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1
Introduction
Continuous growth of research interest in oligothiophene systems is observed due to their wide range of applications as organic photoelectric devices and optical materials.1-4 These thiophene based materials make a significant contributions especially in the field of light emitting diodes,5,6 photovoltaics,7,8 and organic field-effect transistors9,10. Stability, suitable HOMO-LUMO energy gap, strong optical absorption in a desired region, and suitable bandgap are among the few requirements in molecular systems for finding applications as efficient photoelectric devices. The wide variety of thiophene-based materials such as polymers, oligomers, oligohelicenes, and oligoacenes fulfill these requirements. 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.11,16,17 At present, thiophene-based [n]helicenes (n is the total number of thiophene rings present) are considered and studied in-depth applying first principle-based electronic structure theory. Although this type of thia[n]helicenes show chirality, known as helical chirality, these systems do not have any chiral carbon center. The chirality of helicenes arises from the steric hindrance between the terminal thiophene rings, leading to a helical structure. Some recent studies show considerable enhancement in the electronic properties of these thia[n]helicenes and interestingly some of these thia[n]helicenes are stable at room temperature.16 Synthesis along with single-crystal X-ray analysis of thia[n]helicenes, [3]TH and [7]TH are reported in the literature.17 The most important fact about these thia[n]helicenes is that these systems show strong chiro-optical properties and have large optical bandgap (~ 3.5 eV).18 However, there is no systematic study on these thia[n]helicenes to examine the effect of size on the structure and electronic properties. 

Recently, it is reported that stable radical cation of thia[7]helicene, [7]TH•+ can be generated via electrochemical oxidations in DCM (dichloromethane) solvent and in presence of n-Bu4N+PF6- in an inert atmosphere at room temperature. This ortho-annelated thiophene based radical cation with nonplanar helical conjugation of the π-electron system can have extensive applications as NIR (near-infrared region) detector. It is suggsted that the unusual stability of such charged species is due to the formation of flexible helical structure and decrease in spin density at the radical site because of resonance delocalization.19 Bulky substituents at the two ends forces this molecular system to form helical structure. 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 types 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 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,16-24 to the best of our knowledge no systematic theoretical studies are available for these helicenes. A few attempts have been made to study π-dimerization of radical cations of linearly conjugated oligothiophenes.23-25 It is suggested in the literature that dimer formation is one of the probable processes in unhindered oligothiophene radical cations. However, introducing bulky substituents at the end positions of the thiophene rings of these systems dimerization of radical cations may be controled.25-28 Such dimerization is also possible in unsubstituted neutral oligothiophene systems due to intermolecular interactions. As the present substituted thia[n]helicene systems have π-conjugated non-planar structures, the intramolecular π-dimerization may be a feasible process. If dimerization takes place in this system, the performance of a device made of such molecules may get affected severely. However, one can expect that due to the flexible shape and presence of large substituents at end positions, the extent of intramolecular π-dimerization may not be significant. A detailed theoretical study on the π-dimerization of neutral as well as radical cations of thia[n]helicenes may provide valuable guidance for the further development of these systems to be used as electronic devices. To the best of our knowledge, no systematic theoretical studies are available on the π-dimers of neutral and radical cations of thia[n]helicenes in solution. Recently we have reported a systematic theoretical study on seleno[n]helicenes and their radical cations.29 Moreover, it is shown that dimerization of neutral or radical cation of end substituted seleno[7]helicene system is not a favorable process in DCM solvent. Presence counter ions also does not have much effect on dimerization process. Such information is crucial as dimerization often leads to significant change in electronic properties and may make the system unsuitable for application as electronic devices. Herein, we report a first principle-based quantum chemical study on end substituted 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 gas phase as well as in DCM solvent. Moreover, calculations have been performed to find out possibility of dimerization in both unsubstituted and substituted thia[7]helicene in DCM solvent as a case study. Presence of PF6-counter ion is also considered for the dimerization study.
2
Computational Methods 
The thiophene rings are fused stepwise in ortho manner which is also called ortho β-annelation scheme to produce all conformer for neutral thia[n]helicenes, [n]TH, 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 functional30,31 along with 6-311++G(d,p) basis set to get the most stable structure in gas phase and also in DCM solvent. Most stable structures of neutral and radical cations of thia[n]helicenes obtained at B3LYP level of theory are re-optimized applying dispersion corrected B3LYP-D32 method. The solvation model based on solute density (SMD) is being used to introduce macroscopic solvent effect for all calculations in the solvent phase.33-34 Hessian calculations are also performed to characterize the most stable equilibrium structure of neutral and radical cation of thia[n]helicenes as the true minima and to compute thermodynamic parameters. The most stable equilibrium structures predicted for each size thiahelicene at B3LYP-D level are considered for the single point energy calculations at B3LYP-D335 and MP2 levels. Electronic structure calculations are also performed for 50 low lying excited states of neutral and radical cation of these thia[n] helicenes applying TDDFT method. CAM-B3LYP functional along with 6-311++G(d,p) basis set is used for excited state calculations in DCM solvent. This DFT functional is known to give good description of electronic excitations.36,37 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. All theoretical calculations are performed using the GAUSSIAN 16 program.38
3
Results and Discussion

3.1
Structure of end substituted neutral 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 molecule and that of neutral thia[7]helicene, [7]TH is cross-conjugated and annelated into a helix.17 Successive addition of a thiophene unit to thia[1]helicene, [1]TH in a syn manner is performed to make initial input structure of thia[2]helicene, [2]TH for optimization. This procedure is repeated to produce larger thia[n]helicenes, [n]TH, n=3-10. Table 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, a planar structure is obtained for thia[1]helicene, [1]TH, in DCM (see Figure 1a). On moving further, for thia[2]helicene, [2]TH again a planar structure is obtained at the present level of theory in DCM (See Figure 1b). In case of thia[3]helicene, [3]TH, the structure is nearly planar in DCM solvent and the dihedral angles δ(Br1C2C3Br2) and δ(Br2C3C2C4) are calculated as 1.4° and -178.6° respectively (Figure 1c). However, based on single-crystal X-ray analysis, it is reported that the dihedral angles, δ(Br1C2C3Br2) and δ(Br2C3C2C4) in thia[3]helicene are 13.3° and -164.3°. Thus, to improve geometrical parameters of thia[3]helicene obtained at B3LYP-D level of theory, the optimized structure at B3LYP-D level is re-optimized at MP2 level of theory including macroscopic solvent effect. Calculated rBr1Br2 distance and spacer distance, rC2-C7 at the MP2 level in DCM are 3.53 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 1d). The non-planar structure obtained for thia[3]helicene at MP2 level is in good agreement with the reported structure based on single-crystal X-ray studies.17 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. It may be noted that ωB97X-D39 density functional also produces planar structure for thia[3]helicene in DCM solvent with the same set of basis functions. In case of thia[4]helicene, the structure obtained at B3LYP-D level is non-planar as shown in Figure 1e. Calculated distance between two Br atoms is 3.51 Å. The non-bonded distances rC2-C3 and rC4-C8 are 4.29 and 6.94 Å respectively. Calculated dihedral angles δ(Br1C2C3Br2) and δ(Br2C3C2C4) are -65.9° and 71.5° respectively (see Figure 1e). 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 are comparable to the corresponding values obtained at B3LYP-D level of theory. Thus, in case of thia[4]helicene the structure obtained at B3LYP-D and MP2 level in DCM solvent are very close. Geometry optimization is also carried out for thia[1]helicene and thia[2]helicene at MP2 level to examine the performance of B3LYP-D functional. Geometrical parameters obtained for these thiahelicenes at MP2 level are very close to those obtained at B3LYP-D level of theory. Thus, for rest of the systems, geometry optimization is carried out applying B3LYP-D functional. Figure 1f shows the calculated optimized non-planar structure of thia[5]helicene in DCM solvent. In case of the next larger system, thia[6]helicene the same kind of non-planar structure is obtained as shown in Figure 1g. It may be noted that the helical structure obtained for thia[7]helicene, [7]TH (see Figure 1h) is consistent with the experimentally reported structure of thia[7]helicene, [7]TH.17 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 1i.

	Table 1. Calculated geometrical parameters of neutral thia[n]helicenes, [n]TH n=1-10 in gas phase following B3LYP-D /6-311++G(d,p) method. The same parameters calculated in DCM solvent are listed in the first braces. Bold faced values in third braces are calculated in DCM solvent without dispersion correction.

	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]
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Figure 1. Most stable structures of neutral thia[n]helicenes, [n]TH, n=1-10 in DCM solvent are displayed as 1(a-c) and 1(e-k) with selected geometrical parameters calculated at B3LYP-D/6-311++G(d,p) level. 1d shows the most stable structure of thia[3]helicene calculated applying MP2/6-311++G(d,p) method. 
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 1j and Figure 1k respectively. Data shown in Table 1 indicates that a very small change is obtained in the listed geometrical parameters on sucessive addition of thiophene rings except for dihedral angle as the systems loose planarity for larger size (n≥3) helicenes. Cartesian coordinates of the most stable neutral thia[n]helicenes, n=1-10 in DCM calculated at B3LYP-D/6-311++G(d,p) level and for the most stable neutral thia[n]helicenes, n=3-4 calculated at MP2/6-311++G(d,p) level are provided in Supporting Information. 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=1-4 are very close in the gas phase as well as in DCM solvent.

It is worth to mention that unlike seleno[3]helicene system, B3LYP-D functional predicts a planar structure in the gas phase and a near planar structure in DCM solvent for thia[3]helicene system. However, MP2 method predicts a non-planar structure which is very close to the available X-ray structure. For other systems, present calculated structures are quite similar to  seleno[n]helicene systems. 29
3.2
Ionization energies of end substituted neutral thia[n]helicenes, [n]TH, n=1-10 in DCM solvent
Calculated ionization energy (IE) of these helicenes may be used for examining suitability of applications as organic electronic devices. It is calculated as the difference of total energy of the most stable structures of neutral and the corresponding radical cation in gas phase. The most stable structure obtained for neutral and the corresponding radical cation at B3LYP-D level are used to calculate the IE at B3LYP-D3 and MP2 levels. One can see from Table 2 that IE values calculated at different levels of theory for each size of thia[n]helicenes, [n]TH in gas phase are very close at the DFT level. It is also observed that IE values calculated at MP2 level show both positive and negative deviation with respect to DFT values. It may be noted that IE values calculated in DCM solvent following a macroscopic solvent model are significantly lower than those in 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 2. Calculated ionization energy (in eV) of thia[n]helicenes, [n]TH, n=1-10 in gas phase applying different theoretical methods considering 6-311++G(d,p) basis set. Values in the braces are the corresponding energy in DCM solvent.

	Method
	[1]TH
	[2]TH
	[3]TH
	[4]TH
	[5]TH
	[6]TH
	[7]TH
	[8]TH
	[9]TH
	[10]TH

	i)
	7.9, (6.5)
	7.5, (6.2)
	7.3, (6.1)
	7.2, (5.9)
	7.0, (5.7)
	7.0, (5.8)
	6.9, (5.8)
	6.8, (5.6)
	6.8, (5.7)
	6.8, (5.7)

	ii)
	8.5, (6.5)
	7.5, (6.2)
	7.3, (6.1)
	7.2, (5.9)
	7.0, (5.7)
	7.0, (5.8)
	6.9, (5.8)
	6.8, (5.6)
	6.8, (5.7)
	6.8, (5.7)

	iii)
	8.5, (6.5)
	7.5, (6.2)
	7.3, (6.1)
	7.2, (5.9)
	7.0, (5.7)
	7.0, (5.8)
	6.9, (5.8)
	6.8, (5.6)
	6.8, (5.7)
	6.8, (5.7)

	iv)
	8.6, (7.2)
	7.3, (5.9)
	7.1, (5.8)
	7.5, (6.2)
	7.2, (5.8)
	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, iv) MP2 


It may be noted that calculated IE values of thia[n]helicenes at DFT level decreases with the increase in size of system in gas phase and saturates at 6.8 eV in contrast to 6.5 eV in case of seleno[n]helicenes. 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
HOMO-LUMO energy gap of end substituted neutral thia[n]helicenes, [n]TH, n=1-10 in DCM solvent
The 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 unfavorable to add electrons to a high-lying LUMO, to extract electrons from a low-lying HOMO, and so to form an activated complex of any potential reaction. Some qualitative idea on the lowest electronic transition energy may also be gained from the HOMO-LUMO energy gap. Table 3 provides HOMO-LUMO energy gap of these thiahelicenes in the gas phase as well as in DCM solvent calculated at B3LYP, B3LYP-D, B3LYP-D3 levels in conjunction with 6-311++G(d,p) basis set. Note that this energy gap is calculated for the most stable structure of the respective helicene. Table 3 clearly points out that on successive addition of thiophene ring HOMO-LUMO energy gap decreases to saturate at 4.3 eV in contrast to 3.9 eV for selenohelicenes. This is consistent at all the three levels of DFT considered at present and the calculated values are also same. Incidentally, when the energy gap is calculated considering the most stable structures of thia[n]helicenes obtained in DCM solvent, the values are 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.17 The present calculated value for [3]TH is exactly the same as the literature data at all the three levels of theory. However, present calculated data for [7]TH system is 0.4 eV lower than the literature data. Plot of calculated HOMO-LUMO energy gap for different sized neutral thia[n]helicenes is presented in Figure 2. On moving from [1]TH to [5]TH, the energy gap decreases as the number of thiophene rings increases due to increased conjugation with increase in thiophene rings. However, on going from [5]TH to [7]TH, the energy gap is almost constant due to competition between non-planarity and conjugation. Again, on moving from [7]TH to [8]TH the energy gap decreases and this may may be due to structural change from non-planar in [7]TH to coil type structure in [8]TH (one complete turn). However, on going from [9]TH to [10]TH, the energy gap is almost constant due to competition between non-planarity and conjugation again.
	Table 3. HOMO-LUMO energy gap (in eV) of thia[n]helicenes, [n]TH, n=1-10 in the gas phase applying different theoretical methods considering 6-311++G(d,p) basis set. Values in the braces are the corresponding energy in DCM solvent. Data shown in bold faces are the experimental values from literature.

	Method
	[1]TH
	[2]TH
	[3]TH
	[4]TH
	[5]TH
	[6]TH
	[7]TH
	[8]TH
	[9]TH
	[10]TH

	i)
	5.3, (5.3)
	5.0, (5.1)
	4.9, (4.9)
	4.7, (4.7)
	4.5, (4.6)
	4.6, (4.6)
	4.5, (4.6)
	4.4, (4.2)
	4.3, (4.3)
	4.3, (4.3)

	ii)
	5.3, (5.3)
	5.0, (5.1)
	4.9, (4.9)
	4.7, (4.7)
	4.5, (4.6)
	4.6, (4.6)
	4.5, (4.6)
	4.4, (4.2)
	4.3, (4.3)
	4.3, (4.3)

	iii)
	5.3, (5.3)
	5.0, (5.1)
	4.9, (4.9), 4.9
	4.7, (4.7)
	4.5, (4.6)
	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, iii) B3LYP-D3
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Figure 2. Variation of calculated HOMO-LUMO energy gap for different size (n) end substituted neutral thiahelicenes. 
Overall, the calculated HOMO-LUMO gap of thia[n]helicenes, [n]TH, n=1-10 shown in Table 3 should be reliable. In short, calculated HOMO-LUMO energy gap suggests that UV light is needed for the lowest electronic transition of neutral thia[n]helicenes, n=1-10.
3.4
UV-Visible electronic spectra of end substituted neutral thia[n]helicenes, n=1-10 in DCM solvent 

To the best of our knowledge, UV-Visible spectra of thia[3]helicene and thia[7]helicene systems only are experimentally measured and reported in the literature.17 Fifty lower excited states of these helicenes are calculated in DCM solvent at present following TDDFT procedure and considering CAM-B3LYP/6-311++G(d,p) level of theory. It is observed that the simulated
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Figure 3. Simulated electronic absorption spectra in DCM solvent of end substituted neutral thia[n]helicenes, a) n=1-5, b) n=6-10 at CAM-B3LYP/6-311++G(d,p) level of theory.
UV-Visible spectra of thia[3]helicene and thia[7]helicene match quite well with the experimental UV-Visible spectra. Thus, the same procedure is applied for the excited state electronic structure calculations for neutral thia[n]helicenes, n=1-10 in DCM solvent and UV-Visible spectra are simulated. Electronic absorption spectra in DCM solvent of neutral thia[n]helicenes, n=1-5 are displayed in Figure 3a. Similarly, Figure 3b displays electronic absorption spectra in DCM solvent of neutral thia[n]helicenes, n=6-10. The UV-Visible spectrum of thia[1]helicene, [1]TH in DCM solvent shows an absorption band with λmax at 240 nm and the origin of this band is mainly due to H→L electronic transition (H and L refer to HOMO and LUMO respectively). In case of thia[2]helicene, [2]TH, the most intense peak is obtained at 230 nm. Simulated absorption spectrum of thia[3]helicene, [3]TH in DCM solvent shows a shoulder peak of low intensity at 267 nm, a medium intensity peak at 251 nm and a high intense peak at 247 nm. The origin of the most intense absorption band is mainly due to the electronic transitions between H-2 to L.  It may be noted that experimental absorption spectrum of thia[3]helicene, [3]TH in DCM solvent shows a shoulder peak ~ 276 nm, a high intensity peak at 256 nm and a low intense peak at 235 nm.15 Similarly, simulated UV-Vis spectrum of thia[7]helicene, [7]TH in DCM solvent shows an absorption band having peak intensity ~267 nm compared to the experimental band with λmax at 270 nm. A band with higher intensity is observed at ~ 236 nm in the simulated spectrum. Whereas experimental spectrum displays the most intense peak at 236 nm. The origin of the most intense absorption band is mainly due to the electronic transitions between H-1 to L+5. Overall, neutral thia[n]helicenes, n=1-10 in DCM solvent have absorption bands in UV region. 

3.4
Structure of radical cations of end substituted 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 presence of PF6( counter ion in DCM solvent.18 Structure of neutral thia[n]helicenes, n=1-10, [n]TH  are considered as the initial input for finding equilibrium structures of the corresponding radical cation, [n]TH•+. For the sake of simplicity, calculations are performed without using any counterion. Table 4 shows selected geometrical parameters of the fully optimized structures of radical cations of thia[n]helicenes, [n]TH•+, n=1-10. B3LYP-D functional along with 6-311++G(d,p) basis set is applied for calculations in the gas phase as well as in DCM solvent following a macroscopic solvent model. Cartesian coordinates of the most stable radical cations of these thiahelicenes are provided in Supporting Information. Equilibrium structures of thia[n]helicene radical cations, [n]TH•+ for n=1-10 are displayed in Figure 4(a-j). No significant change is noted in the geometrical parameters of these helicene radical cations in the gas phase and by inclusion of solvent effect as shown in Table 4 except for a few larger size helicenes.  It may also be noted from Figure 4a that the radical cation of thia[1]helicene, [1]TH•+ 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 4b) 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 to the neutral analogue, B3LYP-D functional predicts a non-planar structure (see Figure 4c) for the radical cation of thia[3]helicene in DCM solvent. Mulliken charges on Si and Br atoms are obtained as 0.46 and -0.03 respectively. 
	Table 4. Calculated geometrical parameters of thia[n]helicene radical cations, [n]TH•+ n=1-10 in gas phase following B3LYP-D /6-311++G(d,p) method. The same parameters calculated in DCM solvent are listed in the first braces. Bold faced values in third braces are calculated in DCM solvent without dispersion correction. 

	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]
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Figure 4. Most stable structures of thia[n]helicene radical cations, [n]TH•+, n=1-10 in DCM solvent are displayed as 4(a-j) with selected geometrical parameters calculated at B3LYP-D/6-311++G(d,p) level. 
However, non-planarity is significantly less compared to seleno[3]helicene radical cation.29  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 as well as electronic steric hindrances. This makes planar structure of radical cation of thia[3]helicene, [3]TH•+ unstable and converts it into a stable non-planar helical structure. Thus, to produce helical shape in radical cation of thia[3]helicene, [3]TH•+, 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. In 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. Calculated spin densities at sulfur atoms labeled as S1 and S2 are 0.12 a.u. and 0.06 a.u. respectively and the same for carbon atoms labeled as C4 and C8 is obtained as -0.01 a.u. For thia[5]helicene radical cation, the dihedral angles δ(Br1C2C3Br2) and δ(Br2C3C2C4) are calculated as -113.2° and -11.7° respectively showing it as a helical structure (see Figure 4e). 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 4f) 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 case of radical cation of thia[7]helicene, [7]TH•+ in DCM solvent, the dihedral angles δ(Br1C2C3Br2) and δ(Br2C3C2C4) are -165.9 and 81.5° respectively (see Figure 4g). 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, [8]TH•+, 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, [8]TH•+, thia[9]helicene, [9]TH•+ and thia[10]helicene, [10]TH•+ coil type helical structures (see Figure 4h-j) are obtained in DCM solvent. 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 gas phase as well as in solvent. In 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 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 macroscopic effect of DCM solvent following ROHF procedure to avoid any spin contamination. Figure 5 shows the spin density plot of thia[7]helicene radical cation, [7]TH•+ with a contour cutoff value of 0.002 a.u. Similar plots on thia[n]helicenes (n=1-10) radical cation systems are provided in Figure S2 of Supplementary Information.
[image: image25.png]



Figure 5. Spin density contour plot of end substituted thia[7]helicene radical cation based on calculations at B3LYP-D/6-311++G(d,p) level in DCM solvent with contour cutoff = 0.002 a.u.

It is observed that a significant amount of spin density is always present on heavy atoms. Thus, such systems are expected to have high g value which can easily be verified on recording an 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 a free electron.16
3.5
Orbital energy gap of radical cations of end substituted thia[n]helicenes [n]TH•+, n=1-10 in DCM solvent

Selected orbital energy gaps in the radical cations of thia[n]helicenes, [n]TH•+, n=1-10 are calculated applying three functionals, namely, B3LYP, B3LYP-D and B3LYP-D3 based on the optimized structures in DCM solvent at B3LYP level. HOMO of these radical cations are singly occupied and may be referred as LSOMO (lowest singly occupied molecular orbital) Optical absorption band may be observed when an electron makes a transition from the highest doubly occupied molecular orbital or HDOMO to LSOMO. Table 5 provides calculated HDOMO-LSOMO gap for the radical cations of thia[n]helicenes and these values are in the range of 3.2-2.3 eV. It is observed that dispersion correction does not influence the orbital energy gap for these helicene radical cations as calculated values are same at three levels. It is also interesting to note that the HDOMO-LSOMO energy gap decreases on stepwise addition of thiophene ring to the radical cation of thia[1]helicene, [1]TH•+ till these energy gaps are in the range of 2.3 - 1.7 eV and no systematic variation is observed. However, the change in energy gap is small (0.1 eV) for the large size helicenes. Incidentally, similar range of variation is also predicted in case of seleno[n]helicene radical cations.
	Table 5 Calculated HDOMO-LSOMO energy gap (in eV) for radical cations of thia[n]helicenes, [n]TH, n=1-10 in DCM solvent applying different functionals with 6-311++G(d,p) basis set. Values in the braces are the corresponding energy gaps of LSOMO-LUMO in DCM solvent. HDOMO refers to the highest doubly occupied molecular orbital and LSOMO stands for the lowest singly occupied molecular orbital.

	Method
	[1]TH
	[2]TH
	[3]TH
	[4]TH
	[5]TH
	[6]TH
	[7]TH
	[8]TH
	[9]TH
	[10]TH

	i)
	3.2, (1.9)
	3.0, (2.3)
	3.0, (2.1)
	2.8, (1.8)
	2.7, (1.7)
	2.6, (1.7)
	2.5, (1.9)
	2.4, (2.0)
	2.5, (1.9)
	2.3, (1.8)

	ii)
	3.2, (1.9)
	3.0, (2.3)
	3.0, (2.1)
	2.8, (1.8)
	2.7, (1.7)
	2.6, (1.7)
	2.5, (1.9)
	2.4, (2.0)
	2.5, (1.9)
	2.3, (1.8)

	iii)
	3.2, (1.9)
	3.0, (2.3)
	3.0, (2.1)
	2.8, (1.8)
	2.7, (1.7)
	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, iii) B3LYP-D3 


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.
3.6
Electronic absorption spectra for radical cations of thia[n]helicenes, [n]TH•+, n=1-10 in DCM solvent

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 6 shows calculated λmax, 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 6a. 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 6b. It may also be noted that radical cations of [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, experimental absorption spectrum has been reported only for the radical cation of thia[7]helicene, [7]TH•+ having λmax value at 510 nm.18 However, the optical spectrum has been reported only upto 1000 nm. The present calculations indicate two absorption bands in the visible region with λmax = 505 and 634 nm and the band at 505 nm is very weak having small oscillator strength. Thus, the calculated band at λmax = 634 looks to correspond the experimental λmax at 510 nm having an error of 124 nm. This large error may be due to 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 counter ion. To examine the origin and type of electronic transitions in radical cations of thia[n]helicenes, [n]TH•+, n=1-10, selected MOs are plotted in Figure 7. These MOs are plotted considering the most stable structures of these radical cations in DCM solvent calculated applying B3LYP-D functional and 6-311++G(d,p) basis functions. 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 6); HDOMO refers to the highest doubly occupied 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 Figures 7a1 and 7a2 respectively. From the orbital plots, it appears that it is a π(π* (ring) electronic 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 7a3 and it appears to be an σ orbital. Thus, the strong optical absorption band of thia[1]helicene, [1]TH•+ is due to σ(π*. The assignment of these MO orbitals has been done based on detailed analysis of LCAO-MO orbitals and corresponding 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. 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.
	Table 6 Calculated absorption maxima, oscillator strength and major electronic transitions in radical cations of thia[n]helicenes, [n]TH•+ (n=1-10) in DCM solvent. CAM-B3LYP/6-311++G(d,p) method under TDDFT formalism is applied for excited state calculations.

	n
	λmax in 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. 
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Figure 6. Simulated UV-VIS spectra for radical cations of thia[n]helicenes, n[TH]•+ a) n=1-5 and b) n=6-10 in DCM solvent following TDDFT procedure at CAM-B3LYP/6-311++G(d,p) level of theory.
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Figure 7. Selected plots of molecular orbitals for radical cations of three thia[n]helicenes a) [1]TH•+, b) [3]TH•+ and c) [7]TH•+
In case of the radical cation of 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 7b1 and 7b2 respectively and the transition as 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. In case 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 7c1 and 7c2. However, it has also a strong absorption maximumum in the IR region and the origin of this absorption is due to π-π* electronic transition. Corresponding orbitals are displayed in Figure 7c2 and 7c3. For thia[8]helicene, [8]TH•+, the optical absorption bands are observed in the visible region. 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.

3.8
Dimerization of neutral and radical cation of thia[7]helicene in DCM solvent 

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 in DCM solvent. Electronic structure calculations of these dimers are performed at the B3LYP-D/6-311++G(d,p) level. Three different possible cases are considered for this study. In the first case, 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 the second case, several possible structures for the unsubstituted and substituted π-dimer of thia[7]helicene radical cation are optimized to get the most stable structures in DCM solvent. 

As the effect stabilization through electrostatic interactions may be small in solution because PF6- is a weakly coordinating anion.28 But electrostatic interactions may affect the dimerization of these unsubstituted and substituted π-dimer of thia[7]helicene radical cation. Therefore, as the third case, two PF6- anions are considered in the calculations as counter ions for the π-dimers of unsubstituted and end substituted thia[7]helicene radical cation in DCM solvent. Again, SMD model is used to include macroscopic solvent effect. 

3.8.1
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.

The most stable equilibrium 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 in DCM solvent at B3LYP-D level. Most stable structure of unsubstituted π-dimer of neutral ([7]TH)2 is shown in Figure 8a. 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 and 4.0 Å respectively (see Figure 8a). 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. The minimum and maximum non-bonded distances obtained are 4.50 and 8.80 Å respectively (see Figure 8b). The 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.

In case of unsubstituted charged π-dimer, ([7]TH)22+ the most stable structure obtained is fully π-π stacking of two units of the radical cation of thia[7]helicene (see Figure 8c). 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. In comparison, the substituted π-dimer of radical cation of thia[7]helicene, the structure obtained shows partly π-π stacking of two monomer units of the radical cation in DCM solvent (see Figure 8d).
In presence of two PF6- counter ions, the most stable equilibrium structure obtained in case of unsubstituted charged π-dimer, ([7]TH)22+, shows a π-π stacking of two units of the radical cation of thia[7]helicene with one PF6- counter ions at the top and the other at the bottom (see Figure 8e). 
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Figure 8. Most stable (-dimeric structure of a) neutral unsubstituted thia[7]helicene monomer; b) neutral end substituted thia[7]helicene monomer; c) radical cation of unsubstituted thia[7]helicene monomer; d) radical cation of end substituted thia[7]helicene monomer; e) unsubstituted thia[7]helicene monomer radical cation with PF6- counter anions; f) end substituted thia[7]helicene monomer radical cation with PF6- counter anions.
In case of end-substituted charged π-dimer, PF6- counter ions are present near the end-corner of each monomer unit as shown in Figure 8f. Overall, these dimer structures are quite similar to those reported earlier for seleno[7]helicene system.29 

3.8.2
 Dimerization Energy for π-dimer of thia[7]helicene

Energy of dimerization (ΔEdim) of the π-dimers mentioned in the previous section is calculated as the difference of total energy of the π-dimer system and the total energy of the two dissociated monomer units. ΔEdim calculated for unsubstituted neutral π-dimer, ([7]TH)2 in DCM solvent is -19.8 kcal/mol. This indicates that the formation of π-dimer is a favourable process in unsubstituted neutral thia[7]helicene from its monomer units. At STP, calculated Gibbs free energy of dimerization (ΔGdim) is calculated as -3.9 kcal/mol for this system. The negative value of ΔGdim also suggests that the formation of the π-dimer is a favourable process for this system. For substituted π-dimer of neutral thia[7]helicene in DCM solvent, calculated ΔEdim is -16.3 kcal/mol. This shows that the formation of the end substituted π-dimer of neutral thia[7]helicene from its monomer units is again a favourable process. However, calculated ΔGdim for this end substituted π-dimer system is +0.2 kcal/mol. This positive value indicates that the formation of the π-dimer is not a favourable process in end substituted system.
ΔEdim calculated for unsubstituted π-dimer of radical cation of thia[7]helicene in DCM solution is -17.4 kcal/mol. However, calculated ΔGdim for the same dimer at STP is +6.6 kcal/mol and this indicates that the dimerization process is not a favourable process. Calculated ΔEdim for end substituted π-dimer of radical cation of thia[7]helicene is -9.0 kcal/mol. Again, calculated ΔGdim for this substituted radical cation 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 end 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.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-counter ions. 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 of dimer from end substituted radical cation of thia[7]helicene in presence of counter ions is ruled out. 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 remain intense at low temperatures up to few minutes.18
Conclusions
Dispersion corrected hybrid DFT functional (B3LYP-D) performs well to predict molecular structure and electronic properties of neutral and radical cations of thia[n]helicenes except for neutral thia[3]helicene system. These substituted neutral and positively charged thia[n]helicenes prefer flexible non-planar structure when the number of thiphene 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. Ionization energies for thia[n]helicenes 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 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 studies on radical cations of substituted thia[n]helicene in DCM solvents reveal that these systems strongly absorb in visible and near infrared region (NIR). 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 in DCM solvent. However, calculated ΔGdim for π-dimer of end substituted thia[7]helicene shows that dimerization is not favorable in DCM solvent at STP. Calculated ΔGdim values for π-dimer of unsubstituted and and end substituted radical 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 are potential candidates to find applications as organic optoelectonic devices. 
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ABSTRACT


Minimum energy structures of neutral and radical cations of end substituted thia[n]helicenes (n=1-10) in DCM solvent are reported. For both neutral and radical cations of these helicenes, calculated structures are non-planar for n=3-10. Helical structures are obtained for higher helicenes and thia[8]helicene system has a helical structure with one complete turn. Equilibrium geometries are predicted applying B3LYP-D/6-311++G(d,p) method in conjunction with SMD solvent model. Single point energy calculations are also performed at MP2 level to improve certain energy parameters. Excited state calculations are performed using Time-Dependent Density Functional Theory (TDDFT) formalism to predict UV-Visible spectra of neutral and radical cations of thia[n]helicenes in DCM solvent. Thia[n]helicenes radical cation have strong absorption in the near IR region. Calculations also suggest that dimerization is not a favourable process in DCM solvent for the end substituted neutral and radical cation of thia[7]helicene. The present theoretical study examines the molecular and electronic properties of thia[n]helicenes in search of near infrared electronic devices.
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