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Synthesis, characterization and NLO properties of
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In the current study, three novel 1,4-phenylenediamine-based chromophores (3a—3c) were synthesized
and characterized and then their nonlinear optical (NLO) characteristics were explored theoretically. The
characterization was done by spectroscopic analysis, i.e. FT-IR, UV-Visible, and NMR spectroscopy, and
elemental analysis. Notably, these chromophores exhibited UV-Visible absorption within the range of
378.635-384.757 nm in acetonitrile solvent. Additionally, the FMO findings for 3a—3c revealed the
narrowest band gap (4.129 eV) for 3c. The GRPs for these chromophores were derived from HOMO-
LUMO energy values, which showed correspondence with FMO results by depicting a minimum

. hardness (2.065 eV) for 3c. Among these compounds, 3c displayed the highest nonlinear behavior with
iizzgﬁ%sﬁ: S\Iacr)]\:;r:wybze(r)zzgzs Maximum por, Bror aNd yior Values of 4.79 D, 8.00 x 1073° and 8.13 x 10~>* a.., respectively. Our
findings disclosed that the synthesized 1,4-phenylenediamine chromophores may be considered

DOI: 10.1039/d3ra07642c promising candidates for nonlinear optical materials, showing potential applications in the realm of
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1. Introduction

Schiff bases are vital chemical compounds in the fields of
organic, nonliving, analytical and therapeutic chemistry due to
their flexibility* and structural diversity. Schiff bases can be
produced by the reaction of a carbonyl group of either ketone or
aldehyde with primary amines.”> Schiff bases are also called
azomethines or imines owing to the presence of a C=N chro-
mophore.? Different analogues of Schiff bases have been used in
normal life sciences due to their anticancer,* antimicrobial,>®
antimalarial,” antifungal,® antibacterial® and antioxidant'
potential. Moreover, they serve as a catalyst for different reac-
tions like the reduction of thionyl chloride,” an aldol
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condensation reaction, the hydrogenation of olefins," the
ability to bind oxygen in epoxidation reactions," and photo-
chromic properties,*® as well as acting as corrosion inhibitors
for various metals like steel, aluminum and copper.’® Addi-
tionally, they can be employed as chelating agents in food-
stuffs.”” Schiff bases play an important role as an NLO active
material due to their property of solvatochromicity.'®** The
innovations of solid-phase extraction techniques® and ion-
selective electrodes for identifying anions in analytical experi-
ments could both benefit from these ligands.”

The aim of NLO is to describe the reaction to an applied
electric field.**** Electro-optics for signal processing and
frequency variations,* particularly in telecommunications,*
information technology and fiber optics, benefit greatly from
the use of NLO compounds.**® They tend to allow structural
alterations to enable a range of NLO behaviors due to their
simple chemistry and inexpensive cost of production.”* Recent
research has focused on NLO materials established from
organic networks.?” Intramolecular charge transfer (ICT) from
donating (D) to accepting (A) moieties of electrons via conju-
gation is a valuable property of NLO organic materials.”*"°
Computational and experimental data indicate that a broad
second-order NLO response can be managed by introducing
strong D and A groups on the spacer's paradoxical sides, i.e., A-
D-A, D-D-A and D-A.*' Charge transfer can be improved by
compounds with delocalized electrons in a D-A configuration.*?
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When subjected to intense laser light, NLO materials are
responsible for a broad range of applicability due to their
exciting photo-physical behavior.*® There is a lot of interest in
improving synthetic organic compounds to have a quick
response rate, a better laser impairment approach, a higher
photo-electrical quantum yield,* a small dielectric constant,*
construction flexibility, and low improvement cost.***” This
report  focuses on  creating 1,4-
phenylenebis(azaneylylidene)bis(methaneylylidene)-based
compounds. The characterization of these compounds was
accomplished by employing a variety of spectroscopic tech-
niques. The DFT method was utilized to thoroughly investigate
their optoelectronic properties.

various new

2. Experimental section
2.1 Chemistry

All manipulations were carried out with chemicals from Sigma-
Aldrich in pure form. Elemental analyses were performed on
a PerkinElmer 2400 Combustion CHN Analyzer. IR spectra on
solid samples were obtained using an FT-IR IFS48 spectropho-
tometer. The NMR spectra were obtained in DMSO-ds solvent
using a Bruker AVANCE III HD 400 MHz instrument. The NMR
spectra are given in terms of tetramethyl silane (=0 ppm). The
progress and completion of the reaction were monitored by
TLC.

2.2 General procedure for the synthesis of p-
phenylenediamine derivatives

Schiff bases 3a-3c¢ were prepared by the condensation reaction
of p-phenylenediamine with corresponding aromatic aldehydes
and ketones in a molar ratio of 1:2. This synthesis was per-
formed by adding p-phenylenediamine (1) (0.2 g, 0.002 mmol)
to the respective ketone or aldehyde (2a-c) (0.004 mmol),
refluxed in 15 ml of hot ethanol with a catalytic amount of acetic
acid (CH;COOH) for 5 to 15 hours at 70 to 80 °C. The solid
precipitates were separated through filtration, rinsed with both
warm and cold ethanol and ultimately air-dried at room
temperature. The resulting colored products 3a-3c¢ were ob-
tained in good yield. These compounds have also been reported
elsewhere®*** for other applications.

The targeted compounds were characterized as follows.
2.2.1 2,2'-((1E,1'E)-(1,4-phenylenebis(azanylylidene))bis(-
methanylylidene))diphenol (3a). Yield 85%, m.p. 219-220 °C;
(UV-Vis): Amax = 366 nm (acetonitrile), 364 nm (methanol); FT-
IR (cm ™ '): 1568 cm ™' (C=N), 3050 cm ™" (OH); "H NMR (400
MHz, DMSO) ¢ 13.07 (s, 1H), 9.04 (s, 1H), 7.68 (dd, J = 7.7,
1.6 Hz, 1H), 7.55 (s, 2H), 7.43 (ddd, J = 8.3, 7.4, 1.7 Hz, 1H), 7.00
(ddd, J = 10.9, 6.0, 2.2 Hz, 2H). *C NMR (101 MHz, DMSO)
6 163.64, 160.77, 147.16, 133.83, 133.05, 123.04, 119.85, 119.69,
117.10: Anal. caled for C,,H;6N,0, (316.35); C, 75.93; H, 5.10; N,

8.86; found; C, 75.89; H, 5.14; N, 8.96.

2.2.2  6,6'-((1E,1'E)-(1,4-phenylenebis(azanylylidene))
bis(methanylylidene))bis(2-ethoxyphenol) (3b). Yield 73%, m.p.
189-190 °C; UV-Vis: Ayax = 416 (acetonitrile), 414 (methanol);
FT-IR (cm™'): 1604 cm™' (C=N), (OH); 'H NMR (400 MHz,
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DMSO) 6 13.27 (s, 1H), 9.03 (s, 1H), 7.55 (s, 2H), 7.25 (dd, ] = 7.9,
1.4 Hz, 1H), 7.13 (dd, ] = 8.0, 1.3 Hz, 1H), 6.91 (t,] = 7.9 Hz, 1H),
4.09 (q,J = 7.0 Hz, 2H), 1.36 (t, ] = 7.0 Hz, 3H);"* NMR (101 MHz,
DMSO) 6 163.85, 151.36, 147.52, 146.91, 124.60, 123.03, 119.84,
119.14, 117.54, 64.61, 15.27; Anal. caled for C,,H,;N,O,
(404.46); C, 71.27; H, 5.98; N, 6.93; found; C, 71.23; H, 5.94; N,
6.99.

2.2.3 4,4'-((1E,1'E)-(1,4-phenylenebis(azanylylidene))
bis(methanylylidene))bis(benzene-1,3-diol) (3c). Yield 80%:
m.p. 259-260 °C; UV-Vis: A,.x = 374 nm (acetonitrile), 380 nm
(methanol); FT-IR (cm): 1596 cm ™' (C=N), 3223 cm ' (OH);
'H NMR (500 MHz, DMSO-d,) 13.53 (1H, s), 10.24 (1H, s), 8.83
(1H, s), 7.42 (3H, d, ] 8.4), 6.40 (1H, dd, J 8.5, 2.3), 6.30 (1H, d, J
2.3); *C NMR (126 MHz, DMSO) 6 163.20, 162.64, 162.15,
146.28, 134.56, 122.24, 112.31, 108.08, 102.56. Anal. caled for
C20H16N,0, (348.35); C, 68.96; H, 4.63; N, 8.04; found; C, 68.92;
H, 4.66; N, 8.09.

2.3 Computational procedure

The 1,4-phenylenediamine-based compounds (3a-3c) with A-
T-A configuration were optimized with the M06/6-311G(d,p)**
functional. Then in all other investigations, NBO and NLO were
carried out at the above-mentioned level. All calculations were
conducted utilizing the Gaussian 09 (ref. 42) software, and the
results were examined through Gauss view 5.0.** The absorption
spectra, FMOs and global reactivity descriptors were deter-
mined by the TD-DFT method with the aforesaid functional in
acetonitrile. The findings from the output files were analyzed
using PyMOlyze,** Chemcraft,** Avogadro,*® GaussSum,*” Origin
8.0 (ref. 48) and Multiwfn 3.7 (ref. 49) software. Moreover, uot,*
(@), Bror™ and v.o>® were calculated through eqn (1)-(4).

15

Global reactivity descriptors, such as global softness (o),
ionization potential (IP),** global hardness (7),** global electro-
philicity index (w),* electronegativity (X),>* charge transfer rate
(ANmax), chemical potential (u)** and electron affinity (EA) were
determined using eqn (5)-(12).

= ('uxz i ,uyz 4 ’u:2)1/2 (1)

(o) = 1/3(ctyx + @y + ) (2)

Biot = 6+ 8,” + 671" (3)
where, Bx = Bxxx + By + Bxzzs By = Byyy + Baxy T Byzz and Bz = Bz +
Baxz + Byye-

Yoo = /7 T, 2 (4)

where, v; = ! Z(W’gﬁ + v+ i) LJ o= {x ¥y, z}

J

IP = —Enomo (5)
EA = —ELumo (6)
o P +2 EA] -
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n=1IP — EA (8)
Enomo + ELumo
= Zrowo £ oo ©
1
o= — 10
7 (10)
2
u
= — 11
o=b (1)
I
AN = 5 12
" (12)

2.4 Results and discussion

All synthesized Schiff bases were characterized by employing
elemental and spectral analyses i.e., UV-Vis, FT-IR, "H-NMR, and
BC-NMR spectroscopies (Fig. S1-S97). Elemental analysis shows
that the synthesized Schiff bases have (C, H, N) elements. UV-Vis
absorption values were recorded in various solvents of different
polarity, i.e., MeCN and methanol, providing information about
the nature of the transitions and charge transfer capabilities of the
synthesized compounds.* The characteristic —mt* transition in —
C=N- was recorded. The value of the absorption is shifted bath-
ochromically when the solvent polarity increases. The observed
differences can be ascribed to an interaction involving hydrogen
bonding between the molecules of the solute and the solvent. The
FT-IR spectra provide information about the nature of the func-
tional groups.®*® The IR spectra of the synthesized compounds
(3a-3¢) show bands related to aromatic and aliphatic C-H
stretching vibrations in the range 2835-3150 cm ™', while C-N and
C-O stretching vibrations were detected in the range 1150-
1630 cm . A sharp peak at 1568 cm ™" is due to (C=C) stretching
vibration. A medium band corresponding to the phenolic oxygen
(C-O) appears within the range 1275-1298 cm ™. The IR spectra of
3a-3c show a band in the region 2987-3300 cm ™" due to -OH
stretching vibration. A band in the range 1568-1605 cm ' is
observed due to (C=N). "H-NMR provides information about the
resonance of protons based on their integration and multiplicity
pattern. NMR spectroscopic measurements were made for 3a-c
using TMS as the internal standard. In 'H-NMR, the -CH=N
signal appeared as a singlet around 6 8.96-9.05 ppm, another

NH, O M
R
+ Ethanol / AcOH
R, Reflux overnight
NH
2 R3
1 2a-c

Scheme 1 Synthesis of p-phenylenediamine derivatives.
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singlet appeared due to the OH group at 6 12.75-13.25 ppm. It is
important to highlight that phenolic protons consistently exhibit
a singular peak at elevated ¢ values, indicating their interaction
with an adjacent nitrogen atom. In the range 7.00-8.50 ppm,
a multiplet appeared due to the protons of the benzene ring. The
free NH, protons usually exhibit a wide singlet peak within the 4~
6 ppm range. However, in the Schiff base spectrum under
consideration, this signal is notably absent, suggesting the crea-
tion of a Schiff base. In the "*C-NMR spectra of 3a-3c in DMSO, the
signal peak of the carbon atom is found at 155.7 ppm, indicating
a double-bond character, whereas in the corresponding spectra of
the synthesized Schiff bases the signal peak appears at
163.19 ppm, indicating C=N character. After the structural
confirmation of 3a-3c, quantum chemical calculations were
accomplished with the M06/6-311G(d,p) functional of the DFT
approach. The IUPAC names of the studied chromophores with A-
m-A framework are: 2,2'-((1,4-phenylenebis(azaneylylidene))bis(-
methaneylylidene))diphenol (3a), 6,6'-(1E,1'E)-(1,4-
phenylenebis(azaneylylidene))bis(methaneylylidene))bis(2-
ethoxyphenol) (3b) and 4,4<((1E1E)-(1,4-
phenylenebis(azaneylylidene))bis(methaneylylidene))bis(benzene-
1,3-diol) (3c). The end-capped acceptor moieties played a substan-
tial part in achieving effective NLO-based chromophores.’” The
structures of the titled compounds (3a-3c) are displayed in
Fig. S10f and Scheme 1. Accompanying this, their Cartesian
coordinates are presented in Tables S11-S13.f TD-DFI/DFT
calculations were conducted in order to evaluate the influence of
different acceptor variants on intra-molecular charge transfer,
band gap, nonlinear response and absorption spectra (Scheme 2).

2.5 Frontier molecular orbital (FMO) analysis

FMOs serve as crucial descriptors, collectively characterizing
a molecule's optical and electronic properties, as well as its
chemical reactivity.*** The HOMO and LUMO offer insights
into the energy difference between the lowest energy state and
the next higher energy state.>®*"* Table 1 provides the HOMO
and LUMO energy values, along with their respective energy
differences. Further outcomes are illustrated in Table S1.}
Amongst all of the examined chromophores (3a-3c),
compound 3c exhibited the smallest HOMO-LUMO energy
difference, measured at 4.129 eV, along with the smallest
HOMO and LUMO energy levels at —5.892 and —1.763 eV,

R4 R2

R R4

3a R=0OH; Ry,R;=H
3b R1= OH ’ R2= 0C2H5; R3 =H
3c R1, R3= OH y R2= H

RSC Adv, 2024, 14, 4221-4229 | 4223
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Scheme 2 Schematic representation of 3a, 3b and 3¢ molecules.

Table 1 Energies (eV) of frontier molecular orbitals for 3a—3c

Compound Euomo Erumo AE

3a —6.098 —1.965 4.133
3b —6.090 —1.907 4.183
3¢ —5.892 —1.763 4.129

respectively. This phenomenon highlights a proficient charge
transfer characteristic within this compound. The minimal
band gap observed could be ascribed to the existence of two

HOMO
3a

3b

3c

(¥

(%

Fig.1 HOMO-LUMO pictographic representation of 3a—3c.

4224 | RSC Adv, 2024, 14, 4221-4229

View Article Online

Paper

strongly electronegative -OH units over the acceptor portion,
generating a powerful push—pull effect. In contrast, the greatest
band gap is identified in compound 3b, measuring 4.183 eV,
featuring the greatest energy LUMO/LUMO at —1.907/
—6.090 eV, respectively. This maximum AE resulted from the
presence of an ethoxy group at both ends of the acceptor moiety.
The HOMO energy value for 3a is —6.098 eV, while for LUMO,
the energy value is —1.965 eV. The decreasing order of AE for all
the chromophores is 3b > 3a > 3c. In addition to analyzing
energy levels, the study of charge transfer between orbitals is
another essential aspect of FMO study. Analysis of the MO

LUMO

© 2024 The Author(s). Published by the Royal Society of Chemistry
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surfaces of the investigated chromophores (Fig. 1 and S11})
indicates whole transfer of the charge throughout the entire
molecular structure. This observation illustrates the efficient
intra-molecular CT that takes place throughout the entire
molecule, both in the HOMO and LUMO orbitals of all the
studied chromophores. In summary, all the compounds under
investigation exhibited a comparable bandgap. Nevertheless, 3¢
exhibited a relatively lower band gap (4.129 eV), indicating
greater charge transfer, higher polarizability and red shift
spectra within this chromophore, which as a result made it
effective as an NLO material.

2.6 Global reactivity parameters (GRPSs)

The global reactivity descriptors represent insights into the
chemical reactivity and stability of chromophores.**%

IP signifies the energy needed to remove an electron from
a molecular orbital. From Table 2, it is evident that the OH
groups at both ends of the acceptor unit of 3¢ reduced the IP.
The decreasing direction of IP values for 3a-3c is noted as 3a >
3b > 3c at 6.098, 6.090 and 5.892 eV, respectively. Conversely,
electron affinity (EA) pertains to the energy released when an
electron is added into a valence shell to form an anion.
Consequently, these descriptors find utility in gaining insights
into molecular stability. 3c represented the smallest EA at
1.763 eV, while 3a at 1.965 eV showed the highest EA. Infor-
mation about electronic cloud polarization can be effectively

Table 2 Global reactivity descriptors of studied compounds (3a—3c)*

Compound IP EA X n H © a ANpax
3a 6.098 1.965 4.032 2.067 —4.032 3.932 0.243 1.951
3b 6.090 1.907 3.999 2.092 -3.999 3.822 0.239 1.912
3c 5.892 1.763 3.828 2.065 —3.828 3.548 0.242 1.853

? Unit = eV, ¢ is in eV .
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obtained with ¢ and ». Hard compounds demonstrate a higher
level of stability due to their weak electron polarization density,
while reactive soft molecules display increased electronic cloud
polarization. Among them all, 3b emerged as the hardest with
an 7 value of 2.092 eV, while 3a is identified as the ¢ molecule,
featuring a value of 0.243 eV . Consequently, 3a demonstrated
amplified electronic cloud polarization, indicative of a strong
NLO response. It should be noted that the parameters u and X
exhibit an inverse relationship with each other.** In the case of
3a, it possesses the highest X and the lowest u values, recorded
at4.032 and —4.032 eV, respectively (as shown in Table 2). These
results signified the greater charge transference and in turn,
improved the NLO response in these chromophores.

2.7 Natural bond orbital (NBO) investigation

NBO investigation offers insights into the structural aspects of
chromophores, elucidating the characteristics of valence
orbitals, localized bonds, and anti-bonds. Furthermore, this
examination reveals the stabilizing interactions present in both
filled and vacant orbitals.®*®” The AE between interacting
orbitals governs the extent of stabilization in these orbital
interactions. Consequently, effective D and A groups typically
exhibit the highest stabilizing interactions. Table 3 displays the
most significant energy transitions, including ¢ — o*,w — 7*,
LP — o* and LP — T, with the highest and lowest energy
values. The remaining data is presented in Tables S2-S4.1

The interactions (Table 3) are primarily centered on the
overlap of m(C-C) — m*(C-C) orbitals within the aromatic
rings, facilitating ICT and ultimately leading to stabilization,
which in turn, leads to the weakening of bonds because of
increased electron density within the C-C anti-bonding orbitals.

In 3a, the most substantial stabilization energy arising from
T to w* transitions among all the compounds is identified as
26.25 keal mol ™", specifically for the orbitals 7(C29-C32) to
T*(C26-C27). The lowest stabilizing energy is observed in the

Table 3 Interpretation of Fock matrix results using second-order perturbation theory for 3a—3c
EQ2) E() — E() i, )
Compound Donor (i) Type Acceptor (j) Type [keal mol ] [a.u.] [a.u.]
3a C29-C32 T C26-C27 * 26.25 0.29 0.081
C26-C27 T C26-C27 T* 1.95 0.29 0.021
C19-C22 G C17-C19 a* 5.29 1.29 0.074
C19-C22 [ 035-H36 o* 0.52 1.14 0.022
037 LP(2) C26-C27 * 33.73 0.37 0.107
N12 LP(1) C13-H14 a* 13.09 0.72 0.088
3b C2-C3 T C4-Cs51 * 9.85 0.3 0.07
C1-Cé T C4-C52 T 0.02 0.3 0.071
C26-C28 o C28-C31 a* 5.1 1.3 0.073
C26-C28 o C26-035 a* 0.5 1.09 0.021
040 LP(2) C22-C23 * 9.82 0.37 0.1
040 LP(1) C22-C23 a* 7.19 1.16 0.082
3c C1-Ce T C2-C3 * 22.34 0.3 0.073
C28-C30 T C28-C30 T* 2.18 0.29 0.023
041-H42 o C27-C30 a* 4.81 1.33 0.072
C28-H36 o C28-C30 a* 0.62 1.09 0.023
033 LP(2) C25-C27 * 35.86 0.37 0.109
N11 LP(1) C1-Cé6 a* 6.99 0.93 0.073

© 2024 The Author(s). Published by the Royal Society of Chemistry
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interaction between 7 orbitals of carbon atoms C26 and C27,
specifically the transition from 7 to w* with a value of
1.95 kcal mol™". In the context of transitions from ¢ to o*
orbitals, the maximum stabilization energy of 5.29 kcal mol "
occurs in compound 3a. This transition involves the orbitals
6(C19-C22) to o*(C17-C19). On the other hand, the minimum
energy value, 0.52 kcal mol™*, is found in the transition from
6(C19-C22) to 6*(035-H36). The lone pair undergoes transi-
tions with the highest and lowest energy values at 33.73 and
13.09 kcal mol™' for the LP(2)(037) to w*(C26-C27) and
LP(1)(N12) to c*(C13-H14) transitions, respectively.

In the case of 3b, the m to 7* transitions exhibit a high
stabilization energy of 9.85 kcal mol ', observed in the transi-
tion from 7(C2-C3) to w*(C4-C51). Conversely, the interaction
involving orbitals of m(C1-C6) to w*(C4-C52) shows the
minimum value of 0.02 kecal mol™. For o to ¢* interaction, the
highest and lowest values are 5.1 and 0.5 kcal mol ", respec-
tively. These values are associated with transitions from o(C26-
C28) to o*(C28-C31) and o(C26-C28) to o*(C26-035).
Regarding lone-pair transitions, 3b exhibits the highest energy
transition of 9.82 kcal mol™" from LP(2)(040) to w*(C22-C23)
and the lowest energy transition of 7.19 kcal mol™' from
LP(1)(040) to o*(C22-C23).

Similarly, in the case of 3¢, the highest value of stabilization
energy is 22.34 kcal mol " for the transition from 7(C1-C6) to
m*(C2-C3). On the other hand, the lowest value,
2.18 kecal mol™?, is found in transitions linking orbitals of
7(C28-C30) to m*(C28-C30). Regarding o to o* transitions,
there are greater and smaller values of 4.81 and 0.62 kcal mol
in o(041-H42) to ¢*(C27-C30) and o(C28-H36) to o*(C28-
C30), respectively. Lone-pair transitions in 3¢, such as
LP(2)(033) to *(C25-C27) and LP(1)(N11) to 6*(C1-C6), exhibit
values of 35.86 and 6.99 kcal mol *, respectively. These elevated
stable energy values indicate significant hyper-conjugation,
leading to improved CT and ultimately contributing to the
nonlinearity of the studied chromophores.

2.8 UV-Visible analysis

The UV-Vis spectral analysis of 3a-3c was conducted in aceto-
nitrile solvent to elucidate significant electronic transitions,
including excitation energy and oscillator strength.®”*® Tables 4
and S5-S77 provide essential data, such as absorption maxima
(Amax), excitation energy (E), oscillator strength (f5s), and details
regarding the contributions of molecular orbitals. Electronic

Table 4 Wavelength (Anax), excitation energy (E), oscillator strength
(fos) and nature of molecular orbital contributions of compounds 3a—
3c in the solvent phase®

Compounds A (nm) E (eV) Jos MO contributions
3a 384.757 3.222 1.104 H — L (94%)
3b 378.635 3.275 1.234 H — L (93%)
3c 382.172 3.244 1.332 H — L (94%)

“ Solvent = acetonitrile, MO = molecular orbital, H = HOMO, L =
LUMO, f,s = oscillator strength, wavelength = A (nm).
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absorption is chiefly determined by the transition from the
ground to the excited state, which is predominantly character-
ized by the electronic excitations from the HOMO to the
LUMO.® The absorption bands of these studied chromophores
(3a-3c) are visually represented in Fig. 2.

Table 4 shows that amongst all the studied compounds (3a-
3c), 3a displayed the highest absorption peak at 384.757 nm,
accompanied by a maximum oscillator strength (f,s) of 1.104
and excitation energy (E) of 3.222 eV. Remarkably, this elec-
tronic transition from the HOMO to the LUMO accounted for
a substantial 94% contribution. It is noteworthy that this
absorption wavelength (A,.,) aligned with the lower band gap
observed in 3a, as evident from the FMO results. This might be
due to the presence of an alcoholic group (-OH) in the end-
capped acceptor moiety. The maximum wavelength values of
3c and 3b compounds are observed at 382.172 and 378.635 nm
accompanied by 1.332 and 1.234 f,, respectively, while their £
values are observed to be 3.244 and 3.275 eV, respectively (Table
S51). These Anax for the abovementioned compounds involved
transitions with 94 and 93% contributions from HOMO to
LUMO, respectively. These values correspond to the presence of
two -OH groups in the acceptor of 3c and the 2-ethoxy-6-
methylphenol group in 3b. The decreasing order of maximum
absorption wavelength of the studied chromophores based on
highest f,s in the solvent phase is found to be: 3a > 3¢ > 3b.
Recalling the NBO results (Table 3), it becomes apparent that
the molecular orbitals primarily contributed to ®# — 7* and n
— m* interactions in the 3a-3c. It is worth noting that the
absorption maxima (Amay) can be significantly influenced by the
polarity and characteristics of the solvent, a phenomenon well
demonstrated in previous literature.”

2.9 Non-linear optical (NLO) analysis

NLO effects result from the interaction of electromagnetic (EM)
forces with different materials. This interaction gives rise to the
production of novel EM waves that exhibit changes in
frequency, phase, or amplitude, and display unique propaga-
tion characteristics when compared to the original incident

100000
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Fig. 2 The computed UV-Vis spectra of 3a—3c in acetonitrile.
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wave.” The link between geometry and non-linear optical
effects is characterized by properties like charge transfer and
hyper-polarizability.”> Materials exhibiting a strong NLO
response tend to possess large dipole moments, linear polari-
zation and substantial hyper-polarizability values. The linear
polarizability («) parameter characterizes the ability of an elec-
tric field to distort the electronic distribution within a molecule.
Conversely, hyper-polarizabilities (8, v etc.) represent the NLO
response originating from molecules and atoms, encompassing
the comprehensive phenomena of nonlinear optics. The
calculation of 8 is accomplished using the finite field method.
In the presence of an applied electric field, the system's energy
becomes a function of that electric field. The computed values
of oty (@), Brots Yior and their respective tensors for 3a-3c are
presented in Tables S8-S11,T with the key findings summarized
in Table 5.

The maximum value of the dipole moment (4.79 D) is dis-
played by 3¢, which might be due to its lowest HOMO/LUMO
band gap, whereas the minimum value (4.26 D) is shown by
3b. The trend for u, values in 3a-3c is as follows: 3b < 3a < 3c.
This is compared to the u value of standard para-nitroaniline
(p-NA), which is 4.9662 D.** 3a-3c exhibited comparable results
to that of p-NA. The presence of highly electronegative atoms
tends to attract charge density towards themselves, thereby
contributing to enhanced linear polarizability. The observed
average polarizability trend for 3a-3c is: 3a < 3¢ < 3b. In the case
of 3b, the major contributing tensor is along the x-axis for («),
making it the primary contributor to the overall value. When
comparing («) with that of p-NA (1.17 x 10> a.u.), it is found
to be 4.98 times higher in 3a, 5.97 times higher in 3b and 5.26
times higher in 3¢, depicting their significantly elevated linear
polarizabilities.

The hyper-polarizability of molecules typically relies on the
potency of substituents attached to the acceptor group, such as
hydroxyl, ethyl, or methyl groups. These substituents play a role
in enhancing molecular nonlinearity. Additionally, extended
conjugation within molecules also plays a significant role in
hyper-polarizability, and this can be altered by substituents.
Among all the compounds, 3c exhibited the highest G, value
ie, 8.00 x 107%° au. On the other hand, the presence of
hydroxyl as well as ethoxy groups in 3b resulted in the minimum
intra-molecular charge transfer and consequently, the lowest
Beoe value (1.23 x 103° a.u.). The arrangement of G values in
ascending order for 3a-3c is determined as follows: 3b has
a lower value than 3a, and 3a has a lower value than 3c.
Furthermore, when comparing the g, results of p-NA (3.61 x

Table 5 Computed linear and nonlinear characteristics of 3a—3c

Compound ot () x 1072 Boe X 1073° Yeor X 10734
3a 4.47 5.83 1.40 7.28
3b 4.26 6.99 1.23 7.42
3c 4.79 6.16 8.00 8.13

“ e = Debye while other properties are in a.u.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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10*" a.u.)** with our studied compounds, significantly higher
values are observed in 3a-3c. These findings highlight the
enhanced (., of our investigated compounds, rendering them
suitable candidates for innovative NLO materials. Moreover,
amongst all the compounds, 3¢ also depicted the highest value
for 7o, which is found at 8.13 x 107* a.u. Whereas the lowest
value of Yo, €., 7.28 x 1073* a.u., is observed in 3a. The v
value of standard p-NA corresponds to 2.71 x 10 >° a.u., which
is smaller than the values for 3a-3c. Notably, the order of . of
all the titled molecules can be written as follows: 3a < 3b < 3c. In
conclusion, it is evident that all the aforementioned
compounds hold potential as NLO materials. Amongst them all,
3c emerged as an exceptional candidate for nonlinear optics
due to its outstanding optical properties.

3. Conclusion

In the current study, 1,4-phenylenediamine-based chromo-
phores were synthesized and then their structural confirmation
was accomplished through different spectroscopic techniques.
Accompanying this, DFT calculations were also performed to
determine the optoelectronic properties of 3a-3¢ chromo-
phores. FMO analysis demonstrated the significant charge
transfer in 3¢ with a narrowed bandgap (4.129 eV) and lower
hardness (n = 2.065 eV) among 3a-3c. Furthermore, NBO
investigation also supported the significant CT in all the studied
compounds, attributed to hyper-conjugative interactions within
the bonds, which contribute to molecular stability and the
dispersion of electrons throughout the entire system. Among all
the derivatives, 3a notably exhibited the most significant bath-
ochromic shift (Anax = 384.575 nm) accompanied by an oscil-
lator strength (fos) of 1.104 with a transition energy of 3.222 eV
in acetonitrile media. All the synthesized Schiff bases exhibited
a significant NLO response compared with p-NA. Among 3a-3c¢
chromophores, 3c exhibited notably first-order and second-
order hyper-polarizabilities: 8.00 x 107*° and 8.13 x 10 **
a.u., respectively. The above findings disclosed that all the
synthesized Schiff bases, particularly 3¢, exhibited an efficient
NLO response and could be utilized as an efficient photonic
material.
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