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The present study reports the theoretical and experimental investigations of linear and nonlinear optical
(static and dynamic) properties of 3-(4-methoxyphenyl)-1-(4-nitrophenyl)prop-2-en-1-one (MNC). The
crystal structure was confirmed from powder X-ray diffraction (PXRD) analysis and evaluated the crys-
talline quality using high-resolution X-ray diffraction (HRXRD). Linear absorption and fluorescence spec-
tra were recorded and the optical band gap was determined by Tauc’s relation. Third-order nonlinear
optical (NLO) characteristics along with optical limiting behavior were explored using the femtosecond
(fs) Z-scan technique at 800 and 900 nmwavelengths (Ti: sapphire laser, 150 fs, 80 MHz). The experimen-
tal results are supported by theoretical calculations obtained from the density functional theory (DFT).
The optimized geometry, linear optical absorption, HOMO-LUMO energy gap, molecular electrostatic
potential (MEP), dipole moments and global chemical reactivity descriptors (GCRD) were computed by
employing B3LYP/6-311+G(d) level of theory. The static and dynamic linear polarizability (a), first hyper-
polarizability (b) and second hyperpolarizability (c) components were calculated using time-dependent
Hartree–Fock (TDHF) method. The computed first hyperpolarizability b(�2x;x,x) at 1064 nm wave-
length was found to be 55 times greater than that of urea standard. The experimental and calculated
dynamic molecular second hyperpolarizabilities c(�3x;x,x,x) are in good accordance at 800 and
900 nm wavelengths.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The chalcone derivatives have been significantly studied and
documented to own varied biological and pharmacological effects,
including anti-inflammatory, antimicrobial, antifungal, antioxi-
dant, cytotoxic, antitumor and chemo-preventive activities [1–7].
These are abundant in fruits, vegetables and various edible plants
and spices, which are often used in traditional medicine [8–10].
In recent years, among the explored variety of organic nonlinear
optical materials, there is colossal attentiveness on development
of second and third-order nonlinear optical chalcone derivatives
because of their huge structural diversity and larger nonlinear
optical (NLO) coefficients for feasible uses in electro-optics
[11–15]. The NLO properties of several synthesized chalcones have
been studied by theoretical and experimental techniques [16–20].
In previous reports, the use of chalcones was done within a poly-
meric matrix with enhanced NLO response of the polymer without
damaging the chalcones [21–23]. These investigations suggest that
the chalcones have been found to exhibit large second-order non-
linear responses and strong optical limiting properties [24–30]. It
has been reported that extended conjugation and enhanced elec-
trophilicity may be among the key reasons for the observed high
nonlinearities of this class of compounds [31–33].

The computational NLO properties of different materials have
been investigated at various DFT methods and compared with
the experimental results [34,35]. Interestingly, the frequency-
dependent nonlinear optical properties predicted at TDHF method
have reasonable accuracy in the results [36,37]. From the literature,
it has been found that among the reported NLO chalcone
derivatives, only a few chalcones have been investigated both
experimentally and theoretically [25,38–40]. This motivated us to
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investigate second and third-order NLO properties of the title
chalcone experimentally and theoretically. Previously, a few
studies have reported on crystallographic structure and experimen-
tal second harmonic generation (SHG) efficiency of the title
molecule [41,42]. It crystallizes in the orthorhombic non-
centrosymmetric space group P212121, possesses 5 times higher
SHG efficiency than urea molecule and own D–p–A type structure.
In the title molecule, 4-methoxy aryl ring acts as a donor and 1-(4-
nitrophenyl) ethanone aryl ring acts as an acceptor. Considering
this push-pull configuration of MNC, it’s expected to be a potential
NLOmaterial. In the continuation of our recent work, we performed
a combined theoretical and experimental studies on static and
dynamic second and third-order nonlinear optical properties of
MNC crystal for possible future NLO device applications.
2. Experimental details

2.1. Material synthesis and crystal growth

The title chalcone is synthesized by Claisen-Schmidt condensa-
tion reaction from an equimolar ratio of 4-methoxybeznaldehyde
and 40-nitroacephonone according to literature method [33,41].
The precipitated product was purified by recrystallization with
DMF solvent.

Large sized good feature single crystals of MNC were grown by
slow evaporation solution technique using DMF as a solvent at
ambient temperature. Light brownish and transparent thick nee-
dles like crystals of maximum dimensions 13 � 3 � 2 mm3 are
obtained by solvent evaporation at room temperature (Fig. 1).
The grown crystals are non-hygroscopic and stable in nature.

2.2. Characterization techniques

The powder X-ray diffraction (PXRD) studies were carried out
using a Bruker D8 Advance powder diffractometer with CuKa radi-
ation as an X-ray source (k = 1.5418 Å). The sample was scanned in
the 2h range of 10–75� at a scan speed of 1�/min. The diffraction
pattern was indexed by Powder X software. To study the crys-
talline perfection of the grown MNC crystals, a multicrystal X-ray
diffractometer (MCD) was used to record high-resolution diffrac-
tion curves (DCs) [43,44]. Linear absorption spectrum of MNC
crystal of 1.5 mm thickness was recorded using a Perkin-Elmer
UV–vis-NIR spectrometer (Lamada-900) in the wavelength range
of 300–900 nm. Fluorescence spectrum was acquired using the
Edinburgh Analysis Instruments FLS920 spectrophotometer with
Xenon lamp as a light source.
Fig. 1. As grown single crystals of MNC.
Third-order NLO studies of MNC in DMF solution were deter-
mined using open and closed-aperture Z-scan techniques [45,46].
The experiment was performed in the femtosecond (fs) laser
regime using a Ti: sapphire oscillator with 80 MHz repetition rate,
150 fs pulse duration, and �50 nJ pulse energy, which are tunable
in the wavelength region of 680–1060 nm. The sample of 0.01 M
concentration was scanned along the Z-direction through a
100 mm focal length lens. Input beam was spatially filtered to
accomplish a pure Gaussian profile in far field. Since the mode-
locking technique in the laser optimizes the beam itself, therefore
the beam profile was observed to a circular Gaussian one showing
an ideal Gaussian TEM00 mode. The sample positioned on a plat-
form of 10 lm resolution and data was recorded manually using
a power meter detector (Field-Max) in steps of 1 mm. The beam
waist (xo) estimated at the focus was �25 lm with a correspond-
ing Rayleigh range of �2.26 mm. Initially, closed aperture scans
were performed at intensities where the contribution from the
higher order nonlinear effects are negligible (D/ value was esti-
mated in all the cases and it was found to be <p). Further, the open
aperture scans were measured by removing the previously placed
aperture in front of the detector. The nonlinear refraction and
absorption measurements were performed at 800 and 900 nm
wavelengths with 80 MHz laser repetition rate. The wavelength
dependent nonlinearities were observed in the results. The Z-
scan data for DMF solvent was also recorded and found that there
was no effect of solvent to the obtained nonlinearities, which con-
firms that the results are purely from MNC molecule.

3. Quantum chemical calculations

The computational studies for MNC molecule have been carried
out under density functional theory by using Gaussian09 [47], and
Gamess [48] programs. Gauss view 5 program was used to visual-
ize and build the molecule [49]. The suitable DFT level of theory
B3LYP was chosen for geometrical optimization at 6-311+G(d)
basis set. The TD-DFT studies were performed to understand the
electronic and linear optical properties at various levels of theory
like: B3LYP/6-311+G(d), HF/6-311+G(d), range separated CAM-
B3LYP/6-311+G(d), and wb97xd/6-311+G(d). Further, HOMO-
LUMO studies, global chemical reactivity descriptors (GCRD), and
molecular electrostatic potentials (MEP) were also calculated at
the same level of theory. In the computational NLO studies, we cal-
culated both static and dynamic linear polarizabilities (a), first
hyperpolarizabilities (b) and second hyperpolarizabilities (c) using
TDHF method developed in the Gamess program [48]. It has been
found that the 6-31G (d) polarized basis set was good enough to
obtain hyperpolarizability values, and therefore the calculations
were performed at TDHF level of theory using 6-31G (d) basis
set. The static polarizability, a(0;0), first hyperpolarizability, b
(0;0,0), and second hyperpolarizability, c(0;0,0,0) components
were obtained at x = 0. The dynamic polarizability a(-x;x), first
hyperpolarizability b(�2x;x,x), and second hyperpolarizability c
(�3x;x,x,x) components were calculated at three different fre-
quencies [x = 0.05695 a.u (800 nm), 0.05062 a.u (900 nm), and
0.04282 a.u (1064 nm)] using the TDHF method in the Gamess pro-
gram. The isotropic polarizability (‹a›), anisotropic polarizability
(Da), beta vector (b-V) of the first hyperpolarizability, and the
average (isotropic) second hyperpolarizability (‹c›) values were
calculated using following equations [50],

hai ¼ 1
3
ðaxx þ ayy þ azzÞ ð1Þ

Da¼ 1ffiffiffi
2

p ðaxx�ayyÞ2þðayy�azzÞ2þðazz�axxÞ2þ6ða2
xyþa2

xzþa2
yzÞ

h i1=2

ð2Þ



Fig. 3. Diffraction curve recorded for MNC single crystal for (004) diffracting planes
by employing the multicrystal XRD with MoKa1 radiation.
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b� V ¼ ðb2
x þ b2

y þ b2
z Þ

1=2 ð3Þ

bi ¼
1
3

X
i;j¼x;y;z

ðbijj þ bjij þ bjjiÞ ð4Þ

hci ¼ 1
5
½cxxxx þ cyyyy þ czzzz þ 2ðcxxyy þ cxxzz þ cyyzzÞ� ð5Þ

The above mentioned tensor components values will be in a.u.,
and can be converted into esu using the conversion factors (1 a.u. =
0.15 � 10�24 esu for a, 1 a.u. = 8.64 � 10�33 esu for b, and 1 a.u. =
5.04 � 10�40 esu for c).

4. Results and discussion

4.1. Powder X-ray diffraction

Powder X-ray diffraction pattern of MNC is shown in Fig. 2. The
analysis of the peaks positions (2h) revealed that the title crystal
crystallizes in the orthorhombic crystal system with space group
P212121. The estimated cell parameters are in good agreement with
the reported single crystal XRD values [40]. The presence of well
defined reflections (peaks) in the pattern, announces the existence
of periodically ordered atomic planes in the MNC crystals.

4.2. High-resolution X-ray diffraction

Fig. 3 shows the recorded high-resolution diffraction curve (DC)
of a MNC single crystal specimen using (004) diffracting planes. As
seen in the figure, the solid line (convoluted curve) is well fitted to
the experimental points represented by the filled rectangles. On
deconvolution of the diffraction curve, it is clear that the curve
contains two additional peaks, which are 156 and 306 arc s away
from the main peak. These two additional peaks correspond to
two internal structural low angle (tilt angle � 1 arc min but less
than a degree) boundaries whose tilt angles (misorientation angle
between the two crystalline regions on both sides of the structural
grain boundary) are 156 and 150 arc s from their adjoining regions.
The FWHM (full width at half maximum) of the main peak and the
low angle boundaries are respectively 54, 136 and 160 arc s.
Though the title crystal contains low angle boundaries, the rela-
tively low angular spread of around 10 arc min of the diffraction
curve and the low FWHM values show that the crystalline perfec-
tion is reasonably good. The entrapment of impurities or solvent
molecules could be responsible for the formation of these grain
Fig. 2. Powder X-ray diffraction pattern of MNC.
boundaries, which may be segregated at the boundaries during
the growth process. Such a low angle boundary could be detected
with well-resolved peak in the diffraction curve only because of
the high-resolution of the multicrystal X-ray diffractometer. The
influence of such minute defects on the NLO properties is very
insignificant. However, a quantitative analysis of such unavoidable
defects is of great importance, particularly in the case of phase
matching applications.

4.3. Geometry optimization

The optimized molecular geometry of MNC is shown in Fig. 4.
The optimized geometrical parameters such as bond length, bond
angle, and the positions are in accordance with the experimentally
obtained XRD data [40]. We present some of the main parameters
for comparison. From the optimized geometry, the bond length of
11C@O24 (carbonyl) is found to be 1.227 Å and from XRD it is
1.230 Å. The bond length of 6CAN30 is measured theoretically as
1.507 Å and experimentally 1.469 Å. The computed bond length
of 30NAO32 is found to be 1.278 Å, and that of experimental one
is 1.229 Å. The inter-atomic distance between 34H and 20H is
observed to be 2.361 Å theoretically and 2.328 Å experimentally.
The bond angle of 21CA25OA26C is measured at DFT is 114.88�,
and that of XRD is 116.34�. The angle between 31OA30NA6C is
found to be 117.93� theoretically, and 117.60� experimentally.
The angle of 31OA30NA32O is observed from optimized geometry
as 124.14� and 123.56� from experimental one. These calculated
geometrical parameters are found to be very close to the experi-
mental one and hence confirms the molecular structure of MNC.

4.4. Linear absorption and fluorescence emission spectra

The normalized UV–visible absorption spectrum of MNC crystal
is shown in Fig. 5. The spectrum has 2 intense bands with maxima
at 334 and 408 nm. The cutoff wavelength (kcut-off) of absorption is
around 460 nm. Maximum absorption observed at 408 nm is
assigned to the p?p⁄ transition, i.e. the transition of an electron
from bonding (p) to anti-bonding (p⁄) molecular orbitals and this
transition could be attributed to C@O group and aromatic ring
excitations in MNC. The other peak appeared at 334 nm, which is
originated due to the n? p⁄ transitions. As we can see, the sample
is transparent at a wavelength of the second harmonic wave
(532 nm) of fundamental wavelength 1064 nm and also at laser
wavelengths of Z-scan studies (800 and 900 nm).

The optical band gap (Eg) of the material is a quite essential
parameter in optoelectronic applications. To calculate Eg, we have



Fig. 4. The optimized molecular geometry of MNC at B3LYP/6-311+G(d) level.
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Fig. 5. Linear absorption and broad fluorescence emission spectra of MNC. The inset
contains the plot of (ahm)2 against photon energy (E).

Fig. 6. Computed UV-vis absorption spectrum under TD-DFT method at different
levels of theory with 6-311+G(d) basis set.
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initially determined the optical absorption coefficient (a) using the
formula,

a ¼ 2:303� A
t

ð6Þ

where, A is the absorbance and t is the thickness of the crystal. The
optical energy band gap (Eg) of title crystal can be calculated by the
Tauc’s relation,

ðahmÞ ¼ Aðhm� EgÞ1=2 ð7Þ
where, h is Planck’s constant and m is the frequency of incident pho-
tons. The energy band gap of MNC crystal can be estimated by
extrapolating the linear part of the graph of (ahm)2 vs (hm) until it
intersects the hm axis (see the inset of Fig. 5). The obtained value
of direct optical band gap of 2.80 eV proves the suitability of MNC
crystals for optoelectronic devices.

The fluorescence emission spectrum of MNC with an excitation
wavelength of 420 nm is shown in Fig. 5. A pronounced emission
maximum appeared at 543 nm. The soaring intensity green emis-
sion at 543 nm is credited to the p–p⁄ transitions of the aromatic
ring. Broad spectral features observed in MNC are due to the
intra-molecular interactions [40]. The result indicates that the crys-
tal can be used in the production of green organic LEDs (OLEDs).

4.5. TD-DFT absorption spectrum

To understand the electronic absorption properties of MNC
molecule, we have applied time-dependent approach at the
B3LYP, HF, range separated CAM-B3LYP, and wb97xd levels of the-
ory with the 6-311+G(d) basis set. The calculations were per-
formed in the solvent phase (N,N-dimethylformamide) with the
Polarizable Continuum Model (PCM) using the integral equation
formalism variant (IEFPCM). The UV–Vis absorption spectrum of
the optimized MNC molecule calculated at different methods is
shown in Fig. 6. The vertical transition energies from ground state
to each excited states have been computed. Further, the compar-
ison has been made between theoretically calculated and experi-
mentally obtained absorption spectra. The calculated absorption
wavelengths at TD-B3LYP/6-311+G(d) method were found to be
396 and 293 nm, which are in close agreement with the experi-
mental values 408 and 334 nm. The TD-DFT calculation shows that
the absorption peaks at 396 and 293 nm are due to the transition of
electrons from HOMO to LUMO and HOMO to LUMO+1,
respectively.

4.6. HOMO-LUMO studies

The HOMO and LUMO acts as an electron donor and acceptor
groups, respectively. The HOMO, LUMO and HOMO-1, LUMO+1
orbitals and the energy gaps are shown in the Fig. 7. It is clear from
the figure that, the HOMO is localized at 4-methoxybenzaldehyde
and C@O group, whereas the HOMO�1 is localized only on the
nitro group of the phenyl ring, while LUMO and LUMO+1 are local-
ized on almost all over the molecule indicating the intra-molecular
charge transfer (ICT) characteristics. The energy gap between the
HOMO and LUMO is found to be 2.68 eV, and that of HOMO�1
and LUMO+1 is found to be 3.91 eV. The small HOMO-LUMO gap



Fig. 7. HOMO-LUMO orbitals and the band gap of MNC molecule.
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means higher polarizability [53] and hence large NLO response
could be expected from the title molecule. In view of the chemical
hardness and softness rule, if a molecule has a large HOMO-LUMO
gap, it can be considered as hard and it is soft if the gap is small.
One can relate molecular stability to hardness, which means that
the molecule with smaller HOMO-LUMO gap is more reactive.
The electronic transitions of MNC molecule, i.e. the transition of
an electron from the ground state to first excited state was
observed at the excitation energy 3.13 eV, which is corresponding
Table 1
The excitation wavelength, energy, oscillator strengths, major contributions of
HOMO-LUMO orbitals and the ground state electric dipole moments of MNC
molecule calculated at TD-DFT/B3LYP/6-311+G(d) level of theory.

kex ðnmÞ E ðeVÞ f 0 Major transitions Dipole moment (Debye)

396 3.13 0.12 H? L (100%) 8.05 (lx)
363 3.42 0.012 H-2? L (84%) 0.06 (ly)
355 3.49 0.01 H-6? L (94%) 0.13 (lz)
348 3.56 0.001 H-1? L (98%) 8.05 (ltot)

Table 2
The frontier molecular orbital energies (in eV) and global chemical reactivity descrip
electronegativity (v), and electrophilic index (x) of MNC molecule.

HOMO ELUMO EHOMO�1 ELUMO+1 DEH�L D

�8.59 �5.91 �8.91 �4.99 2.68 3.
to the HOMO to LUMO charge transitions (100%). The HOMO-
LUMO energy gap (2.68 eV) and the electronic excitation energies
(3.13 eV) are in close relation with the experimentally obtained
energy band gap (2.8 eV). The excitation wavelengths, energy,
oscillator strengths, and the major contribution of the orbitals to
the electronic transitions are given in Table 1.

The molecular dipole moment is a basic property of a molecule,
which is used to investigate intermolecular interactions. Higher
the dipole moment stronger will be the intermolecular interac-
tions. Further, electric responses of a molecule at an applied field
can also be understood, which in turn help to figure out optoelec-
tronic chattels. The computed values of electronic dipole moments
of MNC molecule at TD-DFT/B3LYP/6-311+G(d) level of theory are
tabulated in Table 1. Larger value of dipole moment (8.05 D) and
the charge separations are due to the presence of strong electron
donor-acceptor configuration in the molecule. The ground state
electronic dipole moment is heading from negatively charged part
of the molecule to positive part. The major dominant component of
the dipole moments is along lx which is the main charge transfer
axis. The small HOMO-LUMO energy gap and high dipole moments
of MNC molecule may result to increase NLO activity.

The global chemical reactivity descriptors (GCRD) are the
important tools to understand chemical reaction, structure, and
stability of the molecule with the help of molecular orbitals. Fur-
ther, making use of the HOMO and LUMO energy orbitals in the
DFT study, we have calculated various global chemical reactivity
descriptors such as the global hardness [g = (ELUMO � EHOMO)/2],
softness (S = 1/2g), chemical potential [m = (EHOMO + ELUMO)/2],
electronegativity [v = (I + A)/2], and electrophilic index (x = l2/2
g) by taking the energies of HOMO as ionization potential (I) and
LUMO as electron affinity (A) [38]. It is found that the molecule
is kinetically stable with the hardness value 1.34 eV, and chemical
potential �7.25 eV (Table 2). The rest of the parameters such as
softness (0.37 eV�1), electronegativity (7.25 eV), and electrophilic
index (19.6 eV) values suggest that the MNC molecule possesses
excellent chemical strength and stability.
4.7. Molecular electrostatic potential (MEP)

MEP map gives the knowledge which is concerning on molecu-
lar size, shape, alongside its positive, negative, and neutral electro-
static potential regions in terms of color grading. It can display the
regions for an electrophilic attack of charge point like reagents on
organic molecules [25]. It is also an important tool to envisage how
different types of geometries could interact, and how the charge
could transfer. The MEP map of MNC molecule plotted using Gauss
view 5 program is shown in Fig. 8. From the plot, the maximum
positive region is the preferred site for the nucleophilic attack
which is designated by blue color. Likewise, a maximum negative
region is a favored spot for an electrophilic attack authorized by
red surface. The proton-rich region exhibits the positive potential
and the repulsion energy between the protons, which can be seen
in the white region. The electron donating group at the negative
potential is originated mainly because of the electron rich oxygen
atom, the carbonyl group (C@O), a nitro group (OANAO), and the
methoxy group (OCH3). Further, variance in the MEP surfaces
shows an increase in the positive potential due to the proton envi-
ronment in the molecule.
tors (in eV) such as chemical hardness (g), chemical potential (m), softness (S),

EH�1�L+1 g m S v x

91 1.34 �7.25 0.37 7.25 19.6



Fig. 8. The molecular electrostatic potential map of MNC molecule.
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4.8. Third-order nonlinear optical properties

The open aperture Z-scan curves of MNC molecule at 800 and
900 nm wavelengths are shown in Fig. 9. Both the curves are sym-
metric with respect to the focus (Z=0). The molecule exhibits
reverse saturation absorption (RSA) as the excited state absorption
cross section is greater than the ground state absorption cross sec-
tion at 800 and 900 nmwavelengths (Table 3). From the open aper-
ture curves, nonlinear absorption coefficient (b) can be estimated
by fitting the curves using the following equation,

TðZÞ ¼ 1� bI0Leff
2

ffiffiffi
2

p
ð1þ Z2=Z2

0Þ
ð8Þ

where, T (z) is the normalized transmittance, I0 is the intensity at
the focus, and Leff is the effective length of the sample. The calcu-
lated b values (Table 3) are one order smaller than c-BBO Nano rods
[51], same of the nonlinear absorption measured for DMMC [31]
Table 3
The third-order nonlinear optical parameters of MNC obtained at 150 fs (80 MHz) laser pu

k
(nm)

a0

(cm�1)
n2 (cm2 W�1) �
10�14

b (cmW�1) �
10�9

Rev(3) (e.s.u) �
10�12

Im v(3) (e
10�12

800 0.45 �5.45 2.3 �5.64 1.48
900 0.63 �9.23 3.5 �9.56 2.59
and two orders higher than 3TM chalcones observed under fem-
tosecond excitation [27].

Fig. 10 shows the normalized transmission for a closed aperture
case at 800 and 900 nm wavelengths. The peak-valley configura-
tion indicates a negative nonlinear refractive index n2 (self-
defocusing), i.e., an increase in the transmitted intensity due to
refraction as the sample approaches the focal point (Z = 0) followed
by a decrease in intensity as it moves away from the focal point
and towards the detector. The nonlinear refraction (n2) can be cal-
culated using the closed aperture curves by fitting them with the
relation,

TðZÞ ¼ 1� ð4XD/0Þ
ðX2 þ 1ÞðX2 þ 9Þ ð9Þ

where, D/0 is the phase shift, X = Z/Z0, and n2 can be calculated by
using the D/0 value with the relation DU0 ¼ kn2I0Leff (Table 3). The
calculated values of the nonlinear refractive index are of the order
lses with 0.01 M concentration.

.s.u) � v(3) (e.s.u) �
10�12

rg

(10�16 cm2)
rex

(10�15 cm2)
r2PA

(GM)
ch
(10�31 esu)

5.83 7.44 16.8 928.4 2.93
9.91 2.09 11.2 256.7 5.36
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of 10�14 cm2 W�1. These values are one and two orders higher than
the nonlinear refractive index measured for 3TM chalcones,
LiNbO3:MgO (LN:Mg), KTiOAsO4, (KTA), KTiOPO4 (KTP), b-BaB2O4
(BBO) and LiB3O5 (LBO) crystals with femtosecond z-scan method
[27,52] and in agreement with the results mentioned in Refs.
[29,31].

The third-order nonlinear optical susceptibilities, second-order
hyperpolarizabilities, and two-photon absorption cross sections
were calculated forMNC at two different wavelengths by following
the procedure explained in our previous article [32] (Table 3).

4.9. Optical limiting studies

The optical limiting threshold (LT) is defined as the input flu-
ence at which transmittance falls to half of the linear transmittance
value. From the definition, it follows that lower the LT value, better
the optical limiting performance. In the case of open aperture Z-
scan using a Gaussian beam, input fluence at each z-position is
given by,

FðzÞ ¼ 4
ffiffiffiffiffiffiffi
ln2

p
Ein=p3=2xðzÞ2 ð10Þ

where, Ein is the input laser pulse energy and x(z) is the beam

radius, which is given by xðzÞ ¼ xð0Þ½1þ ðz=z0Þ2�
1=2

, where, x(0)

is the beam radius at the focus and z0 ¼ pxð0Þ2
k is the Rayleigh range.

The optical limiting properties of MNC were obtained at two
laser wavelengths 800 and 900 nm with 80 MHz repetation rate
(Fig. 11.). The decreasing transmittance with the increasing inci-
dent fluence indicates the optical limiting response of MNC. The
limiting threshold was observed at 0.75 mJ/cm2 for 800 nm, and
1.54 mJ/cm2 for 900 nm input laser wavelengths. The obtained
threshold values are in accordance with their nonlinear absorptive
capacity at experimental wavelengths. The values suggest that the
MNC molecule could be a better candidate for the protection of
sensitive optical devices.

4.10. Static and frequency-dependent NLO-DFT studies

In the theoretical study, we have used time-dependent
Hartree-Fock (TDHF) method to investigate NLO properties of
MNC molecule. In order to understand both static and dynamic
hyperpolarizabilities of organic molecules, TDHF procedure is
generally used to predict the approximate values of NLO proper-
ties [54]. The static dipole polarizability a(0;0), first hyperpolar-
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Fig. 11. Optical limiting curves of MNC.
izability b(0;0,0), and second hyperpolarizability c(0;0,0,0)
components were computed (at x = 0.0), and some of the tensor
components and their isotropic average values are tabulated in
Table 4. By observing, all of the tensor components found to have
non-zero values and are in particular direction as indicated. The
axial x-component of dipole polarizability (axx), first hyperpolar-
izability (bxxx), and second hyperpolarizability (cxxxx) have been
taken as the longitudinal components, which are the dominant
components along with the corresponding mean values. Since
the major contribution to the average values is from x-
component, it is the evidence for the charge transfer interaction
along the X-axis in the MNC molecule [55]. The static ‹a› (isotro-
pic), Da (anisotropic), b-Vector, and ‹c› (isotropic) values are
found to be 28.7 � 10�24 esu, 32.0 � 10�24 esu, 53.8 � 10�30 esu,
and 33.6 � 10�36 esu, respectively. The magnitude of the values
obtained in this case is comparatively larger and suggests that
the MNC molecule has good NLO properties.

The dynamic NLO properties such as polarizability a(�x;x),
first hyperpolarizability b(�2x;x,x), and second hyperpolarizabil-
ity c(�3x;x,x,x) tensor components of MNC were predicted at
three different frequencies (x = 0.05695, 0.05062 and 0.04282 a.
u). The response of a molecule with respect to an applied external
electric field can be understood by determining the response of
tensor components of dynamic hyperpolarizabilities at the molec-
ular level. The dynamic polarizability components a(�x;x) values
are shown in Table 5. The orientationally averaged isotropic and
anisotropic values and the response of all the tensor components
increases as the input frequency increases. It is observed that the
static polarizability values are lower compared to the dynamic
ones. Hence, the polarizability of a molecule is dependent on the
applied field. Here, the polarizability values are larger at x =
0.05695 (k = 800 nm) i.e. ‹a› = 29.67 � 10�24 esu, Da = 34.1 �
10�24 esu, and comparatively decreases as the frequency
decreases. The axx component is considered as the axial or a longi-
tudinal component since it has the largest contribution
(50.4 � 10�24 esu) to the mean polarizability vector.

To understand the second-and third-order nonlinear optical
properties of MNC at a molecular level, we computed dynamic
hyperpolarizabilities at three frequencies (x = 0.04282, 0.5062,
and 0.05695 a.u.) using TDHF method with respect to their exper-
imental laser wavelengths to compare the results. The computed
dynamic first hyperpolarizability (b) tensor components and b-V
(beta vector) values of MNC molecule and a reference molecule
urea are given in Table 6. The b-V value of the MNC molecule at
x = 0.04282 a.u. is found to be 55 times higher than the urea stan-
dard (b-VMNC = 73.3 � 10�30 esu and b-Vurea = 1.3 � 10�30 esu). The
computed and experimental SHG efficiency of MNC is 55 and 5
times higher than that of urea standard, respectively, which sug-
gests that the title molecule can be an efficient NLO candidate.
The deviation in the results could be raised due to the fact that
the experiment was carried out with the solid crystalline phase,
whereas the theoretical predictions were made with the gas phase.
Further, the computational b-V values are also obtained at
x = 0.05695 and 0.05062 a.u. frequencies and these values are
found to be slightly higher than that of the static and computed
b-V at x = 0.04282 a.u., and SHG efficiency is measured to be 75
and 64 times larger than the urea standard, respectively. It is
observed that, with an increase in the frequency of the electric
field, the hyperpolarizability components interaction within the
molecule also increases and hence resulting in the larger values
of the NLO coefficients.

The dynamic second-order hyperpolarizability c(�3x;x,x,x)
tensor components of MNC molecule are computed at
x = 0.05695, 0.05062, and 0.04282 frequencies (Table 7). The
molecular second hyperpolarizability values depend on the num-
ber of factors such as the extent of p-electron conjugation, the



Table 4
The static dipole polarizability a(0;0), first hyperpolarizability b(0;0,0), and second hyperpolarizability c(0;0,0,0) components and their isotropic values of MNC calculated at
x = 0.0 using the TDHF method.

Components (esu) 10�24 Components (esu) 10�30 Components (esu) 10�36

axx 47.9 bxxx 17.34 cxxxx 145.3
axy �0.33 byyy �0.47 cyyyy 1.27
ayy 26.6 bzzz �0.13 czzzz 0.16
axz 1.74 bx 51.9 cxxyy 10.3
ayz �0.64 by �14.0 cxxzz 0.18
azz 11.4 bz �2.3 cyyzz 0.13
‹a› (iso) 28.7 b-V 53.7 ‹c› (iso) 33.6
Da (aniso) 32.0 b-Vurea 1.3

Table 5
The frequency-dependent dipole polarizability a(�x;x) components and their
average values of MNC at three different frequencies.

Components x = 0.05695 a.u.
esu (10�24)

x = 0.05062 a.u.
esu (10�24)

x = 0.04282 a.u.
esu (10�24)

axx 50.38 49.83 49.26
axy �0.43 �0.40 �0.38
ayy 27.16 27.04 26.92
axz 1.79 1.786 1.77
ayz �0.67 �0.66 �0.65
azz 11.48 11.47 11.45
‹a› (iso) 29.67 29.45 29.21
Da (aniso) 34.06 33.58 33.09

Table 6
The frequency-dependent first-order hyperpolarizability b(�2x;x,x) components
and their b-vector values of MNC and urea molecule at three different frequencies.

Components x = 0.05695 a.u.
esu (10�30)

x = 0.05062 a.u.
esu (10�30)

x = 0.04282 a.u.
esu (10�30)

bxxx 35.62 29.69 24.91
byyy �4.78 �3.61 �2.68
bzzz �0.17 �0.16 �0.15
bx 98.25 82.73 70.11
by �29.91 �25.13 �21.27
bz �3.89 �3.41 �3.01
b-V 102.77 86.53 73.33
b-Vurea 1.38 1.36 1.33

Table 7
The frequency-dependent some of the second hyperpolarizability c(�3x;x,x,x)
components and their isotropic average values of MNC molecule at three different
frequencies.

Components x = 0.05695 a.u
esu (10�36)

x = 0.05062 a.u
esu (10�36)

x = 0.04282 a.u
esu (10�36)

cxxxx 3233 837 412
cyyyy 5.9 4.65 3.22
czzzz 0.23 0.19 0.19
cxxyy 139.8 41.96 23.53
cxxzz 1.08 0.83 0.53
cyyzz 0.23 0.2 0.17
‹c›(iso) 704.3 185.6 92.8
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dimensionality of the molecule, and the nature of the substituents.
Since MNC has the donor-acceptor p-conjugated bridge system,
the charge could transfer through the phenyl rings from the sub-
stituent groups, which is responsible for determining NLO proper-
ties. The phenyl rings mainly act as a bridge in presence of strong
donor-acceptor substituents and this is a reason for obtaining the
nonzero values of static and dynamic hyperpolarizabilities as
microscopic NLO responses. As we see from the Table 7, the mag-
nitude of the dynamic hyperpolarizability increases with increase
in the frequency. The orientationally averaged ‹c› value is larger
(7.0 � 10�34 esu) for x = 0.05695 (k = 800 nm), and is 1.85 �
10�34 esu for x = 0.05062 (k = 900 nm), and is lower
(0.93 � 10�34 esu) for x = 0.04282 (k = 1064 nm).

The experimentally and theoretically obtained second hyperpo-
larizabilities are found to be 2.9 � 10�31 esu & 0.7 � 10�33 esu,
respectively at x = 0.05695 (k = 800 nm), and 5.4 � 10�31 esu &
0.19 � 10�33 esu, respectively at x = 0.05062 (k = 900 nm). The
obtained results are comparatively good and agreed well. The
slight deviation in few orders of magnitude between the results
is because the experiment was carried out in the liquid phase using
the DMF solvent while the computational studies were performed
in the gaseous phase. Further, the experimental results not only
depend on the input laser frequency, but also depend on the con-
centration of the solution [23], the laser repetition rate, pulse
width [56], and the intensity of the beam used during the experi-
ment [57], whereas the computational NLO results are only depen-
dent on the given input frequency.

5. Conclusions

In summary, a combined experimental and theoretical linear
and frequency-dependent nonlinear optical properties of MNC
was studied. Nonlinear optical properties of MNC were investi-
gated by the determination of static and dynamic electric dipole
moments, polarizabilities, first and second-order hyperpolarizabil-
ities. The theoretical results of dynamic second hyperpolarizabili-
ties c(�3x;x,x,x) are significantly comparable with the
experimental molecular second hyperpolarizabilities (c) at two
laser frequencies (x = 0.05695 a.u. and x = 0.05062 a.u.). The
observed small HOMO–LUMO gaps revealed that MNC can be
easily polarized and exhibits considerable NLO properties. The title
chalcone display good optical limiting properties with femtosec-
ond laser pulses at 800 and 900 nm wavelengths and the limiting
threshold values were found to be 0.75 and 1.54 mJ/cm2, respec-
tively. The magnitudes of the NLO coefficients obtained in the pre-
sent work highlight the potential advantage of the title chalcone in
NLO applications.
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