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Abstract This work involved the design of a new series of
triarylaminehelicenes (TAH) with significant hole transport ca-
pacity and enhanced nonlinear optical response. The geometries,
electronic properties and nonlinear response of TAH derivatives
were studied using density functional theory at the B3PW91/6-
311++G (2d, 2p) level. Charge transfer and nonlinear optical
response were analyzed and correlated with modifications in
geometry and energy levels. Calculations indicated that trivial
changes in the torsional angle occur in TAH derivatives with
electron-donating substituents as compared to those with
electron-withdrawing substituents, resulting in lower reorganiza-
tion energies for TAH derivatives 2—6. TAH derivatives with an —
N(CHj3), group have the greatest highest occupied molecular
orbital (HOMO) level, and thus the least ionization potential,
indicating significant hole transfer efficiency as compared to
unsubstituted TAH. A decrease in the HOMO-LUMO gap
occurs upon substitution with electron-releasing groups, whereas
there is an increase in the case of —-NO,, COOH, and -CN TAH
derivatives. Topological analysis of the HOMOs of the neutral
molecules revealed that these orbitals are concentrated mainly in
the helicene backbone, with an important contribution from fused
phenyl rings, nitrogen atoms and carbonyl groups. However, the
lowest unoccupied molecular orbitals (LUMO) are invariably
constituted by fused phenyl rings without any contribution from
the central nitrogen atom. Studying the effect of substitution on
the nonlinear optical response of TAH derivatives, the calculated
polarizability and hyperpolarizability at B3PW91/6-311++G
(2d,2p) level of theory exhibited a prominent improvement as
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compared to unsubstituted TAH. Both electron-donating groups
and electron-withdrawing groups result in a red shift in the
electronic absorption bands of the substitution derivatives, in
particular those with -N(CHs), and —NH, groups.
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Introduction

Recently, there has been increasing demand for computational
chemistry in the design, modeling and screening of novel
electronic and nonlinear optical responses of organic materials
[1, 2]. Organic semiconducting materials based on m-conju-
gated chemical structures have been synthesized and studied
over many decades due to their potential applications in
organic electronic devices like organic light emitting diodes
(OLEDs) and photovoltaic cells [3—8]. In this context, the
synthesis and extensive investigation of the electronic proper-
ties of bridged triarylaminehelicenes (TAH) have attracted
much attention in recent years [9—14]. The emergence of this
class of electro-active helicenes has opened up the possibility
of developing new electro-optics, photonics, display devices
and ultra-fast optical data processing devices[15-20]. These
systems are comprised of ortho-fused aromatic rings and
possess a rigid helical framework. Single-crystal X-ray dif-
fraction of these helicenes shows that their helical twist is
sterically driven by the increasing overlap of the terminal aryl
rings. These materials find applications in OLEDs, where they
increase device performance substantially if placed as a hole
transport layer (HTL) between the anode and the luminescent
layer. A distinguishing characteristic of TAH potential hole
transport materials is that these can reversibly form radical
cations, i.e., they can accept and donate positive charges
without decomposition, which makes them the material of
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choice amongst many organic hole transport materials. The
charge transport and conductance of these systems depend on
the extent of their helicity [21]. Therefore, these molecular
systems can be used as a model for understanding the effect of
helicity on bulk electronic properties [22].

The band gap of bridged TAH systems is flexible and
depends on the radius of the helix and the width of the helical
ribbon and can, therefore, be tuned into forms having useful
semiconducting or metallic properties. The tuneable energy
gaps of these molecules make them promising candidates for
applications in solar cells and OLEDs. In this respect, these
systems can be compared to graphene [23-26], its low dimen-
sional forms like 1-D nanotubes, 1-D nano ribbons, 0-D
graphene quantum dots (GQDs) [27-30], and its inorganic
analogues like boron-nitride (BN), transition metal
dichalcogenides, etc. [31-33]. There is growing interest in
incorporating graphene, its functionalized forms and its low
dimensional sister compounds, into organic photovoltaics, par-
ticularly as conducting electrodes [34, 35] and as hole transport
layers [36, 37]. The band-gap and other electronic properties of
these low dimensional graphene forms depends on several
factors such as their size and shapes (GQDs), ribbon widths
(nano-ribbons), passivation and edge geometry [38—40]. Re-
cently, many works have demonstrated convincingly, both
theoretically and experimentally, that fine tuning of the band
gaps [highest occupied molecular orbital (HOMO)-lowest un-
occupied molecular orbital (LUMO) gaps] of graphene, its low
dimensional analogues like carbon nano-tubes, GQDs, and
their inorganic counterparts like boron nitride quantum dots
(BNQDs) can be engineered effectively through charge transfer
(CT) mechanisms by doping electron donor/acceptor molecules
on the graphitic substrates. Thus, for efficient OLED applica-
tions, the simplest possible ways of fine-tuning the HOMO—
LUMO gaps of bridged TAHs could include molecular CT
interactions through substitution/ functionlization based on
the electron donating/accepting nature of the substituents.

In organic systems, CT is explained by hopping theory [41]
and band theory [42]. In the hopping model, CT occurs between
small coupled neighboring molecules, and the rate constant of
the CT is an activation-barrier controlled process. However, in
band theory, CT is considered an activationless process occur-
ring via bands formed by overlapping of molecular orbitals
between neighboring molecules. As per the Marcus electron—
transfer theory [43, 44], the rate of hole or electron-transfer ke
(by hopping) is given by following equation:

o = (o) W2 (4700 ) Yexp () (1)

Here, A, is reorganization energy and H,, is the CT
integral. Several theoretical studies of charge transport prop-
erties of OLED materials suggest that both the reorganization
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energies and CT integrals are important parameters in
electron/hole transport process [45—48]. According to Eq. 1,
CT processes with lower A+values should proceed with
higher rate constants. The intramolecular reorganization ener-
gy (A+) for self-exchange consists of two terms corresponding
to the geometry relaxation energies upon going from the
neutral-state geometry to the charged-state geometry and vice
versa [46—49].

A = A+ A (2)

A+/_is an intramolecular property in nature and can be
evaluated by quantum chemistry calculations. However, AH,,
can also be calculated by employing Koopmans’ theorem in
conjunction with the Hartree-Fock (HF) model. The direct
coupling scheme for analogous molecules shows a rather
narrow range of values for AHab [50, 51]. Therefore, we
assume that the relative CT properties of TAH derivatives
can safely be accounted for on the basis of their respective
reorganization energies. The reorganization energies of TAHs
were calculated from Scheme 1, where A, is the stabilization
energy of the geometry relaxation of the molecule upon for-
mation of the corresponding cation radical. The reorganization
energy A, is the energy difference between the vertical elec-
tron affinity and the adiabatic electron affinity of the cation
radical. The total reorganization energy A. is the arithmetic
sum of the two reorganization energies, A; and A,.

The conjugated pathways arising from the helix framework
in helicenes allow helical motion of the polarizable electrons,
which give rise to their second-order nonlinear optical (NLO)
response. It has been found that, even in the absence of
electron donor or acceptor groups, a sizable second-order
NLO response at the molecular level exists [52—57]. Accord-
ing to Verbiest et al. [21], chirality of the helicenes is respon-
sible for their second order NLO response. The transition
dipole moment from the ground state to the optically active
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Scheme 1 Calculation details of the reorganization energy for electron
transport. A; Reorganization energy of cationic-radical, \, reorganization
energy of a neutral molecule
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state increases due to CT, thereby controlling the NLO re-
sponse of the system [55]. Spassova et al. [58] reported a
theoretical investigation on the electronic circular dichroism
spectra of bridged TAHs. In our earlier work, we reported on
the conformational analysis and vibrational circular dichroism
of TAH and its camphanate derivative [59].

Quantum computation offers an inexpensive way to
evaluate the NLO properties of materials using theoret-
ical calculations. The characteristic NLO properties of a
variety of microscopic systems, including molecules and
clusters, have been studied extensively in terms of po-
larizability (o) and hyperpolarizability (3) by using
quantum chemical methods. We calculated the electric
dipole moment, the isotropic polarizability and the first
hyperpolarizability, in order to understand the micro-
scopic NLO mechanisms of TAH derivatives. Polariz-
ability is a measure of the change in a molecule’s
electron distribution in response to an applied electric
field, which can also be induced by electric interactions
with solvents or ionic reagents. On the other hand, the
permanent electric dipole moment is a measure of the
charge density in a molecule, its magnitude and direc-
tion being sensitive to molecular size and shape of the
molecule. The microscopic polarizability (P) induced in
an isolated molecular under the applied electric field (E)
of an incident electromagnetic wave is expressed by the
equation

P= o + B¢ (3)

Where « and 3 refer to the polarizability and first
hyperpolarizability, respectively. In order to calculate the po-
larizability and hyperpolarizabilities, different derivatives of
energy or dipole moment were related to various coefficients
of power series expansions using derivative methods. The
total static dipole moment (), average linear polarizability
() and first-order hyperpolarizability () using the x, y, z
components of the compound from Gaussian 03 W [60]
output were calculated by Egs. 4-6 [61-77].

Y/
n= (ui+u§+ u?) : 4)

o= 1/3(axx—|— ayy—l—azz) (5)

B=[(Bext Bay + Ber) + By + Bz + B)”  (6)

(Bt By + B)1

A good understanding of electronic properties such as
reorganization energy, HOMO-LUMO energy gap and ioni-
zation potential, etc., is a key factor in the design of new and
novel hole transport materials and materials with NLO prop-
erties. This work encompasses a theoretical study of the CT
and NLO response of several derivatives of TAH using quan-
tum chemical computations and an investigation of the sub-
stitution effect on the molecular framework of TAH, in terms
of change in their energy levels, nonlinear response and hole
transport behavior. The substituents were chosen in order to
cover functional groups with a wide range of Hammett pa-
rameters ranging from —N(CH3), to -NO,,

Theoretical calculations

For all calculations, we employed density functional theory
(DFT), using Becke’s three parameter (B3PWO91) [65]
exchange-correlation functional and the 6-311++ G(2d,2p)
[66, 67] basis set as implemented in Gaussian 03 [60]. Geom-
etry optimthe gas phase and were characterized as minima
with zero imaginary frequencies. The neutral and cation mol-
ecules were treated as closed-shell systems, while for the
radical cation open-shell system optimizations were carried
out using a spin-unrestricted wave function (UB3PW91) pro-
cedure. The excited state characteristics (exCitation energies,
transition dipole integral, rotatory strengths) were determined
using adiabatic approximation using a time-dependent density
functional approach (TDDFT) [68] employing the
B3PW9lfuctional and 6-311++ G(2d,2p) basis set. The com-
putational cost of TDDFT is roughly comparable to single-
excitation theories based on a HF ground state, such as single-
excitation configuration interaction (CIS); however, numeri-
cal applications reported so far indicate that TDDFT
employing current exchange-correlation functional performs
significantly better than HF-based single-excitation theories
for the low-lying valence excited states of both closed shell
and open-shell molecules [69—72].

Results and discussion
Geometry

Starting from the optimal structure of TAH where X=H,
[TAH (1)], various substitution-based TAH derivatives were
built by replacing X with the following electron-donating [-N
(CH3),, -NH,, —C(CH;), -C,Hs and —CH3;] and electron-
withdrawing (-F, —Cl, —=Br, -COOH, —-CN and —NO,) groups.
DFT calculations were used for geometry optimizations of
derivative monomers with the donor (2—6) and acceptor (7—
12) substituents given in Scheme 2. The substituents were
chosen in a manner to cover the possible wide range of the
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6= -CH3

7= -F

8=-Cl

9= -Br
10=-COOH

11=-CN
12= -N02 /

Scheme 2 Sketch of triarylaminehelicene (TAH) derivatives in this study
using DFT at B3PW91/6-311G (2d, 2p) ++ level of theory

Hammett parameter (o). The Hammett parameter is defined as
measure of electron density increase or decrease when func-
tional groups are attached to chemical system [73]. In this
work, we carried out comparative correlation studies of the
substitution effect on helicene monomers and their opto-
electronic properties by employing theoretically calculated
parameters of interest like reorganization energy, optical band
gap, polarizability and hyperpolarizability in relation to geo-
metrical parameters, Hammett parameters and bond length
alternation (BLA), followed by interpretation of the observed
relationships. The optimized geometrical structures of the
studied systems 1-12 are shown in Fig. S1 (supporting infor-
mation) and some selected bond lengths, bond angles and
interplanar angles of TAH are listed in Table S1 (supporting
information). A comparison of calculated geometrical param-
eters with corresponding experimental values [13] show rea-
sonable agreement between the two, indicating that the
adopted basis functional and basis set were appropriate for
the systems under investigation. The slight deviations ob-
served may be attributed to the fact that the theoretical calcu-
lations were performed for monomeric molecules in gaseous
phase and experimental values were obtained from the crys-
talline solid phase. The geometry of TAH (1) reveals the
presence of three aryl rings linked through two bridged car-
bonyl groups and a planar central nitrogen atom. In the opti-
mized gas phase geometries, the terminal rings are out of
plane with an interplanar angle of 46.19°. In the case of the
parent molecule [TAH (1)], of the three N—C bonds, the N-C,
bond (1.399A) is shorter compared to the N—-Co and N—-C,,
(1.419A) bonds. To account for the substitution effect on
structural parameters of TAH, we carried out a comparative
study of the change in N-C,, N-Cy and N—C;; bond lengths,
Cz—N—C17 and C17—N—C9 bond angles and Clg—C17—C9—
Cjpinterplanar angles upon substitution with selected
electron-releasing and electron-withdrawing groups. From
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Table 1, we observe that the N—-C, bond length increases with
electron-donating substituent and shortens with electron-
withdrawing substituents as compared to unsubstituted
TAH(1), while N-Cy and N—-C;5 bond lengths shorten with
electron-donating substituents and elongate with electron-
withdrawing groups. Expansion of the N-C, bond in
substituted TAHs 2—6 results from increased repulsion be-
tween the enhanced electron density due to electron-
donating groups and the lone pair of nitrogen, whereas con-
traction of the N-C, bond in substituted TAHs 7-12 is result
of increased attraction on the electron cloud due to scarcity
caused by electron-withdrawing groups.

The extent of planarity of the carbon atoms around nitrogen
atom is reflected in the BLA values of TAH derivatives. In this
work, we calculated a local BLA associated with N-C,, C,=
C; and C3—C5 bond lengths according to the definition of Fu
et al. [74] given in Eq. 7:

_ d(N-C;) + d (C5-Cs) d

BLA
2

(Cy=Cy) (7)

The change in bond length of TAH derivatives show the
increased double bond character of the central single bond in
the case of TAH derivatives with electron-donating groups,
indicating an increase in the degree of conjugation as com-
pared to TAH derivatives with electron-withdrawing substit-
uents. The increase in electron density due to electron-
donating groups on TAH(1) is in the order of 6<5<4<3<2
and the BLA values increase from 0.369 (2) <0.371(3)
<0.375(4)<0.381(5) <0.382(6) <0.384 (1), indicating that
the degree of conjugation increases upon substitution with
electron-donating groups. However, the correlation between
BLA and the electron-withdrawing capacity of substituents is
inconsistent. TAH(11) and TAH(12) have maximum electron-
withdrawing capacity, with highest BLA values of 0.385 and
0.389, respectively, but in the case of 7, 8 and 9, electron-
withdrawing capacity decreases in the order 7>8>9, but the
BLA values do not differ much [0.385(7)<0.386(8)=
0.386(9)].

In order to study the hole transport properties of TAH
systems, we optimized the cationic geometry (i.e., the neutral
molecule in the absence of an electron) to understand the
effects of charge extraction on molecular conformational sta-
bility and electron release in these molecules. A modification
of structural parameters (bond lengths and interplanar angle)
in the radical-cation with respect to neutral systems was
observed. The interplanar angle of TAH (1) changed from
45.56° to 47.36°; however, the dihedral angles (CCNC and
CCNC) between the terminal aryl ring showed a negligible
change. The bond length of the C,—N bond increased slightly
from 1.400 to 1.429A. The central moiety retains planarity,
indicating that there is little affect on structural stability as the
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Table 1  Geometrical parameters of triarylaminehelicene (TAH) derivatives in neutral and cationic states calculated at B3PW91/6-311G (2d, 2p)++
level of theory
Compound C17-N-Co Cationic Cy-N Cationic Ci7-N Cationic Co-N Cationic C13-C17-Co-Cyo
Neutral Neutral Neutral Neutral Neutral Cationic
1 122.73 121.60 1.400 1.429 1.420 1.413 1.420 1.427 45.56 47.36
2 123.12 122.78 1.404 1.417 1.416 1.414 1.417 1.418 44.28 45.30
3 123.02 122.68 1.403 1.418 1.416 1414 1.416 1.418 44.55 45.74
4 122.90 122.53 1.402 1.418 1.418 1.415 1418 1.422 45.10 46.29
5 122.86 122.30 1.401 1.417 1.419 1.413 1419 1.425 45.14 46.61
6 122.88 122.43 1.401 1.417 1.419 1.413 1419 1.425 45.16 46.57
7 122.83 123.60 1.400 1.417 1.419 1.411 1.419 1.428 45.67 47.17
8 122.84 123.78 1.398 1.415 1.420 1.411 1.420 1.429 45.68 47.20
9 122.83 123.82 1.398 1.417 1.420 1.412 1.420 1.428 45.63 47.17
10 122.61 123.85 1.395 1.415 1.422 1.411 1.422 1.433 46.01 47.76
12 122.65 12391 1.394 1414 1.422 1.410 1.423 1.435 46.01 47.77
13 122.56 123.84 1.392 1418 1.424 1.411 1.424 1.438 46.20 47.97

optimized cationic geometries show only small structural
changes compared to the natural molecules, which are close
to triarylamine [75]. From plots of change in interplanar angle
versus the Hammett parameter, we observed that, upon ex-
traction of one negative charge from the system, the amplitude
of structural modification from TAH derivatives increases
with electron-donating substituents compared to TAH deriva-
tives with electron-withdrawing substituents, signifying an
apparent substitution effect on the TAH derivatives (see
Fig. 1a). The plot of change in selected geometrical parame-
ters versus o indicate a correlation between the Hammett
parameter and a change in geometrical parameters upon ion-
ization (see Fig. 1b). It is pertinent to note that the substitution
ranging from the group with the lowest Hammett value
(dimethylamino) to the group with the highest Hammett value
(nitro) affected the bond lengths, bond angles and interplanar
angles of the TAH derivatives. The minimal change in
interplanar angle due to electron-donating substituents was
attributed to an increase in electron density, as it is easier to
change a radical cation as compared to an electron-
withdrawing group. Therefore, substitution with electron-
releasing groups rendered the TAH structure more rigid during
the process of ionization as compared to electron-withdrawing
substituents. This structural stability upon ionization makes it
feasible to use these systems for structural manipulation with
the aim of fine tuning their properties to develop better hole
transport systems.

Reorganization energy
We used the Gaussian 03 computational package [60] to

calculate reorganization energies for hole transfer processes,
using the Scheme 1 values given in Table 2. We found that,

compared to the parent TAH (1), the value of A, decreased for
TAH derivatives with electron-releasing (2—6) and increased
for TAH derivatives with electron withdrawing (7-12) sub-
stituents. The effect on reorganization energy was much more
prominent in the case of electron-withdrawing substituents as
compared to electron-donating substituents. In the case of
electron-donating groups, the reorganization energy increased
in the order of CH3 < —C,Hs> —C(CHz)3> —NH,> —N(CHs3),,
and in the case of TAH derivatives with electron-withdrawing
groups, the reorganization energy decreased in the order —
NO,> -CN> —COOH> -Br> —Cl= -F. From Fig. 2a, we
observe a clear correlation between reorganization energies
A. and Hammett parameters: in the case of TAH derivatives
with electron-donating substituents, A, decreased with de-
crease in Hammett parameter values (Rzadj =0.57). However,
in the case of halogen derivatives there was no clear trend,
except for THA derivatives 10, 11 and 12, wherein the reor-
ganization energies achieved maximum values. All the deriv-
atives with electron-donating groups show lower values for
A+, which is related to the energy needed to undergo changes
in the molecular structure after charge injection. Thus, on the
basis of A, values, the smallest impact due to charge injection
was found in TAH (2), which is indicative of its improved
efficiency as a hole transport material. In order to evaluate the
defining parameters that effect reorganization energies of
TAH derivatives, we correlated the reorganization energy
values with the BLA and change in geometrical parameters
upon release of one negative charge. The plot of reorganiza-
tion energy against BLA (Fig. 2b) reveals that BLA values
increased in order of 2<3<4<6<5 and the reorganization
energy increased 2>3>4>6>5. However, in the case of
TAH derivatives with electron-withdrawing substituents, no
clear dependence was seen, especially in the case of halogen
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Fig. 1 Plot of geometrical
change of a interplanar angle and
b bond length versus the
Hammett Parameter o for the
series of studied
triarylaminehelicene (TAH)
derivates

derivatives. The BLA values suggest increased conjugation
and aromaticity in derivatives having higher electron-
releasing substituents and minimum reorganization upon
charge injection in such TAH derivatives.

We analyzed the correlation between reorganization energy
values and changes in bond length, bond angle and interplanar
angle. There was a significant correlation between
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reorganization energy (A.) and the change in geometrical
parameters defined in terms of central interplanar angle
(AC,g3 —Cy7 —C9 —Cyg) and bond length (C,—N) and (Co—N)
(Fig. 3a,b). However, very poor correlation was found be-
tween reorganization energy and the<C;; —-N—C, bond angle.
In the case of TAH derivatives with electron-releasing substit-
uents, small changes in geometrical parameters, particularly
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Table2 Reorganization energies of TAH derivatives for hole transport
(and its A; and A, components) in eV calculated at DFT/ B3PW91/6-
311G (2d, 2p) ++ level of theory and experimental Hammett parameter
(0)

Compound Al A A o?

1 0.129 0.117 0.246 0

2 0.075 0.043 0.118 —0.83
3 0.082 0.055 0.137 —0.66
4 0.081 0.056 0.137 -0.2

5 0.081 0.056 0.137 —0.15
6 0.095 0.043 0.137 —0.17
7 0.082 0.056 0.137 0.062
8 0.087 0.050 0.137 0.227
9 0.087 0.051 0.137 0.232
10 0.097 0.041 0.138 0.45
11 0.099 0.044 0.143 0.66
12 0.122 0.106 0.227 0.778
“Ref. [60]

the interplanar angle, were consistent with small values of A;
the minimum value being observed for dimethyl amine (ACg
—Cy7 —Co —C19=1.01, A, =0.118). However, for TAH deriv-
atives with electron-withdrawing groups, the trend show an
irregular pattern, as the change in interplanar angles increased
in the order -F< —Br< —CI< -CN< —-COOH< —-NO, and
reorganization energies follows the order —-F= Cl< -NO,< —
COOH< —Br<CN. The rate of change in interplanar angle is
slow in the case of 10, 11 and 12 TAH derivatives, whereas
their reorganization energies increase quickly. Thus, the
strong electron-withdrawing substituents are responsible for
large geometrical changes (interplanar angle change) as com-
pared to weak electron-withdrawing or electron-donating sub-
stituents (e.g., halogens and alkyl groups cause only moderate
geometry changes). Minimum changes in geometrical param-
eters, particular interplanar angles were observed in the case of
TAH derivatives with strong electron-donating substituents [—
NH,< -N(CHjs),].

Electronic energy levels

Electronic energy levels were studied by employing B3PW91/
6-311 ++ G (2d,2p) level of theory for isolated molecules. The
energy levels (bands) allow for electrons and holes, and ener-
gy gaps between these bands govern the electronic properties
of molecular systems. The difference between the energy of
the lowest unoccupied molecular orbital (£ ymo) and that of
the highest occupied molecular orbital (Eyono), accessible to
non-interacting electrons and holes represents the energy gap
(AE; umo-nomo)- In principle, among other things, the dura-
bility of OLEDs depends on the ionization potential of hole
transport materials; the lower ionization potential, the higher

durability of the device. It is clear from Table 3 that electron-
releasing substituents [-CH3;> —C2H5< —C(CH3);< —NH2
< —N(CH3;); ] increase the HOMO level of TAH derivatives
with the increase in electron-releasing character, which results
in a decrease of ionization potential of TAH derivatives. This
trend is explained on the basis of an enhanced build up of the
m-conjugation effect due to an increase in electron density
originating from electron-rich substituents. However, there is
a decrease in the HOMO-LUMO gap upon substitution with
electron-releasing groups because the LUMO energies de-
crease as the electron-donating character of the substituents
increase. This trend compares fairly well with the recently
reported theoretical calculations on doping of electron donor
molecules GQDs and BNQDs [76]. In the case of TAH
derivatives with electron-withdrawing substituents, there is a
decrease in the HOMO level of the TAH (as a result, there is
an increase in ionization potential), which becomes more
prominent with the increasing electron-withdrawing character
of'the substituents (—F>—-Cl> —-NO,> -COOH>-Br> —CN).
However, overall, the energy gap increases as the electron-
withdrawing character of the substituent increases, because
the LUMO energies increase, rather irregularly, with electron-
withdrawing substituents. The ionization potential of the TAH
derivatives increases with increasing electron-withdrawing
character of the substituents, except in derivatives 8 and 9
(see Table 3). The overall magnitude of change in HOMO
levels is bigger than those of LUMO levels, with both
electron-releasing as well as electron-withdrawing groups as
substituents. It was not possible to compare the calculated
ionisation potential (IP) values of TAH derivatives with ex-
perimental values, as such data is not available in the litera-
ture; however, the plot of IP correlated quite well with o,
which points to an obvious substitution effect on energy levels
in the studied systems (Fig. 4). The corresponding frontier
molecular orbitals (FMOs) of all the TAH derivatives are
shown in Fig. 5. Topological analysis of the HOMOs of the
neutral molecules reveals that these orbitals are concentrated
mainly in the helicene backbone with an important contribu-
tion of the fused phenyl rings, nitrogen atoms and of carbonyl
groups. However, the LUMO orbitals are invariably consti-
tuted by the fused phenyl rings without any contribution from
the central nitrogen atom. The molecular orbitals contribu-
tions are important in determining the charge-separated states
of TAH derivatives. To create an efficient charge-separated
state, the HOMO must be localized on the donor subunits and
LUMO on the acceptor subunits [75]. In the TAH(2) deriva-
tive, the HOMO comprises both helical conjugate and substit-
uent, which is indicative of enhanced CT efficiency. More-
over, the HOMOs of TAH derivatives with the dimethylamine
and amine substituents are closer to the HOMOs of the anode
(indium tin oxide) [77] as compared to the TAH(1) and TAH
derivatives with electron-withdrawing substituents. Thus,
TAH(2) and TAH(3) display high hole mobility on account
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Fig. 2 Plot of reorganization
energy with (a) Hammett g
parameter and (b) bond length w2
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of lowering the barrier for electron ejection. The enhanced
conjugative effect from the terminal groups can account for
the possible red shift in A, of the electronic band for TAH
derivative with electron-donating substituents with respect to
unsubstituted TAH(1).Thus, by incorporating the electron-
donating substituent to TAH (1), we were able to make the
proper adjustment of the HOMO-LUMO gap of the hole-
transport material (HTM) in order to facilitate easy oxidation,
resulting in suitable IP, thereby allowing minimization of the
barrier for electron extraction and ensuing the efficiency of CT

@ Springer

by the derivative. Thus, a good understanding of the electronic
properties, such as energy gap and frontier orbital levels, is a
key factor in designing efficient HTM.

Nonlinear response

In this study, we calculated dipole moment, polarizabilities
and hyperpolarizabilities for TAH derivatives using derivative
method. Derivative method relates different derivatives of
dipole moment or energy to various co-efficients of power series
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expansions. Polarizability and hyperpolarizability characterizes
the response of systems in an applied field. TAH is a 7t-
conjugated framework created by p,orbitals of each sp hybrid-
ized carbon. This 7t-network is delocalized in nature, resulting in
high electronic polarizability and hyperpolarizability, and giving
rise to the active NLO response characteristic of such molecular
systems. From the Gaussian 03 output file using the x, y, z
components of a derivative, we calculated the dipole moment
(), polarizability (o) and hyperpolarizability ([3) of the TAH
derivatives using Eqs. 4-6. From Table 4, it can be seen that all

the hyperpolarizability terms are affected significantly by the
incorporation of electron-donating and electron-withdrawing
substituents on TAH(1). The maximum value of the
hyperpolarizability term was assigned to derivative TAH(2)
and the minimum to TAH(12) containing strong electron-
donating and strong electron-withdrawing substituents, respec-
tively. Thus, these results suggest that the introduction of
electron-donating substituents leads to more active NLO per-
formance and a stronger response to external electric or optical
fields. Vertical electronic excitation energies were carried out by

@ Springer



2535, Page 10 of 17

J Mol Model (2014) 20:2535

Table3 HOMO, LUMO energies, ionization potentials (IP; eV) of the studied TAH derivatives calculated at B3PW91/6-311G (2d, 2p)++ level of

theory

TAH E(HOMO) E(LUMO) AEq1) A(HOMO)* A(LUMO)° Ip(eV)®
1 —5.133 —2.174 2.959 7.646
2 —4.705 —2.130 2.575 0.428 0.044 6.858
3 —4.734 -1.975 2.759 0.399 0.199 7.173
4 —4.776 -1.930 2.847 0.357 0.244 7.456
5 —4.760 -1.929 2.831 0.373 0.245 7.536
6 —4.784 -1.928 2.856 0.349 0.246 7.518
7 —5.355 —2.412 2.843 -0.222 —0.238 7.732
8 —=5.395 —2.435 2.961 —0.262 —0.261 7.713
9 —5.447 —2452 2.996 -0.314 —0.278 7.693
10 —5.494 —2.148 3.446 —0.361 0.026 7.816
11 —5.499 -2.113 3.485 —0.366 0.060 7.980
12 —5.538 —2.104 3.434 —0.405 0.070 8.088

: A(I_[OIVIO):E(HOMO DMB derivative) - E(HOMODMB)

° A(LUMO)=E(Lumo DMB derivative) — E(HOMOpyp)
°q p=E+ (G)O _E° (G)O

TD-DFT employing B3PW91/6-311++ G (2d,2p), performed
for isolated molecules. According to the two level model of
Oudar and Chelma [78], first hyperpolarizability is related to the
low-lying CT transition on the basis of the complex sum over
states (SOS) expression as:

) Fae
B (tee 1) = (®)

where (Hee— Mgg) is the difference between the dipole
moments of the mth excited state and ground state respective-
ly, Wy is the transition dipole, and E, is the transition energy.

8.0 —

7.5 4

Ionisation Patential (eV)

7.0 —

T g T g T
-0.7 0.0 0.7

Hammett Parameter (c)

Fig. 4 Plot of Hammett parameter (o) with ionization potential (IP; eV)
for the series of studied TAH derivatives
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According to this expression, the first hyperpolarizability ([3)
is proportional to the square of the transition dipole and is
inversely proportional to the square of the transition energy.
Thus, according to this model, the transition energy becomes
the decisive factor for large (3 values. Therefore, materials
with well-performing NLO properties should possess low-
lying CT excited states with good oscillator strength [78]. It
is clear from Table 4 that there is an enhancement of 3 values
of TAH derivatives with increasing donor/acceptor abilities as
compared to TAH(1), except for TAH derivatives 10,11 and
12. According to Eq. 8, the value of 3 increases with increas-
ing ngz and decreasing Eg. values. In the case of TAH
derivatives with electron-donating groups, the observed trend
for pg.’/Ege” values is 2>3>4>6>5, and the
hyperpolarizability values increase in the order of 2>3>4>
5>6. On comparing the —C(CH3);5- and —C,Hs-substituted
derivatives (4, 5) with the methyl-substituted derivatives (6),
it was found that (6) has a higher ugez value than 5 and a lower
value than 4. However, the hyperpolarizability of both
substituted molecules 4 and 5 is higher than that of the methyl
substituted (6) derivative. Comparing the value of ngz/Egez of
electron-releasing groups with those of electron-withdrawing
groups, the former have comparably higher values than the
latter. Thus, the contribution of the square form to the two-
model dominates as the major effect on hyperpolarizability.
The value of ugez/Egezfor -floro substituted compound (7) is
higher than the ethyl and methyl substituted derivatives (5,6);
however, the hyperpolarizability of TAH (5) and TAH (6) is
higher than that of the -floro substituted derivatives. Consid-
ering the two extremes of the series, i.e., the nitro derivative
(strongest electron-withdrawing group) and dimethylamine
derivative (strong electron-donating group), the values of 3
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Fig. 5 Frontier molecular orbitals (FMO) of all the TAH derivatives
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Fig. 5 (continued)

ELomo =-2.412 Erumo = -2.435 ELumo = -2.452
Enomo = -5.355 Enomo =-5.395 Enomo = -5.447

Erumo = -2.148 Erumo = 2.113 Eromo = -2.104
EHOMO = -5494

9

Enomo = -5.499 Enomo = -5.538
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Table 4 Polarizability,

hyperpolarizability and results of TAH (<10 **esu) 810 esu) Amax (nm) Ege(eV) Hge ! ”if/

time-dependent density Ege

functional theory TD-DFT

f;;cggt)ﬂ‘i:i B éﬁ;éﬂ N 47.127 1.205.388 403.10 3.449 0490  0.041

electronic transitions of all TAH 2 56.907 20434375 506.20 2546 2554 0.394

derivatives 3 56.386 15,018.051 487.04 2.742 2.205 0.293
4 53.467 9,564.149 452.15 2.814 2.164 0238
5 53.223 8,671.068 43331 2918 2.036 0224
6 52.559 5,597.251 420.99 2932 2.062 0227
7 52278 2,413.296 420.62 2.945 2,011 0232
8 51.218 1,386.146 42587 2953 1.855 0213
9 50.068 1,215.181 429.13 2.948 1.764 0.203
10 48.799 924.454 411.66 3.076 1.563 0.165
11 48.242 897.895 410.80 3.001 1.530 0.170
12 47417 840.543 408.22 3.037 1263 0.137

are completely in accordance with the two model equation and
depend upon the transition dipole and transition energy. The
transition energy of TAH(2) is two-thirds that of TAH(1);
however, the hyperpolarizability of TAH(2) is 20-fold com-
pared to TAH(1). Thus, the value of hyperpolarizability, in
addition to transition energy, also depends on the efficiency of
electronic communication between the HOMO and LUMO
involving intramolecular charge transfer. The maximum ab-
sorption band is composed primarily of electronic transition
from the initial states, which are contributed by the HOMO
and HOMO-1, to the final states, which are contributed
mainly by the LUMO. The HOMO of the TAH derivatives
are mainly 7t-type orbitals, hence they are sensitive to substit-
uent properties. As the hydrogen in TAH(1) is replaced by
dimethylamine, HOMO energy levels rise, resulting in a re-
duction in the energy gap. Thus, the electron density of the
HOMO orbital of TAH(2) derivative favors CT to the LUMO
orbital, confined toward the acceptor part of a molecule and
results in an increase in the 3 value. Similarly, on comparing
the halogen derivates of TAH, it was observed that, due to a
reduction in the energy gap, the electron density shift results in
intense CT compared to derivatives 10,11 and 12, giving a
high 3 value for TAH derivatives 7, 8 and 9 . The comparison
discussed above reveals that, in addition to first transition
energy, the intramolecular charge transfer in a
noncentrosymmetric molecular environment is an important
parameter for determining the value of hyperpolarizability.

Hammett parameter, bond length alternation
and hyperpolarizabilities

We compared selected geometry parameters with values of 3
of TAH derivatives. In molecules with donating groups, the
N-C, bond length was observed to be minimum for the
dimethylamine derivative and maximum for the ethyl

derivative and follows the order 2<3<4<5=6, but the N-Cy
and N-C;; bond length decreases little from the
dimethylamine derivative to the ethyl derivative and the
hyperpolarizability follows the trend 2>3>4>5>6. The in-
crease in 7-conjugation due to the + I (inductive) effect of
electron-releasing groups causes an enhancement in the extent
of resonance and results in geometrical modification of the
derivative on account of attachment of electron-releasing sub-
stituents [57, 79—-81]. Plots of hyperpolarizability of TAH
derivatives as a function of o (Fig. 6) reveal that
hyperpolarizability of TAH derivatives with electron-
releasing groups as well as electron-withdrawing groups de-
creases with increasing o value expect in the case of TAH(6).
The results fit a straight line with a correlation coefficient of
0.89 (or lower) for electron-releasing groups. On the other
hand, a correlation coefficient of 0.91 (or higher) is observed
for electron-withdrawing groups. According to Ulman, the
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Fig. 6 Plot of hyperpolarizability against Hammett parameter of TAH
derivatives with electron-donating and electron-withdrawing substituents
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Fig. 7a,b Plot of
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inductive and resonance effects contribute to the Hammett
substituent constant and both effects are important to the
molecules [63, 64]. The donor group will easily push electrons
towards the aromatic system and remain itself slightly electron
deficient. This situation affects the magnitude of dipole mo-
ments as well as hyperpolarizability. Thus, the presence of
different types of functional groups (electron-donating or
electron-withdrawing abilities) affects the magnitude of
hyperpolarizability of TAHs differently. To highlight the effect
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on hyperpolarizability of change in bond length and bond
angle upon substitution, we plotted the hyperpolarizability of
TAH derivatives versus changes in key bond lengths, bond
angles and interplanar angles. The observed plots (Fig. 7a,b)
reveal a close correlation between them for electron-releasing
groups. In TAH derivatives with electron-releasing groups,
the hyperpolarizability decreases in the order 20,434.375(2)>
15,018.051(3)>9,564.149(4) >8,671.068(5)>5,597.251(6)
and the change in interplanar angle (<C;3—C;7—Co—Cjq)
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Fig. 8 Schematic diagram of a
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follows the trend as 1.01<1.19=1.19<1.47>1.41. This indi-
cates that the dimethylamino group is the strongest donor
group and the methyl group is the weakest in this system, thus
an increase in the strength of donor groups from methyl to
dimethylamino have a pronounced impact on the
hyperpolarizabilities. There is hardly any correlation between
hyperpolarizabilities and the change in interplanar angle when
the attached groups are electron withdrawing. In case of
electron-withdrawing groups, the TAH derivative with the
nitro group showed maximum change in geometrical param-
eters and hyperpolarizability, i.e., lower than that of fluorine
TAH derivatives. Thus, we were able to correlate the key
geometrical parameter BLA calculated by the Eq. 6 with
hyperpolarizability. In TAH derivatives with electron-
donating groups, the hyperpolarizability decreased in
the order 2>3>4>5>6 and the BLA values followed
the trend 0.369 (2) <0.371 (3) <0.375 (4)<0.381 (5)
<0.382 (6). This shows that an increase in the strength
of donor groups from methyl to dimethylamino has a
clear impact on (3 values. However, there is only a
weak correlation between hyperpolarizability and the
BLA when the substituents are electron-withdrawing
groups. TAH(11) and TAH(12) have the lowest 3
values, and highest BLA values, at 0.385 and 0.389,
respectively, but in the case of 7, 8, and 9,
hyperpolarizability values decreases in the order 8>9>
10, while the BLA values do not differ much [0.385 (7)
<0.386 (8)=0.386 (9)].This indicates that the withdraw-
ing group has little effect on the BLA value and does not
contribute to the change in hyperpolarizabilities. It can
be concluded that changing the substituents for donor

groups has a better effect on the BLA value and
hyperpolarizability in this system.

From theory to efficiency

The theoretical data obtained in this study can be used to
model OLEDs with optimum efficiency. Figure 8 shows a
sketch of a typical single OLED based on indium tin oxide
(ITO) as an anode, aluminum 8-hydroxy -quinolinate (Alg3)
as an electron transporting/emitting layer (ETL/EL), a Ca-Ag
cathode, and some of'the studied TAH (with electron-donating
groups) derivatives as the hole transporting layer (put together
for comparison). The HOMO and LUMO levels for Alq3
were taken from experimental data. It has been shown else-
where [18] that, in such devices, efficiency depends on the
relative position of the HOMO-LUMO levels of the HTM
viz-a viz the HOMO-LOMO levels of the ETL and the metal
electrodes work function (®) (¢ for Ca=—2.9¢V, Sm=
—2.7 eV and Mg=-3.7¢V), in addition to reorganization en-
ergy and IP.The efficiency of hole injection is controlled by
the energy barrier between the work function of the ITO (®=
—4.70) and the HOMO level of the HTM. From Fig. 8, we see
that, for most of the TAH derivatives with electron donating
groups as substituents, particularly 2 and 3, the energy barrier
is minimum. Further, a high energy barrier between EL/HTL
to block migration of electrons from Alg3 to HTL, and a small
energy barrier for hole transport on the HTL/ETL interface is
required for high efficiency of the device. It is interesting to
note that these essential requirements are met effectively by
TAH derivatives 2, 3, 4, 5, 6 and 7 (see Fig. 8). Thus, on the
basis of reorganization parameters, ionization energy and the
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position of the frontier orbital energy levels, it is safe to
conclude that the TAH derivatives with electron donating
substituents perform best as HTMs as compared to parent
TAH molecule.

Conclusions

The CT, NLO response and their relationship with structural
modifications and energy levels of TAH derivatives were
analyzed systematically using DFT at the B3PW91/ 6-311++
G(2d,2p) level of theory. The comparison of calculated geo-
metrical parameters with corresponding experimental values
showed reasonable agreement. The geometry of TAH (1)
revealed the presence of three aryl rings linked through two
bridged carbonyl groups and a planar central nitrogen atom.
The gas phase optimizations revealed that the terminal rings
are out of plane, with an interplanar angle of 46.19°. We found
that the N—C, bond elongates with electron-donating substit-
uents and shortens with electron-withdrawing substituents as
compared to unsubstituted TAH(1), while N-Cy and N-C4
bond lengths shorten with electron-donating substituents and
elongate with electron withdrawing groups. The BLA studies
revealed that BLA values increase upon substitution with
electron-donating groups, indicating an enhancement in the
degree of conjugation. We observed that reorganization ener-
gy values correlate well with changes in bond length, bond
angle and interplanar angle. The strong electron-withdrawing
substituents are responsible for large geometrical changes,
while minimal changes in geometrical parameters, particular
interplanar angles, were observed in the case of TAH deriva-
tives with strong electron-donating substituents [-NH,< —
N(CHj),]. Topological analysis of the HOMOs of neutral
molecules revealed that these orbitals are concentrated mainly
in the helicene backbone with a large contribution from fused
phenyl rings, nitrogen atoms and carbonyl groups. However,
the LUMO orbitals are invariably constituted by fused phenyl
rings without any contribution from a central nitrogen atom.
From the NLO study, we found that, in addition to transition
energy, hyperpolarizability values also depended on the effi-
ciency of electronic communication between the HOMO and
LUMO involving intramolecular charge transfer. As the hy-
drogen in TAH(1) was replaced by the dimethylamine, the
HOMO energy levels rose, resulting in a reduction in the
energy gap. These results suggest that TAH derivatives with
electron-donating substituents could be potential candidates
for efficient charge carriers and can also be explored for use in
productive NLO devices.
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