the motion of the nucleus 

can be assumed to be stationary in comparison to the motion of the electrons. Thus, kinetic 

energy term for nucleus becomes zero according to the Born-Oppenheimer Approximation.84,85 

This decoupling of electronic degrees of freedom from the nuclei degree of freedom, simplify 

the complex Schrödinger equation. Thus, two sets of Schrödinger equations are produced, one 

for electrons and other for the nuclei. Under this approximation, the internuclear repulsion is 

taken as a constant and so does the �̂�𝑛𝑛. Thus, electronic Hamiltonian can be written as, 

Ĥe = −∑
1

2

N

i=1

 ∇i2 − ∑∑
Za

ria

M

a=1

N

i=1

 + ∑∑
1

rij

N

j>i

N

i=1

 
2.3 

Using electronic Hamiltonian, the electronic Schrödinger equation can be written as, 
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HeΨe = EeΨe 2.4 

The electronic wave functions Ψe describing the motion of electrons is explicitly as function of 

electronic coordinates {xi} and depends only parametrically on the nuclear coordinates {RA}. 

In the first step, the electronic energy, Ee is obtained by solving the Schrödinger equation for a 

many-electron wave function, Ψe for the fixed position of the nuclei. Then, the equation is 

solved for the nuclear motion in the average electronic field until self-consistency is obtained. 

Thus, the complete solution is obtained by writing the total energy of the molecule (Etot) as the 

sum of electronic energy (Ee) and the constant internuclear repulsion energy, V̂nn, i.e. 

Etot  =  Ee + V̂nn  2.5 

V̂nn terms are independent of the position of electrons and remain constant for all values of the 

electronic term. As a significant number of chemical phenomena mainly depend on the 

electronic wave function, the main aim of quantum chemists is to solve the electronic 

Schrödinger equation. 

2.2 Theoretical model chemistry 

In theoretical model chemistry, general considerations are needed to calculate the molecular 

properties and describe the chemical process of interest to decide the suitable model.86 Thus, a 

theoretical model can be viewed as a precise computer-simulation based mathematical 

procedure carried out by using a software. Then, this procedure can approximately describe a 

chemical process. Further, such models are used to calculate chemical and molecular properties 

of interest. It is worth mentioning that, in most cases, a single model is not sufficient for a 
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particular scientific investigation. Thus, to address and study large classes of chemical 

phenomena various sets of related models are used. Each set of data obtained at a particular 

model may compete with data obtained applying another model. Thus, some general 

requirements and a judgment must be made on the examination the property of interest to 

finalize the given model. In 1931, John Pople, mentioned the five stages in the development 

and use of a model. First, (a) determining the level of accuracy of the systems predicted, (b) 

second, precisely formulating an approximate mathematical procedure to describe a system, 

while making the formulation as general and continuous as possible, (c) third, implementing 

the formulated method as efficient and easily used computer programs, (d) fourth, verifying 

the model against experimental data; and (e) last, using the model to predict unknown chemical 

problems.  

These models can be broadly classified as semi-empirical and ab initio, based on the parameters 

used in the models. In semi-empirical methods, the empirical parameters are used. However, 

the ab initio methods use fundamental constants of physics to define a system and do not 

depend on any empirical values. Electronic structure theory deals with the description of 

electrons in atoms or molecules and Hartree Fock (HF) theory is the fundamental basis of the 

most of electronic structure theory. 

2.3 Hartree-Fock Approximation 

The variational principle is the most important theoretical principle used in quantum mechanics 

for an approximation of the ground state. This principle states that, for a well-behaved 

normalized trial wave function, �̃�, the expectation value of the Hamiltonian operator, �̂� 

corresponding to �̃� will be an upper bound to the true energy of ground state, E0.
84,85 This true 
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energy of ground state E0, is obtained using the exact ground state wave functions, Ψ0. So, this 

condition can be written as, 

⟨Ψ̃|Ĥ|Ψ̃⟩ = Etrial ≥ E0 = ⟨Ψ0|H̃|Ψ0⟩                    if ⟨Ψ̃|Ψ̃⟩= 1 
2.6 

The energy estimate is equal to the exact ground state energy if and only if the variationally 

determined trial function matches the ground state wave functions. As the Schrödinger wave 

equation can be solved exactly only for one-electron systems, finding approximate solutions to 

the electronic Schrödinger equation motivates the development of the ab initio techniques for 

many-electrons systems or molecules. 

So, the Hartree-Fock (HF) approximation is briefly discussed which is the core of all ab initio 

techniques for many-electron systems. Using the orthonormality of the spin orbitals and 

variational method, the HF equations can be derived and so as the Slater determinant with 

minimum energy. A ‘trail’ Slater determinant wave functions can be written as, 

|Ψ̃⟩  =  { (N!)−
1
2 ∑(−1)n

N!

n=1

Pn{χi (x⃗ 1)χj(x⃗ 2) … χk  (x⃗ N)}} 2.7 

Where P represents an operator generating nth permutation of the N electrons and Pn is the 

number of interchanges required to obtain essential permutation. Using the orthonormality of 

the spin orbitals and few mathematical manipulations the equation obtained is as follows, 

⟨Ψ̃|Ĥ|Ψ̃⟩  =  ∑⟨i|h̃|i⟩

N

i

− ∑∑ 

N

j>i

N

i

((⟨ij|ij⟩ − ⟨ij|ji⟩)),  
2.8 

Here, the ket and bra notations refer to, 
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⟨i|ĥ|i⟩  =  ∫ ⅆx⃗ 1χ
i
*(x⃗ 1)ĥχ

i
(x⃗ 1); ⟨ij|ij⟩ =∫ⅆx⃗ 1 ⅆx⃗ 2χ

i
*(x⃗ 1)χ

j
*(x⃗ 2),r12

-1 χ
i
(x⃗ 1)χ

j
(x⃗ 2); 2.9 

and, 

⟨ij|ji⟩ = ∫ⅆx⃗ 1 ⅆx⃗ 2χ
i
*(x⃗ 1)χ

j
*(x⃗ 2),r12

-1 χ
j
(x⃗ 1)χ

i
(x⃗ 2)  2.10 

By applying the variational principle for true ground state ket |Ψ0⟩ we get, E0 = ⟨Ψ0|Ĥ|Ψ0⟩  ≤

 ⟨Ψ̃|Ĥ|Ψ̃⟩, considering, |Ψ⟩ = |Ψ0⟩, the HF ground state energy can be written as, 

E0
HF = ∑⟨i|h̃|i⟩

N

i

- ∑∑ 

N

j>i

N

i

((⟨ij|ij⟩-⟨ij|ji⟩)),  
2.11 

Consequently, by varying the spin orbitals using the constraint of their orthonormality i.e. =

 ∫ ⅆx⃗  χi
∗(x⃗ ) χj

∗(x⃗ )= ⟨i|j⟩ =  δij the E0
HF[{χi}] is minimised. Using the Lagrange multipliers 

equation L0[{χi}] of spin orbitals. The non-canonical form of HF equation can be written as  

F̂(x⃗ )χ
i
(x⃗ )= ∑ εijχj

(x⃗ ),     (i = 1, 2,……., N), 

N

j

 
2.12 

Where, εij are the Lagrange multipliers the ‘Fock operator’ F̂(x) is an effective one-electron 

operator given as  

F̂(x⃗ )= ĥ+V̂
HF

(x⃗ ), 2.13 

The first term represents the kinetic energy of the single-particle and potential of the ith electron, 

while VHF(x⃗ ), the average potential perceived by the ith electron due to remaining N-1 electrons 

is represented by Hartree-Fock potential (V̂HF). Due to this average potential, the HF theory is 

considered as a mean field theory. 84,85 
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The noncanonical HF equation (2.12) are converted to the standard canonical form to unitary 

transformations of the spin orbitals yields  

F̂(x⃗ )χ
i
(x⃗ )= εiχi

(x⃗ )    (i = 1, 2,……., N) 
2.14 

This is actually a pseudo eigenvalue problem. This equation is needed to be solved iteratively 

using the self-consistent field (SCF) procedure. The orbitals are initially derived from their 

own effective potential which involves finding the energy minimum. Initially, some trials 

orbitals are used to construct the Fock operators. These trial orbitals are used to obtain 

improved orbitals which serve as input for a new Fock operator. The iterative procedure is 

continued until self-consistency is reached where effective potential, VHF(x⃗ ) no longer 

changes.  

Despite the impressive results, the HF approximation has a drawback as it neglects the electron 

correlation. Though the HF wave functions account for ~99% of the total energy, the remaining 

~1% largely influences the chemical properties of the molecules. This difference between the 

exact ground state energy E0 of the system and the HF energy in a given basis set is the electron 

correlation energy (Ecorr), 

 Ecorr=E0- E0
HF 2.15 

Since, both Etot and E0
HF are less than zero and |E0| > |Eo

HF|, the Ecorr is a negative quantity. 

84,85 It is because; the electrons feel an instantaneous repulsion as they are often too close to 

each other. To consider the electron correlation in the molecular systems the Post HF methods 

are discussed in upcoming sections. 
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2.4 Post HF methods 

The post-HF methods like the configuration interaction (CI), coupled-cluster (CC) theory, 

Møller-Plesset (MP) perturbation theory etc. are proposed to incorporate the electron 

correlation effects in the molecular systems.84,85 But these methods are expensive and these 

post-HF methods can be used only for small and medium-sized molecular systems. In the next 

section, Møller-Plesset (MP) perturbation theory is discussed briefly. 

2.4.1 Møller-Plesset (MP) perturbation theory 

Møller-Plesset (MP) perturbation theory84,85 is a particular case of Rayleigh-Schrödinger 

perturbation theory. In this theory, the zeroth-order Hamiltonian is chosen to be the Hartree-

Fock Hamiltonian. The perturbation operator V̂ is thus the difference between the electron-

electron. The second-order energy correction, which is called the second-order Møller-Plesset 

(MP2) correlation energy is always negative. The MP2 total energy is simply defined as, 

EMP2 = EHF + Ec
MP2. Since it is not a variational theory, the MP2 total energy is not necessarily 

above the exact ground-state total energy. The MP2 method can be considered as the 

computationally cheapest post-HF method and is thus widely used. In the next section, a more 

accurate post-Hartree Fock method, Coupled Cluster theory is discussed briefly.  

2.5 Coupled Cluster Theory 

The coupled-cluster theory84,85 is one of the important post-Hartree–Fock for describing many-

body systems. The coupled-cluster wavefunction can be written as, |Ψcc⟩ = ⅇT̂|Φ0⟩,

whⅇrⅇ  T̂ =  T̂1 + T̂2 + T̂3 … .+T̂N where Φ0 is the HF wave function, and T̂ is the cluster 
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operator which is the sum of cluster operators of different excitation levels. The truncation of 

the cluster operator at T̂1 and T̂2 is known as coupled-cluster singles doubles (CCSD).  

CCSD and MP2 both neglect static correlation effects since both use a single reference 

wavefunction. However, the quality of energy is different. CCSD energy is correct up to third-

order while MP2 is correct up to second order. This is because the cluster operator includes 

only singles and doubles, via unlinked amplitudes of higher excitation that contribute up to 

second-order to CCSD function. Thus, the energies given by CCSD method are much better 

than the ones given by MP2 Methods. Although, both MP2 and CCSD are size consistent, 

CCSD is computationally more expensive  

To deal with difficulties of time consumption, disk memory and space, the density functional 

theory (DFT) provides an alternative. It incorporates the electron correlation with no substantial 

increase in the computational cost. DFT treats charge density as a basic variable for the ground 

state description. The electron density is less complicated than the many particles wave 

function of the systems. Hence, DFT provides an alternative computational tool with a 

remarkable quality/cost ratio.87 In the next sections, a brief overview of developments in DFT 

has been discussed. 

2.6 Density Functional Theory 

The Hohenberg and Kohn theorems (HK theorems) form the basis of DFT. The first HK 

theorem states that the external potential applied on a system, in ground state, is defined as a 

unique functional of electron density. The external potential determines the Hamiltonian,


H  

axiomatically making it a unique functional of density. The second HK theorem states that the 
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approximate electron density associated with an external potential is always greater than or 

equal to the exact ground state energy. 

Thus, the ground state energy of the system can be expressed as: 

][E][E][TE 0Ne0ee00   2.16 

T is the kinetic energy, Eee is the electron-electron interaction energy and ENe is the nucleus-

electron interaction energy. The first two terms are independent of number of electrons, 

electron-nucleus distance and nuclear charge and are universally valid while the ENe depends 

on those variables and is therefore system dependent. The independent parts of the above 

equation is the Hohenberg-Kohn functional, FHK[ρ]. The exact HK functional is not known. 

The Eee term can be written as the sum of coulomb term and a term containing all non-classical 

contributions to the electron-electron interaction. The energy is then determined using 

variational principle. To improve the results obtained, Kohn-Sham orbitals have been 

developed. Here, the hypothetical system consists of non-interacting electrons, having ρ 

equivalent to the real system, which experiences average repulsion field from other electrons. 

The total energy is then written as: 

 


][Edr)r()]r(J)r(V[][T][E XCexts  2.17 

where, Ts[ρ] is the electron kinetic energy of the hypothetical system, Ĵ(r) gives the classical 

coulomb interaction between electrons and  V̂ext(r) is the potential due to the nuclei.  

Kinetic energy is computed in terms of one electron function: 
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r and r' are the coordinates of the two electrons and ZA is the nuclear charge. EXC contains all 

the other contributions to energy such as electron exchange, correlation energy, correction for 

self-interaction and the difference in kinetic energy between interacting and non-interacting 

system. The Hamiltonian for the non-interacting system is: 

 
 N

i
)r(S

N

i

2
is

i
V

2

1
H  2.21 

The non-interaction fictitious system is represented by Kohn-Sham orbitals, ϕi. They are 

determined using one-electron Kohn-Sham operator, f kŝ. 

iii
KSf 
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Vs is the effective potential of non-interacting system.  
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The major part of kinetic energy can thus be computed and the residual part is merged with 

non-classical EXC term. EXC is the unknown term and different approximations for its 

determination have led to the development of several density functionals. 

2.6.1 Local Density Approximations (LDA), Generalized Gradient Approximation 

Functional (GGA), Hybrid Functionals 

The simplest approximations for the exchange-correlation energy used in DFT is the “Local 

Density Approximations” which state that exchange-correlations energy is a function of the 

electron density in the immediate vicinity of the point at a given position. However, for atoms 

and molecular exhibiting rapid attenuation in the electron density in the asymptotic region 

results obtained are not satisfactory. Hence, for better results generalized gradient 

approximation’ (GGA) based methods are used because in these methods energy density is 

incorporated with the gradient of the density ∇⃗⃗ ρ at that given position. The meta-GGA 

functionals are more accurate than the GGA functionals as they take into consideration the 

Laplacian (∇2) i.e. second derivative of the electron density and the quantities such as 

thermodynamic energies and metal-metal interactions can be accurately described. In general 

LDAs, GGAs and meta-GGAs are local functionals. So, for obtaining better agreement with 

the experimental the hybrid exchange-correlation functionals are developed. The problem of 

the electronic self-interaction results in a very poor description of the exchange part in the 

LDAs, GGAs and meta-GGAs functionals.  

In hybrid functionals, the exchange-correlation energy is obtained from a portion of exact 

exchange from Hartree–Fock theory with the rest of the exchange–correlation energy from 

other sources (ab initio or empirical). Becke proposed the three parameters for hybrid 

functionals by introducing a small fraction of exact exchange component in the DFT exchange-
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correlation functional ensuring better results. The popular B3LYP (or Becke3LYP) hybrid 

functional uses semi-empirical, a = 2.0, b = 0.72, and c = 0.82 as specified by the Becke. These 

parameters, determined by fitting atomisation energies, ionisation potentials, proton affinities 

and total atomic energies give good fit to experimental molecular atomization energies for first-

row elements.88,89 

Exc
B3LYP = (Ex

LSDA + Ec
VWN3) + a0(Ex

exact + Ex
LSDA) + ax∇Ex

B88 + ac(Ec
LYP − Ec

VWN3) 
2.24 

Ex
LSDA and Ec

LSDA respectively are the exchange and correlation energy from LSDA 

approximation, Ex
exact is the HF exchange, ∇Ex

B88, and Ec
LYP are the exchange and correlation 

terms due to Becke, Lee, Yang And Parr, respectively. The. Ec
VWN3, is VWN3 local spin density 

correlation functional. The B3LYP functional gained popularity due to its extensive 

applicability and works quite well for the covalently bonded systems. However, its aptness is 

being questioned especially for non-covalent interactions like van der Waals interactions, 

aromatic-aromatic stacking etc.90 Furthermore, recent studies also indicated that B3LYP 

method showed inaccuracy in envisaging heats of formation in organic molecules91,92 as well 

as gives incorrect trends in binding energies of organometallic catalytic systems.93 However, 

dispersion corrected B3LYP functionals are now available. This covers the shortfalls of the 

B3LYP method by adding the D94 or D395 Grimme’s dispersion corrections empirically. A 

range-separated DFT functional ω-B97XD96 is developed by Head-Gordon and co-workers 

which is capable of capturing both short-range and long-range interactions. 

2.7 Basis Sets 

Molecular orbitals are approximated as the linear combination of basis functions, which are 

one particle functions. A complete basis set is not an approximation. However, for a complete 
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basis set, infinite number of basis functions must be used, which is not practical. A finite basis 

set defines the components of molecular orbitals in the direction of the selected basis functions. 

As the computational cost for ab initio methods scales as M4, where M is the number of basis 

functions, there is a trade-off between expense and accuracy. There are mainly two types of 

basis functions: the Slater Type Orbital and the Gaussian Type Orbital.97 The STO is of the 

type: 


  r1n

m,lm,l,n, er),(NY),,r(  2.25 

where, N is the normalization constant, m,lY is the spherical harmonic function, r is the radial 

function and ζ controls the width of the orbital. STOs do not have radial nodes. Radial nodes 

are introduced by taking linear combination of STOs. But, analytical calculation of three and 

four-centre two-electron integrals cannot be done in case of STOs. Hence the much more 

popular GTOs are used which are easier to calculate. GTOs are represented as: 


 

2rl2n2
m,lm,l,n, er),(NY),,r(  2.26 

The r2 in the exponential causes the GTO to poorly represent proper behavior near the nucleus 

and also at the tail of the wave function. Hence, a combination of GTOs, i.e., Contracted type 

GTOs (CGTO) are mostly used, which mimics the STOs but are easy to calculate.  

 Depending on the combination of the GTOs there are several classifications of basis sets 

like the minimal basis sets, which contain just one basis function for each atomic orbital in the 

atom; the split valence basis sets which treat the core and valence orbitals differently; Pople 

basis sets98, Dunning’s correlation-consistent basis sets99,100, which are optimized using 



 

30 

 

correlated wave functions, etc. There are also the plane wave basis sets, which are used to 

describe periodic systems. 

2.8 Self-Consistent Reaction Field theories: Effect of Solvation 

Two types methods are used for evaluating the solvent effect: (a) one considering the individual 

solvent molecules and (b) regarding the solvent as continuous medium97 so as to account for 

the “macroscopic” or “long range” effects, i.e. solvent polarization, resulting in the generation 

of altered dielectric constant. The modelling of long-range solvation can be carried out using 

several approaches that apply the concept of a “reaction field” in one way or another. The Self-

Consistent Reaction Field theory (SCRF) model is one such method that considers a uniform 

polarizable solvent having dielectric constant 𝜀 along with a solute M placed in an appropriately 

shaped hole in this medium.101 Creating a cavity in the medium leads to destabilisation as it 

involves breaking of the uniform solvent field which requires energy, whereas, the dispersion 

interactions between the solvent and solute lead to stabilization. Electrostatic results on account 

of electric charge distribution of solute molecule polarizing the medium which then acts back 

on the molecule. The solvation (free) energy can consequently be written as 

ΔGsolvation= ΔGcavity+ΔGdispersion+ΔGelectrostatic 2.27 

The stabilization resulting from van der Waals interactions between M and the solvent as well 

as the energy required for creating are generally assumed to be proportional to surface area of 

the solute. The corresponding energy term is proportional to the total surface area or is 

parameterized by having a constant 𝜉 which is specific for each type of atom. The shape of the 

cavity thus becomes significant. The 𝜉 parameters are determined by fitting to experimental 
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solvation data. The influence between a solute with its surrounding medium can most simply 

be described using the Onsager reaction field model.102 The basic assumption made in this 

model is that the solute is placed in spherical cavity inside the solvent. The Kirkwood model 

employs the general multipole expansion while the Kirkwood-Westheimer model considers an 

elliptical cavity. The Polarizable Continuum Model (PCM)103 is one of the most commonly 

used and reliable solvation procedures which defines the cavity as a series of interlocking 

atomic spheres. 

SMD104,105 model is a continuum solvation model based on the quantum mechanical charge 

density of a solute molecule interacting with a continuum description of the solvent. The model 

is called SMD, where the “D” stands for “density” to denote that the full solute electron density 

is used without defining partial atomic charges. “Continuum” denotes that the solvent is not 

represented explicitly but rather as a dielectric medium with surface tension at the solute-

solvent boundary. SMD is a universal solvation model, where “universal” denotes its 

applicability to any charged or uncharged solute in any solvent or liquid medium for which a 

few key descriptors are known (in particular, dielectric constant, refractive index, bulk surface 

tension, and acidity and basicity parameters). 

2.9 Geometry Optimization and Hessian calculations 

Optimization in general refers to determining stationary points of a function, where the first 

derivative of energy with respect to the geometric coordinates of the system, is zero. Geometry 

optimization essentially predicts the minimum energy structure of a system. The minimum 

energy configuration of a system is determined iteratively, by minimizing the force on the 

comprising atoms in each step. Several procedures are available to locate minimum energy 
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structures, like Steepest Descent (SD) method, Conjugate Gradient (CG) method, Newton-

Raphson (NR) method etc.  

In SD method, the search direction is defined along the negative gradient. 

di= -gi 2.28 

Though there is a guarantee to approach a minimum, there is an oscillation around the minimum 

path. Also the rate of convergence drops as the minima is reached. 

The CG method improves on this by performing the search along a line that is conjugate to the 

direction of the previous search. 

                        di= -gi+idi-1 2.29 

 values can be chosen in several ways, depending on the method. CG method is not suitable 

for non-linear surfaces. 

In the NR method, the function is approximated as a quadratic surface and minimum is 

determined. The true function is expanded about the current position, x0 up to second order 

and its gradient is made zero. 

2
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where Hessian, H, is the diagonal in the coordinate system (x’). fi is projection of gradient 

along Hessian Eigen vector with Eigen value εi. Since the real function may have terms beyond 

second order, the NR method iteratively approaches towards stationary point. NR method 

always converges to the nearest local minimum. Hence care should be taken in preparing the 

initial geometries to get the correct configuration. Many optimization algorithms in quantum 

chemical software packages use some variant of the NR method. One such is the “Berny 

algorithm developed by Bernhard Schlegel106, which is used in the present study. 

In Berny optimization, the local minimum on the potential energy surface is located using the 

forces on the atoms as well as the Hessian matrix. Since explicit calculation of the Hessian is 

costly, an approximated Hessian is constructed at the beginning, applying valence force field 

and is updated during each iteration, using the energies and gradients calculated in each step. 

The optimized geometry can be a local/global minimum or a saddle point on the potential 

energy surface. The first (gradient) and second (Hessian) derivatives of energy of the system 

with respect to geometrical parameters, provides information about the nature of the minima. 

The negative of the gradient gives the vector of forces on the atoms. The eigenvectors of the 

mass-weighted Hessian matrix gives the normal modes of vibration. A minimum in the 

potential energy surface has zero gradient and all positive vibrational frequencies. A first order 

saddle point (Transition State) has maximum in one direction and minimum in all other 

directions in the potential energy surface. Thus, it has zero gradient and one negative 

vibrational frequency. Similarly, nth order saddle point will have zero gradient and n imaginary 

frequencies. 
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2.10 Molecular Orbitals 

Molecular orbital (MO) is a one-electron orbital wave function which is used to describe the 

region of space in which the function has a significant amplitude. This amplitude gives an 

estimate of the probability of finding an electron in any specific region. These molecular orbital 

are formed as linear combinations of atomic orbitals (LCAO). In the LCAO method, it is 

assumed that the molecular orbital wave function Ψi can be written as a simple weighted sum 

of the n constituent atomic orbitals. 

Ψi= ∑ cijχi

N

i=1

 2.33 

One can get cij coefficients numerically by substituting this equation into the Schrödinger 

equation and applying the variational principle. The molecular orbitals obtained from this 

method are highly delocalised in nature. Thus, to get a localized set of molecular orbitals the 

Natural Bond Orbitals (NBO) are used. In NBO analysis, the input atomic orbital basis set is 

transformed via natural atomic orbitals (NAOs) and natural hybrid orbitals (NHOs) into natural 

bond orbitals (NBOs). The NBOs obtained in this fashion correspond to the widely used Lewis 

picture, in which two-center bonds and lone pairs are localized. These approximations are 

widely applied in the density functional theory (DFT) or Hartree–Fock (HF) models to the 

Schrödinger equation.  

2.11 Time-dependent density functional theory  

TDDFT97 can be viewed as the extension of density functional theory (DFT), to show that the 

time-dependent wave function is equivalent to the time-dependent electronic density, and then 
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to derive the effective potential of a fictitious non-interacting system which returns the same 

density as any given interacting system. The foundation of TDDFT is done by Runge-Gross 

which state that in its Runge-Gross theorem that, there exist is a unique mapping between the 

time-dependent external potential of a system and its time-dependent density, for a given initial 

wavefunction. This implies that the many-body wavefunction, depending upon 3N variables, 

is equivalent to the density, which depends upon only three, and that all properties of a system 

can thus be determined from knowledge of the density alone. The most popular application of 

TDDFT is in the calculation of the energies of excited states of isolated systems and, less 

commonly, solids. Such calculations are based on the fact that the linear response function that 

is, how the electron density changes when the external potential changes have poles at the exact 

excitation energies of a system. 

2.12 Periodic Boundary Calculations for Band gap and Band structure  

Band gap and band structure calculations take advantage of the periodic nature of a crystal 

lattice, thus an infinite size system is converted in the finite size systems by imposing the 

certain PBC condition107 with maintaining its overall symmetry. Thus, the general formalism 

for doing this is taking a crystal lattice in real space framework (having dimensions of 

wavelength) and then converting this real space framework into the reciprocal space framework 

(having dimensions of reciprocal of the wavelength). The reciprocal space framework elegantly 

reserved all the information of real space. After that, the Wigner-Seitz cell is drawn with the 

help of Bragg planes which further classified the segment formed into the various Brillouin 

Zone. When the wave vector touches the Bragg’s planes, the diffraction will occur. When 

diffraction occurs, the relationship between E vs K is distorted. This gives rise the leftover 

ranges of energy not covered by any band, a result of the finite widths of the energy bands are 
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produces. The energy gap between leftover ranges is generally termed as band gap. Thus, a 

band gap is defined as “the difference of energy between the valence band and the conduction 

band”. Thus, the band gap represents the minimum energy required to jump an electron from 

valence band up to a conduction band state so that the electron can participate in conduction in 

the systems. The band gap of a semiconductor is of two types, a direct band gap or an indirect 

band gap. The minimal-energy state in the conduction band and maximal-energy state in 

valence band are characterized by a certain crystal momentum (k-vector) in the Brillouin zone. 

If the crystal momentum of electrons and holes is the same in both the conduction band and 

the valence band; an electron can directly emit a photon. This band gap is called direct band 

gap. If the k vectors are different, band gap is called indirect band gap. However, this gap exists 

for a large (infinite) size polymer, oligomer system. Therefore, some set of boundary conditions 

are used in computer simulations for approximating a large system by using a small part called 

a unit cell. These boundary conditions are nothing but the previously mentioned Periodic 

boundary conditions (PBCs). Further, electronic band structure describes the range of energies 

an electron may not have. Determining theoretical band gaps before synthesis or experiment 

can save valuable lab time.  
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 Structures, Stability and Spectral Properties of 

Thia[n]helicene (n=1-10) and their Corresponding Radical 

Cations 

3.1 Introduction 

This chapter presents studies on sulfur-based helical systems and their corresponding radical 

cations in the quest of the potential candidate for electronic devices. Continuous growth in the 

research interest of oligothiophene systems is observed due to their wide range of applications 

as organic photoelectric devices.5,108  Thiophene based materials make significant contributions 

in the field of organic light-emitting diodes,109,110 photovoltaics,111,112 and organic field-effect 

transistors113,114. The wide variety of thiophene-based materials such as polymers, oligomers, 

oligohelicenes, and oligoacenes fulfil these requirements of molecular systems for finding 

applications an efficient photoelectric devices. Synthesis and characterizations of α-

oligothiophenes and α-polythiophenes are well reported in the literature.11-15 Depending on the 

nature of fusion of the thiophene rings, four different types of conformers are possible. It is 

reported that these conformers can be synthesized by altering the nature of condensation (syn 

and anti) of the thiophene rings. At present, thiophene-based [n]helicenes, where n is the total 

number of thiophene rings present in these systems are considered and studied in detail 

applying first principle-based electronic structure theory. Some recent studies show 

considerable enhancement in the electronic properties of these thia[n]helicenes.66 As discussed 

in section 1.5, the single-crystal X-ray structural data of thia[n]helicenes, [3]TH and [7]TH are 

reported in the literature.65 These thia[n]helicenes show strong chiro-optical properties and 
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have large optical bandgap (~ 3.5 eV).66 However, there is no systematic study on these 

thia[n]helicenes to examine the effect of size on the structure and electronic properties. 

It is reported in the literature that the stable radical cation of thia[7]helicene, [7]TH•+ can be 

generated via electrochemical oxidations in DCM solvent and an inert atmosphere at room 

temperature.67 This ortho-annelated thiophene based radical cation can have extensive 

applications as NIR (near-infrared region) detector. However, there is no report in the literature 

of such studies on radical cation of different size thia[n]helicenes. It is also expected that 

material based on thia[n]helicenes can be of great choice for producing stable radical cations 

that can be used as NIR detectors. The experimental characterization of the radical cations of 

these type of thia[n]helicenes can be performed by UV-Vis spectroscopy. The transient optical 

absorption maximum (λmax) is being used as an indicator for the presence of these radical 

cationic systems of thia[n]helicenes in a non-polar solvent. Based on EPR spectra of 

thia[7]helicene, [7]TH  radical cation, it is reported that [7]TH•+ is stable up to a few minutes. 

It is expected that the radical cations of thia[n]helicenes, [n]TH•+ for n > 7 can be more stable 

than thia[7]helicene, [7]TH•+ in DCM solvent. Thus, a comprehensive understanding of 

electronic structures as well as spectral properties of these radical cations of thia[n]helicenes is 

needed for finding applications of these systems as organic electronic devices. Although some 

scattered experimental studies are available for neutral thia[n]helicenes and their corresponding 

radical cations of thia[n]helicenes,62–67 to the best of the knowledge, no systematic theoretical 

studies are available for these helicenes. Moreover, no study is reported on the possibility of 

dimerization of these systems. Such information is crucial as dimerization often leads to a 

significant change in electronic properties and may make the system unsuitable for application 

as electronic devices. 
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This chapter deals with the first principle-based quantum chemical study on neutral and radical 

cation of thia[n]helicenes, [n]TH, n=1-10. Various molecular properties like structures, 

ionization energies, energy gap and UV-Vis spectral properties of these systems are reported 

in the gas phase as well as in DCM solvent. Moreover, calculations have been performed to 

find out the possibility of dimerization in both unsubstituted and substituted thia[7]helicene in 

DCM solvent as a case study. 

3.2 Theoretical Methods 

In this section, the theoretical methods used for calculating the electronic structures for neutral 

thia[n]helicenes and their corresponding radical cations are discussed. The ortho β-annelation 

scheme of thiophene rings are used to produce all conformer for neutral thia[n]helicenes (n=1-

10) and their corresponding radical cations of thia[n]helicenes, [n]TH•+ (n=1-10). The 

conformers for neutral and radical cations of thia[n]helicenes are optimized using the B3LYP 

functional88,89 along with 6-311++G(d,p) basis set to get the most stable structure in the gas 

phase and also in DCM solvent. Most stable structures of neutral and radical cations of 

thia[n]helicenes obtained at the B3LYP level of theory are re-optimized applying dispersion 

corrected B3LYP-D94 method. The solvation model based on solute density (SMD)104,105 is 

used to introduce macroscopic solvent effect for all calculations in the solvent phase. Hessian 

calculations are carried out in the gas phase and also in DCM solvent to characterize the most 

stable structure of neutral and radical cation of thia[n]helicenes as the true minima and to 

compute thermodynamic parameters. The most stable structures obtained at B3LYP-D level 

are being used for single point energy calculations at B3LYP-D395 and MP2 levels. For neutral 

thia[n]helicenes, the restricted shell formalism (RHF) is used, and for radical cations of 

thia[n]helicenes, the restricted open-shell formalism (ROHF) is used. Excited-state 
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calculations are carried out applying TDDFT procedure and considering CAM-B3LYP 

functional along with 6-311++G(d,p) basis set for neutral as well as the radical cation of 

thia[n]helicenes for the lowest fifty excited states in DCM solvent. CAM-B3LYP is a long-

range corrected hybrid exchange-correlation functional designed to give a good description of 

electronic excitations and charge transfer processes.115,116 All the possible structures of 

unsubstituted and substituted π-dimer of neutral thia[7]helicene, as well as radical cation of 

thia[7]helicene, are optimized at B3LYP-D level of theory using 6-311++G(d,p) basis set to 

get the most stable structure in DCM solvent. Hessian calculations are also carried out to 

characterize the most stable structure of these systems as the true minima in DCM solvent and 

to compute thermodynamic parameters. All theoretical calculations are performed using the 

GAUSSIAN 16 program.117 

3.3 Results and Discussions 

3.3.1 Structure for thia[n]helicenes, [n]TH, n=1-10 in DCM solvent 

It is reported in the literature that the structure of neutral thia[3]helicene, [3]TH is non-planar 

spacer type and that of neutral thia[7]helicene, [7]TH is cross-conjugated and annelated into a 

helix.65 Sequential addition of a thiophene unit to thia[1]helicene, [1]TH in a syn manner is 

performed to produce thia[2]helicene, [2]TH. This procedure is repeated to produce larger 

thia[n]helicenes, [n]TH, n=3-10. Table 3.1 summarizes the molecular properties of neutral 

thia[n]helicenes, [n]TH, n=1-10 of fully optimized structures at B3LYP-D level with 6-

311++G(d,p) basis set in the gas phase and in DCM solvent. At the B3LYP-D level, the planar 

structure is obtained for thia[1]helicene in DCM (see Figure 3.1a). On moving further, for 

thia[2]helicene also a planar structure is obtained at the present level of theory in DCM (See 

Figure 3.1b). In case of thia[3]helicene the structure is nearly planar in DCM solvent and the 
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dihedral angles δ(Br1C2C3Br2) and δ(Br2C3C2C4) are calculated as 1.4° and -178.6° 

respectively (Figure 3.1c). Based on single-crystal X-ray analysis, it is reported that the 

dihedral angles, δ(Br1C2C3Br2) and δ(Br2C3C2C4) in thia[3]helicene and 13.3º and -164.3. 

65 Thus to improve geometrical parameters of thia[3]helicene, [3]TH in DCM solvent 

calculated at B3LYP-D level of theory, the optimized structure at B3LYP-D level is re-

optimized at MP2 level of theory considering DCM solvent. Calculated rBr1Br2 distance and 

spacer distance, rC2-C7 at the MP2 level of theory in DCM are 3.53 Å and 3.70 Å respectively. 

Calculated dihedral angles δ(Br1C2C3Br2) and δ(Br2C3C2C4) at this level are 11.3° and -

168.9° respectively (see Figure 3.1d).  

The non-planar structure obtained for thia[3]helicene at MP2 level is in good agreement with 

experimentally reported structure.65 Calculated Mulliken charges on Si and Br atoms are 0.56 

and -0.13 a.u. respectively in thia[3]helicene. Thus, two bulky Br groups present at C2 and C3 

not only create a geometrical steric hindrance but also create an electronic steric hindrance. 

This makes thia[3]helicene to have a non-planar structure. It may be noted that ω-B97XD96 

density functional also produces a planar structure for thia[3]helicene in DCM solvent with the 

same. In case of thia[4]helicene the structure obtained is non-planar (see Figure 3.1e) and the 

distance between the two Br atoms is found to be 3.51 Å. Moreover, the calculated dihedral 

angles δ(Br1C2C3Br2) and δ(Br2C3C2C4) in DCM solvent at MP2 level are -65.6° and 78.4° 

respectively. Calculated distances, rBr1-Br2, rC2-C3, rC4-C8 are 3.53, 4.24 and 6.97 Å respectively 

at MP2 level which is comparable to the corresponding values obtained at B3LYP-D level of 

theory. Thus, the structure obtained at B3LYP-D and MP2 level in DCM solvent are very close 

in thia[4]helicene in DCM solvent.  

Geometry optimization is also carried out for thia[1]helicene and thia[2]helicene at MP2 level 
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Table 3.1 Selected #geometrical parameters of neutral thia[n]helicenes, [n]TH n=1-10 calculated at B3LYP-D /6-311++G(d,p) level of theory in 

gas phase. Values in the braces show corresponding geometrical parameters neutral thia[n]helicenes, n=1-10 in DCM solvent. Bold-faced values 

in third braces are calculated at B3LYP/6-311++G(d,p) level of theory in DCM solvent. 

n 1 2 3 4 5 6 7 8 9 10 

rC4-C5 (Å) 
2.57, 

(2.57) 

2.51, 

(2.51) 

2.49, 

(2.49) 

2.50, 

(2.50) 

2.51, 

(2.51) 

2.50, 

(2.50) 

2.50, 

(2.50) 

2.50, 

(2.50) 

2.51, 

(2.51) 

2.50, 

(2.50) 

rC5-C6 (Å) - 
2.51, 

(2.51) 

2.42, 

(2.42) 

2.43, 

(2.43) 

2.44, 

(2.45) 

2.44, 

(2.44) 

2.43, 

(2.43) 

2.44, 

(2.44) 

2.43, 

(2.45) 

2.43, 

(2.43) 

rC7-C8 (Å) - - - 
2.50, 

(2.50) 

2.44, 

(2.45) 

2.43, 

(2.43) 

2.43, 

(2.42) 

2.44, 

(2.44) 

2.43, 

(2.45) 

2.43, 

(2.42) 

rC8-C9 (Å) - - - - 
2.50, 

(2.50) 

2.44, 

(2.44) 

2.43, 

(2.44) 

2.44, 

(2.44) 

2.43, 

(2.43) 

2.43, 

(2.43) 

rBr1-Br2 (Å) 

3.49, 

(3.49), 

[3.49] 

3.61, 

(3.62), 

[3.61] 

3.50, 

(3.51), 

[3.51] 

3.48, 

(3.51), 

[3.50] 

3.53, 

(3.52), 

[3.52] 

3.68, 

(3.65), 

[3.69] 

4.20, 

(4.09), 

[4.19] 

5.08, 

(4.94), 

[5.10] 

5.78, 

(5.82), 

[5.79] 

6.17, 

(5.73) , 

[6.18] 

δ(Br1C2C3Br2) 

(degree) 

0,  

(0),  

[0] 

0,  

(0), 

 [0] 

0,  

(1.4), 

[2.0] 

-60.6,  

(-65.9), 

 [-61.4] 

-107.3, 

 (-112.4), 

[-112.4] 

-149.2,  

(-153.4), 

[-149.0] 

-167.6,  

(-166.1),  

[-168.9] 

-123.7,  

(-94.2),  

[-124.8] 

-75.1,  

(-55.3),  

[-78.5] 

-26.0,  

(-30.9) , 

 [-29.0] 

δ(Br2C3C2C4) 

(degree)  

180, 

(180), 

[180] 

180, 

(180), 

[180] 

-180.0,  

(-178.6), 

[-178.2] 

78.2,  

(71.5), 

[77.4] 

-10.1,  

(-14.5),  

[-14.1] 

49.5,  

(51.6),  

[49.4] 

81.5, 

(82.6), 

[80.7] 

113.7, 

(141.9), 

[112.7] 

-151.8,  

(-165.5),  

[-149.5] 

-169.5,  

(-172.8),  

[-171.7] 

#Figure 3.1 may be referred for identifying geometrical parameters. 
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a             b 

 

  

c               d 

 

   

e               f 

S1
SiSi

rC2-C3 = 1.43 Å, rC4-C5 = 2.57 Å 

δ(Br1C2C3Br2) = 0°, δ(Br2C3C2C4) = 180°

∠C4S1C5 = 95.2 

rC2-C3 = 2.71 Å, rC4-C6 = 4.66 Å

δ(Br1C2C3Br2) = 0°, δ(Br2C3C2C4) = 180°

∠C4S1C5 = 91.6 

3.62 Å

S1

Si

S2

Br1

rC2-C3 = 3.73 Å, rC4-C7 = 6.21 Å 

δ(Br1C2C3Br2) = 1.4 , δ(Br2C3C2C4) = -178.6 

∠C4S1C5 = 91.3 , ∠C5S2C6 = 88.1 

S2

S3

Br2

Si

Br1

C6

Si

rC2-C3 = 3.70 Å, rC4-C7 = 6.20 Å 

δ(Br1C2C3Br2) = 11.3 , δ(Br2C3C2C4) = -168.9 

∠C4S1C5 = 91.9 , ∠C5S2C6 = 88.4 

S2

S3

Si

rC2-C3 = 4.29 Å, rC4-C8 = 6.94 Å 

δ(Br1C2C3Br2) = -65.9°, δ(Br2C3C2C4) = 71.5°

∠C4S1C5 = 91.4 , ∠C5S2C6 = 88.2 

S1

S2

C8

rC2-C3 = 4.35 Å, rC4-C9 = 6.86 Å 

δ(Br1C2C3Br2) = -112.4 , δ(Br2C3C2C4) = -14.1 

∠C4S1C5 = 91.5 , ∠C6S3C7 = 88.4 

S1

Si

S2

C5
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g               h 

 

  

i              j 

 

 

 

 

 

 

rC2-C3 = 4.23 Å, rC4-C10 = 6.17 Å 

δ(Br1C2C3Br2) = -153.4 , δ(Br2C3C2C4) = 51.6 

∠C4S1C5 = 91.5 , ∠C5S2C6 = 88.2 

C7

rC2-C3 = 4.12 Å, rC4-C11 = 5.75 Å 

δ(Br1C2C3Br2) = -166.1 , δ(Br2C3C2C4) = 82.6 

∠C4S1C5 = 91.4 , ∠C5S2C6 = 88.1 

C7

C10

rBr1-Br2 = 4.94 Å, rC2-C3 = 3.90 Å, rC4-C12 = 4.88 Å 

δ(Br1C2C3Br2) = -94.2 , δ(Br2C3C2C4) = 141.9 

∠C4S1C5 = 91.5 , ∠C5S2C6 = 88.1 

rBr1-Br2 = 5.82 Å, rC2-C3 = 4.31 Å, rC4-C13 = 5.33 Å, 

δ(Br1C2C3Br2) = -55.3°, δ(Br2C3C2C4) = -165.5°

∠C4S1C5 = 91.5 , ∠C5S2C6 = 88.3 

Br2

C8

S3

S9
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               k 

Figure 3.1 Most stable structures of neutral thia[n]helicenes, [n]TH, n=1-10 a) [1]TH, b) 

[2]TH, c) [3]TH (B3LYP-D), d) [3]TH (MP2), e) [4]TH, f) [5]TH, g) [6]TH, h) [7]TH, i) [8]TH, 

j) [9]TH and k) [10]TH, with selected geometrical parameters calculated at B3LYP-D/6-

311++G(d,p) level of theory in DCM solvent. d) is the most stable structure of thia[3]helicene 

calculated at MP2 is /6-311++G(d,p) level of theory in DCM solvent. 

 

to examine the performance of B3LYP-D functional. Geometrical parameters obtained for 

these thia[n]helicenes at MP2 level are very close to those obtained at B3LYP-D level of 

theory. Thus, for the rest of the systems, geometry optimization is carried out by applying 

B3LYP-D functional. For thia[5]helicene the non-planar structure is displayed in Figure 3.1f. 

In the case of the next larger system, thia[6]helicene the same kind of non-planar structure is 

obtained as shown in Figure 3.1g. It may be noted that the helical structure obtained for 

thia[7]helicene, [7]TH (see Figure 3.1h) is consistent with the experimentally reported structure 

of thia[7]helicene, [7]TH.65 Calculated Mulliken charges on sulfur atoms labeled as S1, S2, S3, 

and S4 are 0.12 a.u., -0.36 a.u., -0.28 a.u. and -0.30 a.u. respectively. In case of thia[8]helicene, 

eight thiophene rings are fused to make a coil type structure as shown in Figure 3.1i. The 

structures of thia[n]helicenes, [n]TH, n=9-10 are also fully optimized considering DCM solvent 

at B3LYP-D level and shown in Figure 3.1j and Figure 3.1k respectively. One can easily note 

rBr1-Br2 = 5.73 Å, rC2-C3 = 5.05 Å, rC4-C14 = 6.55 Å 

δ(Br1C2C3Br2) = -30.9°, δ(Br2C3C2C4) = -172.8°

∠C4S1C5 = 91.5 , ∠C5S2C6 = 88.2 

C2

C3

C4

C6

C7

S3
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from Table 1 that only a very small change is obtained in the listed geometrical parameters for 

these thia[n]helicenes with addition of thiophene rings except for dihedral angle as the systems 

loose planarity for larger size (n≥3) helicenes. Table 3.1 indicates that calculated dihedral 

angles for thia[n]helicenes, n=3-8 at B3LYP-D level are considerably different than those at 

B3LYP level showing the effect of dispersion in the geometry. However, no difference in the 

calculated distance between the two Br atoms is observed. In short, it is predicted that the 

structures of [1]TH to [3]TH systems are planar at B3LYP-D/6-311++G(d,p) level of theory in 

gas phase and in DCM solvent. However, the structure of neutral thia[3]helicene, [3]TH is not 

planar when the calculation is carried out at the MP2 level of theory in gas phase as well as in 

DCM solvent Except for [3]TH system, calculated geometrical parameters of these neutral 

helicenes at B3LYP-D and MP2 levels of theory for thia[n]helicenes, [n]TH, n=1-10 are very 

close in the gas phase as well as in DCM solvent. 

3.3.2 Ionization energies for thia[n]helicenes, [n]TH, n=1-10 in DCM solvent 

Ionization energy is a significant molecular parameter, as it gives an account of the stability of 

the molecular systems. Thus, ionization energy must be considered to get the energy required 

to convert neutral molecular systems to their corresponding positive charged systems. Also, 

the additional benefits of positively charged systems can behave as p-type semiconductor and 

transport properties may be significantly enhanced. Thus, ionization energies of these 

thia[n]helicenes systems are reported to investigate the suitability of these systems for finding 

applications as organic electronic devices. The ionization energies (IE) for thia[n]helicenes,  
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Table 3.2 Calculated ionization energy (in eV) of thia[n]helicenes, [n]TH, n=1-10 in gas phase 

applying different theoretical methods. Values in the braces are the corresponding energy in 

DCM solvent. 

Ionization energy (in eV) of thia[n]helicenes, [n]TH, n = 1-5 

Method [1]TH [2]TH [3]TH [4]TH [5]TH 

i) 7.9, (6.5) 7.5, (6.2) 7.3, (6.1) 7.2, (5.9) 7.0, (5.7) 

ii) 8.5, (6.5) 7.5, (6.2) 7.3, (6.1) 7.2, (5.9) 7.0, (5.7) 

iii) 8.5, (6.5) 7.5, (6.2) 7.3, (6.1) 7.2, (5.9) 7.0, (5.7) 

iv) 8.6, (7.2) 7.3, (5.9) 7.1, (5.8) 7.5, (6.2) 7.2, (5.8) 

Ionization energy (in eV) of thia[n]helicenes, [n]TH, n = 6-10 

Method [6]TH [7]TH [8]TH [9]TH [10]TH 

i) 7.0, (5.8) 6.9, (5.8) 6.8, (5.6) 6.8, (5.7) 6.8, (5.7) 

ii) 7.0, (5.8) 6.9, (5.8) 6.8, (5.6) 6.8, (5.7) 6.8, (5.7) 

iii) 7.0, (5.8) 6.9, (5.8) 6.8, (5.6) 6.8, (5.7) 6.8, (5.7) 

iv) 7.3, (6.0) 6.7, (5.5) 6.6, (5.7) 6.6, (5.5) 7.2, (6.1) 

i) B3LYP, ii) B3LYP-D, iii) B3LYP-D3, and iv) MP2 with 6-311++G(d,p) basis set 

 

[n]TH, n=1-10 are calculated as the difference of energy for the most stable structures of neutral 

and their corresponding radical cations in gas phase and The most stable structures obtained 

for neutral and their corresponding radical cations at B3LYP-D level of theory are being used 

to calculate the IE at B3LYP-D3 and MP2 levels of theory. One can see from the Table 3.2 that 

IE values calculated at different levels of theory for each size of thia[n]helicenes, [n]TH in the 

gas phase are very close at the DFT level. It is also observed that IE values calculated at the 

MP2 level show both positive and negative deviation with respect to DFT values. Again, IE 

values calculated including the medium effect of DCM solvent following a macroscopic 
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solvent model are significantly lower than those in the gas phase for all thia[n]helicenes. The 

observation is consistent at MP2 and all the DFT levels considered at present. This suggests 

that cations of thia[n]helicenes are more stable in DCM solvent compared to gas phase. Table 

3.2 also indicates that ionization energy value of these systems in gas phase calculated at DFT 

levels decreases with the addition of each ring to saturate at 6.8 eV. however, the calculated 

values are within 0.4 eV except for thia[1]helicene. Table 3.2 also indicates that ionization 

energy value of these systems in gas phase calculated at DFT levels decreases with the addition 

of each ring to saturate at 6.8 eV. However, when the same parameter is calculated including 

solvent effect at the same levels of theory, ionization energy value leads to 5.7 eV for 

thia[10]helicene. It is also noted that IE values increase on addition of a ring to neutral 

thia[5]helicene and thia[8]helicene. At MP2 level, calculated IE values show a different trend 

on addition of a ring; however, the calculated values are within 0.4 eV except for 

thia[1]helicene. 

3.3.3 HOMO-LUMO gap for thia[n]helicenes, [n]TH, n=1-10 in DCM solvent 

For a large conjugated system, small highest occupied molecular orbital (HOMO) to 

unoccupied molecular orbital (LUMO) gaps lead to mobile π electrons which make it easy for 

the electron to jump to a higher energy level that is close in energy. Thus, the greater the 

mobility of the π electrons in large conjugated π-orbital systems leads to greater stabilization 

of molecules as the distribution of the energy throughout the molecule. Hence, smaller HOMO-

LUMO gaps correspond to better stability. This mobility of the π-electron also contributes to 

its conductivity. Moreover, HOMO-LUMO gaps also indicates the minimum energy 

requirement for an electronic transition. Thus, it is an essential molecular parameter for these 

helicenes for finding applications as organic electronic devices in a suitable energy range. The 
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energy separation between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) has been used as a simple indicator of kinetic stability 

of a molecular system. A large HOMO-LUMO gap implies high kinetic stability and low 

chemical reactivity, because it is energetically unfavourable to add electrons to a high-lying 

LUMO, to extract electrons from a low-lying HOMO, and so to form the activated complex of 

any potential reaction. Moreover, HOMO-LUMO gas also indicates the minimum energy 

requirement for an electronic transition. Thus, it is an important molecular parameter for these 

helicenes for finding applications as organic electronic devices in a suitable energy range.  

 

Table 3.3 Calculated HOMO-LUMO energy gap (in eV) of thia[n]helicenes, [n]TH, n=1-10 in 

the gas phase. Values in the braces are the corresponding energy gaps of neutral thia[n]helicenes 

in DCM solvent. Data shown in bold faces are the experimental values from the literature. 

HOMO-LUMO energy gap (in eV) of thia[n]helicenes, [n]TH, n = 1-5 

Method [1]TH [2]TH [3]TH [4]TH [5]TH 

i) 5.3, (5.3) 5.0, (5.1) 4.9, (4.9) 4.7, (4.7) 4.5, (4.6) 

ii) 5.3, (5.3) 5.0, (5.1) 4.9, (4.9) 4.7, (4.7) 4.5, (4.6) 

iii) 5.3, (5.3) 5.0, (5.1) 4.9, (4.9), 4.9 4.7, (4.7) 4.5, (4.6) 

HOMO-LUMO energy gap (in eV) of thia[n]helicenes, [n]TH, n = 6-10 

Method [6]TH [7]TH [8]TH [9]TH [10]TH 

i) 4.6, (4.6) 4.5, (4.6) 4.4, (4.2) 4.3, (4.3) 4.3, (4.3) 

ii) 4.6, (4.6) 4.5, (4.6) 4.4, (4.2) 4.3, (4.3) 4.3, (4.3) 

iii) 4.6, (4.6) 4.5, (4.6), 5.0 4.4, (4.2) 4.3, (4.3) 4.3, (4.3) 

i) B3LYP, ii) B3LYP-D, and iii) B3LYP-D3 with 6-311++G(d,p) basis set 
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Table 3.3 summaries calculated HOMO-LUMO gap of thia[n]helicenes, [n]TH, n=1-10 at 

B3LYP, B3LYP-D, B3LYP-D3 levels of theory using 6-311++G(d,p) basis set in the gas phase 

and in DCM solvent. This energy parameter has been calculated considering the most stable 

structure of the respective helicene. Table 3.3 indicates that on the addition of each ring the 

calculated energy gap systematically decreases to saturate at 4.3 eV in the gas phase. This 

behaviour is consistent at all the three levels of DFT considered at present and the calculated 

values are also the same. Incidentally, when the energy gap is calculated considering the most 

stable structures of thia[n]helicenes obtained in DCM solvent, the values are the same as in gas 

phase except a few cases. The energy gap for [3]TH and [7]TH are reported in the literature as 

4.9 eV and 5.0 eV respectively, calculated based on experimental UV-Vis spectra.65 

The present calculated value for [3]TH is exactly the same as the literature data at all the three 

levels of theory.65 However, present calculated data for [7]TH system is 0.4 eV lower than the 

literature data. Overall, the calculated HOMO-LUMO gap of thia[n]helicenes, [n]TH, n=1-10 

shown in Table 3 should be reliable. In short, for neutral thia[n]helicenes, n=1-10 the calculated 

HOMO-LUMO gap belongs to UV-region of the electromagnetic spectrum. 

3.3.4 Structure for radical cations of thia[n]helicenes, [n]TH•+, n=1-10 in DCM solvent 

It is reported in the literature based on electrochemical experiments that stable radical cation 

of thia[7]helicene, [7]TH•+ can be generated at room temperature in the presence of counter ion 

PF6
 in DCM solvent.67 Geometrical parameters of radical cation of thia[n]helicenes, n=1-10, 

[n]TH•+ are optimized considering the corresponding neutral structure as the initial input. For 

the sake of simplicity, calculations are performed without using counterion. Table 3.4 shows 

selected geometrical parameters of the fully optimized structures of radical cations of 

thia[n]helicenes, [n]TH•+
, n=1-10 at B3LYP-D functional considering 6-311++G(d,p) basis set 
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in the gas phase and DCM solvent. The optimized molecular structures of radical cations of 

thia[n]helicenes, [n]TH•+
 for n=1-10 in DCM solvent are provided in Figure 3.2(a-j). Table 3.4 

reveals that no significant change occurs for the geometrical parameters ongoing from gas 

phase to solvent DCM except for a few larger size helicenes. It may also be noted from Figure 

3a that the radical cation of thia[1]helicene is planar. The spin densities are equally populated 

over carbon atoms labeled as C4 and C5 with 0.3 a.u. and that on sulfur atom (S1) is 0.01 a.u. 

In case of radical cation of thia[2]helicene, a planar structure (see Figure 3.2b) is obtained. The 

spin densities are equally (0.16 a.u.) populated over sulfur atoms, S1 and S2 and the same at 

C4 and C6 is 0.07 a.u. In contrast, for the radical cation of thia[3]helicene, a non-planar 

structure (see Figure 3.2c) is obtained in DCM solvent. Mulliken charges on Si and Br atoms 

are obtained as 0.46 and -0.03 respectively. The spin densities at sulfur atoms labeled as S1 

and S2 are 0.05 and 0.2 a.u. respectively and for carbon atoms labeled as C4 and C7 the value 

of spin density is 0.12 a.u. Closer proximity of two bulky Br atoms present at carbon atoms 

labeled as C2 and C3 may be the source of geometrical and electronic steric hindrances. This 

makes the planar structure of radical cation of thia[3]helicene unstable and converts it into a 

stable non-planar helical structure. Thus, to produce helical shape in radical cation of 

thia[3]helicene, the presence of TMS groups at carbon atoms labeled as C4 and C7 atoms and 

Br groups at carbon atoms labeled as C2 and C3 atoms is necessary. For thia[4]helicene radical 

cation, the dihedral angles δ(Br1C2C3Br2) and δ(Br2C3C2C4) are calculated as -66.2° and 

76.2° respectively showing it as a non-planar structure (see Figure 3.2d). In the case of the 

optimized structure of radical cation of thia[4]helicene, Mulliken charges over Si and Br atoms 

are -0.49 a.u. and -0.01 a.u. respectively. The spin densities at sulfur atoms labeled as S1 and 

S2 are 0.12 a.u. and 0.06 a.u. respectively and for carbon atoms labeled as C4 and C8 the same 

is obtained as -0.01 a.u. For thia[5]helicene radical cation, the  
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Table 3.4 Selected #geometrical parameters for radical cations of thia[n]helicenes, [n]TH•+ n=1-10 calculated at B3LYP-D /6-311++G(d,p) level 

of theory in gas phase. Values in the braces show corresponding geometrical parameters for radical cations of thia[n]helicenes, n=1-10 in DCM 

solvent. Bold-faced values in third braces are calculated at B3LYP/6-311++G(d,p) level of theory in DCM solvent. 

N 1 2 3 4 5 6 7 8 9 10 

rC4-C5 (Å) 
2.55, 

(2.55) 

2.50, 

(2.50) 

2.48, 

(2.47) 

2.50, 

(2.50) 

2.50, 

(2.50) 

2.49, 

(2.50) 

2.50, 

(2.50) 

2.50, 

(2.50) 

2.50, 

(2.50) 

2.50, 

(2.50) 

rC5-C6 (Å) - 
2.50, 

(2.50) 

2.43, 

(2.42) 

2.42, 

(2.42) 

2.45, 

(2.42) 

2.43, 

(2.43) 

2.43, 

(2.44) 

2.43, 

(2.44) 

2.43, 

(2.43) 

2.43, 

(2.43) 

rC7-C8 (Å) - - - 
2.50, 

(2.50) 

2.45, 

(2.45) 

2.42, 

(2.42) 

2.43, 

(2.43) 

2.42, 

(2.44) 

2.41, 

(2.41) 

2.43, 

(2.43) 

rC8-C9 (Å) - - - - 
2.43, 

(2.43) 

2.43, 

(2.42) 

2.41, 

(2.41) 

2.42, 

(2.43) 

2.42, 

(2.42) 

2.42, 

(2.41) 

rBr1-Br2 (Å) 

3.51, 

(3.52), 

[3.48] 

3.60, 

(3.60), 

[3.59] 

3.54, 

(3.55), 

[3.55] 

3.48, 

(3.49), 

[3.48] 

3.55, 

(3.55), 

[3.58] 

3.71, 

(3.67), 

[3.72] 

4.30, 

(4.10), 

[4.30] 

5.14, 

(5.10), 

[5.10] 

5.74, 

(5.77), 

[5.77] 

6.20, 

(6.21) , 

[6.21] 

δ(Br1C2C3Br2) 

(degree) 

0,  

(0),  

[0] 

0,  

(0), 

 [0] 

0, (18.3), 

[12.9] 

-65.7,  

(-66.2), 

 [-62.5] 

-114.5, 

 (-113.2), 

[-108.1] 

-147.4,  

(-151.9), 

[-147.0] 

-166.5,  

(-165.9),  

[-167.9] 

-124.4,  

(-124.8),  

[-124.8] 

-59.9,  

(-66.0),  

[-82.3] 

-27.4,  

(-11.6) , 

[-29.8] 

δ(Br2C3C2C4) 

(degree)  

180, 

(180), 

[180] 

180, 

(180), 

[180] 

-161.1,  

(-162.6), 

[-166.4] 

71.6,  

(71.2), 

[76.1] 

-12.8,  

(-11.7),  

[-7.3] 

46.9,  

(48.7),  

[46.5] 

80.8, 

(81.5), 

[79.9] 

99.2, 

(112.2), 

[112.7] 

-147.1,  

(-161.8),  

[-146.4] 

-170.8,  

(-159.7),  

[-172.3] 

#Figure 3.2 may be referred for identifying geometrical parameters.  
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a              b 

   

c               d 

   

e               f 

S1
SiSi

rC2-C3 = 1.43 Å, rC4-C5 = 2.57 Å 

δ(Br1C2C3Br2) = 0°, δ(Br2C3C2C4) = 180°

∠C4S1C5 = 95.2 

rC2-C3 = 2.69 Å, rC4-C6 = 4.67 Å

δ(Br1C2C3Br2) = 0°, δ(Br2C3C2C4) = 180°

∠C4S1C5 = 92.9 

3.62 Å

S1

Si

S2

Br1

rC2C3 = 3.68 Å, rC4C7 = 6.20 Å 

δ(Br1C2C3Br2) = 16.2 , δ(Br2C3C2C4) = -162.6 

∠C4S1C5 = 91.3 , ∠C5S2C6 = 88.1 

S2

S3

Si

rC2-C3 = 4.20 Å, rC4-C8 = 6.87 Å 

δ(Br1C2C3Br2) = -66.2°, δ(Br2C3C2C4) = 71.2°

∠C4S1C5 = 92.2 , ∠C5S2C6 = 89.2 

S1

S2

C8

rC2-C3 = 4.19 Å, rC4-C9 = 6.70 Å 

δ(Br1C2C3Br2) = -113.2 , δ(Br2C3C2C4) = -11.7 

∠C4S1C5 = 92.0 , ∠C6S3C7 = 89.2 

S1

Si

S2

C5

rC2-C3 = 4.09 Å, rC4-C10 = 6.15 Å 

δ(Br1C2C3Br2) = -151.9 , δ(Br2C3C2C4) = 48.7 

∠C4S1C5 = 91.6 , ∠C5S2C6 = 89.2 

C7
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g                 h 

   

i                 j 

Figure 3.2 Most stable structures for (a-j) radical cation of thia[n]helicenes, [n]TH•+, n=1-10 

a) [1]TH•+, b) [2]TH•+, c) [3]TH•+, d) [4]TH•+, e) [5]TH•+, f) [6]TH•+, g) [7]TH•+, h) [8]TH•+, i) 

[9]TH•+, and j) [10]TH•+ with selected geometrical parameters calculated at B3LYP-D/6-

311++G(d,p) level of theory in DCM solvent. 

 

rC2-C3 = 3.97 Å, rC4-C11 = 5.00 Å 

δ(Br1C2C3Br2) = -165.9 , δ(Br2C3C2C4) = 81.5 

∠C4S1C5 = 91.9 , ∠C5S2C6 = 88.1 

C7

C10

rBr1-Br2 = 5.10 Å, rC2-C3 = 3.99 Å, rC4-C12 = 5.55 Å 

δ(Br1C2C3Br2) = -124.4 , δ(Br2C3C2C4) = 112.2 

∠C4S1C5 = 91.8 , ∠C5S2C6 = 88.9 

rBr1-Br2 = 5.77 Å, rC2-C3 = 4.05 Å, rC4-C14 = 4.98 Å, 

δ(Br1C2C3Br2) = -60.0°, δ(Br2C3C2C4) = -161.8°

∠C4S1C5 = 91.6 , ∠C5S2C6 = 88.5 

Br2

C8

S3

S9

rBr1-Br2 = 6.21 Å, rC2-C3 = 5.00 Å, rC4-C13 = 6.59 Å, 

δ(Br1C2C3Br2) = -11.6°, δ(Br2C3C2C4) = -159.7°

∠C4S1C5 = 91.7 , ∠C5S2C6 = 88.1 

C2

C3

C4

C6

C7

S3
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dihedral angles δ(Br1C2C3Br2) and δ(Br2C3C2C4) are calculated as -113.2° and -11.7° 

respectively showing it as a helical structure (see Figure 3.2e). Spin densities on sulfur atoms 

labeled as S1, S2 and S3 are 0.07, 0.13 and 0.01 a.u. respectively and for carbon atoms labeled 

as C4 and C9 the value obtained is 0.01 a.u. The dihedral angles δ(Br1C2C3Br2) and 

δ(Br2C3C2C4) the radical cation of thia[6]helicene  (see Figure 3.2f)are obtained as -151.9 

and 48.7° respectively showing largely non-planar helical structure. The calculated spin 

densities over sulfur atoms labeled as S1, S2, and S3 are 0.02, 0.12 and 0.01 a.u. respectively. 

In the case of radical cation of thia[7]helicene in DCM solvent, the dihedral angles 

δ(Br1C2C3Br2) and δ(Br2C3C2C4) are -165.9 and 81.5° respectively (see Figure 3.2g). Spin 

densities on sulfur atoms labeled as S1, S2, S3, and S4 are 0.05, 0.04, 0.04 and 0.16 a.u. 

respectively and the same for C4 and C11 atoms is -0.01 a.u.. The structure obtained for radical 

cation of thia[8] helicene is also of coil type. The one complete turn in this coil type structure 

requires eight fused thiophene rings for radical cation of thia[8] helicene. For the radical cations 

of thia[8]helicene, thia[9]helicene and thia[10]helicene coil type helical structures (see Figure 

3.2(h-j) are obtained in DCM solvent. Table 3.4 indicates that calculated dihedral angles for 

thia[n]helicenes radical cations, n=3-8 at B3LYP-D level are considerably different than those 

at B3LYP level showing the effect of dispersion in the geometry. However, no difference in 

the calculated distance between the two Br atoms is observed. 

In short, the stepwise addition of thiophene rings in these radical cations produces planar 

structures in radical cations of thia[n]helicenes, [n]TH•+ for n=1-2 in the gas phase and in DCM 

solvent. For the radical cations of thia[n]helicenes, [n]TH•+ for n=3-6 the non-planar structures 

are obtained in the gas phase as well as in solvent. In the case of radical cations of 

thia[n]helicenes, [n]TH•+ for n=7-10, the coil type helical structures are obtained in the gas 

phase as well as in DCM solvent. The Si and Br atoms are found to be positively and negatively  
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Figure 3.3 Spin density plot for thia[7]helicenes radical cation calculated at B3LYP-D/6-

311++G(d,p) level of theory in DCM solvent with contour cutoff= 0.002 a.u. 

 

charged respectively. In case of thia[n]helicenes, [n]TH•+ for n=1-6.  

Spin density in the most stable structure of these thia[n]helicenes (n=1-10) radical cation is 

calculated at B3LYP-D/6-311++G(d,p) level including the macroscopic effect of DCM solvent 

following ROHF (Restricted Open-shell Hartree Fock) formalism to avoid any spin 

contamination. Calculated spin density is plotted to understand the pattern of location of the 

odd electron in these systems. Figure 3.3 shows the spin density plot of thia[7]helicenes radical 

cation, [7]TH•+ with a contour cut-off value of 0.002 a.u. It is observed that a significant amount 

of spin density is always present on heavy atoms. Thus it is expected that high g value may be 

obtained in the EPR spectra of thia[n]helicenes radical cation, [n]TH•+. In fact, based on EPR 

study it is reported that g value for thia[7]helicene radical cation is ~ 2.006 which is comparable 

to the g value of free electron.67 
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3.3.5 HOMO-LUMO energy gap for thia[n]helicenes radical cation, [n]TH•+, n=1-10 in 

DCM solvent 

Energy gaps between two selected orbitals in radical cations of thia[n]helicenes, [n]TH•+, n=1-

10 are calculated at B3LYP, B3LYP-D and B3LYP-D3 levels based on the optimized 

structures in DCM solvent applying respective functional. In these odd electron radical cation 

helicenes, the highest occupied orbital is singly occupied and it is referred as the lowest singly 

occupied molecular orbital or LSOMO. Optical absorption band may be observed when an 

electron makes a transition from the highest doubly occupied molecular orbital or HDOMO to 

LSOMO. Table 3.5 provides the calculated HDOMO-LSOMO gap for the radical cations of 

 

Table 3.5 Calculated HDOMO-LSOMO energy gap (in eV) for radical cations of 

thia[n]helicenes, [n]TH•+, n=1-10 in DCM solvent. Values in the braces are the corresponding 

LSOMO-LUMO gaps for radical cations of thia[n]helicenes in DCM solvent. HDOMO refers 

to the highest doubly occupied molecular orbital, LSOMO stands for the lowest singly 

occupied molecular orbital and LUMO stands for the lowest unoccupied molecular orbital 

Energy gap (in eV) for thia[n]helicene radical cations, [n]TH•+, n = 1-5 

Method [1]TH•+ [2]TH•+ [3]TH•+ [4]TH•+ [5]TH•+ 

i) 
3.2, (1.9) 3.0, (2.3) 3.0, (2.1) 2.8, (1.8) 2.7, (1.7) 

ii) 3.2, (1.9) 3.0, (2.3) 3.0, (2.1) 2.8, (1.8) 2.7, (1.7) 

iii) 
3.2, (1.9) 3.0, (2.3) 3.0, (2.1) 2.8, (1.8) 2.7, (1.7) 

Energy gap (in eV) for thia[n]helicene radical cations, [n]TH•+, n = 6-10 

Method [6]TH•+ [7]TH•+ [8]TH•+ [9]TH•+ [10]TH•+ 

i) 
2.6, (1.7) 2.5, (1.9) 2.4, (2.0) 2.5, (1.9) 2.3, (1.8) 

ii) 
2.6, (1.7) 2.5, (1.9) 2.4, (2.0) 2.5, (1.9) 2.3, (1.8) 

iii) 
2.6, (1.7) 2.5, (1.9) 2.4, (2.0) 2.5, (1.9) 2.3, (1.8) 

i) B3LYP, ii) B3LYP-D, and iii) B3LYP-D3 with 6-311++G(d,p) basis set 
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thia[n]helicenes and these values are in the range of 3.2 - 2.3 eV. It is observed that the values 

for each size helicene radical cation are the same at all these three DFT functionals. It is 

interesting to note that the HDOMO-LSOMO energy gap decreases on the stepwise addition 

of the thiophene rings to the radical cation of thia[1]helicene, [1]TH•+ till [10]TH•+ with an 

exception for [9]TH•+. The continuous decrease may be due to the increase in conjugation with 

the increase in the number of thiophene rings in the helicene radical cations. Moreover, the 

calculated HDOMO-LSOMO energy gap lies in the visible region of the electromagnetic 

spectrum. Similarly, LSOMO-LUMO energy gaps in these thia[n]helicene radical cations are 

also calculated and listed in Table 3.5. These energy gaps are in the range of 2.1 - 1.7 eV and 

no systematic variation is seen. However, the change in energy gap is small (0.1 eV) for the 

large size helicenes. Interestingly, the calculated values are same again for the same size of 

helicene at all the three levels of DFT functionals. Calculated LSOMO-LUMO energy gap for 

radical cations of thia[n]helicenes, [n]TH•+ for n=4-6,10 lies in NIR region of the 

electromagnetic spectrum. In summary, these doublet radical cationic systems generated from 

their corresponding neutral systems have a suitable HDOMO-LSOMO and LSOMO-LUMO 

energy gaps. Moreover, the helical structures provide flexibility for using these radical cationic 

doublet systems as IR detector. 

3.3.6 Excited state electronic spectra for radical cations of thia[n]helicenes, [n]TH•+, 

n=1-10 in DCM 

To obtain optical absorption bands (λmax) for the radical cations of thia[n]helicene, [n]TH•+, 

n=1-10, excited state electronic structure calculations are carried out following TDDFT 

procedure. CAM-B3LYP, DFT functional in conjunction with 6-311++G(d,p) basis set are 

considered for the excited state calculations in DCM solvent following macroscopic solvent 

model for all the radical cations of these thia[n]helicenes. Table 3.6 shows calculated λmax,  
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Table 3.6 Calculated excited state data for the radical cations of thia[n]helicenes, [n]TH•+ (n=1-

10) in DCM solvent considering CAM-B3LYP/6-311++G(d,p) level of theory under TDDFT 

formalism. 

N 
λmax  

(nm) 

Oscillator strength 

(f) 

Electronic  

Transitions§ 

1 

1351 0.013 H → L  (0.97) 

435 0.136 H-2 → L  (0.92) 

413 0.010 H-4 → L  (0.98) 

2 

850 0.114 H-1 → L  (0.93) 

457 0.087 H-7 → L  (0.71) 

387 0.023 H-6 → L  (0.97) 

3 
1454 0.125 H-1 → L  (0.74) 

442 0.070 H-4 → L  (0.56), H-9 → L  (0.56) 

4 

1028 0.004 H-1 → L  (0.96) 

726 0.177 H-2 → L  (0.96) 

425 0.003 H-4 → L  (0.51), H-10 → L  (0.51) 

5 

2071 0.003 H → L  (0.86) 

994 0.001 H-2 → L  (0.94) 

917 0.146 H-1 → L  (0.79) 

6 

2961 0.012 H → L  (0.71) 

1089 0.095 H-1 → L  (0.72) 

643 0.052 H-3 → L  (0.90) 

7 

2206 0.081 H-1 → L  (0.86) 

634 0.107 H-4 → L (0.95) 

505 0.030 H-5 → L (0.90) 

8 

984 0.003 H-3 →L  (0.92) 

785 0.092 H-4 →L  (0.92) 

492 0.057 H-6 →L  (0.94) 

9 

1466 0.009 H-2 → L  (0.95) 

980 0.061 H-3 → L  (0.96) 

450 0.073 H-7 → L  (0.68) 

10 

1605 0.055 H → L  (0.97) 

968 0.044 H-3 → L  (0.74) 

780 0.007 H-4 → L  (0.73) 

§
H = Highest doubly occupied molecular orbital (HDOMO) & L = Lowest singly occupied molecular 

orbital (LSOMO). Values in the braces show relative contribution of the transition for the optical band. 

Transitions with major contributions are only shown. 
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a 

 

 

                 b 

Figure 3.4 Simulated UV-Vis spectra for radical cations of thia[n]helicenes, n[TH]•+ a) n=1-5 

and b) 6-10 in DCM solvent following TDDFT procedure at CAM-B3LYP/6-311++G(d,p) 

level of theory. The figures are taken at isovalue of 0.002 a.u. 
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oscillator strength (f) and origin of corresponding electronic transitions for all these ten radical 

cations of thia[n]helicenes. Simulated electronic spectra of thia[n]helicene radical cations, 

[n]TH•+ (n=1-5) in DCM solvent are displayed in Figure 3.4a. It is interesting to note that 

[3]TH•+ has the stronger absorption band in the IR region (λmax = 1454 nm) with the calculated 

oscillator strength of 0.125. It is also observed that thia[n]helicene radical cations, [1]TH•+  and 

[5]TH•+ have weak bands in this region. Similarly, simulated electronic spectra of 

thia[n]helicene radical cations, [n]TH•+ (n=6-10) in DCM solvent are displayed in Figure 3.4b. 

It may also be noted that radical cations of thia[7]helicene, [7]TH•+ and thia[10]helicene, 

[10]TH•+ have also strong absorption bands in the IR region (λmax = 2206 and 1604 nm 

respectively). However, calculations suggest that optical absorption bands in IR region for 

thia[n]helicene radical cations, [6]TH•+, [8]TH•+ and [9]TH•+ are relatively weak. Out of all 

these radical cationic systems studied at present the experimental absorption spectrum has been 

reported only for the radical cation of thia[7]helicene, [7]TH•+ having λmax value at 510 nm.[67] 

However, the optical spectrum has been reported only upto 1000 nm. Error may be due to the 

fact that the experimental UV-Visible spectrum of radical cation of thia[7]helicene, [7]TH•+ is 

reported having PF6
- as the counter ion in DCM solvent. However, the present calculations 

have been carried out in DCM solvent considering a macroscopic solvent model without any 

counterion. 

The selected MOs are plotted using the most stable structures of these radical cations of 

thia[n]helicenes, [n]TH•+, n=1-10 in DCM solvent calculated applying B3LYP-D functional 

and 6-311++G(d,p) basis functions in Figure 3.5. For radical cation of thia[1]helicene,  [1]TH•+, 

the lowest energy band (1351 nm) is mainly due to the electronic transition of  HDOMO  

LSOMO (see Table 3.6); HDOMO refers to the highest doubly occupied  
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a1           a2           a3  

 

   

b1                 b2 

 

     

c1             c2               c3 

Figure 3.5 Selected molecular orbital plots (a1-c2) for radical cations of thia[n]helicenes, a1) 

H orbital of [1]TH•+, a2) L orbital of [1]TH•+, a3) H-2 orbital of [1]TH•+, b1) H-1 orbital of 

[3]TH•+
, b2) L orbital of [3]TH•+ c1) H-4 orbital of [7]TH•+, c2) L orbital of [7]TH•+, and c3) 

H-1 orbital of [7]TH•+ based on most stable structures in DCM solvent. 

 

molecular orbital (henceforth referred as H) and LSOMO refer to the lowest singly occupied 

molecular orbital (henceforth referred as L). These two orbitals are plotted in Figure 3.5a1 and 

Figure 3.5a2 respectively. From the orbital plots, it appears that it is a ππ* (ring) electronic 

[3]TH•+ (LSOMO (π* type))

5d) 
[3]TH•+ (HDOMO-1 (π type))

5c) 



 

63 

 

transition. However, the strong band in the visible region at 435 nm is mainly due to H-2L 

electronic transition. H-2 orbital is shown in Figure 3.5a3 and it appears to be a σ orbital. Thus, 

the strong optical absorption band of thia[1]helicene, [1]TH•+ is due to σπ*. The assignment  

coefficients of atomic orbitals. In case of the radical cation of thia[2]helicene, [2]TH•+, the 

major optical absorption band at 850 nm is mainly due to H-1L transition and orbital analysis 

suggests that it is a π-π* transition. Similarly, for radical cation of thia[3]helicene, [3]TH•+, the 

strong optical absorption band at 1454 nm is mainly due to H-1L transition. The orbitals, H-

1 and L are displayed in Figure 3.5b1 and Figure 3.5b2 respectively and the transition as π-π*. 

It is interesting to note that on successive addition of two thiophene rings to [1]TH•+, the major 

optical band undergoes large red shift from 435 nm to 850 nm for [2]TH•+ and 850 nm to 1454 

nm for [3]TH•+ system. In case of radical cation of thia[4]helicene, [4]TH•+ the major optical 

band is largely blue shifted compared to [3]TH•+ and the band is originated due to n-π* type 

electronic transition. On successive addition of two thiophene rings to [4]TH•+ systems, the 

strong optical band is predicted to be red shifted at 917 nm and 1089 nm in [5]TH•+ and [6]TH•+ 

systems. In case of the radical cation of thia[7]helicene, [7]TH•+, the major optical band is blue 

shifted to 634 nm compared to [6]TH•+ and it appears to be n-π* type of electronic transition. 

As shown in Table 6, the corresponding orbitals are H-4 and L respectively. Orbital plots are 

shown in Figure 3.5c1 and Figure 3.5c2. However, it has also strong optical band in the IR 

region and this is due to π-π* electronic transition. The corresponding orbitals involved are 

shown in Figure 3.5c2 and Figure 3.5c3. For thia[8]helicene, [8]TH•+, the absorption bands are 

predicted only in the visible range. In case of [9]TH•+ system a weak band is obtained in IR 

region. However, for radical cation of thia[10]helicene, [10]TH•+ a strong optical band is 

predicted at 1604 nm and this is due to π-π* electronic transition. 
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3.3.7 Dimerization of neutral and radical cation of thia[7]helicene in DCM solvent 

Few attempts have been made to study π-dimerization of radical cations of linearly conjugated 

oligothiophenes.32,118,119 However, the introduction of bulky substituents at the terminal end of 

the thiophene rings of these radical cationic systems reduces the probability of dimerization 

significantly.32,118,119 As intermolecular interactions is driven force for such dimerization 

process. Thus, one expects that this dimerization process can also be possible in unhindered 

neutral oligothiophene. As the present substituted thia[n]helicene systems have π-conjugated 

helical framework and there are significant intermolecular interaction between such systems. 

Therefore, the performance of a device made of such molecules can be affected due to such π-

dimerization. Thus, a detailed theoretical study on the π-dimerization of neutral as well as 

radical cations of thia[n]helicenes would provide valuable guidance for the further 

development of these systems to be used as electronic devices.  

As a case study, DFT calculations are performed to elucidate the formation of π-dimers of 

neutral as well as radical cation of thia[7]helicene at the B3LYP-D/6-311++G(d,p) level of 

theory in DCM solvent. In case 1, the various possible structures for the unsubstituted and 

substituted π-dimer of neutral thia[7]helicene are optimized to get the most stable structures 

considering SMD model to include macroscopic solvent effect. In case 2, the various possible 

structures for the unsubstituted and substituted π-dimer of thia[7]helicene radical cation are 

optimized to get the most stable structures considering same SMD model. The present 

calculations are reported without counter anion. As the effect stabilization through electrostatic 

interactions may be small in solution because PF6
- is a weakly coordinating anion.120 
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3.3.7.1 Structure of π-dimers of neutral thia[7]helicene and radical cation of 

thia[7]helicene 

The various possible structures of unsubstituted and end-substituted thia[7]helicene systems 

are considered in their neutral as well as radical cationic cases to get the most stable structures 

for these systems. At first, a structure having face-to-face π-π stacking between monomer units 

is considered as the initial input structure for optimization to have maximum intermolecular 

interaction. S-S bonded σ-type dimer system is also considered as initial geometries for neutral 

and radical cation of unsubstituted and end-substituted thia[7]helicene in DCM solvent. Out of 

these possible input structures, only the most stable structures obtained after geometries 

optimization are reported at present. 

To study the effect of counter ion on the dimerization of unsubstituted and end-substituted 

thia[7]helicene radical cation, two PF6
- anions are placed in several positions in the most stable 

structure of π-dimer of the thia[7]helicene radical cation. In first possible structure, the two 

PF6
- counter anions are placed at the top and bottom parallel to the coil axis of π-dimer. In 

second possible structure, both the PF6
- counter anions are placed perpendicular to coil axis of 

π-dimer. In these possible structures, the first PF6
- anion is placed near to sulfur atoms of the 

central thiophene rings of the π-dimer and second PF6
- anion is placed near to the carbon atoms 

of the terminal thiophene rings. In third possible structure, the two PF6
- counter anions are 

placed near to sulfur atoms of the terminal thiophene rings of the π-dimer Along with that the 

PF6
- counter anions are placed several other possible positions in π-dimer of unsubstituted and 

end substituted thia[7]helicene radical cation to study the effect of counter anion on the 

dimerization and only the most stable structures obtained after geometries optimization are 

reported here. 
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Case 1: The most stable structure of unsubstituted π-dimer of neutral thia[7]helicene, ([7]TH)2, 

the structure with fully π-π stacking of two [7]TH rings is observed at B3LYP-D level of theory 

in DCM solvent. Most stable structure of unsubstituted π-dimer of neutral ([7]TH)2 is shown 

in a. In the most stable structure, π-dimer of neutral ([7]TH)2, two monomer units are placed 

almost parallel to each other to give rise to a sandwich-type configuration. The minimum and 

maximum non-bonded distances obtained are 3.86 Å and 4.0 Å respectively (see Figure 3.6 a). 

In comparison, for substituted π-dimer of neutral thia[7]helicene, (s-[7]TH)2, the most stable 

structure obtained is partial π-π stacked structure (see Figure 3.6 b). The minimum and 

maximum non-bonded distances obtained are 4.50 Å, and 8.80 Å respectively (see Figure 

3.6b). This increase in non-bonded distances shows that partial π-π stacked structure of 

substituted π-dimer of neutral thia[7]helicene is destabilized from the substituted one end.  

 

   

a             b 
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c             d 

   

e                f 

Figure 3.6 Most stable -dimeric structure of a) neutral unsubstituted thia[7]helicene 

monomer, b) neutral substituted thia[7]helicene monomer, c) radical cation of unsubstituted 

thia[7]helicene monomer, d) radical cation of substituted thia[7]helicene monomer, e) 

unsubstituted thia[7]helicene monomer radical cation with PF6
- counter ions, f) end substituted 

thia[7]helicene monomer radical cation with PF6
- counter ions. Calculated at B3LYP-D/6-

311++G(d,p) level of theory in DCM solvent. 
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Case 2: In case of unsubstituted charged π-dimer, ([7]TH)2
2+ the most stable structure obtained 

is fully π-π stacking of two units of the radical cation of thia[7]helicene (see Figure 3.6c). 

Though the slight increase in the non-bonded distance is observed from the one end, overall 

the most stable structure obtained is quite similar to most stable structure of unsubstituted 

neutral π-dimer, ([7]TH)2
2+. In comparison, the substituted π-dimer of radical cation of 

thia[7]helicene, the structure obtained is partly π-π stacking of two units of the radical cation 

in DCM solvent (see Figure 3.6d). 

Case 3: In presence of two PF6
- counter ions, the most stable structure obtained for the 

unsubstituted charged π-dimer, ([7]TH)2
2+, shows a π-π stacking of two units of the radical 

cation of thia[7]helicene with one PF6
- counter ions being present at the top and the other at the 

bottom as shown in Figure 3.6e. In case of the most stable structure of the end-substituted 

charged π-dimer, (s-[7]TH)2
2+ system, it is observed (see Figure 3.6f) that the each PF6

- counter 

ions are present near to corner of each monomer unit. 

3.3.7.2 Energy data for π-dimer of thia[7]helicene 

Case 1: Dimerization energy is calculated as the difference of total energy of the π-dimer 

system and the sum of the total energy of the two dissociated monomer systems. The 

dimerization energy, ΔEdim calculated for unsubstituted neutral π-dimer, ([7]TH)2 is -19.8 

kcal/mol in DCM solvent. Thus, this indicates that the formation of π-dimer is a favourable 

process in unsubstituted neutral ([7]TH)2 from its two dissociated [7]TH monomer systems. As 

ΔEdim is calculated from the internal energy. Thus, the hessian calculations are performed to 

produce thermochemical data. At STP, the Gibbs free energy of dimerization (ΔGdim) 

calculated as -3.9 kcal/mol for the most stable structure of unsubstituted neutral π-dimer, 

([7]TH)2. The negative value of ΔGdim indicates that the formation of the π-dimer is a 
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favourable process for the above-mentioned system. For substituted π-dimer of neutral 

thia[7]helicene the ΔEdim calculated is -16.3 kcal/mol in DCM solvent. This shows that the 

formation of the substituted π-dimer of neutral thia[7]helicene from its monomer units is again 

a favourable process. However, ΔGdim calculated for the substituted π-dimer of neutral 

thia[7]helicene is +0.2 kcal/mol and it indicates that the formation of the π-dimer is not a 

favourable process.  

Case 2: ΔEdim calculated for unsubstituted π-dimer of radical cation of thia[7]helicene is -17.4 

kcal/mol in DCM solution. However, calculated ΔGdim for the same dimer at STP is +6.6 

kcal/mol and this indicates that the dimerization process is the unfavourable process. ΔEdim 

calculated for substituted π-dimer of radical cation of thia[7]helicene is -9.0 kcal/mol. Again, 

calculated ΔGdim for substituted radical cation of thia[7]helicene is +14.1 kcal/mol which rules 

out the formation of the π-dimer in DCM solvent. The high positive value of ΔGdim calculated 

for π-dimer of substituted radical cation of thia[7]helicene shows that substituted radical cation 

of thia[7]helicene does not indicate the dimerization at STP in DCM solvent. Hence, the present 

theoretical study on dimerization of radical cations of substituted thia[7]helicene supports the 

observed experimental EPR spectra of radical cation of thia[7]helicene to remains intense at 

low temperatures up to few minutes. 

Case 3: The calculated ΔGdim is -1.6 kcal/mol at STP for the most stable structure of 

unsubstituted radical cation of thia[7]helicene with two PF6
-counter ions and this indicates a 

significant possibility of dimer formation in presence of two PF6
-counterions. However, 

calculated ΔGdim for the most stable structure of end substituted radical cation of 

thia[7]helicene with two PF6
- counterion structure at STP is +2.8 kcal/mol. Thus the formation 
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of dimer from end substituted radical cation of thia[7]helicene in presence of counter ions is 

ruled out. 

3.4 Conclusions 

It is observed that B3LYP-D functional works quite well to predict molecular geometry of 

neutral and radical cations of thia[n]helicenes, [n]TH and [n]TH•+ in gas phase as well as in 

DCM solvent except for thia[3]helicene, [3]TH system. These substituted neutral and 

positively charged thia[n]helicene systems prefer flexible non-planar structure when the 

number of thiophene rings is three or more. HOMO-LUMO energy gap of neutral 

thia[n]helicene calculated applying B3LYP, B3LYP-D and B3LYP-D3 functionals are found 

to be very close both in gas phase and in DCM solvent. The ionization energies for 

thia[n]helicenes, [n]TH calculated applying B3LYP, B3LYP-D and B3LYP-D3 functionals are 

comparable with ionization energies obtained at MP2 level. The error in calculated ionization 

energies for neutral thia[n]helicenes, [n]TH at B3LYP, B3LYP-D, and B3LYP-D3 levels are 

in the range of 0.6-1.0 eV compared to the same calculated at MP2 level. High g value in EPR 

spectra is expected for thia[n]helicenes radical cation as spin density is calculated to be 

localized mostly on the heavy atoms. Excited-state study for radical cations of substituted 

thia[n]helicene, [n]TH•+ in DCM solvent elucidates that these systems strongly absorb in 

visible and near infrared region (NIR) of electromagnetic spectrum. Origin of optical 

absorption bands are assigned based on the plots of the molecular orbitals involved. It is 

inferred that the NIR bands are due to π-π* electronic transition. The calculated ΔGdim at STP 

for π-dimer of unsubstituted thia[7]helicene indicates that dimerization is possible and for π-

dimer of substituted thia[7]helicene shows that dimerization is not favourable at STP in DCM 

solvent. Calculated ΔGdim values for π-dimer of unsubstituted and and substituted radical 
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cations of thia[7]helicene at STP do not indicate possibility of dimerization in DCM solvent. 

Free energy parameters on π-dimer of unsubstituted and end substituted radical cations of 

thia[7]helicene in presence of counter ion, PF6
-in DCM solvent at STP decreases the possibility 

of dimerization. Overall, the present studies elucidate that thia[n]helicene may find applications 

as organic optoelectonic devices.  
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 Effect of size on structures, stability and spectral properties of 

seleno[n]helicenes (n=1-10) and their corresponding radical 

cations 

4.1 Introduction 

This chapter represents the Selenium-based analogues of thia[n]helicenes. They are the first 

reported selenophene β-helical systems of this type motivated from their corresponding 

thia[n]helicenes. In general, selenophene based materials are widely used as bulk 

heterojunction solar cells121, organic field-effect transistor35, high-performance complementary 

metal-oxide circuits122, highly transmissive electrochromic polymer.37 Selenium present in 

selenophene based materials improve the performance of these materials by tuning their energy 

gap and increasing the ability to harvest a large amount of solar flux in comparison to their 

thiophene based analogues.123 In selenophene based materials these features can be achieved 

by controlling the combining ratio of selenium atoms with other atoms like oxygen and 

sulfur.123 In comparison to thiophene based oligomers, the selenophene based oligomers have 

more π-conjugation and excellent transport properties due to the large size and polarizable 

nature of Se atom. The general synthesis, spectral properties, and theoretical studies on systems 

based on anti-α-[6]selenophene, syn--[6]selenophene, anti-β-seleno[6]acene are reported in 

literature.39,57,124–126 On the other hand, only a few reports are available in the literature on 

selenophene based helicene systems.13,68 As thiophene based helicenes have strong chiro-

optical properties and very wide optical band gap (~3.5 eV)67, thus it is expected that 

selenophene based helicene systems can show enhanced electronic feature due to large size and 

CHAPTER 4 

Effect of Size on Structures, Stability and Spectral 

Properties of Seleno[n]helicenes (n=1-10) and their 

Corresponding Radical cations† 

 

†Kumar, R.; Maity, D. K. Structure, stability and spectral properties of seleno[n]helicenes (n 

= 1-10). New J. Chem. 2019, 44 (2), 428–441. 
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polarizable nature of Se atom. The most important fact about thia[n]helicenes systems are that 

they show strong chiro-optical properties and have suitable optical bandgap. As 

seleno[n]helicenes have more π-conjugation than their corresponding thia[n]helicenes, it is 

expected to see considerable enhancement in chiro-optical properties in these systems. 

Moreover, seleno[n]helicenes are also expected to have optical bandgap in the NIR region. 

However, theoretical or experimental studies on such seleno[n]helicenes are at the early 

stages.70 The stability of radical cations of seleno[n]helicenes is expected to be more than the 

corresponding radical cations of thia[n]helicenes due to large size and polarizable nature of Se 

atom. However, to the best of our knowledge, systematic theoretical studies on these 

seleno[n]helicenes radical cation are very few.70 Moreover, a case study on possibility of 

dimerization of these neutral and radical cation seleno[n]helicene systems is recently 

reported.70 Such information is fundamental as dimerization often leads to the significant 

change in electronic properties and may make them unsuitable for applications as electronic 

devices. 

First principle-based quantum chemical methods are employed on neutral and radical cations 

of seleno[n]helicenes, [n]SH, n=1-10. Various molecular properties like structures, ionization 

energies, energy gap and UV-Vis spectral properties of these systems are reported in the gas 

phase as well as in DCM solvent. A first principle based DFT study on band gap is also 

provided for neutral seleno[n]helicenes using periodic boundary condition. Moreover, model 

calculations have been performed to find out possibility of dimerization in unsubstituted and 

substituted neutral seleno[7]helicene, [7]SH in DCM solvent. Model calculations are also be 

carried out for unsubstituted and substituted seleno[7]helicenes, [7]SH•+ radical cation with and 

without PF6
- counter anion in DCM solvent. 
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4.2 Theoretical Methods 

Selenophene rings are fused stepwise in an ortho manner, known as ortho β-annelation scheme, 

to produce all possible structures of unsubstituted and end substituted neutral 

seleno[n]helicenes, n=1-10 and their corresponding radical cations. The minimum energy 

equilibrium structures of unsubstituted and end substituted neutral seleno[n]helicenes, n=1-10 

and their corresponding radical cations are optimized using B3LYP88,89 functional and 

considering 6-311++G(d,p) basis set for all the atoms in the gas phase and in DCM solvent. 

Solvent DCM is considered for these calculations as it is reported that oligoselenophenes are 

fairly soluble in DCM.123,127 The macroscopic solvation model (SMD)104,105 considered for all 

the theoretical calculations at present is based on solute density. Most stable structures of 

unsubstituted and end substituted neutral seleno[n]helicenes [n]SH, n=1-10 and their 

corresponding radical cations obtained at the B3LYP level of theory are being further re-

optimized applying functional B3LYP-D94 in conjugation with the same basis set in the gas 

phase and in DCM solvent to improve geometrical parameters. To verify if the equilibrium 

structures obtained refer to the true minima or not, Hessian calculations are carried out in the 

gas phase as well as in DCM solvent for neutral and radical cation of seleno[n]helicenes. Most 

stable structures obtained at the B3LYP-D level are then used for single point energy 

calculations at B3LYP-D395 and MP2 levels in the gas phase and DCM solvent to improve 

energy parameters. Restricted open-shell Hartree Fock (ROHF) formalism is used to avoid any 

spin contamination in these Se based radical cationic doublet systems. Excited-state 

calculations are carried out applying TDDFT procedure and considering CAM-B3LYP115,116 

functional along with 6-311++G(d,p) basis set for neutral as well as their radical cations of 

seleno[n]helicenes for the lowest 50 excited states in DCM solvent. Visualization of frontier 
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molecular orbitals have been carried out at B3LYP-D/6-311++G(d,p) level to get the 

information about the type of orbitals involved in electronic transitions. As a case study on the 

possibility of dimerization, all possible structures of unsubstituted and end substituted π-dimer 

of neutral seleno[7]helicene and its radical cation are optimized at B3LYP-D/6-311++G(d,p) 

level of theory in DCM solvent to predict the most stable structure. PF6
- counter ion is also 

considered for geometry optimization of the radical cation in DCM solvent. All theoretical 

calculations are performed using the GAUSSIAN 16 program.117 

4.3 Results and Discussions 

4.3.1 Most stable structures of seleno[n]helicenes, [n]SH, n=1-10 in DCM solvent 

The Stepwise addition of a selenophene unit to the substituted neutral seleno[1]helicene in a 

syn manner is carried out to produce seleno[2]helicene. This procedure is repeated to produce 

larger unsubstituted and end substituted seleno[n]helicenes, n=3-10. Table 4.1 provides 

selected geometrical properties of fully optimized structures of neutral seleno[n]helicenes, 

n=1-10 applying B3LYP-D density functional adopting 6-311++G(d,p) basis set for all the 

atoms in the gas phase and in DCM solvent. Though there are slight changes in geometrical 

parameters for neutral seleno[n]helicenes in solvent DCM, overall molecular geometries are 

almost same as the geometries in gas phase. Most stable structures for neutral 

seleno[n]helicenes, n=1-10 calculated at the present level of theory in DCM solvent are shown 

in Figure 4.1(a-j). In case of seleno[1]helicene and seleno[2]helicene planar structures are 

obtained as one may understand from the calculated dihedral angles for these systems. A non-

planar structure is obtained as the most stable one for seleno[3]helicene in DCM solvent (see 

Figure 4.1c). Calculated dihedral angles, δ(Br1C2C3Br2) and δ(Br2C3C2C4) are 47.3o and -

128.3o respectively. The calculated non-planarity for this seleno[3]helicene is more than the 
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corresponding thia[3]helicene as reported (dihedral angles are 13.3o and -164.3o) in the 

literature based on crystallography.65 However, crystal structure is reported only for 

thia[3]helicene and thia[7]helicene. Calculated Mulliken charges on Si atom of TMS group and 

Br atoms are 0.09 a.u. and -0.11 a.u. respectively in seleno[3]helicene. Thus, two bulky Br 

groups present on C2 and C3 atoms make seleno[3]helicene to have a non-planar structure to 

minimize geometrical and electronic steric hindrances. In case of seleno[4]helicene, the 

structure obtained is non-planar (displayed in Figure 4.1d) as can seen from the calculated 

dihedral angles and the distance between two Br atoms is found to be 3.48 Å which is more 

than that for seleno[3]helicene. Figure 4.1e shows the minimum energy structure of 

seleno[5]helicene in DCM solvent considering a macroscopic solvent model. The calculated 

dihedral angles, δ(Br1C2C3Br2) and δ(Br2C3C2C4) suggest that the non-planarity is further 

increased compared to seleno[4]helicene. The distance between the Br atoms in 

seleno[5]helicene is calculated as 3.93 Å which is longer than the lower helicenes. In case of 

the next higher system, seleno[6]helicene, same kind of structure is obtained with larger non-

planarity as shown in Figure 4.1f. For seleno[7]helicene system, a helical structure is obtained 

as the most stable equilibrium structure (see Figure 4.1g). Present calculated dihedral angles, 

δ(Br1C2C3Br2) and δ(Br2C3C2C4) are -128.7 o  and 108.4 o respectively compared to the  

reported dihedral angles, -170.1o and 83.1o for thia[7]helicene system based on 

crystallography.65 Mulliken charges on selenium atoms labeled as Se1, Se2, Se3, and Se4 are 

0.35 a.u., 0.18 a.u., 0.17 a.u., and 0.14 a.u. respectively. One turn in the helical structure is 

completed in case of seleno[8]helicene system and the corresponding most stable structure is 

shown in Figure 4.1h. Fully optimized structures of seleno[n]helicenes, n=9-10 are also  
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Table 4.1 Selected #geometrical parameters of neutral end substituted seleno[n]helicenes, n=1-10 calculated at B3LYP-D/6-311++G(d,p) level of 

theory in gas phase. Values in the first braces show corresponding geometrical parameters of neutral end substituted seleno[n]helicenes, n=1-10 in 

DCM solvent. Bold faced values in third braces are calculated at B3LYP/6-311++G(d,p) level of theory in DCM solvent. 

n 1 2 3 4 5 6 7 8 9 
10 

rC4-C5 (Å) 
2.68, 

(2.70) 

2.60, 

(2.61) 

2.60, 

(2.59) 

2.61, 

(2.60) 

2.61, 

(2.61) 

2.61, 

(2.60) 

2.61, 

(2.61) 

2.61, 

(2.60) 

2.60, 

(2.61) 

2.60, 

(2.61) 

rC5-C6 (Å) - 
2.60, 

(2.61) 

2.54, 

(2.55) 

2.56, 

(2.56) 

2.55, 

(2.55) 

2.54, 

(2.54) 

2.55, 

(2.55) 

2.53, 

(2.53) 

2.54, 

(2.54) 

2.54, 

(2.54) 

rC7-C8 (Å) - - - 
2.62, 

(2.61) 

2.55, 

(2.55) 

2.53, 

(2.53) 

2.54, 

(2.54) 

2.52, 

(2.52) 

2.52, 

(2.52) 

2.52, 

(2.52) 

rC8-C9 (Å) - - - - 
2.61, 

(2.62) 

2.54, 

(2.54) 

2.55, 

(2.55) 

2.52, 

(2.52) 

2.52, 

(2.52) 

2.52, 

(2.52) 

rBr1-Br2 (Å) 

3.48, 

(3.48), 

[3.44] 

3.49, 

(3.48), 

[3.48] 

3.43, 

(3.43), 

[3.43] 

3.48, 

(3.46), 

[3.49] 

3.61, 

(3.63), 

[3.62] 

4.14, 

(4.24), 

[4.16] 

5.11, 

(5.10), 

[5.09] 

5.40, 

(5.75), 

[5.74] 

5.82, 

(6.09), 

[6.13] 

6.09, 

(6.32) , 

[6.36] 

δ(Br1C2C3Br2) 

(degree) 

0,  

(0),  

[0] 

0,  

(0), 

 [0] 

43.8, 

(43.7), 

[39.7] 

-93.1,  

(-91.5), 

 [-87.7] 

-134.5, 

 (-135.4), 

[-128.6] 

179.8, 

(178.2), 

[175.6] 

-128.7,  

(-128.9),  

[-135.2] 

-90.2,  

(-83.4),  

[-86.0] 

-28.3,  

(-31.2),  

[-30.5] 

-19.9,  

(-14.9) , [-

15.4] 

δ(Br2C3C2C4) 

(degree)  

180, 

(180), 

[180] 

180, 

(180), 

[180] 

-128.3,  

(-128.3), 

[-133.6] 

19.1, 

(23.5), 

[25.6] 

-34.2,  

(-32.9),  

[-30.9] 

70.3, 

(70.1), 

[68.1] 

108.4, 

(108.5), 

[104.1] 

142.2, 

(145.8), 

[144.0] 

-170.0,  

(-172.4),  

[-172.0] 

-126.3,  

(-129.9) , 

[-129.7] 

#Figure 4.1 may be referred for identifying geometrical parameters. 
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a               b 

   

c               d 

   

e               f 

rC2-C3 = 1.44 Å, rC4-C5 = 2.68 Å 

δ(Br1C2C3Br2) = 0°, δ(Br2C3C2C4) = 180°

∠C4Se1C5 = 90.2 

3.31 Å

C2 C3

C4 C5

3.49 Å

Se2Se1

Si
Si

rC2-C3 = 2.70 Å, rC4-C6 = 4.79 Å 

δ(Br1C2C3Br2) = 0 , δ(Br2C3C2C4) = 180 

∠C4Se1C5 = 88.5 

Se2

Se1

Si

rC2-C3 = 3.62 Å, rC4-C7 = 6.19 Å 

δ(Br1C2C3Br2) = 43.7 , δ(Br2C3C2C4) = -128.4 

∠C4Se1C5 = 87.2 ∠C5Se2C6 = 86.0 

rC2-C3 = 3.92 Å, rC4-C8 = 6.56 Å 

δ(Br1C2C3Br2) = -93.1°, δ(Br2C3C2C4) = -19.1°

∠C4Se1C5 = 88.0 , ∠C5Se2C6 = 84.7 

Se2

C3
C4

C6

C8

rC2-C3 = 3.93 Å, rC4-C9 = 6.38 Å 

δ(Br1C2C3Br2) = -134.5 , δ(Br2C3C2C4) = -34.2 

∠C4Se1C5 = 87.8 , ∠C5Se2C6 = 85.6 

Se3

C2

C6 C7

C8

C9

Si

rC2-C3 = 3.82 Å, rC4-C10 = 5.52 Å 

δ(Br1C2C3Br2) = 179.8 , δ(Br2C3C2C4) = 70.4 

∠C4Se1C5 = 87.2 , ∠C5Se2C6 = 85.4 

Se3

Se4

Se5

C2

C3

C4

C5

C6
C7

C8

C9
Si

Se6
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g                h 

    

i              j 

Figure 4.1 Most stable structures (a-j) of neutral seleno[n]helicenes, n=1-10 a) [1]SH, b) 

[2]SH, c) [3]SH, d) [4]SH, e) [5]SH, f) [6]SH, g) [7]SH, h) [8]SH, i) [9]SH, and j) [10]SH, 

with selected geometrical parameters calculated at B3LYP-D/6-311++G(d,p) level of theory in 

DCM solvent 

 

rBr1-Br2 = 5.11 Å, rC2-C3 = 3.47 Å, rC4-C11 = 4.34 Å 

δ(Br1C2C3Br2) = -128.9 , δ(Br2C3C2C4) = 108.5 

∠C4Se1C5 = 87.2 , ∠C5Se2C6 = 84.5 

Se4

Se5

C2

C4

C5

C6

C7
C8

C9

Si

C3

Se7

rBr1-Br2 = 5.40 Å, rC2-C3 = 3.40 Å, rC4-C12 = 3.93 Å 

δ(Br1C2C3Br2) = -90.2 , δ(Br2C3C2C4) = 142.2 

∠C4Se1C5 = 87.2 , ∠C5Se2C6 = 84.5 

Se3

Se4

Se5

C2 C5

C7

C8

Si
C3

Se8

Si

rBr1-Br2 = 5.84 Å, rC2-C3 = 4.22 Å, rC4-C13 = 5.41 Å 

δ(Br1C2C3Br2) = -28.3 , δ(Br2C3C2C4) = 170.0 

∠C4Se1C5 = 87.1 , ∠C5Se2C6 = 84.4 

Se2

Se3

Se4

Se5

C2
C4

C5
C6

C7

C8

Si
Se6 C3

Se9

Si

C13

rBr1-Br2 = 6.09 Å, rC2-C3 = 5.19 Å, rC4-C13 = 7.08 Å 

δ(Br1C2C3Br2) = -26.9 , δ(Br2C3C2C4) = -126.3 

∠C4Se1C5 = 87.1 , ∠C5Se2C6 = 84.4 

Se3

Se4

Se5

C2

C4 C5
C6

C7

C8

Si

Se6

C3

Se9
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calculated considering DCM solvent at B3LYP-D level and these are shown in Figure 4.1(i-j). 

One can easily note from Table 4.1 that only a very small change is obtained in the listed 

geometrical parameters for seleno[n]helicenes with addition of selenophene rings.  

In short, it is predicted that neutral [1]SH and [2]SH are planar in DCM solvent. However, the 

structure of seleno[n]helicenes, [n]SH, n=3-10 are non-planar. It is also predicted geometrical 

parameters of neutral seleno[n]helicenes, [n]SH, n=1-10 in the gas phase and in DCM solvent 

are very close. Table 4.1 indicates that calculated dihedral angles for seleno[n]helicenes, n=3-

8 at B3LYP-D level are considerably different than those at B3LYP level showing the effect 

of dispersion in the geometry. However, no difference in the calculated distance between the 

two Br atoms is observed. 

4.3.2 Ionization energies of seleno[n]helicenes, [n]SH, n=1-10 in DCM solvent 

The importance of ionization energy is discussed in Chapter 3 at section 3.3.2. One can see 

from Table 4.2 calculated IE values at different levels of theory for seleno[n]helicenes, [n]SH 

in the gas phase are very close at the DFT level. The ionization energy (IE) for 

seleno[n]helicenes, n=1-10 are calculated as the difference of energy for the most stable 

structures of neutral and their corresponding radical cations. Table 4.2 provides calculated 

ionization energies for seleno[n]helicenes, [n]SH, n=1-10 at B3LYP, B3LYP-D, B3LYP-D3 

and MP2 levels of theory using 6-311++G(d,p) basis set in the gas phase and in DCM solvent. 

The most stable structures obtained for neutral and their corresponding radical cations of 

seleno[n]helicenes at B3LYP-D level of theory are used to calculate the IE at other levels of 

theory. One can see from Table 4.2 that IE values calculated at MP2 level show both positive 

and negative deviation with respect to DFT values. IE values calculated including macroscopic 

medium effect in DCM solvent are significantly lower than those in gas phase for all  
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Table 4.2 Calculated ionization energies (in eV) of neutral seleno[n]helicenes, [n]SH, n=1-10 

in the gas phase applying different theoretical methods. Values in braces are corresponding 

ionization energies in DCM solvent. 

Ionization energies (in eV) of seleno[n]helicenes, [n]SH, n =1-5 

Method [1]SH [2]SH [3]SH [4]SH [5]SH 

i) 8.1, (6.7) 7.9, (5.9) 7.2, (5.6) 7.1, (5.8) 6.8, (5.3) 

ii) 8.3, (6.6) 7.9, (6.0) 7.3, (5.7) 7.2, (5.7) 6.9, (5.4) 

iii) 8.3, (6.6) 7.9, (5.9) 7.3, (5.7) 7.2, (5.7) 6.9, (5.4) 

iv) 8.5, (6.4) 7.2, (5.7) 7.0, (5.7) 7.1, (5.6) 7.0, (5.5) 

Ionization energies (in eV) of seleno[n]helicenes, [n]SH, n =6-10 

Method [6]SH [7]SH [8]SH [9]SH [10]SH 

i) 6.8, (5.5) 6.6, (5.4) 6.6, (5.2) 6.5, (5.1) 6.4, (5.1) 

ii) 6.9, (5.4)  6.8, (5.3) 6.7, (5.3) 6.6, (5.2) 6.5, (5.1) 

iii) 6.9, (5.4) 6.8, (5.3) 6.7, (5.3) 6.6, (5.2) 6.5, (5.1) 

iv) 7.1, (5.6) 7.1, (5.5) 7.0, (5.4) 6.9, (5.4) 7.0, (5.5) 

i) B3LYP, ii) B3LYP-D, iii) B3LYP-D3, and iv) MP2 with 6-311++G(d,p) basis se 

 

seleno[n]helicene systems. This indicates that radical cations of seleno[n]helicenes are more 

stable in DCM solvent compared to gas phase. Table 4.2 also indicates that ionization energy 

of these systems in gas phase calculated at DFT levels decreases with the addition to each ring 

to saturate at 6.5 eV. However, ionization energy value leads to 5.1 eV when the same 

calculation is carried out including solvent effect. 

4.3.3 Energy gap of seleno[n]helicenes, [n]SH, n=1-10 in DCM solvent 

The importance of the energy gap is discussed in Chapter 3 at section 3.3.3. Table 3 summarizes 

at B3LYP, B3LYP-D and B3LYP-D3 levels of theory using 6-311++G(d,p) basis  
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Table 4.3 Calculated HOMO-LUMO energy gap (in eV) of neutral seleno[n]helicenes, [n]SH, 

n = 1-10 in gas phase. Values in braces are corresponding energy gap of neutral 

seleno[n]helicenes in DCM solvent. 

HOMO-LUMO energy gap (in eV) of seleno[n]helicenes, [n]SH, n =1-5 

Method [1]SH [2]SH [3]SH [4]SH [5]SH 

i) 5.1, (5.2) 4.7, (4.7) 4.4, (4.5) 4.3, (4.3) 4.2, (4.2) 

ii) 5.1, (5.2) 4.7, (4.7) 4.4, (4.5) 4.3, (4.3) 4.2, (4.2) 

iii) 5.2, (5.2) 4.7, (4.7) 4.4, (4.5) 4.3, (4.3) 4.2, (4.2) 

HOMO-LUMO energy gap (in eV) of seleno[n]helicenes, [n]SH, n =6-10 

Method [6]SH [7]SH [8]SH [9]SH [10]SH 

i) 4.2, (4.2) 4.0, (4.0) 4.0, (4.0) 3.9, (4.0) 3.9, (3.9) 

ii) 4.2, (4.2) 4.0, (4.0) 4.0, (4.0) 3.9, (4.0) 3.9, (3.9) 

iii) 4.2, (4.2) 4.0, (4.0) 4.0, (4.0) 3.9, (4.0) 3.9, (3.9) 

i) B3LYP, ii) B3LYP-D, and iii) B3LYP-D3, with 6-311++G(d,p) basis set 

 

set in the gas phase and in DCM solvent. This energy parameter has been calculated considering 

the most stable structure of the respective helicenes. Table 4.3 indicates that on the addition of 

each selenophene ring, the calculated energy gap systematically decreases to saturate at 3.9 eV 

in the gas phase. This observation is consistent at B3LYP level in the presence or absence of 

dispersion corrections. The calculated energy gap for seleno[n]helicenes in the DCM solvent 

is observed to be very close to those in the gas phase with some exception. 

In short, for neutral seleno[n]helicenes, n=1-10 the calculated HOMO-LUMO gap belongs to 

UV-region of the electromagnetic spectrum. 

4.3.4 Most stable structures of radical cations of seleno[n]helicenes, [n]SH•+
, n=1-10 

Sequential addition of a selenophene unit to end substituted seleno[1]helicene radical cation, 

[1]SH•+ in a syn manner is performed to produce seleno[2]helicene radical cation, [2]SH•+. This 

procedure is repeated to produce larger seleno[n]helicenes radical cation, [n]SH•+, n=3-10. 
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Geometrical parameters for seleno[n]helicenes radical cation, [n]SH•+
, n=1-10 are optimized 

considering the corresponding neutral structures as the initial input. Table 4.4 summarizes the 

geometrical parameters of fully optimized structures for [n]SH•+
, n=1-10 using B3LYP-D 

functional and 6-311++G(d,p) basis set in the gas phase and in DCM solvent. Table 4 also 

reveals that no significant change occurs for most of the geometrical parameters on going from 

gas phase to solvent DCM for [n]SH•+
, n=1-10.  

The most stable structures for seleno[n]helicenes radical cation, n=1-10 calculated considering 

DCM solvent are shown in Figure 4.2(a-j). For [1]SH•+ and [2]SH•+, planar structures are 

obtained at B3LYP-D level of theory in DCM solvent (see Figure 4.2(a-b)). In case of [3]SH•+, 

the most stable equilibrium structure is non-planar (see Figure 4.2c). Selected geometrical 

parameters are shown in the Figure 4.2c. Calculated dihedral angles, δ(Br1C2C3Br2) and 

δ(Br2C3C2C4) are 46.3o and -125.5o respectively. The distance between the two Br atoms is 

calculated to be 3.50 Å. The calculated spin densities on selenium atoms labeled as Se1, Se2 

and Se3of seleno[3]helicene radical cation in DCM solvent are 0.08 a.u. 0.28 a.u. and. 0.08 a.u. 

respectively. So, the odd electron spin density is mainly localized on central selenium atoms of 

[3]SH•+. The calculated spin densities on carbon atoms labeled as C2 and C4 are 0.10 a.u. and 

0.07 a.u. respectively. Calculated Mulliken charges on Si and Br atoms are 0.06 and -0.02 a.u. 

respectively. Thus, two bulky Br groups present at C2 and C3 positions create both geometrical 

and electronic steric hindrances. Probably, this makes seleno[3]helicene radical cation to have 

a non-planar structure.  

In case of [4]SH•+, the most stable structure obtained is non-planar as shown in Figure 4.2d and 

the distance between the two Br atoms is found to be 3.49Å. Calculated dihedral angles,  
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Table 4.4 Selected #geometrical parameters of end substituted seleno[n]helicenes radical cation, n=1-10 calculated at B3LYP-D/6-311++G(d,p) 

level of theory in gas phase. Values in the first braces show corresponding geometrical parameters of end substituted seleno[n]helicenes radical 

cation, n=1-10 in DCM solvent. Bold faced values in third braces are calculated at B3LYP/6-311++G(d,p) level of theory in DCM solvent. 

n 1 2 3 4 5 6 7 8 9 10 

rC4-C5 (Å) 
2.68, 

(2.70) 

2.60, 

(2.60) 

2.60, 

(2.60) 

2.62, 

(2.61) 

2.61, 

(2.61) 

2.61, 

(2.61) 

2.61, 

(2.61) 

2.61, 

(2.61) 

2.60, 

(2.61) 

2.60, 

(2.61) 

rC5-C6 (Å) - 
2.60, 

(2.60) 

2.60, 

(2.58) 

2.55, 

(2.54) 

2.55, 

(2.55) 

2.55, 

(2.55) 

2.55, 

(2.53) 

2.53, 

(2.53) 

2.54, 

(2.53) 

2.54, 

(2.53) 

rC7-C8 (Å) - - - 
2.62, 

(2.61) 

2.55, 

(2.55) 

2.53, 

(2.53) 

2.54, 

(2.54) 

2.52, 

(2.52) 

2.52, 

(2.52) 

2.52, 

(2.52) 

rC8-C9 (Å) - - - - 
2.61, 

(2.62) 

2.54, 

(2.54) 

2.55, 

(2.55) 

2.52, 

(2.52) 

2.52, 

(2.52) 

2.52, 

(2.52) 

rBr1-Br2 (Å) 

3.48, 

(3.31), 

[3.42] 

3.50, 

(3.50, 

[3.47] 

3.45, 

(3.45), 

[3.44] 

3.49, 

(3.49), 

[3.48] 

3.62, 

(3.63), 

[3.64] 

4.11, 

(4.18), 

[4.23] 

5.06, 

(4.93), 

[5.14] 

5.42, 

(5.43), 

[5.78] 

5.88, 

(5.90), 

[6.16] 

6.12, 

(6.39), 

[6.45] 

δ(Br1C2C3Br2) 

(degree) 

0, 

(0),  

[0] 

0,  

(0),  

[0] 

43.9, 

(46.3), 

[42.6] 

-92.1,  

(-91.2), 

 [-86.6] 

-133.0,  

(-132.7),  

[-128.7] 

178.3, 

(178.9), 

[175.6] 

-131.8,  

(-135.9), 

[-135.4] 

-91.2, 

 (-91.6),  

[-85.8] 

-28.3,  

(-28.3),  

[-28.8] 

-18.9,  

(-15.3),  

[-15.1] 

δ(Br2C3C2C4) 

(degree)  

180, 

(180), 

[180] 

180, 

(180), 

[180] 

-128.8, 

(-125.5), 

[-129.8] 

20.4, 

(24.2), 

[29.6] 

-33.7,  

(-31.3),  

[-28.6] 

69.6, 

(68.1), 

[66.5] 

106.4, 

(103.4), 

[103.0] 

-144.0,  

(-140.8), 

[-143.5] 

-177.0,  

(-170.2), 

[-171.1] 

-127.3,  

(-129.9), 

[-129.9] 

#Figure 4.2 may be referred for identifying geometrical parameters 
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a                 b 

   

c                 d 

   

e               f 

rC2-C3 = 1.50 Å, rC4-C5 = 2.73 Å 

δ(Br1C2C3Br2) = 0°, δ(Br2C3C2C4) = 180°

∠C4Se1C5 = 92.0 

3.48 Å

C2 C3

C4 C5

3.50 Å

Se2Se1

Si
Si

rC2-C3 = 2.70 Å, rC4-C6 = 4.79 Å 

δ(Br1C2C3Br2) = 0 , δ(Br2C3C2C4) = 180 

∠C4Se1C5 = 88.2 

Se2

Se1

Si

rC2-C3 = 3.62 Å, rC4-C7 = 6.19 Å 

δ(Br1C2C3Br2) = 46.3 , δ(Br2C3C2C4) = -125.5 

∠C4Se1C5 = 87.2 ∠C5Se2C6 = 86.0 

rC2-C3 = 3.90 Å, rC4-C8 = 6.52 Å 

δ(Br1C2C3Br2) = -91.2°, δ(Br2C3C2C4) = -24.2°

∠C4Se1C5 = 87.8 , ∠C5Se2C6 = 84.5 

Se2

C3
C4

C6

C8

rC2-C3 = 3.89 Å, rC4-C9 = 6.17 Å 

δ(Br1C2C3Br2) = -132.7 , δ(Br2C3C2C4) = -31.3 

∠C4Se1C5 = 87.8 , ∠C5Se2C6 = 85.2 

Se3

C2

C6 C7

C8

C9

Si

rC2-C3 = 3.80 Å, rC4-C10 = 5.50 Å 

δ(Br1C2C3Br2) = 178.9 , δ(Br2C3C2C4) = 68.1 

∠C4Se1C5 = 87.3 , ∠C5Se2C6 = 85.6 

Se3

Se4

Se5

C2

C3

C4

C5

C6
C7

C8

C9
Si

Se6
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g                h 

   

i               j 

Figure 4.2 Most stable structures (a-j) for radical cation of end substituted seleno[n]helicenes 

n=1-10, a) [1]SH•+, b) [2]SH•+, c) [3]SH•+, d) [4]SH•+, e) [5]SH•+, f) [6]SH•+, g) [7]SH•+, h) 

[8]SH•+, i) [9]SH•+, and j) [10]SH•+, with selected geometrical parameters calculated at B3LYP-

D/6-311++G(d,p) level of theory in DCM solvent. 

 

δ(Br1C2C3Br2) and δ(Br2C3C2C4) are -91.2o and 24.2o respectively. Spin densities on 

selenium atoms labeled as Se1 and Se2 are 0.008 a.u. and 0.20 a.u. respectively. Calculated 

rBr1-Br2 = 5.06 Å, rC2-C3 = 3.47 Å, rC4-C11 = 4.32 Å 

δ(Br1C2C3Br2) = -135.9 , δ(Br2C3C2C4) = 103.4 

∠C4Se1C5 = 87.1 , ∠C5Se2C6 = 84.3 

Se4

Se5

C2

C4

C5

C6

C7
C8

C9

Si

C3

Se7

rBr1-Br2 = 5.43 Å, rC2-C3 = 3.53 Å, rC4-C12 = 3.87 Å 

δ(Br1C2C3Br2) = -91.6 , δ(Br2C3C2C4) = 140.8 

∠C4Se1C5 = 87.2 , ∠C5Se2C6 = 84.2 

Se3

Se4

Se5

C2 C5

C7

C8

Si
C3

Se8

Si

rBr1-Br2 = 5.90 Å, rC2-C3 = 4.22 Å, rC4-C13 = 5.05 Å 

δ(Br1C2C3Br2) = -28.3 , δ(Br2C3C2C4) = 170.2 
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spin densities on respective carbon atoms labeled as C2, C4 and C5 are 0.03, 0.10 and 0.06 a.u. 

Mulliken charges on selenium atoms labeled as Se1 and Se2 are 0.31 and 0.40 a.u. whereas the 

same on Si and Br atoms are 0.09 and -0.06 a.u. respectively. Figure 4.2e shows the most stable 

structure of [5]SH•+. The dihedral angles, δ(Br1C2C3Br2) and δ(Br2C3C2C4) indicate that 

non-planarity is increased in this system compared to seleno[4]helicene radical cation. Spin 

densities on selenium atoms labeled as Se1, Se2 and Se3 are obtained 0.08, 0.14, and 0.006 

a.u. for [5]SH•+ in DCM solvent. The same on carbon atoms labeled as C2, C4, C5 and C6 are 

0.03, 0.001, 0.01 and 0.14 a.u. respectively. Mulliken charges on selenium atoms labeled as 

Se1, Se2 and Se3 are obtained 0.36, 0.35, and 0.25 a.u. Mulliken charges on carbon atoms 

labeled as C2, C4, C5 and C6 are 0.04, -0.57, -0.74 and -0.50 a.u. respectively.  

The most stable structure of [6]SH•+ is also non-planer as shown in Figure 4.2f. Spin densities 

on selenium atoms labeled as Se1, Se2 and Se3 are 0.03, 0.14, and 0.05 a.u. and the same on 

carbon atoms labeled as C2, C4, C5, C6, and C7 are 0.01, 0.008, 0.001 0.08 and 0.18 a.u. 

respectively. Mulliken charges on selenium atoms labeled as Se1, Se2 and Se3 are 0.30, 0.36, 

and -0.27 a.u. Mulliken charges are 0.10, -0.76, -0.93, -0.51 and -0.51 a.u. over C2, C4, C5, 

C6, and C7carbon atoms respectively. As in case of neutral seleno[7]helicene, helical structure 

is obtained for radical cation of seleno[7]helicene, [7]SH•+ the in DCM solvent (see Figure 

4.2g). Mulliken charges are 0.42, 0.28, 0.28, and 0.32 a.u. on Se1, Se2, Se3, and Se4 selenium 

atoms respectively. Spin densities are obtained as 0.06, 0.04, 0.04, and 0.18 a.u. on Se1, Se2, 

Se3, and Se4 atoms respectively. The one turn in helical structure is completed for radical 

cation of [8]SH•+at present level of theory in DCM solvent. One complete turn in these radical 

cations of seleno[n]helicenes requires eight fused selenophene rings as in case of the neutral 

systems. Optimized structure of [8]SH•+is shown in Figure 4.2h along with selected 

geometrical parameters. The coil type helical structures for [n]SH•+, n=9-10 are shown in 
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Figure 4.2 (i-j). Table 4.4 indicates that only a small change is occurred in the geometrical 

parameters in seleno[n]helicene radical cation on the addition of selenophene rings to seleno[n-

1]helicene radical cation. It is summarized that the most stable structures of [1]SH•+ and 

[2]SH•+ in DCM solvent are planar. Structure of seleno[n]helicenes radical cation, n=3-10 in 

DCM solvent are non-planar. Table 4.4 shows that calculated dihedral angles for 

seleno[n]helicenes, n=3-8 radical cation at B3LYP-D level are considerably different than 

those at B3LYP level showing the effect of dispersion in the geometry. However, no difference 

in the calculated distance between the two Br atoms is observed.  

To understand the pattern of the location of the odd electron in these doublet radical cation 

systems, spin density is calculated and plotted. Figure 4.3 shows the spin density plot of the 

seleno[7]helicene radical cation with a contour cut-off value of 0.004 a.u.  

 

 

Figure 4.3 Spin density plot for the radical cation of end substituted seleno[7]helicene at the 

B3LYP-D/6-311++G(d,p) level of theory in DCM solvent with contour cutoff = 0.004 a.u. 
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It is observed that a significant amount of spin density is always present on heavy atoms. Spin 

densities on selenium atoms labeled as Se1, Se2, Se3, and Se4 are obtained 0.08 a.u., 0.03 a.u., 

0.027 a.u., and 0.23 a.u. respectively in radical cation of [7]SH•+. Similar plots on 

seleno[n]helicene radical cations systems also show significant amount of spin densities on 

selenium atoms. Thus, it is expected that a high g value may be obtained in the EPR spectra of 

these seleno[n]helicene radical cations. 

4.3.5 Energy gap for radical cations of seleno[n]helicenes, [n]SH•+
, n=1-10  

In these odd electron radical cation selenophene based helicenes, the highest occupied orbital 

is singly occupied and its referred as the lowest singly occupied molecular orbital or LSOMO. 

The optical band may be observed when electron makes transition from the highest occupied 

molecular orbital or HDOMO to LSOMO. Thus, energy gaps between two selected orbitals of 

seleno[n]helicenes radical cation, [n]SH•+, n=1-10 are calculated at B3LYP, B3LYP-D, and 

B3LYP-D3 functionals based on optimized structures in DCM applying respective functional. 

Table 4.5 summarizes the energy gap for seleno[n]helicenes radical cation, [n]SH•+, n=1-10 at 

B3LYP, B3LYP-D, and B3LYP-D3 functionals in DCM solvent. Table 4.5 shows that the 

HDOMO-LSOMO gap are same at B3LYP, B3LYP-D, and B3LYP-D3 functionals for 

seleno[n]helicenes radical cation, [n]SH•+ in DCM solvent. The value of HDOMO-LSOMO 

gap for seleno[n]helicenes radical cation, [n]SH•+ are lies in the range 2.0-3.0 eV at B3LYP 

level of theory in DCM solvent (see Table 4.5). The value of HDOMO-LSOMO gap for 

seleno[n]helicenes radical cation, [n]SH•+ are lies in the range 2.1-2.9 eV at B3LYP-D and 

B3LYP-D3 levels of theory in DCM solvent (see Table 4.5). It is to be noted that the HDOMO-

LSOMO gap varies only by 0.1-0.2 eV at B3LYP functional in comparison to B3LYP-D and 

B3LYP-D3 functionals for seleno[n]helicenes radical cation, [n]SH•+ in DCM solvent. Further,  
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Table 4.5 Calculated HDOMO-LSOMO energy gap (in eV) for radical cations of 

seleno[n]helicenes, [n]SH•+, n=1-10 in DCM solvent. Values in the braces are corresponding 

LSOMO-LUMO energy gap for radical cations of seleno[n]helicenes, [n]SH•+ in DCM solvent. 

Energy gap (in eV) for seleno[n]helicene radical cations, [n]SH•+, n = 1-5 

Method [1]SH•+ [2]SH•+ [3]SH•+ [4]SH•+ [5]SH•+ 

i) 2.6, (2.3) 3.0, (2.1) 2.9, (1.9) 2.0, (2.1) 2.6, (1.7) 

ii) 2.8, (2.1) 2.9, (2.1) 2.7, (2.0) 2.3, (2.0) 2.4, (2.0) 

iii) 2.8, (2.1) 2.9, (2.1) 2.7, (2.0) 2.3, (2.0) 2.4, (2.0) 

Energy gap (in eV) for seleno[n]helicene radical cations, [n]SH•+, n = 6-10 

Method [6]SH•+ [7]SH•+ [8]SH•+ [9]SH•+ [10]SH•+ 

i) 2.0, (2.0) 2.0, (1.9) 2.2, (1.7) 2.2, (1.8) 2.2, (1.8) 

ii) 2.2, (2.0) 2.2, (1.9) 2.1, (2.0) 2.1, (1.9) 2.1, (1.9) 

iii) 2.2, (2.0) 2.2, (1.9) 2.1, (2.0) 2.1, (1.9) 2.1, (1.9) 

i) B3LYP, ii) B3LYP-D, iii) and B3LYP-D3 with 6-311++G(d,p) basis set 

 

the HDOMO-LSOMO gap systematically decreases as the number of selenophene rings 

increases and HDOMO-LSOMO gap saturate at 2.1 eV for large size seleno[n]helicenes radical 

cation, [n]SH•+. The energy gap for these [n]SH•+ lies in the visible region and in NIR region 

of electromagnetic spectrum in DCM solvent. Furthermore, LSOMO-LUMO gap are almost 

same at above-mentioned levels of theory in DCM solvent. The value of LSOMO-LUMO gap 

for seleno[n]helicenes radical cation, [n]SH•+ are lies in the range 2.1 eV-1.9 eV at B3LYP-D 

and B3LYP-D3 levels of theory in DCM solvent (see Table 4.5). The value of LSOMO-LUMO 

gap for thia[n]helicenes radical cation, [n]TH•+ are lies in the range 2.3 eV-1.7 eV at B3LYP-

D and B3LYP-D3 levels of theory in DCM solvent (see Table 4.5). The energy gap for these 

[n]SH•+ lies in IR region of electromagnetic spectrum in DCM solvent. The energy gap is not 

decrease as regularly as the number of selenophene rings increases for these seleno[n]helicenes 
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radical cation, [n]SH•+ in DCM solvent. This due to reason that as these radical cations systems 

not only have the π-electron delocalization and conjugation through the selenium atoms but 

also have high degree of helical distortion. Energy gap is found to be almost same at B3LYP, 

B3LYP-D, and B3LYP-D3 functionals for [n]SH•+ (see Table 4.5) 

In summary, these doublet radical cations systems generated from their corresponding neutral 

systems have suitable HDOMO-LSOMO and LSOMO-LUMO energy gaps. Moreover, the 

helical structures provide flexibility for using these cationic doublet systems as IR detector. 

4.3.6 Excited state electronic spectra for radical cations of seleno[n]helicenes, [n]SH•+
, 

n=1-10 in gas phase and in DCM 

TDDFT procedure is applied to study a few low lying excited states of seleno[n]helicenes 

radical cation, n=1-10 in DCM solvent and to simulate UV-Vis spectra adopting CAM- 

B3LYP/6-311++G(d,p) method. Table 4.6 presents λmax of the absorption bands with 

corresponding oscillator strengths (f) and molecular orbitals involved in electronic transitions. 

The simulated UV-Vis spectra of [n]SH•+, n=1-5 in DCM solvent are displayed in Figure 4.4a. 

Figure 4.4b shows simulated UV-Vis spectra of[n]SH•+, n=6-10 in DCM solvent. It is 

interesting to note that [2]SH•+ and [3]SH•+systems have one strong and one weak absorption 

band in NIR region. Simulated electronic spectrum of [3]SH•+shows a strong absorption band 

in DCM solvent at 1265 nm with oscillator strength of 0.152. It may be noted from Figure 4.4a 

that except for [1]SH•+, all the radical cation systems [n]SH•+ for n=2-6 have absorption bands 

in IR region. In case of [7]SH•+ and [8]SH•+ systems in DCM solvent, strong absorption bands 

in the visible region with λmax = 572 and 516 nm respectively along with relatively weak 

absorption bands in IR region (λmax = 1279 and 1077 nm) are predicted. Interestingly,  



 

92 

 

Table 4.6 Calculated excited state data for radical cations of seleno[n]helicenes [n]SH•+, n=1-

10 in DCM solvent considering CAM-B3LYP/6-311++G(d,p) level of theory under TDDFT 

formalism. Value in the braces are excited state data for radical cations of seleno[n]helicenes 

[n]SH•+, n=1-10 in DCM solvent considering same level of theory.  

[n]SH•+ 
λmax  

(nm) 

Oscillator strength 

(f) 

Electronic  

Transitions§  

[1]SH•+ 
525 0.111 H-2 → L  (0.68) 

415 0.042 H-2 → L  (0.65) 

[2]SH•+ 

2422 0.006 H → L  (0.92) 

985 0.125 H-1 → L  (0.92) 

503 0.088 H-3 → L  (0.88) 

[3]SH•+ 

2846  0.008 H-1 → L  (0.79) 

1265  0.152 H → L  (0.79) 

543 0.060 H-3 → L  (0.74) 

[4]SH•+ 
2138 0.001 H → L  (0.98) 

790 0.198 H-2 → L  (0.98) 

[5]SH•+ 

2111 0.003 H → L  (0.98) 

859 0.225 H-1 → L  (0.96) 

619 0.046 H-3 → L  (0.90) 

[6]SH•+ 

2804 0.010 H → L  (0.90) 

930 0.155 H-1 → L  (0.90) 

641 0.062 H-3 → L  (0.87) 

[7]SH•+ 

1279 0.093 H-1 → L  (0.94) 

784 0.060 H-4 → L  (0.96) 

572 0.122 H-5 → L  (0.83) 

[8]SH•+ 

3228 0.005 H → L  (0.80) 

1077 0.090  H-2 → L  (0.83) 

683 0.060 H-4 → L  (0.93) 

516 0.122 H-6 → L  (0.83) 

[9]SH•+ 

3401 0.003 H → L  (0.69) 

1612 0.011 H-1 → L  (0.94) 

1252 0.082 H-2 → L  (0.73) 

626 0.044 H-3 → L  (0.77) 

[10]SH•+ 

3424 0.002 H-2 → L  (0.98)) 

1584 0.075 H-1 → L  (0.93) 

1362 0.013 H-1 → L  (0.71) 

618 0.068 H-6 → L  (0.89) 

§H=Highest doubly occupied molecular orbital (HDOMO) & L= Lowest singly molecular 

orbital (LSOMO). Values in the braces show relative contribution of the transition for the 

optical band. Transitions with major contributions are only shown. 
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         a 

 

                 b 

Figure 4.4 UV-Vis spectra for radical cations of end substituted seleno[n]helicenes in DCM 

solvent, [1]SH•+,a) n=1-5 and b) n=6-10 following TDDFT procedure at CAM-B3LYP/6-

311++G(d,p) level of theory.  
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a1           a2      

   

b1             b2 

     

c1        c2           c3 

Figure 4.5 Selected molecular orbital diagram of most stable structures of seleno[n]helicenes, 

[n]SH•+ n=1,3,7 a1) H-2 orbital of [1]SH•+, a2) L orbital of [1]SH•+, b1) H orbital of [3]SH•+
, 

b2) L orbital of [3]TH•+, c1) H-5 orbital of [7]SH•+, c2) L orbital of [7]SH•+, and c3) H-1 orbital 

of [7]SH•+ calculated at B3LYP-D/6-311++G(d,p) level of theory in DCM solvent. The figures 

are taken at isovalue of 0.002 a.u.. 
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for[9]SH•+ and [10]SH•+ systems in DCM solvent, strong absorption bands are observed in the 

IR region. To examine the type electronic transitions in seleno[n]helicenes radical cation, n=1-

10 selected MOs are plotted in Figure 4.5. These MOs are calculated considering the most 

stable structure of these radical cations in DCM solvent. Figure 4.5a1 and Figure 4.5a2 suggest 

that the optical absorption band at 525 nm for [1]SH•+is due to π→π* electronic transition. 

Similarly for [2]SH•+system, the strong absorption band at 985 nm is mainly due to π→π* 

transition. Again for [3]SH•+ system, the strong absorption band at 1265 nm is mainly due to π 

→π* type transition and the corresponding orbitals are displayed in Figure 4.5b1 and Figure 

4.5b2 respectively. It is interesting to note that on successive addition of selenophene rings to 

seleno[1]helicene radical cation, [1]SH•+, the major optical absorption band undergoes large 

red shifts, =460 nm for [2]SH•+ and =280 nm[3]SH•+. However, in case of [4]SH•+, the 

major optical band is largely blue shifted compared to that in [3]SH•+ and the band is originated 

due to n→π* type electronic transition. Again on successive addition of two selenophene rings 

to [4]SH•+ system, the strong optical band is  predicted to be red shifted,=69 nm for [5]SH•+ 

and =71 nm [6]SH•+. In case of seleno[7]helicene radical cation, [7]SH•+, the major optical 

band is blue shifted to 572 nm and appears to be n→π* type of electronic transition. 

Corresponding orbitals involved in the transition are displayed in Figure 4.5c1 and Figure 4.5c2 

respectively. However, it has also a strong optical band in NIR region and this is due to π →π* 

type of electronic transition. The corresponding orbitals involved are shown in Figure 4.5c1 

and Figure 4.5c3. Strong absorption bands are predicted only in the visible region for [8]SH•+ 

system. In case of [9]SH•+system, strong absorption bands in the IR as well as Visible regions 

are predicted. However, [10]SH•+ system has strong optical band in IR region and this is due 

to π →π* type of electronic transition. Overall, based on excited-state studies, it may be 
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concluded that most of these seleno[n]helicenes radical cations, [n]SH•+may be important in 

making variety of detectors that can be used in far IR and near IR region. 

4.3.7 Dimerization of neutral and radical cation of thia[7]helicene in DCM solvent 

From the literature, it is found that the dimer formation is one of the probable processes in π-

radical cations systems.128 Thus, to produce persistent stable π-radical cations appropriate 

structural modifications are often needed. One such structural modifications is substituting the 

terminal ends of the systems by bulky substituents which can control the dimerization of 

reactive radical cations.32,118 Other methods to control the dimerization are steric control and 

increase the π-conjugation in the radical cationic systems.32,118,119 Thus, the control of such π-

dimerizing self-association of reactive π-radical cations is always the subject of the interest. As 

this π-dimerization can significantly affect the performance of a device made of such 

molecules. 

These seleno[n]helicenes systems represent the class of π-conjugated systems. Thus π-

dimerization is always a possibility due to intermolecular interactions. However, it can be 

expected that the extent of intramolecular π-dimerization may not be significant due to the 

flexible shape and presence of large substituents at end positions. But, a theoretical model study 

on π-dimerization is always necessary before using these systems for the further development 

of electronic devices. Also, it can provide some valuable guidance to control of such π-

dimerizing self-association in neutral as well as radical cations of seleno[n]helicenes. To the 

best of our knowledge, no systematic theoretical studies are available on the π-dimers of neutral 

and radical cations of seleno[n]helicenes in solution. In solution, the radical cations are always 

generated with some counter ion like PF6
-, SbF6

- etc. However, in literature, it is given that 
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this effect may be small in solution because PF6
- counter anion is a weakly coordinating anion. 

120 But, the contribution of electrostatic stabilization should be considered in the solution.  

Thus, a case study on the π-dimerization in neutral as well as radical cations of 

seleno[7]helicene is being performed at B3LYP-D/6-311++G(d,p) level of theory in DCM 

solvent. Structure of the π-dimer systems.  

4.3.7.1 Structure of the π-dimer system 

Similar to thia[7]helicenes systems,  three different cases are considered as described below  

Case 1: The most stable structure of unsubstituted π-dimer of neutral seleno[7]helicene, 

([7]SH)2, is fully π-π stacked structure arises due to Vander wall attraction two [7]SH at 

B3LYP-D level of theory in DCM solvent (see Figure 4.6a). Most stable structure of 

unsubstituted π-dimer of neutral ([7]SH)2 suggests a sandwich-type configuration and the  

 

   

a            b 
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c           d 

    

e             f 

Figure 4.6 Most stable -dimeric structure of a) neutral unsubstituted seleno[7]helicene 

monomer, b) neutral substituted seleno[7]helicene monomer, c) radical cation of unsubstituted 

seleno[7]helicene monomer, d) radical cation of substituted seleno[7]helicene monomer, e) 

radical cation of unsubstituted seleno[7]helicene monomer with PF6
- counter anion, f) radical 

cation of substituted seleno[7]helicene monomer with PF6
- counter anion. Calculated at 

B3LYP-D/6-311++G(d,p) level of theory in DCM solvent. 

 

 

 

  

3.31 Å
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maximum and minimum non-bonded distances between two monomers [7]SH units are 

calculated as 4.61 Å and 4.07 Å respectively (see Figure 4.6a). In comparison, the most stable 

structure calculated for substituted π-dimer of neutral seleno[7]helicene, (s-[7]SH)2 show 

partial π-π stacking of two monomer s-[7]SH structure (see Figure 4.6b), here s-represents the 

substitution of TMS at α and ά terminal ends, substitution of Br at β and β́ terminal ends. The 

maximum and minimum non-bonded distances between two monomer s-[7]SH units are 

calculated as 10.31 Å, and 3.90 Å respectively at the present level of theory in DCM solvent 

(see Figure 4.6b). This increase in non-bonded distances shows that substituted π-dimer of 

neutral seleno[7]helicene formed is not stabilized from the one substituted end.  

Case 2: For unsubstituted charged π-dimer, ([7]SH)2
2+ the most stable structure obtained is 

fully π-π stacking of two units of the radical cation of seleno[7]helicene (see Figure 4.6c). In 

comparison, the substituted π-dimer of radical cation of seleno[7]helicene, the structure 

obtained is partly π-π stacking of two units of the radical cation in DCM solvent (see Figure 

4.6d).  

Case 3: With two PF6
- counter anion, for the unsubstituted charged π-dimer, ([7]SH)2

2+, the 

most stable structure obtained is showing a π-π stacking of two units of the radical cation of 

seleno[7]helicene with PF6
- counter anion present in the top and below (see Figure 4.6e). For 

the most stable structure of the substituted charged π-dimer, (s-[7]SH)2
2+ the two PF6

- counter 

anion shows that both the PF6
- anion are interacting only to the one unit of the dimer (see Figure 

4.6f). 

4.3.7.2 Dimerization energy (ΔGdim) for π-dimer system 

Case 1: Dimerization energy is calculated as the difference of total energy of the π-dimer 

system and the sum of the total energy of the two dissociated monomer systems. Based on 
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Hessian calculations, followed by thermochemical analysis Gibbs free energy of dimerization, 

ΔGdim is calculated for unsubstituted neutral π-dimer, ([7]SH)2 as -7.0 kcal/mol. This indicates 

that the formation of the π-dimer is a favourable process for neutral unsubstituted 

seleno[7]helicene. In comparison, ΔGdim calculated for the substituted π-dimer of neutral 

seleno[7]helicene is +2.5 kcal/mol and it indicates that the formation of the π-dimer is not a 

favourable process. Thus, the substitution of TMS at α and ά terminal ends, substitution of 

TMS Br at β and β́ terminal ends significantly reduces the intermolecular interactions which is 

responsible for π-dimer formation. 

Case 2: In case of π-dimer of unsubstituted radical cation of seleno[7]helicene, the calculated 

ΔGdim at STP is -0.2 kcal/mol and this indicates that the dimerization process is the very less 

favourable process. In contrast, the calculated ΔGdim for the substituted radical cation of 

seleno[7]helicene is +1.5 kcal/mol which rules out the formation of the π-dimer in DCM 

solvent. The positive value of ΔGdim calculated for π-dimer of substituted radical cation of 

seleno[7]helicene shows that substituted radical cation of seleno[7]helicene does not indicate 

the dimerization at STP in DCM solvent.  

Case 3: It is interesting to note that, calculated ΔGdim is -3.0 kcal/mol at STP for the most stable 

structure of unsubstituted radical cation of seleno[7]helicene with two PF6
- counteranion and 

this indicates that significant possibility of the dimer in the presence of two PF6
- counterion. 

However, calculated ΔGdim for the most stable structure of substituted radical cation of 

seleno[7]helicene with two PF6
- counteranion structure at STP is 3.7 kcal/mol and this indicates 

that the dimer formed is not stabilized in the presence of counteranions. 
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4.4 Conclusions 

It is observed that B3LYP-D functional works quite well to predict molecular geometry of 

neutral seleno[n]helicenes and their radical cation in DCM solvent following macroscopic 

SMD solvent model. It is also noted that B3LYP functional produces structures with different 

non-planarity for some of the systems. End substituted seleno[n]helicene systems prefer non-

planar structure when the number of selenophene rings is three or more. Neutral end substituted 

seleno[n]helicenes, n=1-10 show the optical absorption bands in the ultraviolet region. 

However, their radical cations have strong absorption in the range of visible to IR. Origin of 

optical absorption bands of the end substituted seleno[n]helicenes radical cation in the IR 

regions are due to π→π* type of electronic transition. Calculated free energy at STP in DCM 

solvent for π-dimer of unsubstituted seleno[7]helicene suggests that dimerization of the 

monomer unit is possible. However, the same calculated for π-dimer of end substituted 

seleno[7]helicene in DCM solvent shows that dimerization is not favorable at STP. Calculated 

free energy values for π-dimer of unsubstituted and end substituted radical cations of 

seleno[7]helicene in DCM solvent at STP do not indicate any possibility of dimerization. Free 

energy parameters on π-dimer of unsubstituted and end substituted radical cations of 

seleno[7]helicene in presence of counter ion, PF6
- in DCM solvent at STP decreases the 

possibility of dimerization. Overall, these selenophene based helical systems may be useful in 

organic-electronic devices.  
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 Comparative study on band gap of Chalcogen (S, Se and Te) 

based β-helicenes and spectral properties of their 

corresponding radical cations 

5.1 Introduction 

As discussed in the previous chapters, the thiophene and selenophene based linear and rigid π-

conjugated systems are useful candidates in optical device applications. However, studies on 

thiophene and selenophene based flexible systems are at their early stages. Chapter 3 and 

Chapter 4 highlighted that the substituted thia[n]helicenes and seleno[n]helicenes systems have 

suitable energy gap and low probability of dimerization in DCM solvent. Also, they have strong 

absorption in NIR region in their radical cationic state in DCM solvent. Replacement of sulfur 

atom in thiophene with tellurium atom is expected to affect the electronic properties in 

thia[n]helicenes in their neutral and radical cationic state. Thus a systematic study on tellurium 

based helicenes systems may provide a novel molecular systems to be used as electronic 

devices. 

Tellurophene is a tellurium-based analogue of thiophene/selenophene systems. The 

incorporation of the tellurophene-motif into π-extended molecules is observed to be a 

promising strategy to produce advanced materials.47 Replacement of sulfur (S) atom in 

thiophenes with tellurium (Te) atoms can dramatically change the electronic properties of these 

compounds without significantly altering their electronic structures.47–51 For instance, the 

experimentally reported HOMO-LUMO gap changes form 2.0 eV in polythiophene to 1.5 eV 

for polytellurophene.46 The literature review reveals that the photon absorption in several 

CHAPTER 5 

Comparative Study on Band Gap of Chalcogen (S, Se and Te) 

based β-Helicenes and Spectral Properties of their 

Corresponding Radical Cations 
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tellurophenes based conjugated systems increases due to strong interactions between tellurium 

atoms.46 These increased strong interactions between tellurium atoms increase the importance 

of these systems in photovoltaic devices. Also, the tellurophene-based conjugated systems may 

exhibit efficient singlet to triplet intersystem crossing due to the heavy atom effect of tellurium, 

which can increase the lifetime of photoluminescence.46 Though tellurophene-based 

conjugated systems have a great future in optoelectronic devices, in comparison to thiophene 

and selenophene π-conjugated systems, the studies on their tellurophene analogues are still at 

an early stage. It is due to the fact that the synthetic methods for tellurophene-based systems 

are not as much established in comparison to their thiophene and selenophene-based 

analogues.46 Te is capable of showing several stable oxidation states and its sensitivity to 

oxidizing environments is always a matter of concern.129  

The thiophene, selenophene and tellurophene π-conjugated systems have planar and rigid 

structures with strong π-conjugation. Due to their planar/rigid shapes and strong π-conjugation, 

they are prone to π-dimerization in their neutral and radical cationic states.31,32 Again, it is 

known that that the dimerization process strongly affects the electronic features of such systems 

which can affect their device performance. Despite the low degree of electronic delocalization 

in these helicenes systems, they have strong chirooptical properties and stability in the solid 

and in solution phase. It is discussed in the previous chapter, that thia- and seleno- [n]helicenes 

systems have wide energy gap and low probability of dimerization in DCM solvent.  These 

systems not only have poor tendency to form π-dimers in neutral and radical cationic state but 

also have strong absorptions in NIR region in DCM solvent.70 

Motivated by thiophene and selenophene based [n]helicenes systems, their corresponding 

telluro[n]helicenes analogues are theoretically explored and presented in this chapter. These 
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telluro[n]helicenes systems are novel tellurophene based helical systems. The electronic 

features of these telluro[n]helicenes (n=1-10) are also compared with the reported thiophene 

and selenophene-based helicenes systems. The stability of radical cations of telluro[n]helicenes 

is expected to be more than those of the corresponding radical cations of sulfur and selenium-

based analogues due to the large size and polarizable nature of Te atoms than Se and S atoms. 

Thus, a case study is also reported on the possibility of dimerization in unsubstituted and end 

substituted neutral and radical cations of telluro[7]helicene systems in DCM solvent. 

This chapter provides theoretically calculated band gap of chalcogen (S, Se and Te) based 

neutral helicenes. The effect of increasing the number of ortho fused rings and the size of 

chalcogen atoms are studied and reported. HOMO-LUMO energy gaps of the radical cations 

of the tellurium based helicenes and the variation of energy gap are studied with the number of 

ortho fused rings. The calculated energy gaps are also compared for three different chalcogen 

based helicenes systems. The unique structures and reactivity of this class of chalcogen 

compounds, as well as their interesting optical and electronic properties, put them in the 

category of the materials of extensive potential applications. This study also provides finding 

suitable candidates for NIR detector from these chalcogen based helicenes systems. 

Dimerization study of unsubstituted and end substituted neutral telluro[7]helicene and its 

radical cation in the presence of a PF6
- counter ion in DCM solvent is also studied as sample 

cased and reported. 

5.2 Computational methods 

Stepwise ortho-fusion of tellurophene rings are used to produce all possible structures of 

unsubstituted and end substituted neutral telluro[n]helicenes (n = 1-10) and their corresponding 
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radical cations. Geometry optimizations of telluro[n]helicenes are performed by using 

B3LYP88,89 and B3LYP-D94 DFT functionals. As in the previous systems, 6-311++G(d,p) basis 

functions are considered for all the atoms except Te. For Te atoms, Los Alamos ECP, 

LanL2DZ130,131 and split valance triple zeta basis functions, Def2TZVP132,133 are tried. 

However, LANL2DZ and DEF2TZVP basis sets are found to be unsuitable due to problem in 

SCF convergence. Thus, the minimum energy equilibrium structures of unsubstituted and end 

substituted neutral telluro[n]helicenes (n = 1-10) and their corresponding radical cations are 

calculated using the B3LYP functional and dispersion corrected functional B3LYP-D in 

conjunction with 6-311++G(d,p) basis set for H, C, Si, and Br atoms and all electron 3-21G 

basis set for Te atoms in the gas phase and also in DCM solvent. It is reported that several 

oligotellurophenes systems are susceptible to oxidation in aqueous medium134. Moreover, 

DCM solvent is considered for thia and seleno [n]helicenes. Thus, DCM solvent is considered 

for all solvent-based calculations with a macroscopic solvation model based on solute density 

(SMD).104,105 Most stable structures of unsubstituted and end substituted neutral 

telluro[n]helicenes [n]TeH (n = 1-10) and their corresponding radical cations obtained at the 

B3LYP level of theory is further reoptimized applying dispersion corrected functional B3LYP-

D in conjunction with the same basis set in DCM solvent to examine the effect of dispersion 

and to improve geometrical parameters as in performed for thia- and seleno- [n]helicenes. To 

verify if the equilibrium structures obtained refer to the true minima or not, hessian calculations 

are carried out in DCM solvent for neutral and radical cations of telluro[n]helicenes. Most 

stable structures obtained at the B3LYP-D94 level are then used for single point energy 

calculations at B3LYP-D395 functionals in DCM solvent to improve energy parameters. The 

restricted open-shell Hartree-Fock (ROHF) formalism is used to avoid any spin contamination 

in the radical cationic doublet systems. Excited-state calculations are carried out applying the 



 

106 

 

TDDFT procedure and considering the CAM-B3LYP functional along with 6-311++G(d,p) 

basis set for H, C, Si, and Br atoms and 3-21G basis set for Te atoms for neutral as well as the 

radical cations of Telluro[n]helicenes. The UV-visible spectra are reported with the lowest 50 

excited states in DCM solvent. CAM-B3LYP is a long-range corrected hybrid exchange-

correlation functional designed to to predict reasonable specta.115,116 Visualization of frontier 

molecular orbitals is carried out to gather information about the type of orbitals involved in 

electronic transitions. As a case study to find out the possibility of dimerization, Gibbs free 

energy data are reported for the unsubstituted and end substituted dimers of neutral 

telluro[7]helicene and its radical cation using most stable structures in DCM. B3LYP-D 

functional with 6-311++G(d,p) basis set for H, C, Si, and Br atoms and 3-21G basis set for Te 

atoms is considered to perform the case study on above-mentioned systems. Further, two PF6
- 

counter anions are also considered for geometry optimization of the π-dimers of unsubstituted 

and end substituted telluro[7]helicene radical cations in DCM solvent. 

5.3 Results and Discussions 

5.3.1 Structure for neutral telluro[n]helicene, [n]TeH, n=1-10 in DCM solvent 

Table 5.1 provides selected geometrical parameters of the fully optimized structures of neutral 

telluro[n]helicenes (n = 1-10) in DCM solvent. Table 5.1 indicates that calculated dihedral 

angles for telluro[n]helicenes, n=3-7 at the B3LYP-D level are considerably different than 

those at the B3LYP level showing the effect of dispersion. However, no difference in the 

calculated distance between the two Br atoms is observed. The most stable structures for neutral 

telluro[n]helicenes, n = 1-10 are calculated in DCM solvent are shown in Figure 5.1(a-j). The 

most stable structures of telluro[n]helicenes, n=1-2 are planar as suggested by their dihedral  
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Table 5.1 Selected #geometrical parameters of neutral end substituted telluro[n]helicenes, n=1-10 calculated at B3LYP-D with 6-311++G(d,p) 

basis set for H, C, Si, and Br atoms and 3-21G basis set for Te atoms in DCM solvent. The value in the braces are calculated at B3LYP functional 

with the same basis set in DCM solvent. 

n 1 2 3 4 5 6 7 8 9 10 

rC2-C3 (Å) 1.45 2.70 3.42 3.63 3.61 3.25 3.27 4.22 5.20 5.85 

arC4-C5+n (Å) 2.81, 4.93 6.06 6.07 5.35 4.17 3.76 5.53 7.19 8.08 

brTe1-Te(n) (Å) - 
3.79, 

(3.78) 

6.86, 

(6.84) 

8.46, 

(8.50) 

8.43, 

(8.63) 

6.92, 

(7.01) 

4.32, 

(4.82) 

4.08, 

(4.58) 

6.57, 

(6.84) 

8.98, 

(9.21) 

rBr1-Br2 (Å) 
3.41, 

(3.37) 

3.37, 

(3.34) 

3.43, 

(3.41) 

3.56, 

(3.55) 

4.15, 

(4.12) 

4.97, 

(5.16) 

5.53, 

(5.70) 

5.96, 

(6.13) 

6.16, 

(6.35) 

6.30, 

(6.35) 

δ(Br1C2C3Br2) 

(degree) 
0, (0) 0, (0) 

72.5, 

(69.9) 

-113.7, (-

110.9) 

-164.3,  

(-161.4) 

-146.1,  

(-141.1) 

-91.8,  

(-88.6) 

-20.6,  

(-21.4) 

33.4, 

(31.2) 

79.7, 

(78.4) 

δ(Br2C3C2C4) 

(degree)  

180, 

(180) 

180, 

(180) 

-77.5,  

(-81.5) 

-11.0,  

(-8.9) 

-56.6,  

(-55.1) 

95.1,  

(98.6) 

141.7,  

(142.6) 

-163.3,  

(-164.5) 

-110.6,  

(-112.8) 

-50.9,  

(-52.8) 

#Figure 5.1 may be referred for identifying geometrical parameters. 

arC4-C5+n, n=0 for telluro[1]helicene, n=1 for telluro[2]helicene and so on. 

brTe1-Te(n), n = 1 for telluro[1]helicene, n = 2 for telluro[2]helicene and so on. 

 



 

108 

 

    

a               b 

 

     

c                 d 

 

     

e                 f 

Te1

Br1
Br2

C4 C5

C2 C3

Si

rC2-C3 = 1.45 Å, rC4-C5 = 2.81 Å, 

δ(Br1C2C3Br2) = 0°, δ(Br2C3C2C4) = 180°

rC2-C3 = 2.70 Å, rC4-C6 = 4.93 Å, 

δ(Br1C2C3Br2) = 0°, δ(Br2C3C2C4) = 180°

Te1

Br1 Br2

C4

Si

C6

C2 C3

Te2

Si

C5

C7

rC2-C3 = 3.42 Å, rC4-C7 = 6.06 Å, 

δ(Br1C2C3Br2) = 72.5°, δ(Br2C3C2C4) = -77.5°

Te1

Br1 Br2C4

C6

C2
C3

Te2

Si

C5 C7

Te3

C8

Te4

rC2-C3 = 3.63 Å, rC4-C8 = 6.07 Å, 

δ(Br1C2C3Br2) = -113.7°, δ(Br2C3C2C4) = -11.0°

3.56 Å

Te1

Br1
Br2

C4

C6

C2

C3

Te2

Si

C5

C7

Te3

C8

C9

Te4

Te5

Si

rC2-C3 = 3.61 Å, rC4-C9 = 5.35 Å, 

δ(Br1C2C3Br2) = -164.3°, δ(Br2C3C2C4) = -56.6°

Te1

Br1

Br2

C4C2

Si

C8

Te6

Si

Te5
Te4

C9

C10
C3

rBr1-Br2 = 4.97 Å, rC2C3 = 3.25 Å, rC4C10 = 4.17 Å, 

δ(Br1C2C3Br2) = -146.1°, δ(Br2C3C2C4) = 95.1°



 

109 

 

     

g                 h 

 

    

i                 j 

 

Figure 5.1 Most stable structures of (a-j) telluro[n]helicenes, [n]TeH, n=1-10 a) [1]TeH, b) 

[2]TeH, c) [3]TeH, d) [4]TeH, e) [5]TeH, f) [6]TeH, g) [7]TeH, h) [8]TeH, i) [9]TeH, and j) 

[10]TeH, with with selected geometrical parameters calculated at B3LYP-D functional with 6- 

311++G(d,p) basis set for H, C, Si, Br atoms and 3-21G basis set for Te atoms in DCM solvent. 
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angles, δ(Br1C2C3Br2) and δ (Br2C3C2C4). A non-planar structure is obtained as the most 

stable one for telluro[3]helicene in DCM solvent (see Figure 5.1c). The calculated dihedral 

angles, δ(Br1C2C3Br2) and δ(Br2C3C2C4) are 72.5° and -77.5° respectively. The calculated 

non-planarity for this telluro[3]helicene is more than the corresponding thia- and seleno- 

[3]helicenes as presented in Table 3.1 and Table 4.1.Calculated non-bond distances, rS1-S3, rSe1-

Se3 and rTe1-Te3 are 5.82 Å, 6.62 Å, and 6.86 Å respectively thia[3]helicene, seleno[3]helicene 

and telluro[3]helicene systems. This suggests that the telluro[3]helicene is less conjugated than 

their corresponding thia[3]helicene and seleno[3]helicene systems. The non-planar structure 

obtained for telluro[3]helicene may be due to geometrical steric hindrances created  because of 

two bulky Br groups present on C2 and C3 atoms. Figure 5.1(d-j) shows the minimum energy 

structures of telluro[n]helicenes, n=4-10 in DCM solvent considering a macroscopic solvent 

model. The calculated dihedral angles, δ(Br1C2C3Br2) and δ(Br2C3C2C4) suggest that, all 

the telluro[n]helicenes, n ≥ 3 adopt non-planar structure at present level of theory in DCM 

solvent. For telluro[7]helicene system, a helical structure is obtained as the most stable 

equilibrium structure (see Figure 5.1g). Calculated non bonded distances rS1-S7, rSe1-Se7 and rTe1-

Te7 are 8.04 Å, 6.63 Å, and 4.32 Å respectively for thia[7]helicene, seleno[7]helicene and 

telluro[7]helicene. In case of telluro[7]helicene, calculated dihedral angles, δ(Br1C2C3Br2) 

and δ(Br2C3C2C4) are -91.8° and 141.7° respectively. However, the same calculated dihedral 

angles in case of thia[7]helicene and  seleno[7]helicene are -168.9°, 80.7° and -135.2° and 

104.1° respectively as provides in chapter 3 and chapter 4. This suggests that the 

telluro[7]helicene is more conjugated than their corresponding thia[7]helicene and 

seleno[7]helicene systems. Also, one turn in the helical structure is completed in case of 

telluro[7]helicene system and the corresponding most stable structure is shown in Figure 5.1g 
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as observed in case of thia- and seleno- [n]helicenes. But, for thia[n]helicenes and 

seleno[n]helicenes eight fused rings are required for one complete turn. 

In short, it is predicted that neutral [1]TeH and [2]TeH are planar in DCM solvent. However, 

the structure of telluro[n]helicenes, n=3-10 are non-planar and helical as reported for its lower 

analogues. 

5.3.2 Comparison of ionization energies (IE) of thia[n]helicenes, seleno[n]helicenes and 

telluro[n]helicenes (n=1-10) in DCM solvent 

Calculated IE values at B3LYP, B3LYP-D, and B3LYP-D3 levels of theory with 6-

311++G(d,p) basis set for H, C, Br, and Si atom and 3-21G for Te atom for telluro[n]helicenes 

(n=1-10) in DCM solvent are provided in Table 5.2.  

 

Table 5.2 Calculated ionization energies (in eV) of telluro[n]helicenes, [n]TeH, n=10 in DCM 

solvent. 

Ionization energies (in eV) of telluro[n]helicenes, [n]TeH, n = 1-5 

Method [1]TeH [2]TeH [3]TeH [4]TeH [5]TeH 

i) 6.0 5.5 5.2 5.1 4.9 

ii) 6.0 5.5 5.3 5.1 4.9 

iii) 6.0 5.5 5.3 5.1 4.9 

Ionization energies (in eV) of telluro[n]helicenes, [n]TeH, n = 6-10 

Method [6]TeH [7]TeH [8]TeH [9]TeH [10]TeH 

i) 4.9 4.8 4.7 4.7 4.6 

ii) 4.8 4.7 4.8 4.9 4.6 

iii) 4.8 4.7 4.8 4.9 4.6 

i) B3LYP, ii) B3LYP-D, iii) and B3LYP-D3, with 6-311++G(d,p) basis set for H, C, Br, Si, 

atoms and 3-21G basis set for Te atom. 



 

112 

 

 

Figure 5.2 Comparsion of the calculated ionization energies (in eV) of thia[n]helicenes, 

seleno[n]helicenes and telluro[n]helicenes at B3LYP-D level of theory in DCM solvent. 6-

311++G(d,p) basis set for S, Se, H, C, Br, Si atoms and 3-21G basis set for Te atom is used for 

all calculations. 

 

The ionization energies of telluro[n]helicenes are lower than thia[n]helicenes and 

seleno[n]helicenes at all mentioned DFT levels in DCM solvent. Table 3.2 and Table 4.2 in the 

previous chapters list the calculated IE values for thia and seleno- [n]helicenes respectively. 

The variation of ionization energies for thia[n]helicenes, seleno[n]helicenes and 

telluro[n]helicenes (n-10) with the increasing number of rings is shown in Figure 5.2. It may 

be noted that calculated IE follow the order, telluro[n]helicenes > seleno[n]helicenes > 

thia[n]helicenes for n ≥ 2 at all DFT levels in DCM solvent. This is due to the reason that, size 

and polarizability of chalcogens follow the order, Te > Se > S. The conjugation follows the 

same order as the polarizability, telluro[n]helicenes > seleno[n]helicenes > thia[n]helicenes. 

As the size and polarizability of Te atom is more than that of S and Se atoms. Thus, Te atoms 

in telluro[n]helicenes can have stronger ability to hold positive charge as compared to S atoms 
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in thia[n]helicenes and Se atoms in seleno[n]helicenes. Thus, telluro[n]helicenes systems have 

much lower ionization energies than their corresponding thia[n]helicenes and 

seleno[n]helicenes in DCM solvent. 

5.3.3 Comparison of HOMO-LUMO energy gap of thia[n]helicenes, seleno[n]helicenes 

and telluro[n]helicenes (n=1-10) in DCM solvent 

HOMO-LUMO energy gap of telluro[n]helicenes (n=1-10) are calculated in DCM solvent 

applying different level of theory. The HOMO-LUMO energy gap values are provided in Table 

5.3. The calculated HOMO-LUMO energy gap of thia[n]helicenes and seleno[n]helicenes are 

given in Table 3.3 and in Table 4.3 respectively. Figure 5.3 shows the variation of HOMO-

LUMO gaps in thia[n]helicenes and seleno[n]helicenes and telluro[n]helicenes with the  

 

Table 5.3 Calculated HOMO-LUMO energy gap (in eV) of neutral telluro[n]helicenes, [n]TeH 

(n=1-10) in DCM solvent. 

HOMO-LUMO energy gap (in eV) of telluro[n]helicenes, [n]TeH, n = 1-5 

Method [1]TeH [2]TeH [3]TeH [4]TeH [5]TeH 

i) 4.6 3.9 3.7 3.7 3.6 

ii) 4.6 3.9 3.7 3.7 3.6 

iii) 4.6 3.9 3.7 3.7 3.6 

HOMO-LUMO energy gap (in eV) of telluro[n]helicenes, [n]TeH, n = 6-10 

Method [6]TeH [7]TeH [8]TeH [9]TeH [10]TeH 

i) 3.5 3.4 3.3 3.3 3.3 

ii) 3.4 3.4 3.3 3.2 3.2 

iii) 3.4 3.4 3.3 3.2 3.2 

i) B3LYP, ii) B3LYP-D, iii) and B3LYP-D3, with 6-311++G(d,p) basis set for H, C, Br, Si, 

atoms and 3-21G basis set for Te atom. 
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Figure 5.3 Comparsion of calculated HOMO-LUMO energy gap (in eV) of thia[n]helicenes, 

seleno[n]helicenes and telluro[n]helicenes at B3LYP-D level of theory in DCM solvent. 6-

311++G(d,p) basis set for S, Se, H, C, Br, Si atoms atoms and 3-21G basis set for Te atom is 

used for the all calculations. 

 

increasing number of rings at B3LYP-D level of theory in DCM solvent. The HOMO-LUMO 

gap follows the order telluro[n]helicenes < seleno[n]helicenes < thia[n]helicenes for n ≥ 2 in 

DCM solvent. The HOMO-LUMO gap of telluro[n]helicenes in DCM solvent are lower than 

the same size thia[n]helicenes and seleno[n]helicenes at B3LYP-D level of theory. This may 

be due to fact that, the size and polarizability of chalcogen atoms follow order Te > Se > S. 

5.3.4 Most stable structures of telluro[n]helicene radical cations, [n]TeH•+, n=1-10, in 

DCM solvent 

Coordinates of all the atoms in the most stable structures of neutral telluro[n]helicenes are 

being as the initial input to get the most stable structures of telluro[n]helicene radical cations.  
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Table 5.4 Selected #geometrical parameters of neutral end substituted telluro[n]helicenes radical cation, n=1-10 calculated at B3LYP-D with 6-

311++G(d,p) basis set for H, C, Si, and Br atoms and 3-21G basis set for Te atoms in DCM solvent. The value in the braces are calculated at 

B3LYP functional with same basis set in DCM solvent. 

N 1 2 3 4 5 6 7 8 9 10 

rC2-C3 (Å) 1.50 2.70 3.43 3.60 3.55 3.24 3.14 4.25 5.22 5.90 

arC4-C5+n (Å) 2.86 4.93 6.10 6.03 5.41 4.15 3.76 5.60 7.28 8.13 

brTe1-Te(n) (Å) - 
3.78, 

(3.78) 

6.86, 

(6.84) 

8.37, 

(8.50) 

8.45, 

(8.63) 

6.89, 

(7.01) 

4.12, 

(4.82) 

3.96, 

(4.58) 

6.79, 

(6.84) 

9.07, 

(9.21) 

rBr1-Br2 (Å) 
3.39, 

(3.36) 

3.36, 

(3.34) 

3.41, 

(3.38) 

3.57, 

(3.56) 

4.10, 

(4.08) 

4.96, 

(5.15) 

5.56, 

(5.69) 

5.98, 

(6.14) 

6.01, 

(6.35) 

6.33, 

(6.58) 

δ(Br1C2C3Br2) 

(degree) 
0, (0) 0, (0) 

69.0, 

(66.2) 

-113.2,  

(-110.2) 

-161.2,  

(-158.7) 

-146.8,  

(-142.5) 

-89.6,  

(-88.9) 

-15.8,  

(-21.4) 

37.4, 

(31.9) 

80.1, 

(78.7) 

δ(Br2C3C2C4) 

(degree)  

180, 

(180) 

180, 

(180) 

-82.8, 

(-86.5) 

-7.9,  

(-5.7) 

-53.7,  

(-52.4) 

93.8,  

(96.8) 

142.7,  

(142.1) 

-160.2,  

(-164.6) 

-106.2,  

(-111.8) 

-50.3,  

(-51.7) 

 

#Figure 5.4 may be referred for identifying geometrical parameters. 

arC4-C5+n, n = 0 for telluro[1]helicene radical cation, n = 1 for telluro[2]helicene radical cation and so on. 

brTe1-Te(n), n = 1 for telluro[1]helicene radical cation, n = 2 for telluro[2]helicene radical cation and so on 
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        i                j 

 

Figure 5.4 Most stable structures (a-j) of telluro[n]helicenes radical cation, [n]TeH•+, n=1-10 

a) [1]TeH•+, b) [2]TeH•+, c) [3]TeH•+, d) [4]TeH•+, e) [5]TeH•+, f) [6]TeH•+, g) [7]TeH•+, h) 

[8]TeH•+, i) [9]TeH•+, and j) [10]TeH•+ with selected geometrical parameters calculated at 

B3LYP-D with 6- 311++G(d,p) basis set for H, C, Si, and Br atoms and 3-21G basis set for Te 

atoms in DCM solvent. 
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Table 5.4 provides selected geometrical parameters of the fully optimized structures of 

telluro[n]helicene radical cations (n = 1-10) by applying the B3LYP-D functional in DCM 

solvent. 6-311++G(d,p) basis set for H, C, Si, and Br atoms and 3-21G basis set for Te atoms 

are considered for these calculations. Table 5.4 also indicates that calculated dihedral angles 

for telluro[n]helicenes radical cations, n=3-7 at B3LYP-D level are different than those at the 

B3LYP level showing the effect of dispersion in the geometry. However, no difference in the 

calculated distance between the two Br atoms is observed as in case of neutral helicenes. Most 

stable structures for telluro[n]helicene radical cations, (n = 1-10) calculated at the present level 

of theory in DCM solvent are shown in Figure 5.4(a-j). The most stable structure of obtained 

for telluro[n]helicene radical cations (n = 1-10) are very similar to their corresponding neutral 

telluro[n]helicene (n = 1-10 in DCM solvent. The calculated most stable structures of 

telluro[n]helicene radical cations, n = 1-2, are planar in DCM solvent. However, the structure 

of telluro[n]helicene radical cations, [n]TeH•+, n=3-10 are non-planar and helical in nature like 

neutral telluro[n]helicenes. In case of telluro[7]helicene radical cation, the non-bond distance 

rTe1-Te7 is 4.12 Å. However, it can be recalled from chapter 3 and Chapter 4 the same calculated 

non bonded distances rS1-S7 and rSe1-Se7 are 8.00 Å and 6.52 Å respectively for thia[7]helicene 

and seleno[7]helicene radical cations. This suggests that the telluro[7]helicene radical cation is 

more conjugated than the corresponding thia[7]helicene and seleno[7]helicene radical cationic 

systems. Moreover, it is to noted that one turn in helical structure is completed in case of 

telluro[7]helicene radical cationic system and the corresponding most stable structure is shown 

in Figure 5.4h. It may be recalled that in case of thia- and seleno[n]helicene radical cationic 

systems eight fused rings are required for one complete turn.  
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5.3.5 PBC-DFT calculation for band gap of thia[n]helicenes, seleno[n]helicenes, and 

telluro[n]helicenes (n=1-10) 

The maximum direct band gap of thia[n]helicenes and seleno[n]helicenes are calculated using 

local density functional, BLYP and 6-31G(d) basis set with periodic boundary condition 

(PBC). However, the maximum direct band gap of telluro[n]helicenes, [n]TeH are calculated 

using local density functional, BLYP and 6-31G(d) basis set for H, C, Br, and Si atoms and 3-

21G for Te atom with periodic boundary condition (PBC). 

 

Table 5.5 Direct Band gap (in eV) of thia[n]helicenes ([n]TH), seleno[n]helicenes ([n]SH), and 

telluro[n]helicenes ([n]TeH), n=1-10 calculated using PBC-BLYP method with periodic 

boundary condition. 3-21G basis set for Te atoms and 6-31G(d) basis set for all other atoms are 

considered. 

Direct band gap (in eV) of chalcogen based [n]helicenes, n=1-10 

n [n]TH [n]SH [n]TeH 

1 3.79 3.62 3.33 

2 3.63 3.37 2.72 

3 3.40 3.20 2.15 

4 3.35 3.06 2.18 

5 3.20 2.87 2.08 

6 3.15 2.60 2.04 

7 3.21 2.41 1.95 

8 3.13 2.82 1.84 

9 3.05 2.51 1.76 

10 3.00 2.74 1.84 
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Figure 5.5 Comparsion of calculted band gap for thia[n]helicenes, seleno[n]helicenes, and 

telluro[n]helicenes calculated using PBC-BLYP method with periodic boundary condition. 3-

21G basis is for Te atoms and for all other atoms 6-31G(d) basis set is used with periodic 

boundary condition (PBC).  

 

The direct band gap of thia[n]helicenes, [n]TH, n=1-10 at BLYP/6-31G(d) level of theory are 

calculated to be in the range of 3.8 to 3.0 eV (see Table 5.5). Calculated direct band gap of 

thia[n]helicenes decreases as the number of thiophene ring increases as shown in Figure 5.5. 

The direct band gap for seleno[n]helicenes is calculated to be in the range of 3.6 to 2.4 eV 

Figure 5.5 clearly indicates that calculated direct band gaps are lower in seleno[n]helicenes as 

compared to the same in thia[n]helicenes for each size of seleno[n]helicenes like 

thia[n]helicenes. Calculated band gap increase slightly for [8]SH in comparison to [7]SH a 

zigzag variation is observed in the plot for [9]SH and [10]SH. These variations may be due to 

interplay of stability due to conjugations and strain due to increased size. Figure 5.5 clearly 

indicates that the calculated direct band gaps are lower in telluro[n]helicenes as compared to 

the same in thia- and seleno- [n]helicenes. The direct band gap for telluro[n]helicenes are 
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calculated to be in the range of 3.33 to 1.76 eV (see Table 5.5). The direct band gap of 

telluro[n]helicenes decreases as the number of tellurophene rings increases. Calculated direct 

band gap of follow the order, [n]TeH < [n]SH < [n]TH for n=1-10. This order is same as the 

HOMO-LUMO gaps discussed in section 5.3.3. Overall, telluro[n]helicenes have the lowest 

band gap compared to their corresponding thia[n]helicenes and seleno[n]helicenes. 

5.3.6 Excited-state electronic spectra for telluro[n]helicenes radical cation, n=1-10 in 

DCM solvent 

To simulate the UV-Vis spectra of telluro[n]helicenes radical cation, [n]TeH•+, n=1-10, the 

TDDFT procedure is applied to study a few low lying excited states in DCM solvent using 

CAM-B3LYP functional with 6-311++G(d,p) basis set for H, C, Br, Si, atoms and 3-21G for 

Te atoms. The simulated UV-Vis spectra of telluro[n]helicenes radical cation, n=1-5 in DCM 

solvent are displayed in Figure 5.6a. Figure 5.6b shows simulated UV-Vis spectra of 

telluro[n]helicenes radical cation, n=6-10 in DCM solvent. Figure 5.6a and Figure 5.6a show 

that except for telluro[1]helicene radical cation, all the radical cation systems, n=2-10 have 

strong absorption bands in the visible region. Interestingly, these radical cationic systems even 

stronger absorption bands in NIR and far-infrared regions (FIR) are predicted in comparison to 

their absorption bands in the visible region. Comparison of UV-Vis spectra for all these 

helicenes show that the intensity of NIR peak for [7]TeH•+ (λmax = 1682 nm, f = 0.15) is much  
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    c 

Figure 5.6 UV-Vis spectra for radical cations of end substituted telluro[n]helicenes, [n]TeH•+ 

in DCM solvent, a) n=1-5 and b) n=6-10 c) comparison of calculated UV-Visible spectra of 

[7]TH•+, [7]SH•+ and [7]TeH•+. TDDFT procedure is applied to generate the UV-Vis spectra 

calculated using CAM-B3LYP functional with 6-311++G(d,p) basis set for H, C, S, Se, Br, Si 

atoms and 3-21G for Te atoms. 

 

higher than the NIR peak of [7]SH•+ ( λmax = 1279 nm, f = 0.09) and  [7]TH•+ (λmax = 2206 nm, 

f = 0.02) in DCM solvent as shown in Figure 5.6c. The orbital analysis suggests that the strong 

absorption peak in the NIR region is due to π-π* type transition in telluro[7]helicenes radical 

cation.  

Overall, based on excited-state studies, it may be concluded that most of these 

telluro[n]helicenes radical cations, [n]TeH•+ may be important in making the varieties of 

detectors that can be used in far IR and near IR region. 

 

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
0.00

0.05

0.10

0.15

0.20

A
b

s
o

rb
a

n
c

e

Wavelength (nm)

 [7]TH
•+

 in DCM

 [7]SH
•+

 in DCM

 [7]TeH
•+

 in DCM



 

124 

 

5.3.7 Dimerization of neutral and radical cation of telluro[7]helicene in DCM solvent 

Dimerization can significantly affect the performance of a device made of such helicenes 

molecules. A case study on the π-dimerization in neutral as well as radical cations of 

unsubstituted and end substituted telluro[7]helicene is performed in the absence and presence 

of PF6
- counter ion as reported for thia[7]- and seleno[7]- helicene systems in the previous 

chapters. 

5.3.7.1 Structure and energy of the π-dimer systems 

DFT calculations are performed on dimers of unsubstituted and end substituted neutral and 

radical cation of telluro[7]helicene applying B3LYP-D functional. The influence of 

electrostatic interaction of two PF6
- counter ions is also considered on unsubstituted and end 

substituted telluro[7]helicene radical cation. Three situations are considered and discussed 

below. 

Case 1: The most stable structure of unsubstituted π-dimer of neutral telluro[7]helicene, 

([7]TeH)2, is partly π-π stacked structure (see Figure 5.7a). Gibbs free energy of dimerization, 

ΔGdim is calculated for unsubstituted neutral π-dimer, ([7]TeH)2 as -26.9 kcal/mol. This 

indicates that the formation of the π-dimer is a favorable process for neutral unsubstituted 

telluro[7]helicene. The most stable structure calculated for end substituted π-dimer of neutral 

telluro[7]helicene, (s-[7]TeH)2 shows partial π-π stacking of two monomer s-[7]TeH units (see 

Figure 5.7b). ΔGdim calculated for π-dimer of neutral end substituted telluro[7]helicene is -16.6 

kcal/mol and this clearly indicates that the formation of the π-dimer of end substituted system 

is a favorable process. However, a significant decreases in the value of ΔGdim is observed in π-

dimer of neutral end substituted telluro[7]helicene compared to unsubstituted 

telluro[7]helicene. ΔGdim for neutral unsubstituted and substituted thia- and seleno[7]helicenes 
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are discussed in section 3.3.7 and section 4.3.7 respectively. It is to be noted that, the 

dimerization probability of neutral unsubstituted and substituted telluro[7]helicene is much 

higher than the corresponding neutral unsubstituted and substituted thia- and 

seleno[7]helicenes.  

Case 2: The most stable structure of the unsubstituted π-dimer of telluro[7]helicene radical 

cation, ([7]TeH)2
2+, is partly π-π stacked (see Figure 5.7c). Gibbs free energy of dimerization, 

ΔGdim is calculated for unsubstituted π-dimer, ([7]TeH)2
2+ as -28.5 kcal/mol. This indicates that 

the formation of the π-dimer is a favorable process for unsubstituted telluro[7]helicene radical 

cation. The most stable structure calculated for end substituted π-dimer of telluro[7]helicene, 

(s-[7]TeH)2
2+ shows partial π-π stacking of two monomer s-[7]TeH units (see Figure 5.7d).  

 

      

a         b   
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c                  d 

 

   

e                f 

Figure 5.7 Most stable -dimeric structure of a) neutral unsubstituted telluro[7]helicene 

monomer, b) neutral end substituted telluro[7]helicene monomer, c) unsubstituted 

telluro[7]helicene monomer radical cation, d) end substituted telluro[7]helicene monomer 

radical cation, e) unsubstituted telluro[7]helicene monomer radical cation with PF6
- counter 

ions, f) end substituted telluro[7]helicene monomer radical cation with PF6
- counter ions. 

Calculated at B3LYP-D functional with 6- 311++G(d,p) basis set for H, C, Si, Br, P, F atoms 

and 3-21G basis set for Te atoms in DCM solvent. 
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ΔGdim calculated for the π-dimer of end substituted telluro[7]helicene radical cation is +2.94 

kcal/mol and this clearly suggests that the formation of the π-dimer of end substituted system 

is not a favorable process. Calculated ΔGdim for π-dimer of unsubstituted and substituted thia- 

and seleno[7]helicene radical cations are more positive (see section 3.3.7 and section 4.3.7) 

than unsubstituted and substituted π-dimer of telluro[7]helicene radical cations. Thus, 

unsubstituted and substituted telluro[7]helicene radical cations have more probability of 

dimerization than their corresponding unsubstituted and substituted radical cations of thia- and 

seleno[7]helicenes. 

Case 3: In presence of two PF6
- counter ions, the most stable structure obtained for the 

unsubstituted π-dimer radical cation, ([7]TeH)2
2+, shows a π-π stacking of two units of the 

radical cation of telluro[7]helicene with two PF6
- counter ions are present near to only one ring 

as shown in (see Figure 5.7e). Gibbs free energy of dimerization, ΔGdim is calculated for these 

systems is -30.1 kcal/mol. This indicates that the formation of the π-dimer is a favorable process 

for unsubstituted telluro[7]helicene radical cation even in the presence of two PF6
- counter 

ions. In case of the most stable structure of the end substituted π-dimer radical cation, (s-

[7]TeH)2
2+ system, it is observed (see Figure 5.7f) that one PF6

- counter ions present at the top 

and the other at the bottom. Gibbs free energy of dimerization, ΔGdim is calculated for this 

systems is -12.2 kcal/mol. This indicates that the formation of the π-dimer is decreased in the 

presence of counter anion in end substituted π-dimer, (s-[7]TeH)2
2+ radical cation system. 

5.4 Conclusions 

Effects of chalcogen atom substitution on structures and HOMO-LUMO energy gap of the 

chalco[n]helicenes [n]ChH, (Ch = S, Se and Te, n=1-10) are investigated. In all the three cases, 
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three fused rings are necessary to produce non-planar structure irrespective of charge present 

in these systems. Eight fused rings are required for one complete turn in thia[n]helicene and 

seleno[n]helicene systems respectively. However, seven fused tellurophene rings are required 

to complete one turn in telluro[n]helicene systems. PBC-DFT calculations for band gap of 

thia[n]helicenes indicate that the value of band gap lies in the visible region for n=3,6,8-10. 

The band gap decreased as the number of thiophene rings increases in thia[n]helicenes and 

reached a value of 2.9 eV. The same calculations in seleno[n]helicenes suggest that the band 

gap of seleno[n]helicenes are lower than the band gap of thia[n]helicene. For 

telluro[n]helicenes systems also calculated band gap decreases with the increase in number of 

tellurophene rings. However, the calculated band gap are lowest for each size 

telluro[n]helicenes. Energy gap as well as band gap for chalcogen based [n]helicenes, follows 

the order, [n]TeH < [n]SH < [n]TH. Most of these telluro[n]helicenes radical cations have 

strong absorption in far IR and near IR region. Origin of optical absorption band of the end 

substituted telluro[n]helicenes radical cation in the IR regions is due to π→π* type of electronic 

transition. Calculated free energy at STP in DCM solvent for π-dimer of neutral unsubstituted 

and end substituted telluro[7]helicene suggests that dimerization of the monomer units are 

possible. Calculated free energy values for π-dimer of end substituted radical cations of 

telluro[7]helicene in DCM solvent at STP do not indicate any possibility of dimerization. Free 

energy parameters on π-dimer of unsubstituted and end substituted radical cations of 

telluro[7]helicene in the presence of counter ion, PF6
- in DCM solvent at STP decreases the 

possibility of dimerization. The neutral and radical cationic substituted and unsubstituted 

telluro[7]helicene systems have more chance of dimerization than their corresponding neutral 

unsubstituted and substituted thia- and seleno[7]helicenes Overall, these telluro[n]helicenes 

systems may be useful in optical devices.  
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 Effect of Excess Electron on Structure, Bonding and Spectral 

Properties of Diaryl Based Dichalcogen (S, Se and Te) Systems 

6.1 Introduction 

This chapter deals with a study of antioxidant property of diaryl based dichalcogen (S, Se and 

Te) systems with an excess of electrons.135 Chalcogens are present in amino acids, peptides, 

and proteins, essential for various biological redox reactions. Sulfur and selenium are present 

in amino acids, peptides, and proteins, essential for various biological redox reactions. 

Selenocystine and selenomethonine systems can act as an antioxidant by killing harmful 

peroxides in organisms, and these are also responsible for protection against inflammation and 

cancer.136–138 Diaryl dichalcogenides are eco-friendly oxidizing agents and demanding drugs 

in pharmaceutical chemistry mainly for their antioxidant properties.71 The diphenyl diselenides 

and diphenyl ditellurides have strong antioxidant activity and comparable toxicity. Their 

antioxidant activity can be modulated by inserting suitable ring substituents. The antioxidant 

nature of sulfur and selenium based diaryl dichalcogenides can be due to the ability to donate 

an electron in their anionic state in the solution phase.135 Along with the ability to donate an 

electron, the anionic diaryl dichalcogenides should possess sufficient stability in the aqueous 

medium. One electron reduction of neutral dichalcogenides may lead to the formation of two-

center three-electron (2c-3e) bonded radical anion systems.72–80 

The experimental characterization of 2c-3e bonding has often been indirect and transient 

optical absorption maximum (max) is being used as an indicator for such bonding. Chalcogen 

centered 2c-3e bonded radical cation complexes are easily formed in aqueous (neutral or acidic) 

CHAPTER 6  

Effect of Excess Electron on Structure, Bonding and Spectral 

Properties of Diaryl Based Dichalcogen (S, Se and Te) Systems† 

†Kumar, R.; Maity, D. K. Effect of excess electron on structure, bonding, and spectral 

properties of sulfur/selenium based dichalcogen systems. Int. J. Quantum Chem. 2019, 119 

(7), e25855 (Cover page article). 
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and hydrocarbon solution which gives rise to extremely broad and structure-less UV-Visible 

absorption spectra with high extinction coefficient () values. A similar absorption spectrum is 

also observed in case of transient disulfide radical anions formed on the reaction of the solvated 

electron with an aqueous solution of organic disulfides. Optical absorption spectra, and in 

particular the position of max and lifetimes (t1/2) of these bands may be used to provide indirect 

information on the nature and strength of 2c-3e bonds of these complexes. Characterization of 

2c-3e bond in sigma bonded radical cationic complexes can be done through optical absorption 

spectroscopy. Characterization of 2c-3e bond in cyclic dithia radical cations72, pepetides139, 

azoalkanes140, transition metal complexes141 and other sigma bonded radical cationic 

complexes through optical absorption spectroscopy are reported in the literature. Absorption 

maximum (λmax) is described to correspond to the energy gap between the doubly occupied  

bonding orbital and singly occupied * antibonding orbital and this is often being correlated 

to the strength of a 2c-3e -ChCh- (Ch = S, Se and Te) bond. A λmax value in the blue region 

indicates a large separation between the doubly occupied  and singly occupied * orbitals due 

to a strong interaction of the corresponding p-orbitals resulting a strong 2c-3e bond and a λmax 

value in the red region for a small separation between the doubly occupied  and singly 

occupied * orbitals due to a weak interaction of the corresponding p-orbitals resulting a weak 

2c-3e bond. A low-temperature matrix in combination with time-resolved pulse radiolysis is 

also used to characterize the optical absorption bands, λmax of such complexes. Electron Spin 

Resonance (ESR) provides valuable information on the nature of bonding in sulfur radical 

cation systems by probing the degree of localization of the excess electron.142 A direct 

measurement of the 2c-3e bond strengths is also made following mass spectroscopic studies of 

gas phase ion-molecule association equilibrium to measure the bond enthalpy in inter-



 

131 

 

molecular 2c-3e bonded sulfur centered dimer radical cations. A real-time probing of 2c-3e 

bonded chalcogen system has also been performed following femtosecond laser spectroscopy. 

Recently, transient anion states of gas-phase diphenyl disulfide are characterized using electron 

transmission (ET) and dissociative electron attachment (DEA) spectroscopies. Electron capture 

dissociation (ECD) with Fourier transform ion cyclotron mass spectrometry (FTICR MS) has 

been used for direct measurement of sulfur and selenium centered 2c-3e bond complexes.139 

Quantum chemical calculations play a major role in understanding the nature of bonding in 

these radical anionic complexes. Mixing of two chalcogen valence p-orbitals from the 

respective radical anion, RCh•‾ and free radical, RCh• form dichalcogenides radical anion (R-

ChCh-R)‾ having a three electron bond between two chalcogen atoms. The transition of an 

electron from the highest doubly occupied molecular orbital (HDOMO) to the lowest singly 

occupied molecular orbital (LSOMO) of an organic radical anion system usually occurs by a 

visible photon. Bond strength of a 2c-3e bond is expected to depend on the combined effects 

of structural parameters, substitution patterns and electronic interactions. The combined effects 

are expected to control the extent of p-orbital interaction that in turn is expected to influence 

the strength of the newly formed bond. 

The present chapter deals with the electron acceptor properties of dichalcogen systems, namely, 

diaryl dichalcogenides of the type R-Ch-Ch-R (Ch = S, Se and Te; R = Ph, PhCH2, o-CH3-Ph, 

o-HO-Ph, o-NO2-Ph) and the newly formed 2c-3e bonds in their anionic (R-Ch-Ch-R)•‾ states. 

These studies may serve as a model for understanding the antioxidant behaviour of these 

dichalcogen systems. The geometry of radical, R-Ch• and radical anion, R-Ch•‾ states of (R-

Ch-Ch-R)•‾ are also calculated at the same level of theory. Excited-state calculations are 

performed based on Time-Dependent Density Functional Theory (TDDFT) formalism to 



 

132 

 

simulate UV-Vis spectra of radical anion systems, (R-Ch-Ch-R)•‾. The effect of solvent water 

is introduced through macroscopic solvent model as well as through a discrete solvent model 

adding one water molecule to each of the chalcogen (Ch) atoms. 

6.2 Theoretical Methods  

The geometry of isolated neutral and negatively charged R-Ch-Ch-R systems (Ch = S, Se and 

Te; R = Ph, PhCH2, o-CH3-Ph, o-HO-Ph, o-NO2-Ph) are fully optimized to find out the most 

stable structure applying density functional theory (DFT) and MP2 methods in conjunction 

with the 6-311++G(d,p) basis sets for C, H, O, N, S and Se atoms and 3-21G* for Te atom. 

DFT functionals B3LYP, B3LYP-D94, B3LYP-D395, B3LYP-D3BJ143 and ω-B97XD96 are 

considered and geometries of all systems are fully optimized at all mentioned level of theory. 

Los Alamos ECP, LanL2DZ130,131 and split valance triple zeta basis functions, Def2TZVP132,133 

are tried for Te atoms. However, both the basis sets are found to be unsuitable due to problem 

in SCF convergence. The effect of solvent water is introduced through a macroscopic solvent 

model based on solute density (SMD)104 as well as through a discrete solvent model adding 

one water molecule to each of the Chalcogen (Ch) atoms. The energies of all these anionic 

systems are also calculated following Restricted Open-Shell Hartree-Fock (ROHF) formalism 

to avoid any spin contamination in these radical anionic doublet systems. Excited-state 

calculations on radical anion systems are performed for fifteen low lying excited states 

following TDDFT procedure considering CAM-B3LYP115,116 functional and 6-311++G(d,p) 

basis sets for C, H, O, N, S and Se atoms and 3-21G* for Te atom in the gas phase and water 

medium. CAM-B3LYP is a long-range corrected hybrid exchange-correlation functional 

designed to to predict reasonable specta.115,116 Visualization of frontier molecular orbitals is 

carried out to get the information about the type of orbitals involved in electronic transitions. 
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6.3 Results and Discussions 

Geometrical parameters of few neutral (PhS)2, (PhSe)2, and (PhTe)2, systems are available in 

the Cambridge Structural Database (CSD) and also in some theoretical studies.144–148 However, 

detail ab initio studies on such systems that can give the structural as well as stability aspects 

in solution are at early stages. Geometrical parameters and binding energy of these dichalcogen 

systems are also reported based on theoretical calculations.71 Binding energy of H3CSSCH3 is 

also reported based on gas phase experiment and theoretical calculations.145,146 Geometrical 

parameters of neutral aliphatic selenium based dichalcogen system (H3CSeSeCH3) and binding 

energy are also reported in the literature based on gas phase experiments.149,150 

Benchmark analysis is performed to choose the optimal level of theory for the geometrical 

description of these species. Chalcogen-chalcogen and carbon-chalcogen bond lengths, carbon-

chalcogen-chalcogen angle and carbon chalcogen-chalcogen-carbon dihedral angles are 

considered to decide the suitable level of theory for the present theoretical calculations. 

Selected geometrical parameters calculated at different levels of theory for neutral PhSSPh 

system are provided in Table 6.1 along with their anionic counterparts. Several initial 

geometries are considered for PhSSPh system to find out the most stable structure. The 

calculated bond distance values listed for PhSSPh system at B3LYP-D, B3LYP-D3, B3LYP-

D3BJ, and ω-B97XD levels agrees well with that found at MP2 level. On geometry 

optimization, two minimum energy equilibrium structures are obtained for neutral systems and 

these structures differ mainly in spatial orientation of two phenyl rings. To calculate gas phase 

geometrical parameters of (PhS)2 system more accurately, geometry optimization has also been 

carried out at the CCSD level of theory with the same basis functions. The rS1-S2 and rC1-S1 bond 

distances are calculated as 2.13 Å and 1.77 Å respectively. The bond angle, C1S1S2, 
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dihedral angles, δ(C1S1S2C2), δ(S1S2C2C2’) and δ(S2S1C1C1’) are predicted as 97.4°, 

51.2°, 74.7° and -101.3° respectively at CCSD level of theory.71 It may be noted that these 

geometrical parameters are the same as MP2 values. The experimentally reported rS1S2 and rC1S1 

bond distances in PhSSPh are 2.027 Å and 1.789 Å. Reported crystallographic data on the bond 

angle, C1S1S2 and dihedral angle, δ(C1S1S2C2) for PhSSPh system are 104.9 and 84.0° 

respectively. Thus, most stable structure obtained for PhSSPh system at MP2 and CCSD levels 

of theory is in close agreement with experimentally reported structure. Along with that, the 

reported deviations for the bond distances rS1-S2 and rC1-S1, bond angle, C1S1S2, and dihedral 

angle, δ(C1S1S2C2) are rather small in ω-B97XD functional and value obtained for these 

geometrical parameters are close to MP2 and CCSD levels of theory. On the basis of obtained 

results, ω-B97XD functional is a good functional for geometry optimizations. 

To examine the change in geometrical parameters in same systems with Se and Te atoms in 

place of S, similar electronic structure calculations have been carried out. Geometrical 

parameters of neutral diphenyl dichalcogen system (PhSeSePh) are available in the Cambridge 

Structural Database (CSD).144 Similar to (PhS)2 system discussed earlier, it is observed that 

again two minimum equilibrium structures are obtained which differ mainly in spatial 

orientation of two phenyl rings in case of (PhSe)2 and (PhTe)2 systems.. Experimental bond 

distances, rSe1Se2
 and rC1Se1 in neutral PhSeSePh system are 2.307 Å and 1.946 Å respectively. 

Based on crystallographic data, bond angle, C1Se1Se2 and dihedral angle, δ(C1Se1Se2C2) 

are 102.4° and 85.0° respectively for (PhSe)2.
146 For PhSeSePh system, the rSe1Se2

 and rC1Se2 

bond distances are 2.40 Å and 1.92 Å respectively at MP2 level of theory in gas phase. The 

calculated bond angle and dihedral angle are 102.4° and 85.0° respectively. Thus, most stable 

obtained for PhSeSePh system at MP2 and level of theory is similar to reported structure based 
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on crystallography. Similarly, the geometrical parameters obtained for the minimum energy 

structure of PhTeTePh system close to experimentally reported structure.  It is also found that 

calculated bond distance and bond angles values listed for (PhSe)2 and (PhTe)2 systems at 

B3LYP-D, B3LYP-D3, B3LYP-D3BJ, and ω-B97XD levels agrees well with that found at 

MP2 level of theory. CCSD calculations are only limited to neutral (PhS)2 system due to its 

computationally expensive nature. 

It is interesting to mention that for (PhSe)2 and (PhTe)2 systems, it is possible to calculate 

chemical shift in the NMR spectra accurately from only these two equilibrium structures.151 

Such observations are also reported in the literature for diphenyl dichalcogen systems including 

(PhTe)2 based on conformation analysis.71,151,152 This certainly demonstrates that such above 

discussed theoretical methods have the predictive ability and can be very useful to interpret 

experimental results and to provide better insights. 

6.3.1 Structures of (Ph-Ch)2
 radical anions (Ch = S, Se, & Te)  

Table 6.1 summarizes the changes in selected geometrical parameters of (PhS)2 produced upon 

the capture of an electron in the gas phase and in water medium. Several initial geometries of 

radical anion for diphenyl disulfide, (Ph-S)2
 are considered to find out the most stable 

structure. On optimization, two minimum energy structures are obtained and the structures are 

displayed in Figure 6.1 (a-b) along with relative stability and selected geometrical parameters. 

Two structures differ mainly in the spatial orientation of two phenyl rings. In the first case (see 

Figure 6.1a), one phenyl ring is displaced over the other phenyl ring. However, in the second 

case (see Figure 6.1b), two phenyl rings are in a molecular plane containing two sulfur atoms. 

Due to partial interactions of pi orbitals from two phenyl rings, the first structure (Figure 6.1a) 

is more stable than the second one by 3.8 kcal/mol as calculated at MP2/6-311++G(d,p) level 
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of theory in the gas phase. For the most stable structure of radical anion (PhS)2
, the rS1-S2 and 

rC1-S1 bond distances are 2.83 Å and 1.76 Å respectively. The calculated gas phase bond angle, 

(C1S1S2) is 85.6° which is significantly smaller than DFT values. The calculated dihedral 

angle, δ(C1S1S2C2) at MP2 level is 51.7° which is also significantly smaller than all the DFT 

values except ω-B97XD. Dihedral angle suggests that two phenyl rings are less displaced at 

MP2 level. To calculate these geometrical parameters more accurately, geometry optimization 

has also been carried out for (PhS)2
 system in the gas phase at CCSD level of theory which 

is known to recover dynamic correlation accurately. The rS1-S2 and rC1-S1 bond distances are 

calculated as 2.87 Å and 1.77 Å respectively and these are very close to MP2 values. The bond 

angle, C1S1S2, dihedral angles, δ(C1S1S2C2), δ(S1S2C2C2’) and δ(S2S1C1C1’) are 

predicted as 91.6°, 41.8° and 78.8° and -99.8° respectively. It may be noted that the calculated 

bond angle is close to the MP2 value but the dihedral angles are different than MP2 values at 

CCSD level considering the same set of basis functions. Calculated distances C1-C2 and C3-

C4 at MP2 level are 3.0 Å and 4.4 Å respectively (see Figure 6.1a). The solvent effect on the 

structure of the radical anion is also studied by applying SMD model for water medium and 

the structure obtained is very similar to the gas phase structure. Respective bond distances, rS1-

S2 and rC1-S1 are 2.82 Å and 1.77 Å respectively. Bond angle, C1S1S2 and dihedral angle, 

δ(C1S1S2C2) are 87.2° and 49.8° respectively in water medium (see Figure 6.1c). It may be 

noted that in the water medium, displacement of the two phenyl rings in the radical anion, 

(PhS)2
 is less as reflected in the calculated values of the dihedral angle, δ(C1S1S2C2). The 

distance between C1 and C2 atoms 3.0 Å and the same between C3 and C4 atoms is 4.5 Å. 

Thus, MP2 results on geometrical parameters suggest that on attachment of an excess electron, 

the dichalcogen bond, S1-S2 elongates by 0.7 Å and C1-S1 bond distance remains practically 

unchanged in the gas phase and in water medium for (PhS)2 system. Along with that, bond  
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Table 6.1 Selected #geometrical and molecular parameters of diphenyl dichalcogenides, (PhS)2 (Ch = Se and Te) in at the different levels of theory. 

Values in the braces show the parameters for the systems in presence of an excess electron (PhS)2
. 

Sr. 

no. 
Method 

rS1S2 

(Å) 

rC1S1 

(Å) 
C1S1S2 

(degree) 

δ(C1S1S2C2) 

(degree) 

δ(S1S2C2C2’) 

(degree) 

δ(S2S1C1C1’) 

(degree) 

Neutral (PhS)2 and (PhS)2
 radical anion in gas phase 

1. i) 2.13, (2.89) 1.80, (1.76) 104.0, (103.9) 82.4, (80.8) 79.5, (91.6) -103.5, (-88.6) 

2. ii) 2.13, (2.89) 1.80, (1.76) 104.0, (103.9) 82.4, (80.8) 79.5, (91.6) -103.5, (-88.6) 

3. iii) 2.13, (2.89) 1.80, (1.76) 104.0, (103.9) 82.4, (80.8) 79.5, (91.6) -103.5, (-88.6) 

4. iv) 2.13, (2.89) 1.80, (1.76) 104.0, (103.9) 82.4, (80.8) 79.5, (91.6) -103.5, (-88.6) 

5. v) 2.11, (2.81) 1.78, (1.75) 101.2, (92.8) 69.3, (37.5) 84.0, (80.2) -95.8, (-97.6) 

6. vi) 2.13, (2.83) 1.77, (1.76) 97.4, (85.6) 51.2, (51.7) 74.7, (68.4) -101.3, (-111.1) 

Neutral (PhS)2 and (PhS)2
 radical anion in water medium 

1. i) 2.14, (2.95) 1.80, (1.77) 104.1, (103.6) 82.4, (81.0) 84.2, (90.1) -98.3, (-90.3) 

2. ii) 2.14, (2.95) 1.80, (1.77) 104.1, (103.6) 82.4, (81.0) 84.2, (90.1) -98.3, (-90.3) 

3. iii) 2.14, (2.95) 1.80, (1.77) 104.1, (103.6) 82.4, (81.0) 84.2, (90.1) -98.3, (-90.3) 

4. iv) 2.14, (2.95) 1.80, (1.77) 104.1, (103.6) 82.4, (81.0) 84.2, (90.1) -98.3, (-90.3) 

5. v) 2.11, (2.91) 1.78, (1.76) 101.4, (94.5) 68.2, (28.7) 83.4, (86.5) -95.9, (-92.4) 

6. vi) 2.13, (2.82) 1.77, (1.77) 97.7, (87.7) 47.8, (49.5) 74.5, (70.1) -101.7, (-110.9) 

#Methods: i) B3LYP; ii) B3LYP-D; iii) B3LYP-D3; iv) B3LYP-D3BJ; v) ω-B97XD; vi) MP2. Basis set: 6-311++G(d,p) for H, C, S, Se atoms 

and 3-21G* for Te atoms. 
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Table 6.2 Selected #geometrical and molecular parameters of diphenyl dichalcogenides, (PhCh)2 (Ch = Se and Te) in at the different levels of 

theory. Values in the braces show the parameters for the systems in presence of an excess electron (PhCh)2
. 

Sr. 

no. 
Method 

rCh1Ch2 

(Å) 

rC1Ch1 

(Å) 
C1Ch1Ch2 

(degree) 

δ(C1Ch1Ch2C2) 

(degree) 

δ(Ch1Ch2C2C2’) 

(degree) 

δ(Ch2Ch1C1C1’) 

(degree) 

Neutral (PhSe)2 and (PhSe)2
 radical anion in water medium 

1. i) 2.39, (3.14) 1.94, (1.92) 101.8, (100.3) 82.6, (72.7) 85.6, (85.1) -96.9, (-95.0) 

2. ii) 2.39, (3.14) 1.94, (1.92) 101.8, (100.3) 82.6, (72.7) 85.6, (85.1) -96.9, (-95.0) 

3. iii) 2.39, (3.14) 1.94, (1.92) 101.8, (100.3) 82.6, (72.7) 85.6, (85.1) -96.9, (-95.0) 

4. iv) 2.39, (3.14) 1.94, (1.92) 101.8, (100.3) 82.6, (72.7) 85.6, (85.1) -96.9, (-95.0) 

5. v) 2.35, (3.09) 1.92, (1.91) 98.4, (91.5) 67.2, (33.4) 84.3, (98.2) -95.1, (-80.5) 

6. vi) 2.41, (3.05) 1.92, (1.93) 94.7, (92.4) 42.3, (22.1) 73.7, (47.3) -102.6, (-131.7) 

Neutral (PhTe)2 and (PhTe)2
 radical anion in water medium 

1. i) 2.76, (3.36) 2.15, (2.14) 100.0, (89.3) 84.1, (81.1) 86.5, (87.7) -95.9, (-92.8) 

2. ii) 2.77, (3.41) 2.14, (2.14) 93.1, (82.9) 59.4, (44.5) 71.3, (68.6) -79.1, (-112.2) 

3. iii) 2.77, (3.41) 2.14, (2.14) 94.4, (84.1) 66.2, (44.5) 89.9, (68.9) -89.6, (-111.5) 

4. iv) 2.77, (3.41) 2.14, (2.14) 94.4, (84.1) 66.2, (44.5) 89.9, (68.9) -89.6, (-111.5) 

5. v) 2.76, (3.35) 2.12, (2.13) 92.3, (84.9) 42.1, (43.1) 76.1, (70.5) -102.9, (-110.1) 

6. vi) 2.79, (3.30) 2.12, (2.13) 89.9, (80.8) 38.1, (46.1) 78.2, (68.2) -103.1, (-115.6) 

#Methods: i) B3LYP; ii) B3LYP-D; iii) B3LYP-D3; iv) B3LYP-D3BJ; v) ω-B97XD; vi) MP2. Basis set: 6-311++G(d,p) for H, C, S, Se atoms 

and 3-21G* for Te atoms.
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angle(C1S1S2) and dihedral angle, δ(C1S1S2C2) remain unperturbed on electron 

attachment in (PhS)2 in the gas phase as well as in water medium. It is clear from the above 

discussion that (PhS)2 and its radical anion have peculiar structural features. Importantly, in 

solution the phenyl rings are almost free to rotate. This conformational motions of the phenyl 

rings not only observed experimentally147 but also quantified through density functional theory 

(DFT) calculations in solution phase.135 Though, all reported calculations are performed in the 

gas phase and in water medium, for the sake of convenience the structural and stability features 

discussions are limited only to water medium in upcoming discussions. 

To examine the change in geometrical parameters in same systems with Se and Te atoms in 

place of S, similar electronic structure calculations have been performed. Table 6.2 provides 

the changes in selected geometrical parameters of (PhCh)2 (Ch = Se and Te) produced upon 

one electron reduction. Several initial geometries of (Ph-Se)2
 and (Ph-Te)2

 radical anions 

are considered to find out the most stable structure. Only the most stable structures of (Ph-

Se)2
 and (Ph-Te)2

 radical anions are reported in Figure 6.1d and Figure 6.1e respectively at 

MP2 level of theory in water medium. The bond distances rSe1-Se2 and rC1-Se1 are 3.05 Å and 

1.93 Å respectively for (Ph-Se)2
 radical anion as shown in Figure 6.1d. The obtained bond 

angle, C1Se1Se2 and dihedral angle, δ(C1Se1Se2C2) are 92.4° and 22.1° respectively in 

water medium. It may be noted that the calculated dihedral angle, δ(C1Se1Se2C2) is 

significantly smaller than the sulfur systems suggesting more pi-pi interaction in Se systems. 

The distance between the C1 and C2 atoms is 3.3 Å and that between C3 and C4 atoms is 3.8 

Å. For the most stable structure of (Ph-Te)2
 radical anion, the rTe1-Te2 and rC1-Te1 bond 

distances are calculated as 3.30 Å and 2.13 Å respectively at MP2 level of theory in a water 

medium (see Figure 6.1e). These bond distance are significantly larger than there sulfur and 
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selenium analogues. The bond angle, C1Te1Te2, dihedral angle, δ(C1Te1Te2C2) are 

calculated as 80.5o, and 46.1° respectively. The distance between the C1 and C2 atoms is 3.1 

Å and that between C3 and C4 atoms is 4.3 Å. The value of dihedral angle, δ(C1Te1Te2C2) is 

significantly larger than the selenium systems and interestingly, the value obtained is close to 

it sulfur analogue. 
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Figure 6.1 a) Most stable structure of (PhS)2
 radical anion in the gas phase, b) second possible 

structure of (PhS)2
 radical anion in the gas phase. c) (PhS)2

 radical anion in water medium, 

d) (PhSe)2
 radical anion in water medium calculated at MP2/6-311++G(d,p) level of theory. 

e) Most stable structures of  (PhTe)2
 radical anion in water medium. Method: MP2 level of 

theory with 6-311++G(d,p) basis set for H, C, S, Se atoms and 3-21G* basis set for Te atoms. 

∆E represents the relative energy of the higher energy structure with respect to the most stable 

one. 

 

This suggest that there is significant decrease in pi-pi interaction in Te systems compared to its 

selenium analogue. Calculated angle, C1Ch1Ch2 and dihedral angles, δ(C1Ch1Ch2C2), 

δ(Ch1Ch2C2C2’) and δ(Ch2Ch1C1C1’) are significantly larger at DFT level compared to MP2 

data. It is also observed that the DFT functional, ω-B97XD produces these angles closer to 

MP2 values except for δ(Ch1Ch2C2C2’) and δ(Ch2Ch1C1C1’). ω-B97XD functionals is 

performing reasonably well and has the advantage of including the dispersion correction for 

phenyl rings are stacked close to each other along with long range correction. The calculated 

bond order for Ch-Ch bonds are 0.5 for (Ph-Ch)2
 (Ch = Se, Se and Te) radical anions. Thus, 

the chalcogen atoms are bonded by 2c-3e bond in the most stable structures of these radical 

anions in water medium.  
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Inserting suitable ring substituents can modulate the antioxidant activity and affect the 

structural features of these diphenyl dichalcogenides. The next section provides the detail study 

on the most stable structures of diphenyl dichalcogenides substituted at ortho position by 

electron donating group. 

6.3.2 Effect of electron-donating ortho-substituted groups: Structures of (o-R-PhCh)2
 

radical anions (Ch = S, Se & Te; R= CH3 & OH) 

In order to gain insight into the overall molecular geometries of substituted diaryl 

dichalcogenides, electron donating group -CH3 & -OH are substituted at one of the ortho- 

positions of the two phenyl rings (PhCh)2 (Ch = S, Se & Te) and their corresponding radical 

anions. Structures with -CH3 and -OH substitutions only in anti-positions of the most stable 

structure of diphenyl diselenide radical anion are considered as input geometries to locate 

equilibrium structure. Coordinates of all the atoms in the most stable structures of neutral (o-

R-PhCh)2 (R= CH3 & OH) are used as the initial input to get the most stable structures of (o-

R-PhCh)2
 radical anions.  

Selected geometrical parameters calculated at different levels of theory for neutral (o-CH3-

PhCh)2 and (o-CH3-PhCh)2
 radical anionic systems are listed in Table 6.3. The most stable 

structure of (o-CH3-PhCh)2
 radical anions calculated at MP2/6-311++G(d,p) level of theory 

including solvent effect following SMD model are shown in Figure 6.2 (a-c). The rS1-S2 and rC1-

S1 bond distances are calculated as 2.92 Å and 1.79 Å respectively at present level of theory for 

(o-CH3-PhS)2
 radical anion (see Figure 6.2a). Bond angle, C1S1S2, dihedral angle, 

δ(C1S1S2C2) are predicted as 93.4° and 13.2° respectively. It is interesting to note that adding 

-CH3 group to each phenyl ring in their ortho position has made the distance between two S 

atoms shorter by 0.1 Å in water medium. However, dihedral angle, δ(C1S1S2C2) is decreased 
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by ~ 36o indicating stronger pi-pi interaction. The minimum energy structure of (o-CH3-

PhSe)2
 radical anion is displayed in Figure 6.2b. On addition of -CH3 group to the phenyl ring 

in (PhSe)2
 radical anion, no notable change in the bond distance are obtained. However, 

dihedral angle, (C1Se1Se2C2) is increased by 18o compared to that in the radical anion with 

unsubstituted phenyl rings. This increase in the dihedral angle reflects that the displacement 

between the two phenyl rings may be due to the bulky nature of -CH3 groups. Distances 

between C3 and C4 atoms in -CH3 group substituted radical anion and unsubstituted radical 

anion systems are 3.8 Å and 4.1 Å respectively. The rTe1-Te2 and rC1-Te1 bond distances are 

calculated as 3.34 Å and 2.14 Å respectively for (o-CH3-PhTe)2
 radical anion (see Figure 

6.2c). Bond angle, C1Te1Te2 and dihedral angle, δ(C1Te1Te2C2) are calculated as 83.8o 

and 41.8° respectively. It is worth to mention that adding -CH3 group to each phenyl ring in 

their ortho position is marginally affecting the geometrical parameters compared to its 

unsubstituted Te-analogue. The spin densities over chalcogen atoms labelled are ~ 0.5 a.u. In 

sum, the methyl-substituted radical anion S, Se and Te based radical anion are forming stable 

2c-3e bond. 

Table 6.4 provides the changes in geometrical parameters of (o-OH-PhCh)2
  (Ch = S, Se & Te) 

and it anionic counterparts at MP2 level of theory in water medium. For (o-OH-PhCh)2
 

radical anions, the most stable structures have pi-pi stacked structures like their ortho-methyl 

substituted and unsubstituted analogues (Figure 6.2(d-f)). 

On addition of -OH group to the phenyl ring in (PhS)2
 radical anion, no notable change in the 

bond distances and bond angle are obtained. However, dihedral angle, (C1S1S2C2) is 

decreased by ~ 9o compared to that in the radical anion with unsubstituted phenyl rings 
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Table 6.3 Selected #geometrical and molecular parameters of diphenyl dichalcogenides, (o-CH3-PhCh)2 (Ch = S, Se and Te) in water medium at 

the different levels of theory. Values in the braces show the parameters for the systems in presence of an excess electron (o-CH3-PhCh)2
. 

Sr. 

no. 
Method 

rCh1Ch2 

(Å) 

rC1Ch1 

(Å) 
C1Ch1Ch2 

(degree) 

δ(C1Ch1Ch2C2) 

(degree) 

δ(Ch1Ch2C2C2’) 

(degree) 

δ(Ch2Ch1C1C1’) 

(degree) 

Neutral (CH3-PhS)2 and (CH3-PhS)2
 radical anion in water medium 

1. i) 2.14, (3.08) 1.80, (1.76) 104.2, (101.1) 79.1, (5.2) 79.8, (89.7) -103.2, (-90.7) 

2. ii) 2.15, (3.13) 1.79, (1.76) 100.4, (93.2) 62.2, (5.4) 81.2, (70.0) -98.6, (-111.0) 

3. iii) 2.15, (3.14) 1.79, (1.76) 101.1, (94.3) 65.0, (6.1) 79.5, (70.4) -99.8, (-109.1) 

4. iv) 2.15, (3.13) 1.79, (1.76) 100.2, (94.4) 61.3, (7.3) 79.5, (69.2) -99.0, (-110.1) 

5. v) 2.11, (2.99) 1.78, (1.76) 101.0, (95.7) 64.3, (4.8) 80.9, (71.7) -98.3, (-107.4) 

6. vi) 2.20, (2.92) 1.76, (1.79) 100.9, (93.4) 10.8, (13.2) 67.0, (61.8) -112.7, (-120.6) 

Neutral (CH3-PhSe)2 and (CH3-PhSe)2
 radical anion in water medium 

1. i) 2.39, (3.14) 1.95, (1.93) 102.4, (103.3) 78.9, (74.8) 76.4, (79.7) -106.6, (-100.8) 

2. ii) 2.39, (3.14) 1.95, (1.93) 102.4, (103.3) 78.9, (74.8) 76.4, (79.7) -106.6, (-100.8) 

3. iii) 2.39, (3.14) 1.95, (1.93) 102.4, (103.3) 78.9, (74.8) 76.4, (79.7) -106.6, (-100.8) 

4. iv) 2.39, (3.14) 1.95, (1.93) 102.4, (103.3) 78.9, (74.8) 76.4, (79.7) -106.6, (-100.8) 

5. v) 2.38, (3.11) 1.93, (1.91) 97.6, (91.7) 43.0, (30.9) 76.5, (80.9) -100.8, (-98.0) 

6. vi) 2.41, (3.02) 1.92, (1.94) 96.6, (86.7) 37.8, (40.0) 77.0, (77.1) -99.9, (-105.3) 

Neutral (CH3-PhTe)2 and (CH3-PhTe)2
 radical anion in water medium 

1. i) 2.76, (3.39) 2.15, (2.15) 99.0, (88.9) 82.5, (66.0) 73.0, (78.8) -109.9, (-102.9) 

2. ii) 2.80, (3.45) 2.15, (2.14) 91.8, (84.7) 37.1, (37.2) 75.6, (73.9) -103.5, (-108.2) 

3. iii) 2.79, (3.43) 2.15, (2.14) 92.8, (85.6) 42.1, (38.8) 75.6, (75.2) -101.9, (-106.3) 

4. iv) 2.79, (3.39) 2.14, (2.14) 92.2, (85.6) 37.6, (38.5) 76.0, (74.7) -103.0, (-106.9) 

5. v) 2.76, (3.37) 2.13, (2.13) 93.0, (88.1) 37.4, (36.8) 77.8, (76.0) -101.4, (-104.6) 

6. vi) 2.80, (3.32) 2.13, (2.14) 90.6, (82.1) 34.3, (42.3) 80.0, (76.0) -101.6, (-109.9) 
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Table 6.4 Selected #geometrical and molecular parameters of diphenyl dichalcogenides, (o-HO-PhCh)2 (Ch = S, Se and Te) in water medium at 

the different levels of theory. Values in the braces show the parameters for the systems in presence of an excess electron (o-HO-PhCh)2
. 

Sr. 

no. 
Method 

rCh1Ch2 

(Å) 

rC1Ch1 

(Å) 
C1Ch1Ch2 

(degree) 

δ(C1Ch1Ch2C2) 

(degree) 

δ(Ch1Ch2C2C2’) 

(degree) 

δ(Ch2Ch1C1C1’) 

(degree) 

Neutral (HO-PhS)2 and (HO-PhS)2
 radical anion in water medium 

1. i) 2.14, (3.05) 1.78, (1.76) 104.1, (98.1) 78.3, (30.2) 79.7, (90.5) -103.3, (-89.3) 

2. ii) 2.19, (3.07) 1.78, (1.76) 99.9, (92.0) 44.9, (28.2) 79.1, (85.4) -97.1, (-93.3) 

3. iii) 2.15, (3.07) 1.78, (1.75) 101.1, (92.9) 62.1, (27.1) 80.7, (85.1) -98.0, (-93.5) 

4. iv) 2.16, (3.03) 1.78, (1.75) 100.3, (92.6) 57.4, (28.8) 79.9, (83.7) -97.9, (-95.1) 

5. v) 2.12, (2.94) 1.77, (1.75) 101.0, (94.1) 61.8, (28.2) 80.9, (84.5) -97.8, (-94.1) 

6. vi) 2.15, (2.92) 1.76, (1.76) 98.0, (89.3) 42.4, (40.3) 76.1, (77.8) -100.4, (-103.5) 

Neutral (HO-PhSe)2 and (HO-PhSe)2
 radical anion in water medium 

1. i) 2.40, (3.26) 1.93, (1.92) 102.2, (95.7) 79.7, (-4.3) 76.1, (80.3) -106.7, (-99.7) 

2. ii) 2.47, (3.25) 1.92, (1.92) 98.9, (92.5) 11.9, (-0.3) 66.4, (72.7) -112.3, (-107.7) 

3. iii) 2.47, (3.24) 1.92, (1.92) 99.7, (93.4) 12.8, (-0.7) 67.0, (73.4) -111.8, (-106.2) 

4. iv) 2.47, (3.19) 1.92, (1.91) 99.2, (93.5) 12.4, (-0.1) 67.4, (73.1) -111.6, (-106.7) 

5. v) 2.42, (3.14) 1.91, (1.91) 99.7, (94.2) 14.8, (-0.4) 67.5, (73.2) -111.3, (-106.3) 

6. vi) 2.45, (3.08) 1.91, (1.94) 97.7, (91.7) 8.4, (11.0) 67.5, (62.2) -113.5, (-119.5) 

Neutral (HO-PhTe)2 and (HO-PhTe)2
 radical anion in water medium 

1. i) 2.77, (3.38) 2.14, (2.14) 99.1, (89.4) 82.0, (72.9) 72.2, (81.9) -111.1, (-90.5) 

2. ii) 2.80, (3.44) 2.14, (2.14) 91.8, (84.2) 38.8, (40.4) 78.0, (74.0) -101.8, (-108.1) 

3. iii) 2.80, (3.43) 2.14, (2.14) 92.0, (85.2) 42.6, (39.4) 77.3, (74.5) -103.2, (-108.1) 

4. iv) 2.77, (3.39) 2.14, (2.13) 94.4, (85.4) 39.6, (40.2) 89.9, (73.1) -107.3, (-111.5) 

5. v) 2.76, (3.37) 2.12, (2.12) 92.8, (86.4) 39.1, (38.2) 77.8, (74.1) -101.5, (-106.3) 

6. vi) 2.80, (3.31) 2.12, (2.13) 90.3, (82.4) 35.1, (43.0) 79.6, (72.7) -102.5, (-111.1) 

#Methods: i) B3LYP; ii) B3LYP-D; iii) B3LYP-D3; iv) B3LYP-D3BJ; v) ω-B97XD; vi) MP2. Basis set: 6-311++G(d,p) for H, C, S, Se atoms 

and 3-21G* for Te atoms. 
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indicating more pi-pi interaction in stacked phenyl rings. Moreover, two phenyl rings are less 

displaced in comparison to its methyl substituted analogue with almost similar values of bond 

distances and bond angle.  

Figure 6.2e shows the most stable structure of (o-CH3-PhSe)2
 radical anion. It is now an 

obvious observation that the adding -OH group to each phenyl ring in their ortho position have 
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e                  f 

Figure 6.2 Most stable structures in water medium a) (o-CH3-PhS)2
 radical anion, b) (o-CH3-

PhSe)2
 radical anion, c) (o-CH3-PhTe)2

 radical anion, d) (o-HO-PhS)2
 radical anion, e) (o- 

HO-PhSe)2
 radical anion, and f) (o-HO-PhTe)2

 radical anion. Method: MP2 level of theory, 

Basis set: 6-311++G(d,p) for H, C, O, S, Se atoms and 3-21G* for Te atoms. 

 

insignificant effect to bond distances and bond angle compared to unsubstituted and methyl 

substituted Se-analogues. However, dihedral angle, δ(C1Se1Se2C2) is decreased by ~ 11o and 

~ by 29o with respect to unsubstituted and methyl substituted Se-analogue respectively. This 

observation suggested that (o-OH-PhSe)2
 radical anion has more pi-pi stacking in two phenyl 

rings compared to unsubstituted and methyl substituted Se-analogues. It is interesting to note 

that adding -OH group to each phenyl ring in their ortho position is not significantly altering 

the geometrical parameters compared to its unsubstituted and methyl substituted Te-analogues. 

The spin densities over chalcogen atoms labelled are ~ 0.5 a.u. These ortho-hydroxyl-

substituted dichalcogenides radical anions are forming hemi bonds. 

It is also observed that the B3LYP, B3LYP-D, B3LYP-D3 and B3LYP-D3BJ functionals 

produced significantly larger bond angle and dihedral angles in comparison to MP2 level (see 
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Table 6.4). However, ω-B97XD produces these angles closer to MP2 values except for 

δ(Ch1Ch2C2C2’) and δ(Ch2Ch1C1C1’). The (o-R-Ph-Ch)2
, (o-R-Ph-Ch)2

 (Ch = S, Se and 

Te; R=CH3 and OH) radical anions radical anions are forming the stable 2c-3e bonds between 

their respective chalcogen atoms. 

The next section provides the detail study on the most stable structures of diphenyl 

dichalcogenides substituted by electron withdrawing at ortho position in two phenyl rings. 

6.3.3 Effect of electron-withdrawing ortho-substituted group: Structures of (o-R-Ph-

Ch)2
 radical anions (Ch = S, Se & Te; R = NO2) 

It is already mention that inserting suitable ring substituents can modulate the antioxidant 

activity and affect the structural features of these diphenyl dichalcogenides. Next step is to see 

the effect of electron-withdrawing group on the structures of (Ph-Ch)2
 (Ch = S, Se, & Te). 

Nitro group is chosen for its varieties of well-known applications in synthetic as well as 

pharmaceutical chemistry. 

Selected geometrical parameters calculated at different levels of theory for neutral (o-NO2-

PhCh)2 and corresponding radical anionic systems are displayed in Table 6.5. Structures with 

-NO2 substitution only in anti-positions of the most stable structure of for neutral diphenyl 

dichalcogenides considered as input geometries to locate equilibrium structure. Coordinates of 

all the atoms in the most stable structures of neutral (o-NO2-PhCh)2 are used as the initial input 

to get the most stable structures of (o-NO2-PhCh)2
 radical anions. For (o-NO2-PhCh)2

 

radical anions, the most stable structures have pi-pi stacked structures like their substituted and 

unsubstituted analogues (Figure 6.3(a-c)). The rS1-S2 and rC1-S1 bond distances are calculated as 

2.13 Å and 1.78 Å respectively for (o-NO2-Ph-S)2
 radical anion as shown in Figure 6.3a. It 
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is interesting to note that adding an electron withdrawing group like -NO2 to each phenyl ring 

in their ortho position has made the distance between two S atoms significantly shorter as 

compared to its substituted and unsubstituted S-analogues. Not only that, the bond angle, 

C1S1S2 is significantly larger with respect to substituted and unsubstituted S-analogues. 

Moreover, the two phenyl rings are more stacked than the unsubstituted and OH-substituted S-

analogues as suggested by dihedral angles. But, two phenyl rings in (o-NO2-Ph-S)2
 radical 

anion show lesser pi-pi interaction compared to CH3-substituted S-analogue. Most stable 

structure of (o-NO2-Ph-S)2
 radical anion is displayed in Figure 6.3b. Bond distances rSe1-Se2 

and rC1-Se1 are obtained as 2.41 and 1.95 Å, respectively. Bond angle, ∠C1Se1Se2 and dihedral 

angle, δ(C1Se1Se2C2) are observed as 95.3o and 37.9 o, respectively. It is interesting to note 

that adding an electron withdrawing group like -NO2 to each phenyl ring in their ortho position 

has made the distance between two Se atoms shorter by 0.64 Å in water medium. However, 

dihedral angle, δ(C1Se1Se2C2) is increased by 15.8o indicating less pi-pi interaction. Two 

phenyl rings in (o-NO2-Ph-Se)2
 radical anion show lesser pi-pi interaction compared to 

unsubstituted and OH-substituted Se-analogues. However, two phenyl rings are more stacked 

compared to and methyl-substituted Se-analogue as suggested by the dihedral angles values. 

The rTe1-Te2 and rC1-Te1 bond distances are calculated as 2.80 Å and 2.14 Å respectively for (o-

NO2-Ph-Te)2
 radical anion as shown in Figure 6.3c. On addition of –NO2 group to the phenyl 

ring in (PhTe)2
 radical anion, the rTe1-Te2 bond distance significantly decreased and bond angle 

obtained is ~ 16o larger than compared to unsubstituted and substituted Te-analogues. Not only 

that, two phenyl rings are less stacked in (o-NO2-Ph-Te)2
 radical anion compared to 

unsubstituted and substituted Te-analogues. 
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Table 6.5 Selected #geometrical and molecular parameters# of (o-NO2-PhCh)2 (Ch = S, Se and Te) in water medium at the different levels of 

theory. Values in the braces show the parameters for the systems in the presence of an excess electron (o-NO2-PhCh)2
. 

Sr. 

no. 
Method 

rCh1Ch2 

(Å) 

rC1Ch1 

(Å) 
C1Ch1Ch2 

(degree) 

δ(C1Ch1Ch2C2) 

(degree) 

δ(Ch1Ch2C2C2’) 

(degree) 

δ(Ch2Ch1C1C1’) 

(degree) 

Neutral (o-NO2-PhS)2 and (o-NO2-PhS)2
 radical anion in water medium 

1. i) 2.13, (2.15) 1.80, (1.79) 103.6, (103.3) 92.3, (86.9) 86.5, (90.2) -78.4, (-112.8) 

2. ii) 2.13, (2.15) 1.79, (1.79) 103.2, (100.1) 73.1, (63.5) 86.4, (96.5) -80.3, (-107.6) 

3. iii) 2.13, (2.15) 1.79, (1.79) 103.5, (100.6) 75.8, (66.7) 86.4, (94.8) -81.8, (-109.3) 

4. iv) 2.13, (2.15) 1.79, (1.79) 100.5, (99.8) 64.3, (64.4) 91.1, (92.9) -105.7, (-107.6) 

5. v) 2.10, (2.11) 1.78, (1.78) 101.9, (101.0) 50.2, (66.1) 91.3, (95.3) -96.3, (-108.5) 

6. vi) 2.17, (2.17) 1.76, (1.76) 99.6, (99.4) 33.7, (34.3) 86.4, (89.3) -95.4, (-95.1) 

Neutral (o-NO2-PhSe)2 and (o-NO2-PhSe)2
 radical anion in water medium 

1. i) 2.38, (2.40) 1.95, (1.95) 102.2, (102.2) 77.8, (78.9) 47.3, (60.8) -131.6, (-112.0) 

2. ii) 2.38, (2.40) 1.95, (1.95) 102.2, (102.2) 77.8, (78.9) 47.3, (60.8) -131.6, (-112.0) 

3. iii) 2.38, (2.40) 1.95, (1.95) 102.2, (102.2) 77.8, (78.9) 47.3, (60.8) -131.6, (-112.0) 

4. iv) 2.38, (2.40) 1.95, (1.95) 102.2, (102.2) 77.8, (78.9) 47.3, (60.8) -131.6, (-112.0) 

5. v) 2.37, (2.37) 1.93, (1.92) 96.4, (97.1) 44.5, (46.3) 67.6, (66.5) -105.1, (-105.5) 

6. vi) 2.40, (2.41) 1.93, (1.95) 97.2, (95.3) 34.0, (37.9) 49.6, (75.1) -123.1, (-101.1) 

Neutral (o-NO2-PhTe)2 and (o-NO2-PhTe)2
 radical anion in water medium 

1. i) 2.78, (2.81) 2.16, (2.16) 99.5, (100.1) 82.8, (81.6) 76.8, (78.1) -6.2, (-3.5) 

2. ii) 2.77, (2.80) 2.16, (2.16) 94.8, (95.6) 75.6, (75.7) 79.0, (79.2) -1.4, (-2.1) 

3. iii) 2.77, (2.80) 2.16, (2.16) 95.7, (96.4) 77.0, (77.2) 78.9, (79.7) -1.6, (-1.7) 

4. iv) 2.77, (2.80) 2.15, (2.15) 94.4, (95.4) 76.7, (76.9) 76.4, (76.4) -0.8, (-1.6) 

5. v) 2.73, (2.76) 2.14, (2.14) 95.0, (95.8) 79.9, (80.5) 85.9, (87.2) -0.6, (-0.6) 

6. vi) 2.80, (2.80) 2.12, (2.14) 92.2, (97.3) 31.0, (62.4) 85.3, (45.7) -0.9, (-7.1) 

#Methods: i) B3LYP; ii) B3LYP-D; iii) B3LYP-D3; iv) B3LYP-D3BJ; v) ω-B97XD; vi) MP2. Basis set: 6-311++G(d,p) for H, C, S, Se, N atoms 

and 3-21G* for Te atom. 
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Figure 6.3 Most stable structures in water medium a) (o-NO2-PhS)2
 radical anion, b) (o-NO2-

PhSe)2
 radical anion and, c) (o-NO2-PhTe)2

 radical anion Method: MP2 level of theory, 

Basis set: 6-311++G(d,p) for H, C, N, O, S, Se atoms and 3-21G* for Te atoms. 

 

Similar to electron donating group -CH3 & -OH are substituted diphenyl dichalcogenides 

systems, the -NO2 group substituted diphenyl dichalcogenides the DFT functional B3LYP, 

B3LYP-D, B3LYP-D3 and B3LYP-D3BJ produced significantly larger bond angle and 

dihedral angles in comparison to MP2 level. ω-B97XD functional works well for these angles 
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and results obtained are closer to MP2 values except for δ(Ch1Ch2C2C2’)and 

δ(Ch2Ch1C1C1’). The (o-NO2-Ph-Ch)2
 (Ch = S, Se and Te) radical anions are forming the 

2c-3e bonds between their respective chalcogen atoms. Calculated bond orders between two S 

atoms in (o-NO2-PhS)2
•- is 0.3 and between two Se atoms in (o-NO2-PhSe)2

•- is 0.38. However, 

calculated bond order between two Te atoms in (o-NO2-PhTe)2
•- is close to 0.4.  

6.3.4 Effect of geometrical flexibility: Structures of (o-PhCH2-Ch)2
 radical anions (Ch 

= S, Se & Te)  

Now a -CH2- group is added to the structure of radical anion (PhCh)2
 (Ch = S, Se, & Te) 

between each phenyl ring and the chalcogen atom and the calculations are carried out for 

(PhCH2Ch)2
 radical anions. Table 6.6 provides the selected geometrical parameters 

calculated at different levels of theory for neutral (PhCH2Ch)2 and corresponding radical 

anionic systems. Following the same approach, several initial geometries of this radical anion 

are considered for optimization and only two stable equilibrium structures are obtained at MP2 

level of theory in water medium. However, the most stable structure for (PhCH2Ch)2
 radical 

anions are only reported in Figure 6.4(a-c). It is to be noted that the (o-PhCH2-Ch)2
 radical 

anion are not showing pi-pi stacking between the benzyl rings at MP2 level of theory in a water 

medium (see Figure 6.4(a-c)). It is due to the fact that the distance between the two phenyl 

rings are quite large and also their orientations do not allow any pi-pi interactions (see Figure 

6.4(a-c). For (PhCH2-S)2
 radical anion, the rS1-S2 and rC1-S1 bond distances are calculated as 

2.78 Å and 1.83 Å respectively as displayed in Figure 6.4a. The dihedral angle, δ(C1S1S2C2) 

is 71.8º at MP2 level of theory in a water medium (see Figure 6.4a).Bond distances rC1-C2 and 

rC3-C4 are 3.5 Å and 9.1 Å respectively at present level of theory. Thus, adding -CH2- group in 

phenyl ring increase the rC3-C4 distance in (PhCH2S)2
 radical anion so that two benzyl rings  
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Table 6.6 Selected #geometrical and molecular parameters of diphenyl disulfide, (PhCH2Ch)2 (S, Se and Te) in water medium at the different 

levels of theory. Values in the braces show the parameters for the systems in presence of an excess electron (Ph CH2Ch)2
. 

Sr. 

no. 
Method 

rCh1Ch2 

(Å) 

rC1Ch1 

(Å) 
C1Ch1Ch2 

(degree) 

δ(C1Ch1Ch2C2) 

(degree) 

δ(Ch1Ch2C2C2’) 

(degree) 

δ(Ch2Ch1C1C1’) 

(degree) 

Neutral (PhCH2S)2 and (PhCH2S)2
 radical anion in water medium 

1. i) 2.09, (2.92) 1.87, (1.85) 103.1, (94.8) 85.4, (76.8) -179.0, (-177.5) -179.0, (-177.5) 

2. ii) 2.09, (2.92) 1.87, (1.85) 103.1, (94.8) 85.4, (76.8) -179.0, (-177.5) -179.0, (-177.5) 

3. iii) 2.09, (2.92) 1.87, (1.85) 103.1, (94.8) 85.4, (76.8) -179.0, (-177.5) -179.0, (-177.5) 

4. iv) 2.09, (2.92) 1.87, (1.85) 103.1, (94.8) 85.4, (76.8) -179.0, (-177.5) -179.0, (-177.5) 

5. v) 2.07, (2.82) 1.84, (1.84) 101.9, (91.9) 85.5, (73.2) 178.0, (-132.1) 178.0, (-132.1) 

6. vi) 2.07, (2.78) 1.83, (1.8) 74.4, (90.5) 81.2, (71.8) -178.0, (-141.6) -177.9, (-141.6) 

Neutral (PhCH2Se)2 and (PhCH2Se)2
 radical anion in water medium 

1. i) 2.36, (3.10) 2.02, (2.01) 101.3, (93.9) 85.1, (78.8) 178.5, (-179.9) 178.5, (-179.9) 

2. ii) 2.36, (3.10) 2.02, (2.01) 101.3, (93.9) 85.1, (78.8) 178.5, (-179.9) 178.5, (-179.9) 

3. iii) 2.36, (3.10) 2.02, (2.01) 101.3, (93.9) 85.1, (78.8) 178.5, (-179.9) 178.5, (-179.9) 

4. iv) 2.36, (3.10) 2.02, (2.01) 101.3, (93.9) 85.1, (78.8) 178.5, (-179.9) 178.5, (-179.9) 

5. v) 2.33, (3.04) 1.98, (1.98) 99.8, (91.6) 81.3, (66.0) 177.3, (-130.6) 177.3, (-130.6) 

6. vi) 2.35, (2.97) 1.98, (1.99) 99.3, (90.3) 81.1, (69.9) -177.1, (-133.6) -177.1, (-133.4) 

Neutral (PhCH2Te)2 and (PhCH2Te)2
 radical anion in water medium 

1. i) 2.73, (3.34) 2.22, (2.22) 100.5, (86.1) 85.7, (160.2) 63.1, (106.6) 63.1, (106.6) 

2. ii) 2.72, (3.40) 2.22, (2.22) 98.5, (83.2) 73.1, (67.2) 26.6, (95.5) 26.6, (95.5) 

3. iii) 2.72, (3.38) 2.22, (2.22) 99.5, (85.8) 75.3, (66.7) 27.5, (92.7) 27.5, (92.7) 

4. iv) 2.72, (3.35) 2.22, (2.21) 98.9, (85.3) 77.0, (68.6) 24.7, (92.5) 24.7, (92.5) 

5. v) 2.70, (3.32) 2.19, (2.18) 99.7, (86.8) 73.0, (66.4) 27.7, (94.0) 27.7, (94.0) 

6. vi) 2.72, (3.29) 2.20, (2.19) 98.0, (84.4) 77.4, (69.2) 21.4, (93.7) 21.4, (93.7) 

Methods: i) B3LYP; ii) B3LYP-D; iii) B3LYP-D3; iv) B3LYP-D3BJ; v) ω-B97XD; vi) MP2. Basis set: 6-311++G(d,p) for H, C, S, Se atoms and 

3-21G* for Te atoms.
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a                b 

          

               c 

Figure 6.4 Most stable structures in water medium a) (PhCH2S)2
 radical anion, b) 

(PhCH2Se)2
 radical anion, and c) (PhCH2Te)2

 radical anion, Method: MP2 level of theory, 

Basis set: 6-311++G(d,p) for H, C, S, Se atoms and 3-21G* for Te atoms. 

 

do not have any pi-pi interaction. Structure and selected geometrical parameters of the most 

stable structure of (PhCH2Se)2
 radical anion as calculated in water medium is given in Figure 

6.4b. Calculated rSe1-Se2 and rC1-Se1 bond distances are 3.10 and 2.01 Å, respectively. It may be 

noted that rSe1-Se2 bond is longer in (PhCH2Se)2
 by 0.07 Å than that in (PhSe)2

. The obtained 

bond angle, ∠C1Se1Se2 and dihedral angle, δ(C1Se1Se2C2) are 93.9º and 78.8 º, respectively. 

Calculated data suggests that on the addition of -CH2- group, two phenyl rings are far apart and 

their orientations do not allow any pi-pi interaction to stabilize the radical anion system. For 

the most stable structure of (PhCH2Te)2
 radical anion, the rTe1-Te2 and rC1-Te1 bond distances 

are calculated as 3.29 Å and 2.13 Å respectively (see Figure 6.4c). The obtained bond angle, 

δ(C1S1S2C2)= 71.8 

rC1C2 = 3.54 Å, rC3C4 = 9.10 Å

δ(C1Se1Se2C2) = 78.8 

93.9 
C2

Se1
Se2

rC1C2 = 3.75 Å, rC3C4 = 8.60 Å

Te1

Te2

C1
C3

C4

δ(C1Te1Te2C2) = 69.2º

3.29 Å

rC1C2 = 3.91 Å, rC3C4 = 11.26 Å



 

155 

 

∠C1Te1Te2 and dihedral angle, δ(C1Te1Te2C2) are 84.4 º and 69.2º respectively. Two phenyl 

do not have any pi-pi interaction to stabilize this radical anionic system. The odd electron spin 

is calculated to be equally localized on two chalcogen atoms. Calculated bond order between 

two chalcogen atoms in all these systems having an excess electron is also close to 0.5., thus a 

stable 2c-3e bond is formed between their respective chalcogen atoms. 

The chalcogen-chalcogen bond strength is an important parameter for the reactivity of these 

diaryl dichalcogenides radical anionic systems. As chalcogen-chalcogen bond strength gives 

the measure of stability of diaryl dichalcogenides anionic in aqueous medium. Also, their 

corresponding neutral systems should have suitable electron affinity to accept the extra 

electron. The next section aim to discuss the electron affinity and binding energies of neutral 

diaryl dichalcogenides and effect of adding an extra electron on their stability in water medium. 

6.3.5 Stability of (R-Ch)2
 radical anions (Ch = S, Se & Te; R=Ph, o-CH3-Ph, o-HO-Ph, 

o-NO2-Ph, and PhCH2) in water medium 

In previous section it is highlighted that chose of different functionals have marginal effect on 

the chalcogen-chalcogen and carbon-chalcogen bond lengths, and carbon-chalcogen-chalcogen 

angle in these diaryl dichalcogenides. However, to produce appropriate carbon chalcogen-

chalcogen-carbon dihedral angles the choice of dispersion correction functionals are necessary 

to consider the dispersion interaction of two stacked phenyl rings. Also, the DFT functional ω-

B97XD produces the dihedral angles comparable to MP2 level of theory. One can expect that 

these functional can appropriately predict the electron affinity and binding energies of neutral 

diaryl dichalcogenides and binding energies of their corresponding radical anionic systems. 

Table 6.7 provides the binding energies and electron affinity of neutral (R-Ch)2 (Ch = S, Se, & 

Te; R=Ph, o-CH3-Ph, and o-HO-Ph) and binding energies of their corresponding radical 
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anionic systems in water medium. The calculations are performed at various DFT functionals 

and MP2 level of theory in conjunction with 6-311++G(d,p) basis set for C, H, O, N, S and Se 

atoms and 3-21G* for Te atom. Table 6.8 shows the binding energies and electron affinity for 

neutral (R-Ch)2
 (Ch = S, Se & Te; R= o-NO2-Ph and PhCH2) systems and binding energies of 

radical anionic counterparts. Binding energies are calculated by the energy cost associated to 

the generation of two radical monochalcogenides, Ph-Ch (homolytic dissociation) in the 

neutral compounds. The heterolytic dissociation of radical anionic systems is consider to 

calculate their binding energies. This dissociation of radical anion systems produces the Ph-

Ch and Ph-Ch fragments. Binding energy is decrease by 70% when an extra electron is added 

to the neutral (PhS)2 system at MP2 level of theory in water medium. This decrease in binding 

energies are 75 % and 52 % for neutral (PhSe)2 and (PhTe)2 systems for the one electron 

attachment process. The binding energy of (PhS)2
•- radical anion is lower by 2.7 kcal/mol 

compared to (PhSe)2
•- radical anion in the water medium. Binding energy of (PhSe)2

•- radical 

anion 7.3 kcal/mol lower than the (PhTe)2
•- in the water medium. In the literature it is reported 

that the binding energies of neutral (PhSe)2 system is more than the (PhTe)2 system in non- 

polar solvent.71 Table 6.7 show that this order of binding energies for neutral (PhSe)2 and 

(PhTe)2 systems persist even in polar solvent  like water with the choice of ω-B97XD 

functional and MP2 level of theory. Table 6.7 also shows that the binding energies of Te based 

radical anionic systems are greater than their S/Se based analogues.
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Table 6.7 #Energy data for neutral (o-R-Ph-Ch)2 (Ch = S, Se and Te; R = H, CH3, and OH; Ch = S, Se and Te) in water medium at the different 

levels of theory. Values in the braces show the energy data for the systems in presence of an excess electron. 

Sr. 

no. 
Method 

Electron Affinity  

(eV) 

Binding Energy 

(kcal/mol) 

Electron Affinity 

(eV) 

Binding Energy 

(kcal/mol) 

Electron Affinity 

(eV) 

Binding Energy 

(kcal/mol) 

  
Neutral (PhS)2 and 

(Ph-S)2
 radical anion 

Neutral (PhSe)2 and 

(Ph-Se)2
 radical anion 

Neutral (PhTe)2 and 

(Ph-Te)2
 radical anion 

1. i) -3.3 54.5, (18.1) -3.3 38.3, (18.6) -2.9 54.0, (18.5) 

2. ii) -3.2 58.0, (20.2) -3.2 59.6, (17.8) -3.0 58.8, (25.5) 

3. iii) -3.2 58.3, (21.0) -3.3 60.2, (20.5) -3.3 49.9, (24.8) 

4. iv) -3.2 43.2, (13.5) -3.3 57.2, (20.8) -3.0 62.5, (28.9) 

5. v) -3.2 43.2, (13.2) -3.3 56.4, (19.9) -2.9 53.6, (21.8) 

6. vi) -2.5 68.8, (20.5) -3.0 92.4, (23.2) -2.7 63.9, (30.5) 

  
Neutral (o-CH3-PhS)2 and  

(o-CH3-Ph-S)2
 radical anion 

Neutral (o-CH3-PhSe)2 and  

(o-CH3-Ph-Se)2
 radical anion 

Neutral (o-CH3-PhTe)2 and 

(o-CH3-Ph-Te)2
 radical anion 

1. i) -3.2 33.0, (6.5) -3.3    37.7, (8.2) -2.9 51.1, (16.3) 

2. ii) -3.4 38.4, (15.8) -3.2 55.2, (17.2) -2.9 57.7, (25.2) 

3. iii) -3.4 39.2, (15.8) -3.2 55.9, (17.2) -3.0 57.7, (25.2) 

4. iv) -3.3 41.8, (17.8) -3.2 58.1, (21.4) -3.0 61.5, (28.5) 

5. v) -3.2 43.4, (14.8) -3.2 56.0, (20.1) -2.9 55.6, (22.4) 

6. vi) -2.9 57.8, (24.3) -3.0 94.9, (26.5) -2.7 68.9, (33.0) 

  
Neutral (o-HO-PhS)2 and (o-HO-

Ph-S)2
 radical anion 

Neutral (o-HO-PhSe)2 and (o-HO-

Ph-Se)2
 radical anion 

Neutral (o-HO-PhTe)2 and (o-HO-Ph-

Te)2
 radical anion 

1. i) -3.3 31.0, (6.3) -3.3 50.0, (14.0) -2.9 52.4, (17.1) 

2. ii) -3.4 35.4, (12.9) -3.3 54.6, (22.2) -2.9 57.7, (24.9) 

3. iii) -3.4 36.2, (13.5) -3.3 54.4, (22.4) -2.9 57.5, (24.9) 

4. iv) -3.3 38.8, (15.5) -3.4 57.4, (24.7) -3.0 61.3, (28.1) 

5. v) -3.3 40.5, (12.4) -3.4 55.0, (20.8) -3.3 48.3, (21.6) 

6. vi) -2.4 58.0, (13.6) -3.0 62.9, (25.5) -2.7 64.9 (30.7) 
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Table 6.8 #Energy data for neutral (o-NO2-Ph-Ch)2 (Ch = S, Se and Te), and (PhCH2Ch)2 in water medium at the different levels of theory. Values 

in the braces show the energy data for the systems in presence of an excess electron. 

Sr. 

no. 
Method 

Electron Affinity 

(eV) 

Binding Energy 

(kcal/mol) 

Electron Affinity 

(eV) 

Binding Energy 

(kcal/mol) 

Electron Affinity 

(eV) 

Binding Energy 

(kcal/mol) 

  
Neutral (o-NO2-PhS)2 and  

(o-NO2-Ph-S)2
 radical anion 

Neutral (o-NO2-PhSe)2 and 

(o-NO2-Ph-Se)2
 radical anion 

Neutral (o-NO2-PhTe)2 and 

(o-NO2-Ph-Te)2
 radical anion 

1. i) -3.6 36.8, (9.5) -3.7 32.4, (10.0) -3.7 41.8, (31.2) 

2. ii) -3.8 40.1, (15.6) -3.9 39.9, (15.8) -3.7 48.6, (37.5) 

3. iii) -3.8 40.4, (16.1) -3.7 40.1, (16.2) -3.7 48.0, (37.1) 

4. iv) -3.7 42.0, (18.1) -3.7 40.2, (17.9) -3.7 51.1, (40.5) 

5. v) -3.7 46.3, (20.3) -3.6 44.6, (20.7) -3.6 50.4, (39.6) 

6. vi) -2.9 63.9, (7.3) -2.9 60.7, (21.0) -2.9 58.0, (29.6) 

  
Neutral (PhCH2S)2 and  

(PhCH2S)2
 radical anion 

Neutral (PhCH2Se)2 and  

(PhCH2Se)2
 radical anion 

Neutral (PhCH2Te)2 and  

(PhCH2Te)2
 radical anion 

1. i) -2.7 53.2, (15.7) -3.0 55.6, (17.6) -2.7 53.7, (17.6) 

2. ii) -2.6 56.4, (18.0) -4.2 59.1, (20.8) -2.5 62.0, (21.8) 

3. iii) -2.6 56.3, (18.4) -4.2 59.5, (20.6) -2.5 61.6, (21.3) 

4. iv) -2.7 62.0, (21.5) -4.2 61.2, (22.3) -2.5 65.4, (21.2) 

5. v) -2.7 55.2, (19.4) -2.9 58.6, (18.9) -2.5 62.2, (19.8) 

6. vi) -2.3 61.6, (16.3) -2.7 61.7, (21.1) -2.2 65.3, (21.8) 

Methods: B3LYP; 2) B3LYP-D; 3) B3LYP-D3; 4) B3LYP-D3BJ; 4) ω-B97XD; and 6) MP2, Basis set: 6-311++G(d,p) for C, H, O, N, S, Se 

atoms and 3-21G* for Te atom. 
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On adding -CH3 groups at the ortho position of the two phenyl rings in (PhS)2
•- radical anion, 

the binding energy is increased by 3.8 kcal/mol compared to the unsubstituted S-analogue at 

MP2 level of theory in water medium. However, when the substituting group is -OH, the 

increase of 6.9 kcal/mol is observed with respect to (PhS)2
•- radical anion. In the case of (o-

NO2-PhS)2
•- system, the binding energy is decreased by 13.2 kcal/mol compared to 

unsubstituted S-analogue. The electron affinity of sulfur systems follows the order, (o-CH3-

PhS)2 ≈ (o-NO2-PhS)2 > (o-PhS)2 > (o-OH-PhS)2 at present level of theory. DFT functionals 

are not giving the correct account of electron affinity for these diaryl disulfides.  

On substituting -CH3 and -OH groups at the ortho position of the two stacked phenyl rings in 

(PhSe)2
•- radical anion,  the binding energies of the radical anions are increased by 3.3 kcal/mol 

and 2.3 kcal/mol respectively compared to the unsubstituted Se-based analogue. However, for 

-NO2 substitution the decrease of 2.2 kcal/mol is observed with respect to unsubstituted Se-

based analogue. The electron affinity of these neutral diaryl diselenides systems follows the 

order, (o-CH3-PhSe)2 ≈ (o-OH-PhSe)2 ≈ (o-PhSe)2 > (o-NO2-PhS)2 at MP2 level of theory in 

water medium. For these selenium based systems, ω-B97XD functional produces the electron 

affinity values comparable to MP2 level of theory. The calculated binding energies and electron 

affinity values are lower in sulfur based systems compared to the same selenium based systems 

at MP2 and ω-B97XD level of theory. 

The binding energies of the (o-CH3-PhTe)2
•- and (o-HO-PhTe)2

•- radical anions are increased 

by 2.5 kcal/mol and 0.2 kcal/mol respectively compared to the unsubstituted (PhTe)2
•- radical 

anion,. In the case of (o-NO2-PhTe)2
•- system, the binding energy is decreased only by 0.9 

kcal/mol with respect to unsubstituted Te-based analogue. The electron affinity of these neutral 
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diaryl ditellurides systems follows the order, (o-NO2-PhTe)2 > (o-CH3-PhTe)2 ≈ (o-OH-PhTe)2 

≈ (o-PhTe)2 at MP2 level of theory in water medium. ω-B97XD functional produces the 

electron affinity values comparable to MP2 level of theory for these tellurium based systems. 

The calculated binding energies values are greater in tellurium based systems compared to the 

same sulfur/selenium based systems at MP2 and ω-B97XD level of theory. Electron affinities 

values of tellurium based systems shows more negative values than their sulfur based systems, 

but significantly have less negative values with respect selenium based systems at MP2 level 

of theory. 

The binding energies of (PhCH2S)2
•-, (PhCH2Se)2

•- and (PhCH2Te)2
•- radical anions are 

calculated to be lower by 4.2 kcal/mol, 4.4 kcal/mol and 8.2 kcal/mol respectively compared 

to their phenyl based analogues (see Table 6.8). These observations indicate that geometrical 

flexibility incorporated by adding a -CH2- group does not play a significant role to stabilize 

these radical anions and electronic effects are expected to play a major role to 

stabilize/destabilize these systems.  

Overall, the (o-CH3-Ph-Te)2
 radical anionic system has the highest binding energy among all 

the (radical anionic systems. Its neutral system (o-CH3-Ph-Te)2 has the highest electron affinity 

among reported dichalcogen neutral systems. The presence of -NO2 at ortho position in (Ph-

Te)2
 radical anionic system marginally affect the binding energy in comparison to their 

sulfur/selenium based analogues. In sum, the binding energies and electron affinities calculated 

using ω-B97XD functional gives the values comparable to MP2 level of theory in water 

medium. It is to be noted that the combination of binding energy and electron affinity of the 

neutral systems suggested that (o-CH3-Ph-Te)2
 radical anionic system is the best suitable 

antioxidant among all radical anionic systems. 
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6.3.6 Excited state for (R-Ch)2
 radical anions (Ch = S, Se & Te; R=Ph, o-CH3-Ph, and 

o-HO-Ph) systems 

Excited-state calculations are carried for radical anions of (R-Ch)2
 (Ch = S, Se & Te; R=Ph, 

and o-CH3-Ph,) systems applying TDDFT procedure considering CAM-B3LYP functional and 

for H, C, O, S, Se atoms basis sets used are 6-311++G(d,p) for Te atom basis set used is 3-

21G* to find out a few low lying optical absorption bands. Table 6.9 presents the λmax of the 

absorption bands with corresponding oscillator strengths (f) and molecular orbitals involved in 

electronic transitions. Figure 6.5a shows in the UV-Vis spectra of (Ph-S)2
 radical anion, the 

strong absorption band is produced at 509 nm in water medium. The origin of this band is 

mainly due to transition from H-1 → L orbitals. A relatively weak intensity band is also 

observed at 290 nm. In case of UV-Vis spectra of (Ph-Se)2
 radical anion, a strong absorption 

band is obtained at 482 nm and a weak intensity band at 304 nm (see Figure 6.5a). The origin 

of strong absorption band is mainly due to transition from H-2 → L orbitals. For (Ph-Te)2
 

radical anion, Similarly, in the UV-Vis spectra of (Ph-Te)2
 radical anion, a strong and a weak 

absorption bands are produced at 488 nm and 308 nm respectively. The origin strong absorption 

band is mainly due to transition from H-1 → L orbitals. Ongoing from (Ph-S)2
 to (Ph-Se)2

 

the strong absorption band undergoes blue shift of 21 nm and ongoing from (Ph-Se)2
 to (Ph-

Te)2
 the strong absorption band undergoes red shift of 4 nm in the  
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Table 6.9 #Excited state data for (RCh)2
 (Ch = S, Se & Te: R = Ph, and o-CH3-Ph) and (PhCh)2

.2H2O radical anions in water medium. 

 (PhS)2
 radical anion  (PhSe)2

 radical anion  (PhTe)2
 radical anion 

Sr. 

no. 

λmax  

(nm) 

Oscillator 

strength (f) 

Transitions 

involved  

λmax  

(nm) 

Oscillator 

strength (f) 

Transitions 

involved 

λmax  

(nm) 

Oscillator 

strength (f) 

Transitions 

involved 

1. 509 0.264 H-1 → L  (0.86) 482 0.333 H-2 → L  (0.94) 486 0.260 H-1 → L  (0.96) 

2. 326 0.025 H-4 → L  (0.55) 304 0.057 H-4 → L  (0.78) 391 0.027 L → L+2  (0.60) 

 (o-CH3-PhS)2
 radical anion  (o-CH3-PhSe)2

 radical anion  (o-CH3-PhTe)2
 radical anion 

1. 534 0.277 H-2 → L  (0.80) 513 0.271 H-1 → L  (0.97) 496 0.282 H-1 → L  (0.73) 

2. 272 0.107 H → L+7  (0.55) 291 0.071 L → L+7  (0.56) 392 0.024 L → L+2  (0.52) 

 (PhS)2
.2H2O radical anion  (PhSe)2

.2H2O radical anion  (PhTe)2
.2H2O radical anion 

1 764 0.007 H → L  (0.83) 811 0.008 H → L  (0.92) 839 0.001 H → L  (0.99) 

2 496 0.258 H-1 → L+2  (0.83) 495 0.240 H-1 → L  (0.92) 483 0.211 H-1 → L  (0.92) 

#Method: i) CAM-B3LYP Functional, ii) Basis set: 6-311++G(d,p) for H, C, O, S, and Se and iii) For Te atom 3-21G* basis set is used. 
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c 

Figure 6.5 UV-Vis spectra calculated at CAM-B3LYP level of theory for 23 (a) (PhCh)2
 (Ch 

= S, Se & Te) radical anions in water medium (b) (o-CH3-PhCh)2
 (Ch = S, Se & Te) radical 

anions in water medium, c) (PhCh)2
. 2H2O (Ch = S, Se & Te) Basis set: 6-311++G(d,p) for 

C, H, O, S and Se atoms and 3-21G* for Te atoms. 

 

water medium. The weaker band in the UV-Vise spectra of (Ph-S)2
 radical anion undergoes 

red shift compared to Se/Te based analogues as the size of chalcogen atom increases. The UV-

Vis spectra of ortho-methyl substituted analogues of (Ph-Ch)2
 (Ch = S, Se & Te) is shown in 

Figure 6.5b. It shows that, one strong and one weak intensity peak are obtained at 534 nm and 

272 nm in the water medium. The origin of weak and strong absorption peak are mostly due to 

transition from H → L+1 orbitals and H-1 → L orbitals respectively. In case of (o-CH3-Ph-

Se)2
, one weak intensity peak is at 291 nm and one strong absorption peak is at 513 nm in 

water medium. The origin of weak and strong absorption peak are mostly due to transition from 
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L → L+7 orbitals and H-2 → L orbitals respectively. For (o-CH3-Ph-Te)2
, one weak intensity 

peak is at 312 nm and one strong absorption peak is at 496 nm in the water medium. The origin 

of weak and strong absorption peaks are mostly due to transition from L → L+6 orbitals and 

H-1 → L orbitals respectively. So as the size of chalcogen atom increases in the order S < Se 

< Te, the weaker band undergoes red shift and strong absorption band undergoes blue shift for 

(o-CH3-Ph-Ch)2
 (Ch = S, Se & Te). Further, the two water are explicitly added at 2.5 Å on 

(Ph-Ch)2
 (Ch = S, Se & Te) and then all possible structures are optimized at MP2/6-

311++G(d,p) level of theory in water medium for (Ph-Ch)2
.2H2O (Ch = S & Se). 

However, for (Ph-Te)2
.2H2O, the two water are explicitly added at 2.5 Å on (Ph-Ch)2

 (Ch 

= O, S, Se & Te) and then all possible structures are optimized at MP2 level of theory with 6-

311++G(d,p) basis set for H, C atoms and 3-21G basis set for Te atom in water medium. The 

most stable structures obtained are being used for UV-spectral calculations for (Ph-

Ch)2
.2H2O (Ch = S, & Se) using CAM-B3LYP functional (as shown in Figure 6.5c). It is 

found that the, as the size of chalcogen atom increases in the order, S < Se < Te, the strong 

absorption band undergoes blue shift and weak absorption band undergoes red shift for (Ph-

Ch)2
.2H2O (Ch = S, Se & Te) in the water medium. 

6.3.7 Frontier molecular orbital for the (o-CH3-Ph-Te)2
  radical anionic system 

Visualizations of selected molecular orbitals for the most stable (o-CH3-Ph-Te)2
 radical anion 

are important to understand the bonding features and molecular orbital involved electronic 

transitions. Selected molecular orbitals involved in the electronic transition of the major optical 

band of the (o-CH3-Ph-Te)2
 radical anion systems studied at present are displayed in  

https://en.wikipedia.org/wiki/Visualization_(graphics)
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a) π-π stacking      b) HDOMO (σ)    c) LSOMO (σ*) 

Figure 6.6 Molecular orbital diagrams for (o-CH3-PhTe)2
 calculated at MP2 level of theory 

with 3-21G* basis for Te atoms and 6-311++G(d,p) for all other atoms in water medium. 

(HDOMO = highest doubly occupied molecular orbital and LSOMO = lowest singly occupied 

molecular orbital. Molecular orbital diagrams are plotted with contour cut-off value of 0.04 

a.u.. 

 

Figure 6.6(a-c). These orbitals are based on the most stable structures of the radical anions in 

water medium calculated at MP2 level with 6-311++G(d,p) basis set for C, H atoms and 3-

21G* for Te atoms in water medium. Molecular orbital diagram for most stable structure of (o-

CH3-Ph-Te)2
  shows π-π stacking of two phenyl rings (Figure 6.6a). Figure 6.6b clearly shows 

the head-on mixing of two p-orbitals of two Te atoms and results into sigma σ type bonding 

orbital. This σ type bonding orbital clearly shows the 2c-3e bond present in the most stable 

structure of (o-CH3-Ph-Te)2
 in the water medium. However, two p-orbitals of opposite 

symmetry are orientated towards each other indicating the presence of an antibonding sigma 

(σ*) orbital Figure 6.6c. So the origin of most intense transition are labelled as σσ* type 

transition for (o-CH3-Ph-Te)2
 in the water medium. Not only that, the most intense transitions 

for all other sulfur, selenium and Tellurium based radical anionic systems are also originating 

from σσ* type transition. 

σ*

σΠ*

Π
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6.4 Conclusions 

The effect of an excess electron on geometry, nature of bonding and stability of diaryl 

dichalcogenides, namely, (RCh)2
 (Ch = S, Se & Te: R = Ph, o-CH3-Ph, o-HO-Ph & PhCH2) 

is studied. Calculated dihedral angle, δ(CXXC) at B3LYP level and B3LYP-D level including 

dispersion parameters (D and D3) are found to be significantly larger than MP2 data in both 

neutral and anionic diaryl dichalcogenides systems. However, the same calculated applying ω-

B97XD functional has less errors. The dihedral angle calculated at CCSD level is smaller than 

MP2 value indicating less displacement of phenyl rings in case of systems with an excess 

electron. However, the said dihedral angles calculated for neutral systems are same at the two 

post-HF levels. Dispersion corrections are found to be essential for S, Se, Te based dichalcogen 

systems for binding energy calculations. These dichalcogenides have high electron affinity in 

water medium and should be able to capture electron efficiently suggesting their antioxidant 

property in water medium. The (o-CH3-Ph-Te)2
 radical anionic system has highest binding 

energy among all the (o-R-Ph-Ch)2
 radical anionic systems. Its neutral system (o-CH3-Ph-

Te)2 has highest binding energy and electron affinity among all neutral systems at MP2 level 

of theory in water medium. It is shown that in the presence of an excess electron, these diaryl 

dichalcogen systems are bound by two-centre three-electron bond between two chalcogen 

(S/Se/Te) atoms. Visualization of frontier molecular orbital of the most stable equilibrium 

structures suggests that sulfur and selenium valence p-orbitals are mixed head-on indicating 

sigma character of the two center three electron bond between two S/Se/Te atoms in these 

radical anions. The origin of the strong absorption bands in the visible region are assigned to 

be electronic transition from σ bonding orbital to antibonding σ* orbital. 
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Further, the present study also provides a model system to find suitable antioxidant based on diaryl 

dichalcogenides radical anions.  

The theoretical calculations predict that the chalcogen based β-helicenes systems are non-planar 

and flexible when the number of fused rings are three or more. As expected, HOMO-LUMO energy 

gap decreases as the number of fused ring increases. Further, band gap calculated applying periodic 

boundary conditions (PBC) for neutral chalcogen based [n]helicenes shows that band gap decreases 

as the number of fused rings increases. Comparative studies on chalcogen based β-helicenes 

(chalcogen = S, Se and Te) show that energy gap of these systems decreases as the size and polarization 

of chalcogen atoms increases. Excited-state studies show that the radical cations generated from 

chalcogen based [n]helicenes have strong absorption in near infrared region (NIR) region. IR peaks 

obtained in UV-Visible spectra for telluro[7]helicene radical cation have stronger absorption 

compared to the IR peaks obtained for thia[7]helicene and seleno[7]helicene radical cations in DCM 

solvent. A case study on unsubstituted thia[7]helicene radical cation shows that the radical cation 

generated from its corresponding neutral thia[7]helicene system has a very low probability of 

dimerization in non-polar solvent. In addition, case study on seleno[7]helicene radical cation shows 

that the extent of dimerization is less in comparison to thia[7]helicene radical cation. This dimerization 

probability is less in the presence of counter ion PF6¯. A case study on telluro[7]helicene radical cation 

shows that these systems have a lower tendency for dimerization. 

The present work also includes model systems based on diaryl dichalcogenides radical anions in 

search of a suitable antioxidant system. The effect of an excess electron on geometry, nature of 

bonding and stability of diaryl dichalcogenides, namely, (RCh)2
•- (Ch = S, Se & Te: R = Ph, PhCH2, o-NO2-

Ph, o-HO-Ph, & o-CH3-Ph,) radical anions is studied. One electron reduction of neutral diaryl 

dichalcogenides leads to the formation of two-center three-electron (2c-3e) bonded radical anionic 

systems. These diaryl dichalcogenides radical anions show pi-pi stacking of two phenyl rings in water 

medium. They have high electron affinity in water medium and their corresponding neutral systems 

have a strong ability to capture electron efficiently suggesting their antioxidant property. Present 

calculations indicate that among all (RCh)2
•- radical anions, the (o-CH3-Ph-Te)2

•- and (o-CH3-Ph-Se)2
•- 

systems are suitable antioxidant in water medium. The UV-Vis spectral studies show that in water 

medium diaryl dichalcogenides radical anions strongly absorb in visible region. The origin of the strong 

absorption bands in the visible region are assigned to the σ → σ * type electronic transition. 
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SYNOPSIS 

The chalcogens are the elements that belong to the 16th group of the periodic table. 

These elements are oxygen (O), sulfur (S), selenium (Se), tellurium (Te), and 

polonium (Po). As Po is highly radioactive metal, the Po-based systems are scarcely 

known. Chalcogens exist in wide range of oxidation states from -2 to +6. Due to 

available d orbitals in S, Se and Te, they have increased flexibility of valence and can 

easily form bonds with other atoms. Due to this reason, the variety of conjugated 

organic materials are found based on these elements. These materials are essential and 

finding their application as electronic devices, antioxidant, catalysis, biologically 

active compounds, and medicine.1–5  

The band gap of thiophene lies in the ultraviolet region of the electromagnetic 

spectrum. To used thiophene based systems in organic electronic devices the fine 

tuning of band gap is always required to get a suitable energy gap (in semiconductor 

region).5 Based on literature survey, various types of methods can achieve the fine-

tuning of band gap. These methods involve linear coupling or fusion of thiophene 

rings, doping, and changing their shape (e.g. converting a film into nanotubes) etc.5–7 

But, the most convenient methods for tuning the band gap involves the linear coupling 

or fusion of thiophene subunits. These systems produced by above schemes have 

planar and rigid structures with strong π-conjugation. The spectral studies of α-

oligothiophenes show that these systems absorb mainly in UV region and their 

corresponding radical cations have strong absorption in the UV-visible range in non-

polar solvent.8 The ESR studies on the radical cations of unsubstituted α-

oligothiophenes show radical cations generated are stable only at very low 

temperature.8 The π-conjugation leads to strong intermolecular interactions in the 

solution and solid-state. Several studies suggested that due to these intermolecular 

interactions, the π-dimerization become an inherent property of conjugated α-

oligothiophenes and their corresponding radical cations.8,9 It is worth mentioning that 



3 

 

the dimerization affects the spectral features, energy gap and stability, which limits 

the utility and performance of these systems. However, this problem can be resolved 

by using the flexible systems of cross-conjugated fused thiophenes. After, the 

successful synthesis of thia[3]helicene and thia[7]helicene these systems attracted 

recent attention because of their flexible shape and unusually strong optical 

properties.10,11 Thia[7]helicene system has relatively large optical band gap, ~ 3.5 

eV.11 Not only that, [7]helicene is fairly stable at room temperature (~ 11 h).11 Later 

on, a configurationally stable radical of thia[7]helicene is generated via 

electrochemical oxidation in in DCM solvent.12 The generated thia[7]helicene radical 

cation is stable up to ~15 min at room temperature.12 The reason for this extraordinary 

stability of thia[7]helicene radical cation may lie in its helical structure. The generated 

radical cation has strong absorption in near-infrared region (NIR) in DCM solvent.12 

Thus, it is a critical system for making detector in the NIR region, which further may 

be useful in military applications. However, no systematic study available that 

provide the information of effect of size of thia[n]helicenes systems. In addition, one 

can expect larger ring size radical cations produced from their corresponding neutral 

thia[n]helicenes may also be stable in DCM solvent. Not only that, as size and 

polarizability of follows the order, Te > Se > S the replacing sulfur from selenium or 

tellurium provide novel systems which may have enhanced electronic and structural 

features that may attract the interest of the theoretical as well as experimental 

chemists. Therefore, a theoretical investigation is performed on neutral as well as 

radical cation of chalcogens based [n]helicenes (S, Se and Te) in the quest of novel 

systems to be used in organic electronic devices. 

Based on the above discussion, the present thesis deals with a theoretical study on 

structure, ionization energies, and energy gaps of the chalcogens (S, Se and Te) based 

[n]helicenes (n=1-10) using ab initio quantum chemistry-based methods. The direct 

band gap of chalcogens based [n]helicenes is also being calculated using PBC-DFT 
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methods. This systematic theoretical study is further extended to the radical cations 

generated from their corresponding neutral chalcogens based [n]helicenes. As UV-

Visible spectral reports for thia[3]helicene and thia[7]helicene are available in DCM 

solvent. So, DCM is used for all solvent-based calculations in conjunction with 

solvation model based on the solute density (SMD). Besides, structures, energy gaps, 

electronic spectral properties are being reported for radical cations of chalcogens 

based [n]helicenes (n=1-10) in DCM solvent. The frontier molecular orbital diagrams 

are also calculated for radical cations of chalcogens based [n]helicenes (n=1-10) in 

DCM solvent. The types of molecular orbital involved in NIR transitions are also 

being labeled using the analysis of LCAO-MO orbitals using their coefficients of 

atomic orbitals. Further, a case study on the π-dimer of the unsubstituted and 

substituted, neutral and radical cation of thia[7]helicene and seleno[7]helicene are 

also being carried out to understand the dimerization process in DCM solvent. 

Overall, this study explores the structural and electronic properties of neutral and 

radical cations of chalcogens based [n]helicenes in search of optical material for 

applications in wide energy gap systems and NIR devices. 

The antioxidant activity of diphenyl diselenides is due to electron donating nature of 

its corresponding radical anion system. Further, its activity can be modulated by 

inserting suitable substituents on phenyl rings. Later on, it is found that diphenyl 

ditellurides also has the antioxidant activity and surprisingly it is not significantly 

more toxic than organoselenium analogues.13 Thus, aim of this work is to prepare a 

model system to find out the dichalcogen based efficient antioxidant considering 

following points, 1) the effect of chalcogen (S, S, and Te) atoms, 2) effect of electron 

donating and electron withdrawing substituents on suitable aryl (phenyl) ring, and 3) 

effect of water medium. The extra electron in diaryl based dichalcogen radical anionic 

systems is accommodated in the lowest unoccupied molecular orbital, which is often 

an antibonding sigma orbital. Having two electrons in the highest bonding sigma 
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orbital and one electron in the lowest antibonding sigma orbital results in the 

formation of a half bond (bond order = 0.5) and hence these 2c-3e bond is also known 

as hemi bond or half bond.14  

Based on the above discussion, this thesis also includes a theoretical study on the 

antioxidant properties of chalcogen (S, Se and Te) based dichalcogen systems with an 

excess of electrons. These chalcogens having exciting structural properties, stability 

with high antioxidant activity in water medium. This works deals with the electron 

acceptor properties of dichalcogen systems, of the type R-Ch-Ch-R (Ch = S, Se and 

Te; R= Ph, PhCH2, o-NO2-Ph, o-HO-Ph, and o-CH3-Ph) and the newly formed 2c-3e 

bonds in their anionic (R-Ch-Ch-R)•‾ states. Bond strength of a 2c-3e bond is expected 

to depend on the combined effects of structural parameters, substitution patterns and 

electronic interactions. The combined effects are expected to control the extent of p-

orbital interaction that in turn is expected to influence the strength of the newly 

formed bond. These studies may serve as a model for understanding the antioxidant 

behaviour of these dichalcogen systems.  

This thesis is organized in 7 chapters. A brief description of each chapter is given 

below: 

 

Chapter 1: It is the introductory chapter of the thesis. It provides a general 

description of chalcogen (S, Se and Te) based organic systems. Based on available 

experimental and theoretical studies, the gap areas are identified and discussed. 

Further, this chapter gives the objective, organization and scope of the present thesis. 

 

Chapter 2: This chapter introduces the computational methods used in the electronic 

structure calculations in present work. Various aspects of quantum chemistry like 

Density Functional Theory (DFT), Perturbation Theory (PT), Coupled-Cluster Theory 

(CC) and Time-dependent Density Functional Theory (TDDFT) are discussed briefly. 
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The solvation model based on solute density (SMD) is explained in details. Further, 

the basis sets, various geometry optimization techniques, frontier molecular orbital 

calculations and band gap calculations are explained briefly in this chapter. 

 

Chapter 3: This chapter deals with the structures, stability, ionization energies, 

energy gap of thia[n]helicenes (n=1-10) in the gas phase and DCM solvent. The 

benchmarking done to decide upon a suitable level of theory is provided in this 

chapter. The minimum energy structures of thia[n]helicenes radical cation are also 

calculated in the gas phase as well in DCM solvent. Geometrical parameters for the 

minimum energy structures are compared with available single crystal X-Ray data. 

Excited state study for radical cations of thia[n]helicene shows that these systems 

strongly absorb in NIR region in DCM solvent. UV-visible spectral data generated are 

also compared with available spectral data. A case study on π-dimers of neutral and 

radical cation of thia[7]helicene is also performed considering both unsubstituted and 

end substituted case to check the extent of π-dimerization process in DCM solvent. 

Overall, the present studies may be useful to get various systems based on these 

thia[n]helicenes to find applications as organic electronic devices. 

 

Chapter 4: This chapter represents the selenium-based analogues of thia[n]helicenes. 

They are the first reported selenophene β-helical systems of this type motivated from 

their corresponding thia[n]helicenes. Due to unavailability of single X-Ray and 

spectral data the methods used for thia[n]helicenes systems are used to get structures, 

stability, ionization energies, energy gap and UV-Visible spectra of 

seleno[n]helicenes (n=1-10) in the gas phase and DCM solvent. Excited state study 

for radical cations of seleno[n]helicenes shows that these systems strongly absorb in 

NIR region in DCM solvent. A case study on π-dimers on π-dimer unsubstituted and 

substituted radical cations of seleno[7]helicene without and with counter anion PF6
- 
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are also being performed to understand the extent of π-dimerization process in DCM 

solvent. Overall, these selenophene-based systems may be useful in organic electronic 

devices. 

 

Chapter 5: These chapter deals with first reported telluro[n]helicenes systems 

motivated from their corresponding thia[n]helicenes. This chapter mainly deals with 

the effects of size chalcogen atom on ionization energies, energy gap and band gap of 

neutral chalcogen (chalcogen= S, Se and Te) based β-helicenes (n=1-10). Due to 

unavailability of X-Ray and spectral data the methods used for thia[n]helicenes 

systems are extended to get structures, stability, ionization energies, energy gap and 

UV-Visible spectra of telluro[n]helicenes (n=1-10) in the gas phase and DCM solvent. 

PBC-DFT calculations are performed to get the direct band gap for chalcogen based 

[n]helicenes. Excited state study for radical cations of telluro[n]helicene in DCM 

solvent shows that these systems absorb strongly than their corresponding radical 

cationic systems of thia[n]helicenes and seleno[n]helicenes in NIR region of 

electromagnetic spectrum. Overall, these tellurophene based systems are identified as 

potential candidate to be used in organic electronic devices. 

 

Chapter 6: This chapter provides a model system for understanding the antioxidant 

behavior of dichalcogen systems the benchmarking is done to decide upon a suitable 

level of theory. The minimum energy structures for neutral and diaryl dichalcogenides 

radical anions are calculated in the gas phase as well in water medium. Geometrical 

parameters for the minimum energy structures are compared with available X-Ray 

data and microwave structural data. Based on the stability and have high electron 

affinity (corresponding neutral) in water medium the high antioxidant systems are 

identified. Excited state spectra of diaryl dichalcogenides radical anions show the 
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strong absorption bands in the visible region. These studies may serve as a model for 

understanding the antioxidant behaviour of these dichalcogen radical anionic systems. 

 

Chapter 7: In this chapter, the conclusions drawn from the work carried out in the 

present thesis and future scope related to this topic of research is thoroughly 

discussed. In future, the band structures and phonon calculations can be done for all 

chalcogens based β-helicenes. Synthesis of seleno[n]helicenes and telluro[n]helicenes 

& spectral measurement should also be carried out to generate the experimental data 

to validate the theoretical results. The studies on measurement of antioxidant activity 

should be carried to get the kinetics of reaction between free radicals dichalcogen 

based antioxidant systems.  
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Chalcogens (S, Se, and Te) based systems are widely used in organic electronics and medicinal 

chemistry. This work reports the in-depth studies on selected chalcogens based organic systems using 

electronic structure theory-based calculations. It includes the chalcogen based flexible π-conjugated 

helical systems which may be important in future as organic optoelectronic devices. The work also 

provides a model system to find suitable antioxidant based on diaryl dichalcogenides radical anions. 

The theoretical calculations predict that the thia[n]helicenes systems become helical when the 

number of thiophene rings are three or more. HOMO-LUMO energy gap decreases as the number of 

thiophenes ring increases. 

Further, band gap 

calculated applying 

periodic boundary 

conditions (PBC) for 

neutral thia[n]helicenes 

shows that band gap 

decreases as the number 

of thiophene rings 

increases. Excited-state 

studies show that the 

radical cations generated 

from thia[n]helicenes have 

strong absorption in near 

infrared region (NIR) region 

(see Figure 1a). A case study 

on unsubstituted thia[7]helicene radical cation shows that the radical cation generated from its 

corresponding neutral thia[7]helicene system has a very low probability of dimerization in non-polar 

solvent. This dimerization probability is further reduced in the presence of counter ion PF6
-. Similar 

studies are extended to Se and Te based β-helicenes.  

The present thesis also reports studies on effect of an excess electron on geometry, nature of bonding 

and stability of diaryl dichalcogenides, namely, (RCh)2
•- (Ch = S, Se & Te: R : Ph, PhCH2, o-NO2-Ph, o-

HO-Ph, & O-CH3-Ph,) radical anions. One electron reduction of neutral diaryl dichalcogenides leads to 

the formation of two-center three-electron (2c-3e) bonded radical anionic systems (see Figure 1b). 

These diaryl dichalcogenides radical anions show pi-pi stacking of two phenyl rings in water medium. 

These systems have high electron affinity in water medium and their corresponding neutral systems 

have a strong ability to capture electron efficiently suggesting their antioxidant property. Overall, this 

work presents an exhaustive theoretical study on these complex organic chalcogen systems. 

Figure 1. a) Comparison of the UV-visible spectra of [7]TH•+, [7]SH•+and [7]TeH•+ 
in DCM solvent, and  b) Equilibrium structure of (o-CH3Ph-Ch)2

 •- and MO 
diagrams showing 2c-3e bond and pi-pi stacking of aromatic rings.  

 

 

a)                                           b) 
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