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Abstract

Copper chlorideemodified 3-hydroxy-2-(3-nitrophenyl)-4H-chromen-4-one-TiO; (CHT) nano particles were produced
using the reflux method. It was structurally examined using a number of analytical and spectroscopic techniques,
including Fouriertransform infrared (FT-IR) spectroscopy, FT-Raman spectroscopy, ultravioletwisible (UV-Vis)
spectroscopy, and powder XRD. Furthermore, theoretical research was carried out to investigate the electrical
characteristics of CHT. B3PW91/LANL2DZ calculates the molecule's frontier molecular orbital (FMO) and
molecular electrostatic potential (MEP) at the theoretical level. The CHT band gap energy was reduced from 3.30
eV (bare TiO;) to 1.16 ¢V. UV irradiation was used for the photocatalytic breakdown of Malachite Green dye,
which resulted in a higher efficiency.
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1. INTRODUCTION

The utilization of hybrid materials has received more attention recently. With their exceptional separation
capabilities, strong chemical and thermal stability, ability to form membranes, and tolerance to hostile
environments, these materials may combine the basic properties of inorganic and organic materials to
provide unique advantages. Organic-inorganic hybrid materials have garnered increased interest as novel
membrane materials. Experimental band gaps in TiO,, anatase, rutile, and brookite range from 3.0 to 3.3
eV, with anatase exhibiting longer lifetimes for photo generated electrons and holes [1]. However, due to
its low electron transfer efficiency and crystal flaws, the TiO, showed some degree of polarization
relaxation [2]. TiO, nanoparticles are utilized in various industries, including food, cosmetics, paints,
printing ink, plastics, paper, and more. They also have advanced applications in photovoltaic cells and
photo catalytic pollution destruction [3]. Metal complexes on TiO; surface enhance its photo catalytic
activity, acting as functional materials for increased adsorption and photo degradation, and acting as high
energy photon sensitizers, thereby enhancing semiconductor photo catalytic activity. Metal complexes,
formed by combining metal-organic ligands and TiO,, have attractive structures, large surface areas, micro
porous diameters, and adsorbate-ML interaction sites, with their functional properties determined by
their pores. Catenation enhances pore volume, opens metal sites, and incorporates functional groups into
metal complexes in an octahedral environment due to the relationship between complex structures and
potential characteristics [4].

TiOybased solution-processable nanoparticles used for solar-blind deep-UV photodetector [1], Pt
nanoparticles adapted a-Fe,O;/TiO; nanotubes have profitable photo electrochemical water splitting [5],
noble (Ag", Au”", Pt”*, Pd**, and Ru?") metal-ion modified TiO, rutile nanobars exhibit high activity for
H, generation from water splitting [6], Thiazolylazopyrimidine-functionalized TiO, nanosensor (TiO,-
TAP) was used for selective colorimetric detection and recovery of Cu®” ions [7], surface modification of
commercial TiO, powder with various phenol derivatives has visible-light-response properties [8]. Under
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visible light irradiation, both bare and Fe-modified TiO, exhibit simultaneous oxidation of NO and
acetaldehyde [9], surface alteration of TiO, with a affordable metal (iron) demonstrates breakdown of
tryptophan molecules via photo catalysis [10], surface improved nanoparticles of P25 Evonic Degussa
TiO, with silane coupling compound 3-(2-aminoethylamino) propyltrimethoxysilane possess
photoconductivity [11]. Surface plasmonic Bi nanoparticles and a-Bi,O; co-modified TiO, nanotube
arrays were employed for broadened photo catalytic destruction of ciprofloxacin [12], TiO, thin films
tweaked with Anderson-type polyoxometalates (Cr, Co, and Ni) exhibit photo catalytic degradation of
MB colorant [13], For photo catalytic CO, reduction hollow cubic TiO; filled with copper and gold
nanoparticles were used [14], 4-chlorophenol -modified TiO, powder exhibits visible-light-response [15].
Malachite green dye was degraded using a novel nanocatalyst nitrogen/sodium/iron- doped TiO, [16],
when exposed to UV and visible light, Ag-coated Nd-doped TiO, nanoparticles can degrade methylene
blue dye [17], the NO; and N,O adsorption effectiveness was increased by modifying TiO2 surface with
transition metals (M=Cu, Fe, and Mn) [18]. Under UV light irradiation, the Cu@TiO,@SAPO-34
nanocomposite is utilized for photo catalytic mortification of organic contaminants, aqueous methylene
blue dye degradation, actual waste water treatment, and coated surface cleaning [19], high mercury
oxidation activity is exhibited by Ru, Nb, Mo, and Mn modification on Ce/TiO; catalyst [20].

Flavonols are a significant part of the flavonoid family found in various plants such as fruits, vegetables,
cereals, and aquatic ones [21]. Flavonols are studied for metal ion detection and are considered ideal
fluorophores for creating fluorescent probes. Free radicals, reactive oxygen species, and reactive nitrogen
species are naturally present in healthy organisms and play a role in metabolic processes. Excessive levels
of these chemicals can damage cells and cause illnesses like cancer, atherosclerosis, and heart conditions
[22]. Copper, a crucial trace element for metabolism, antioxidant defense, angiogenesis, and tissue
growth, is essential for normal physiological conditions. However, excessive copper consumption can lead
to health issues like Menkes, Parkinson's, Wilson's, and Alzheimer's. Copper is primarily found in soil
and aquatic habitats as Cu®* [23]. Flavonoids can bind iron and copper, reducing transition metal ions
and making metal ions inactive in producing radicals. They may also absorb the radicals produced, making
flavonoids potentially crucial in metal-overload disorders like hemochromatosis and Wilson's disease, due
to their metal chelating properties. This study examines the structural characteristics, functional group
interpretation, electronic properties, reactive site exploration and the photo degradation of organic
contaminant such as malachite green dye using produced novel photo catalyst copper chloride modified
3-hydroxy-2-3-nitrophenyl)-4H-chromen-4-one-TiO2 nanoparticles.

2. MATERIALS AND METHODS

2.1 Synthesis and Growth of CHT

The synthesis was done on basis of the procedure explained by S. Rajendran et al [4]. Initially, 4-
nitrobenzaldehyde and 142-hydroxyphenyl) ethanone were reacted in equal proportions to produce a
chalcone. The resulting chalcone was separated by precipitation after cooling after the reactants were
refluxed under a water bath until the process was finished. A flavonol was then produced by an oxidative
modification of the chalcone. The chalcone was treated with a 30% H,0O, and NaOH solution to
accomplish this conversion. After filtration, the precipitated flavonol was gathered, thoroughly cleaned
with ethyl acetate, and dried.

The produced flavonol was then used as a ligand to create a metal complex, a molar ratio of 1:2; a
methanolic solution containing 0.61 g (2 mM) of the flavonol was gradually added, while being constantly
stirred, to a methanolic solution containing 0.24 ¢ (1 mM) of CuCl, 2H,O. As soon as the ligand was
added, the color of the solution changed to brown. After stirring for 24 hours at room temperature, a
brown precipitate developed. After being separated, this precipitate was carefully cleaned with hexane and
vacuum-dried.

Three grams of titanium dioxide (TiO;) and 0.1 grams of the manufactured metal complex were dissolved
in 50 ml of chloroform to create a suspension combination of metal ligand and TiO,. After being moved
to a round-bottom flask with a reflux condenser, this mixture was refluxed for three hours at 70°C. The
mixture was cooled after reflux, and the solid composite was filtered out. Extensive washing was
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performed to remove unreacted metal complexes, and the metal ligand - TiO, composite was dried for
an hour at 100°C in an oven.

2.2 Photocatalytic Degradation

The photodegradation of the dye Malachite green (MG) in Pyrex glass tubes under UV light illumination
was used to measure the photocatalytic activity of CHT. Following specific time periods, the dye solutions
were examined with a UV-visible spectrophotometer in the 200-900 nm range to determine the degree of
dye degradation, which is connected to the values of the Malachite green A, which is 662 nm. To
ascertain the catalysts' capabilities, the blank dye solution devoid of the catalysts was also examined as
needed. The degradation process of MG is indicated by the change in absorbance of MG dye over time.
The Beer-Lambert relation was used to plot the photocatalytic activity values, and the following formula
was used to get the dye degradation percentage:

0-At _ Co-Ct
o X 100 =——-=x100 (1)

where Cy is the dye's initial concentration and Cj is its final concentration, and Ay and A; are the MG
absorbance at the initial and final stages, respectively.

2.3 Experimental and Computational Details

Powder X-ray diffraction (XRD) measurements were performed on a Bruker D2 PHASER instrument,
utilizing Cu-Ka radiation at a wavelength of A=1.5406 A. Fourier-transform infrared (FT-IR) spectra were
acquired in the 4000-400 cm™ range using an IR Prestige-21 spectrometer. For FT-Raman spectroscopy, a
Bruker RFS 27 standalone spectrometer was employed, featuring a 1064 nm Nd:YAG laser source and a
spectral resolution of 2.0 cm™ over the 4000-50 cm™ range. The UV-visible absorption spectra of the solid
material were investigated using a ThermoFisher Evolution 220 UV/VIS/NIR spectrometer.
Gaussian'09W software [24] was utilized for quantum chemical calculations of CHT at the DFT level of
B3PW91/LANL2DZ, while Gauss View 5.0 [25] was utilized for optimizing the molecule, computing
vibrational assignments, HOMO-LUMO and for plotting MEP.

% degradation= A

3. RESULTS AND DISCUSSION

3.1 Powder XRD Peak Indexing

Powder XRD analyses were performed on the sample to determine the values of the unit cell and
structural organization, so that distinct and sharp Bragg's peaks verified that CHT is crystalline. Table 1
gives the values, and Fig. 1 shows the peak indexing using Miller indices.
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Fig. 1 PXRD peak illustration of CHT
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The successful observation of the anatase TiO, crystal planes (1 0 1),(004),(200),(105),and (21 1)
was in accordance with the standard card (PDF #73-1764). CuCl, peak 36.79° (1 3 0) shifted to higher
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intensity [26] and the peak at 74.89° (2 2 0) shows the presence of Cu inside the MOF. The peak shifting
is due to the incorporation of the organic compound.
Table 1 PXRD parameters of CHT

2000 |h | k|1
2509|1101
36,79 |1 (3]0
3761 |00 | 4
3838 |1 [1]2
4783121010
5367105
5489 |2 [1]1
624912104
701111 ]11]6
7489121210

3.2 Geometrical Structure Exploration

The DFT/B3PW91 approach was used to optimize the molecular structure using the LANL2DZ basis set
in order to anticipate the best optimal structure of the NHT molecule. Fig. 2 displayed the labeled
molecule's structures. The NHT's computed molecular geometry parameters, including bond length,
bond angle, and dihedral angle, are displayed in Table 2. The bond angles of C15-C14-C16 (119.27°),
C15-C17-C21 (119.11°), and C16-C19-C21 (118.79°) are compressed, and C17-C21-C19 (121.88°) is
elongated than usual C-C-C (~120°) bond angles due to the substitution of nitro (NO,) group in the
para-nitrophenyl moiety. Additionally, the predicted bond distances of C14-C15 (1.4183 A), C14-C16
(1.4183 A), C17-C21 (1.4017 A), and C19-C21 (1.4038 A) have been extended in comparison to other
C-C (~1.39 A) bond distances in the nitrophenyl ring [27].

Fig. 2 optimized geometry representation of CHT

C-O bond lengths are given by C4-024 (1.3786 A), C12-024 (1.3914 A), C13-025 (1.3482 A) and C9-
026 (1.3049 A). The remaining bonds are all single, with the exception of the double bond C9-026
(1.3049 A). A deprotonated group is often predicted by a difference of < 0.03 A, whereas a protonated
group is predicted by a difference of > 0.08 A in the C-O bonds [28]. The C15-H18...025 hydrogen
bonding interaction between the benzopyran and para nitro phenyl moieties occurs at a distance of
2.0858 A. The typical single C-N bond length of 1.480 A is about equivalent to the C-N bond length
C21-N29 (1.4698 A) [29]. The use of a NO, group replaces the hydrogen atom in a structure, causing a
decrease in electron density at the ring carbon atom, and fall in the bond length.

Due to the presence of an electronegative chlorine atom, the Cu-O bond lengths in were longer than the

typical range (1.73-1.79 A) [30] and Ti-O bond lengths were decreased (1.83-2.09 A) [31]. These are
provided by Cu30-025 (1.8974 A), Cu30-026 (1.9914 A), Cu30-O33 (4.2476 A), Cu30-034 (1.9093 A)
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Ti32-033 (1.6318 A) and Ti32-034 (1.7289 A). The longest bond length inside the CHT molecule is
4.2476 A, which is the interaction bond between Cu30 and O33. According to calculations, the M-Cl
bond length is 2.6068 A for Cu-Cl and 2.3951 A for Ti-Cl [32].

Table 2 Geometrical parameters of CHT

Bond Value | Bond Value Dihedral Value
Length (A) Angle °) Angle )
ClLC2 1.3898 | C2-C1-C6 120.1935 | C6-C1-C2-C3 0.0123
CLC6 1.4197 | C2-C1-H7 120.1716 | C6-C1-C2-H8 179.8646
CI1-H7 1.0854 | C6-C1-H7 119.6348 | H7-C1-C2-C3 -179.9087
C2-C3 1.4181 | C1-C2-C3 119.8332 | H7-C1-C2-C8 -0.0564
C2-H8 1.0853 | C1-C2-H8 121.8819 | C2-C1-C6-C5 40.0325
C3-C4 1.4149 | C3-C2-HS8 118.2847 | C2-C1-C6-H11 -179.9791
C3-C9 1.436 | C2-C3-C4 118.9796 | H7-C1-C6-C5 179.889
C4-C5 1.4045 | C2-C3-C9 123.315 H7-C1-C6-H11 40.0576
C4-024 1.3786 | C4-C3-C9 117.7053 | C1-C2-C3-C4 0.0359
C5-C6 1.3943 | C3-C4-C5 121.5198 | C1-C2-C3-C9 179.9033
C5-H10 1.0846 | C3-C4-024 121.0342 | H8-C2-C3-C4 -179.8217
C6-H11 1.0861 | C5-C4-024 117.4459 | H8-C2-C3-C9 0.0457
C9-C13 1.4485 | C4-C5-C6 118.4854 | C2-C3-C4-C5 -0.0666
C9-026 1.3049 | C4-C5-H10 119.5334 | C2-C3-C4-024 179.9528
C12C13 1.394 | C6-C5-H10 1219812 | C9-C3-C4-.C5 -179.9414
C12-Cl14 1.4578 | C1-C6-C5 120.9884 | C9-C3-C4-024 0.078
C12-024 1.3914 | C1-C6-H11 119.6055 | C2-C3-C9-C13 -179.448
C13-025 1.3482 | C5-C6-H11 119.4061 | C2-C3-C9-026 0.5907
C14-C15 1.4183 | C3-C9-C13 119.6833 | C4-C3-C9-C13 0.421
C14-C16 1.4183 | C3-C9-026 123.4635 | C4-C3-C9-026 -179.5404
C15-C17 1.397 | C13-C9-026 116.8532 | C3-C4-C5-C6 0.0469
CI15-H18 1.0838 | C13-C12-024 127.5262 | C3-C4-C5-H10 179.9887
C16-C19 1.3938 | C13-C12-024 119.1277 | O24-C4-C5-C6 -179.9718
C16-H20 1.0842 | C14-C12-024 113.3461 | O24-C4-C5-H10 .03
C17-C21 1.4017 | C9-C13-C12 119.9488 | C3-C4-024-C12 0.2941
CI17-H22 1.084 | C9-C13-0O25 115.3455 | C5-C4-024-C12 179.7246
H18-025 | 2.0858 | C12-C13-025 124.7054 | C4-C5-C6-Cl 0.0029
C19-C21 1.4038 | C12-C14-C15 120.6682 | C4-C5-C6-H11 179.9496
C19-H23 1.084 | C12-C14-Cl16 120.0559 | H10-C5-C6-C1 -179.9374
C21-N29 1.4698 | C15-C14-C16 119.2758 | H10-C5-C6-H11 0.0093
025-Cu30 | 1.8974 | C14-C15-H17 120.2492 | C3-C9-C13-C12 A0.7288
026-Cu30 | 1.9914 | C14-C15-H18 119.062 C3-C9-C13-025 179.4804
O27-N29 1.2744 | C17-C15-H18 120.6887 | O26-C9-C13-C12 179.235
O28N29 | 1.2732 | C14-C16-C19 120.6744 | O26-C9-C13-O25 -0.5557
Cu30-CI31 | 2.6068 | C14-C16-H20 119.4993 | C3-C9-26-Cu30 -178.7779
Cu30-033 | 4.2476 | C19-C16-H20 119.8263 | C13-C9-26-Cu30 1.2597
Cu30-034 | 1.9093 | C15-C17-C21 119.1178 | C14-C12-C13-C9 -179.3824
CI31-Ti32 | 2.3951 | C15-C17-H22 121.1535 | C14-C12-C13-O25 0.3876
CI31-033 | 3.5604 | C21-C17-H22 119.7287 | O24.C12-C13-C9 0.5222
CI31-034 | 3.0232 | C16C19-C21 118.7944 | O24-C12-C13-025 | -179.7078
Ti32-033 | 1.6318 | C16-C19-H23 121.6171 | C13-C12-C14-C15 40.366
Ti32-034 | 1.7289 | C21-C19-H23 119.5884 | C13-C12-C14-C16 179.522
C17-C21-C19 121.8882 | O24.C12-C14-C15 179.7248
C17-C21-N29 119.2054 | O24-C12-C14-C16 | -0.3872
C19-C21-N29 118.9064 | C13-C12-024-C4 0.0151
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C4-024C12 122.497 C14-C12-024-C4 179.9025
C13-025-Cu30 | 112.7349 | C9-C13-025-Cu30 | -0.507
C9-026-Cu30 110.5504 | C12-C13-025-Cu30 | 179.7135
C21-N29-027 118.0326 | C12-C14-C15-C17 179.7873
C21-N29-028 118.1615 | C12-C14-C15-H18 | -0.223
O27-N29-028 | 123.8059 | C16-C14-C15-C17 -0.1015
025-Cu30-026 | 84.4986 C16-C14-C15-H18 179.8881
025-Cu30-CI31 | 93.3032 C12-C14-C16-C19 | -179.7988
025-Cu30-033 | 143.7928 | C12-C14-C16-H20 | 0.1606
026-Cu30-ClI31 | 175.1572 | C15-C14-C16-C19 0.0908
026-Cu30-034 | 99.9485 C15-C14-C16-H20 | -179.9498
033-Cu30-034 | 30.854 C14-C15-C17-C21 0.0213
033-CI31-034 | 49.2471 C14-C15-C17-H22 179.9944
033-Ti32-034 | 111.975 HI18-C15C17-C21 | -179.9682
Cu30-O33-Ti32 | 32.4159 H18-C15-C17-H22 | 0.0049
Cu30-034-Ti32 | 111.0199 | C14-C16-C19-C21 0.0002
C14-C16-C19-H23 179.9726
H20-C16-C19-C21 | -179.959
H20-C16-C19-H23 | 0.0134
C15-C17-C21-C19 0.0729
C15-C17-C21-N29 | -179.9208
H22-C17-C21-C19 | -179.9005
H22-C17-C21-N29 | 0.1057
C16-C19-C21-C17 -0.0837
C16-C19-C21-N29 179.9101
H23-C19-C21-C17 179.9433
H23-C19-C21-N29 | -0.0629
C17-C21-N29-027 | -179.8919
C17-C21-N29-028 | 0.1439
C19-CZ21-N29-027 | 0.1141
C19-C21-N29-028 | -179.8501
C13-025-Cu30-026 | 0.9249
C13-025-Cu30-CI31 | 176.5967
C13-025-Cu30-033 | -151.8706
C13-025-034-Ti32 | 175.9367
C9-026-Cu30-025 | -1.214
C9-026-Cu30-CI31 | -64.3994
C9-026-Cu30-034 | 175.69
C9-026-033-Ti32 -81.2817
025-Cu30-033-Ti32 | -99.7198
034-Cu30-033-Ti32 | 81.5986
026-Cu30-034-Ti32 | 174.0948
033-Cu30-034-Ti32 | -32.426
034-Ti32-033-Cu30 | -37.1708
033-Ti32-034-Cu30 | 129.4746

3.3 Vibrational Assignments
The FT-IR and FT-Raman spectra of CHT, both theoretical and experimental, were presented in Figure
3. Table 3 provided a detailed analysis of the vibrational wave numbers of CHT for various functional
groups.
3.3.1 C-C, C=C, and C-H vibration
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For CHT, the C-C stretching vibration was detected between 1120 and 1055 cm™. The C-C stretching
vibration is represented by the medium and weak bands in the FT-IR and FT-Raman spectra that are
observed at 1117 and 1111 ecm™. Delocalization of 1 electrons in the benzopyran ring caused the variation
in C-C stretching vibration. It was anticipated that the benzene ring's C-H stretching vibration would fall
between 3100 and 3000 cm-1 [33]. Eight bands for CHT correspond to the stretching vibration of C-H.
The C-H stretching vibration is represented by the faint bands observed at 3240, 3262, and 3282 cm™ in
the FT-IR and 3236, 3259, and 3273 cm™ in the FT-Raman spectrum. At 3236, 3250, 3261, 3263, 3264,
3270, 3278, and 3282 cm’, the calculated values were recorded. It was predicted that the C-H in-plane
bending vibration would be at 1300 to 1000 cm™. C-H in-plane bending vibration is represented by the
bands observed at 1140, 1200, 1219, and 1238 cm™ in the FT-IR spectra and at 1136, 1207, and 1321
cm” in the FT-Raman spectrum. 1057, 1147, 1201, 1220, 1237, and 1343 cm™ was the computed values.
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Fig. 3 Theoretical and experimental FT-IR spectra of CHT

3.3.2 C-N, C-O and C=0 vibration

CN stretching frequencies typically range from 1450-950 cm™ [34], in CHT very strong band at 1299 cm’
"in FT-IR spectra, computed at 1293 cm™ with a 13% PED contribution. The absorption of the carbonyl
group can be triggered by both carbon and oxygen atoms due to their shared vibrational frequency C-O
stretching is found between 1260 and 1000 cm™ [35]. The C-O stretching vibration in this investigation
is located from 1267 to 1125 cm™. Because of their proximity, other vibrations force the C-O vibration
to the lower region. The C=0O stretching vibrations [36] are predicted to occur in the region 1715-1680
cm-1. In the current work, this mode shows at 1474 cm” in the infrared spectrum, the red shift (~206)
observed is due to the presence of metal chloride attachment.
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Fig. 4 Experimental and theoretical FT-Raman spectra of CHT
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3.3.3 Nitro group vibration

The asymmetric and symmetric stretching vibrations of the NO, group at the 1570-1485 and 1370-1320
cm’ region, respectively, give aromatic nitro compounds their significant absorption. The NO,
asymmetric stretching vibrations are not significantly affected by hydrogen bonding [37]. The asymmetric
NO, stretching vibration of the CHT molecule is identified by the strong bands at 1566 cm™ in the raman
spectrum and the weak band at 1558 cm™ in the infrared spectrum; the corresponding calculated value
for the NO, asymmetric stretching mode is 1548 cm™. The Raman spectrum's extremely faint band at
1327 em’ is attributed to the NO, symmetric stretching vibration, and 1327 cm” is the computed value
for the NO, symmetric stretching mode. Rocking, wagging, and scissoring are some of the normal modes
in the vicinity of low frequencies that are affected by the deformation vibrations of the NO, group. The
rocking mode NO, is active at 540 +70 cm™ for aromatic nitro compounds [37]. In FT-Raman, the wagging
mode NO; is present at 730 cm” with a PED contribution of less than 10% and is assigned to aromatic
molecules at 740 # 50 cm™. According to Table 3, NO, rocking vibration is represented by the weak band
in the infrared spectrum at 527 cm™, whereas the theoretically calculated value for the NO, rocking mode
is 528 cm™. NO, torsion modes are observed in the low wave number range, with theoretically occurring
vibrations around at 64 cm™.

Table 3 Vibrational assignments of CHT by NCA based on SQMFF calculations

Wave numbers (cm™) Assignment with PED (> 10%)
Obs. Cal.
FT-IR | FT-Raman
3282 3282 | vCH (94)
3278 | vCH (97)
3273 3270 | vCH (99)
3264 | vCH (84), R §,, (10)
3263 | vCH (99)
3262 3261 | vCH (92)
3259 3250 | vCH (99)
3240 | 3236 3236 | vCH (99)
1671 1677 | R 6,,(57), R &, (16), vCC (13), R 6, (11)
1663 | R &, (40), R §,, (40), vCC (16)
1654 1642 | vCC (47), R 6,, (25), R &', (19)
1636 | 1628 1629 | vCC (59), R 8, (25)
1609 1591 | R §,, (40), vCC (39)
1558 | 1566 1548 | R §,,(32), vCC (21),R &, (20), v, NO (15)
1541 | 1543 1543 | R §,, (47), vCC (19),R &, (16)
1520 1522 | R §,, (43), vCC (22), R 8, (16), BCH (13)
1507 | 1503 1513 | R 6,,(59), R &, (22)
1474 1475 | R §, (45), vCC (20), BCH (16), vC=0 (13)
1457 | 1456 1457 | R &, (28), R &, (25), vCC (21), BCH (10)
1445 | R &, (30), R &, (26), vCC (25)
1436 1431 | vCC (75), R 8, (11)
1418 | 1412 1405 | vCC (76), R &', (10)
1361 | 1373 1357 | R 8, (46), R &, (40)
1343 | BCH (47), R &, (25),
1317 | 1327 1327 | v,NO (57), 6§, NO (11)
1299 1293 | R §,, (42), R &, (24), R &, (11)
1275 | 1273 1267 | R §,,(35), R 6, (23), vCC (16), vCO (13)
1238 | 1231 1237 | vCO (29), BCH (25), R §,(17), vCC (14)
1219 1220 | R §,.(38), R 8, (18), BCH (18), vCO (10)
1200 | 1207 1201 | BCH (72), vCC (15)
1178 | 1175 1174 | R 6, (52), vCO (13), R &, (12)
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1140 [ 1136 1147 | BCH (30), R 8, (29), vCC (20)
1117 1125 | R 8, (27), R 8. (26), vCO (14), vCC (12)
1111 1107 | R 8,. (38), R 5, (32), vCC (15)
1064 1065 | PU (45), R T'. (29), w 1 (19)
1057 | vCC (36), R 8., (17), R 5. (16), BCH (14)
1051 1050 | VTiO (97)
1045 | PU (42), R T, (41), w 1 (16)
1043 | w 1(70), R 1, (14), R T',. (13)
1039 | 1030 1035 | R 8,(70), R 8, (23)
1020 1020 | R 8, (45), R 8,. (36), R .. (10)
1004 1016 | Rt,, (43), R T, (33), w 1 (22)
923 925 | w 1(45), PU (39)
915 | PU (43), R T, (38), w 1 (18)
905 | R&.(47),R &, (33)
898 894 | w 1(76),PU(17)
884 | 887 883 | vTiO (75)
859 | 858 854 | R&..(43),R 8. (19), R 8, (17), vCC (13)
817 | R 1. (62), PU (24)
803 | R, (53),R &, (17), R 8., (16)
794 | R\ (49), PU (45)
783 783 | R .. (49), PU (46)
745 | 735 745 | R 5,(53), R 6, (28)
727 | RT, (48), PU (48)
703 | PU (49), R 1" (36)
700 | R &, (52),R 8, (36)
682 687 | RS, (43),R &, (25)
646 645 | R6,(62),R8,. B7)
624 | 635 627 | Rt, (40), PU (32), R T',. (18)
607 | 616 618 | R &, (50), R &, (30)
585 598 | RS, (67), R &, (23)
565 545 | R 8, (45), R &, (20), R 6, (13)
546 544 | PU(47), RT..(27), R 1. (23)
527|527 528 | R &, (30), TNO (25), R 8., (18)
513 522 | R &, (44), R &, (23), R 6, (11)
498 | Rt (45), R T, (27), PU (21)
469 | RS, (54),R &, (39)
448 | Rt (43), R T, (41), PU (14)
438 |R&,.(57), R 3, (18), R 6, (11)
429 | PU (52), R T'.. (26), R T.. (21)
409 | R &, (45), R &', (40)
396 380 | RT'. (46), R 1., (39)
338 | R 6, (49),R8,. (31
328 | VTiCl (40), 8 TiO (17), R 8., (11)
310 | R, (62), PU(21), R T' (15)
281 | RS, (32),R 8. (1)
257 | 14(23), wTiO(16), T3 (15)
246 | Rt (50), R 1,. (36)
232 230 | R&,.(43),R 8, (35)
205 | 14(33), 13(2), Rt (12), PU(11)
207 201 | t3(30), T4(Q9), R, (10)
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162 | t3(@27), t4(25),R 8, (16)

150 | RT% (35), T3(20), T4(20),PU (15)

147 144 | BCuOTi (24), rTiCl (11), R t°, (10), & TiO (10)
123 | Rt (55), R 1., (19)

106 | R, (50), R T, (45)

100 | PU(37), R T, (25)

93 BCuOTi (32), t3(13), T4(13)

79 T3(41), Tt4(33)

70 T4(39), t3(33)

64 t1(37), PU(26),R T, (21), R T, (15)

41 T3 (37), T4(28), PU (18)

35 T3 (45), T4 (40)

27 T 3 (38), PU (20), R 7, (12)

20 T4 (56), T3 (41)

vs: very strong, s: strong, m:medium, vw: very weak, w: weak, v:stretching, B: bending; w: wagging, t:
rocking, T: torsion, V,: symmetric stretching, v,;: asymmetric stretching, 8: deformation, 8,: symmetric
deformation, &,: asymmetric deformation, &,: asymmetric deformation out of plane, & trigonal
deformation, T: torsion, T,: asymmetric torsion, T',: asymmetric torsion out of plane, PU: puckering, R:

ring.

3.3.4 Cu-O, Ti-O, Ti-Cl vibration

The normal range of Cu-O stretching vibrations is 400-700 cm™. The bending mode in CHT is at 256
cm’, and it is also present at 443 and 575 cm™. Low frequency vibrations of metal oxide and metal choride
were observed. Ti-O vibration is indicated by peaks in the 400-1000 cm™ range, while in CHT, it is found
at 1051 and 883 cm”. The TiO, nanoparticle exhibits wagging at 257 cm” and deformation at 328 and
144 cm’.

3.4 Band Gap Evaluation

3.4.1 UV-Visible Spectra

Fig. 5 describes the UV-visible spectra of CHT in methanol as a solvent. In the UV-visible spectrum,
flavonols show two main absorption bands: band I, which is at 372 nm and represents B-ring absorption,
and band II, which is at 256 nm and is thought to be connected to the absorption involving the A ring
benzoyl system [38]. The blue shift in the bands of CHT at 341 nm is due to the nitro group joining the
B-ring (phenyl) of the CHT molecule.

Absorbance

200 400 , 800 800
Wavelength (nm)

Fig. 5 UV-Visible plot of CHT
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3.4.2 Frontier Molecular Orbital Scrutiny

In order to determine the excitation energy and investigate a molecule's reactivity, HOMO-LUMO
analysis is crucial [39]. The DFT approach of the CHT reveals differences in energy values, while Table 4
shows theoretically estimated HOMO-LUMO and global reactivity characteristics. These molecular
frontier orbitals are crucial in electronic, electric, optical, and quantum chemistry [40], and their clear
graphic is shown in Fig. 6. Eyomo and Ejyyo estimate electronegativity, chemical hardness, chemical
potential, and softness, with chemical hardness indicating a compound's chemical stability as the energy
gap value increases with molecular hardness.

In CHT, HOMO is restricted over benzopyran and nitrophenyl groups, while LUMO is restricted over
metal chloride and TiO,. Electrons spread their electron density and transfer their charge as they go from
the anion ring to the metal chloride-TiO; cation. The molecule's electrophilicity index (w) determines its
classification as either electrophile or nucleophile, with a higher w value indicating greater
electrophilicity. The HOMO-LUMO analysis indicates that the CHT molecule has a high electrophilicity
index value of 46.11 eV.

Fig. 6 HOMO-LUMO plot for CHT

The initial inclination of an electron from a stable structure, or ionization potential, is approximately
7.91 eV and signifies that the stability does not break down. Because it can readily donate electrons to an
acceptor, a soft molecule with a small energy gap is more reactive than a hard one. The CHT molecule is
highly reactive due to extreme polarization caused by its remarkable hardness value of 0.58 ¢V and its
lower softness value of 0.366 eV. Besides the electrophilicity index, the electronegativity of 7.33 €V is
widely employed to predict chemical behaviour. The energy reduction caused by the maximum electron
flow between the donor and acceptor is measured at 1.16 €V [40].

Table 4 Global reactivity parameters of CHT

Parameter Value
Enomo (V) -1.91
ELumo (V) -6.75
ELUMO - EHOMO (QV) 1.16
[onization Potential, I (eV) 7.91
Electron Affinity, A (eV) 6.75
Electronegativity, x (eV) 7.33
Global Hardness, 1) (eV) 0.58
Global Softness, o (eV") 1.71
Chemical Potential, p (eV) -1.33
Electrophilicity Index, w (eV) | 46.11

1319



International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 21s, 2025
https://www.theaspd.com/ijes.php

3.5 Reactive Site Exploration

3.5.1 Molecular Electrostatic Potential Analysis

The molecular electrostatic potential (MEP) is a quantum chemistry technique used to study molecule
and living organism behavior, identifying molecular makeup of physiochemical trait correlations in
materials, electrophilic assault sites, hydrogen-bonding interactions, and nucleophilic processes [41]. The
electron density in CHT is found to be between -2.238x10? and +2.238x10% MEP's red regions are
associated with electrophilic reactivity (electron-rich zone), whereas it’s blue sections are associated with
nucleophilic reactivity (electron-deficient region) and green zero potential.

Fig. 7 MEP plot of CHT

MEDP studies produce a stable charge surface map for various CHT phases, primarily used for color coding
to identify the size, shape, and reactive regions of the head-line molecule [42]. The greatest amount of
charge delocalization that occurred in the carbon atoms is indicated by the pale green color of the center
section of the benzopyran and phenyl ring. Intramolecular hydrogen bonding interaction C15-H18...025
was denoted by white potential. Because the oxygen atoms in CHT molecule have a higher
electronegativity and act as a nucleophilic area, the TiO, with chlorine atom has a bigger electron deficit
than other hydrogen atoms. The electron-rich electrophilic region is visible in the pale yellow band
encircling the nitro group.

3.6 Optical Characteristics

3.6.1 Non Linear Optical Properties

The use of nonlinear optical characteristics in new organic materials has expanded because of its photonic
uses. It happens when radiation interacts with matter particles, producing a new radiation with a different
phase, frequency, and amplitude from the incident radiation [43]. It is useful to determine the initial
hyper-polarizability (.o, isotropic polarizability (0t,), and electric dipole moment (U )

Table 5 NLO properties of CHT

Parameter | Value Parameter | Value

L, -2.9521 B -19.6445
1, -1.9874 B -58.0639
I, 1.2670 Buw -55.7888
Heotal 3.7776 B 4570.789
O 56.2603 By 117.6664
oy -1.7106 B, -34.1448
0Ly 67.8829 B 215.0817
o, 40.0291 B... 59.11159
a, 3.8272 By -8.97385
o, 15.7599 B 72.12976
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| O | 4.66x10™* | B | 3.84x10™ |
According to Table 5 the first-order hyperpolarizability (B..wi), mean polarizabilities (0t), and the overall
dipole moment () of CHT are 3.84x107 esu, 4.66x10?* esu, and 3.7776 Debye, respectively. Dipole
moment of CHT is 1.016 times greater than that of urea (3.83 Debye) and 1.43 times greater than KDP
crystal (5.4 Debye). The first-order hyperpolarizability of CHT is 6.1637 times higher than for urea
(0.6230x10™ esu) and the outcomes demonstrate CHT's suitability for NLO applications.
3.6.2 Photo-catalytic Dye Degradation
The photodegradation of malachite green dye under UV light was used to assess the photocatalytic activity
of CHT-nanoparticles. The absorbance of the MG solution was measured at various time intervals in
order to assess the photocatalytic activity. According to the findings shown in Fig. 9, CHT demonstrated
photocatalytic degradation efficiency of 78% towards malachite green dye.

10

0 min
Dark
s 200 MY
40 min
60 min
RO min
e 1O mMin
s 120 miin

084

0.6+

0.4+

Absorbance (a.u.)

024

00+

- -y v v T -

L Al
400 500 800 700 800 900
Wavelength (nm)

Fig. 9 Photo catalytic degradation plot of MG dye using CHT

CONCLUSION

Using the reflux approach, new surface-modified metal chloride-ligand-TiO2 nanoparticles were
effectively created, and PXRD, FT-IR, FT-Raman, and UV-visible spectroscopy were used to characterize
them. PXRD reveals crystalline, sharp peaks on anatase TiO2 nanopaticles together with the presence of
metal chloride. The DFT/B3PW91/LANL2DZ basis set was used for structural optimization, and NCA
was used to interpret the vibrational modes. Metal chloride substitution is the cause of the red shift in
the C=0 vibration mode. FMO was used to determine the band gap energy, and MEP was used to render
the reactive sites. CHT's total dipole moment is 1.43 times larger than that of KDP crystal and 1.016
times larger than that of urea. Its first-order hyperpolarizability is 6.1637 times greater than that of urea
and the result show that CHT is suitable for NLO applications. Malachite Green dye was photo-
catalytically destroyed by UV light, and in just 120 minutes, CHT broke down 78% of the dye.
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