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Nonlinear optical (NLO) properties of N-[3-(naphthalene-1-yloxy)butyl]-4-nitroaniline and N-[3-(naphthalene-1-yloxy)butyl]-2,4-
dinitroaniline have been calculated theoretically. Theoretical calculations were performed with four different hybrid density functional
theories (DFT) i.e. BPV86, B3LYP, LSDA and M-06 with 6-31++G(d,p) basis set. The results showed that these molecular systems have

replaced by dinitrophenyl group.
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INTRODUCTION

Nonlinear optical (NLO) materials play a vital role in non-
linear optics and have a great impact on information technology
and industrial applications. 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 [1-4]. They offer high degree of
synthetic flexibility to tune their optical properties through
structural modification [5]. Organic frameworks with large
delocalized m-systems have proven to be useful. This is attrib-
uted to the fact that m-electrons are more easily affected by an
external optical field as they are relatively loosely bound to the
nucleus and that the delocalized orbitals may be extended over
the entire molecule giving large and fast polarization [6-9].
The delocalization of mt-electrons can be further enhanced by
the addition of donor and accepter groups at the opposite ends
of the conjugated system. The strong charge transfer between
such groups operating across the entire system considerably
adds to the optical nonlinearity of structure [10-12]. The large
value of first hyperpolarizability (), which is the measure of

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 7t conjugated
framework [13-16]. The designing of new nonlinear optical
materials relies heavily on the theoretical prediction of accurate
electro-optical properties for aforementioned systems.

The polarizability of organic frameworks containing naph-
thalene has been extensively studied with different theoretical
methods and found to have good nonlinear response. An efficient
method to modulate electron density distribution in this conjug-
ated system is the incorporation of functional groups (spacers)
into its backbone. Such studies are done on conjugated oligomers
and polymers [17,18]. But donor-acceptor systems containing
naphthalene incorporated with spacer groups in the backbone
are largely unexplored.

The principal aim of this work is to undertake an exhaustive
theoretical investigation on the structural, electronic and optical
properties of naphthalene framework linked to nitrophenyl group
through a spacer groups. The molecules with large hyperpolariz-
ability 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. We propose to investigate
molecules in which naphthalene group is connected to mono-/
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Fig. 1. An atom numbering scheme of compounds 1 and 2. The carbon, nitrogen, oxygen and hydrogen atoms are indicated by yellow, pink,

red and blue colours, respectively

di-nitrophenyl groups in which the linking groups are saturated
carbon chain. The molecules chosen for the present study are N-
[3-(naphthalene-1-yloxy)butyl] -4-nitroaniline (1) and N-[3-
(naphthalene- 1-yloxy)butyl]-2,4-dinitroaniline (2) (Fig.1).

COMPUTATIONAL METHODS

Gaussian 09 software package was used for DFT calcul-
ation and the calculations were performed at four different hybrid
density functional theories (DFT) i.e. BPV86, B3LYP, LSDA
and m-06 and 6-314++G(d,p) basis set was used. The gound 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 Micro-
soft Windows as the operating system. Electric dipole moment,
linear polarizability and first hyperpolarizability tensor compo-
nents for the studied compounds were calculated by DFT approach
which is currently one of the ultimate procedure 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.
The optimized geometries of compounds 1 and 2 are shown in
Fig. 2. Theoretical studies revealed that the compound 1 exists
in transoid conformation whereas compound 2 exists in cisoid
conformation. 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 (Fig. 3).
This conclusion is supported by the relevant torsional angles
listed in Table-1.

Frontier molecular orbitals (FMOs): The energies of
frontier molecular orbitals viz. HOMO and LUMO, are helpful
in investigating the electrical and chemical properties of substrates
[19,20]. Fig. 3 depicted that the HOMO and LUMO orbitals
for compounds 1 and 2 obtained using B3LYP functionals and
6-31++G(d,p) basis set. The HOMO and LUMOs for two comp-
ounds are observed to be identical. HOMO of both compounds

Optimized structure of 1
Fig. 2. Optimized geometries of compounds 1 and 2

Optimized structure of 2
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Fig. 3. HOMO and LUMO orbitals for compounds 1 and 2

1 and 2 extends over naphthalene donor moieties, whereas LUMO
of both compounds 1 and 2 resides over dinitrophenyl part.

Using the ground state HOMO and LUMO energies, the
chemical hardness (1), the electronic chemical potential (W)
and the global electrophilicity index (w) have been estimated
and the calculated values are listed in Table-1.

TABLE-1
GROUND STATE HOMO AND LUMO ENERGIES, THE
CHEMICAL HARDNESS (n), THE ELECTRONIC CHEMICAL
POTENTIAL (u) AND THE GLOBAL ELECTROPHILICITY
INDEX (w) OF COMPOUNDS 1 AND 2

gl HOMO LUMO E, n " o
(a.u.) (a.u.) €eV)
1 -0.20422  -0.07029  3.64 1.82 3.73 3.83
2 -0.21101  -0.09895  3.04 1.52 4.22 5.84

Chemical reactivity: The kinetic stability of aforemen-
tioned compounds can be monitored by HOMO-LUMO energy
gaps [21]. Smaller HOMO-LUMO energy gap leads to lower
kinetic stability and higher chemical reactivity. All the present
results showed that compound 2 is much more reactive than
compound 1. The chemical reactivity description parameter
like chemical hardness () is useful in studying the stability
and reactivity of compounds. It is given in terms of the energies
of HOMOs and LUMOs [22]:

2

This formula indicates that the soft compounds have small
chemical hardness, while hard ones have large chemical splitting.
The electronic chemical potential (1) shows the escaping tendency
of electrons in compounds [23] and given by eqn 2 [24,25]:

E +E
M=_( HOM02 LUMOJ @)

The global electrophilicity index (w) estimates the stabi-
lizing energy when a surrounding environment supplies a chemical
entity with an additional electronic charge. The index ()
relates to the electronic chemical potential (1) and the chemical
hardness (1) through eqn 3 [23]:

n= (EHOMO ~Eiumo j (1)

u

o= 3)
The values of global electrophilicity indexes have been
calculated and presented in Table-1. It is evident that compound
1 is the stronger nucleophile than compound 2. It implies that
the electron density over compound 1 becomes more polarized
towards external optical response. Consequently, the degree
of delocalization increases which results in higher hyperpolariz-

ability.
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Optical activity: First order polarizability of naphthalene
were studied by Hincliffe ez al. [26,27] and Howard et al. [28]
using different methods and basis sets. In the present study,
polarizability of naphthalene is calculated at DFT level using
different basis sets. All calculated and experimental values [29]
of first order polarizability of naphthalene are enlisted in Table-
2.

TABLE-2
FIRST ORDER POLARIZABILITY OF NAPHTHALENE
AT DIFFERENT LEVELS OF THEORY

Model chemistry Oy Olyy o, Z?S
B3LYP/6-31G(d,p) 143.66  122.81 33.31 99.92
B3LYP/6-311G(d,p) 14941  127.73 43.09 106.74
B3LYP/6-31+G(d,p) 156.32  133.74 61.53 117.19
B3LYP/6-31++G(d,p) 156.39  133.81 62.21 117.47
B3LYP/6-311+G(d,p) 156.30  133.64 61.86 117.26
B3LYP/6-311++G(d,p) 156.37  133.70 61.96 117.34
B3LYP/6-311++G(2d,p) 158.35  135.49 64.25 119.37
M-06/6-31+G(d,p) 144.62  123.89 33.59 100.71
Experimental value 117.40

Itis clear that the mean polarizability value calculated using
6-31++ G(d,p) is in close agreement with experimental value
which is available from literature [29]. So DFT method with
6-31++G(d,p) basis set is selected for NLO calculations. Optical
properties such as dipole moment, isotropic linear polariza-
bility <o>, anisotropic linear polarizability (Act) and first order
or static hyperpolarizability () were calculated using different
functionals BPV86, B3LYP, LSDA and M-06. BPV86 uses
Perdew’s 1986 functional with local correlation replaced by that
which was suggested by Vosko et al. [30]; B3LYP is Becke’s
three parameter exchange functional and the gradient corrected
functional of Lee, Yang and Parr [31]; LSDA is the Local Spin
Density Approximation and M-06 is Minnesota functional.

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

w, = (B, [wE)

where, o is the linear polarizability, U, is the permanent dipole
moment and [3 is the first hyperpolarizability tensor components.
The isotropic (or average) linear polarizability and anisotropy
of polarizability [32] is defined as follows:

Isotropic linear polarizability:

1
(a) = g(ocxx +o, + a,,)
Anisotropic linear polarizability:

1 12
Ac, = E[(ocxx -, Y +(o, —o,) + (o, —(xu)z]

The complete equation for calculating the total static first
hyperpolarizability magnitude of Gaussian output [34] is given
as follows:

First order hyperpolarizability:
1/2
Blol =|:(Bxxx +Bxyy +Bxa)2 +(Byyy +Byu +Byxx)2 +(Bu +Bm +B[yy)2 :|

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-3.

TABLE-3
DIPOLE MOMENT, ISOTROPIC LINEAR POLARIZABILITY,
ANISOTROPIC LINEAR POLARIZABILITY AND STATIC
HYPERPOLARIZIBILITIES OF COMPOUNDS 1 AND 2
USING DIFFERENT LEVELS OF THEORY

Compd. Parameter B3LYP  BPVS86 LSDA M-06
Dipole 6.67 6.67 6.53 6.81
moment

1 <o> 232.69 242.27 256.81 242.82
Ao (au.) 268.37 289.77 230.35 292.27
B (2.1.) 2306.04 2474.84 2471.07 2499.03
Dipole 7.44 7.47 7.58 7.50
moment

2 <o> 257.07 265.89 266.34 257.22
Ao (au.) 138.60 148.78 150.15 136.62
B (a.1.) 1467.67 1579.02 171643 1125.73

Calculation results showed that both compounds 1 and 2
have large first hyperpolarizability and consequently have good
nonlinear response. Hyperpolarizability of compound 1 is greater
than compound 2. The magnitudes of hyperpolarizibilities depend
on chemical reactivity and structural characteristics of the mole-
cule. Degree of electron delocalization between the two rings,
naphthalene and nitrophenyl, has an important role in increasing
the hyperpolarizibilities. Optical response properties are gove-
rned by the increasing of both conjugation length and strength
of donor and acceptor groups, planarity of rings with spacer.
Degree of electron delocalization between the two rings can be
monitored by measuring effective distance between relevant
atoms of two rings (C7-C15 ) and coplanarity can be assessed
by the torsional angles between the planes of donor and acceptor
subunits (angle between C11-O1-C7-C8 and angle between
C17-C15-N1-C14). The aforementioned geometrical parameters
(Fig. 1) obtained from the optimized geometries (Fig. 1). The
torsional angles and effective distance between two rings are
given in Table-4.

It is evident that the effective distance between two rings
for mononitro derivatives are larger than dinitro derivatives. As
the effective distance increases, it is believed that the extent of
delocalization increases. So mononitro compounds are having
large P values than dinitro compounds.

TABLE-4
COMPARISON OF FIRST HYPERPOLARIZABILITY FOR COMPOUNDS A AND B USING
B3LYP, BPV86, LSDA AND M-06 AND SOME SELECTED GEOMETRICAL PARAMETERS

Compd. No. B (B3LYP) B (BPV36) B (LSDA) B(M-06) C7-CI5(A) C17-C15-NI-Cl4(°)  CI11-01-C7-C8 (°)
1 2026.33 2223.519 2271.065 1891.24 6.89 6.3 1273
2 1467.674 1579.016 1716.427 1125.73 4.503 -10.91 2.434
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Conclusion

Nonlinear optical (NLO) properties of N-[3-(naphthalene-
1-yloxy)butyl]-4-nitroaniline (1) and N-[3-(naphthalene-1-
yloxy)butyl]-2,4-dinitroaniline (2) have been calculated theore-
tically using four different hybrid density functional theories
(DFT) i.e. BPV86, B3LYP, LSDA and M-06 and 6-31++G(d,p)
basis set was used. The results showed that these molecular
systems have large first static hyperpolarizabilities. In addition,
NLO response of these molecular systems decreases dramatically
when nitrophenyl is replaced by dinitrophenyl group. This can
be attributed to their chemical reactivity and structural charact-
eristics. Firstly, compound 1 is more nucleophilic than compound
2 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 compound 1. Finally,
naphthalene ring of compound 1 is more coplanar to spacer
group than compound 2, which enhances the delocalization.
Since both the compounds chosen for the present study are
reported to have a high hyperpolarizability, they can be used
for developing NLO materials.
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