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The synthesis of a new curcumin analogue dye via 3-chloro-2,4-pentanedion condensing with an
aromatic aldehyde is considered. Following that, the synthesized compound is diagnosed utilizing
spectroscopic methods, including FTIR, mass, 'H NMR, and '®*CNMR. The curcumin analogue
geometric optimization and theoretical studies are conducted on thermodynamic properties using

DFT. The B3LYP techniques, which are hybrid functional with a 6-311+G(d) as the basis set, are
adopted to compute the HOMO, LUMO, and Mullikan atom charges of the studied compound. The
curcumin analogue dye nonlinear optical (NLO) properties are examined under excitation with a
473 nm, low power, cw and TEMyo mode laser beam. The index of nonlinear refraction (INLR)
and coefficient of nonlinear absorption (CNLA) are estimated using diffraction patterns for the
former and Z-scan for the latter. The INLR reaches a value as high as 6.86x107! m2/W, while the
CNLA reaches 2.23x107 em/W. All-optical switching (AOS) is tested in the novel curcumin
analogue dye using two methods: static AOS and dynamic AOS.

Z-scan
All-Optical switching

1. Introduction

Laser beam self-interaction in a medium occurs due to the changes in the medium optical properties created via incident radiation.
During the last three decades, considerable interest has been paid to problems concerning the nonlinear interaction of a Gaussian laser
beam with a nonlinear medium (NLM) such as self-defocusing (SDF), self-phase modulation (SPM) and self-focusing (SF) can be
observed. For example, a ring intensity distribution patterns can be induced. The technique known as the diffraction patterns (DPs) can
be used in determining, the index of nonlinear refraction, INLR [1]. Self-phase modulation (SPM) effect is attributed to the refractive
index dependent on intensity. Such effect was observed in a number of systems [2-5]. When a laser beam transvers an NLM, the beam
spot size varies in area based on SF or SDF, so when drawing the beam power transmitted through a narrow iris against the sample
position relative to the lens focus (£z), a peak then a valley resulted when the medium showed SDF, and a valley then a peak resulted
when the system showed SF. Such a technique is known as Z-scan, discovered by Sheik-Bahae et al., in 1989-1990 [6,7], where it can
be used to estimate the coefficient of nonlinear absorption (CNLA) as well as the INLR.

Organic dyes and organic compounds offer unique applications in the areas of optical computing, harmonic creation, optical power
limiting, optical switching, optical communications, and optical storage, because they show nonlinear optical (NLO) features [8-12].
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In addition to the various experimental approaches, theoretical simulations have recently been used begin a method for calculating the
NLO characteristics of organic compounds [13,14]. The advantages of computational approaches include prior knowledge of how
structure affects characteristics and the parameters influencing the effectiveness of NLO properties, for instance, the role of acceptor
/donor fragments inside the molecule and the effect of solvent [15,16].

Curcumin longa is a perennial herb. It is an important medicinal and aromatic plant considered as one of the gold resources with
massive export prospects as medicine, cosmetics, and cooking spice dye [17]. Curcumin is derived from the rhizomes of Curcuma
longa. It is the major active component of turmeric long, used as a coloring agent and as a spice in curry in pharmaceuticals, yellow
mustards, hair dyes, and cosmetics. It has received a lot of attention for its potential cancer chemo-preventive, antioxidant, and
anti-inflammatory properties [18-20]. Curcumin is used in the synthesis of dihydropyridones [21,22],2,3-dihydro-4-pyridiniones
[23], etc. It is used in dye solar cells [24], ZnO nanoparticle-based dye solar cells [25], as a therapeutic agent [26], and other ap-
plications. Different types of curcumin and their derivatives, such as dimethoxy curcumin and chloro-curcumin, were investigated for
their possible nonlinear properties [27,28]. Curcumin and its derivatives have been extensively studied such as a novel stabilizing and
reducing agent [29], the derivation of some polyester from curcumin [30], as new mitochondrial coupling agents [31], inhibition of
cellular reaction oxygen species generation [32], study of its photo-physical, photo chemistry and photobiological properties [33,34],
and its NLO properties [35].

The synthesis of second-order organic NLO materials has successfully utilized donor-acceptor molecules [36-38]. They typically
exhibit strong linear and NLO characteristics and are donor-acceptor (push-pull) chromophores. By adjusting the relative orientation
of the acceptor and donor cores, their initial hyperpolarizability, fo, values may be raised [39].

In this article, we describe the synthesis procedure of curcumin analogue dye and its nonlinear optical (NLO) properties, viz., the
index of nonlinear refraction (INLR) and the coefficient of nonlinear absorption (CNLA) under interaction with 473 nm, low power cw
and TEM laser beam based on the diffraction patterns (DPs) and the Z-scan. All optical switching (AOS) is examined in the compound
using two laser beams viz., 473 nm and 532 nm.

2. Experimental
2.1. Instrumentation

Fluka, Merck, Sigma, and Fischer provided the first ingredients, solvents, and reagents. Shimadzu FTIR (affinity-1) used to record IR
spectra in the 400-4000 cm ! range, and Brucker 400 spectrometer was used to analyze 'H and '3CNMR spectra while using tetra-
methylsilane (TMS) as an internal standard together with dimethyl sulfoxide-d6 as the solvent. The chemical shifts, 8, in ppm coupling
and constants measured in Hz. Mass spectra were scanned at 70 eV with an Agilent 5975 C spectrometer using the EI technique.

2.2. Synthesis procedure of symmetric curcumin analogue

In the reaction vessel, 1.093 g (0.0155 mol) of boric oxide and 2 g (0.0155 mol) of chloroacetylaceton were mixed for an hour with
30 ml of DMA. 1,4-Benzodioxan-6-carboxaldehyde (0.031 mol) was added with dry DMA to the mixture, heated in a water bath to
80°C, and then trimethylborate (3.23 g) (0.031 mol) was added to the reaction. After stirring the mixture for a few minutes, the
solution of n-butylamine 0.5 g (0.006 mol) in 30 ml of DMA was gradually added over an hour. Four more hours were spent stirring the
mixture. Overnight the reaction mixture was left. The mixture was agitated for an hour after the addition of 5% acetic acid (43 ml) at
80°C. As the mixture cooled, the solid component was separated using filtration, twice-washed in hot distilled water, dried, and then
recrystallized using ethanol.

2.2.1. (1E,6E)-4-chlor0-1,7-bis(2,3-dihydrobenzo[b][1,4]dioxin-6-yDhepta-1,6-diene-3,5-dione (cur-oxohexa)

Recrystallized orange crystal, from ethanol,yield 65%, M.P. 202-205 °C.'HNMR (DMSO, & ppm): 4.31(8 H, dd, J=4, -OCH,-CH,0-
protons), 6.94(2 H, d, J =8, olefinic proton), 7.52 (2 H, Ar-H), 7.68 (2 H, d, J=4, Ar-H), 7.86 (2 H, d, J=4, Ar-H), 8.25(2 H, d, J= 8,
olefinic proton).'3C

NMR (DMSO, ppm), 185.5 (C=0), 144.8,144.3,144.4,129.7,129.5,128.6,127.3,123.6, 120.5, 73.13(C-Cl),64.4(CH2-CH>) IR (v,
cm’1): 3456 (enolic OH),3047 (Ar-H), 2972 (aliph H), 2877(aliph H), 1695 (C=0), 1583 (C=C), 1508(CH>), 1288 (C-0),1255(CH-
C=O0 bending), 1068 (C-0). MS: EI (70 eV, m/z), 426[M], 374, 297, 254, 189,149, 89, 64, 43.

2.3. Theoretical calculations of the curcumin analogue (cur-oxohexa)

The computation of thermodynamic parameters, molecule orbital characteristics, dipole moment, and molecular electrostatic
potential properties are given more consideration in computer-aided quantum mechanical approaches. In order to optimize the
structure of chemicals employed in the current study in the gas phase and forecast their various characteristics, the DFT method has
been used. Employing the Gaussian 09 suite, we used the B3LYP (Becke’s three-parameter hybrid functional) utilizing the L.-Y.-P.
correlation function with a 6-311+G (d) basis set. Such level of theory is frequently employed in computer computations and of-
fers precise geometric structures and frequencies of normal modes. The dipole moment, p, Egomo, and Epymo energies, as well as
chemical hardness, 1, global electrophilic index, o, softness, S, optical softness, So, electronegativity, y, chemical potential, CP, and
global nucleophilic index, N, were all calculated using the aforementioned formulae [40-42]:
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2.4. Experimental set up

Three experiments were conducted to study the NLO properties of curcumin analogue viz., the laser beam power input effect on the
type of diffraction patterns (DPs), the wave front type effect of the laser beam on DPs, and temporal variation of DPs. To carry out these
experiments, the following were used: a laser beam of 1.5 mm spot size as it leaves the device output mirror, with a power output range
of zero to 66 mW and a wavelength 473 nm, a positive lens of 5 cm, 1 mm thickness glass cell, a semitransparent screen 30x 30 cm, and
a digital camera were used. In the first experiment Fig. 1, the 473 nm laser beam focused by the 5 cm focal length lens to 19.235 pm
spot size. The sample cell was fixed at the lens focus. The transmitted laser beam travels a distance of 85 cm, then falls on the screen.
Due to the laser beam passing through the sample that has a high absorption coefficient so that the medium absorbed appreciable
amount of energy from the beam. When the power input is low a solid small bright spot appears first. By increasing the power input,
spot area increased due to SDF. By gradually increasing laser beam power, rings appeared whose area and number increased until the
ring pattern lost symmetry in the upper half as a result of vertically convection thermal current so that the upper part rings grew in a
small ratio compare to the lower halfi.e., the patterns compressed. In the second experiment, the sample cell fixed in two positions, i.e.,
1 cm before / 1 cm after the lens focus. From basic geometrical optics, the beam front changes from convex (1 cm before) to concave
one (1 cm after). It was noticed that patterns type differ due to the laser beam interaction with NLM result an effect noticed by
Santamato and Shen as early as 1984 [43-45]. At an input power of 56 mW falling on the sample, the temporal evolution of the
obtained DPs formed on the screen, where it was noticed that the pattern appeared as a solid bright spot of small size at t = 0 sec, then
the area of the spot increased with time, then broke into rings whose number and area increased as time lapsed then started losing its
symmetry in x-y plane so that the pattern became compressed in the upper half as a result of vertical convection thermal current.

The property of all-optical switching, AOS, was tested using 473 nm as the excitation beam or the controlling one and 532 nm of the
same spot size of 1.5 mm and the later power varied in the range of 0-50 mW as the controlled beam. Laser beams were focused using
two, 20 cm focal length lenses, and a 60x60 cm semitransparent screen was used where the laser beam fell. The medium absorption
coefficient against the beam 532 nm, is small enough so that no DPs resulted since small amount of beam energy was absorbed by the
NLM while the medium absorption coefficient against the beam 473 nm is high that the beam passage through the medium lead to the
generation of DPs.When the two beams pass simultaneously through the medium, two DPs resulted, one for each beam (473 nm) and
one due (532 mm) beam based on the phenomenon cross self- phase modulation (XSPM) that measure a change of light field phase due
to other co-propagating fields [46-48]. The two beams traversed the nonlinear medium by the crossing passing technique [49-51] as
shown in Fig. 2.

The INLR and the CNLA can be measured using the standard Z-scan technique [6,7]. The laser beam used was 473 nm. The same
sample cell was fixed on a moveable stage and the screen replaced with a power meter covered with a 2 mm iris. The transmitted beam
power through the NLM was measured by a power meter covered with the narrow,2 mm, iris, versus the sample position (+z) where
the lens focus is at z = 0. This is the closed aperture, CA Z-scan. By replacing he iris with a positive lens the open aperture, OA, Z-scan,
resulted. Fig. 3 shows the two Z-scan types viz., CA and OA Z-scan.

Screen it
Sample Digital

Laser Lens cell camera

d ©

Fig. 1. DPs experimental set-up.
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Fig. 3. Z-scan experimental set-up (a) CA and (b) OA.
3. Results
3.1. Experimental results

In order to create a curcumin analogue (cur-oxohexa), chloroacetylaceton was condensed with the aromatic aldehyde, Fig. 4.
Utilizing spectroscopic methods, the hypothesized structures have been verified; adequate spectroscopic studies for the postulated
structures were obtained for both compounds. The spectroscopic information of the produced compounds is described in this section.

3.1.1. IR spectrum of cur- oxohexa

The functional group bands were located in the anticipated locations, according to the IR spectra of the produced curcumin
analogue. The spectrum of cur-oxohexa’s (Supplementary material Fig. S1) displayed large bands at 3456 cm ™! that are ascribed to the
enolic form and weak bands at 3047 and (2978-2877) em™! that are assigned to aromatic and aliphatic C-H, respectively. At (1695),
(1583), and (1288) cm ™!, strong bands were discovered for the stretching vibrations of the C=0, C=C, and C-O groups, respectively.

3.1.2. Mass spectrum of compound cur-oxohexa

The molecular ion and the base peak were identified using the mass spectrum (Supplementary material Fig. S2) of the studied
compound cur-oxohexa. Peak intensity data can be used to determine the stability of the fragment. In addition, the molecular ion [M+]
and the primary fragmentation direction that followed from rupturing chelating the group’s bonds with the methylene

and carbonyl groups were displayed in the mass spectrum (Fig. S2) of the produced cur-oxohexa molecule, the fragmentation
scheme (Supplementary material Fig. S3), as shown by the cleaving of the bonds at various points and the establishment of new bonds,
further fragments were obtained [52,53].

3.1.3. 'H and 3C NMR spectra

The 'H NMR spectrum is shown in (Supplementary _material Fig. S4) for curcumin analogue (cur-oxohexa) in DMSO-d6 at 25 °C
the proposed structure. The protons in the -OCH2CH>0- group are responsible for the doublet-doublet signal that was visible in the
spectrum at about 4.30 ppm. With a coupling constant of 8 ppm, two doublet signals from olefinic protons are seen at 6.94 and
8.25 ppm. doublet and doublet signals with J= 4 at 7.78 and 7.86 ppm are attributed to aromatic protons, as well as singlet signal at
7.52 ppm, also attributed to the aromatic protons. The 13C NMR spectrum of the studied compound (Supplementary _material Fig. S5)
displayed the carbon signal from the (C=0) were seen at (183.5) ppm. The spectrum also showed signals within the range of
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Fig. 4. Synthesis scheme of cur-oxohexa compound.

(144.8-120.5) ppm due to aromatic carbons as well as olefinic carbon, C-Cl carbon signal was detected at 73.1 ppm, while CH,-CHy
carbon signal was detected at 64.4 ppm. The results of 'H and 13C NMR spectra confirmed the expected structure of the cur-oxohexa.

3.1.4. Computational results

All theoretical calculations were carried out using the 6-311+G(d) basis set and the B3LYP methodology. The structures opti-
mization and atomic labeling for both compounds are displayed in Fig. 5. The graphic displays geometrical optimization results
showing the compound is nonplanar. The frequency and optimized data were computed with B3LYP/6-311+G(d) basis sets.

3.1.5. Quantum chemical descriptors (QCDs) and electronic properties (EP)

Each compound’s chemical stability and reactivity are assessed using its HOMO, LUMO and molecular frontier orbitals (MFOs)
[54]. The gap energy E distinguishes between HOMO and LUMO, where a large or smaller value indicates efficiency and has been used
in nonlinear optics. The HOMO is tied to the capacity to donate an electron, while the LUMO is related to the ability to take an electron
[55,56].

We were able to acquire the isodensity plots, which depict the distributions of HOMO and LUMO electron clouds of the enol-form
and keto-form for curcumin analogue, in order to understand the mechanism of the transfer of charge from HOMO to LUMO, Fig. 6.
HOMO typically localizes on the group of donor phenyl, but LUMO is on the middle 1,3-dike to the acceptor group, as can be seen from

x" "3
&Y

X‘ N ( = .
e g 3 ﬂé“ .17*}

Keto form Enol form

Fig. 5. The optimized 3D structures of synthesized cur-oxohexa compound.
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here. Using B3LYP/6311+ G (d) level calculations, the Egomo-Erumo gap energy for the curcumin molecule depicts the chemical
activity of the compound. The ability to acquire an electron is represented by LUMO as an electron acceptor, while HOMO stands for
the capacity to give an electron. The values of HOMO energy and LUMO energies for cur-enol- oxohexa’s and keto-forms were
discovered to be —5.89 and —2.18 eV and —6.04 and —2.51 eV, respectively. Egyomo-ELumo gaps energy are smaller for the enol and
keto forms, at 3.71 and 3.546 eV, respectively. Electron donor and acceptor groups control the charge transfer from HOMO to LUMO,
which is what causes the 3rd-order NLO response or the second-order hyperpolarizability [57].

Based on our knowledge of the importance of NLO features presented in past studies [58-61], we have evaluated the NLO char-
acteristics of synthesized compound and have looked at their NLO characteristics. Numerous QCDs have been produced to analyze the
NLO properties on a theoretical basis. The growing NLO features are given by increases in the values of Egomo, So, and S. The NLO
characteristics likewise deteriorate as Ejymo, IE, and 1. Cur-oxohexa, the newly synthesized compound, exhibits greater values for
Enomo, S, and S, than for LUMO energy, gap of energy, and IE, indicating that they have superior NLO characteristics. The QCDs,
Table 1, and, Table 2, findings demonstrate the closeness of the values between synthetic analogues and natural curcumin dye.
Additionally, it demonstrates that they exhibit NLO characteristics similar to curcumin dye.

3.1.6. Vibrational spectrum (IR analysis)

In order to compare actual and theoretical IR data and to better comprehend the connection between wavenumber and molecule
structure, calculations of theoretical frequencies were made and documented. To ascertain the link between the IR values in theory and
experiment (Supplementary-material Fig. S6), estimated values are compared to the experimental data. It is clear that the calculated
frequencies closely match the frequencies of the most significant bands in the actual spectra, whereas the variations in band intensities
resulting from the neglect of intermolecular interactions. The B3LYP technique with the 6-311+G (d) basis set was used to calculate
the IR wavenumber for each group in the compound. Fig. 7 displays the statistical properties of the estimated IR wavenumber and the
experimental proof of the molecule cur-oxohexa. As is evident, the outcomes are reasonably consistent with the experimental values.

3.1.7. Analysis of the population of Mulliken

Calculations of Mulliken atomic charge are crucial for applying quantum chemistry calculations to molecule systems since atomic
charges influence properties such as the dipole moment and molecules polarized. The compound cur- oxohexa, which were made using
9
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Fig. 6. The atomic orbital compositions for the curcumin analogue frontier molecular orbitals of cur-oxohexa using DFT/ B3LYP 6-311+G(d).
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Table 1
The Enol and keto thermodynamic properties at 298.15 K in ground state, calculated by DFT/B3LYB 6-311+G(d) for cur-oxohexa.
Parameters Units Enol form keto form
Zero point vib. Energy Kcal/mol -1799.31966 -1799.33912
Entropy (S) cal. mol t k! 186.823 186.985
Electronic Energy (EE) Hartree -1799.69495 -1799.7155
Heat Capacity (Cv) Cal/mol.K 100.633 99.095
Table 2
Some NLO properties QCDs of calculated for cur-oxohexa.
Parameters Unit Natural Curcumin dye Enol-form Keto-form
Enomo ev -5.72 -5.892 -6.043
ErLumo eV -2.51 -2.181 -2.519
AE (kJ.mol 1) 3.21 3.711 3.546
EA ev 2.51 2.181 2.519
1IE eV 5.72 5.892 6.043
n ev 1.605 1.855 1.773
S (en)! 0.623 0.538 0.564
So eV 0.311 0.269 0.282
X ev 4.115 4.037 4.281
Cp ev -4.115 - 4.037 - 4.281
® ev 5.275 4.391 5.169
AN max eV 2.563 2.594 2.414
u ev -4.115 - 4.037 - 4.281
4000
I p— >
y=1.0775x - 94.108
= 3500 - R*=10.9944
g
~ 3000 -
—
2
E 2500
§ 2000 1
=
-2 1500 -
2
=4
2 1000 -
2
= 500 4
0

0 500 1000 1500 2000 2500 3000 3500 4000
The experimental wavenumber (cm™)

Fig. 7. Experimental values versus theoretical ones for infrared of cur-oxohexa.

the Mulliken population, are shown by their atomic charges in Fig. 8. ulliken atomic charges for cur-oxohexa demonstrated that the
positive charges on the C1, C2, C22, and C23 atoms in the aromatic rings (two sides) and on the C37-C40 atoms between oxygen atoms
result from the presence of electronegative oxygen atoms. The other atoms (07, 08, 025, 026) are all negative as one would anticipate.

offer a ballpark estimate for the actual application of the produced substances as possible medications. Any substance is said to have
low toxicity, excellent absorption, and oral bioavailability if it has two or fewer breaches of Lipinski’s rule of five. All synthetic
compounds have low toxicity, good oral bioavailability, and good absorption, according to the drug likeness check of the compounds
(Fig. 9). These chemicals consistently adhere to the rule of five. (Supplementary material Fig. S6) all results of AMDE were created
using the Swiss ADME program and gathered in Table S1 (Supplementary material).

3.1.8. Electronic absorption spectrum of cur-oxohexa

The electronic absorption spectra of cur-oxohexa compound in ethanol or chloroform are shown in Fig. 10. Each spectrum exhibited
three bands, by using ethanol or chloroform as a solvent, (240, 278, 452 nm) and (236, 264, 456 nm) respectively. In general, the
spectrum of electronic transition of a curcumin compound in solution shows two bands: one band occurs in the ultraviolet region and is
related to the electronic n-n* transition of the feruloyl acetone, while the other band is the aromatic ring’s electronic transition band in
the visible region. The second band, which is a part of the electronic n-n* transition of delocalization of all curcumin compounds [62,
63], is visible in the visible region. The compound under study exhibits three bands in its spectrum where ethanol is used as a solvent,
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as seen in Fig. 10. A band with a shorter wavelength, which is attributed to the aromatic moiety’s n-n*, manifests in the UV area at
240 nm with & of 11610 cm? mol . The half molecule (feruloyl acetone) was identified as the source of the remaining band at 278 nm.
The whole molecule was identified as the source of the other

band at 452 nm, which has a molar absorptivity of 8480 cm? mol . Three bands are seen in the spectrum of cur-oxo-hexa solution
in chloroform as a solvent. The first band, at 236 nm in the UV region with & = 26300 cm? mol !, has a shorter wavelength and is
thought to be attributed to n-n* of aromatic rings. The other two bands are located at 264 nm with & =10250 cm? mol ! and 456 nm
with & = 7300 cm? mol ! attributed to the half molecule and the whole molecule respectively.

3.1.9. The theoretical spectra of electronic absorption the cur-oxo-hexa compound

Using the TD-SCF approach on the CAM-B3LYP/6-311 G(d,p) level of theory, the singlet excited state in ethanol and chloroform
was computed in order to explain the electronic spectrum nature of the examined chemical. Cur-oxo-hexa molecule in ethanol was
projected to consist of three bands, which occurred at 400.8, 278.6, and 232.8 nm. The oscillator strength, f, for these bands were
2.6896, 0.1436, and 0.3532, respectively, as indicated in Table 3. Three bands make up the electrical absorption calculation findings of
the cur-oxo-hexa molecule in ethanol. The pure transition from HOMO to LUMO, which is associated with intramolecular charge
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transfer (ICT), is one of the three transitions indicated by the absorption band with a larger wavelength and oscillator intensity [64].
With oscillator strength of 0.1436, the second band at 278.4 nm is made up of the electronic transitions shown in Table 3, including.
Ultimately, the transitions shown in Table 3 result in the band having greater energy. Three bands are also the consequence of the
electrical absorption of the cur-oxo-hexa molecule in chloroform. One of the three transitions to which the absorption band with a
greater wavelength and oscillator intensity belongs is the pure transition from HOMO to LUMO, which is also ascribed to the (ICT).
With an oscillator strength of 0.1330, the second band at 278.4 nm is made up of a series of electronic transitions, such as those given in

Table 3.

3.1.10. Linear absorption coefficient
Using Fig. 10 and the equation referred to in [65], cur-oxohexa absorption coefficient in the ethanol is calculated at the wave-
lengths 473 nm and 532 and found equal to 17.98 and 5.68 cm™, respectively.

Table 3

Band maxima, both theoretical and practical, and intensities of the cur-oxohexa molecule are using CAM-B3LYP/6-311 G(d,p).

Solvent Major Transition Transition Theoretical Experimental Oscillator Experimental oscillator
Transitions probability probability percent  Apax (nm) Amax (nm) strenght strength (cm?.Mol ™)
Ethanol H-2 - L 0.1575 4.96% 400.8 452 2.6896 8480
H-1 - L+1 0.1565 4.58%
H-L 0.6567 86.25%
H-7 - L 0.1065 2.26% 278.6 278 0.1436 6460
H4 - L 0.5843 68.28%
H-3 - L+1 0.2509 12.59%
H-2 - L 0.1548 4.79%
H-1 - L+2 -0.1415 4.0%
H- L+3 0.1447 4.18%
H-7 > L -0.1176 2.76% 232.8 240 0.3532 11610
H-6 - L+1 -0.1011 2.04%
H-2 > L 0.2467 12.17%
H-2 - L+4 0.1158 2.68%
H-1 - L+1 0.3951 31.22%
H-L -0.1616 10.09%
H- L+3 -0.3117 19.43%
Chloroform  H-1 - L 0.1603 5.13% 439.9 456 2.0514 7300
H - L+1 0.1641 5.38%
H-L 0.6557 85.98%
H4-L 0.5662 64.11% 278.4 264 0.1330 10250
H-3 - L+1 0.2755 15.18%
H-2 - L 0.1260 3.17%
H-1 - L+2 -0.1688 5.69%
H - L+3 -0.1715 5.88%
H-2 - L 0.2053 8.42% 233.4 236 0.2150 26300
H-2 - L+4 -0.1002 2.00%
H-1 - L+1 0.5596 62.63%
H-1 - L+2 0.1171 2.74%
H-L 0.1471 4.32%
H- L+3 0.1826 6.66%
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3.2. Nonlinear studies

Fig. 11 shows the changes in the diffraction patterns with different laser beam power input, which varied gradually from zero to
56 mW where it is seen that as the power input increased, the rings number in the pattern increased. Since the amount of energy
absorbed by the medium increased with the increase in power input so that the amount of heat generated in the medium spatially
increase in the three dimension and the divergent lens generated focal length increase so that the area of the beam increased i.e., the
DPs area increased. Also, the patterns area increased up to a specific power input, each pattern is symmetric in the x-y plane, where the
vertical thermal current exceeds the horizontal thermal current. The vertical motion of heat act on the replacement of the upper hot
part of the medium by a cold one that reduces the refractive index so that the phase change of the beam in the upper part reduced hence
the radii of the rings in the upper part reduced so that the DPs appears compressed then the upper half start to increase in small ratio
compare to the lower half i.e. beam propagation suffers self-induced (deformation) as the power increases and starts to form ring
patterns with squeezed shapes. Each ring diameter in the upper half grew less than the lower half as a result of the vertical thermal
convection current that moves the warm layer upward and replaces it with a cold one so the refraction index change in the upper part is
smaller than the lower part so does the change in phase suffered by the beam. Fig. 12 shows the effect of the laser beam wave front type
on the type of DP. It can be seen that the DP type depends on the beam wave front type. As the laser beam falls on the positive lens, the
wave front varies in the same way shown in Fig. 13, so that the radius (R) of the wave front sign switches from +R, to -R, as it passes
through the positive lens, such an effect was noticed experimentally and proved theoretically by a number of researchers as early as
1984 it is believed that the type of interaction of the laser beam with nonlinear medium depends on the wave front type, this is why two
DPs types resulted [43-45]. Fig. 14 shows the temporal evolution of chosen DP at a power input of 56 mW. It started with a bright spot
at the initial time, then the area of the spot increased as time lapsed, an indication of the evolution of the effect of SDF up to a certain
time, ring appeared whose number and area increased and then the upper half of the pattern shrink, an indication of losing symmetry
due to the increase of thermal verities convection current vertically exceeding the thermal horizontal conduction current [66].

Fig. 15 shows the illustration diagram of the experimental installation of the AOS. One signal at the wavelength of 473 nm, which
we call the controlling beam, where the sample has a large absorption coefficient of 17.98 cm™ and another beam of wavelength
532 nm called the controlled, and the medium have an absorption coefficient of 5.68 em’. Both beams are of cw character. When the
controlled beam passes the medium alone, no rings appear alone when the power input varied in the range of 0-50 mW as shown in
Fig. 15 a(i). When the controlling beam pass through the medium ring patterns appear where its power accedes a certain threshold as
shown in Fig. 15a(iii). When both beams pass through the medium, two DPs type resulted, one due to spatial self-phase modulation
(SSPM) of the 473 nm beam and one due to cross self-phase modulation (XSPM) [46-48] as shown in Fig. 15a(ii and iii). In the present
of both beams, the controlling beam affects its own DPs area, number of rings, the intensity and the asymmetry as shown in Fig. 15b
(i-iii) at the same time it affect the controlled beam DPs via it’s area, number of rings and asymmetry but not it’s intensity as shown in
Fig. 15c (i-iii). The controlled beam does not affect the controlling beam DPs but it affects its own DPs intensity only as shown in
Fig. 15d (i-iii). The 473 nm and 532 nm beams DPs are of cw character. When changing the output power of the controlling beam to
pulse (square one) via the connection of the 473 nm laser device to a TTL function of a frequency generator so that its output became
pulsed and keeping the output power of the controlled, 532 nm, beam cw and let both beams to pass through the medium, Fig. 16
shows the result of passing both beams, two types of DPs generated. The pulse controlling 473 nm beam forces the controlled 532 nm
beam DPs to become pulsed one too.

10 mW 18 mW 26 mW

56 mW

Fig. 11. Typical DPs: variation with the power input increase of laser light beam in cur-oxohexa.
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Convergent

Divergent

Fig. 12. Typical DPs: dependence on the wave front of laser beam in cur-oxohexa input power 56 mW.

N\

Laser
beam

Plane Curved
wavefront  wavefront

— /

/
Plane wavefront Lens

Curved
wavefront

Fig. 13. Variation of plane wave laser beam wave front as it pass through a positive lens.

The result of performing the CA Z-scan on the sample is reported in Fig. 17a. The incident intensity used in these measurements is
688.2 W/cm? that corresponds to a power input of 4 mW. The curve in Fig. 17a showed a peak-valley configuration (negative INLR), in
other words, the effect of SDF. The result that we obtained from conducting the OA Z-scan on the sample is shown in Fig. 17b. The
Figure reveals that absorption saturation has occurred at z = 0. Fig. 17c represents the result of dividing the Fig. 17a by b. The seeking
for pure refractive index effect required division process. The continuous wave laser beam use led to thermal nonlinearity.

3.3. Calculation of the INLR

3.3.1. Due to DP

To estimate the induced refraction index changes, An, and the magnitude of the INLR, n, of the curcumin analogues based on the
experimental data of the DPs such as the total number of rings, incident light wavelength, cell thickness, d, the input power are used.
For a Gaussian beam traversing the sample cell, the transmitted light at the sample exit plane cell is cylindrical, so that the phase shift,
Ag(r), is expressed as follows [1]

2

A@(r) = Anexp( — w—rz)kd )
2
Ag(r) = Ag,exp(— =) )

Ag, is the laser beam on axis phase shift, r is the distance away from the beam axis, o is radius of the laser beam, and k = 2x/A is the

11
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50 msec 300 msec 550 msec 800 msec
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/w R N 2N -
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Fig. 14. Typical DPs: temporal evolution at laser beam input in cur-oxohexa.

beam wave vector (A is the laser beam wavelength) so that

Ag, = (And)k

3)
Ag, is related to maximum number of rings, N, at the maximum input power i.e.,
A, = 27N (€))
So that
NA
An=— 5
n=- (5)

A is the beam wavelength.n, and An are related to the laser beam intensity, I, as follows

12
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(i) (ii) (iii)

()
(d)

Fig. 15. Static cw AOS using two laser beams, in cur-oxohexa.

An

n = T (6)
2P

=1 @

P is the laser beam power input, A= 473 nm, d = 0.1 cm, and @ = 19.235 pm, the INLR, n, and An were calculated for different input
powers and the results obtained are given in Table 4.

3.3.2. Z-scan
The INLR, ng, and CNLA,, are given by the following formulas [6,7]

_ Aghr
T 2ALegl

(8)

ny

_ 2V2AT
R

(9)
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Fig. 16. Temporal evolution of the pulsed controlling beam DPs lead to temporal DPs of the cw controlled beam. Such behavior is called dynamic
AOS in cur-oxohexa.

1 —exp(—oad
Leir = 1-exp(—od) (10)
o
AT, ,
Ap,=— PV 11
’ 0.406(1 — 8)*%
AT, ,=T,-T, 12)
AT=1-T, (13)

Where L. is the sample effective thickness, S is linear transmittance of aperture, T, and T, represent the peak transmittance and valley
transmittance, respectively. By finding the values of AT,_, and AT from Fig. 17a and c and using Eqgs. 8 - 13, we determined the value of
the INLR and NLAC of the compound and found them to be 3.58x 101! m?/W and 2.23x10°® cm/W respectively. The value of the INLR
calculated for the cur-oxohexa using the Z-scan is larger than its value for the compounds referred to in studies [67-74], which proves
that the cur-oxohexa can be a candidate for use in optical devices.

4. Conclusion
We synthesized a novel curcumin analogue dye and calculated its index of nonlinear refraction (INLR) under irradiation with a

473 nm laser beam that led to the generation of diffraction patterns (DPs) and the Z-scan technique. The sample coefficient of
nonlinear absorption (CNLA) is calculated due to the second technique. The study of all-optical switching (AOS) led to the fact that

1
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Fig. 17. Z-scan data for power input of 4 mW: (a) CA, (b) OA, Z-scans. (c) the division of (a) over (b), in cur-oxohexa.

Table 4

Nonlinear refractive index and refraction index change calculated by the DPs.

P(mW) N An x107° nyx101! m%/w
10 2 0.94 5.12
18 4 1.89 5.73
26 6 2.83 5.91
34 9 4.25 6.78
56 15 7.09 6.86

such material is able to show two types of AOS, viz., static AOS and dynamic AOS.
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