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Abstract: Nonlinear optical (NLO) properties of N-substituted p-nitroaniline molecules, N-[3-
(naphthalene-1-yloxy)butyl]-4-nitroaniline (1), N-[3-(2,4,5-triazanaphthalene-1-yloxy)butyl]-4-nitro-
aniline (2) and N-[3-(2.4,5,7-tetraazanaphthalene- 1-yloxy)butyl]-4-nitroaniline (3) have been calculated
theoretically. The theoretical calculations were performed with three different hybrid density functional
theories (DFT) i.e. BPV86, B3LYP and M-06 with 6-31++G (d,p) basis set. These molecular systems
exhibit large first static hyperpolarizabilities. The optical response of these molecular systems is
compared with that of p-nitroaniline, which is an excellent NLO dye. The result shows that, naphthalene
or azanaphthalene derivatives of p-nitroaniline, exhibit large hyperpolarizability than p-nitroaniline and
hence can be recommended for photovoltaic device fabrication.
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Introduction

Molecular materials with nonlinear optical (NLO) properties are currently attracting
considerable attention because of their potential applications in information technology and
industry. Theoretical calculations play a significant role in understanding the polarization
mechanism of NLO materials and their relation to structural characteristics. Last decade
witnessed the development of new nonlinear optical materials of inorganic, organic and
semi-organic types. Organic nonlinear optical materials have potentially high nonlinearities
and rapid response to light'™. They offer high degree of synthetic flexibility to tune their
optical properties through structural modification®. The structure of organic NLO materials
is based on the 7-bond system extended over a large length scale of the molecule, which can
be easily manipulated by substitution of electron donating and electron with drawing groups
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around the aromatic moieties, thus leading to an increased optical non-linearity®®. The large
value of the first hyperpolarizability, , which is the measure of the nonlinear optical
activity, is attributed to intramolecular charge transfer, which occurs due to the movement of
electron cloud from electron donor to acceptor groups through a T conjugated framework’™'>.
The designing of new nonlinear optical materials relies heavily on the theoretical prediction
of accurate electro-optical properties for aforementioned systems.

p-nitroaniline is one of the simplest molecules having electron donor and acceptor
system connected by an aromatic ring and shows remarkable solvatochromism and large
NLO properties'*'*. NLO studies on N-substituted p-nitroaniline are being done to improve
its nonlinear response'>'®. The ground state geometrical energy, dipole moment,
polarizability and first static hyperpolarizability of p-nitroaniline (PNA), 2-methyl-4-
nitroaniline (MNA), N-methyl-4-nitroaniline (HMNA), N-methyl-2-methyl-4-nitroaniline
(HMMNA), 4-nitrodimethylaniline (NDMA) and N-(4-nitrophenyl)-N-methylamino-
acetonitrile (NPAN) has been investigated by density functional theory (DFT) using
B3LYP/6-311G* basis set. The calculation results revealed that hyperpolarizability and its
related properties were enhanced in various degrees upon successive substitution of alkyl
groups at amino group of the PNA molecule'’.

Also the polarizability of organic frameworks containing naphthalene has been
extensively studied with different theoretical methods and is found to have good nonlinear
response. An efficient method to modulate electron density distribution in this conjugated
system is the incorporation of functional groups (spacers) into its backbone. Such studies are
done on conjugated oligomers and polymers'™". But investigations on donor-acceptor
systems containing naphthalene or azanaphthalene linked to N-substituted p-nitroaniline
through spacer groups in the backbone have not been reported in the literature. To the best
of our knowledge, the present study is the first ever DFT calculation of NLO properties of
N-substituted p-nitroaniline in which naphthalene and azanaphthalene linked through a
saturated carbon chain as the N-substituent in gas phase.

The principal aim of this work is to undertake an exhaustive theoretical investigation on
the structural, electronic and optical properties of naphthalene/azanaphthalene framework
linked to p-nitroaniline through a spacer groups. The molecules with large hyperpolarizability
values can be developed into NLO materials which are having potential applications in the
optoelectronic devices of telecommunications, information storage, optical switching and
photovoltaic devices like solar cells.

The molecules chosen for the present study are N-[3-(naphthalene-1-yloxy)butyl]-4-
nitroaniline (1), N-[3-(2,4,5-triazanaphthalene-1-yloxy)butyl]-4-nitroaniline (2) and N-[3-
(2,4,5,7-tetraazanaphthalene- 1-yloxy)butyl]-4-nitroaniline (3). The structural details are
presented in Figure 1 below.
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Figure 1. Structures of molecules 1-3
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Computational details

Gaussian 09 software package was used for DFT calculation and calculations were
performed at three different hybrid density functional theories (DFT) i.e. BPV86, B3LYP
and M-06 and 6-31++G(d,p) basis set was used. The ground state structures were optimized
and frequency calculations were performed to ensure that the optimized structures are
minima in the potential energy surface. HOMO and LUMO for all the molecules are
identified. Gauss View 5 software was used for generating the input file and visualization of
the results. The calculation were done using S20D300 workstation computer equipped with
Intel 7 core processor and 24 GB RAM and Microsoft Windows as the operating system.
Electric dipole moment, linear polarizability and first hyperpolarizability tensor components
for the studied compounds were calculated by DFT approach which is currently one of the
ultimate procedures for obtaining numerically accurate NLO responses.

Results and Discussion
Geometry optimization

The optimized molecular geometry represents an isolated molecule under ideal conditions
with a stationary point at the potential energy surface. The convergence was confirmed by
observing no imaginary vibrational frequencies.

Several conformational isomeric cisoid and transoid structures of molecules 1- 3 were
optimized at B3LYP/6-31++G(d,p) level. The lowest energies of the cisoid and transoid
conformations of three molecules are given in Figure 2 and their energies are enlisted in
Table 1. The lowest energy transoid conformation of 1 is 10.75 KJ/Mol less in energy than
the cisoid conformation. But the conversion of transoid to cisoid involves a rotation of C-O
bond of the naphthyl ether, require much higher energy, 36.70 kJ/mol. Hence transoid
conformation is the preferred structure of 1.The optimized lowest energy structure of cisoid
conformation of 2 is given in Figure 1. The lowest energy cisoid conformation is
5.48 kJ/mol less in energy than the transoid conformation. When the chain length and
consequently the flexibility of the molecule increased, the cisoid structure is more stable
although the difference in energy is very small. DFT optimizations of the conformational
isomers of 3 showed that the lowest energy conformation is the cisoid conformation.
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Figure 2. Optimized geometries of 1 - 3
Table 1. Total energy and HOMO-LUMO gaps of molecules 1-3

Compound Total energy Difference HOMO LUMO HLG
Hartrees kJ/Mol Hartrees  Hartrees  Hartrees eV
1 Cisoid -1108.90436 10.75 -0.21101  -0.09895  0.11206  3.04
Transoid -1108.90846 -0.20422  -0.07029  0.10397 3.64
2 Cisoid -1157.07247 5.48 -0.22343  -0.07484  0.14859 4.04
Transoid -1157.07038 -0.22519  -0.07327  0.15192 4.13
3 Cisoid -1173.12009 6.04 -0.22564  -0.08870  0.13694  3.72

Transoid -1173.11779 -0.22722  -0.08589  0.14133  3.85
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Analysis of the optimized geometries derived the following observation regarding the
structure. The naphthalene part is coplanar with spacer group while the nitrophenyl part of
the framework is twisted with respect to the spacer. This conclusion is supported by the
relevant torsional angles listed (c.f. Table 5).

Frontier molecular orbitals (FMOs)

The energies of Frontier molecular orbitals vizz. HOMO and LUMO, are helpful in
investigating the electrical and chemical properties of substrates”. Table 2 depicts the
HOMO and LUMO orbitals for 1-3 obtained using B3LYP functional and 6-31++G(d,p)
basis set. HOMO of 1 extends over naphthalene donor moieties, whereas it’s LUMO resides
over nitro phenyl part. On the other hand HOMO and LUMO of both 2 and 3 are identical.
HOMO of them extends over nitrophenyl group and saturated carbon chain whereas LUMO
resides over azanaphthalene ring.

Table 2. HOMO and LUMO orbitals for 1 - 3

Molecule HOMO LUMO
1

| : E
Using the ground state HOMO and LUMO energies, the chemical hardness (1), the

electronic chemical potential (1) and the global electrophilicity index (®) have been
estimated and the calculated values are listed in Table 3.

Chemical reactivity

The kinetic stability of aforementioned compounds can be monitored by the HOMO-LUMO
energy gaps’' . Smaller HOMO-LUMO energy gap leads to lower kinetic stability and higher
chemical reactivity. All our results showed that 2 is much more reactive than 1. The
chemical reactivity description parameter like the chemical hardness (1)) is useful in studying
the stability and reactivity of compounds. It is given in terms of the energies of the HOMOs

and LUMOS”;
n= ( Eromo = Evvmo j

2 (1)
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This formula indicates that soft compounds have small chemical hardness, while hard
ones have large chemical splitting. The electronic chemical potential (i) shows the escaping

tendency of electrons in compounds™ and given by Equation (2)***;

E +E
U= _( Homo " Frumo j

2 @)

The global electrophilicity index (w) estimates the stabilizing energy when a
surrounding environment supplies a chemical entity with an additional electronic charge.
The index (w) relates to the electronic chemical potential (i) and the chemical hardness (1)
through Equation (3)*;

21 3)

The values of the global electrophilicity indexes have been calculated and presented in
Table 3. The order of electrophilicity index is 3>2>1. It is evident from the table that 1 is the
stronger nucleophile than 2 and 3. It implies that electron density over 1 becomes more
polarized towards external optical response. Consequently the degree of delocalization
increases which results in higher hyperpolarizability.

Table 3. Ground state HOMO and LUMO energies, the chemical hardness (), the
electronic chemical potential (i) and the global electrophilicity index (o) of 1-3

Compound HOMO (a.u.) LUMO (au.) E,(eV) n 0 )

1 -0.20422 -0.07029 3.64 1.82 3.73 3.83

2 -0.22343 -0.07484 4.04 2.02 4.05 4.07

3 -0.22564 -0.08870 3.72 1.86 427 492
Optical activity

DFT method with 6-31++G(d,p) basis set is selected for NLO calculations. Optical
properties such as dipole moment, isotropic linear polarizability <a>, anisotropic linear
polarizability Ao and first order or static hyperpolarizability B were calculated using
different functional BPV86, B3LYP and M-06.

The nonlinear optical response of an isolated molecule in an electric field E; can be
presented as a Taylor series expansion of the total dipole moment, , induced by the field:

H, = <V/(E) ,t; V/(E)>

1 1
0
W=+, B +— B E B +— Vi, EEE, +......... ,
2! 3! @
Where, a is the linear polarizability, [y the permanent dipole moment and B is the first
hyperpolarizability tensor components. The isotropic (or average) linear polarizability and

anisotropy of polarizability is defined as***’;

Isotropic linear polarizability, <a> =(a, + a,+o.) 5)

Anisotropic linear polarizability, A =1[(¢r, — a, )+ (a,—-a, )+ (ayy -, )? ]% ©
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The complete equation for calculating the total static first hyperpolarizability magnitude
of Gaussian output is given as follows

First order hyperpolarizability,
— 2 2 214
lBtot_[(:Bm+ xyy+13xzz) +(lByyy+ yzz+13yxx) +(ﬁzzz+ﬁwc+ﬁzyy) ]2 (7)

The study involves the initial determination of dipole moment, isotropic linear
polarizability, anisotropic linear polarizability and static hyperpolarizibilities in the gas
phase. The results are compiled in Table 4.

Table 4. Dipole moment, isotropic linear polarizability, anisotropic linear polarizability and
static hyperpolarizibilities of 1 - 3 using different levels of theory

Compound Parameter B3LYP BPV86 M-06
1 Dipole Moment 6.67 6.67 6.81
<o> 232.69 242.27 242.82
Ao a.u 268.37 289.77 292.27
Bor a.u. 2306.04 2474.84  2499.03
2 Dipole Moment 7.68 7.41 7.53
<o> 246.89 256.34 256.81
Aa a.u 209.43 228.12 230.35
Brot a.u. 2026.33 222351 2271.07
3 Dipole Moment 5.68 5.69 5.77
<o> 225.93 235.61 236.22
Aa a.u 186.68 207.31 210.093
Brot a.U. 196341  1948.87 1938.16

Results of the calculations showed that all three molecules show large first
hyperpolarizability and consequently have good nonlinear response. Hyperpolarizability of 1
is greater than both 2 and 3. The magnitudes of hyperpolarizibilities depend on chemical
reactivity and structural characteristics of the molecule. Degree of electron delocalization
between the two rings, naphthalene and nitrophenyl, has an important role in increasing the
hyperpolarizibilities. Optical response properties are governed by the increasing of both
conjugation length and strength of donor and acceptor groups, planarity of the rings with
spacer. Degree of electron delocalization between the two rings can be monitored by
measuring effective distance between relevant atoms of the two rings (C7-C15) and
coplanarity can be assessed by the torsional angles between the planes of the donor and
acceptor subunits (angle between C11-O1-C7-C8 and angle between C17-C15-N1-C14).
The aforementioned geometrical parameters obtained from the optimized geometries like
torsional angles and effective distance between two rings are enlisted in Table 5.

From this table, it is evident that the effective distance between two rings for the above
3 molecules varies as 1 > 2 >3. As the effective distance increases, it is believed that the
extent of delocalization increases. So 1 is having large P values than 2 and 3. The order of
hyperpolarizability is as follows 1 > 2 >3.
Table 5. Comparison of first hyperpolarizability for compounds 1-3 using B3LYP, BPV86
and M-06 with some selected angle and torsional angles
B (B3LYP) B(BPV86) PBM-06) C7-Cis(A) Ci5-Cis-Ni-Cis () C11-04-C5-C5 ()

1 2306.046 2474.841 2499.029 6.89 -6.3 1.679

2 202633 2223519 2271.065 6.435 -1.2 2.434

3 1963.409 1948.879 1938.155 6.424 -7.9 2.884
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Figure 3. An atom numbering scheme of 1. The carbon, nitrogen, oxygen and hydrogen
atoms are indicated by yellow, pink, red and blue colours, respectively

DFT studies on NLO properties of p-nitroaniline have been done at B3LYP and M06
using 6-31++G(d,p) basis set. The dipole moment, isotropic linear polarizability, anisotropic
linear polarizability and static hyperpolarizibilities of p-nitroaniline is presented in Table 6.

Table 6. Dipole moment, isotropic linear polarizability, anisotropic linear polarizability and
static hyperpolarizibilities of p-nitroaniline using different levels of theory

Compound Parameter B3LYP M-06
Dipole Moment 7.1564 7.2456
p-nitroaniline <o> 86.35078  86.09924
Ao a.u 134.1624  132.8782
Bror @.U. 1254977  1327.441

It is clear that hyperpolarizability of p-nitroaniline can be improved by adding
substituent at N-terminal and hence those molecular frameworks can be considered as good
NLO dyes and have potential applications in frequency conversion, image processing, data
storage, fiber optic communication efc.

Conclusion

Nonlinear optical (NLO) properties of N-substituted p-nitroaniline molecules, N-[3-
(naphthalene-1-yloxy)butyl]-4-nitroaniline, N-[3-(2,4,5-triazanaphthalene-1-yloxy)butyl]-4-
nitroaniline and N-[3-(2,4,5,7-tetraazanaphthalene-1-yloxy)butyl]-4-nitroaniline have been
calculated theoretically using three different hybrid density functional theories (DFT) i.e.
BPV86, B3LYP and M-06 with 6-31++G(d,p) basis set. The results showed that these
molecular systems have large first static hyperpolarizabilities. Their hyperpolarizibilities are
compared with that of p-nitroaniline which is an excellent NLO dye and it is found to be
higher. The order of hyperpolarizability of these 3 N-substituted p-nitroaniline molecules are
1>2>3. This can be attributed to their chemical reactivity and structural characteristics.
Firstly, 1 is more nucleophilic than 2 and 3 and hence there is a greater delocalization.
Secondly, the extent of delocalization has been reaffirmed by the effective distance between
two rings, which is greater for 1. Finally, naphthalene ring of compound 1 is more coplanar
to spacer group than 2 and 3, which enhances the delocalization. Hyperpolarizability of
these molecules was compared with that of p-nitroaniline which shows remarkable NLO
property. It is revealed that substitution of naphthalene or azanaphthalene linked through a
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spacer group at the amino terminal of p-nitroaniline tremendously increases its non linear
optical properties. Thus the above three N-substituted p-nitroaniline show improved NLO
properties than p-nitroaniline and can have potential application in the field of
optoelectronics.
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