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A B S T R A C T   

In this report, nonlinear optical crystal has both second-order and third-order nonlinear optical properties, and 
crystal is grown by using a slow solvent evaporation technique. The functional groups are identified through 
spectroscopic technique, and crystal structure is obtained from the refinement and analysis of the single crystal 
elucidated from single-crystal X-ray diffraction study. Furthermore, the study of linear absorbance has been 
carried out by using UV/VIS/NIR spectroscopic technique. The presence of defect states were analyzed through 
photoluminescence study. The electronic contribution parameters of the first order and second-order hyper
polarizability have been calculated from the theoretical approach at the DFT level. The second harmonic gen
eration efficiency (SHG) of (2E)-1-(3-chlorophenyl)-3-(4-nitrophenyl)prop-2-en-1-one (3CP4NP) has been 
calculated and compared with the standard material like KDP. Laser damage threshold studies has been per
formed at 532 nm. Even more, third-order nonlinear optical properties (nonlinear absorption and nonlinear 
refraction) of 3CP4NP have been carried out from simple and effective Z-scan technique using Q-switched Nd: 
YAG laser with 532 nm. The optical limiting properties, second-order hyperpolarizability and corresponding 
third-order nonlinear optical susceptibility of the crystal have been studied in the present investigation.   

1. Introduction 

During past three decades organic materials have received consid
erable attention by scientist and engineers due to their synthesis flexi
bility, ultrafast response, chemical stability and applicability in device 
performances [1,2]. The organic/inorganic materials are used in several 
research areas such as nonlinear optical field, electronic devices, 
advanced photonics technology, laser micro matching, and photoli
thography and so on [3–5]. Nowadays organic nonlinear optical(NLO) 
derivatives are gaining importance because one can tune optical prop
erty/parameter of the material at the molecular level by optimising 
charge transfer in the molecule [3]. Those who optimised materials 
exhibit high optical nonlinearity, and at the same time, organic mate
rials show electronic in origin, which exhibits ultrafast time response 
depends on the laser pulse width, repetition rate and input intensity [6, 
7]. Based on nonlinearity, the organic materials are attempted for many 
practical applications such as all-optical switching, optical limiting, 

optical communications, optical data storage, second harmonic gener
ation, electro-optics modulations and so on [8–13]. Among organic 
materials, chalcones are a type of flavonoids, which are abundant in 
edible plants. The name chalcone is defined as two aromatic rings 
attached with the enone group. The chalcones belong to 
cross-conjugated family, which exhibits high transparency nature, high 
laser resistance power and ultrafast response time [14–18]. The chal
cones have the advantage of being non-toxic, having low cost and easy 
fabrication. These materials are noteworthy because nonlinear optical 
absorption property is purely based on two-photon absorption (TPA) 
and suitable for many practical applications. The optical nonlinearity in 
this class of material may be due to different mechanical processes such 
as free carrier absorption, TPA, excited-state absorption (saturable and 
reverse saturable absorption). NLO properties are very sensitive to the 
intrinsic defects of the crystals. When the material interacts with high 
power laser or electron beam, which induce the formation of intrinsic 
defects that reduces the transparency of the material [19–21]. In the 
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present investigation, the Z-scan is performed with a low concentration 
of 3CP4NP in DMF solvent. The solution is completely transparent in the 
visible to near IR region. As a result, the effect of intrinsic defects in the 
material is insignificant. Many researchers have reported the third-order 
NLO study (Z-scan) of chalcone derivatives using a continuous laser 
beam of 532 nm [22–24]. According to literature, the continuous laser 
provides a nonlinear thermal effect, which is not suitable for practical 
applications. The contribution of nonlinearity should be electronic in 
origin [9,25]. In the present investigation, single beam Q-switched 
Nd-YAG laser with 532 nm and pulse width 7 ns has been used. In order 
to avoid thermal nonlinear effect, a low repetition rate (10Hz) is used 
[26]. 

Many researchers have been attempted to enhance the TPA coeffi
cient by substituting electron donor/electron acceptor to the aromatic 
ring, which is attached to the enone group. From the substituted donor 
electrons, charge transfer takes place to the carbonyl group, which 
creates a push-pull mechanism in the molecule. As a result, optical 
nonlinearity could be enhanced. In π-extended chalcone derivatives, the 
delocalized electrons in the molecule will lead to high TPA coefficient 
value [27]. Based on this idea, nitro substituted chalcone derivative 
materials are reported by S. Raghavendra et al. [28] 
[1-[4-(methylsulfanyl) phenyl]-3-(4-nitrophenyl) prop-2-en-1- one 
(4MPNP)] and S. R. Prabhu et al. [29] 
[(2E)-3-(3-methylphenyl)-1-(4-nitrophenyl)prop-2-en-1-one (3MPNP)], 
by considering benzaldehyde group as nitrophenyl with different ketone 
group substitutions. Both molecules have centrosymmetric crystal sys
tem (second harmonic generation (SHG) efficiency is zero) in fact, these 

crystals shows better third-order nonlinear response. In addition, 
Similar type of material [1-(5-bromothiophen-2-yl)-3-(4-nitro-phenyl) 
prop-2-en-1-one (BTNP)], which exhibits noncentrosymmetric crystal 
system with SHG efficiency is 4 times that of urea reported by Prabhu 
et al. [30]. The above molecular design motivated us to synthesize the 
molecule 3CP4NP by considering nitrophenyl as benzaldehyde group 
and chlorophenyl as ketone group. The molecular framework with 
strong acceptor (nitro) and strong donor (chloro) groups has modified 
the crystal system, which belongs to noncentrosymmetric class. As a 
result, 3CP4NP shows both second-order and third-order nonlinear 
response. The nitro and carbonyl groups in the molecule (3CP4NP) 
under study, act as acceptors (A), and chloro acts as donor (D) group, 
with a designed molecule having D- π-A- π-A type, which can enhance 
the thermal stability, laser damage threshold value and third-order 
nonlinear optical susceptibility. 

In the present investigation, nitro based chalcone derivative 
(3CP4NP) was synthesized, the structure and property were studied for 
the compound. No reports are available on the study of this molecule. 
From the theoretical approach, first-order and second-order hyper
polarizability, dipole moment and electronic polarizability were calcu
lated at density functional theory (DFT) level. The grown crystal is 
characterized by structural properties (FT-IR, and Single-crystal XRD), 
linear optical properties (UV/VIS/NIR and PL spectroscopy), thermal 
properties (DSC) and nonlinear optical (second-order and third-order) 
properties. The results reported in the present investigation could be 
useful for future laser-assisted applications. 
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4-nitrobenzaldehyde (2E)-1-(3-chlorophenyl)-3-(4-nitrophenyl)prop-2-en-1-one1-(3-chlorophenyl)ethan-1-one

Fig. 1. Synthesis scheme of 3CP4NP.  

Fig. 2. The FT-IR spectrum of 3CP4NP.  
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2. Experimental procedure 

2.1. Synthesis and single crystal growth 

The chalcone derivative was synthesized by Claisen Schmidt 
condensation reaction method, and required reagents were purchased 
commercially. The synthesis procedure (Fig. 1) was simple and cost- 
effective. The compounds of 4 nitrobenzaldehyde (10 mmol) and 
3chloroacetophenone (10 mmol), dissolved in methanol solvent, were 
taken in a round bottom flask. NaOH (10%) was added gradually while 
the solution was kept for constant stirring for 4 h at room temperature. 
The reaction progress and compound purity were monitored by thin- 
layer chromatography. 

Furthermore, the compound was added to ice-cold water and kept for 
10 h to settle down and precipitate. By using filtration, the product was 
collected and dried at room temperature for 48 h. The product obtained 
was purified by repeated recrystallisation in order to grow fine quality 
single crystals. Here, methanol and DMF (1:1) combination were used 
for the crystal growth process. Based on solubility, methanol and DMF 
combination solvent was chosen. The DMF solvent is a slowly evapo
rating solvent, and the compound is highly soluble in DMF. When DMF 
was mixed with methanol (1:1), the compound becomes moderately 
soluble in the mixture. The aforementioned procedure is used to prepare 
the compound in large quantity (10 gm). The product obtained was 
taken in 500 ml-beaker and required amount of solvents (methanol and 
DMF) were added to prepare a saturated solution. The saturated solution 
was filtered to the 250 ml-beaker to remove small impurities and 
covered with a perforated sheet. Further, the solution is kept at 35 �C 
under dust-free atmosphere. After three weeks, fine quality crystals were 
obtained from the solution. 

3. Results and discussions 

3.1. FT-IR spectral studies 

The peaks obtained in the spectra corresponding to the functional 
groups were assigned by using FT-IR spectroscopic technique. The 
spectrum was collected between 400 and 4000 ​ cm� 1 . The sample was 
prepared under solid-state method using KBr pellet technique and data 
obtained from the instrument of PerkinElmer FT-IR spectrometer. Fig. 2 

shows the FT-IR spectrum of the 3CP4NP compound and assigned 
functional groups are shown in Table 1. From Fig. 3, it is observed that, 
multiplicity band above 3000 ​ cm� 1 corresponds to the C–H stretching 
band as compared to aliphatic C–H vibrations. This behaviour is due to 
reduced negative charges in the carbon atom. The peak at 1661.9 ​ cm� 1 

corresponds to the C––O stretching vibrations. The intense peak in this 
region is attributed to π-π stacking between carbon and oxygen [31]. It is 
noteworthy that, C––O group is highly polar due to the double bond. 
Similarly, the appearance of the peak at 1597.9 ​ cm� 1 confirms that 
C––C is conjugated with the C––O group, as a result of which the chal
cone derivative of 3CP4NP is formed. The peak pertaining to symmetry 
stretching of NO2 group is obtained at 1351.1 ​ cm� 1. The in-plane 
bending vibration peaks appeared between 1500 and 1000 ​ cm� 1 

respectively. It is noted that the in-plane bending vibrations are over
lapping with aromatic C–C vibration mode. The wagging vibrations 
named as out-plane bending vibrations appeared below 1000 ​ cm� 1. 

3.2. Single-crystal XRD study 

A suitably grown crystal was subjected to X-ray diffraction in Rigaku 
XtaLAB Mini X-ray diffractometer with Mo-Kα radiation at 293(2) K with 
a wavelength of 0.71075 Å. The data were collected between theta 3.39�

and 27.46�, respectively. The following details were used in single- 
crystal XRD analysis: (1) the data is processed and corrected for the 
polarization effect by using - SAINT program [32], (2) the crystal 
structure of 3CP4NP was solved and refined by SHELXTL software [33, 
34] and (3) the direct method was applied to locate heavy atoms by 
using full matrix least square on F2. This technique is also used to map 
non-hydrogen atoms anisotropically. The isotropic atoms were posi
tioned geometrically by using riding model. The organic molecules with 
a better-refined R-factor are allowed up to 10% (R ¼ 0.0763 for 
3CP4NP). The unique reflection of 1975 with I > 2σ(I) is used for solving 
crystal structure and refinement. The molecular structure and its pack
ing diagram were drawn by using mercury software [35]. 

3CP4NP, the non-centrosymmetric crystal with a formula weight of 
C15H10O3NCl belongs to the P21space group, which corresponds to the 
monoclinic system. The unit cell parameters are given as a ¼ 6.048(9) Å, 

Table 1 
Assignment of functional group in FT-IR spectra.  

Wave Number (cm� 1) Assignments 

3110.2, 3071.7 Aromatic C–H stretching vibrations 
1661.9 C¼O stretching vibrations 
1597.9 C¼C stretching vibrations 
1531.6,1422.3 Aromatic stretching vibrations 
1351.1 Symmetry stretching of NO2 group 
1214.1, 1107.3 and 1046.3 In plane bending vibrations 
852.6 Aryl C–Cl stretching 
720.4, 680.03 and 547.2 Out plane bending vibrations  

Fig. 3. ORTEP diagram with 50% probability of 3CP4NP.  

Table 2 
X-ray crystallographic data and refinement factors of 3CP4NP.  

CCDC number 1894859 (3CP4NP) 
Molecular Formula C15 H10 O3 N Cl 
Formula Weight 287.69 
Temperature (K) 293(2) K 
Crystal size 0.24  mm � 0.26  mm � 0.30 mm 
Radiation type and wavelength Mo-Kα and 0.71075 Å 
Radiation source fine-focus sealed tube 
Device type Rigaku XtaLAB Mini X-ray diffractometer 
Unit cell dimensions (Å) and Cell angles (�)  
A 6.048(9) 
b 5.037(7) 
c 21.76(3) 
α 90 
β 95.865(17) 
γ  90 
Volume (V) 659.4(16) Å3 

Crystal structure, space group Monoclinic,P21  

Z 2 
Total reflection 2152 
Observed reflections (I > 2σ(I)) 1975 
Absorption co-efficient (μ) in (mm� 1) 0.295 
Density (g/cm3) 1.449 
h,k, l 7, � 6; 6, � 5; 28,� 18 
Parameters 181 
Goodness of fit 1.069 
wR2–all, wR2–obs. 0.2096,0.1999 
R–all, R–obs. 0.0809, 0.0763 
rρ(min, max)/e Å� 3  – 0.388, 0.389  
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b ¼ 5.037(7) Å and c ¼ 21.76(3) Å; α ¼ 90�, β ¼ 95.865(17)�, γ  ¼ 90�
and cell volume is 659.4(16) Å3 (Table 2). The high electron density due 
to the presence of electron donor groups makes the molecule highly 
polarized, as a result, the nonlinear optical property of the molecule gets 
enhanced. The bond length between C8¼C15(-CH––CH-) is 1.322(6)�A 
and this behaviour confirms that molecule belongs to E-configuration 
and bond length for 3CP4NP is in good agreement with those in litera
ture [29,36]. The dihedral angle between the aromatic ring of nitro
phenyl and chlorophenyl is found to be 3.51�. The small dihedral angle 
between the aromatic rings suggests that 3CP4NP has planarity. The 
mean plane angle from the enone group to nitrophenyl ring is about 
10.21�. Similarly, the value for the enone group to cholrophenyl ring is 
7.17�. The selection of nonlinear optical material based on their mo
lecular design leads to a significant contribution to nonlinear optical 
efficiency. Figs. 3–5 show the graphical representation of ORTEP dia
gram, zig-zag movement with parallel molecular packing viewed along 
a-axis and packing diagram of intermolecular interactions along a-axis 
of the molecule 3CP4NP. The intermolecular interaction between the 
molecules attributes to reasonably large complementarity of moderate 
molecular density in crystal packing. However, the delta-shaped 

molecules are efficient for second harmonic generation [37]. The 
C–H⋯O and C–H … π and π- π stacking interaction tackle the charge 
transfer process between the molecule and supramolecular domain. The 
formation of C–H⋯O and C–H … π bonds explains the ease of obtaining 
single crystal from the compound 3CP4NP [38]. The interaction of 
C2–H2⋯O1 was the reason for stabilizing the crystal packing. The other 
interaction group elements such as donor electron N4 and donor/
acceptor electrons O2 and O3 interact with the conjugated molecule, 
which attributes to the π- π stacking interactions. Fig. 6 shows the 
hydrogen bond interaction and details are enumerated in Table 3. The 
selected bond length, bond angles, and torsion angles are reported in 
Table 4. The crystal structure was deposited in the crystallographic data 
centre with the CCDC number: 1894859. 

Fig. 4. Parallel molecular packing view along a-axis of 3CP4NP.  

Fig. 5. Intermolecular interactions viewed along a-axis of 3CP4NP.  

Fig. 6. Hydrogen bond interactions of the molecule 3CP4NP viewed along 
b-axis. 

Table 3 
Intermolecular interaction of 3CP4NP.  

Interaction C–H (Å) H–O (Å) C–O (Å) C–H–O (deg) 

C2–H2 …. .O1 0.93(1) 2.537(2) 3.221(4) 130.6 
C3–H3 …. .O2 0.93(1) 2.490(2) 3.315(2) 147.9 

Symmetry: (1) x, y, z; (2) � x, 1/2 þ y, � z. 

Table 4 
Selected bond angle, torsion angle and bond length of 3CP4NP.  

Atom 
Number 

Bond 
Angle 
(�) 

Atom Number Torsion 
Angle (�) 

Atom 
Number 

Bond 
Length 
(Å) 

H8–C8–C10 116.7 C2–C0AA-C5-C3 0.5(6) O1 – C7 1.221 
(7) 

H8–C8–C15 116.7 C0AA-C2-C12- 
C10 

0.4(6) O2 – N4 1.237 
(5) 

Cl1–C9–C14 120.3 
(3) 

N4–C0AA-C2-C12 178.5(3) O3– N4 1.212 
(5) 

C3–C10–C8 118.6 
(3) 

C2–C0AA-N4-O2 � 4.2(5) C0AA- 
N4 

1.468 
(5) 

C3–C10–C12 119.3 
(4) 

C2–C0AA-N4-O3 176.1(4) C0AA- 
C5 

1.382 
(6) 

C8–C10–C12 122.1 
(3) 

C5–C0AA-N4-O2 177.3(3) C3– C10 1.403 
(5) 

C6–C13–C7 123.7 
(4) 

C5–C0AA-N4-O3 � 2.4(5) C7– C13 1.507 
(6) 

C6–C14–C13 119.1 
(4) 

C1–C6–C13–C7 175.7(4) C7– C15 1.476 
(6) 

C7–C13–C14 117.1 
(4) 

C1–C6–C13–C14 0.5(7) C8– H8 0.93 

C9–C14–C13 119.6 
(4) 

O1–C7–C13–C6 171.0(5) C8– C10 1.483 
(6) 

C7–C15–C8 121.5 
(4) 

O1–C7–C13–C14 � 5.3(6) C8– C15 1.322 
(6) 

C0AA-C5-C3 118.6 
(4) 

C15–C7–C13–C6 � 7.6(6) C15– 
H15 

0.931 

C0AA-C5-H5 120.7 C15–C7–C13–C14 176.1(4)   
C1–C6–C13 120.9 

(4) 
O1–C7–C15–C8 3.8(7)   

O1–C7–C13 119.3 
(4) 

O1–C7–C15–H15 � 176.1   

O1–C7–C15 121.4 
(4) 

C13–C7–C15–C8 177.6(4)   

C2– C0AA- 
N4 

118.9 
(3) 

C15–C8–C10–C3 173.8(4)   

C2– C0AA- C5 122.3 
(3) 

C15–C8–C10–C12 6.6(7)   

N4– C0AA- 
C5 

118.7 
(3) 

H8–C8–C15–H15 � 177.4   

H3–C3–C10 119.6 C10–C8–C15–C7 177.4(4)   
C5–C3–C10 120.7 

(4) 
Cl1–C9–C11–C1 179.4(4)   

O2–N4–O3 123.6 
(3) 

Cl1–C9–C14–C13 179.6(3)   

O2–N4–C0AA 117.3 
(3) 

C11–C9–C14–C13 0.7(7)   

O3–N4–C0AA 119.1 
(3) 

C8–C10–C12–C2 178.6(4)    
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3.3. Linear optical properties 

The UV-VIS-NIR spectrum of the material was recorded from SHI
MADZU UV-1800 spectrometer in order to get the information about the 
types of electronic transition, localized states, and electronic band 
structures. The spectra was collected between 190 and 1100 nm in so
lution form, and DMF solvent was chosen. Fig. 7 shows a prominent 
absorption characteristic behaviour for 3CP4NP in DMF solvent. The 
maximum absorbance is found to be 321 nm, which corresponds to the 
transition of π- π* or n- π* from the unsaturated carbonyl group [39]. The 
entire transparency was found in the VIS and NIR region with a cut-off 
wavelength of 369 nm. The entire transparency behaviour in the visible 
and near-IR region shows that material is efficient for NLO device 
applications. 

3.4. Photoluminescence (PL) studies 

PL spectrum was taken from the spectrometer FluoroMax-4CP be
tween 380 nm and 700 nm. The defect states were identified by using a 
nondestructive technique, and PL emission spectra were collected with 
an excitation wavelength of 360 nm. The defects states were observed in 
the visible region and the corresponding wavelengths are given as 

438 nm, 465 nm and 691 nm. Fig. 8 shows, the major sharp peak cor
responding to the defect states in the violet region at 438 nm and 
another small peak in the blue region at 465 nm corresponding to defects 
states for blue light emission property. The several transitions were 
involved in the widespread behaviour between 404 nm and 500 nm. 
This widespread behaviour in the material is due to the contribution of 
electron donor/electron acceptor groups in the aromatic ring, which 
leads to charge transfer between the aromatic rings [40,41]. The pres
ence of another defect state at 691 nm, is attributed to corresponding 
light (red) emission property. 

3.5. Thermal studies 

The thermal property has been analyzed by using a differential 
scanning calorimeter (DSC) technique in order to know the melting 
point (M.P.) of the material. The sample of 5 mg was taken in a crucible 
and temperature is varied between 25 and 300�C under nitrogen at
mosphere at 10�C/min. The spectrum is collected by using SHIMADZU 
DSC-60 plus. Fig. 9 shows the spectra of the DSC plot, by measuring heat 
flow with respect to temperature. The first endothermic peak corre
sponding to the melting point of 3CP4NP, is obtained in the vicinity of 
165�C. There is no phase transition below this temperature and the 
material has good crystallite behaviour and purity. It is noteworthy that, 
the presence of the nitro group in the molecule makes the crystal ther
mally stable; moreover, the result was compared with that of other 
chalcone derivatives. The p-nitro substituted chalcone derivatives have 
shown higher melting point [29,30]. The other group elements such as 
methoxy, methyl sulfanyl and thiophene substituted chalcone de
rivatives show low melting point as compared to nitro substituted 
chalcone derivatives [42–46] as shown in Table 5. The thermally stable 
organic materials (M.P. above 150�C) are more suitable for device 
applications. 

Fig. 7. UV/VIS/NIR spectrum of 3CP4NP.  

Fig. 8. PL spectrum of 3CP4NP.  

Fig. 9. DSC plot of 3CP4NP.  

Table 5 
DSC data of some organic NLO materials.  

Crystal Melting Point (�C)  

(2E)-1-(3-chlorophenyl)-3-(4-nitrophenyl)prop-2-en-1-one 165 [present 
study] 

1-(5-bromothiophen-2-yl)-3-(4-nitro- phenyl)prop-2-en-1-one 201.8 [30] 
(2E)-3-(3-methylphenyl)-1-(4-nitrophenyl)prop-2-en-1-one 122 [29] 
1-(3, 4-dimethylphenyl)-3-[4(methylsulfa-nyl) phenyl] prop-2- 

en-1-one (4DPMS) 
106 [42] 

3-(4-fluorophenyl)-1-(4-methoxyphenyl)-prop-2-en-1-one) 118 [43] 
3-(3-fluorophenyl)-1-[4-(methylsulfanyl) phenyl] prop-2-en-1- 

one (FMP) 
96 [44] 

4-[(1E)-3-(5-chlorothiophen-2-yl)-3-oxoprop-1-en-1-yl] 
phenyl4-methylbenzene-1-sulfonate 

115 [45]  
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3.6. Electronic contributions: NLO activity 

To understand the structure-property relation of the material, the 
theoretical calculation is necessary. The theoretical calculation is done 
by quantum chemistry program. The calculation of 3CP4NP was per
formed by using Gaussian09 package software [46] (B3LYP/6-311þþG 
(d.p)) [47,48] at DFT level. The nonlinear parameters were calculated 
by using finite field method. The electronic structure parameters such as 
dipole moment (μÞ, anisotropic polarizability (ΔαÞ and hyper
polarizability parameters (first order (βÞ and second-orderðγÞ) expressed 
in terms of Taylor expansion is given by, 

E¼E0 �
X

i
μiF

i �
1
2
X

ij
αij FiFj �

1
6
X

ijk
βijkFiFjFk �

1
24
X

ijkl
γijkl FiFjFkFl

þ… 

The total dipole moment (μtotÞ, anisotropy of polarizability (ΔαÞ, first 
order hyperpolarizability ðβÞ and second order hyperpolarizabilityðγÞ
were calculated from the following relations, 

μtot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2

x þ μ2
y þ μ2

z

q

Δα¼ 1
ffiffiffi
2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
αxx � αyy

�2
þ
�
αyy � αzz

�2
þ ðαzz � αxxÞ

2
þ 6α2

xy þ 6α2
yz þ 6α2

zx

q

βele¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�
βxxx þ βxyy þ βxzz

�2
þ
�
βyyy þ βyzz þ βyxx

�2
þ
�
βzzz þ βzxx þ βzyy

�2
q

γele¼
1
5
�
γxxxx þ γyyyyþ γzzzz þ 2

�
γxxyyþ γxxzz þ γyyzz

��

where μtot ​ represented in terms of Debye, polarizability (α and ΔαÞ in 
10� 24esu and hyperpolarizability parameters corresponding to first 
order and second order are in 10� 30esu and 10� 40esu respectively. 

The first order hyperpolarizability parameters were expressed in 
terms of third rank tensor matrix 3 � 3 � 3, respectively. Based on 
Kleinman symmetry relations [49], the components were reduced to 10 
from 27. Table 6 shows all the electronic contribution parameters of the 
3CP4NP molecule. From the calculation, it is noted that z-component 
corresponding to the dipole moment μz ¼ 2:98 Debye has large value 
then x and y components and total dipole moment was obtained as μ ¼
3:59 ​ Debye. In electronic components, the dipole moment and polar
izability parameters are inter-dependent therefore, the values of average 
polarizability and anisotropic polarizability were found to be 35.81�
10� 24esu and 52.84�10� 24esu respectively. The maximum polarizability 
is in the y-direction ðαyy ¼ 39:42�10� 24esuÞ due to delocalization of 
electron. The first order hyperpolarizability for 3CP4NP is 
about 18:65 ​ � 10� 30esu, which is almost 48.3 times that of urea 
(3.728 � 10� 31 esuÞ[50]. The βzzz exhibits high value (βzzz ¼ � 6:52 ​ �

10� 30esuÞ, compared with other two components. Therefore, the charge 
transfer takes place through a π-conjugation bridge along z-direction. 
This process is involved by intermolecular charge transfer. Furthermore, 
the third-order nonlinear optical properties were expressed by electronic 
contribution of second-order hyperpolarizabilityðγeleÞ. The total value of 
γele was found to be � 27:32� 10� 40esu. However, the value of γ is 
negative due to self-defocusing effect, based on the theory of third-order 
nonlinearity. It is noteworthy that, negative γ materials exhibit 
extraordinary performance in system controlling and show large amount 
of responsiveness by small variation in molecular structure [51]. 

3.7. Laser damage threshold (LDT) study 

In the present study, surface damage threshold experiment is per
formed to confirm the withstand capability of the crystal with high 
power laser. Here we consider, flat and polished surface crystal (thick
ness 1.2 mm) mounted on a holder and focused with an Nd:YAG laser 
beam of 532 nm (pulse width and repetition rate are 6 ns and 10Hz 
respectively). The output intensity is controlled by filters and sample is 
placed at the focal point of a converging lens (focal length ¼ 4 cm). 
Furthermore, the energy parameter is varied until the crystal surface 
gets damaged. The surface damage value is calculated by using energy 
(1.6 mJ) parameter and represented in terms of power density ðPdÞ and 
is given by, 

ðPdÞ¼
E

τπr2 GW
�

cm2  

where, r is the beam spot size ¼ 3.4 mm and τ is the laser pulse width. 
The LDT value of 3CP4NP is found to be 7:34 GW=cm2. 

3.8. Nonlinear optical properties 

3.8.1. Second-harmonic generation studies 
The grown crystal of 3CP4NP was taken in powder form for SHG 

measurement by using Kurtz and Perry technique [52]. The homogenous 
particles of 3CP4NP crystal were filled in the capillary tube. The laser 
beam of 1064 nm was focused on the sample with a pulse width of 10 ns 
and energy 1.2 mJ/pulse. The fundamental beam was focused through 
the lens on to the sample and output intensity was filtered to remove 
fundamental beam using IR filters. 

Furthermore, the SHG signal was collected by using Hamamatsu-R 
2059 photomultiplier tube detector and were converted into an elec
tric signal and fed to Tektronix-TDS 3052B oscilloscope. The uniform 
powder crystalline samples with particle size of 130–160μm has been 
taken for both 3CP4NP and KDP crystal. Under the same condition, the 
amplitude signal voltage for KDP was measured and found to be 22 mV. 
Similarly, for 3CP4NP, the amplitude signal was about 4 mV. From the 
result, SHG efficiency for 3CP4NP 0.2 times less than that of KDP crystal. 
The molecular orientation and effective charge transfer at a particular 
axis was the main reason for low SHG efficiency [37]. In order to 
enhance SHG efficiency, the donor electron (chloro) must be chosen in a 
para position instead of meta position. Despite that, in the selection of 
nonlinear optical materials for SHG applications, care must be taken in 
terms of molecular orientations. 

3.8.2. Third-order nonlinear optical studies 
The nonlinear absorption, sign and magnitude of the nonlinear 

refractive index were assessed by using open/closed aperture Z-scan 
technique developed by Sheik-Bahae [53,54]. This technique gained 
rapid acceptance in the field of nonlinear optics due to its simplicity and 
as a standard technique. An Nd:YAG laser source operated at 532 nm 
(pulse width of 7 ns and repetition rate of 10 Hz) was focused using lens 
of focal length of 200 mm into the cuvette containing solution. The 
probing beam in the Z-scan measurements is a Gaussian with TEM00 
fundamental mode. The laser beam is focused through a lens and aligned 

Table 6 
Electronic contribution parameters of 3CP4NP.  

Electronic 
contribution 
parameters 

3CP4NP Electronic 
contribution 
parameters 

3CP4NP Electronic 
contribution 
parameters 

3CP4NP 

μ  3.59 α  35.81 βyzz  6.43 
μx  � 1.35 Δα  52.84 βzzz  � 6.52 
μy  � 1.47 βxxx  � 0.88 βtot  18.65 
μz  2.98 βxxy  1.03 γxxxx  � 122.5 
αxx  30.04 βxyy  � 1.44 γyyyy  77.00 
αyy  39.42 βyyy  5.60 γzzzz  45.54 
αzz  37.98 βxxz  � 0.85 γxxyy  � 73.52 
αxy  � 8.89 βxyz  0.57 γxxzz  1.83 
αxz  0.76 βyyz  � 5.73 γyyzz  3.38 
αyz  � 20.96 βxzz  � 0.07 γtot  � 27.32  
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in the straight line as a result beam follows Gaussian intensity distri
bution. As the beam focused with a focal point (Z ¼ 0) then maximum 
intensity is obtained. 

Moreover, the NLO properties are intensity-dependent and perfect 
Gaussian beam profile will provide significant result in third-order NLO 
properties. The range that nonlinearity change in the material depends 
on the Rayleigh range, which in turn depends on beam diameter at the 
entrance of the focusing lens and incident wavelength. For 3CP4NP, 
Rayleigh range is calculated to be 2.8 mm, which is greater than the 
thickness of the sample. 

The laser beam is focused onto the quartz cuvette of 1 mm thickness 
and photodetector is placed in the far-field to collect the transmitted 
intensity obtained from the sample. The pulse train signal data were 
acquired from the attached computer. The laser beam waist of the radius 
(ω0) is 21.8 μm. The nonlinear absorption (saturable or reverse saturable 
absorption) behaviour in the material depends on the pulse width and 
laser excitation wavelength. The nonlinear process involved by many 
absorption mechanisms such as two-photon absorption (TPA), free 
carrier absorption (FCA), excited-state absorption so on. 

In open aperture Z-scan, the intensity is collected from the detector 
with translating movement from þZ to –Z position and the nonlinear 
absorption coefficient are calculated at the focus (Z ¼ 0). In order to 

confirm the mechanism, TPA model is applied and is shown in Fig. 10. 
The theoretical model fits with the experimental data, which confirm 
that nonlinearity is associated with two-photon absorption. The 
Gaussian pulse with an incident Gaussian spatial profile is applied for 
on-axis sample position. The two-photon model is applied to on scale 
nonlinear transmittance data 

TðzÞ¼ 1 �
1

2
ffiffiffi
2
p βIoLeff

1
1þ z2

z2
0  

where Leff is the effective length (thickness), Io is the intensity at Z ¼ 0 

position and Z0 ¼
πω2

0
λ ​ . 

The value of nonlinear absorption coefficient was calculated from 
the two-photon model fit, and the value of β was found to be 6.37 cm/ 
GW at Io ¼ 1.81 GW/cm2. 

Fig. 11 shows, optical limiting (OL) behaviour of 3CP4NP sample, 
and data were extracted from the open aperture Z-scan results. The 
behaviour of OL shows the reverse saturable absorption and the curve is 
saturated up to a certain point, which is identified as the threshold point. 
The limiting threshold value of 3CP4NP is found to be 0.59 GW/cm2. 

The nonlinear refractive index is calculated from the closed aperture 
Z-scan technique. The behaviour of valley-peak shows the positive 
refractive index, as shown in Fig. 12. The nonlinear refractive index is 
calculated by, 

n2ðesuÞ¼
�

cn0=40π
�

γ
�

m2�
W

�

where γ is the nonlinear refraction coefficient (γ ¼ Δφ0λ
2πLeff I0 ¼ 1:553 �

10� 17 ​ m2�
W

�

The normalised transmittance equation for closed aperture is given 
by, 

TðZÞ¼ 1 �
4XΔφ0�

X2 þ 9
� �

X2 þ 1
�

where, Δφ0is the nonlinear phase shift (Δφ0 ¼
ΔTP� V

0:406ð1� SÞ0:25 with S ¼ 50%). 

The second-order molecular hyperpolarizability (γhÞ and third order 
nonlinear susceptibility were calculated from the following relations, 

γh¼
χð3Þ

NcL4 

Fig. 10. Open aperture Z-scan data with 2 PA model of 3CP4NP.  

Fig. 11. Optical limiting curve of 3CP4NP.  

Fig. 12. Closed/open aperture Z-scan data of 3CP4NP.  
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χð3Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðReðχð3ÞÞ2 þ
�
Im
�
χð3Þ
��2

q

The real part of third-order nonlinear susceptibility depends on 
nonlinear refractive index value whereas, the imaginary part based on 
nonlinear absorption coefficient parameter. Similarly, the value of 
second-order hyperpolarizability affects χð3Þ because, delocalization of 
π-electron makes the charge distribution in the aromatic ring, as a 
result,γh has been enhanced to a higher value. The value of second-order 
molecular hyperpolarizability is found to be 3:82� 10� 30esu and the 
value of third-order nonlinear susceptibility is 0:874� 10� 11esu. All the 
third-order nonlinear properties were compared and reported in 
Table .7. The nonlinear absorption coefficient of present sample is 
reasonably larger than other chalcone derivatives and Terphenyl de
rivatives [55–57,58]. Similarly, third-order susceptibility is found to be 
two order higher than Terphenyl and methoxy based chalcone de
rivatives and comparable with other chalcone, dyes and Charge transfer 
complexes derivative materials [55–61]. The 3CP4NP shows better op
tical limiting response; hence, the nitro substituted chalcone derivative 
could be used for optical limiting application. 

4. Conclusion 

In the present contribution, nitro based chalcone derivative single 
crystal, grown by solvent evaporation technique is reported. The 
3CP4NP belongs to noncentrosymmetric crystal system with P21 space 
group. The weak C–H⋯O interaction was the reason for crystal packing 
stability in the title compound. From UV-VIS-NIR study, the maximum 
absorbance was found to be 321 nm. Photoluminescence study reveals 
that, major defect states were obtained in the violet and blue region due 
to charge transfer effect. The presence of the nitro group in the molecule 
makes the crystal thermally stable up to 165 �C. From the theoretical 
calculation, the maximum polarizability is along y- 
directionðαyy ¼ 39:42�10� 24esuÞ and first-order hyperpolarizability 
value is 48.3 times that of urea. Experimental result shows, SHG in
tensity value is very much smaller than that of KDP crystal. The low SHG 
efficiency is due to the charge transfer taking place at particular di
rections. The third-order nonlinear optical study proves that nonlinear 
response was improved with the substitution of nitro as an acceptor 
group and LDT value of 3CP4NP is found to be 7:34 GW=cm2. Further
more, optical limiting value and χð3Þ is found to be 0.59 GW/cm2 

and 8:74� 10� 12esu. By suitable optimization, this chalcone material 
can be used for nonlinear optical applications. 
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