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Abstract

A new conjugated chalcone compound (2)-2-(1-(1-(2,4-dimethylphenyl)-3-oxo-3-phenylprop-
1-en-2-yl)pyridin-2(1H)ylidene) malononitrile was prepared and structurally analyzed using
single-crystal X-ray diffraction. This new compound's quadratic and cubic susceptibilities at
1064 nm were analyzed and evaluated using the second and third harmonic generation methods
after deposition in PMMA polymer thin films. These films have been used for the induced
second harmonic generation measurements achieved using the corona poling technique.
Complementary information on electric dipole moment, static dipole polarizability, and initial
hyperpolarizability of this compound were obtained from the density functional theory (DFT)
calculation performed at the DFT/B3LYP/6-311G++ (d, p) and Gaussian 09 software. The
findings demonstrate that when compared to previous chalcone NLO crystals that have been
published, the synthesized crystals had greater crystal transparency, polarizability, and m-
conjugation. In particular, the (2)-2-(1-(1-(2,4-dimethylphenyl)-3-oxo-3-phenylprop-1-en-2-
yl)pyridin-2(1H)ylidene) malononitrile crystal's SHG and THG susceptibility are 0. 243 [pmV-
11 and 41.13 10 [m?Vv?], respectively. The combined findings demonstrate that the NLO



properties depend only on the steric hindrance and the chemical structure, that is, the system of

n-conjugated electrons.

Keywords: Chalcone, NLO, THG, SHG, X-ray diffraction, DFT.
1.Introduction

Electronic organic compounds with quadratic and cubic nonlinear optical properties have
attracted significant attention for their potential application in optoelectronic devices in the last
forty years. When nonlinear optical compounds interact with an electromagnetic field, they
produce electromagnetic radiation with a frequency and amplitude that differs from the input.
NLO active materials are of great interest due to their extensive sensing, optical limiting,
photovoltaic devices, optical switching, visual communications, data storage, signal processing,
etc. [1-4]. Therefore, designing new materials with high NLO response is of utmost desire for
industry and academia. The nonlinearities of the electronic organic compounds can be higher
by associating transition metals; this is generated by the effect of f-electrons on the
nonlinearities response of lanthanide-doped coordinated complexes observed by Maury et al.
[5]. Many investigations on the NLO properties of electronic organic compounds have found
that the direct participation of p-electrons improves the NLO response. Similarly, the literature
illustrates that organic electronic chromophores compound quadratic and cubic nonlinear
responses increase upon a m-conjugated system. A vast class of materials with strong
nonlinearity, strong quadratic and cubic NLO responses, and excellent optical damage threshold
levels are organic nonlinear optical materials, specifically those with delocalized electrons [6-
8].

The molecules centrosymmetric must behave in low-energy charge-transfer transitions and be
significantly different between the excited state dipole moment and the ground state dipole
moment to have a high quadratic NLO response. Electronic chromophores compound also
presented promise due to their low energy observed from interatomic and intermolecular
interactions charge transfer (CT) excited states. An informed choice of nature can easily control
these interaction's intensity and energy, electron withdrawing and donating groups.
Furthermore, their strong nonlinearities made them competitive concerning organic compounds
and interest in optoelectronic applications [9-12]. The quadratic and cubic optical nonlinearities
that come from the = conjugated system, which generally exist in the class of the chalcone
compounds, have drawn the attention of chemists and physicists. Also, due to their significant
charge transfer via the substituent groups on the aromatic rings, chalcone derivative molecules

with a conjugated system exhibit a perfect NLO system. For example, compound 1, which



belongs to this family, has two aromatic rings joined by a propene unit, made of three carbons
with a carbonyl group and one unsaturation. The m-conjugated system in their chemical
structure creates a broad charge transfer axis with suitable electron donor and electron acceptor
substituent groups on the aromatic terminal rings.

Photoactive electronics chalcone derivatives compounds are particularly appealing because of
their best quadratic nonlinearities responses and because they are used in various fields of
electroluminescent devices, in chloroform sensitized for photovoltaic cells, in laser technology,
in image processing, as bio-imaging processing [13-21], and in light-sensitive medicine.

Our earlier research [22-29] shows the causes of nonlinear responses and the relationship
between chemical structure and nonlinear features. We describe in detail the following four
novel organic electronic heterocyclic chalcone derivatives' synthesis, characterization, optical,
and NLO findings. In addition, the cubic and quadratic nonlinear of one conjugated chalcone
characteristics were assessed.

2. Experiment
2.1. Materials and instrumentation

All the reagents and solvents were purchased from Aldrich, Acros Organics, and Merck and
used without further purification. The melting point was determined using a Bichi M-
565 Automatic Melting Point Apparatus. The NMR spectra of 1 was recorded on a Bruker
Avance 250 MHz mixture of CDCl; and DMSO-d®. and the FT-IR spectrum was recorded on
a Thermo Scientific Nicolet iS50 FTIR spectrophotometer.

2.2. Synthesis

1 mmol of 2-chloro-1-(2-oxo-2-phenylethyl)pyridin-1-ium bromide (1) and 0.75 mmol of 2-
benzylidenemalononitrile derivatives are introduced into aflask containing 5 mL of acetonitrile.
0.1mL of triethylamine was added. The solution is irradiated in an ultrasound bath at room
temperature for 4 h (the progress of the reaction is monitored by TLC, chloroform was used as
eluent). The reaction mixture was poured onto a cooled saturated NaCl solution. The product is
extracted from the aqueous phase with ethyl acetate. After evaporation of the solvent, the solid

obtained is recrystallized using acetonitrile as solvent.



1: R'=R=Me (78%)
2:R'=R=H (72%)

Scheme 1. Synthetic scheme of studied compounds 1 and 2.

Compound 1 and 2 were synthesized as shown in scheme 1 according to our previous work
[28]. Compound 1: Yield: 78%; mp.= 235°C; IR (cm%): 2195, 2167, 1644, 1634, 1539, 1492,
1446, 1266, 1173 ; *H NMR (CDCls, 250.13 MHz) & (ppm): 8.09 (s, 1H), 8.02 (d, J=6.8Hz,
2H), 7.83-6.83 (m, 9H), 6.63-6.57 (m, 1H), 2.33 (s, 6H); *C NMR (CDCl3, 62.9 MHz) & (ppm):
190.0, 156.2, 143.1, 142.9, 140.6, 140.0, 137.7, 136.3, 136.1, 132.7,132.3,129.8, 129.5, 128.7,
128.3,127.9, 126.5, 122.4, 119.6, 113.2, 45.2, 21.6, 20.3.

Compound 2: This compound was described previously and its structure was determined using
'H NMR, IR, UV and X-ray spectroscopic methods in our previous work [28].

2.3. Single-crystal X-ray diffraction measurements

The single-crystal X-ray diffraction analysis were carried out at 100 K on a Rigaku SuperNova
dual-wavelength microfocus diffractometer, equipped with a 135 mm Atlas CCD detector,
using Cu-K,, radiation (A=1.54184 A). The CrysAlis program suite was used for data collection,
reduction, and analytical absorption corrections. Direct methods and successive Fourier
difference syntheses were used to solve the crystal structures, which were then refined using
the weighted full-matrix least-squares method against F? using SHELXL [30]. Tab 1
summarizes the crystal data, data collection, and structure refinement details. Anisotropic
refinement is appliedto all non-hydrogen atoms. For bond length distances and riding restraints,
all H atoms were located in difference Fourier electron-density maps and treated as riding on
their parent atoms, with C-H = 0.950 and Uiso(H) = 1.2x Uiso(C), respectively. The WinGX
software package was used to perform all calculations [31]. The studied compounds' cif-file
can be found in the Cambridge Structural database under the number CCDC 2235542.

On request to the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, fax: +44 (0)1223
336033, or email: deposit@ccdc.cam.ac.uk, free copies of the available material can be

obtained.
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Table 1. Crystal data, data collection and structure refinement for the studied compound

Compound 1
Chemical formula CasH19N30
M 377.45
Crystal system triclinic
space group P-1
a(A) 8.5595(4)

b (A) 9.1785(5)

c (A) 13.7814(7)
a(®) 105.584(5)
B (°) 97.794(4)

v () 102.016(4)
V (A3 998.76(9)
z 2

T (K) 100

1 (mmt) 0.617
Crystal size (mm) 0.19x0.09%0.3
Radiation type Cu-K,
Diffractometer Rigaku SuperNova
Rint 0.0175
Omin, Omax (°) 3.400; 76.817
No. of measured 11444
reflections

No. of independent 4098
reflections

No. of observed [I > 2(1)] reflections 3810

No. of parameters 266

No. of constraint/restraint 0

R[F? > 20(F?)] 0.049
WR(F?) 0.137

S 1.073




2.4. Thin film preparation and optical absorption measurements

The film of the studied compound was prepared from a Dimethyl sulfoxide (DMSO) solution
of PMMA matrix (Sigma-Aldrich, Mw=350,000 g mol) and 1 with the ratio 20:5. Spin-coater
(SCS G3) at 1000 rpm was used to elaborate thin films on cleaned glass substrates. To evaporate
any remaining solvent, thin films were kept in the oven for 4 hours at 60° C. The prepared thin
film thickness was measured with a profilometer (Dektak 6 M) and found between 147 and 247
nm. The obtained values of thickness and absorption peaks are grouped in Tab. 2.

Table 2: Thickness, absorption peaks and values of absorption coefficients.

8 -1
Sample Thickness [nm] Aabs o [107em]
355 nm 532 nm
1 (247.00£2.81)  322; 375 12.61 2.29
2 (145.92 £1.21) 391 6.78 0.31

2.5. Nonlinear optical measurements

The measurements of the second harmonic (SH) and third harmonic (TH) were done with a
well-known Maker fringe setup [32, 33]. The intensity of generated harmonics as a function of
incident angle was measured in s and p polarization when thin films rotate from -75° to +75°.
For THG measurements, no restriction of polarization has been observed. The laser beam's
fundamental wavelength was 1064 nm, frequency of 10 Hz, 30 ps pulse duration, and energy
of 60 mJ.

- SHG analysis:

To evaluate the quadratic nonlinear optical susceptibility, we have used the Lee model [34]:

h ad 20
@_.,® (2 (L‘é"uartz) 2 !
X XQuartZ (n) d 1—exp(—a;—d) Ié‘ﬁ)artz (1)

Where: Xézu)artz=1-10‘12m-V‘1[35], L .y =21 um is the reference material's

coherence length, d: isthe sample thickness, o linear absorption coefficient, I>¢ and 155, are

the thin film and reference material's SHG intensities, respectively.

- THG analysis:
Cubic nonlinear optical susceptibility was calculated using the Kubodera-Kobayashi model
[36]:
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Where; )(S(fl)im=2><10‘22m2-V—2 [37], LSot., = 6.7um is the reference material's

coherence length, d is the sample thickness, an I3“and I13%__ are the thin film and reference

Silica

material's THG intensities, respectively.

The theoretical model utilized accounts for optical absorption at the third harmonic wavelength,
but it is no longer applicable when non-linear absorption is present as a function of laser

intensity.

Generally, second harmonic generation depends on the symmetry of the medium, it is known
that is impossible to obtain SHG response in centrosymmetric structure. In the case of the guest-
host system, SHG is possible by creating macroscopic non-centrosymmetry. This is achieved,
using the corona poling method [38]. In the first stage, a thin film is heated to a temperature
close to the glass transition temperature of polymer (in the case of PMMA about 105°C) and
the temperature is hold constant. High voltage is then applied (typically a few kilovolts, in our
case 6 kV) for a certain amount of time (about 60 minutes in our case) and then the sample is
cooled to room temperature while maintaining the high voltage. In this technique during
polymer heating, the molecules can "move" and the dipole moments orient themselves in the
direction of the applied electric field. After reaching RT, the high voltage is switched off and
the dipole moments remain frozen for along time

2.6. Computational details

Quantum chemical calculations were carried out using the Gaussian 09 program, and Gauss
View was used for visualization [39,40]. The molecular structures of molecules 1 and 2 were
optimized for the ground state by the density functional theory (DFT) method combined with
B3LYP hybrid functional at 6-311G (d, p) basis set in the gas phase [41,42]. Stationary points
have been positively identified for global minima without imaginary frequencies. All the
quantum chemical parameters, such as Enomo, ELumo, energy gap, dipole moment (p), average
polarizability, anisotropy of the polarizability, first static hyperpolarizability and second
hyperpolarizability were calculated and discussed. Time-Dependent Density Functional Theory

(TD-DFT) was used to calculate electronic excitation energies for molecules.

- NLO response of the title compounds



The NLO properties, such as first static hyperpolarizability (8,) , second hyperpolarizability
and the related properties (e, 8 and A«) of the studied compounds, were calculated using DFT
theory at B3LYP/6-31+(d) basis set, based on the finite field approach. The First
hyperpolarizability is athird-rank tensor that a 3 x 3 x 3 matrix can describe. The 27components
of the 3D matrix can be reduced to 10 due to the Kleinman symmetry [43]. The total dipole
moment 1, the average polarizability «, anisotropy of the polarizability (Aa), first static
hyperpolarizability (B,), and average second hyperpolarizability (y) frequency depended
(0.043 a.u.) were computed using the following relations, and the results are given in Table 7.

po= (U + pgtug)?

oC, +0C, +0C,
() =——F—=
3
1 2 2 5 5 1/
Aa = ﬁ[(ocxx_ocyy) + (ocyy_oczz) + (o€, — 0 )? + 6 o, 2] 72

Bo= (BZ+PZ+ D)2 and B, =P, +B,,, By
BJ’ = Byyy + BJ/ZZ + Byxx
B, =PBrzz T Box T By

Y= % xxxxe  Voyyy F Vazar T 2Vixyy + 2Vaxzz + 2Vyyzz)

The () components of GAUSSIAN 09 output are reported in atomic units and therefore the
calculated values are converted into e.s.u. units (1a.u = 8.6393 x 10~33e.s.u). On the other
hand, the reactivity parameters of two compounds were also calculated to elucidate the
reactivity of the molecules with the energies of LUMO and HOMO using the following

relations:

I = —E QMO - vvnveenananenee e 4)
A = mELgM0 e (5)
n = % = —CEnomo—Fromo) e, (6)



I and A represent the ionization potential and electron affinity, respectively. These quantities
are associated with and with Koopman’s theorem [44].While yx,n and o signify the
electronegativity, hardness and softness of molecule, respectively. The molecule has high
hardness (hard), high softness (soft) values and a large frontier orbital gap, which means that
the molecule is associated with low chemical reactivity and high Kkinetic stability. In
comparison, the low softness values mean that the molecule easily changes the electron density
with its environment. The high value of electrophilicity (w) and chemical potential () indicate

the ability of the molecule to accept electrons [45-47].
3. Results and discussion
3.1. Synthesis

Compound 1 and 2 represented in scheme 2 were synthesized according to our previous work
[28] from 1 mmol of 2-chloro-1-(2-oxo-2-phenylethyl)pyridin-1-ium bromide salt and 2-
benzylidenemalononitrile derivatives in the presence of triethylamine as catalyst. The reaction

was conducted in an ultrasound bath at room temperature.

Scheme 2. Formula of studied compounds 1 and 2.

The structure of compound 1 has been confirmed by IR, *H and *C NMR spectroscopy. The
IR spectrum of compound 1 showed the presence of two C=N groups by two bands at 2167 and
2195 cm?, and showed one sharp band at 1634 cm™ due to vibration of the carbonyl (C=0)
group. The *H NMR spectrum of compound 1 indicated a singulet at 2.33 ppm corresponding
to the two methyl protons. The aryl proton signals appeared between 8.09 and 6.57 ppm (12H,



m). The 3C NMR of compound 1 showed a signal at 190.0 ppm, attributed to the carbonyl
carbons. The other carbones appeared between 156.2 and 113.2 ppm.

3.2. Structural commentary

Single crystals of compound 1 were grown by crystallizing the crude products in hot acetonitrile
as solvent. According to a single crystal x-ray diffraction analysis on a yellow-colored crystal,
the molecular structure of this chalcone ((E)-2-(1-(1-(2,4-dimethylphenyl)-3-o0xo-3-
phenylprop-1-en-2-yl)pyridin-2(1H)ylidene) malononitrile) crystallizes in the triclinic crystal
system and belongs to the P-1 space group. The asymmetric unit of 1 is shown in Figure 1.

? O N3
C20 ~ /CZI %
co / Icz/ 25

D
/ ,C2 c9 - \Cl?’__ Qcm
( ' 40N e ey
(;4' \((57 O—~ # C15 O \b
C17
v/
’ C6 }5

Figure.1. The molecular structure of 1 showing the atom numbering scheme.

This compound has aromatic rings, only one of which is disubstituted by two methyl groups.
Due to the E geometry of the chalcone alkene, the two phenyl rings are tilted towards the same
side of the molecule. The structure of the molecule is highly conjugated in two crossed planes.
The examination of three torsion angles confirmed the nonplanarity of this molecule. The angles
involving the aromatic rings are equivalent, with a small bend. where the link C3—C2 and
C1—C8 has a torsion of -142.14° and the bonds C15—C10 and C9—C8 have a torsion of -
145.11(15)°. Despite a planarity breach, the chalcone's torsion angle between the C9—C8 and
C1—OL1 links is-164.23(14)°.

The phenyl ring is nearly wholly planar, but the benzoyl group exhibits a non-planar structure,
and we see that the O1 atom has been significantly displaced (by 0.863(2) A) from the average
ring plan. The C9-C10, C1-C8, and C1-C2 bond lengths of 1.462(1) A, 1.490(1) A, and



1.488(1) A, respectively, in the propene bridge, clearly indicate the bond type of this segment.
While the lengths of the C8-C9 and C1-O1 bonds, 1.222(1) A and 1.343(1) A, respectively,
indicate the nature of these bonds. The values 131.64(9)° and 119.91(8)° coresponding to the
bond angles of the C8—C9—C10 and C2—C1—C8, respectively, indicate the sp?
hybridization of the C1, C8, and C9 carbon atoms. The examined compound's three-
dimensional crystal packing comprises weak C—H..N and C-H...O hydrogen bonds
connecting organic molecular species. Weak C-H-C and C-H...O intermolecular interactions
are another characteristics of the three-dimensional network. Remarkably, the malononitrile N3
exhibits a distinct behavior. However, it only takes part in one C—H...N hydrogen bond.
Therefore, the network of intermolecular interactions does not also include the N3. It is
noteworthy that the pyridine ring and the benzoyl group are stacked similarly. To produce this
configuration, the carbonyl group and a nearby benzoyl group interact via C-H...O interactions.
One observes that compound 1 intermolecular contacts network is more advantageous for

effective charge transfer.

Table 3: Distances (A) and angles (deg) for hydrogen bonds in compound 1

D-H...A d(D-H) d(H...A) d(D-A) D-H-A Symmetry
Compound 1

C21—H21.--01' 0.95 2.45 3.2731(18) 145 X1y, 1/2+z
C18—H18---N3" 0.95 2.48 3.331(2) 149 1/2+x,1/2-y,z

Symmetry codes: (i) -x, -y+1, -z; (i) x+1,y, z.

The slipperiest® — 7 stacking, with a centroid-centroid distance of 3.6581(6) A between the
phenyl rings and C-H interactions, solidify the packing (Table 4). As seen in the current
example, interactions, while significantly weaker than coordinative bonds, are crucial for
forming multidimensional networks in the solid state.

Table 4: Intermolecular and intramolecular interactions C-H...Cg (C-H... n, A,° ) operating
in the crystal structure of 1.

D-H...A d(C-H) d(H...Cg) d(C-Cg) C-H-Cg Symmetry
Compound 1

C11—H11---Cgl 0.95 2.82 3.4191(11) 124 ) 74
Cl7—Hl7a--Cg2 0.95 2.86 3.8068(13) 170 2-X,2-Y,1-Z
C19—H19---Cg2 0.95 2.96 3.7918(12) 149 2-X,1-Y,-Z

Cgl (C1C2 C3C4 C5 C6 C7), Cg2 (C10 C11 C12 C13 C14 C15).



Figure 2. (a) Projection along the a axis of the atomic arrangement of I. Dotted lines represent
the hydrogen bond. (b) Alternating layers parallel to (010) plane of 1 atb = 1/2, viewed viaa
axis. Intermolecular and intramolecular interactions C—H... © are shown as red dashed lines.

3.3. Hirshfield surface analysis

Analysis and calculations of the Hirshfeld surface [48] were carried out with
CrystalExplorer17.5 [49]. We may investigate hydrogen bonding interactions using a Hirshfeld
surface, which is built using normalized distances (dnorm) [50,51]. On the surface, red areas
represent smaller interatomic interactions while blue areas represent greater interatomic

contacts. The area of a Hirshfeld surface that is white denotes connections where the distance



between the linked atoms is equal to the total of their van der Waal radii.

C_H.o

&)
C—H-N

y

Figure 3a. View of the three-dimensional Hirshfeld surface of the studied compounds 1-2

plotted over dnorm.
The dnorm plots in the studied compounds were mapped with a color scale between -0,3099
a.u. (blue) and 1.4598 a.u. (red) for compound 1 and -0,2429 a.u. to 1.1203 a.u. for 2 are shown
in Fig. 3a. In both compounds the red spots indicate the contribution of C—H---O and C—
H---N hydrogen bonds. The plots for whole interactions are represented in Figure 3a.1 for
compound 1 and 3a.2 for 2. The largest spikes on these plots stand for H---H contact. A small
difference is found in the interatomic contacts of 1 and 2. For 1, the contact of utmost
importance is H---H (45%, Figure 3c), whereas, for 2, the contact of utmost importance is O---H
(37.1%).



Figure 3b. 2D fingerprint plots of compound 1-2 (a) shows reciprocal contacts resolved into
O...H, N...H, C...H, and H...H. Part figure shows percentage contact contributions to the
total Hirshfeld surface area of the molecule. Black arrows show the spike for different
interactions; diis the closest internal distance from a given point on the Hirshfeld surface, and
de is the closest contact point external to the surface of the molecules.

Figures 3b-c shows the extended two-dimensional fingerprint plots [52], where de and di are
the relative distances from the Hirshfeld surface to the closest nuclei on the outside and inside
of the surface. H...H contacts account for 44.7% of the crystal packing, followed by C...H/H...C
contacts (25.1%), N...H/H...N contacts (16.3%), and O...H/H...O contacts (6.9%) for compound
1 and for 2 as a result : H...H contacts account for 37.1%, followed by C...H/H...C contacts



(27.4%), N..H/H..N contacts (17.7%), and O..H/H..O contacts (7.8%).

Contribution of various imtermolecular contacts

s H.H «C_H O.H » M._.H »Others s H.H sC.H O.H »MN_H »Others

(1) (2)

Figure 3c. Relative contribution of various intermolecular interactions to the Hirshfeld
surface area in the studied compounds 1-2.

These results show that both compounds' interatomic and intermolecular interactions occur
similarly. So we can conclude that all these contacts do not affect the nonlinear optical
properties response and depend only on the steric hindrance and the chemical structure (the

system of n-conjugated electrons).

3.4. UV-visible spectra

Figure 4 shows the absorption spectra thin film of the studied compound. The absorption band
maxima are observed at 300 and 390 nm, respectively, assigned to the =—n * and n—n*
transitions. We can also see that the studied chalcone has high transparency at wavelengths
greater than 400 nm. Furthermore, absorption spectra (Fig. 4) show that the absorbance is not
negligible at wavelengths corresponding to the generated third harmonics nonlinearities (THG).
It establishes that the absorption process impacts the THG response generated. As a result, in
NLO calculations, the absorption coefficient oo must be considered. Tab. 2 regroup the

calculated values of absorption coefficients a for 532 nm (SHG) and 355 nm (THG).



0,4

Absorbance, arb. units

0,0

300 400 500 600 700 800 900 1000 1100
Wavelength, nm

Figure 4: Absorption spectrum of the studied compound 1.

3.5.NLO Analysis:
-SHG results:

The anisotropic nonlinear optical conversion has a maximal SHG response at an incidence angle
of 75°, which seems to dominate in P-polarization. We employed Y-cut quartz glass with a
thickness of 1 mm as a reference material for SHG measurements. Tab 5. illustrate the estimated
susceptibilities and shows that the SHG response for the studied compound 1 was stronger for
the p-p input-output polarization setup than for the s-p approach. This discrepancy is related to
the values of tensor components y(2), which are responsible for the experiment's
complementary scheme — y(2)zzz and y(2)zxx. The theoretically expected ratio y(2)zzz/
x(2)zxx=3 [53] for molecular systems. The structure of the studied compound is constituted of
three aromatic rings, similar to compounds studied 2 with two substituents instead of one on

the C13 carbon atom.

00,04 1 2 0.04 L

= s-p polarization c p-p polarization

S =)

50,03} S

b @ 0,03}

20,02 2

2 2
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Figure 5: SHG response of 1 thin film in s- and p-polarization.



The quadratic susceptibility value for compound 1 is measured at a wavelength of 1064 nm on
thin film, and it is estimated to be 0. 243 [pmV] (Table 5). This value represents a quarter of
the quartz susceptibility (@) value and is half of compound 2. This result can be explained by
the fact that the two methyl groups on the C13 carbon slow the electronic mobility and break

the electronic conjunction of the phenyl ring.

Table 5: Second- and third-order nonlinear optical susceptibility.

Sample x ) [pmv-l] x 3) [10-22 m2v-2]
s-p pP-p p-p
Quartz 1.00 -
Silica - 2.00
1 0.187 0.243 41.13
2 0.545 0.572 60.89

-THG results:

Figure 6 displays the third harmonic intensity of compound 1. As a reference material for THG

<3>

measurements, 1mm thick silica glass was employed. The susceptibilities ( y;.c) were

calculated using Formula 2. Table 5. shows the results. We might assume that the electronic

contribution is included in the computed values using the third harmonic generation theory.
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Figure 6: THG response of 1 thin film in p-polarization.

THG measurements for P-polarization were carried out on the studied thin film of 1, and their
intensities as a function of incidence angle are shown in Fig. 6. By comparing the TH signal to
that of silica glass, the THG susceptibility value for the studied compound is calculated and
analyzed. The cubic susceptibility value of the 1 is measured at a wavelength of 1064 nm, and
it is estimated to be 41.13 102 [m?V?] (Table 5). This value is 20 times greater than silica's



susceptibility ( 5> ) value and lower than compound 2. The steric hindrance may explain why

compound 1 results are more significant than compound 2.

3.6. DFT Analysis:
3.6.1. UV-Vis spectral

Vertical excitation energies and oscillator strengths of title compounds were calculated using
Time-dependent (TD-DFT) [54,55] to analyze the UV-spectra and determine the nature of the
bonds' electronic transitions. The geometries of the electronic vertical excitation were
optimized in the acetonitrile solvent with CAM-B3LYP/ 6-311G (d, p) basis set using the
Polarizable Continuum Model (PCM). The results of a significant contribution of molecular

orbitals to the formation of absorption bonds are listed in Table 6.

From compound 1, it can be seen that the intense transitions localized at 280.77, 318.45 and
356.87 with assigned configurations H-2—L (81.41 %), H—-L (78 %) and H—L+1 (64.56 %),
respectively. In the case compound 2, the intense absorptions are shown at 245.44, 383.02, and
322.97, with the significant orbital contributions H-1—L+1 (85,46 %), H—L (81,52 %) and
H—L+1 (69,25 %). According to Table 6, the major orbital of the two compounds studied
shows the inverse relationship with oscillator strength. The highest is the compound which has
a small oscillator strength. It can be observed in Fig. 7 that the theoretical absorption spectra
reproduce well experimental spectrum. Hence, in the CAM-B3LYP hybrid, the excitation

values were obtained in good agreement with that of experimental values.
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Figure 7. Simulation absorption spectra; red and blue lines represent the compounds 1 and 2
respectively, computed with Cam-B3LYP in acetonitrile solvent.



Table 6 Comparison among the experimental and calculated Amax Values, excitation energies
E (eV) and oscillator strengths using TD-DFT/ CAM-B3LYP/6-31G(d,p).

Absorption Excitation Oscillator Transitions (Major
Compounds | wavelength (Aca | energy (eV) | strength (f) Contributions)
nm)
1 356.87 3.4742 0.1275 H-L (78 %)
332.21 3.7321 0.0652 H-5-1L (39.82%)
318.45 3.8934 0.4408 H-L+1 (64.56 %)
308.29 4.0217 0.3393 H—1->1L 53.25%
280.77 4.4158 0.0248 H-2—L (81,41%)
265.99 4.6613 0.0952 H—L+2 (49,23%)
262.85 4.7169 0.0273 H—L+7 (49,23%)
260.98 4.7507 0.0326 H-3—L (41,05%)
256.97 4.8248 0.1572 H-1-L+1 (62,18 %)
251.39 4.9319 0.1183 H- 4L (41,20 %)
2 383.02 3.2370 0.0770 H—L 81,52 %
340.02 3.6464 0.1167 H-5-L 37,21 %
322.97 3.8389 0.2046 H—L+1 69,25 %
309.69 4.0035 0.5017 H-1-L 60,40 %
277.54 4.4673 0.0655 H-2—L 55,28 %
265.96 4.6617 0.1500 H—L+2 45,47 %
265.47 4.6703 0.0834 H-3—L 31,91 %
261.73 4.7372 0.0364 H—L+7 40,43 %
261.57 4.7400 0.1207 H-4—L 42,29 %
245.44 5.0515 0.0690 H-1-L+1 85,46 %

3.6.2. NLO response

The results of NLO properties for the title compound are summarized in Tables 7 and 8. The
values obtained for compound 2 have been added for comparison. Moreover, the calculated
values of the average polarizability (a), anisotropy of the polarizability (Aa) and the first static
hyperpolarizability (B,) for 1 are equal to 49.963 A%, 1.26 x 10* esu, and 2.25 10% esu
respectively. These values are 45.719 A3, 1.00 x 10 esu, and 1.21 10% esu respectively for
compound 2. By comparison, the first hyperpolarizability of 1 is almost two times (1.93) higher
than that observed for compound 2 and is two orders of magnitude (225) larger than that of the
standard NLO material Urea 0.13x10% esu [56,57]. The second-order hyperpolarizability for
compound 1 is 1.44x10" esu and is slightly higher than for compound 2 (1.21x10%" esu). This
can be explained by the fact that the CH3 groups in compound 1 act as a donor groups, which
may enhance the first hyperpolarizability when compared to compound 2. These results indicate
that compound 1 is a promising candidate for use as nonlinear optical material than 2. It is

expected that



Table 7. Calculated all g and (y)(0;0,0,0) components and P, using B3LYP/6-31+G (p, d)

for the both molecules 1 and 2.

Components 2
Bax x -2120,37 -864,91
Bxxy -1,59 54,82
Biyy -347,24 148,50
Byyy -53,83 309,70
Bxz 319,49 156,30
Bxyz 149,40 -80,94
Byyz '44,40 -61,42
ﬁxzz -45,00 -0,880747
Byzz -109,32 -55,85
Bzzz 405,81 462,80

Brot (€SU) 2,25x10%° 1,16x10%°
Yacxx 448200,00 328670,00
Yyyyy 98707,10 83312,00
Vizzz 50037,60 44616,10
Yaxyy 65198,50 58667,90
Vxzz 33544,00 38647,60
Vyyzz 19314,30 25517,30

(y )(esu) 1,44x10% 1,21x10%

Table 8. Calculated total dipole moment u (Debye), polarizability a(A%), anisotropy of the
polarizability (esu) and the first hyperpolarizability B, (esu) for compounds 1 and 2.

Components 1 2
Iy -1.1342 -1.7794
Hy -3.1504 -2.7035
I, 6.5370 7.7212
eor (Debye) 7.3447 8.3721
Qy 428.378 384.855
a, 321.237 282.908
a, 261.907 257.826
a(A3) 49,963 45,719
Aa (esu) 1.26x 10 1.00x 10

As shown in Table 9, the reactivity parameters displayed that compound 1 has a high value of

ionization potential (6.006 eV). In addition, a high value of hardness (1.637 eV), low values of



softness (0.610 eV) and a high energy gap (3.274 eV) means that the 1 has high kinetic stability

(lower chemical reactivity) [58].

Table 9. Quantum chemical parameters of the 1 and 2 calculated at DFT level using the B3LYP/
6-311G (d, p) basis set.

Compounds
Reactivity Parameters 1 2
(Units in eV)

Total energy (Hartree) -32755,474 -30615,311

Enomo -6.020 -5.942
ELumo -5,942 -2,8973208

AE 3.274 3.045

EHomo-1 -6,653 -6,902

ELumo+1 -2,327 -2,257

AE (Eromo-1 ELumo+) 4,325 4,645

I 6,006 5,942

A 2,745 2,897

X 4,382 4,420

H 1,637 1,522

z 0,610 0,656

u -4,382 -4,420

W 15,726 14,875

Back-d -0,409 -0,380

3.6.3. Frontier molecular orbitals (HOMO - LUMO) analysis

The frontier molecular orbitals analysis is essential in fundamental chemistry to reveal the
chemical reactivity of the compounds. Therefore, the optimized structures of both compounds
in the gas phase were calculated using the density functional theory (DFT) at B3LYP/6-311G
(d, p) basis set to study the NLO properties.

Table 9 shows the total energy, Erumo, Enomo and AE..w energy gap; according to the Eiotal
value, the 1 presented high stability. In addition, in this work, the energy gap value of compound
1is(3.274 eV) high than that of the compound 2 (3.045 eV), an opposite correlation between



the energy gap and the hyper polarizabilities [59]. In general, the band gap values reveal that
the two molecules have high chemical reactivity. The high value of Enomo represents the ability
of the compound to donate electrons, while the lowest E umo indicates the ability to accept
electrons. Therefore, the 3D plots of the frontier molecular orbitals HOMO and LUMO, for
both compounds are shown in Fig. 8. It can be seen from (Fig.8) that the two compounds (1 and
2) have a similar HOMO electron density distribution with a particular focus on the C8H4-N3

groups.
3.6.4. Molecular electrostatic potential surface (MEP)

The molecular electrostatic potential was used as a helpful method for indicating the chemical
reactivity sites of compounds shown in Fig. 8. Different colors show the electron density
isosurface at different points. The red color shows regions of most negative electrostatic
potential, electrophilic active region. The blue represents regions of the most positive
electrostatic potential, nucleophilic active region, and the green illustrates a region of zero
potential; the potential rises in the following order red < orange < yellow < green < blue [60,61].
The electron-rich regions are mainly localized around heteroatoms and conjugated double
bonds. The oxygen, nitrogen, and CN groups indicate negative regions that favor the
electrophilic attacks. On the other hand, hydrogen atoms have a positive sign (blue color) that

favors nucleophilic attacks.

Optimized structure

Figure 8. Frontier molecular orbitals HOMO and LUMO density distribution in the gas phase
and electrostatic potentials mapped on the electron density (isovalue = 0.0004 a.u) for title
compound calculated at B3LYP/6-311G (d, p) level.



Conclusion

In conclusion, this paper discusses the synthesis, structural characterization, and nonlinear
optical (NLO) characteristics of a chalcone derivative: (2)-2-(1-(1-(2,4-dimethylphenyl)-3-
oxo-3-phenylprop-1-en-2-yl)pyridin-2(1H)ylidene) malononitrile. According to single crystal
analysis, the structural geometry of 1 assumes a Z conformation and can be characterized in
centrosymmetric space groups. Weak C-H...N, and C-H...O hydrogen bonds, as well as C—
H...p interactions, stabilize the crystal structures of the studied compound. Second and third
harmonic generation (SHG and THG) measurements at 1064 nm were used to analyze quadratic
and cubic NLO susceptibilities on thin films. We have used the corona poling approach to invert
the symmetry for the induced second harmonic generation measurements. To entirely
comprehend the second and third-order NLO phenomena, the detailed DFT quantum
calculations have also been effectuated to acquire the dispersion-free dipole polarizabilities,
second and third-order hyperpolarizabilities and susceptibilities for 1-2. We found that the
quadratic and the cubic nonlinear responses decrease proportionally with the nature and the
number of electron-donating substituent groups on the conjugated system. The combined
findings demonstrate that the NLO properties depend only on the steric hindrance and the
chemical structure, that is, the system of n-conjugated electrons. The experimental nonlinearity
analyses for the examined compounds, as reflected by their susceptibility to second and third-

order NLO characteristics, are in good accord with the quantum results.
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