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[11] helicenes: a DFT view
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Abstract: Density functional theory has been used to analyse the structural, spectral, charge transport and nonlinear

properties of 7,12,17-trioxa [11] helicene and 7,12,17-trithia [11] helicene. The optimised geometries of TOH and TTH

shows that carbon–carbon bond lengths of inner fused rings vary from terminal rings, as a consequence of generated

torsional strain. The IR-spectra displays characteristics peaks in the region of 750–1550 cm-1 in TOH and a slight shift

occurs to lower frequency in case of TTH. The vibrational circular dichroism peaks have major contributions from in and

out of plane bending and minor contribution from C=C stretching of fused aromatic rings. From ionisation and reorga-

nization energy values it is evident that TOH and TTH can act as hole transport material for OLED device. As a

consequence of extended conjugation in studied system, the higher values of polarizability and hyperpolarizability reflects

their role in NLO devices.

Keywords: Chirality; Bond length alternation; Reorganisation energy; Polarizability; Transition dipole moment

PACS Nos.: 61.66.Hq; 31.15.E-; 34.70.?e; 42.65.-k; 33.20.Ea; 33.20.Vq

1. Introduction

Ortho-fused aromatic ring molecule usually acquires

S-shape in order to release internal strain on account of

distorted conjugated p-system. Thus helicenes are usually

described as ‘‘molecules in distress’’. These molecules are

widely studied from last decades due to their unique

properties originating from their helical system [1–3]. The

steric interactions arising in these systems do not allow

planarity for molecules cause theð-conjugated systems to

get distorted into helices which gives rise to intrinsic chiral

structures. These systems can wind in opposite directions

and have a C2-symmetric axis, which is perpendicular to

the helical axis. This renders them chiral even though they

have no asymmetric carbons or other chiral centres [4, 5].

On the basis of the helicity rule proposed by Cahn et al. [6],

a left-handed helix is designated ‘‘minus’’ and denoted by

M whereas a right-handed one is designated ‘‘plus’’ and

denoted by P (Fig. 1). Inherited molecular chirality in

helicenes give rise to interesting electronic and optical

properties which defines their role in molecular wires,

organic light emitting devices and solar cells [7–14]. These

molecules forms helical columnar motifs which makes

them potential applicant for nonlinear optical and circularly

polarised light emitting material. Due to extended p-elec-

tron cloud these compounds display circular dichroism,

exhibiting large second order nonlinear optical response

(NLO) and can be used in liquid crystal displays [15–19].

Mainly there are two types of helical molecules: carba-

helicenes and heterohelicenes. The carbahelicence are

widely synthesized and explored for their electronic and

nonlinear optical properties [20–25]. The presence of het-

eroatoms in the helicene backbone significantly alters both

the molecular and the self-assembly properties of helical

polyaromatics [26–29]. Thiophenes in thiohelicenes (con-

taining alternate thiophene and benzene rings) are modules

expected to determine desirable effects in these systems.

Indeed thiohelicenes are stable materials which can be syn-

thesized in good yields via photochemical irradiation using

either standard laboratory equipment or solar powered

reactors [30, 31]. Recently tremendous focus is concentrated

on the design of helicenes for tuning and exploring their
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much promising electronic properties on introducing hetero

atoms in helical chain. Researcher have observed that low

lying energy level of heterohelicenes particularly fused

furans are known to show interesting utility in electronic

devices as organic light-emitting diodes or organic field-

effect transistors [32–37]. However the increase in internal

strain on adding fused rings creates difficulties in synthesis of

larger helicenes. The [14] helicenes, [16] helicene, hexathia

[13] helicene, [11] helicene, poly(thia-heterohelicene) are

the largest helices reported in the literature till this date [1, 2].

The compounds belonging to the general class of oxa-he-

licenes and thia-helicenes have been synthesized, and their

various properties have been studied [38–45]. Recently

Sundar and Bedekar [46] reported the design and synthesis of

oxygen-containing 7,12,17-trioxa [11] helicene. However

the vibrational circular dichroism and optoelectronic prop-

erties of these helicene have not been reported so for. The

main objective of this study is to provide a complementary

understanding of chiral and optoelectronic behaviour of the

trioxa-(TOH) and trithia-(TTH) helical systems.

Fig. 1 Lowest energy optimized geometries of m and p atropisomers of 7,12,17-trioxa (TOH) and 7,12,17-trithia [11] (TTH) helicenes
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2. Computational method

All calculations in this work were performed by using the

Gaussian 09 program package [47]. The original structure

of TOH synthesized by Sundar and Bedekar [46] were

obtained through CCDC database, then the modified

geometries were optimized at the density functional theory

(DFT) level using CAM-B3LYP functional in conjunction

with 6-311??G (2d, 2p) basis set in the gas phase [48, 49].

The geometry of TTH was directly designed using graph-

ical software Gauss view and then optimised at the same

level of theory as employed for TOH [50]. All the opti-

mized geometries were examined by frequency calcula-

tions to ensure them as true minima. The neutral molecules

were treated as closed-shell systems; while for the radical

anion and radical cation open-shell system optimizations

were carried out using a spin unrestricted wave function

(UCAM-B3LYP procedure). For gaining more insights into

the excited states properties (excitation energies, transition

dipole moment and rotatory strengths) of studied systems,

adiabatic approximation using time-dependent density

functional theory (TD-DFT) calculations at CAM-B3LYP/

6-311G??(2d, 2p) level were invoked to simulate the

lower excited states [51]. The CAM-B3LYP functional was

employed as the results obtained from this basis functional

are usually in line with the experimental findings. The

solvent effect on the absorption spectra was addressed by

employing IEFPCM solvent model [52–55]. IEFPCM

model implements a self-consistent reaction field method;

the integral equation formalism polarisable continuum

model, in which the solvent is considered as a continuum

of a determined dielectric constant and the solute is within

a cavity of the solvent and is modelled as a series of

interlocked spheres.

3. Result and discussion

3.1. Molecular geometry

The optimized molecular geometry of TOH and TTH have

been calculated using DFT/CAM-B3LYP method with

6-311G??(2d, 2p) basis set and the geometry of mole-

cules with labelling of atoms is shown in Fig. 1. The cal-

culated structural parameters of the TOH molecule are

listed in Table 1 and these parameters are found to be in

close agreement with crystal data [46]. The slight devia-

tions observed may be attributed to the fact that theoretical

Table 1 Comparison of geometrical parameters of DFT optimised and experimental obtained structure of m-TOH helical system

Bond Gaussian Experimenta Angle Gaussian Experimenta

C4–C14 1.409 1.405 C14C4C10 124.06 123.92

C14–C29 1.369 1.369 C10C13C11 136.17 135.93

C29–C27 1.406 1.398 C13C11C18 137.11 137.87

C27–C46 1.362 1.360 C11C18C12 129.01 128.22

C46–C23 1.414 1.414 C18C12C9 137.43 138.31

C23–C4 1.424 1.427 C12C9C5 137.49 138.39

C4–C10 1.431 1.431 C9C5C6 129.79 129.27

C10–C13 1.458 1.452 C5C6C7 137.56 138.17

C13–C17 1.387 1.392 C6C7C8 124.06 125.13

C17–O2 1.359 1.367 C19OC15 105.97 105.30

O2–C16 1.362 1.370 C35O3C20 106.03 105.49

C13–C11 1.428 1.431 C17O2C16 105.93 105.19

C11–C18 1.428 1.434 C14C13C9 53.53 53.51

C18–C12 1.469 1.471 C13C9C7 55.12 55.18

C12–C35 1.388 1.395

C35–O3 1.362 1.360

O3–C20 1.362 1.367

C12–C9 1.428 1.437

C9–C5 1.428 1.429

C5–C6 1.458 1.461

C6–C19 1.382 1.382

C19–O1 1.362 1.374

O1–C15 1.359 1.363

a Ref. [46]
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calculations are done for single isolated molecule in gas-

eous phase and the experimental values are those from of

the crystalline solid phase. This indicated that the adopted

density functional and basis set are feasible for the studied

systems. The calculated geometrical parameters of TOH

and TTH shows that C–C and C=C bond lengths of the

inner fused rings vary from the peripheral rings, as a

consequence of generated torsional strain. While compar-

ing the C–C bond length of TTH and TOH with benzene

(1.393 Å) the inner helix is slightly lengthened and outer

ones are close to benzene. It is also interesting to see the

difference between the bond lengths of the heteroatom

fused furan and thio rings. The bond length of the

peripheral furan or thiophene rings are almost same

how’re, the central furan or thiophene ring is found to be

slightly elongated due to much greater strain exerted in the

inner portion. Thus the studied helicenes show deviation

from C2 symmetry due to different bonds lengths and the

torsion angles between the inner carbons. The interplanar

angles for TOH and TTH are found 25.01� and 25.68�
which agrees well with the experimental reported for TOH

helicene. For the studied TOH (TTH) the inner pitch opts a

value of 3.331 Å (3.412 Å) and outer pitch of 4.799 Å

(4.803 Å) respectively. In order to account for the local

aromaticity change we have calculated BLA (bond length

alternation) values associated with the C5–C9, C9 = C26,

C26–C40, C9–C12, C12 = C35 and C35–O/C35–S. According

the Fu et al. [56] BLA is calculated by subtracting the

arithmetic mean of the two central C–C bonds and the

central C=C bond length and given as

BLA ¼ d C9�C12ð Þ þ d C35�S=Oð Þ
2

�d C12 ¼ C35ð Þ ð1Þ

The BLA value obtained by employing C5–C9,

C9 = C26, C26–C40 is 0.221 and 0.197 for TOH and TTH

respectively. However on employing C9–C12, C12 = C35

and C35–O/C35–S bond lengths BLA value for TOH and

TTH is 0.213 and 0.194, respectively. These observations

have revealed that in TOH and TTH system the aromaticity

of inner rings are effected more as compared to peripheral

rings. However TTH displays enhanced extension in

conjugation on account of effective delocalisation of lone

pair present on the sulphur with the p-electron of fused

system with results in increased double character of C–C

bonds.

3.2. Vibrational assignment

3.2.1. IR and VCD spectra

The molecules TOH and TTH consists of 63 atoms and

belongs to C1 point group. These molecules adopts non-

planar geometry inherited from helical framework.

Therefore, all the 183 vibrational modes of TOH and TTH

are active in both IR and Raman spectra. The simulated

vibrational spectra for TOH and TTH are given in Fig. 2.

Vibrational analysis is carried to find vibrational modes

connected with specific molecular structures of calculated

helical system. DFT levels give vibrational spectrum with

high accuracy relative to experimental spectrum. However,

it should be noted that the DFT calculations are performed

for a free molecule in vacuum, while experiments are

carried out on solid samples which expose them to different

intra- and inter-molecular interactions. In addition, DFT

calculations give higher wavenumbers than experimental

ones due to negligence of anharmonicity, incomplete

inclusion of electron correlation effects and basis set defi-

ciencies. Therefore, the calculated vibrational wavenum-

bers of TOH and TTH have been scaled down by 0.95 to

get more reliable values. The IR absorption peaks obtained

in the region of 750–3100 cm-1 (see Fig. 2) are due to

excitation of normal modes at 753.16 cm-1 (750.91 cm-1),

798.24 cm-1 (786.13 cm-1), 958.15 cm-1 (941.65 cm-1),

1040.71 cm-1 (–), 1175.63 cm-1 (1161.32 cm-1), 1213.

16 cm-1 (1209.11 cm-1), 1326.04 cm-1 (–), 1503.

43 cm-1 (1501.14 cm-1), 1557.67 cm-1 (1551.98 cm-1)

and 3033.12 cm-1 (3027.75 cm-1) for TOH (TTH). The

first three absorptions (750–956 cm-1) have contribution

from out-of-plane CH stretching of aromatic rings while as

1040.71 cm-1 (–), 1175.63 cm-1 (1161.32 cm-1),

1213.16 cm-1 (1209.11 cm-1) and 1326.04 cm-1 (–) are

attributed to CH in plane bending vibrations of aromatic

rings. In addition to these peaks the TOH (TTH) shows

additional peaks at 1503.43 cm-1 (1501.14 cm-1),

1557.67 cm-1 (1551.98 cm-1) due to the C=C stretching

vibrations of fused aromatic rings. In our calculations,

aromatic CH stretching vibrations are assigned at the range

Fig. 2 IR spectral intensity (900–3200 cm-1 region) of m-atropiso-

mer of TOH and TTH. A scale factor of 0.95 is used
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of 3011–3038 and 3013–3045 cm-1 for TOH and TTH

with an intense peaks at 3013 and 3039 cm-1, respectively.

The IR wavenumbers are found in close agreement with

experimental reported for aromatic systems. However, in

case of TTH the peaks in the mid IR region are not fully

resolved but the intensity of the peak increased in

3013–3045 cm-1 region.

The VCD spectra (see Fig. 3(a)) of M-TOH and P-TOH

configurations show intense VCD peaks with opposite

polarization at 950.13 and 1310.51 cm-1. The VCD signal

for M-TOH isomer (P-TOH isomer) has positive (negative)

polarization at 950.13 and 1310.51 cm-1 and negative

(positive) polarization at 1033.17 cm-1. These intense

peaks arise from in-plane and out of plane bending modes

of vibrations which can be effectively used as a configu-

ration markers. The less prominent VCD peaks at

1418.56 cm-1 and 1488.74 cm-1 display positive polar-

ization for M-1 with change in polarization at

1457.34 cm-1. In the CH stretching region a doublet with

low intensity having positive polarization for M-TOH

atropisomer has appeared. We have observed that the VCD

spectra for TTH moiety is much resolved as compared to

the TOH. VCD spectra for M-TTH and P-TTH (see

Fig. 3(b)) display two prominent peaks at 905.71 and

1546.55 cm-1 showing left polarization for M-TTH. The

spectra appears with three doublets at 1021.63, 1337.21

and 1485.76 cm-1 which can be good marker of the chiral

configuration for atropisomers of TTH. Among these

doublets, the first and third shows negative polarization

while the middle one shows positive for M-TTH with

change in polarization at 1301.56 and 1398.11 cm-1

respectively. The enhanced polarization in M-TTH and P-

TTH is due to the presence of large sulphur atom which

allows the effective relaxation of normal modes. In addi-

tion, the VCD spectra of TTH displays a well resolved

doublet at 3011.68 cm-1 with negative polarization for M-

TTH in the CH aromatic stretching region of the helicene.

3.3. Frontier molecular orbitals, UV–visible spectra,

charge transfer and nonlinear response

The components and energies of the frontier molecular

orbitals are very important to investigate the trend in

charge transfer and nonlinear optical properties. The stereo

contour graphs of the frontier molecular orbitals of the

TOH and THH in neutral, anionic and cationic states are

shown in Fig. 4. From Fig. 4, we can see that although the

component characteristics of the frontier molecular orbitals

of the two helicenes are same in electron density distri-

bution, but they displays differences in their charged states.

The highest occupied molecular orbitals of TOH and TTH

in neutral are mainly concentrated over terminal aromatic

rings including the heteroatoms and lowest unoccupied

distributed over the mid-fused aromatic rings. The HOMO-

1 in both cases resembles with the HOMO distribution but

have increased electron density over the heteroatoms.

However in case of LUMO ? 1 the electron density is

focussed over helical framework excluding the heteroa-

toms. Thus, the first the excitation will originate both from

HOMO-1 and HOMO orbitals including n ! p� and p !
p� transitions. In case of ionic states, the HOMO and

LUMO displays increased electron density in the terminal

and fused aromatic rings respectively. The HOMO-1 in

anionic states shows more electron density over the het-

eroatoms as compared to cationic state. Thus, in the

charged state the transition will be mainly p ! p� in

cationic state and n ! p� in case of anionic geometry of

TOH or TTH. Such characteristics of the frontier molecular

orbitals can be used to explain the nature of charge transfer

over oxidation or reduction of the helical systems. Thus, in

Fig. 3 VCD spectral intensity (900–3200 cm-1 region) of atropisomers of TOH and TTH. A scale factor of 0.95 is used
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order to understand the electronic absorption behaviour, we

have employed TD-TDFT/CAM-B3LYP level of theory

for simulation of electronic states in gas phase as well as in

solvent using IEFPCM model. The calculated excitation

energies, oscillator strength, transition dipole moment and

orbital contribution for TOH and TTH are given Table 2.

HOMO-1 HOMO LUMO LUMO+1

m-TOH
(neutral)

m-TOH
(cation)

m-TOH
(anion)

m-TTH
(neutral)

m-TTH
(cation)

m-TTH
(anion)

Fig. 4 FMO of the TOH and TTH in neutral, cationic and anionic states calculated at DFT level of theory
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The calculated values display a very strong maximum

absorption peak at 352 nm and 364 nm for TOH and TTH

in vacuo. It is also noteworthy that the maximum absorp-

tion peaks of both the TTH show the bathochromic shift as

compared to TOH possibly due to enhanced conjugated

system on account of less electronegativity of sulphur. The

comparison of the simulated spectral data in acetonitrile for

TOH are in good agreement with experimental spectrum

[46], thus validating the selected basis set employed in our

calculation. Inclusion of solvation effects introduces rele-

vant changes in the maximum absorption and oscillatory

strength with respect to that computed in vacuo. Both the

helical systems displays bathochromic shift together with

an increasing intensity (oscillatory strength) but more

prominent in non-polar solvent (cyclohexane) and less

prominent in polar solvents (water and acetonitrile). We

have noted that in both cases, the first three transitions

originating from HOMO ? LUMO, HOMO-1 ? LUMO

and HOMO ? LUMO ? 1 displays significant value for

oscillatory strength with prominent change in dipole

moment upon transitions.

In order to quantify the stability and charge transfer

properties, we have calculated all the corresponding

quantum mechanical descriptors and reorganisation ener-

gies values for TOH and TTH helical system. The vertical

and adiabatic ionisation potential and electronic affinity of

helical systems are calculated by using equations and are

given in Table 3

IP vð Þ=IP að Þ ¼ Eþ Mð Þ=Eþ Mþð Þ � E Mð Þ ð2Þ
EA vð Þ=EA að Þ ¼ E Mð Þ � E� Mð Þ=E� M�ð Þ ð3Þ

where IP vð Þ=IP að Þ and EA vð Þ=EA að Þ are vertical and adi-

abatic ionisation potential and electron affinity respec-

tively. E(M), E?(M?), and E-(M-) are the respective

energies of optimized neutral, cationic, and anionic struc-

tures. E (M?)/E(M-) is the neutral energy of the optimized

Table 2 Results of TDFT calculations at CAM-B3LYP/6-311G??(2d, 2p) level of theory for the electronic transitions of helical systems

States Eexcitation ka fb Tdc Orbital contribution

m-TOH

S1(gas) 3.489 352.32 0.064 3.207 HOMO ! LUMO 84%ð Þ
S2(gas) 3.533 350.86 0.152 2.169 HOMO ! LUMOþ 1 80%ð Þ
S3(gas) 3.702 334.87 0.233 2.099 HOMO�1 ! LUMO 76%ð Þ
S1(water) 3.118 397.60 0.102 2.216 HOMO ! LUMO 86%ð Þ
S2(water) 3.218 385.20 0.218 1.643 HOMO ! LUMOþ 1 80%ð Þ
S3(water) 3.284 377.54 0.325 3.485 HOMO�1 ! LUMO 73%ð Þ
S1(acetonitrile) 3.201 387.37 0.103 2.327 HOMO ! LUMO 84%ð Þ
S2(acetonitrile) 3.448 381.53 0.221 1.734 HOMO ! LUMOþ 1 80%ð Þ
S3(acetonitrile) 3.474 356.12 0.326 3.396 HOMO�1 ! LUMO 77%ð Þ
S1(cyclohexane) 3.169 391.24 0.106 2.085 HOMO ! LUMO 86%ð Þ
S2(cyclohexane) 3.308 374.83 0.241 1.260 HOMO ! LUMOþ 1 82%ð Þ
S3(cyclohexane) 3.469 357.31 0.337 3.089 HOMO�1 ! LUMO 74%ð Þ

m-TTH

S1(gas) 3.477 364.32 0.071 2.403 HOMO ! LUMO 63%ð Þ
S2(gas) 3.509 353.74 0.193 1.981 HOMO ! LUMOþ 1 76%ð Þ
S3(gas) 3.683 341.59 0.256 2.171 HOMO�1 ! LUMO 60%ð Þ
S1(water) 3.016 399.01 0.093 2.234 HOMO ! LUMO 61%ð Þ
S2(water) 3.119 387.91 0.107 1.165 HOMO ! LUMOþ 1 79%ð Þ
S3(water) 3.255 380.77 0.198 2.571 HOMO�1 ! LUMO 59%ð Þ
S1(acetonitrile) 3.319 391.34 0.053 2.091 HOMO ! LUMO 62%ð Þ
S2(acetonitrile) 3.312 374.35 0.021 1.269 HOMO ! LUMOþ 1 79%ð Þ
S3(acetonitrile) 3.471 357.21 0.125 3.076 HOMO�1 ! LUMO 58%ð Þ
S1(cyclohexane) 3.072 403.16 0.058 2.235 HOMO ! LUMO 66%ð Þ
S2(cyclohexane) 3.139 394.87 0.016 1.166 HOMO ! LUMOþ 1ð79%Þ
S3(cyclohexane) 3.256 380.74 0.310 3.923 HOMO-1 ? LUMO(62%)

a Wavelength
b Oscillatory frequency
c Transition dipole moment
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cationic/anionic structure and E?(M)/E(M-)is the cationic/

anionic energy of the optimized neutral structure.

The chemical hardness, chemical potential and elec-

trophilicity index are calculated by employing Koopmans‘

theorem i.e., ionisation energy and electron affinity are the

eigenvalue of the HOMO and LUMO with change of sign [57].

To calculate the rate of charge transfer (ket) we have

applied standard Marcus electron-transfer theory for

deriving reorganisation energy corresponding to hole or

electron transfer [58, 59].

ket ¼ 4p2�
h

� �
DH2

ab 4pkkBTð Þ�
1
2exp � DG0 þ k

� �2.
4kkBT

� �

ð4Þ

where k and DHab are the reorganization energy for the

intramolecular electron transfer and the electronic coupling

integral between donor–acceptor pair, respectively, and

DG0 is the Gibbs free energy change of the process.

The reorganisation energy is the energy dissipated when a

system has undergone vertical electron transfer relaxes to the

equilibrium geometry for its new charge distribution. From

the Eq. 4, it is clear that k should be low to get a high electron

or hole transfer rate. The intramolecular reorganisation energy

for hole and electron transport is calculated by using Eqs. (5)

and (6) corresponding to the relaxation energies upon going

from neutral state to charged geometry and vice versa.

kh ¼ E Mþð Þ½ � � E Mð Þ½ � þ Eþ Mð Þ � Eþ Mþð Þ½ � ð5Þ
ke ¼ E M�ð Þ½ � � E Mð Þ½ � þ E� Mð Þ � E� M�ð Þ½ � ð6Þ

The calculated values of intramolecular reorganisation

energies for TOH and TTH are given in Table 3. We have

observed that kh (reorganisation energy for hole transport)

values are comparatively smaller as compared to the ke
(reorganisation energy for electron transport) values

demonstrating relevance of studied helical derivatives as

p-type material for Organic Light Emitting devices. kh for

TOH and TTH molecules are found lower than those

reported for triarylamine helical systems [36]. Lin et al.

[60], have calculated the reorganization energies of Alq3

for hole and electron transport to be 0.242 and 0.276 eV,

respectively. Thus, the lower value of kh and ke for studied

system as compared to Alq3 display their possible

applications in electronic devices. The theoretically

calculated EA(a) for the molecular oxygen at the B3LYP/

6-31G? is 0.59 eV [61], while the experimental value,

determined by photoelectron spectroscopy is reported as

0.448 ± 0.006 eV [62]. The calculated EA(a) values for

the TOH and TTH are greater than 1.0 eV defining their

anionic stability towards the oxygen and water in air. The

effect of heteroatom on the electronic properties of helical

system are viewed in terms of IP or EA or electrophilicity

index. The TOH displays higher values of IP and EA and

lower value of electrophilicity index due to higher

electronegativity of oxygen as compared to sulphur atom.

The higher value for EA and IP value shows that the holes

can be consequently injected into the emissive layer much

more easily in case of TOH as compared to TTH. Thus, by

combining the relationships between IP values and

presence of low lying HOMO and LUMO energy level

signifies that the studied helical systems possess high

oxidation and reduction stabilities On relating our findings

with review reported by Sasabe and Kido [63] the helical

systems can be applicable as hole transport material with

the work function of the metal electrode like ITO

(U = - 4.70) used in practical OLED devices.

In this study we have calculated electronic dipole

moment, molecular polarizability, anisotropy of polariz-

ability (a), first hyperpolarizability (b) and second hyper-

polarizability (c) using DFT/CAM-B3LYP/6-311G??(2d,

2p) level of theory. Polarizability and hyperpolarizability

characterises the response of a system in an applied field. It

is well known for various studies that the molecular

polarizability, hyperpolarizability and dipole moments are

important for active nonlinear performance of the chemical

system [64, 65]. Helical system (TOH and TTH) contained

sp2-hybridised carbon, the electron in the pz-orbital of each

sp2-hybridised carbon atom will form p-bonds with the

neighbouring pz-electrons. These p-electrons are of a

delocalised nature, resulting in high electronic polariz-

ability. This has also been reflected from the obtained

higher polarizability value of TTH as compared to TOH

resulted from more effective p-conjugation on account less

electronegativity of sulphur atom. The polarizability and

hyperpolarizability are quantified by employing finite field

(FF) method. In finite filed (FF) method, when a molecule

is subjected to a static field (F), the energy (E) of the

molecule is expressed as:

E ¼ E0 � liFi �
1

2
aijFiFjFk �

1

24
cijklFiFjFkFl� ð7Þ

where E0 is the energy of the molecule in the absence of

electronic field, l is a component of the dipole moment

vector given as:

Table 3 HOMO, LUMO, reorganisation energy, ionisation potential

and electron affinity calculate at CAM-B3LYP/6-311G??(2d, 2p)

level of theory

HOMO (eV) LUMO (eV) DE kh ke

m-TOH -6.438 -3.429 3.009 0.130 0.186

m-THH -6.356 -3.289 3.067 0.108 0.157

IP EA vð Þ=EA að Þ g l x

m-TOH 6.17 1.412/1.381 4.934 -1.505 5.584

m-TTH 6.24 1.481/1.464 4.822 -1.534 5.673
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l ¼ l2
x þ l2

y þ l2
z

� �1=2
ð8Þ

a is the linear polarizability tensor, b and c are the first and

second hyperpolarizability tensors and i, j and k are labels

for x y and z components respectively and are given as

a ¼ 1=3 axx þ ayy þ azz
� �

ð9Þ

b ¼ bxxx þ bxyy þ bxzz
� �2þ byyy þ byzz þ byxx

� �2
h

þ bzzz þ bzxx þ bzyy
� �2

i1=2
or b ¼ b2

x þ b2
y þ b2

z

h i1=2

ð10Þ

where b2
x ; b

2
y and bz

2 are the components of the second order

polarizability tensors and can be calculated by using

equations:

bi ¼ biii þ
1

3

X

i 6¼j

bijj þ bjij þ bjji
� �	 


; i; j;¼ x; y; z ð11Þ

and

Average value of third order hyperpolarizability is given

as

ch i ¼ 1

5
cxxxx þ cyyyy þ czzzz þ 2 cxxyy þ cyyzz þ cxxzz

	 
	 

ð12Þ

The calculated polarizability and first order

hyperpolarizability of TOH and TTH have significant

higher values to define their role in NLO device (Table 4).

Comparison between the two studied helical systems shows

that decrease in electronegativity of heteroatom increases

the nonlinear activity of the helicene. On comparing the

hyperpolarizability values with reorganisation energy

values of TOH and TTH, we observe an inverse relation

i.e. hyperpolarizability display increase with decrease in

value of both ke and kh. The enhancement of b value for

TTH as compared TOH also correlated with increased uge
and decreased excitation energy of former as compare to

later, thus following the Oudar and Chemla two level

model [66]. It is worth noting that TOH and TTH helical

systems shows higher value of second order

hyperpolarizability as compared to already used material

for NLO devices [36, 67]. In addition to it the effective p-

conjugation in TOH and TTH helical will cause ring

current in these system, thus will display NLO activity

even in absence of external field. Therefore, the studied

helical system will be prone to be effective material for the

nonlinear devices.

4. Conclusion

In this study molecular structure, spectral (IR, VCD and

UV–visible), charge transport and nonlinear optical prop-

erties are calculated for TOH and TTH using CAM-

B3LYP/6-311G??(2d, 2p) level of theory. We have

observed small differences between the theoretical and

experimental structural parameters and vibrational

wavenumbers. The wavenumbers corresponding to bending

and stretching modes of aromatic rings are found to be

good configurational markers. From FMO analysis, we

have observed that the electron density of the two helicenes

defines similar pattern, however shows difference in their

charged states. The absorption maximum shifts towards

higher wavelengths on employing solvent medium partic-

ularly in case of non-polar solvent (cyclohexane). The

calculated ionisation energy, electron affinity and reor-

ganisation energy values of TOH and TTH describe them

as hole transport material for OLED. TOH and TTH opts

sufficient values of adiabatic electron affinity for defining

their stability against moisture and molecular oxygen.

Nonlinear optical behaviour of the examined systems are

investigated by the determination of the electric dipole

moment, the polarizability and hyperpolarizability values.

The calculated values of a, b and c of the two helicenes are

found on the higher side as compared to the molecules

already reported in literature for NLO activity. So, it is

demonstrated that the investigated helicenes can be used as

a NLO material.
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