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Abstract

The curcumin analogues (Cur-MeS and Cur-MeO) are synthesized using the

3-chloroacetyl acetone and aromatic aldehydes reaction. Both compounds are

characterized using FTIR, LC-MS, 1H NMR, and 13C NMR spectroscopies. The

geometric optimization and thermodynamic properties of the two compounds

are carried out theoretically using DFT. The highest HOMO, lowest LUMO,

and Mullikan atom charges of the two compounds are calculated using the

B3LYP and CAM-B3LYP methods which are hybrid functionals with a

6-311+G(2d,p) as the basis set. The nonlinear optical (NLO) properties of both

compounds are studied using the spatial self-phase modulation (SSPM)

through the diffraction ring patterns (DRPs) and the Z-scan techniques, using

a continuous wave (cw) low power 473 nm laser beam. The index of nonlinear

refraction (INR) of both compounds is calculated by the two techniques. The

all-optical switching property of both samples is tested using two visible cw

laser beams.
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1 | INTRODUCTION

During the last three decades, there has been great needs
for materials with high optical nonlinearities and fast
response times which can be used with low power laser
beams,[1–10] in variety of applications such as
optical switching,[11,12] imaging processing,[13] data
storage,[14–17] phase conjugation,[18] and optical
limiting.[19–25]

When a laser beam with fundamental, TEM00, trans-
verse mode and continuous wave (cw) traverses a mate-
rial, an intensity-dependent refraction index can be
observed in the medium. The refraction index change of
a medium can be determined via the spatial self-phase
modulation (SSPM) due to the intensity-dependent

refractive index that has been observed since 1967 in so
many materials in the shape of diffraction ring patterns
(DRPs) and the Z-scan techniques. Owing to the first
technique, the total refractive index change and the index
of nonlinear refraction (INR) of the medium can be
determined using the total number of rings. The Z-scan is
an effective and simple technique that was pioneered by
Sheik-Bahae et al.,[26] usually used to determine the INR
and absorption nonlinear coefficient (ANC), the sign of
the INR, real and imaginary parts of the nonlinear sus-
ceptibility, and so on. In the Z-scan, self-focusing (SF) or
self-defocusing (SDF) leads to a valley succeeded by a
peak or a peak succeeded by a valley respectively in the
relations between the normalized transmittance of the
laser beam versus the sample cell position Z-scan.
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The curcumin compounds and their isomers called
diferuloylmethane are extracted from turmeric
(Curcuma longa Linn).[27–29] Because it is not harmful,
diferuloylmethane is used to treat wide variety of
human diseases. With its unique properties, they can
be used in biological and pharmacological functions,[30]

including antioxidant,[31–34] anti-inflammatory,[35] and
anti-cancer,[36–42] as well as natural yellow food pig-
ment (commercial code E100).[43] Curcumin is an
unsaturated hydrophobic structure of β-diketone that
exhibits keto-enol form in aqueous solutions and
organic solvents like ethanol.[44,45] FTIR spectroscopy
has been employed to determine the change of the
keto-enol equilibrium towards the enol form in
tautomers,[46] fluorescence,[47–49] and 1H NMR.[50]

These techniques have revealed that the enol form is
the main tautomer as a crystal structure, which has
been confirmed by several computational studies.[51–58]

Our continuous search for curcumin and its com-
pounds is due to the functional value of these biomole-
cules in pharmaceutical, medicinal, biophysical, and
bioorganic chemistry with pronounced physiological
activities.[33,36,59] Curcumin was studied in a number of
scientific applications.[60–62] We have been engaged in
the period 2018–2020 in the study and improve the
nonlinear properties of bisdemethoxycurcumin,[63] cur-
cumin, dimethoxycurcumin, chlorocurcumin,[64] alpha-
methyl curcumin: PMMA film using gamma
radiation,[65] and two dihydropyridones derived from
curcumin.[66]

The main objective of the current study is to find
new materials, such as curcumin compounds, as far as
we know, its nonlinear optical (NLO) properties have
not been studied previously, that has high NLO proper-
ties, for the purpose of using it in photonic applications
such as the optical limiter, optical switch, and others.
To achieve this purpose, two curcumin analogues, Cur-
MeS and Cur-MeO, were synthesized via the reaction of
the 3-chloroacetyl acetone and appropriate aldehydes.
The two compounds were characterized via FTIR, mass,
1H NMR, and 13C NMR spectroscopies. The electronic
structural and thermodynamic properties of the two
compounds were theoretically investigated. The INR of
the prepared two compounds was determined via the
SSPM and Z-scan techniques using cw, single TEM00

mode, low power, and visible 473 nm laser beam. The
DRPs dependent on the input power, on the type of the
laser beam wavefront together with their temporal
behavior, were studied. The all-optical switching prop-
erty for these two compounds was tested and proved to
occur using laser beams of wavelengths 473 and
532 nm.

2 | EXPERIMENTAL

2.1 | Instrumentation

The starting reagents, materials, and solvents were sup-
plied by Fluka, Merck, Sigma, and Fischer. IR spectra
were recorded using Shimadzu FTIR (affinity-1) in the
range of 4000–400 cm�1. 1H NMR and 13C NMR spectra
were determined using Brucker 500 spectrometer and tet-
ramethylsilane (TMS) as an internal standard and
DMSO-d6 as solvents. Chemical shifts (δ) were evaluated
in ppm and coupling constants in Hz. Mass spectra were
scanned using the EI technique at 70 eV on Agilent 5975
C spectrometer and electrospray ionization (ESI) using
(SynaptG2 MS water) at 3–5 eV. Electron spectra were
measured using a T80+ PG instrument in ethanol using
a quartz (0.1 cm) cell.

2.2 | The general method for the
synthesis of curcuminoids (Cur-MeS and
Cur-MeO)

In the reaction flask, chloroacetyl acetone (6 g,
0.046 mol) and boric oxide (3.09 g, 0.0438 mol) were
mixed in dry dimethylacetamide (50 ml) for 1 h. To this
content, the necessary aldehyde (0.39 mol) and trimethyl
borate 9.69 g (0.93 mol) dissolved in dimethylacetamide
(75 ml) were added in a water bath (80�C). The reaction
mixture was stirred for 10 min; then, a solution of n-
butylamine (1.5 ml, 0.018 mol) in DMA was added drop-
wise over 1 h, and the mixture was stirred for another
3 h. After leaving the mixture overnight, 120 ml of 5%
glacial acetic acid was added and the mixture was stirred
for 1 h at 80�C. After the completion of the reaction, cool-
ing and filtration of the mixture were performed.

2.2.1 | [(1E,6E)-4-Chloro-1,7-bis
(4-(methylthio)phenyl)hepta-1,6-diene-
3,5-dione] (Cur-MeS)

Isolated as orange crystals, recrystallized from ethanol,
yield: 43%, M.p.: 185�C to 187�C. 1H NMR (DMSO, δ
ppm): 2.53 (6H, s, SCH3), 7.32 (2H, d, J = 5, olefinic pro-
tons), 7.40 (4H, d, J = 15, Ar–H), 7.68 (4H, d, J = 5, Ar–
H), 7.73 (2H, d, J = 10, olefinic protons). 13C NMR
(DMSO, ppm) 14.7, 110.0, 125.7, 126.1, 129.4, 131.6,
142.2, 142.5, 188.7. IR (υ, cm�1): 3022, 2974, 1612, 1587,
1562, 1492, 1408, 1379, 1369, 1325, 1184, 1093, 970, 812.
MS-EI (70 eV, m/z); 402 [M], 368, 339, 312, 225, 272, 242,
177 [base peak], 146, 137, 116, 110, 89, 67, 43.
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2.2.2 | [(1E,6E)-4-Chloro-1,7-bis
(4-methoxyphenyl)hepta-1,6-diene-3,5-dione]
(Cur-MeO)

This compound was synthesized based on the procedure
described elsewhere.[36]

2.3 | Theoretical calculations

The molecular properties and theoretical calculations of
the synthesized compounds (Cur-MeS and Cur-MeO)
were investigated via density functional theory (DFT)
using the B3LYP method. The geometrical optimizations
for the synthesized compounds were performed using
DFT/B3LYP 6-311+G(2d,p), and DFT/CAM-B3LYP
6-311+G(2d,p) basis set was used to calculate the
optimized data.

2.4 | Experimental setups

A solid-state laser device emitting 0–66 mW, cw, at
473 nm laser beam was used as the irradiation source of
light in the generation of DRPs. The laser beam of radius
of 1.5 mm was focused on the sample glass cells of thick-
ness 0.1 cm using a glass double convergent lens of 50 mm
focal length where the radius of the beam at the entrance
of the sample cell was 19.235 μm. The DRPs due to the
SSPM were observed on a semitransparent 30 � 30 cm
screen, a distance 85 cm from the sample cell exit plane.
The images of DRPs were recorded by a digital camera.

The Z-scan experiments were performed using the
same setup used in obtaining DRPs with the following
modifications. The sample cell was fixed on a translation
stage for the sake of translation between (�z) and (+z)
passing through the lens focal point (z = 0) along the
propagation direction. The laser beam transmittances
were measured through an aperture of 2 mm diameter
covering the power meter, that is, the closed aperture
(CA) Z-scan. The open aperture (OA) Z-scan experiments
were carried out by collecting the entire transmitted laser
beam power via replacing of the aperture with another
convergent double glass lens.

The all-optical switching experiments were conducted
using two laser beams, namely, 473 and 532 nm, via the
cross-passing technique horizontally.[67] Both laser beams
have variable powers (0–66 and 0–50 mW, respectively)
and the same properties. A 60 � 60 cm semitransparent
screen was used to cast the DRPs due to the two laser
beams and two positive glass lenses of focal length of
20 cm for the sake of focusing the two beams onto the
sample cell.

3 | RESULTS AND DISCUSSION

3.1 | Experimental results

Curcumin analogues (Cur-MeS and Cur-MeO) were syn-
thesized from the condensation of 3-chloroacetyl acetone
with the appropriate aldehyde (Figure 1). The proposed
structures have been confirmed by using spectroscopic
techniques; both compounds showed satisfactory spectro-
scopic analyses for the proposed structures. And this
section represents a description of the spectroscopic data
of the synthesized compounds.

3.1.1 | IR spectra

The IR spectra of the synthesized compounds showed
that the functional group bands were in the expected
regions. All IR spectra showed weak bands in the ranges
(3022–3011) and (2974–2895) cm�1, which are attributed
to aromatic C H and aliphatic C H, respectively. Strong
bands were obtained for the stretching vibration of the
C O, C C, and C O groups at (1615–1612), (1592–
1587), and (1255) cm�1, respectively, for Cur-MeO.
Figure S1 shows the IR spectrum of Cur-MeS.

3.1.2 | Mass spectrum of compound Cur-
MeS

The mass spectrum was employed to determine the
molecular ion and the base peak. The peak intensity pro-
vides information on the stability of the fragment. The
mass spectrum of the synthesized Cur-MeS compound
(Figure S2) showed the molecular ion (M+) and the main
direction of fragmentation that resulted from breaking
the bond of the chelating group between the methylene
and carbonyl group. Other fragments were obtained by
cleaving the bonds at different positions and forming
other bonds (Figure S3).[68]

3.1.3 | 1H NMR and 13C NMR spectra

The 1H NMR spectral data of curcumin analogues syn-
thesized in DMSO-d6 at 25�C confirm the proposed struc-
ture. The spectrum of the compound Cur-MeO displayed
a singlet signal at δ 3.83 ppm, which is attributed to the
protons of the methoxy group, two doublet signals from
olefinic protons at δ 6.98 ppm, δ 7.74 ppm, and two dou-
blet signals at 7.31 and 7.65 ppm attributed to aromatic
protons. Furthermore, the spectrum of the Cur-MeS com-
pound (Figure S4a) displayed three signal groups and
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aromatic and olefinic protons appearing in the same
range of 7.32–7.73 ppm, while MeS proton appeared at δ
2.53 ppm.

The 13C NMR spectra of both compounds exhibited
carbon signals from the carbonyl group (C O) within
(180.4–188.7) ppm. Also, the spectra displayed signals
within (143–110) ppm attributed to aromatic and olefinic
carbon; the MeO carbon signal was obtained at 56.6 ppm,
while the MeS carbon signal was obtained at 14.7 ppm
(Figure S4b).

3.1.4 | Computational results

The B3LYP and CAM-B3LYP methods were used to do
all theoretical computations via the 6-311+G(2d,p) basis
set. Figure 2 shows the optimized structures and atomic
labeling of both compounds. As a nonplanar construc-
tion, the image shows the geometrical optimization
yields. B3LYP/6-311+G(2d,p) and CAM-B3LYP/6-311+G
(2d,p) basis sets were also used to calculate the
optimized data.

3.1.5 | Electronic properties and quantum
chemical descriptors (QCDs)

Plots of the border molecular orbitals for the compounds
produced demonstrate the energetic character of the
chemical (Figure 3). In the structure, the LUMO was pre-
dominantly localized on the benzene ring, oxygen, and
sulfur atom, and the HOMO was localized in the struc-
ture. This shows that the frontier molecular orbital is
vital in hydrophobic interactions and p–p stacking, thus,
leading to good interaction between the compounds and
residue receptor chains. Small energy gaps were found
for the compounds Cur-MeS and Cur-MeO. This revealed
that the synthesized compounds have high reactivity and
polarizability. The parameter values are listed in Tables 1
and 2.

From the mentioned facts about the importance of
NLO properties in previous studies of curcumin and
their analogues,[69–75] we have studied the NLO proper-
ties of curcumin analogues (Cur-MeS and Cur-MeO).
The investigations of NLO characteristics on a
theoretical-level DFT/B3LYP and DFT/CAM-B3LYP

FIGURE 1 Synthetic routes of

curcumin analogues

FIGURE 2 The optimized

structures of synthesized

compounds (Cur-MeS and Cur-

MeO) within a number of atoms
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methods with 6-311+G(2d,p) basis set have been used
to generate several QCDs to investigate the NLO proper-
ties. Increases in EHOMO, softness means (S), and optical
softness (So) indicate that NLO qualities are growing.
The NLO characteristics increase as ELUMO, energy gap,
ionization potential IE, and hardness decreases. The
EHOMO, S, and So values of the synthesized compounds,
Cur-MeS and Cur-MeO, were greater, whereas the
ELUMO, Egap, and ionization potential IE were lower,
indicating that they have better NLO characteristics.[76]

Table 2 shows an overview of the results. In the compu-
tational study of curcumin dye[75] within level
DFT/B3LYP 631-G+(d,p). The values of HOMO energy
and LUMO energy were �5.72 and �2.51 eV, respec-
tively. A lower HOMO–LUMO energy gap (�3.21 eV).
The quantitative chemical descriptors were calculated
(Table 2); the results show the closeness of the values
between curcumin dye and synthesized analogues (Cur-
MeO and Cur-MeS). Also indicating that they have
NLO characteristics like curcumin dye.

FIGURE 3 The compositions of

atomic orbital of the frontier molecular

orbital for the synthesized compounds

Cur-MeS and Cur-MeO. (A) Using

DFT/B3LY 6-311+G(2d,p). (B) Using

DFT/CAM-B3LYP 6-311+G(2d,p)
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CAM-B3LYP was used to calculate the ground-state
and excited-state geometries utilizing 6-311+G(2d,p)
basis sets. The smaller HOMO–LUMO energy gap (4.504
and 4.336 eV) for Cur-MeS and Cur-MeO, respectively,
shows the molecule's chemical activity and explains how
charge–transfer interaction occurs. QCDs were deter-
mined (Table 2). They exhibit NLO features, according to
the results.

3.1.6 | Mulliken population analysis

Mulliken atomic charge calculations are important when
applying quantum chemical calculations to molecular
systems because atomic charges affect the features such
as dipole moment and molecular polarization. Figure 4
represents the atomic charges of the compounds (Cur-
MeS and Cur-MeO) that were produced using the Mulli-
ken population. All hydrogen atoms were shown to pos-
sess positive charges. Furthermore, the Mulliken atomic

charges confirmed that the C2 and C19 atoms in the ben-
zene ring (two sides) have a positive charge due to the
presence of electronegative sulfur atom (S), while the C2
and C10 atoms in the compound Cur-MeO have a moder-
ate positive charge due to the presence of electronegative
oxygen, resulting in having more reaction sites in these
atoms. The other atoms (O13, O14, S22, and S24) are all
negative, as one would anticipate.

3.1.7 | NMR analysis

Calculations of 13C NMR chemical shifts were recorded
to compare experimental and theoretical NMR data that
can be helpful to determine appropriate assignments and
understand the relationship between chemical shifts and
molecular structure. The experimental data were com-
pared with estimated values to determine the relationship
between the theoretical and experimental values of NMR
chemical shift constants.

TABLE 1 The calculated thermodynamic parameters for the compounds (Cur-MeS and Cur-MeO) using DFT/B3LYP /6-311+G(2d,p)

and CAM-B3LYP/6-311+G (2d,p)

Parameters

CAM-B3LYP/6-311+G(2d,p) B3LYB/6-311+G(2d,p)

Cur-MeS Cur-MeO Cur-MeS Cur-MeO

Zero-point vibrational energy (kcal/mol) 0.347819 0.355271 0.351896 0.359613

Entropy (S) (cal/mol/K) 192.744 182.337 186.984 176.823

Dipole moment (μ) (Debye) 2.6044 3.6826 3.918367 4.2744

Electronic energy (EE) (Hartree) -2218.4935 -1572.5041 -1759.4265 -1113.4635

Specific heat (Cv) (cal/mol/K) 94.803 90.755 92.924 88.745

TABLE 2 Some QCDs of NLO properties calculated for Cur-MeS and Cur-MeO

Calculation
methods Compound

EHOMO

(eV)
ELUMO

(eV)
Ionization potential
(IE) � EHOMO (eV)

Electron affinity
(EA) � ELUMO (eV)

Egap (E LUMO �
E HOMO) (eV)

B3LYP Cur-MeS �6.041 �2.693 6.041 2.693 3.348

Cur-MeO �6.219 �2.550 6.219 2.550 3.669

CAM-B3LYP Cur �5.72 �2.51 5.72 2.51 3.21

Cur-MeS �7.407 �2.904 7.407 2.904 4.504

Cur-MeO �7.228 �2.892 7.228 2.892 4.336

Calculation
Methods Compound

Hardness η
(eV) (η =

(IE � EA)/2)

Softness S
(eV�1)
(S = 1/η)

Optical softness
So (eV

�1)
(So = S/2)

Electron
delocalization χ (eV)
(χ = (IE + EA)/2)

Chemical
potential CP (eV)
(CP = �χ )

B3LYP Cur-MeS 1.674 0.597 0.298 4.367 �4.367

Cur-MeO 1.834 0.545 0.272 4.384 �4.384

CAM-B3LYP Cur 1.605 0.623 0.311 4.115 �4.115

Cur-MeS 2.251 0.444 0.222 5.155 �5.155

Cur-MeO 2.168 0.461 0.2305 5.06 �5.06
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The 13C NMR chemical shifts for all carbon atoms in
the optimal structures of the compounds were estimated
using the B3LYP method with the 6-311+G(2d,p) basis
set. To quantify the 13C NMR chemical shifts, each pair
of carbon atoms at the same position in the molecule was
considered equivalent, and the average of their chemical

shifts was determined. The statistical characteristics of
the calculated 13C NMR chemical shifts and the experi-
mental evidence of the compounds (Cur-MeS and
Cur-MeO) are shown in Figure 5. As can be seen, the
results are in reasonable agreement with the experimen-
tal values.

FIGURE 4 The atomic charge distribution according to Mulliken (A) of Cur-MeS compound and (B) of Cur-MeO compound
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3.1.8 | UV-visible spectroscopy

The absorbance (A) spectra of the Cur-MeS and Cur-MeO
compounds solutions in the UV-visible range were
obtained using a UV-visible spectrophotometric device-
type T80 PG instrument at room temperature. The result
of their absorbance spectra is shown in Figure 6.

The linear coefficient of absorption, αi, for both sam-
ples are obtained at 473 and 532 nm using the absor-
bances (Ai) from Figure 6 and the relation[77]

αi ¼ 2:303
Ai

d
: ð1Þ

d is the sample cell thickness. For ACur-MeS and
ACur –MeO at 473 nm of 0.739 and 0.393, respectively, and
at 532 nm of 0.032 and 0.002, respectively, d= 0.1 cm, so
that αCur-MeS and αCur-MeO equal to 17.02 and 9.05 cm�1 at
473 nm, respectively, and 0.736 and 0.046 cm�1 at
532 nm, respectively.

3.2 | DRPs

Figures 7 and 8 show typical far-field DRPs of the cw
laser beam of wavelength 473 nm, as the input power
was increased slowly, for both compounds, namely, Cur-
MeS and Cur-MeO respectively, where it can be seen the
increase of the areas of patterns and the number of rings
in each pattern with the increased input power. Severe
asymmetries occur due to the increased input power;
almost the top half of each and every pattern disappear
as a result of the vertical thermal convection current
which seems to exceed the horizontal thermal conduc-
tion current. The vertical thermal current of convection
acts on the replacement of the top hot layer by a cold one
which smooth's the change in the upper part refraction
index so that the phase of laser beam change severely
reduced. In every pattern, the most intense rings were
the outer rings compared with the inner ones, an indica-
tion of the SDF of the laser beam. The ring pattern type
appears to depend on the laser beam wavefront type,
namely, the interaction of nonlinear medium with laser
beam depends on the type of the beam wavefronts; see
Figure 9A,B for Cur-MeS and Figure 9C,D for the Cur-
MeO, respectively. The ring pattern temporal behaviors
are shown in Figures 10 and 11 for Cur-MeS and Cur-
MeO, respectively, that is, ring number, each pattern
area, and the asymmetries developed as the time lapse.

In the all-optical experiments, the exciting, or the
controlling (473 nm) laser beam, and the controlled
(532 nm) laser beam were set at the same height with an
angle of 35� between them so that they crossed each
other in the entrance of each sample as they propagate.
When the controlling beam intensity, 473 nm, was
0 mW, no DRPs appear due to the controlled, 532 nm
beam, that is, full spot appears. Because the absorption

FIGURE 5 Experimental values versus theoretical 13C NMR

chemical shifts of (A) Cur-MeS compound and (B) Cur-MeO

compound

FIGURE 6 Absorbances (A) spectra of Cur-MeS and Cur-MeO

compounds in the UV-visible range at room temperature
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coefficients of the Cur-MeS and Cur-MeO at λ = 473 nm
are 17.02 and 9.05 cm�1, respectively, the amount of
absorbed energy by the two samples is high, that is, it is
possible to produce DRPs as show in Figures 7 and 8 even
at low input power. In other case, for Cur-MeS and Cur-
MeO, the absorption coefficients at λ = 532 nm are 0.736
and 0.046 cm�1, respectively, so that minimum energy

absorbed by the two samples and no DRPs appeared in
the two samples even at high input power, as shown in
Figures 10A and 11A for λ = 532 nm alone. When the
laser beam λ = 473 nm used and even for moderate input
power DRPs appeared as shown in Figures 10C and 11C
which enhances DRPs due to the wavelength 532 nm as
shown in Figures 10B and 11B. As the 473 nm beam

FIGURE 7 Series of far-field DRPs versus input power (mW) in Cur-MeS: (A) 13, (B) 20, (C) 30, (D) 44, (E) 52, and (F) 64

FIGURE 8 Series of far-field DRP patterns versus input power (mW) in Cur-MeO: (A) 13, (B) 20, (C) 30, (D) 44, (E) 52, and (F) 64
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power increased, blue rings appear together with green
ones. The number of rings of the blue light increased
with the increase of its intensity together with the green
ones, while increasing the green input power increases
the green diffraction ring intensity only. This is due to
the crosstalk effect between the controlling and

controlled beams which produce ring patterns due to the
spatial cross-phase modulation (SXPM).[78] Figure 12 D1
(a) is the result of the irradiation with 532 nm laser beam
only while Figure 12 D1 (b + c) shows diffraction rings
at the 532 nm in the existence of the 473 nm beam where
it can be seen that the resulting of green rings although

FIGURE 9 Dependence of the DRPs on the

wave front of laser beam type (A) convergent

and (B) divergent in the Cur-MeS and

(C) convergent and (D) divergent in the

Cur-MeO at input power of 64 mW

FIGURE 10 Time series in a chosen DRP at different times (ms): (A) 0, (B) 150, (C) 300, (D) 500, (E) 700, and (F) 1000 at power input

64 mW in Cur-MeS
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the absorption coefficient of Cur-MeS is very low, at
532 nm. Figure 12 D2 (a + b + c) shows the effect of the
beam 473 nm on blue diffraction rings, it affect the num-
ber of rings, the area of diffraction rings and the asymme-
tries. Figure 12 D3 (a + b + c) shows the effect of
473 nm beam power on green DRP number, the area of
each pattern, and the symmetries. Figure 12 D4 (a + b +-

c) shows the effect of the laser wavelength 532 nm power
on the intensity of the green pattern only. All this occurs
in the Cur-MeS only. The same behavior can be seen for
the case of the compound Cur-MeO, that is, Figure 13.

3.3 | Calculations of the nonlinear
refraction index based on

3.3.1 | Diffraction ring patterns

It can be seen from Figures 7 and 8 that the ring number
in every pattern depends directly on the power input irra-
diation on the samples. For a single ring in a pattern to
result, the refractive index of medium change should lead
to a change of the laser beam phase by 2π radians. For N
rings, the total change of phase, Δφ, the laser beam suf-
fers due to the passage through the nonlinear medium,
which is written as follows[79]:

Δφ¼ 2πN : ð2Þ

Once more, Δφ can be written in terms of wave
vector of laser beam (k¼ 2π

λ ) and the sample cell
thickness, d, as follows:

Δφ¼ kΔ, ð3Þ

Δφ¼ kΔnd:

Δ is the optical path length, and Δn is the total
change in the medium refractive index, so that

Δn¼Nλ

d
: ð4Þ

And INR, n2, can be calculated using the following
equation:

n2 ¼Δn
I
: ð5Þ

I is the laser beam intensity where

I¼ 2P
πω2

: ð6Þ

FIGURE 11 Time series in a chosen DRP at different times (ms): (A) 0, (B) 150, (C) 300, (D) 500, (E) 700, and (F) 1000 at power input

64 mW in Cur-MeO
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P is the total power input, and ω is the laser beam radius
at the sample cell entrance so that for P= 64mW,
I= 11,018W/cm2, ω= 19.235 μm, NCur-MeS and NCur-Meo

equal to 20 and 14, respectively, d= 0.1 cm, λ= 473 nm,
ΔnCur-MeS ¼ 9:46�10�3, ΔnCur-Meo ¼ 6:62�10�3,
n2 Cur-MeSð Þ ¼ 8:58�10�7 cm2=W, and n2 Cur-MeOð Þ ¼
6:01�10�7 cm2=W.

3.3.2 | Z-scan

We obtained the results shown in Figure 14A,B when the
CA and OA Z-scans were carried out, respectively. From
Figure 14A,B, it can be seen that both samples have nega-
tive INR and negative ANC, respectively. The negative
INR indicates the occurrence of SDF, while the negative

FIGURE 12 D1 (a) Single solid spot with no diffraction rings appeared in the presence of the 532 nm beam only, because the

absorption coefficient in Cur-MeS is very low, D1 (b) green patterns appear in the presence of 473 nm, and D1 (c) the blue rings due to the

473 nm beam. D2 (a + b + c) shows the 473 nm beam power effect on the blue rings, D3 (a + b + c) shows the effect of the 473 nm beam

on the green ring pattern number and area due to the effect of the 473 nm, and D4 (a + b + c) shows the effect of the 532 nm beam on the

green intensity only. All these results are in the Cur-MeS.
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ANC indicates the occurrence of saturation absorption.
In order to obtain a pure INR, Figure 14A data must be
divided by Figure 14B data, for each sample, and
Figure 14C is the result of the division.

The value of the INR, n2, and the ANC, β, are given
by the following formulas[26]:

n2 ¼ Δφλ
2πLeff I

, ð7Þ

β¼ 2
ffiffiffi
2

p
ΔT

Leff I
, ð8Þ

Where Δφj j ¼ ΔTp�v

0:406 1�Sð Þ0:25 , ð9Þ

ΔTp�v ¼Tp�Tv, ð10Þ

FIGURE 13 D1 (a) Single solid spot with no diffraction rings appeared in the presence of the 532 nm beam only, because the

absorption coefficient in Cur-MeO is very low, D1 (b) green patterns appear in the presence of 473 nm, and D1 (c) the blue rings due to the

473 nm beam. D2 (a + b + c) shows the 473 nm beam power effect on the blue rings, D3 (a + b + c) shows the effect of the 473 nm and on

the green ring pattern number and area due to the effect of the 473 nm, and D4 (a + b + c) shows the effect of the 532 nm beam on the

green intensity only. All these results are in the Cur-MeO.
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S¼ 1�exp �2r2a
ω2
a

� �
, ð11Þ

Leff ¼ 1�exp �αdð Þ½ �=α, ð12Þ

ΔT¼ 1�Tp, ð13Þ

where ΔTp�v is the transmittance at peak (Tp) minus the
transmittance at valley (Tv) in the curve of CA Z-scan, S
is the linear aperture transmittance, ωa is the beam
radius at the aperture, ra is the aperture radius, Leff is the
sample effective thickness, and ΔT is one minus the
transmittance of peak (Tp) in the OA Z-scan curve. By
finding the ΔTp�v and ΔT values from Figure 14B,C,
respectively, and using the input power 5mW,
I= 860.76W/cm2, and Equations 7–13, we find that the
values of the INR and the nonlinear absorption coeffi-
cient (NAC) for Cur-MeS and Cur-MeO are 2.18� 10�7

and 1.16� 10�7 cm2/W and 3.39� 10�3 and
2.1� 10�3 cm/W, respectively. The variance in n2 values
of both samples using the DRPs and Z-scan techniques is
due to the power input difference used in both tech-
niques. The n2 value of the sample Cur-MeS is higher
than that of the sample Cur-MeO, which is attributed to
the difference between the linear absorption coefficient
of the first relative to the second at the wavelength
473 nm, that is, αCur-MeS ¼ 17:02 cm�1 and
αCur-MeO ¼ 9:05 cm�1.

4 | CONCLUSION

Curcumin analogues, namely, Cur-MeS and Cur-MeO,
were synthesized via the reaction of 3-chloroacetyl ace-
tone and aromatic aldehydes and characterized via FTIR,
mass, 1H NMR, and 13C NMR spectroscopies. The non-
linear properties of both samples irradiated with cw visi-
ble 473 nm laser beam led to the calculation of the INR
and NAC based on the DRPs and Z-scans. The INRs of
the Cur-MeS compound based on the two techniques
were higher than those of the compound Cur-MeO, due
to the difference in the linear absorption coefficients of
both compounds at 473 nm wavelength. The all-optical
switching property using two visible laser beams, namely,
473 and 532 nm, was proved to occur in both Cur-MeS
and Cur-MeO samples. Finally, we can confirm that the
objective of the current study has been achieved, as two
new materials have been found that have high NLO
properties.
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