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Neuroprotective, Anticancer and Antimicrobial Activities
of Azo-Schiff Base Ligand and Its Metal Complexes

The synthesis of metal complexes of Mn(l1), Co(Il), Ni(ll), Cu(ll) Zn(ll) and VO(II) from azo-Schiff base
ligand was carried out by the condensation reaction of (E)-5-chloro-2-hydroxy-3-((3-nitrophenyl)diazenyl)
benzaldehyde and 2-amino-4-nitrophenol. The structure of the synthesized azo-Schiff base ligand was con-
firmed by 1H-NMR spectra, mass spectra, FT-IR spectra. After confirmation of the azo-Schiff base ligand,
metal complexes of Mn(ll), Co(ll), Ni(ll), Cu(ll), Zn(ll) and VO(II) were synthesized using metal salts.
These synthesized metal complexes were characterized by FT-IR spectra, elemental analysis, electronic spec-
tra, thermal analysis, X-ray powder diffraction, molar conductivity etc. In biological studies, the neuroprotec-
tive and anticancer activities of azo-Schiff base ligand and metal complexes were investigated by methylthia-
zole tetrazolium (MTT) assay on SHSY-5Y Neuroblastoma Cell line and MCF-7 human breast cancer cell
line using Tacrine (TAC) and 5-Flourouracil (5-FU) as reference standard drugs, respectively. Also, antimi-
crobial potential was screened against two gram-positive (Staphylococcus aureus and Bacillus subtilis), two
gram-negative (Klebsiella pneumonia and Pseudomonas aeruginosa) bacteria and three fungi (Penicillium
chrysogenum, Tricoderma viride, and Aspergillus niger). Based on all the data obtained, it was concluded that
metal complexes exhibit higher biological activity than ligands based on the azo-Schiff base.

Keywords: azo-Schiff base ligand, coordination compounds, metal complexes, azomethine, biological activi-
ty, neuroprotective, anticancer, antimicrobial.

Introduction

Breast cancer is the most common type of cancer and the second leading cause of death for women
globally. We lose almost 50000 women worldwide each year due to the breast cancer. Designing effective
drugs to manage drug resistance and its side effects is a challenge [1, 2]. The progressive neurodegenerative
brain disorder known as Alzheimer’s disease that cause neuronal death in the brain and it causes dementia,
memory loss, cognitive impairment, severe behavioural abnormalities and finally death. Alzheimer’s disease
affects around 40 million peoples now and is predicted to reach 150 million by 2050. Many scientists from
the world are busy to find effective solution on the breast cancer as well as Alzheimer’s disease [3-5]. The
Schiff base ligands are extensively used in the metal-ligand chemistry, medicinal chemistry, organic synthe-
sis as catalyst [6]. Schiff bases exhibit different biological activities such as anticancer, antimycobacterial,
antibacterial, antidepressant, antianalgesic, antidiabetic, antiviral, anti-infective [7—12]. The Schiff base is
condensation product of primary amine with aldehyde. This reaction was firstly studied by noble prize win-
ner, German scientist chemist Hugo Schiff in 1864 [13]. Metal complexes of Schiff base ligands have at-
tracted to researcher because of biological activity in addition to their applications and spectroscopic charac-
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teristics and also the presence of donor atoms including nitrogen, oxygen and sulphur [14]. They are used as
medications to treat cardiovascular disease, diabetes, cancer and inflammation [15]. According to the litera-
ture review, derivatives of salicylaldehyde with one or more halogen atoms in the aromatic ring exhibited a
variety of biological activities including antifungal, antibacterial and antimicrobial properties [16].

In the present study, we have focused on the synthesis of novel azo halogenated salicylaldehyde and
their Schiff base ligand with 2-amino-4-nitrophenol and its metal complexes.

Experimental

Materials and Methods

Spectrochem supplied all compounds used at analytical grade. The solvents which included petroleum
ether, ethanol, ethyl acetate and n-hexane were obtained from a nearby supplier and purified via distillation.
The progress of reactions was tracked using thin-layer chromatography utilizing pre-coated aluminium
sheets. Mass spectra were captured using a MALDI-TOF mass spectrometer. *H-NMR spectra were recorded
on BRUKER 400MHz *H-NMR-spectrometer in DMSO, TMS was utilized as the internal standard. Infrared
spectra were recorded with FTIR-spectrophotometer (SHIMADZU) and KBr pellets encompassing the spec-
tral range from 4000 to 400 cm. Electronic spectra were scanned using SHIMADZU Model 1800 UV-
spectrophotometer in DMSO encompassing at room temperature the wavelength range of 200 to 600 nm.
A digital conductivity meter model 304 was used to measure molar conductivity in a DMSO solvent. Using
TGA instruments the complexes were subjected to a nitrogen environment for thermal analysis.

Biological Activity

Neuroprotective Activity and Anticancer Activity by MTT Assay

The Neuroprotective and Anticancer activity of azo-Schiff base ligand and its metal complexes was car-
ried out using 3-(4, 5-dimethyl thiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay on the SHSY -
5Y Neuroblastoma Cell line and MCF-7 human breast cancer cell line respectively. 1x10% cells/ml in culture
medium was incubated for 24 hours at 37 °C with 5% CO.. The cell line was seeded at 1x10* cells/well in
100 pl of culture medium at a concentration of 70 pl. 100 pl of the sample was placed into each micro plate.
In control wells DMSO (0.2 % in PBS) and cell lines were grown. Every sample was incubated for three
rounds. In order to determine the percentage of living cells following cultivation and the survival rate of con-
trol cells by controls were maintained. In a CO; incubator with 5% CO; cell cultures were maintained at
37 °C for 24 hours. After the incubation period 20 pl of MTT reagent was applied and the media was com-
pletely removed. Cells were cultivated for four hours at 37 °C in a CO; incubator following MTT injection
used a microscope to look for formazan crystal development in the wells. Only living cells were able to
transform the yellowish MTT into a dark-coloured formazan. After removing the medium, 200 ul DMSO
was added and the mixture was left at 37 °C. Using an Elisa microplate reader set to 570 nm in wavelength
3 samples absorbance were measured in order to conduct analysis. The percent of inhibition and cell viability
is calculated by formula given below:

Control OD — Sample OD 5

Inhibition percentage =
Control OD

100;

Viability percentage = Absorbance of treated cells <100 .

Absorbance of control cells

Antimicrobial activity

The National Committee for Clinical Laboratory Standards (NCCLS) 2002 standards were followed for
conducting the antibacterial activity utilizing the agar disk diffusion method. To begin, Petri dishes were
prepared using MHA (Mueller-Hinton) for bacterial cultures and PDA (Potato Dextrose) for yeast cultures.
Preparation of McFarland 0.5 turbidity standards by using the solution of 0.5 ml BaCl,-2H,O (Barium Chlo-
ride Dihydrate) + 99.5 ml of H,SO4 with constant stirring to maintain the suspension and stored in a dark
room at 22 to 25 °C. Following the incubation, the application of azo-Schiff base ligand and the metal com-
plexes was made to agar plates that had been previously inoculated. Each plate underwent a visual examina-
tion. The resulting zones of inhibition displayed a uniform circular pattern within the growth lawn. The di-
ameters of these inhibition zones along with the diameter of the well in millimetres were measured using
sliding callipers and recorded.
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Synthesis of Azo-Halogenated Salicylaldehyde

The Azo halogenated salicylaldehyde named (E)-5-chloro-2-hydroxy-3-((3-nitrophenyl)diazenyl) ben-
zaldehyde has been synthesized by the diazotization coupling reaction [17].

Diazonium Salt Formation

Solution (a): In 100 ml beaker 5.138 g (0.0372 mol) of 3-nitroaniline, added 25 ml concentrated hydro-
chloric acid and 20 ml cold distilled water. The solution was cooled to 0 °C using an ice-salt bath.

Solution (b): In a 100 ml beaker 3.105 g (0.045 mol) of sodium nitrite dissolved in 15 ml distilled water
and the solution cooled to 0 °C using an ice-salt bath. Solution (b) was added dropwise to a solution (a) while
stirring continuously once both solutions (a) and (b) had attained 0 °C. During the addition, the reaction tem-
perature was maintained below 10 °C. A pinch of urea was added to decompose the excess nitrous acid and
filtered the diazonium salt solution.

Azo-coupling reaction: 5.824 g (0.0372 mol) of 5-Chlorosalicylaldehyde dissolved in 10 % of NaOH
solution and stirred to make the clear solution, cooled the solution to 0 °C in ice-salt bath. Then the above
solution of diazonium salt was added to this solution of salicylaldehyde with constant stirring. The reaction
mixture was stirred in ice-salt bath for ten minutes after the addition was finished. After obtaining the prod-
uct with a golden yellow colour, it was filtered, cleaned with cold distilled water, recrystallized and kept in
an airtight container (Scheme 1).

N
+ =
NH, N o
NaNO, in HC1
at 0°C
NO, NO,
3-Nitroaniline Diazonium salt
Cl
) A
cr, N 0
7
\O
o OH
4 10 % NaOH
N
OH NF
NO,
Diazonium salt S-chlorosalicylaldehyde
O,N

(E)-5-chloro-2-hydroxy-3-((3-
nitrophenyl)diazenyl)benzaldehvde

Scheme 1. Synthesis of Azo-halogenated salicylaldehyde

General Procedure of Synthesis of Azo-Schiff Base Ligand (L)

The azo-Schiff base ligand was synthesized by using 3.050 g (0.01 mol) of (E)-5-chloro-2-hydroxy-
3-((3-nitrophenyl) diazenyl) benzaldehyde dissolved in 25 ml of hot ethanol and 1.541 g (0.01 mol) of
2-amino-4-nitrophenol dissolved in 15 ml of hot ethanol. These two ethanolic solutions were mixed and then
refluxed with a temperature range of 70-80 °C for duration of 60 minutes. The reaction’s progress was con-
tinuously monitored by thin-layer chromatography (TLC). The reaction mixture yielded a solid product with
an orange precipitation at room temperature. This solid product was isolated by filtration and recrystallized
using ethanol. The product was dried in vacuum over anhydrous CaCl, overnight to give analytically pure
product in good yields [17, 18].

6 Eurasian Journal of Chemistry. 2025, Vol. 30, No. 1(117)
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NO,
Cl . Cl ™
= O,N NH
0 : \C[ ? EtOH N
—_— >
+
80°C OH
OH OH OH
O,;N O,N
(E)-5-chloro-2-hydroxy-3-((3- 4-chloro-2-((E)-((2-hydroxy-3-
nitrophenyl)diazenyl)benzaldehyde nitrophenyl)imino)methyl)-6-((E)-(3-

nitrophenyl)diazenyl)phenol
Scheme 2. Synthesis of Azo-Schiff base ligand

General Procedure of Synthesis of Metal Complexes (M)

0.441 g (0.001mol) of azo-Schiff base ligand (L) was dissolved in 15 ml of ethanol. Simultaneously,
0.001 mole of metal acetate salts, including Mn(ll), Co(ll), Ni(ll), Cu(ll), Zn(Il) metals and the sulphate of
VO(II) were dissolved in 15 ml of ethanol. These two ethanolic solutions were mixed and refluxed for a pe-
riod of 4 hours within the temperature range of 60—80 °C. The reaction resulted in the formation of various
coloured metal complexes in the reaction mixture. These complexes were subsequently isolated by filtration,
washed with cold ethanol and then dried under vacuum [19].

NO, NO,

/@ a X /@ a x

)\ °~\\“‘l

M=o
4 7‘\
H20 OH2 N? N H,0 NP N H,0
2
O,N O,N O,N
M=Mn(II), Co(II), Ni(I),Cu(Il) M=Zn(II) M=VO(II)

Scheme 3. Proposed structure of metal complexes

Results and Discussion

The synthesized azo-Schiff base ligand (L) and its metal complexes (M) display distinct colours. The
metal complexes are insoluble in water but soluble in organic solvents such as chloroform, DMSO and DMF.
They are stable in an air. Physicochemical data of azo-Schiff base ligand and metal complexes is shown in
Table 1.
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Table 1
Physiochemical data of azo-Schiff base ligand and metal complexes
. . Elemental Analysis
No Compounds Physical M?It"lg Yield, % Found, % (Calculated in %)
Appearance Point, °C c H N

1 Azo-salicylaldehyde | Golden yellow | 127-132 78 50.99 (51.08) | 2.50(2.64) |12.30 (13.75)
2 Ligand (L) Orange 160-167 72 51.20 (51.66) | 3.04 (2.74) |15.25 (15.85)
3 Mn (I1) Complex Brown >300 54 46.30 (46.13) | 1.52 (2.04) |15.05 (14.16)
4 Co (I1) Complex Dark Brown >300 65 41.52 (41.29) | 3.58(2.92) |13.08 (12.67)
5 Ni (I1) Complex Brown >300 51 41.21 (41.30) | 3.13(2.92) |13.11 (12.68)
6 Cu (1) Complex Green >300 73 40.16 (40.94) | 2.78(2.89) |12.02 (12.57)
7 Zn (11) Complex Yellow >300 68 43.96 (43.62) | 2.00(2.31) |12.92(13.39)
8 VO (I1) Complex Green >300 55 43.22 (43.49) | 2.01(2.31) |13.96 (13.35)

Spectroscopic Analysis

Mass Spectra of Azo Halogenated Salicylaldehyde and Azo-Schiff Base Ligand (L)

The mass spectra in Figures S1, S2 show a peak at m/z 306.1(M+1) and m/z 442.21(M+1), indicating
the formation of azo halogenated salicylaldehyde and azo Schiff base ligand (L), respectively.

'H-NMR Spectra of Azo Halogenated Salicylaldehyde and Azo-Schiff Base Ligand (L)

Azo halogenated salicylaldehyde (Fig. S3): *H NMR (400 MHz, DMSO) & 10.97 (s, 1H), 10.22 (s, 1H),
8.64-8.22 (m, 1H), 8.20-7.80 (m, 1H), 7.77-7.59 (m, 2H), 7.12 (dd, J = 8.6 Hz, 2H) [20].

Azo-Schiff base ligand (L) (Fig. S4): *H NMR (400 MHz, DMSO) & 13.12 (s, 1H), 10.25 (s, 1H), 9.11
(s, 1H), 8.30 (d, J = 2.7 Hz, 1H), 8.12 (dd, J = 9.0, 2.8 Hz, 1H), 7.85 (d, J = 2.7 Hz, 1H), 7.57 (dd, J = 8.8,
2.8 Hz, 1H), 7.52-7.43 (m, 2H), 7.41 (dd, J = 8.7, 2.8 Hz, 1H), 7.15 (d, J = 9.0 Hz, 1H), 7.04 (d, J = 3.8 Hz,
1H) [21].

IR Spectra of L and Metal Complexes

The IR spectra of the azo-Schiff base ligands and metal complexes are shown in Figures S5-S11 and
listed in Table 2. In the IR spectra of azo-Schiff base ligand band appeared at 1595 cm™ which shifted to
lower frequencies in the range of 1571-1577 cm™ in all the metal complexes. This change implies that the
metal ion and the nitrogen of the Schiff base enter into coordination, resulting in the formation of metal
complexes [22]. The phenolic -OH group was identified by a large band in ligand located at 3195 cm™ and
3108 cm™. Interestingly, this band vanished in every metal complex indicating that the phenolic oxygen had
coordinated by deprotonation. This observation is further supported by the IR spectra of ligand where
a >C-0 band at 1232 cm shifted to higher frequencies range of 1255-1273 cm™ in all the metal complex-
es [23, 24]. The azo group’s band was originally observed at 1384 cm™. New bands in the range of
441-447 cm™ and 518-528 cm! respectively appeared in the metal complexes and were attributed to M—N
and M-O vibrations [20]. These findings suggest the formation of coordination bonds among the metal ions
and ligand leading to changes in IR spectra which provide insights into the chelation process. The band of
>C-Cl exhibited at 642-650 cm in ligand and metal complexes. A band of —~OH rocking at 821-837 cm™*
suggests the presence of coordinated water in all metal complexes [25]. The azo-Schiff base coupled to the
metal ion in a tridentate manner according to the overall infrared data.

Table 2
FTIR stretching frequency of azo-Schiff base ligand and metal complexes in cm=
Sr. No Compounds (Phoerl;'c;ic) >C—I\;i$@)zome- ~N=N- >C-0 >C-Cl | M-N M-O
1 Ligand (L) 3108, 3195 1595 1384 1232 642 - -
2 Mn (11) — 1573 1373 1271 648 447 525
3 Co (1D - 1571 1373 1255 648 447 522
4 Ni (1) — 1577 1373 1257 650 441 526
5 Cu (1) - 1575 1373 1257 646 443 518
6 Zn (11) — 1573 1377 1273 648 439 526
7 VO (1) — 1575 1375 1271 648 447 528
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Electronic Spectra and Magnetic Susceptibility of L and Metal Complexes (M)

The electronic spectra of azo-Schiff base ligand and metal complexes were recorded in DMSO (Dime-
thylsulfoxide) at ambient temperature between 200-600 nm. The electronic spectra were used to characterize
the ligand field surrounding the central metal ion. The electronic spectrum of L contains bands at 290 as well
as at 250 nm, due to the n—n* and n—n* transitions. Mn(II) complexes exhibit bands in their electronic
spectra at 350 nm which could indicate an octahedral geometry suggested metal to ligand charge transfer
transition. The electronic spectra of Co(ll) complexes show broad peaks at 420, 370, and 340 nm, which can
be tentatively assigned to *Tig—*Tag, “T1g—*T1gp) and *T1g—*Asg, respectively. The magnetic moment (u)
value of 3.92 uB suggests that the Co(II) ion is arranged in an octahedral form. The electronic spectra of
Ni(ll) complexes show bands at 420, 370 and 340 nm which may be tentatively assigned to *Axy—>Ta,
3A2g—>T1gn and 3Azg—3T1gp) correspondingly. The value of the pat 2.98 pB suggests an octahedral geome-
try around the Ni(Il) ion. Cu(ll) complexes electronic spectra showed bands at 420 and 350 nm which may
be assigned to 2Eq—2T,q and ligand to metal charge transitions correspondingly. The value of the magnetic
moment at 1.82 uB suggests an distorted octahedral geometry around Cu(ll) ion. Electronic spectra of Zn(ll)
complexes at 360 nm,, which can mediate charge transfer from the metal to the ligand, show a diamagnetic
moment suggesting tetrahedral geometry. The VO(II) complex shows bands at 440, 390 and 325 nm, which
may be attributed to the ?B,—2E, 2B>—2B; and 2B,—2A; transfers The value of the magnetic moment is
1.79 uB, which is characteristic of the geometry of a square pyramidal structure [26-28]. The absorption
band is shown in Figure S12.

Measurement of Molar Conductance of L and Metal Complexes (M)

The measured molar conductance values for L and the metal complexes in a 10 M dimethylsulfoxide
(DMSO) solution at room temperature ranged between 8.5 to 13 S'mol™-cm?. The relatively low conduct-
ance values listed in Table 3 clearly indicate that both L and the metal complexes are non-electrolytic in na-
ture [29].

Table 3

Magnetic moment and molar conductance of azo-Schiff base ligand and metal complexes

Sr. No. Compounds M(_)Iar condil,llctar;ce Magne_tlc Moment Proposed Structure
in S-mol~*cm in uB
1 Ligand (L) - — -
2 Mn (11) Complex 9.2 5.12 Octahedral
3 Co (1) Complex 8.5 3.92 Octahedral
4 Ni (11) Complex 10 2.98 Octahedral
5 Cu (1) Complex 13 1.82 Octahedral
6 Zn (1) Complex 8.5 Dia. Tetrahedral
7 VO (I1) Complex 12 1.79 Square Pyramidal

Thermal Analysis of Metal Complexes (M)

The thermal stability of the metal complexes synthesized from azo-Schiff base ligand was evaluated
under a nitrogen atmosphere covering a temperature range from ambient temperature to 800 °C. The decom-
position of the metal complexes took place in two distinct steps. In the first step, the loss of coordinated wa-
ter molecule takes place up to 250 °C in all metal complexes. Finally, the ligand loss occurred in the temper-
ature range of 300-500 °C and at last metal oxides were formed above 500 °C [25]. The graph observed
from the data is given in Figure S13.

Powder X-Ray Diffraction of Metal Complexes (M)

The P-XRD of metal complexes derived from ligand were scanned in the range from 26 = 20-80° at
wavelength of 1.540 A. This is given in Table 4 and Figure S14. The Mn(Il) and Co(ll) complex shows or-
thorhombic crystal system. The metal complexes Ni(ll), VO(II) show monoclinic and Cu(ll), Zn(1l) show the
triclinic crystal system [24].
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Table 4

P-XRD metalcomplexes

No. of . . . .
Sr. Maxima Lattice Unit cell AXis
No. Compounds rfi]:g(s:_ (20) d-Value Constant(A) | volume | and Axis angle Z-Value| Crystal System
a=17.3928
1. clm(lllgx 17 9.34 | 9.462 | b=10.4467 | 1461.585 aj bj nggo 8 | Orthorhombic
P c = 18.9250 a=p=y
a=4.7487
2. C(O:r?](':lx 14 | 1039 | 8509 | b=59711 | 482516 ajﬁbf c:aggo 4 | Orthorhombic
P ¢ =17.0170 a Y
- a=1.8473
3. C’f:lr:fl 'ILX 13 | 1132 | 7807 | b=77271 | 557614 | 27 bfggf';d 4 Monoclinic
P ¢ =9.2429 a=y= p
a=9.4450
a | M) 111 | 681 | 12976 | b=103074 | 1173400 | ° zﬁb i ;‘ggo 2 Triclinic
P c =13.3661 v
a=4.3633
5. | comoie | 14 | 531 | 16627 | b=o2082 | ee2se8 | A7PFCHL |2 | Triclinic
P c=16.7339 Y
a = 255512
6. | YOUD 1 25 | 2636 | 12041 | b=75077 | 3088430 | 3FP%CaAM | g Monoclinic
Complex c=170818 a=7=90°%£p

Biological Activity of L and Metal Complexes

Neuroprotective Activity

The Neuroprotective activity of L and metal complexes was conducted using the MTT assay on the
SHSY-5Y Neuroblastoma cell line at different concentration. The results are shown in Table 5.

Table 5
Anti-Alzheimer activity of azo-Schiff base ligand and metal complexes

Sr. No Compounds Concentration of Sample Cell _Viability 1C50
(ng/mli) in %
25 70.20

1 Standard TAC 50 77.41 49.01
100 78.68
25 46.92

2 L 50 47.92 78.51
100 47.89
25 39.82

3 Co(ll) Complex 50 39.68 93.28
100 40.55
25 70.01

4 Cu(ll) Complex 50 73.59 50.59
100 75.39
25 70.59

5 Zn(11) Complex 50 70.17 52.28
100 72.78

Based on the data presented in Table 5, it can be concluded that Cu(ll) and Zn(Il) complexes exhibit
higher neuroprotection than the ligand and the Co(ll) complex compared to the standard reference drug ta-
crine. The IC50 of Cu(Il) and Zn(II) complexes is 50.59 and 52.28 pg/ml. These metal complexes are non-
toxic to SHSY-5Y Neuroblastoma cell line. In neurodegenerative disorders, the Schiff base ligand Cu(ll) and
Zn(I1) complexes are frequently dysregulated. Greater cell viability is preferable in the neuroprotective dis-
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orders as it shields to the SHSY-5Y Neuroblastoma Cell line from harm which is ideal for neuroprotec-
tion [30-33].
Anticancer Activity

The anticancer activity for both L and the metal complexes was examined using the MTT assay on the
MCF-7 human breast cancer cell line at different concentration. The results are shown in Table 6.

Table 6
Anticancer activity of azo-Schiff base ligand and metal complexes

Sr. No Compounds Concentration of Sample Cell I_nhibition 1C50
(ng/ml) in %
10 79.14

1 Standard 5-FU 40 83.29 44.99
100 88.79
10 24.38

2 L 40 37.06 102.56
100 39.78
10 69.20

3 Co(ll) Complex 40 71.40 51.22
100 77.72
10 38.79

4 Cu(l1) Complex 40 43.62 84.44
100 47.95
10 46.47

5 Zn(I1) Complex 40 50.60 76.75
100 51.53

As can be seen in Table 6, the Co(ll) complex should have anticancer components that are more active
in inhibiting the growth of MCF-7 breast cancer cell line compared to other metal complexes. The Co(ll)
complex demonstrated good anticancer activity compared to L against standard drug 5-FU [34, 35].

Antimicrobial Activity

In our investigation, we evaluated the antibacterial activities of L and its metal complexes against gram-
positive bacteria i.e. Staphylococcus aureus and Bacillus subtilis as well as gram-negative bacteria i.e.
Klebsiella pneumonia and Pseudomonas aeruginosa. We also examined their antifungal activity against Pen-
icillium chrysogenum, Tricoderma viride, and Aspergillus niger. The results are shown in Table 7.

Table 7

Antimicrobial activity of azo-Schiff base ligand and metal complexes (Zone of inhibition in mm)

Antibacterial activity Antifungal activity
Sr.No. | Compounds | S. aureus |B. subtilis|K. pneumoniae|P. aeruginosa|P. Chrysogenum|T. Viride | A. Niger
1 Ligand (L) 11 14 10 8 8 8 12
2 Mn (1) 16.5 23.5 19.5 8 15.5 30.5 24
3 Co (1D 18 21 16 18.5 19.5 27 21.5
4 Ni (11 17.5 13 19.5 14 20.5 29.5 8
5 Cu (1) 18 19 15 16.5 24.5 24.5 8
6 Zn (1D 16.5 20 14 12.5 8 20.5 19
7 VO(ll) 10 15 13 16 12 15 12
8 Tetracycline 19 25 20 19 - - —
9 Fluconazole - — — — 25 35 26

The results of antibacterial screening in Table 7 showed that Mn(l1), Co(ll), Ni(ll), Cu(ll) and Zn(ll)
metal complexes exhibit greater activity than ligand but less than that of standard reference drug tetracycline.
In the antifungal screening the Mn(ll), Co(ll), Ni(ll) and Zn(Il) complexes exhibited a higher activity and
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Cu(Il) and VO(II) complexes demonstrated moderate level of activity than ligand in comparison to the
standard reference drug fluconazole [36, 37].

Conclusions

In this paper, we presented the synthesis and characterization of novel azo-Schiff base ligand and its
transition metal complexes. From the findings of various spectrochemical techniques, we confirmed that lig-
and show tridentate behaviour, forming bonds with metal through the azomethine nitrogen and phenolic ox-
ygen atoms. The P-XRD analysis of the complexes revealed a variety of crystal systems including ortho-
rhombic, monoclinic and triclinic structures. The Cu(lIl) and Zn(11) complexes exhibited greater neuroprotec-
tive activity and Co(ll) complex shows better anticancer activity than azo-Schiff base ligand. The metal
complexes exhibit higher antimicrobial activity than azo-Schiff base ligand. The azo-Schiff base ligand is
active, but if metal complexes are made by coordinating various metal salts the activities increase.
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Synthesis, Docking Study and Biological Evaluation
of Naproxen-Based Heterocyclic Derivatives

A series of Naproxen-based heterocyclic derivatives (NA1-NA4) were designed, synthesized, and evaluated
for their antibacterial and anticancer activities. These heterocyclic derivatives were developed by integrating
Naproxen with various heterocycles, including indole, benzothiophene, benzothiazole, and pyrazole, in order
to enhance efficacy while reducing gastrointestinal side effects. The synthesized compounds were character-
ized using FT-IR, 1H NMR, and 13C NMR spectroscopy. The antibacterial activity was evaluated against
S. aureus (Gram-positive) and two Gram-negative bacteria (P. aeruginosa and K. pneumonia) by measuring
the diameter of the zone of inhibition. Compounds NA2 and NA3 showed promising inhibitory activity
against the tested bacteria compared to amoxicillin. The anticancer activity of NA1-NA4 compounds against
the MDA-MB-231 human breast cancer cell line was assessed by determining the 1C50 values (the concentra-
tion required to inhibit 50 % of cell viability). NA1 and NA3 exhibited notable antiproliferative effects with
IC50 values of 11.81 and 11.08 pg/mL, respectively. Molecular docking studies of compounds NA1-NA4
were performed against COX-2 enzyme (PDB Code: 3NT1) using MOE software. The compounds showed
strong binding affinities, indicating potential anti-inflammatory properties. Collectively, the antibacterial, an-
ticancer, and molecular docking data suggest that these Naproxen derivatives possess promising multifunc-
tional therapeutic potential.

Keywords: Naproxen derivatives, heterocyclic compounds, COX-2 inhibition, MTT assay, antibacterial, anti-
cancer, breast cancer, anti-inflammatory properties

Introduction

Cancer is characterized by the rapid growth of abnormal cells that can spread to other parts of the body,
eventually leading to death [1]. Globally, cancer has become the leading cause of mortality, with the number
of deaths projected to reach 16.4 million by 2040 [2]. It is estimated that 30-50 % of cancer-related deaths
could be prevented through early detection, effective treatment, and long-term care. Breast, lung, and colo-
rectal cancers currently represent the most prevalent cancer types based on incidence rates. In terms of treat-
ment, cancer has remained at the forefront of advancements in surgery, radiotherapy, chemotherapy, and
hormonal therapies. However, most currently available anticancer agents are associated with dose-limiting
toxicity, drug resistance, and limited selectivity [3]. Therefore, the development of new chemotherapeutic
agents capable of overcoming these challenges is of critical importance.

Naproxen is both a COX inhibitor and a strong anti-inflammatory agent. However, one of the most
common problems associated with oral Naproxen administration is gastrointestinal disorders [4, 5]. This ad-
verse effect is primarily attributed to the presence of a free carboxylic acid group. Therefore, masking this
acidic group has been proposed as an effective strategy to reduce or eliminate gastrointestinal side ef-
fects [6]. It has been reported that the therapeutic index for NSAIDs can be improved by synthesizing ester
prodrugs of Naproxen, which serve as promoieties [7]. Compounds containing naproxen amide have also
shown consistent anti-inflammatory properties [8]. Additionally, it has been observed that amide derivatives
of Naproxen, such as Naproxen glycolamide, exhibit anti-inflammatory activity with significantly less gas-
tric damage compared to the parent drug [9]. Compared to conventional Naproxen, amide prodrugs of
Naproxen derivatives have demonstrated strong anti-inflammatory activity [10].
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The anticancer properties of Naproxen and its derivatives have also been extensively studied, with sev-
eral derivatives reported to inhibit the proliferation of various cancer cell lines [11, 12]. For instance,
Naproxen derivatives such as propanamide and urea analogues have shown promising activity in suppressing
colon cancer growth [13]. Moreover, 1,3,4-oxaadiazole derivatives exhibit significant activity against epi-
dermal growth factor receptor (EGFR) [14], while hydrazide and hydrazone derivatives display potent inhi-
bition of vascular endothelial growth factor receptor-2 (VEGFR-2) [15]. Triazole derivatives have also been
found to effectively target histone deacetylases (HDACSs) [16]. Naproxen’s propanamide derivatives have
demonstrated notable antimicrobial activity against both Gram-positive and Gram-negative bacteria, includ-
ing Escherichia coli and Pseudomonas aeruginosa [10, 17]. These antibacterial effects are comparable to
those of standard antibiotics such as ciprofloxacin (for Gram-negative bacteria) and ampicillin (for Gram-
positive bacteria) [18]. Furthermore, Naproxen administration has been shown to reduce tumor progression
in tumor-bearing rats [11, 12]. Strong suppression of histone deacetylase has been demonstrated by a
naproxen hydroxamic acid derivative [5]. Overall, Naproxen represents a promising scaffold for the devel-
opment of novel therapeutic agents with antiviral, anticancer activities [17, 19, 20], including potential appli-
cations in bladder cancer prevention [21].

Heterocycles are considered a vital component in medicinal chemistry. Benzofused and five-membered
heterocycles motifs, in particular, represent a significant class of compounds with well-documented anti-
cancer and antibacterial activities [22-25]. Derivatives of benzothiazole, benzothiophene, and indole, for
example, have demonstrated notable antimicrobial and antitumor properties [26].

Based on the importance of these heterocycles, we designed a new series of Naproxen-based heterocy-
clic derivatives. The heterocycles were conjugated to the Naproxen core via its carboxylic acid moiety, aim-
ing to mask this functional group and thereby reduce its associated gastrointestinal side effects. The synthe-
sized analogs were evaluated for their anticancer and antibacterial activities (Fig. 1). Furthermore, molecular
docking study was conducted to assess the potential of these compounds as analgesic and anti-inflammatory
agents.
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Figure 1. Chemical structures of the newly designed Naproxen-based heterocyclic analogues (NA1-NA4)

Experimental

Material and Methods

All chemical reagents used in this study were of analytical grade and were supplied by Sigma-Aldrich,
Fluka, CDH, and Thomas Baker. Naproxen was purchased from Leyan Company (China). Melting points
were determined using a Gallenkamp MFB-600 melting point apparatus (Stuart). FT-IR spectra were record-
ed on a Shimadzu IRAffinity-1S spectrometer. *H NMR (400 MHz) and *C NMR (100 MHz) spectra were
recorded on a Bruker Multinuclear Spectrometer.

Synthesis of Naproxen acid chloride [27]

To a stirred solution of Naproxen (1.0 g, 4.34 mmol, 1 equiv.) in dichloromethane (DCM, 20 mL),
phosphorous trichloride (128 puL, 1.450 mmol, 0.33 equiv.) was added. The resulting mixture was stirred at
0 °C for one hour, then allowed to warm to room temperature (RT) and stirred overnight. The solution was
then transferred to a 50 mL round-bottom flask to remove the precipitated phosphorous acid. Thin-layer
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chromatography (TLC) was performed to confirm the complete consumption of Naproxen. The resulting
mixture was used directly in the subsequent steps without further workup.

Synthesis of (N-(1H-indol-5-yl)-2-(6-methoxynaphthalen-2-yl) propenamide [NA1]

To a solution of acid chloride, [27], in DCM, (0.57 g, 4.34 mmo of 1l)H-indol-5-amine and triethyla-
mine (0.73 ml, 5 mmol) were added with stirring at RT for 18 hours. Upon completion of the reaction, the
organic layer was removed. The crude product was dissolved in 50 mL of ethyl acetate, then washed sequen-
tially with 50 mL of 5 % NaOH solution and 50 mL of 2 N HCI. The organic phase was dried over anhy-
drous magnesium sulfate, and the solvent was removed under reduced pressure using a rotary evaporator.
The desired product was obtained as a pink solid (0.96 g, 64 % vyield).

FT-IR vmax, cm*: 3211 (N-H, and NH, Amide), 3066 and 3024 (C—H, aromatic), 2929 (C—H, aliphatic),
1653 (CO, Amide), 15951435 (aromatic rings); *H NMR (500 MHz, DMSO), ppm: 10.65 (s, 1H, CO-NH-
), 9.68 (s, 1H, Ar—NH-), 7.88-7.26 (11 H, Ar-H), 3.97 (s, 3H, O—-CHjs), 3.91 (m, 1H, CO-CH-), 1.57 (d,
J=1 Hz, 3H, —CHjs). ¥C NMR (125 MHz), ppm: 172.48 (1C, CO), 152.79 (1C, MeO-C), 132.63-101.06
(17C, Ar-C), 51.21 (1C, —OCHs), 33.30 (1C, Ar (Me)-CH-CO), 14.14 (1C, —CHg) (Figures S1-S3).

Synthesis of N-(benzo[b]thiophen-5-yl)-2-(6-methoxynaphthalen-2-yl) propenamide [NA2]

To a pre-cooled solution of NAC in DCM, benzo[b]thiophen-5-amine (0.647 g, 4.34 mmol) and tri-
ethylamine (0.73 mL, 5.00 mmol) were added and left to stir at RT for 18 hours.

After completion of the reaction, the solvent was evaporated, and the crude product was dissolved in
50 mL of ethyl acetate. The solution was washed sequentially with 50 mL of 5 % NaOH solution, 50 mL of
2 N HCI, and a saturated NaCl solution. The organic layer was dried over anhydrous magnesium sulfate, and
the solvent was removed under reduced pressure using a rotary evaporator, affording the product as brown
crystals (1.2 g, 76 % vyield). FT-IR vmax, cm™: 3255 (-NH, Amide), 3064 (C—H, aromatic), 1662 (CO, Am-
ide), 1556-1435 (aromatic carbons). *H NMR (500 MHz, DMSO), ppm: 10.25 (s, 1H, CO-NH-), 7.81-7.14
(m, 11 H, Ar-H), 3.86 (s, 3H, methoxy), 3.81 (d, 1H, J=1 Hz, CO-CH-), 1.45 (d, J=2 Hz, 3H,
—methyl). *C NMR (125 MHz), ppm: 173.22 (1C, CO), 157.09 (1C, Methoxy-C), 145-105.69 (17C, Aro-
matic-C), 55.12 (1C, Methoxy), 44.64 (1C, Aromatic (Me)-CH-CO), 18.44 (1C — Methyl) (Figures S4-S6).

Synthesis of N-(benzo[d]thiazol-2-yl)-2-(6-methoxynaphthalen-2-yl)propanamide [NA3]

To a pre-cooled [27] solution in DCM, (0.65 g, 4.34 mmol) of benzo[d]thiazol-2-amine and (0.73 ml,
5 mmol) of triethylamine was added and left to stir at RT for 18 hours. After completion of the reaction, the
solvent was evaporated, and the crude product was recrystallized from 70 % ethyl acetate/hexane mixture
(50 mL of ethyl acetate) to afford off-white crystals (0.80 g, 50 % yield). FT-IR vmax, cm=: 3343 (-NH, Am-
ide), 2953, 2908, and 2868 (C—H, aliphatic), 1666 (CO, Amide), 1606-1427 (aromatic rings); *H NMR (500
MHz, DMSO), ppm: 12.52 (s, 1H, amide NH), 7.98-7.12 (m, 11 H, aromatic-H), 3.95 (s, 1H, -CH-), 3.86
(s, 3H, methoxy), 1.53 (d, J = 2 Hz, 3H, methyl). C NMR (125 MHz), ppm: 175.48 (thiazole-C-NH-),
172.69 (1C, CO) 157.51 (1C, methoxy—C), 150.38-104.56 (16 C, aromatic—C), 56.16 (1C, —methoxy), 45.02
(1C, Ar(methyl)-CH-CO), 19.11 (1C, methyl) (Figures S7-S9).

Synthesis of N-(1,5-dimethyl-3-0x0-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)-2-(6-methoxynaphthalen-2-
yl) propanamide [NA4]

To a pre-cooled [27] solution in DCM, (0.88 g, 4.34 mmol) of 4-Aminoantipyrine and (0.73 ml,
5 mmol) of triethylamine were added and the reaction mixture was stirred at RT for 18 hours. After comple-
tion of the reaction, the solvent was evaporated, and the crude product was dissolved in 50 mL of ethyl ace-
tate, washed successively with 5% NaOH solution (50 mL) and 2 N HCI (50 mL). The organic layer was
then washed with saturated NaCl solution, dried over anhydrous magnesium sulfate, and concentrated using
a rotary evaporator to afford the desired product as brown crystals (1.50 g, 83 % yield). FT-IR vmax, cm™:
3257 (-NH, Amide), 3043 (C—H, Aromatic) 2972 and 2920 (C—H, aliphatic), 1660 (CO, Amide), 1620-1427
(aromatic rings); *H NMR (500 MHz, DMSO): 9.01 (s, 1H, amide-NH-), 8.00-7.37 (m, 11 H, aromatic-H),
3.25 (s, 3H, methoxy-CHs), 3.09 (q, J = 2 Hz, 1H,), 2.25 (s, 3H, methyl), 2.23 (s, 3H, methyl), 1.18 (d, J =2
Hz, 3H, methyl). °C NMR (125 MHz), ppm: 172.97 (1C, CO-NH), 168.64 (CO), 158.16 (1C, MeO-C),
134-116.20 (18 C, Ar-C), 58.28 (1C, —OCHs), 46.10 (1C, Ar(Me)-CH-CO), 24.17, 16.20, and 12.96 (3C, 3
CH5) (Figures S10-S12).
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Antibacterial Activity

The antibacterial activity of the synthesized compounds (50 mg/mL) was evaluated against three patho-
genic bacterial strains, namely S. aureus (Gram-positive) and P. aeruginosa and E. coli (Gram-negative).
Dimethyl sulfoxide (DMSO) was used as a negative control, and amoxicillin at a concentration of 50 pg/mL
was used as the standard reference drug. All tests were performed in duplicate at 37 °C. After 24 hours of
incubation, the diameter of the inhibition zone was measured and recorded.

Culture and Cell Lines

The human breast cancer cell line (MDA-MB-231) was obtained from the Pasteur Institute, Iran. The
cells were cultured in RPMI-1640 medium (Gibco) supplemented with 10 % fetal bovine serum (FBS), peni-
cillin (100 U/mL), and streptomycin (0.1 mg/mL). The cancer cells were incubated under standard condi-
tions: humidified atmosphere with 5 % CO; at 37 °C.

MTT Test for Cell Viability in MCF7 Cells

To evaluate cell viability, the MTT assay was performed following standard protocols described by
Wang, Rui, et al. and Mahdi, Zainab H., et al. [28, 29]. The absorbance was measured at 570 nm using an
ELISA microplate reader. The results were expressed as ICso values, determined as the concentration of
compound required to cause 50 % inhibition of cell viability.

Molecular Docking Studies

Molecular docking facilitates understanding of ligand-enzyme interactions, predicts the binding con-
formations of ligands within a protein’s active site, and assists in the design of novel, potent inhibitors. In
this study, molecular docking analysis was performed using MOE docking software (version 2019) [30] to
evaluate the binding behavior of the naproxen-COX-2 complex (oxidoreductase, PDB Code: 3NT1) [31].
The protein structure files were obtained from the Protein Data Bank (PDB). Water molecules (H20) were
removed prior to docking to avoid potential interference with ligand binding. The docking analysis using
MOE revealed key insights into the position, size, and characteristics of the COX-2 binding site within the
3NT1 structure, which are critical parameters for the development of selective COX-2 inhibitors [32]. The
COX-2 active site is located within a hydrophobic pocket that plays a crucial role in ligand accommodation.
This binding cavity is sufficiently spacious to allow the binding of structurally diverse ligands [30]. Ser530,
Val523, and Leu531 were identified as the key amino acid residues involved in ligand-enzyme interactions,
contributing significantly to ligand specificity and binding affinity [33]. All compounds were sketched and
cleaned using ChemDraw 22.2.0, and geometry optimization was carried out using MOE software prior to
docking. The docking scores and binding interactions of the designed and synthesized compounds are sum-
marized in Table 3.

Results and Discussion

Chemistry

The newly synthesized compounds (NAL1-NA4) were obtained via direct amidation of various aromatic
amines with the acyl derivative of Naproxen, as illustrated in Scheme. In the first step of the synthesis,
Naproxen acyl chloride was prepared by treating naproxen with phosphorous trichloride (PCls) in dichloro-
methane (DCM) at RT for 30 hours. Completion of the reaction was confirmed by the formation of a white
solid precipitate of phosphorous acid, and by monitoring the complete consumption of Naproxen using thin-
layer chromatography (TLC). After formation, the Naproxen acyl chloride solution was cooled, and the solu-
tion of the respective amine was added dropwise under continuous stirring. The mixture was stirred for
18 hours, which was also the maximum reaction time required for the synthesis of compound NA4.

The structures of compounds NA1-NA4 were confirmed by spectroscopic analysis. The FT-IR spectra
of all synthesized compounds showed the disappearance of the broad bands corresponding to the COOH
group and the carbonyl of Naproxen, and the appearance of characteristic amide (NH) bands at 3211, 3343,
3255, and 3257 cm?, along with amide carbonyl (C=0) stretches at 1653, 1662, 1666, and 1660 cm™, re-
spectively. The 'H NMR spectra exhibited characteristic amide proton signals at 10.65, 10.25, 12.52, and
9.01 ppm, respectively, with the disappearance of the broad signal previously attributed to the carboxylic
acid proton of Naproxen. Additionally, the *C NMR spectra showed distinct signals for the amide carbonyl
carbons at 172.48, 173.22, 172.29, and 172.97 ppm.

18 Eurasian Journal of Chemistry. 2025, Vol. 30, No. 1(117)



Synthesis, Docking Study and Biological Evaluation ...
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Scheme. Synthesis of compounds NA1-NA4

Antibacterial Activity

A solution of each synthesized compound (NA1-NA4) at a concentration of 5 pg/mL in 1 mL of DMSO
was prepared to evaluate the preliminary antibacterial activity. The susceptibility testing technique [34] was
employed against E. Coli, P. aeruginosa, Proteus, K. pneumonia and S. aureus.

Furthermore, dimethyl sulfoxide was used as a negative control, as it has no effect on bacterial growth.
The antibacterial activity of each compound is expressed by the diameter of the inhibition zone (in millime-
ters, mm), as shown in Table 1 and Figure 2.

Table 1
The diameter of inhibition zone of compounds (NA1-NA4)
against P. aeruginosa, E. Coli, K. pneumonia, Proteus and S. aureus

Sample code P. aeruginosa E. Coli K. pneumoniae Proteus S. aureus

NA1l 12 20 13 0 12

NA2 26 20 22 10 30

NA3 32 16 30 18 35

NA4 13 10 0 0 5
Amoxicillin 28 26 20 16 30

Compounds NA2 and NA3 exhibited the highest antibacterial activity among the tested compounds,
particularly against P. aeruginosa, K. pneumonia, and S. aureus. The inhibition zone diameters for NA2
were 26 mm, 22 mm, and 30 mm, respectively, while those for NA3 were 32 mm, 30 mm, and 35 mm,
demonstrating comparable or even superior activity to the standard drug amoxicillin. This enhanced activity
may be attributed to the presence of sulfur-containing heterocyclic moieties, which are known to contribute
significantly to antimicrobial efficacy [35].
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Figure 2. Antibacterial activity of NA1-NA4

Cell Viability Assay

Based on the results, the synthesized compounds NA1-NA4 exhibited notable cytotoxic activity against
the selected cancer cell line when compared to the standard drug, doxorubicin. Compounds NA1 and NA3
demonstrated potent inhibitory effects, with 1Cso values of 11.81 pg/mL and 11.08 pg/mL, respectively.
Compounds NA2 and NA4 also showed considerable inhibitory activity, both with 1Csy values of
12.05 pg/mL, as presented in Figure 3A-D.
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Figure 3. Cell viability diagram for compound NA1 (a), NA2 (b), NA3 (c), and NA4 (d)
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Table 2

ICso values for the tested compounds compared to the standard

Compound MDA-MB-231
1C50 (uM)
Standard (Doxorubicin) 9.81
NA1 11.81
NA2 12.05
NA3 11.08
NA4 15.16

Molecular Docking Studies

Molecular docking simulations were performed to evaluate the potential anti-inflammatory activity of
the synthesized analogues (NA1-NA4) against COX-2. The study employed Molecular Operating Environ-
ment (MOE) software, which enables detailed visualization, characterization, and assessment of protein-
ligand interactions. MOE provided detailed information on the ligand positioning and key interactions with
receptor-binding residues, along with high-quality graphical representations. Docking analysis revealed that
the proposed compounds (NA1-NA4) bind at the same active site as Naproxen within the COX-2 enzyme
(oxidoreductase), with additional interactions observed at conserved residues of the Naproxen-binding pock-
et. The newly synthesized compounds exhibited improved binding affinities, with S-scores ranging from —
8.7078 t0—8.3094 kcal/mol, and low root-mean-square deviation (RMSD) values ranging from 1.0012 to
1.6844, in  comparison  to Naproxen,  which  showed a  binding energy  of
—7.1006 kcal/mol and RMSD value of 1.9156. These results suggest that the designed derivatives possess a
stronger binding affinity toward the COX-2 active site, potentially enhancing their anti-inflammatory effica-
cy. Furthermore, the higher structural congruency of these ligands with the target site as visualized in Fig-
ures 4-8 supports their improved binding performance, as summarized in Table 3.

Table 3
Binding properties of the synthesized compounds with Oxidoreductase (PDB code: 3NT1)
Compound S-score RMSD No. of binding sites Binding amino acids
(Kcal/mol) '

Naproxen 3NT1 —7.1006 1.9156 3 Arg120, Tyr 355, Ala527
NA 1 -8.4290 1.6844 3 Arg120, Tyr 115, Val 116
NA2 -8.3094 1.4927 2 Argl120, Val 116
NA3 -8.7078 1.0012 2 Two Arg120
NA4 —8.4155 1.4196 4 Arg120, Tyr 355, Val 349, Glu 524

Entry: 1/20
mol: NA1

1] -8.4290
msd_refine: 1.6844
E_conf: 22.6578
E_place: ~73.0360
E_scorel: -12.2810
E_refine: -42,1100
o A
Entry: 3/10
mol: 3NTL
e T
mmsd_refine: 1.0468
E_conf: ~56.2958
E_place: -81.7084
E_scorel: -11.6347
E_refine: -40.1327
E_score2: -7.1006

a) 3D model b) 2D model

Figure 4. Interactions of native ligand Naproxen and NA1 with COX-2 oxidoreductase (PDB Code: 3NT1)
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Figure 5. Interactions of NA1 ligand with COX-2 oxidoreductase (PDB Code: 3NT1)

Entry: 12/20
mol: Na2

S: 8.3094
misd_refine: 1.4927
E_conf: 15.3887
E_place: -91.1746
F_scorel: -12.4157
E_refine: -40. 6061
F_score2: -8.3094

PLIE_pronum: 1

Leu3s9

a) 3D model b) 2D model

Figure 6. Interactions of NA3 ligand with COX-2 oxidoreductase (PDB Code: 3NT1)

-21.0285
-98.1535
-11.9878
-44.8827
-8.7078

a) 3D model b) 2D model

Figure 7. Interactions of NA4 ligand with COX-2 oxidoreductase (PDB Code: 3NT1)
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Entry: 12/20 Entry: 1/20
mol: NA2 mol: NA1

S: -8.3094 S: -8.4290
msd_refine: 1.4927 msd_refine: 1.6844
E_conf: 15.3887 E_conf: 22.6578
E_place: -91.1746 F_place: ~73.0360
E_scorel: -12.4157 E_scorel: -12.2810
E_refine: -40. 6061 E_refine: -42.1100
E_score2: -8.3094 E_score2: -8.4290

PLIF_pronum: 1 PLIF_pronum: 1

a) NA1—3NT1 b) NA2 — 3NT1
Entry: 6/20
mol: NA3 Entry: 17/20
S: -8.7078 mol: NA4
msd_refine: 1.0012 S: -8.4155
E_conf: -21.0285 msd_refine: 1.4196
E_place: -98.1535 E_conf: 92.4786
E_scorel: -11.9878 E_place: -55.9223
E_refine: -44.8827 E_scorel: -11.4557
E_score2:  -8.7078 fr:reﬁl? -:45‘5127
. score2: -8.
FRLE-pronums; 1 PLIF_pronum: 1
c) NA3 —3NT1 d) NA4 —3NT1

Figure 8. The 3D receptor surface interactions of NA1-NA4 ligand
with COX-2 oxidoreductase (PDB Code: 3NT1)

Conclusion

In conclusion, the newly designed Naproxen-based heterocyclic derivatives (NA1-NA4) have been syn-
thesized and demonstrated strong biological activity as antibacterial and anticancer agents. Antibacterial
screening revealed that NA2 and NA3 exhibited significant inhibitory effects, with inhibition zones reaching
32 mm against P. aeruginosa and 35 mm against S. aureus, in some cases surpassing the standard antibiotic
amoxicillin. Similarly, anticancer evaluations showed that NA1 and NA3 effectively inhibited the growth of
MDA-MB-231 breast cancer cells, with 1Cso values of 11.81 pg/mL and 11.08 pg/mL, respectively, compa-
rable to standard chemotherapeutic agents. Furthermore, molecular docking studies revealed strong binding
interactions between NA1-NA4 and COX-2 enzyme, indicating potential anti-inflammatory properties.
These findings emphasize the value of incorporating heterocyclic moieties into the Naproxen scaffold to de-
velop multifunctional therapeutic agents. The promising biological activities of these derivatives suggest that
they hold potential for further development as antimicrobial, anticancer, and anti-inflammatory drug candi-
dates.

Supporting Information
The Supporting Information is available free at https://ejc.buketov.edu.kz/index.php/ejc/article/view/230/191
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Benzodioxole Scaffold Incorporating Compound
with Promising Anti-Fungal Potential: An Overview

This review focuses on the compounds with 1,3-benzodioxole scaffold and their antifungal potential. Differ-
ent online sources including Google Scholar, Pubchem and Science Direct were used to collect information
on benzodioxole containing compounds as antifungal agents from articles published between 2003 and 2022.
The health threat posed by fungal infections to humans makes an ongoing search for more different antifungal
agents necessary. Diverse heterocyclic moiety proves beneficial in fungal infection, among all of them ben-
zodioxole incorporation into the compound was also found to be effective. The 1,3-benzodioxole or meth-
ylenedioxy benzene scaffold is highly adaptable, enabling a range of chemical modifications. The biophoric
nature of this scaffold imparts distinctive pharmacological properties, contributing to its broad-spectrum ac-
tivity. It was shown that the addition of heterocyclic moiety (e.g. primidinone, imidazole, thiazole, etc.), ali-
phatic linker, amide linker at position 5 and furthermore electron withdrawing group at position 6 enhances
the antifungal potential against various phytopathogenic and human pathogenic fungi species. This review
highlights the anti-fungal status of benzodioxole scaffold-containing compounds focusing on their efficacy
against both phytopathogenic and human pathogenic fungal species. Additionally, the review discusses the
structural modification and the future prospects of these compounds in antifungal therapy.

Keywords: Heterocyclic, 1,3-benzodioxole, fungal infection, biophoric nature, phytopathogenic, human path-
ogenic, Pharmacological properties, antifungal therapy.
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Review Plan

The present review focuses on threats of phytopathogenic and human pathogenic fungal infection and
also highlights the benzodioxole incorporating compounds as an antifungal agent and their future prospects.
The data presented in the past and recent research publications have been overviewed to provide a clearer
understanding of the benzodioxole-containing compound as antifungal surrogates against phytopathogenic
and human pathogenic fungal infection.

Various online sources, including Google Scholar, Pubchem, and Science Direct were used to gather in-
formation from studies that summarize both phytopathogenic and human pathogenic fungal infection and
incorporated benzodioxole against them. This review focuses on the articles published between 2003 to
2022, with studies done before 2003 excluded from our review.

1 Introduction

Fungal infections have increased rapidly over the last several decades, posing a danger to human health
and life. The increasing number of immunocompromised patients who are highly vulnerable to invasive fun-
gal infections due to clinical treatment in intensive care units or the use of immunosuppressive therapy, as
well as the increasing prevalence of drug-resistant fungi species, is an alarming trend [1]. In addition to inva-
sive fungal infections in humans, the agricultural challenge of providing an adequate and safe food supply
for all populations is currently threatened due to the infestation of food crops by virulent pathogens, particu-
larly fungi, and evidence that resistant pathogenic species multiply rapidly once resistance sets in, posing a
new challenge to drive the design and synthesis of bioactive chemical agents with high efficiency, more ex-
cellent selectivity, biocompatibility, and benign to human health as better alternatives to traditional synthetic
fungicides [2, 3]. For decades, imidazole, pyrimidine, and some benzodioxole moieties, etc., have been cru-
cial in and pesticides [4].

______________________________________
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Figure 1. Benzodioxole scaffold containing compounds Figure 2 Benzodioxole-containing medicines

The 1,3-benzodioxole nucleus having methylenedioxy unit [5] is an isostere of benzothiazole nucle-
us [6], also known as BDO [7], and the existence of this pharmacophore confers potential biological activity
and demonstrates its diverse character, which can be recognized by different receptors via hydrogen bonding
and/or hydrophobic interaction [5, 8]. The key structure of this pharmacophore is present in many natural
products (Fig. 1) [9-12] and medicines (Fig. 2) [13, 14]. This nucleus is found in a number of natural plant
alkaloids, including Sanguinarine, Liriodenine, and Berberine, which have broad-spectrum action in both
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Figure 3. Plant alkaloids containing benzodioxole
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1,3-Benzodioxole (BDO) are well-known heterocyclic units in the province of natural and synthetic or-
ganic chemistry due to their multiple existences as inhibitors of mono-oxygenase B enzymes [16, 17], anti-
depressant [14], anticonvulsant [18], pesticides [19], herbicides [20], antioxidant [21], antimicrobials [22—
25], in addition, it also possesses antitumor [26], antihelminthic [27], antifungals [28-35], and antibacteri-
al [6], anti-inflammatory and analgesic activity [36], anticancer [37], antiepileptic [38], antihyperten-
sive [39], hepatoprotective and hypolipaedemic [40], immunomodulatory [41], antidiabetic [42] as shown in
Figure 4. No cytotoxic effects of 1,3-benzodioxole derivatives were observed at a concentration of 10* M.
The relatively low mammalian toxicity, in particular, is of significant interest [26].

Antlbacterlal
Antifungal Antlmlcroblal

: Antidepressant Antldlabetlc
Antlhelmmthlc
H Anticonvulsant

Antiepileptic 1,3- Benzodioxole Antlcancer

~~ containing compound . >
Antio 1dant

e \ -
Anti-inflammatory Amltumor

and analgesic

hypollpaedemlc &

Immunomodulatory hepatoprotecthe

Herblcldes

Medlcme

Figure 4. Benzodioxole scaffold containing compound with multiple pharmacological activities

2 The Anti-Fungal Activity Status of Benzodioxole Containing Compounds

2.1 Implication against Human Pathogenic Isolates

A brand-new pyrimidinone derivative incorporating 1,3-Benzodioxole moiety namely, 6-(1,3-
benzodioxole-5-yImethyl)-5-ethyl-2-{[2-(morpholin-4yl)ethyl]sulfanyl}pyrimidin-4(3H)-one was created by
Attia et al. (Fig. 5) [22]. The diameter of the inhibition zone (DI1Z) assay and the minimum inhibitory con-
centration (MIC) assay were carried out on agar to assess the target compound’s antimicrobial potential
against gram-positive bacteria (Staphylococcus aureus ATCC 29213, Bacillus subtilis NRRL 4219, and Ba-
cillus cereus), as well as pathogenic fungi (Candida albicans ATCC 10231 and Aspergillus niger NRRL).
The outcomes were contrasted with Ampicillin trihydra, an antibacterial reference standard, and Clotrima-
zole, an anti-fungal reference standard. They confirmed the target compound’s structure using single X-ray
crystallography, particularly its S-alkylation., and they also emphasized its molecular packing, which is
maintained by a weak intermolecular interaction. Additionally, they claimed that the targeted chemical was
effective only against gram-positive bacteria (MIC value = 0.0619 towards Staphylococcus aureus) and some
fungus species (MIC value = 0.1859 towards both Candida albicans and Aspergillus niger) [22].
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O X .O @)
o 10y ¢ O
Figure 5. Novel primidinone derivative incorporating Figure 6. ({[(1E)-1-(1,3-Benzodioxole-5-yl)-
1,3-benzodioxole moiety, namely,6-(1,3-5-yImethyl)-5-ethyl- 3-(1H-imidazole-1-yl) propylidene]amino}oxy)-
2-{[2-(morpholin-4-yl) ethyl]sulfanyl}pyrimidine-4(3H)-one (furan-2-yl)methanone

New bioactive anti-fungal candidate ({[(1E)-1-(1,3-Benzodioxol-5-yl)-3-(1H-imidazol-1-yl)propylidene]-
amino}oxy)(furan-2-yl) methanone was synthesized by Wabli and co-workers (Fig. 6) [28]. Their E-
configuration identification of the imine fragment of the title compound was determined via single X-ray
crystallography. The reported Natural bond analysis interpreted the chemical hyper-conjugative interactions
and electron density transfer and also demonstrated the formation of intramolecular hydrogen bond interac-
tion between n1(N9) and *(C23-H39) anti-bonding orbital with a stabilization energy of 0.65 kcal/mol, re-
spectively, along with Natural population analysis to depict electron distribution and collectively provided
the System with stability. The targeted chemical’s Hirschfeld surface examination, frontier molecular orbital
analysis, and molecular docking investigations were also completed. The optimization of the title com-
pound’s molecular structure was approximated using DFT theory at the B3LYP/6-311+G basis level set with
the Gaussian 09 software program. The investigated conformation of the target molecule revealed its non-
planarity due to steric hindrance. The computed wavenumbers were compared to the FT-Raman and FT-IR
wavenumbers obtained experimentally. In the broth microdilution experiment, the title compound has shown
equipotent action against Candida albicans and Candida parapsilosis with a MIC value of 0.724 mol/ mL
and compared results with reference anti-fungal [28].

To combat various bacteria and fungi, Shahavar Sultana et al. [25] synthesized a novel series of 20
compounds of thiophene and benzodioxole-linked thiazolyl-pyrazolines (Fig. 7). The findings showed that
the majority of the synthesized compounds exhibited antimicrobial activities against 8 bacteria; Salmonella
typhimurium, Klebsiella pneumonia, Proteus vulgaris, Shigela flexneri, Micrococcus luteus, Enterobacter
aerogens, Staphylococcus aureus and staphylococcus aureus (MRSA-methicillin resistant); 2 fungi: Candida
albicans and Malassesia pachydermatis. To compare results, streptomycin, Gentamicin (antibacterial), Keto-
conazole, and fluconazole (anti-fungal) were taken as reference drugs. Gram-positive and Gram-negative
bacteria and fungi were found to have significant MIC values. Comparing compounds 11e, 110, 11r, and 11t
to other studied compounds, they showed highly excellent antibacterial activity. When tested against the
identified micro-organisms, compound 110 outperformed all other compounds with a MIC value of
31.25 pg/mL [25].

Figure 7. Some thiophene and benzodioxole-linked thiazolyl-pyrazolines derivatives
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The cellular target of the studied compound was identified as Sec14p by Pries et al. [32], who also re-
ported the existence of picolinamide and benzamide chemotypes with anti-fungal activities (Fig. 8). Sec14p
is a key player in the pathogenicity and virulence of pathogenic fungi. According to the guidelines of the
Clinical Laboratory Standards Institute, the inhibitory effect of compounds 2 and 3 were assessed in vitro
against four different and clinically significant pathogens: two dimorphic fungi from the Candida genus
(C. albicans and C. glabrata), one filamentous fungus (Aspergillus brasiliensis), and the yeast Cryptococcus
neoformans as a representative of the Basidiomycota. A triazole chemical called posconazole was utilized as
a positive control [32].

____________________________________________________________

Figure 8. A few picolinamide and benzamide chemotypes with anti-fungal potential

The phenotypic effects of NPBD (Nitropropenyl benzodioxole) on saprophytic, commensal, and para-
sitic fungal species were studied by Nicoletti and White (Fig. 9) [31]. They examined the variety of distribu-
tion and function of cysteine-based enzymes and redox-active thiol compounds, as well as how to select
pathogens of interest with desirable properties for an anti-fungal medication candidate. Nitropropenyl benzo-
dioxole was shown to have more potent antibacterial and anti-fungal action than nitroethenyl compounds.
Except for parasitic dermatophytes, NPBD demonstrated wide, robust, and rather homogeneous anti-fungal
efficacy against 27 saprophytic, commensal, and parasitic species from three orders and twelve families. Hy-
phae may have a higher MIC and Minimum Fungicidal Concentration (MFC) titre than micro-conidial in-
ocula. In vitro efficacy of NPBD against hyphal forms of thermally dimorphic fonsecaea, Hortaea, Phialo-
phora, S. apiospermum, and C. neoformans, Blastomyces dermatitis, Histoplasma capsulatem, Coccidiodes
species (MICg: 0.25-2 mg/L), Cryptococcus gatti (2mg/L), Candida glabrata (0.5-2 mg/L). In the litera-
ture, they advocated that NPBD be developed as a therapy for mucocutaneous opportunistic fungal infec-
tions [31].

1 5
e

Figure 9. Nitropropenyl Benzodioxole Figure 10. 1,4,6-trisubstituted-2-oxo-1,2-dihydropyridine-3-carbonitriles
containing benzodioxole functionalities

A series of 35 unique 1,4,6-trisubstituted-2-oxo-1,2-dihydropyridine-3-carbonitriles were synthesized
by Faidallah et al. [23] with some functionalities claimed to have substantial chemotherapeutic poten-
tial (Fig. 10). The antimicrobial activity was assessed using an agar cup diffusion technique and a two-fold
serial dilution method against Gram-positive bacteria Staphylococcus aureus (ATCC 6538), Bacillus subtilis
(ATCC 6633), & Micrococcus luteus (ATCC 21881), Gram-negative bacteria Escherichia coli (ATCC
25922), Pseudomonas aeruginosa (ATCC 27853). The cytotoxic activity against three cell lines was also
reported, and ampicillin, Clotrimazole, and doxorubicin were used as standard reference drugs for comparing
the activity with the synthesized compound. According to the literature, 17 analogs showed antimicrobial
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activity, whereas 13 analogs had cytotoxic potential against three human tumor cell lines. In a series of
35 compounds, compound 15 was shown to be the most potent cytotoxic agent and antimicrobial agent, mak-
ing compounds 15, 16, and 17 attractive dual antimicrobial-anticancer possibilities [23].

@Mﬂg J@“\‘

18,4

Figure 11. Some 3-(benzo [1,3] dioxol-5yl)-N-(substitutedbenzyl0-propanamides derivatives are arranged

In vitro testing and synthesis of fluconazole-synergistic 3-(benzo[d][1,3]-dioxol-5yl)-N-(substituted
benzyl)-propanamide was performed by Cai et al. (Fig. 11) [29]. The lead compound 7d’s amide moiety was
swapped out for a retro-amide moiety to create the series 18a-f, and compounds 18a, 18e, and 18g showed
more potent compounds to boost fluconazole’s anti-fungal activity against the most prevalent fungal patho-
gen, Candida albicans, and reported that while they did not individually have anti-fungal activity when com-
bined, they increased fluconazole’s susceptibility to fluconazole-resistant Candida albicans [29].

2.2 Implication against Phytopathogenic Fungi

In 2020, based on a piperine scaffold, a series of 21 novel compounds (19-21a-g) were designed and
synthesized by Wang et al. [35], which were derived from naturally occurring phenolic compounds found in
essential oils (Fig. 12). They then tested the compound’s potential anti-fungal activity using mycelial growth
rate against six phytopathogenic species, including Gloeosporium thea-sinensis, Fusarium graminearum, and
Phomopsis adianti. Among 21 essential oil derivatives, some target compounds showed good inhibitory ac-
tion, some had more decisive inhibitory action, and some had more vigorous inhibitory activity than the orig-
inal piperine and carbendazim against the tested fungus. They carried out the preliminary assay value and
ICso value determination steps in the primary screening and secondary screening. They claimed that com-
pound 20b had broad-spectrum fungicidal and broad-spectrum bacteriostatic activity [35].

Figure 12. Piperine based essential oil derivatives;
18b: -(2-1sopropyl-5-methylphenyl 3-(benzo[d] [1,3] dioxol-5-yl)acrylate

The series of lactam analogs containing 1,3-benzodioxole, 21(a-0), and the 2(5H)- furanone derivatives,
21(p-s) were designed and synthesized by Song et al. (Figure 13) [34]. Their anti-fungal activities were as-
sessed against four serious crop-threatening agricultural fungi, including Rhizoctonia solani, Alternaria tenu-
is Nees, Gloesporium theae-sinensis, and Fusarium graminearum and carbendazim and piperine were used
as a standard reference drug. Against particular phytopathogenic fungi, some of the compounds demonstrat-
ed strong anti-fungal efficacy. Compound 7b demonstrated the best anti-fungal activity in vitro against Gloe-
osporium theae-sinensis and Fusarium graminearum, with +1Cso values of 64.47 and 113.47 mg/L, respec-
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tively. Compounds 21a, 21b, and 21i, which emerged as a novel lead compound, showed stronger inhibitory
effects against Alternaria tenuis Nees than the widely used fungicide carbendazim. In addition, 1,3-
benzodioxole was found to enhance the activity [34].

Figure 13. Lactam analog (21a-0) and furanone analog (21p-s) Figure 14. Some B-aryl-y-lactone deriva-
derivatives containing benzodioxole tive/benzodioxole containing
lactone derivative

Eighteen derivatives of racemic p-aryl-y-lactones through chemical synthesis were prepared, character-
ized, and tested for their antifeedant and fungistatic activity by Skrobiszewski et al. (Fig. 14) [33]. The aro-
matic substituent structure was the most important element in anti-fungal action. The lactones with ben-
zo[d][1,3]dioxole ring (22c etc.) were the most active whereas those with an unsubstituted benzene ring had
a little action. Didecyldimethylammonium chloride (DDAC) was utilized as a reference compound. Eight
lactones were shown to be effective against Tribolium confusum, Trogoderma granarium, SitophilusGrana-
ries, and four species of fusarium species. The highest inhibition was observed for lactone 22¢, which inhib-
ited the growth of F.oxysporum AM13 in 70 %, F. avenaceum AM 11 and F. solani AM 203 in 66 %, and
F. culmorum AM 9 in 55 %.The highest activities were found in the group of trans-y-ethyl-y-lactones (22a-
c): lactone 22a and 22b were strong antifeedants, whereas lactone 22¢ exhibited the highest anti-fungal activ-
ity [33].

Figure 15. Some of the 4-aminoquinoline derivative containing 1,3-benzodioxole moiety
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In 2021, a series of aminoquinolines bearing a 1,3-benzodioxole moiety were prepared and character-
ized by Yang et al. [4]. All of the target compounds (23a-23j and 24a-24n) and the positive control
azoxystrobin (a commercial agricultural fungicide) were tested in vitro for anti-fungal activity against five
phytopathogenic fungi (P. piricola, A. brassicae, C. lunata, P. grisea, and A. alternate) at 50g/mL using the
mycelium growth rate method (Fig. 15). It was discovered that quinolone compounds with a phenyl substitu-
tion at position 2 and an aniline moiety at position 4 were effective anti-fungal possibilities, with the aniline
moiety at position 4 playing a significant role in anti-fungal activity. Among compounds 23a-23j, com-
pounds 23f and 23i possessed potent anti-fungal activities against the five tested fungi with an inhibition rate
of more than 51.1%. In most cases, their anti-fungal potencies were superior to the positive control
azoxystrobin against the matching fungal strains. Moreover, compound 23a demonstrated anti-fungal solid
activity against C. lunata and A. alternative, with 71.5 % and 63.1 % inhibition rates, respectively. After that,
compound 24a—-24n was produced by derivatization from compound 23f further to investigate the impact of
C-2 substituents on anti-fungal efficacy. Most of the compounds 24a—-24n demonstrated good to exceptional
anti-fungal activity against the bulk of the fungal strains examined [4].

Anti-fungal activity against C. lunatus strain MUCL 38696 (m118), A.niger N402 cspAl, and
P. ostreatus Plo5, Korosec et al. [30] tested 42 selected compounds of cinnamic acid derivatives (Fig. 16).
Compound 25 was the most effective C. lunatus inhibitor. Additionally, the methyl piperidine in compound
28 anticipated that it would be able to generate Vander Waals and hydrophobic contacts with 1le274. Com-
pound 28 demonstrated broad and robust anti-fungal activity, suppressing fungal growth by 75 % in all three
tested species. Compound 25 literature predictions of the interaction between benzodioxole oxygen and
heme iron may help to explain why both compounds 25 and 28 have more inhibitory activity than cinnamic
acid. They show that the fungus benzoate 4-hydroxylase, CYP53A15, is competitively inhibited by cinnamic
acid and four (25, 26, 27, and 28) of the 42 investigated derivatives [30].
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Figure 16. Some of the Cinnamic acid derivatives are 25. (E)-3-(benzo [d][1,3] dioxol-5-yl) acrylic acid,
26. (E)-3-phenoxybenzyl-3-(benzo[d][1,3] dioxol-5-yDacrylate, 27. (E)-benzyl 3-(benzo[d][1,3]dioxol-5-yDacrylate,
28. (E)-1-(4-methylpiperidin-1-yl)-3-phenyl prop-2-en-1-one

2.3 Miscellaneous Activity of Benzodioxole Incorporating Compounds

The benzodioxole moiety is a structural feature commonly found in numerous bioactive compounds,
particularly in the field of medicinal chemistry. Its versatility allows it to exhibit a wide range of
pharmacological activities. Table presents some of the miscellaneous potential associated with benzodioxole
nucleus-containing compounds.
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Table
Miscellaneous activity of benzodioxole nucleus-containing compounds
S.No. | Biological activity Chemical compound Reference
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Continuation of Table

S.No. | Biological activity Chemical compound Reference
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3 Future Perspectives of 1,3-Benzodioxole as an Antifungal Agent

10. Antioxidant

The substances discussed in this review show promising antifungal activity. It is essential to understand
the molecular mechanisms that drive the antifungal effect of these drugs. In order to find ways to increase
the efficacy of these compounds, reduce their toxicity and increase their bioavailability, future research could
focus on further optimising their structures. It is possible to increase efficacy and lower the likelihood of re-
sistance development by combining antifungal drugs with various modes of action. The compounds contain-
ing 1,3-benzodioxole may have synergistic effects with currently available antifungal agents or with one an-
other. It’s critical to evaluate the environmental impact of these compounds in light of agricultural applica-
tions that were highlighted in the assessment. If these substances demonstrate efficacy in clinical trials and
agricultural settings, factors such as large-scale manufacturing, affordability, and regional accessibility will
be critical to their practicality.

4 Conclusions

The emergence of resistance to the existing anti-fungal drugs is a threatening condition for agroecosys-
tems apart from a severe threat to human health. Therefore, researchers are motivated to find novel, secure,
low-toxicity, low-resistance, high-efficacy anti-fungal compounds because of the progressive rise in the re-
sistance profile and host toxicity of the currently available anti-fungal medications. The 1,3-benzodioxole
scaffold in the arena of anti-fungal treatment against several pathogenic fungus species is well explained in
this article. The material gathered from multiple reliable papers briefly explains that attachment of heterocy-
cle moiety (e.g., primidinone, imidazole, thiazole, etc), aliphatic linker, amide linker at position 5, and in ad-
dition electron-withdrawing group (e.g., Bry, etc.) at position 6 enhances the antifungal potential against vari-
ous phytopathogenic and human pathogenic fungus species. The review may facilitate the creation of novel
anti-fungal lead candidates and be very helpful to researchers and readers in medicinal chemistry.
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H.S Properties and Temperature Effects
on the Response of Pristine and Al-Doped ZnO Gas Sensor

H2S is a poisonous gas that needs to be censored to protect humans from its exposure. H2S gas sensitivity and
interaction with pristine and Al-doped ZnO clusters were studied using the transition state theory method.
The reaction of ZnO with H2S gas is usually weak and can be enhanced by doping. Elements or their oxides,
such as platinum group elements, are traditionally used as doping substances. However, the use of other
cheaper elements or oxides such as Al or Mn also increases the reaction rate. The mechanism of increasing
the reaction rate and sensitivity by Al doping is the subject of present work. The calculation results show that
Al-doped ZnO increases the sensitivity towards H2S by growing the resistance of Al-doped ZnO due to lattice
distortion. The Gibbs activation energy remains almost the same as calculated by the present model. In con-
clusion, it should be noted that good agreement between theory and experiment was achieved in terms of
temperature-dependent reaction rate, gas response, recovery and response time for different doping ratios. For
the first time, the autoignition reaction and temperature of H2S were considered in sensors. Further improve-
ment in transition state theory is needed to include further gas sensor features.

Keywords: Al doping, ZnO cluster, pristine, H2S gas sensor, DFT, transition state, autoignition temperature,
activation energy

Introduction

Zinc oxide is one of the most studied materials in the scientific literature due to its unique properties
and wide application [1], such as paints, cosmetics, rubber, composites, etc. One of its applications is as a
gas sensor [2]. ZnO is used to monitor gases such as ethanol [3], CO: [4], NO: [5], H2S [6] etc. The response
of pure ZnO or other pure compounds can be enhanced by doping. Platinum group elements such as rutheni-
um, rhodium, and palladium are usually most effective in addition to other transition elements [7, 8]. The
response enhancement is generally explained by the reduction of activation energy needed for the reaction
between the gas and sensitive material to proceed [9, 10]. However, cheaper doping with non-transition ele-
ments enhances the sensor’s response to the targeted gas [6, 11]. Optimized ZnO small molecules, which
resemble the wurtzite lattice structure, can be used to study the behavior of ZnO properties and reactions [12,
13]. The most appropriate molecule in terms of size and computation time is Zn13013, called ZnO wurt-
zoid2c [14].

Hydrogen sulfide is a poisonous gas that reacts with the human body or materials, so it must be moni-
tored [15]. H2S can be explosive when its concentration exceeds certain limits in air [16]. The electronic
structure and shape of the H,S molecule are similar to the structure and shape of the water molecule, in
which oxygen is replaced by sulfur. H,S can be ignited by an external ignition source if its temperature ex-
ceeds its flash point temperature at —82 °C [17]. However, H,S can explode at temperatures above its au-
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toignition temperature of 232 °C without an external ignition source [17]. H>S can be removed from fuel us-
ing ZnO [18, 19], so it is natural to expect that ZnO will be used as a H2S gas detector [20, 21].

Despite the substantial experimental literature on gas sensors, including thousands of scientific pa-
pers [22, 23], theoretical studies related to gas sensors are limited to a few gases and gas-sensitive materials.
A common theoretical approach involves density functional theory (DFT) for gas sensing analysis [22, 23].
Theoretical modeling of the reaction is carried out using either the Arrhenius equation or the more modern
transition state theory [10].

This study uses transition state theory and DFT to investigate pure or Al-doped ZnO as an H,S gas sen-
sor. The H,S reaction rate and response temperature dependence are compared with existing experiment. Re-
sponse and recovery time trends are also compared to available experiment.

Computational Details and Theoretical Background

Gaussian 09 software was used to perform present calculations [24]. The calculation used B3LYD theo-
ry level of DFT and 6-311G** basis set. Gas reaction with solids usually contains long-range forces that en-
force dispersion corrections. Dispersion corrections at the GD3BJ level are used successfully in previous and
present calculations [10].

The removal of H,S from fuel or biological materials using ZnO is a well-known process [18, 19]
which can be represented by the following reaction:

Zn0O + H,S — ZnS + H,0. (1)
In the above reaction, sulfur replaces oxygen in the ZnO lattice. Figure 1a shows the adsorption of the

H.S molecule on the Zn130:3 molecule (denoted [Zn130:5—H>S]?). It should be noted that the H,S molecule
loses one of its hydrogen atoms simultaneously with adsorption.

B

Figure 1. a — optimized geometry of Zn13013 cluster with adsorbed H.S molecule ([Zn13013—H2S]?);
b — optimized geometry HAIZn1,013 cluster with adsorbed H.S gas ([HAIZN12013—H3S]?)

Figure 1b shows the effect of H,S adsorption when one Zn atom is replaced by aluminum in Zn;3013
(denoted HAIZn1,015—H,S]?). A hydrogen atom was added to the Al-doped molecule to compensate the
difference in oxidation state of Al(+3) and Zn(+2).

The transition state is the state of the highest potential energy along the reaction coordinates. A double
dagger is added to this state to differentiate it from other states (denoted [Zni3015—H,S]%). The slight
movement of atoms in the transition state decreases its molecular Gibbs free energy (AG*) by 0.0617 eV for
the pure and 0.0581 eV for the Al-doped ZnO molecule in normal temperature and pressure, as shown in
Figure 2.

In transition state theory, the reaction rate of H,S gas with ZnO can be determined by the formula [25-27]:

d[zno
[d? ]z—[ZnO] [H,S], k(T), @)
k(T)=AT" exp{kBT ] (3)
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In the above equations, [ZnO] and [H.S]e are the ZnO and H.S gas concentrations, respectively. The
subscript (e) in [H2S]e concentration indicates the effective available concentration due to H2S burning in
high temperatures as it approaches the autoignition temperature. k(T) is the temperature-dependent term in
the rate equation. ks is the Boltzmann constant. A in Eq. (3) is a scaling constant corresponding to the sensi-
tive material’s area in the experiment. The value of the temperature exponent (m) in (T™) can be fit to exper-
imental results and depends on the type of interacting materials and diffusion of reaction gases. The Gibbs
free energy of transition (AG?) is related to the enthalpy of transition (AH*) and entropy of transition (AS*) by
the equation:

AG* = AH* —TAS*. (4)

The Gibbs free energy of the transition is usually impossible to obtain with the required ratio of ingredi-

ents due to computational size problems. This problem can be solved using the modified Evans—Polanyi
principle [10]:

AG* = AG} +BAG] . (5)

In Eq. (5), AG; and AG; there are two known values of the Gibbs free energy of activation for specific

concentrations of the dopants. These points can be used to obtain AG* through the interpolation parameter B.
The above equation is a modification of the Evans—Polanyi principle with the inclusion of entropy in the
formalism [10, 28].

A logistic function can be used to account for the decrease in H.S gas content as it approaches the au-
toignition temperature of 232 °C:

1
- 1+ eks(T’TO) ' (6)

In Eq. (6), ks is the steepness of the decrease in H,S concentration, while Ty is the temperature at which
H.S reaches half of its concentration.

The experimental sensitivity of a gas sensor is obtained by dividing the resistance of the sensor in the
air (Ra) by the resistance when the detected gas (H-S) is added (Rg). This ratio (Ra/Rg) is proportional to the
calculated reaction rate:

f(T)

Response( theoretical) =1+ C M

: (7)

C in the above equation is the proportionality constant, and a value of one (1) is added to account for
the response value in the absence of the detected gas.

The most important parts of any theory are the results that can be compared to experiments. In gas sen-
sors, 90 % of the response and recovery time corresponds to the moment when the resistivity changes to
90 % of its original resistance.

By integrating Eq. (2), the 90 % of response time can be determined by the formula:

In(10
tres(90 %) = ( ) —Gt] ' (8)

[H,S], AT" exp[kﬂT
On the other hand, the 90 % of recovery time is the time that corresponds to the return of the resistivity

to 90 % of its original value. This time corresponds to the oxygen retrieval of the oxygen-reduced Zn0O, as in
the reaction:

Zn13012 + 502 — ZN13013 . (9)
In this case, the recovery time corresponding to the above reaction can be estimated using the equation:
In(10)
trec(QO %) ~ [i] (10)
[0,], AT™ exp'®’
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Figure 2. a — optimized geometry of transition state of adsorbed H2S on Zn13013 ([Zn13013—H2S]%);
b — optimized geometry of transition state of HAIZn 1,013 with H,S gas ([HAIZNn12013—H,S]%)

Results and Discussion

Figure 3 shows the variation of Gibbs energy of transition as a function of temperature for pure ZnO

doped with 2 % and 4 % Al (molar) upon absorption of H>S gas.
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Figure 3. Gibbs free energy of transition for pure, 2 %, and 4 %Al doped ZnO
as a function of temperatures upon interaction with H-S gas

As can be seen in Figure 3, the Gibbs energies are very close and intersect at low temperatures from 50
to 100 °C. The reason for the intersection is the increase in activation entropy of the doped ZnO [29]. This
shows that the reaction rate is nearly equal in the pure and Al-doped ZnO. The increase in response in the Al-
doped ZnO is mainly due to an increase in resistance due to doping. The imperfections in the lattice structure
interact with electrons and increase resistivity. This increase has been proven for other binary systems as

well [30].
Figure 4 shows the response of pure ZnO to H,S.
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Figure 4. The experimental [6] and theoretically calculated responses of the pure ZnO sensor to 600 ppm H2S gas
at different temperatures. The autoignition temperature of H»S gas [17] is indicated by the dotted line

As can be seen in Figure 4, pure ZnO responds poorly to H,S gas due to difficulty in oxygen pick-up
from its tight structure by H.S gas. The theoretical temperature-dependent exponent part (T™) in Eq. (3) is T%.
The temperature dependence is higher than the usual exponent (0 to 1) in different reaction theories. This
temperature dependence is the hydrogen (in H.S) fast diffusion into the ZnO structure. The autoignition tem-
perature of H,S gas is indicated in Figure 4, which shows the usual trend of optimum response temperature
just before the autoignition temperature [11].

Figure 5 shows the response of 2 % Al (molar) doped ZnO.
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Figure 5. The experimental [6] and calculated theoretical responses of the 2 % Al (molar) doped ZnO sensor
to 600 ppm HzS gas at a range of temperatures. The autoignition temperature of H,S gas [17]
is indicated by the dotted line

As can be seen in Figure 5, the response of the 2 % Al doped ZnO is more than twice that of pure ZnO.
The increase in response is because doping with 2 % Al destroys the periodic lattice structure of pure ZnO.
The imperfections in the lattice structure interact with electrons and increase resistivity. The theoretical tem-
perature exponent dependence (T™) is also high with m = 10.
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Figure 6 shows the response of 4 % Al (molar) doped ZnO.
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Figure 6. The experimental [6] and calculated theoretical responses of the 4 % Al (molar) doped ZnO sensor
to 600 ppm HS gas at a range of temperatures. The autoignition temperature of H,S gas [17]
is indicated by the dotted line

As can be seen in Figure 6, the response of the 4 % Al doped ZnO is higher than pure and 2 % Al-
doped ZnO. The 4 % Al-doped ZnO is near the highest possible response in Al-doped ZnO. As in the case of
2 % Al, the imperfections in the lattice structure interact with electrons and increase resistivity. The theoreti-
cal temperature exponent dependence (T™) is also high with m = 12.

The three theoretical parts of Figures (4-6) show good agreement with experiments except for one point
in Figure 5, that violets even the trend of the original experimental results [6].

The experimental response time data for the present system is scarce [6]. However, Figure 7 compares
theoretical results and the experimental data available in reference [6] for the 4 % Al-doped ZnO. As shown
in Figure 7, the 90 % response time is high except for a small range of temperatures. Theoretical results were

obtained using Eq. (8).
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Figure 7. Response time of 4 % Al-doped ZnO at a range of temperatures for 600 ppm H5S.
Experimental data are taken from the reference [6]
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At the recovery stage in the gas sensor in which atmospheric air (with no detected gas) passes over the
sensitive material, the sulfurized surface of pure or Al-doped ZnO is desulfurized and re-oxidized as in the

equations:

ZnS + 0, — Zn + SO,
Zn + %50, — ZnO.

(11)
(12)

The desulfurization occurs in the response and recovery phase as well; however, at the end of the re-
sponse phase, an oxygen-deficient ZnO surface occurs that will be oxidized in the recovery phase. Figure 8
shows the Gibbs free energy of the transition of oxygen-deficient pure and 4 % Al-doped ZnO as they inter-

act with oxygen in the recovery phase.
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Figure 8. Gibbs free energy of the transition for pure oxygen-deficient and 4 % Al doped ZnO
as a function of temperatures as they interact with O

Figure 9 shows the recovery time of 4 % Al-doped ZnO to 600 ppm H.S gas. The theoretical 90 % re-
covery time increases with temperature due to the increase in Gibbs free energy of transition as in Figure 8.
The temperature exponent (T™) in Eq. (10) is (m = 0). The negligible temperature exponent is due to the lack

of oxygen diffusion into the ZnO structure.
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Figure 9. Recovery time of 4 % Al-doped ZnO as a function of temperature for 600 ppm H>S.
Experimental data are taken from reference [6]
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Table summarizes the Gibbs energy of transition and the five parameters used in each reaction corre-
sponding to the several doping percentages and O, retrieval. The Gibbs free energy of transition is taken at
25T temperature and normal pressure. Gibbs energy of transitions for other temperatures is given in Figures
3and 8.

Table

Parameters used to simulate H2S gas sensing and Oz recovery reaction model of pure and Al-doped ZnO

No. Reaction AGH (eV)* A m ks(KD) | To(°C) | C(s)
1 [ZNnO—H.S]?
l 0.0617 1.4 108 s.K* 4 0.025 260 40
[ZnO—H,S]
2 [2 %AI/ZNO—H,S]?
l 0.0608 42108 s1.K10 10 0.06 230 47
[2 %AI/ZnO—H,S]*
3 [4 %AI/ZnO—H,S]?
l 0.0599 4.4 10 s1.K12 12 0.08 220 53
[4 %AI/ZnO—H,S]*
4 [4 %AI/ZnO—O0,]°
0.0836 2151 0 — — -

l
[4 %AlI/Zn0—0;]
*Note: AG* values are at 25 °C temperature and normal pressure. An underscore is added to the oxygen in the
fourth reaction to indicate an oxygen-deficient cluster of ZnO.

It can be seen in Table that as the doping percentage increases, the Gibbs free energy of transition de-
creases. However, this is reversed as the temperature increases (as shown in Fig. 8) because of entropy, as
explained previously. The parameter (A) has different units due to different temperature dependence and
concentrations of each doping percentage. This is reflected by the exponent (m) that increases as the doping
percentage increases. The parameter (A) for the fourth reaction differs from the first three reactions due to
the difference in oxygen concentration (20 % of air) compared to ppm values of H.S. The reason for the
temperature exponent (m) increase in the reaction of H,S gas with Al-doped ZnO is the distortion of the ZnO
lattice due to doping. The distortion of the ZnO periodic lattice allows the H,S gas to enter deeper (diffuse)
and react with deep Al/ZnO layers, which makes the reaction more vigorous with the increase in tempera-
ture. In addition, since the Al oxidation state (3) is higher than Zn (2), several vacancies are created. Some
vacancies are filled with atmospheric oxygen, and others remain unfilled. In both cases, the reaction increas-
es. The filled vacancies (with oxygen atoms) will add additional oxygen sites so that H,S will collide with
more oxygen atoms and react as in Eq. (1). The remaining unfilled vacancies with Al dangling bonds trap
H>S molecules, making an increase in the reaction rate that finally increases the sensor response. All these
reactions are governed by the rise in diffusion that depends itself (diffusion) on temperature. The steepness
of the decrease in H,S concentration (ks) increases as the doping percentage increases. This is the reverse
behavior of (To), which is the temperature at which the density of HS reaches half of its original density due
to autoignition. Finally, the parameter (C) that correlates the resistance with the reaction rate increases as the
doping percentage rises due to imperfections in the ZnO lattice caused by doping. The last reaction does not
include autoignition parameters because the O, gas does not have autoignition temperature, and the percent-
age of Oy in the air is nearly constant.

Conclusions

Theoretical simulation of gas sensors rarely deals with calculating response or recovery reaction kinet-
ics of gas sensing. The present model uses transition state, including its DFT tool, to calculate reaction rate,
response, response time, and recovery time. The results as a function of temperature are in good agreement
with the experiment. The present model describes the sensing mechanism as interplay between the reaction
of the detected gas (H2S) with the sensitive material (pure or Al-doped ZnO) or the reaction of the oxygen-
deficient detection material with O- in air. As the temperature approaches the autoignition temperature, the
detected gas prefers the reaction with O in the air before reaching the sensitive material. The maximum re-
sponse value is at a temperature just below the autoignition temperature. The temperature dependence of the
reaction of H,S is more robust as the Al doping increases to reach the optimum doping percentage at 4 %.
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The temperature dependence of the reaction of H.S with O; in the air becomes more robust as the optimum
doping percentage at 4 % Al is reached. This indicates that Al doping increases H,S reaction with the sensi-
tive material and also increases the reaction of H,S with O in the air due to lattice distortion.
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Study of the Effect of Potassium Chloride
on the Coagulation of PTFE Dispersion by Optical Methods

Electrolyte stability of fluoroplastic-4D dispersion was investigated by optical methods. Potassium chloride
(KCI) solutions of various concentrations were used as electrolytes causing coagulation. The kinetic depend-
ences of the influence of KCI concentration on the optical density of polytetrafluoroethylene (PTFE) disper-
sion were obtained. The maximum in the time dependences of optical density is associated with the particle
aggregation processes and the subsequent loss of sedimentation stability of the system. With increasing KCI
concentration, this dependence changes: induction period decreases and the peak of the curve narrows. The
change in the shape of the kinetic curves with an increase in the electrolyte concentration is associated with
the processes of particle dehydration of dispersed phase, desorption of the stabilizer into the solution and the
transition of the system from an adsorption-saturated to an adsorption-unsaturated state. The results of meas-
uring the coagulate size of the PTFE dispersion with 2.5 M KCI in different sections of the kinetic curve by
the dynamic light scattering (DLS) method correlate with the results of optical density measurements. The da-
ta obtained confirm the multi-stage coagulation process, in which the stages of latent coagulation, aggrega-
tion, inhibition of coagulation, and loss of sedimentation stability of the system can be distinguished.

Keywords: PTFE, dispersion, surfactant stabilization, coagulation, aggregate stability, optical density, spec-
trophotometry, dynamic light scattering

Introduction

Highly concentrated dispersed polymer systems have attracted significant interest from both industry
and academia owing to their physical and chemical properties. Due to the high electronegativity, low polar-
izability, and small van der Waals radius of fluorine atom, fluorinated polymers exhibit outstanding proper-
ties for a wide range of applications in modern life [1, 2]. Among these, polytetrafluoroethylene (PTFE),
widely known as Teflon, is the most useful of the fluorinated polymers.

Owing to the high-energy C-C (346 kJ-mol*) and C-F (485 kJ-mol?) bonds, PTFE has a number of
unique properties such as wear resistance and corrosion resistance, resistance to high temperatures, low sur-
face energy and low dielectric constant [3, 4]. Because of its properties, PTFE is used in composite coat-
ings [5], membrane technologies [6], fuel industry [7]. It is known that metal particles (for instance, Al) can
be coated with a PTFE layer instead of an oxide film on the surface to increase their reactivity and stabil-
ity [8].

Emulsion polymerization is the primary method used to yield an aqueous colloidal PTFE dispersion in
industry, where the tetrafluoroethylene monomer is added into an aqueous medium containing water-soluble
initiator, anionic fluorinated dispersant, and other additives (under pressure) [3, 9]. To ensure the stable
polymerization and desirable particle size, typically ranging from 100 to 500 nm, the PTFE solid content in
dispersion are monitored at approximately 30 % by weight or lower [10]. However, such dilute and unstable
as-polymerized dispersion has no practical utility in preparing PTFE articles, and the low solid content also
increases the storage and transportation cost. To address this shortcoming, the resulting dilute dispersion
should be further concentrated following the polymerization, to typically achieve a content of 60 % by
weight [11]. An increase in the solid content leads to an irreversible coagulation of PTFE particles, which
renders it useless for various applications. The DLVO theory (abbreviated as Deryagin, Landau, Vervey,
Overbeck) explains the aggregate stability of lyophobic dispersed systems, and coagulation is one of the con-
sequences of the aggregation of colloidal particles, in which this stability is lost [12]. Therefore, it is impera-
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tive to develop a methodology to concentrate dilute PTFE dispersion with long-term stability and elucidate
the stabilization mechanism.

The tendency of hydrophobic PTFE particles to aggregate has prompted many of the studies. The sur-
face properties of PTFE depend on the pH and the ionic strength of the electrolyte solution had studied [13].
The motion of Newtonian and well-characterized elastic liquids with constant viscosity under the impulse
inclination of hydrophobic PTFE surfaces has been investigated [14]. New methods of modifying the surface
of PTFE, that lead to a change from hydrophobic to hydrophilic, and a perfect recovery from hydrophilic to
hydrophobic behavior have been developed [15]. Moreover, dynamic contact angles of pure surfactants and
surfactants with electrolyte solutions on PTFE surface have been studied [16].

Surfactants play an important role in the stabilization of hydrophobic nanoparticles [17]. It was found
that the surfactants could adsorb on the surface of the PTFE particles and remarkably improve their surface
wettability, thus significantly improving the interaction with the bulk phase [18]. In addition, polymers are
used as stabilizers for PTFE dispersion, for example polymethylmethacrylate [19]. Long Bai and others ana-
lyzed four types of surfactants including cationic dodecyltrimethylammonium bromide (DTAB), anionic so-
dium dodecyl sulfate, zwitterionic lauryl betaine (LB), and nonionic lauryl alcohol polyoxyethylene Brij 30,
are used to stabilize 60 % PTFE dispersions from the as-polymerized dilute mixture [20]. As shown in Fig-
ure 1, the surfactants show different capabilities for stabilizing PTFE particles in aqueous solutions. While
the cationic surfactant causes particle flocculation, the anion, zwitterionic and nonionic surfactants can be
used to prepare concentrated dispersions [20, 21].

flocculation
J—
2™
R
o L
(;a“o oy
PTFE
dispersion stable
T Nonionic T
_ surfactant B
o + — [5G

paration

Figure 1. Scheme of the stabilization mechanism of PTFE dispersion with different surfactants.
Adapted and redrawn from Ref. [20] with permission from Elsevier

In addition, the applicability of surfactants to PTFE has been investigated not only in aqueous solutions,
but also in oil solutions [22].

Despite the high popularity of PTFE dispersion, their coagulation has not been thoroughly studied.
Therefore, it is necessary to investigate the effect of electrolytes on PTFE dispersions in order to develop
methods for stabilizing this system. Electrolytic coagulation is a process of particle aggregation, the study of
which will lead to the development of effective methods to ensure the long-term stability of the studied dis-
persions. The aim of this work is to study the coagulation of PTFE dispersion under the action of potassium
chloride.

Experimental

The subject of the study was a dispersion of fluoroplastic F-4D with a dispersed phase concentration of
55 % by weight., stabilized with the non-ionic surfactant OP-7, obtained by emulsion polymerization. The
main dispersion parameters are shown in Table 1.
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Table 1

The main measures of dispersion

pH Kinematic viscosity, cSt Dry residue, mg-ml-* Density, kg-m™
9.824+0.11 7.1794+0.001 871.24+8.19 1510.59+9.09

The particle size of the PTFE dispersed phase was studied using a scanning electron microscope (SEM)
(Hitachi, S-4800 SEM, Tokyo, Japan). The micrograph of the dry residue of the investigated dispersion is
shown in Figure 2.

Figure 2. Micrograph of the dry residue of the dispersion

The degree of polydispersity is an important characteristic of such systems. In addition to the predomi-
nant number of particles of a certain specific size, there are usually also particles of other, noticeably differ-
ent sizes due to difficult polymerization conditions. Secondary particles of adhered primary globules can
form in stable systems in a number of cases. In order to ensure their absence, as well as to determine the de-
gree of polydispersity of the system, we used the method of dynamic light scattering (DLS), based on the
analysis of the spectrum of scattered laser radiation on the sample under investigation. The coagulum particle
size was determined using a particle size analyzer (Delsa Nano C, Beckman Coulter, Inc., Fullerton, CA,
USA) at 160° scattering angle.

For dispersions obtained by the method of emulsion polymerization, the issues of aggregation stability
and coagulation are extremely important, which can lead to the destruction of the dispersion system and the
release of PTFE in the macroscopic state. The presence of an insignificant amount of aggregates and coagu-
lum can have an extremely negative effect on the functional properties of coatings based on fluoroplastic
dispersions. To prevent aggregation of PTFE particles during polymerization, a stabilizer is introduced into
the system. These are usually non-ionogenic surfactants such as OP-7 or Neonol.

Disruption of stability and coagulation of dispersions can be caused by various methods: the introduc-
tion of an electrolyte, mechanical interaction, freezing, a change in pH, etc.

We investigated the case of electrolyte stability of the fluoroplastic F-4D dispersion by a spectrophoto-
metric method based on measuring the degree of reflection or absorption of monochromatic light rays [23].
Optical density of nanoparticle dispersions was measured with KFK-3KM spectrophotometer (Russia) in a
cuvette with an optical path length of 10 mm (A=400 nm). Potassium chloride solutions of various concentra-
tions were used as electrolytes causing coagulation. The KCI solutions were prepared using bidistilled water
from a reagent produced by Sigma—Aldrich (St. Louis, Missouri, USA). Unfortunately, photometry imposes
limitations on the optical density of the studied solutions and this allows observations to be carried out only
in low-concentration dispersion systems. However, according to the literature data, the kinetic curves of co-
agulation obtained for dilute and concentrated dispersions do not have fundamental differences. This does
not mean that the processes occurring in concentrated and dilute systems are completely identical, since dilu-
tion not only reduces the number of possible collisions per unit volume, but also changes the state of the pro-
tective adsorption surfactant layer on the surface of the particles, its saturation and structuring, changes the
surface charge, the degree of hydration, and so on. This indicates the commonality of the main regularities of
coagulation. All experiments were carried out at 20 °C.
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Results and Discussion
The distribution of particles in dispersion obtained using the DLS method is shown in Figure 3.
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Figure 3. Particle distribution in dispersion

According to the results obtained, the average particle size in the system was 220+26 nm with a poly-
dispersity index of 0.002, which gives reason to consider the studied system as monodisperse. No agglomer-
ates of particles were detected either by microscopy or by the DLS method. Therefore, this dispersion can be
used as a model to study aggregation processes.

Experimental normalized dependences of the relative optical density on time (Fig. 4) were obtained us-
ing the spectrophotometric method.

2.6 7
The concentration of KCI, M
24 4
—e— 40
2.2 1 —e— 35
) —v— 3.0
2.0 —— ] 5
= 1.8
=
“« 1.6
1.4 4
1.2
1.0
0.8 T 1 T T 1 t5 s

0 5000 10000 15000 20000

Figure 4. Normalized curves of coagulation of PTFE aqueous dispersion under the action of KCI

The obtained dependences allow us to conclude that the concentration of the electrolyte causing coagu-
lation has a significant effect on aggregation processes occurring in dispersion. The coagulation curve under
the action of a 2.5 M solution can be identified as the coagulation curve of an adsorption saturated system —
a long (10.000 sec) induction period is observed on it, during which no visible changes occur in the system.
The increase of the electrolyte concentration leads to its reduction and almost complete disappearance in a
4 M solution. A similar extreme type of turbidity dependence on time, as in the case of 3.5 and 4 M KCl so-
lutions, was observed by the authors of [24] for copolymers of N,N-dimethylaminoethyl methacrylate with
N-vinyl caprolactam. However, a decrease in turbidity did not lead to the formation of a coagulum, as in our
case, when this behavior is the result of aggregation of dispersed particles and their sedimentation.
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At 2.5 M, the constancy of optical density during the induction period suggests the absence of particle
aggregation or their flocculation through the medium interlayer. In more concentrated solutions, the steep-
ness of the initial sections increases, as a result of which a significant increase in interparticle interaction can
be assumed due to an increase in the dehydration of the stabilizing layers with an increase in the electrolyte

concentration.

A narrowing and an increase in the height of the peak with an increase in the concentration of the elec-
trolyte is observed (the kinetic characteristics of the curves are shown in Table 2).

Table 2

Kinetic parameters of electrolyte coagulation curves for aqueous dispersion of PTFE-KCI

. Coagulation rate, sec* . .
The concentration of KCI, M - - Peak width at half height, sec
| section Il section
4.0 1.2-103 5.5-10°° 600
3.5 5.5-10° 8.7-10* 3300
3.0 2.7-107 1.3-10* 7600
2.5 2.0-108 1.2-107 —

Figure 5 shows the initial sections of the coagulation curves, the determination of the angular coeffi-
cients of which makes it possible to obtain the dependence of the coagulation rate on the concentration of

electrolyte (Fig. 6).
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Figure 6. Effect of the KCI concentration
on the aggregative stability of PTFE aqueous dispersion
based on results of processing of initial sections
of kinetic coagulation curves

Figure 5. Initial sections of coagulation curves

Based on the obtained dependence, we can define the concentration range up to 3.5 M KCIl as a zone of
latent coagulation, 3.5-4.0 — as a zone of slow coagulation, when the coagulation rate depends on the elec-
trolyte concentration, and the concentration of 4.0 M, presumably as the threshold of rapid coagulation.

The patterns mentioned above are preserved for the following sections of the kinetic curves, on which
the growth of aggregates occurs (Fig. 7, 8).

Concentration dependences characterized by the presence of plateaus (Figs. 6 and 8) were observed in
[25] for aqueous dispersions of crosslinked poly-N-vinyl caprolactam stabilized with hydrophobically modi-
fied polyacrylamide. The values of the critical concentration of coagulation for sodium chloride of this sys-
tem varied in the range of 1,500-2,500 mmol/l and were explained by the peculiarities of the stabilizing ef-
fect and the charge of the stabilizer.

Apparently, in our case, the concentration of 2.5 M is inadequate in reducing the energy barrier. How-
ever, it has been observed to disrupt the stability of the adsorbed solvation layers of particles, which aggre-
gate and form coagulation contacts in the affected areas of the layer. Thus, the processes of thinning of the
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hydration shells and the weakening of the forces of structural repulsion persist, albeit at an undetectable rate.
The rate of coagulation slows down significantly and the curve reaches a plateau after 3.5 hours from the
moment of initiation. Presumably, the primary aggregation of particles at the sites of disruption of the hydra-
tion shells leads to the outflow of the surfactant from the contact zone and the compaction of the surfactant
adsorption layers on the growing aggregates. Consequently, hydration increases temporarily, the structural
component of the wedging pressure increases, which inhibits coagulation. The presence of electrolyte leads
to a decrease in the thickness of the interlayers in the inter-aggregate space, again weakening the structural
component, and the aggregates increase in size. As a result, at some point in time, the system loses its sedi-
mentation stability, which is accompanied by a drop in optical density.
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Figure 7. Effect of the concentration of KCI Figure 8. Effect of the KCI concentration
on the rate of aggregation of PTFE dispersion on the aggregative stability of PTFE aqueous

dispersion based on results of processing of second
sections of kinetic coagulation curves

As the electrolyte concentration increases, the dehydration processes occur at a higher rate, and the in-
hibition of coagulation proceeds with a greater degree of particle aggregation, while the duration of the inhi-
bition stage decreases, as evidenced by the narrowing of the peaks of the kinetic curves.

To confirm the above assumptions, the DLS method was used to determine the sizes of coagulum parti-
cles in different parts of the kinetic curve of coagulation of the dispersion with 2.5 M KCI.

At the first stage, the particle size of the initial dispersion was determined at a similar dilution to ensure
its stability (Fig. 9).
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Figure 9. Study of the aggregate stability of the initial diluted dispersion.
The lifetime of system: (a) — 10 minutes, (b) — 360 minutes
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The obtained distributions confirm the aggregate stability and monodispersity of the system. The in-
crease in polydispersity over time can be associated with the desorption of a part of the stabilizer into the
bulk of the solution, loosening of the stabilizing layers, a slight decrease in the structural component of the
wedging pressure, but it is not critical, and the diluted dispersion can be considered aggregatively stable dur-
ing the observation period.

In the presence of KCI, visible changes in the distribution are observed after 30 minutes. They are ex-
pressed in a slight enlargement of particles and an increase in the width of the maximum (Fig. 10, a, b).
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Figure 10. Study of the aggregate stability of PTFE dispersion under the action of 2.5 M KCI.
The lifetime of system: a — 10 minutes; b — 30 minutes; ¢ — 180 minutes; d — 240 minutes;
e —300 minutes; f — 330 minutes
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The symmetry of the system is lost three hours after the introduction of the electrolyte, of the system is
lost the end of the induction period. A more than one and a half-fold increase in the particle size against the
background of an even more significant increase in the polydispersity of the system occurs after four hours
(Fig. 10, c, d) and an increase in the kinetic curve is observed.

Another maximum appears in the inhibition zone (300 min) on the distribution. It is rather weakly ex-
pressed, but, nevertheless, it indicates the presence of sufficiently large aggregates in the system with a size
of 1.0-1.5 microns (Fig. 10 e).

After 30 minutes, the maximum corresponding to the primary particles almost completely degenerates,
and a new narrow peak appears, characterizing particles with a size of about 10 nm. These may correspond
to micelles formed by the stabilizer desorbed from the surface of the dispersed phase particles during the co-
agulation process (Fig. 10, f). This time interval corresponds to a gradual decrease in optical density and vis-
ually recorded separation of the system into a dispersion medium and a dispersed phase.

Thus, the results obtained by the DLS method correlate with the results of measuring the optical density
and confirm the multistage process of coagulation, in which the stages of latent coagulation, aggregation,
inhibition of coagulation and loss of sedimentation stability of the system can be distinguished.

Conclusions

The studied aqueous dispersion of PTFE is an adsorption saturated aggregatively stable system. An in-
significant increase in the polydispersity of the system during its dilution is caused by the desorption of the
stabilizer and a decrease in the density of the adsorption layer of the stabilizer layer on the particles of the
dispersed phase. The change in the shape of the kinetic curves with the increase in the concentration of the
electrolyte is associated with the processes of dehydration of particles of the dispersed phase and the transi-
tion from the adsorption-saturated to the adsorption-unsaturated state of the system.

The results obtained by the DLS method correlate with the results of measuring the optical density and
confirm the multistage process of coagulation, in which the stages of latent coagulation, aggregation, inhibi-
tion of coagulation and loss of sedimentation stability of the system can be distinguished. The process of in-
hibition of coagulation is associated with the rearrangement of the adsorbed solvation layer on the surface of
the aggregates.
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A Novel Mannich Based Metal 11 Complexes: Synthesis and Characterization
of Magnetic, Conductivity and Antimicrobial Properties

A novel Mannich base (2R,9R)-2-((S)-((2-aminoethyl)amino)(2-hydroxyphenyl)methyl)-6-hydroxy-9-
phenyl-2,3,4,9-tetrahydro-1H-xanthen-1-one (LI), composed from xanthene, salicylaldehyde, and ethylenedi-
amine, was employed to synthesize unique complexes of Ni(Il), Mn(ll), Cr(11), Co(ll), and Cu(ll). The struc-
tural characteristics of the complexes were determined by studying microanalytical findings and using analyt-
ical methods such as EPR, FT-IR, H & 3C NMR, and UV-visible spectroscopy. The electronic spectra of the
complexes suggested that the metal ion is fenced with octahedral structure. The molar conductivity of the
metal chelates in DMSO was shown in the range of 18-28 Q'mol-'cm? The EPR studies of the copper com-
plex dissolved in dimethyl sulfoxide (DMSO) was obtained at temperature of 300 K, and its unique character-
istics were analysed. The antimicrobial potential of the ligand and its complexes has been thoroughly exam-
ined towards K. pneumaniae, S. aureus, P. aeruginosa, E. coli, C. albicans, C. neoformans, M. audouinii, A.
niger microorganisms. Experimental results have demonstrated that all of the complexes exhibit substantial
antimicrobial action when related to both the unbound ligand and the standard. Furthermore, the validity of
the biological research was verified through molecular docking antifungal and antibacterial tests. Overall, the
obtained results confirm the multidirectional antimicrobial efficacy of the new Mannich base complexes and
demonstrate their high pharmaceutical potential for further studies.

Keywords: Antimicrobial activity, Docking, Grindstone, Ligands, Mannich base, Metal complexes, Xanthene

Introduction

The emergence of antimicrobial resistance has evolved into a major worldwide health crisis, threatening
to revert mortality rates to those observed in the pre-antibiotic era. Recent research by Murray et al. indicated
that bacterial antimicrobial resistance was responsible for approximately 1.27 million fatalities in 2019 [1-3].
The alarming statistics are partly attributable to the incorrect and indiscriminate use of antibiotics, inadequate
infection and disease prevention measures, and unequal access to quality, inexpensive medication [4]. As a
result, bacteria have evolved several resistance mechanisms against nearly all medicines available today,
jeopardizing the continuation of the 80-year “era of antibiotics”. Examples of both innate and derived mech-
anisms of drug resistance in bacteria encompass target protection, alteration of target sites, enzymatic inacti-
vation of antibiotics, active efflux, reduced inflow, and biofilm formation [5]. Microbial infestation refers to
the process in which microbes, which include bacteria, viruses, and fungi, invade a living thing, replicate
within it, and communicate with the host tissue [6]. These pathogens provide a significant public hazard to
infections related to healthcare and are accountable for the mainstream of diseases in hospitals, leading to
increased death and load on world health systems [7]. Specifically, metal complexes with heterocyclic lig-
ands have a dominant role in medicinal chemistry due to its broad spectrum of characteristics [8—12]. Transi-
tion metal complexes are regarded as highly effective metallo-drugs for remedying the hazards posed by mi-
croorganisms [13, 14].

The production of heterocycles containing oxygen and nitrogen has long been a of great interest in or-
ganic chemistry. These compounds are often found in the fields of drug design, medical and pharmaceutical,
and materials science [15-17]. Chromene and its analogues, specifically 2-amino-4H-chromene and 2H-
chromene-2-one [6, 18], are a significant group of oxygen-containing heterocycles. These compounds incor-
porate a cyano moiety at the C-3 location which provides the possibility of being utilized in the dealing of
several illnesses comprising psoriatic arthritis, rheumatoid arthritis, cancer therapy, Alzheimer’s disease,
Huntington’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis [19-22]. They commonly occur
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in the fundamental structure of numerous herbal remedies and manufactured potential medicines. They are of
great importance in medicinal chemistry due to its significant pharmacological functions, which include anti-
fungal, antioxidant, antiproliferative, antimicrobial, antitumor, anticoagulant, and anti-allergic proper-
ties (Fig. 1) [23-27]. In recent decades, various material science applications like laser dyes, optical bright-
eners, and fluorescence markers have been developed [28-30]. In addition, they find use in beauty products,
recyclable agrochemicals, colourants, and other areas [31-33].
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Figure 1. 2-amino-4H-chromene (1-4) and tetraketones (5-6) with probable optoelectronic and medicinal uses

Mannich transformations provide an unswerving and effectual method for synthesising B-amino car-
bonyl substances, which are important in the manufacturing of various medicines, synthetic materials, and
natural substances [34—36]. These methods are used to produce distinctive carbon-carbon bonds in the crea-
tion of nitrogen-bearing substances in organic synthesis [37, 38]. Mannich bases play a crucial role in medic-
inal chemistry due to their ability to form substantial 3d-metal complexes with unique therapeutic value [39,
40]. The progress of innovative catalytic approaches for the fabrication of Mannich bases is crucial in the
field of synthetic chemistry. Several scholars have documented Mannich derivatives having catalysis ac-
tion [41-43]. The complexation behaviour of Mannich analogues was crucial in advancing the field of inor-
ganic chemistry [44].

Metal complexes with heterocyclic ligands demonstrate a wide range of actions, including antimicrobi-
al, antibacterial, anti-inflammatory, antioxidant, antitumor, antiviral, antidiabetic, antifungal, antimalarial,
anticonvulsant, anticancer, antiamoebic, antiproliferative, and anti-HIV properties [45-49]. However, the
production of metal complexes mediated by Xanthene is not well documented. Consequently, this study was
conducted on the Mannich base ligand (L1), emphasizing its biological relevance. The current investigation
was undertaken on the Mannich base ligand (L1), taking into consideration its biological significance. The
compound was produced through the condensation reaction of xanthene, salicylaldehyde, and ethylenedia-
mine. The Mannich base that was synthesised was subsequently coordinated with chlorides of Mn(I1), Co(ll),
Ni(IT), Cr(Il), and Cu(ll). The synthesised compounds were characterised using several spectroscopic and
chemical approaches, and their antimicrobial capabilities were assessed.
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Experimental

Chemistry

All the substances and solvents used were of extremely pure grade (Analar grade, A.R.) and obtained
from Sigma-Aldrich. The identification of complexes was achieved by acquiring FT-IR spectra of the ligand
and complexes within the frequency array of 400-4000 cm. This was done by KBr pellets and an Agilent
Resolutions spectroscopy. The absorbance spectra of the ligand (L1) and associated complexes (1-5) were
acquired using a Shimadzu UV mini-1240 UV spectroscopy in the wavelength range of 300-1100 nm to de-
termine the potential electronic transitions.

Synthesis of Ligand (L1)

A blend of salicylaldehyde (2.4 mL, 0.02 mol), xanthene (5.85 ¢, 0.02 mol), and ethylenediamine
(1.2 mL, 0.02 mol) were pulverised together in a mortar for a duration of 10 minutes through grindstone
chemistry technique. The progression of the reaction was monitored by thin-layer chromatography (TLC).
Once the chemical process designated by TLC was finished, the resulting mixture was placed in crushed ice.
The raw product was filtered and dehydrated. To purify the ligand, it was recrystallized using hot ethanol.
The production of ligand (L1) is shown in Figure 2.

Solvent &
Catalyst free

Grindstone
Chemistry

Figure 2. Preparation of ligand (L1)

Synthesis of Metal Complexes (1-5)

Under reflux, a hot ethanolic solution containing (0.02 mol) of ligand L1 was gradually combined with
(0.01 mol) of metal chlorides in a hot ethanolic solution with continuous stirring. After the final reaction
stage, the reaction mixture was left at ambient temperature to evaporate. The impure metal complex was re-
fined by column chromatography employing a combination of elutant DCM:CH3CN:CH3OH (2:3:5 v/v) over
silica gel. Metal complexes (1-5) were synthesised as shown in Figure 3.

Ph 0
I Ethanol
2 NH H,N
Ll + MClL,.XH,0
HO (¢) Reflux, 3 hrs

1 equivalent,
0.01mol

OH

HO'

2 equivalent,
0.02mol

M = Cu (II), Ni (IT), Co (IT),
Cr (11), Mn (II)

Figure 3. Preparation of metal complexes (1-5)

Solubility Measurements

The solubility of the ligand and complex in protic and aprotic solvents was determined. Water, alcohol,
acetone, chloroform and dimethylsulfoxide were used as solvents. Based on the findings of the solubility
evaluations more investigations were constructed.
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Magnetic Susceptibility Measurement

The combination of magnetic susceptibility investigations and absorbance spectra can be employed to
determine the structure of the complex. Magnetic characteristics can be utilised to ascertain the stereochem-
istry of a metal ion complex with d® d 5 d’, d?8 or d° electron configuration, specifically whether it adopts
a tetrahedral, square planar, or octahedral arrangement. Additionally, these parameters can indicate if the
complex is spin-free or spin-paired. The magnetic properties of the metal atoms in the current complexes
were inspected utilizing a Gouy magnetic balance to identify the most favourable magnetic moment for each
atom at ambient temperature. The Gouy tube was standardized with mercury(ll) tetrathiocyanatocobal-
tate(I1), also known as Hg[Co(SCN)4]. The diamagnetic modifications for several atomic and structural com-
ponents were determined using Pascal’s coefficients. The effective magnetic moments (uesr.) Were deter-
mined based on the molar magnetic susceptibilities (Mcrr) 0f the complexes employing Curie’s formula,
Lett = 2.84 [Moorr T]¥2 B.M., where T represents the absolute temperature at which the measurements were
made. The number of metal ions with unpaired electrons, 'n', can be calculated by analysing its effective
magnetic moment, eff. The equation uS = [n (n+2)]” demonstrates the contribution of the electronic spin ef-
fect (S) to the moment.

Antibacterial Effect

The ligand (L1) and its complexes (1-5) were subjected to in vitro antibacterial evaluations towards
P. aeruginosa (PA14), K. pneumoniae (342), E. coli (k12), and S. aureus (PS80) bacteria using the Kirby
Bauer Disc diffusion technique [50]. Ciprofloxacin’s antibacterial effect was used as a standard. The bacteri-
al specimens were grown on petri plates containing nutrient agar medium. The test samples were made up of
DMSO and placed inside a filter paper disc with a width of 5 mm and a width of 1 mm. Following a 24-hour
period, the breadth of the inhibitory zone [51, 52] around each disc was assessed to determine its antibacteri-
al effectiveness. The discs were then positioned on the pre-existing plates and incubated at a temperature of
37 °C. The minimum inhibitory concentrations (MIC) were employed to indicate the antibacterial effective-
ness of ligand (L1) and its associated complexes (1-5).

Antifungal Action

The antifungal effect of ligand (L1) and its complexes (1-5) was evaluated using the regular disc-agar
diffusion approach [53, 54]. The antifungal activity was tested using A. niger (ATCC20611), C. neoformans
(H99), C. albicans (WO-1), and M. audouinii (ATCC-10216) species. The materials underwent sterilisation
by filtration through 0.22 m Millipore filters upon their dissolution in 10 % DMSO to achieve a target dosage
of 30 mg/mL. Subsequently, antifungal tests were conducted using the disc diffusion method. A solution
comprising 100 litres and 10* spores/mL of fungi was disseminated across PDA medium. The 6 mm diame-
ter discs were subjected to a treatment of 10 mL of the samples, with each disc weighing 300 g. Subsequent-
ly, the discs were placed on the agar that was contaminated. The conventional medication prescribed was
clotrimazole. Negative controls were prepared using a 10 % solution of dimethyl sulfoxide (DMSQO). The
fungal specimens were cultured at 37 °C for 72 hours on inoculation plates. Plant-associated fungi were cul-
tivated at a temperature of 27 °C. The antifungal effectiveness was assessed by gauging the ZOI towards the
investigated microorganisms. Every experiment in the present investigation was performed three times.

Determination of MIC

The microbial cultures often used to make 0.5 McFarland were cultured overnight at 37 °C. Each cul-
ture was inoculated in aseptic conditions with 1 mL of the specific bacterial culture (around 108 CFU/mL)
from a minimum of a 10 mL tube nutritional broth medium. In sterile deionized water, five dilutions of lig-
and (L1), metal complexes (1-5) (100, 75, 50, and 25 mg/mL) were made, as well as a blank sample (with-
out ligand (L1), metal complexes (1-5)). All isolate evaluations were carried out in triplicate. The implanted
tubes were maintained at 37 °C overnight. During the cultivation period, the perceived turbidity in every tube
was evaluated. The MIC is demonstrated as the lowermost concentration of the observed strain without tur-
bulence.

Molecular Docking

The relationship and binding mechanism amongst the ligand (L1), complexes (1-5), and the Mevalo-
nate 5-diphosphate decarboxylase (PDB ID: 1FI4) and Topimerase Il DNA gyrase B (PDB ID: 1KZN) pro-
teins were examined through docking analyses using Autodock vina 1.1.2 software [55]. The crystal struc-
tures of Mevalonate 5-diphosphate decarboxylase (PDB ID: 1F14) and Topimerase |1 DNA gyrase B (PDB
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ID: 1KZN) were gotten from the Protein Data Bank for the purpose of assessing their antimicrobial and ca-
pabilities. The 3D conformation of ligand L1 and its complexes (1-5) were obtained using ChemBio Office
suite software. The required inputs for docking process were generated through the AutoDock Tools 1.5.6
software. The grid dimensions for the 1KZN receptor was determined to have a centre position at
x-coordinate 18.839, y-coordinate 26.702, and z-coordinate 37.939. The parameters of the grid are as fol-
lows: size x = 22, size_y = 20, and size_z = 20. The distance between each point on the grid is 1.0 A. The
grid dimensions for the 1F14 receptor were determined to have a centre position of x: 21.935, y: 57.745, and
z: 20.018, with size of x: 24, y: 22, and z: 24, with a spacing of 1.0 A. The exhaustiveness score was as-
signed a numerical value of 8. The remaining settings were fixed to their actual parameters for Vina docking
and were not specified. The substance with the lowest binding score is considered the potential compound.
The docking results were evaluated with the Discovery Studio 2019 application.

Statistical Analysis

Data are presented as mean + standard error (SEM). All variables were analyzed for statistics by one-
way ANOVA subsequently by Tukey’s post-hoc comparison test. P < 0.05 was considered statistically sig-
nificant.

Results and Discussion

Physical Data and Solubility

Table 1 displays the physio-chemical properties and solubility of the ligand (L1) and its complexes
(1-5). Solubility experiments indicate that each of the ligand (L1) and the metal complexes (1-5) exhibit
higher solubility in aprotic solvents as opposed to protic solvents.

Table 1
Physical data and solubility of the metal complexes (1-5) and ligand (L1)
i Solubility
Compound Colour Me't'ﬂg

point (°C) Chloroform Water DMSO Ethanol
Ligand (L1) Yellow 164 Sparingly soluble | Insoluble | Soluble Soluble
Copper complex (1) Blue 186 Insoluble Insoluble | Soluble Insoluble
Nickel complex (2) Green 194 Insoluble Insoluble | Soluble | Sparingly soluble
Cobalt complex (3) Pale brown 206 Insoluble Insoluble | Soluble Insoluble
Chromium complex (4) | Dark brown 182 Partially soluble | Insoluble | Soluble Insoluble
Manganese complex (5) Black 234 Insoluble Insoluble | Soluble Insoluble

Spectral Data of Ligand (L1)

(2R,9R)-2-((S)-((2-aminoethyl)amino)(2-hydroxyphenyl)methyl)-6-hydroxy-9-phenyl-2,3,4,9-tetrahydro-
1H-xanthen-1-one (L1)

Yellow solid; Mw: 456.53; mf: CasH2sN204; mp: 165 °C; IR (cm™, KBr) vma: 3420 (-OH), 3230
(-NH), 1640 (-C=0), 1230 (-C-N-C); *H NMR (300 MHz, CDCls) & 10.38 (2H, s, OH), 8.08 (1H, s, NH),
7.12-6.90 (4H, m, Ph—OH), 7.33-7.23 (5H, m, Ar-H), 6.89-6.19 (3H, m, Ph—-OH), 6.25 (2H, s, NH,), 4.74
(1H, s, -CH-Ph), 4.12 (1H, d, J = 1.7 Hz, CH-Ph), 2.96-1.27 (5H, m, CHD), 2.77 (2H, t, J = 2.8 Hz, ~CHy),
2.61 (2H, t, J = 2.8 Hz, —CH,); *C NMR (300 MHz, CDCls) & 198.6 (1C, C=0), 164.8 (1C, -C=C), 162.9,
154.5, 130.3, 112.9, 110.6, 100.1 (6C, Ar ring), 147.6, 129.2, 128.2, 126.2 (6C, Phring), 155.2, 127.7, 127.3,
121.1, 115.7 (6C, Ph ring), 109.7 (1C, —-C=C), 57.0 (1C, -C-C-Ph), 51.1 (1C, -C-NH), 48.9 (1C, -CH»-
NH), 41.3 (1C, -CH>-NH_y), 39.9 (1C, —-CH-Ar), 26.3 (1C, CHy), 12.6 (1C, CH,); EI-MS: m/z 457.21
(M*, 30 %); Elemental studies: Anal. Calcd (Found): C, 73.66 (73.62); H, 6.18 (6.20); N, 6.14 (6.16) %.

Magnetic and Conductivity Properties

The solubility of the newly synthesised metal complex was assessed in several solvents. The molar
conductivity in DMSO was determined by utilising a cell constant that was standardised towards a 0.1 M
KCI solution. The measurement was performed using the Equiptronics electronic conductivity meter (Model
EQ-660). The complexes’ neutral (non-electrolytic) character was confirmed by assessing the conductivity of
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a 10~ M solutions for every complex in DMSO. The mixed ligand complexes (1-5) exhibited a molar con-
ductivity of 18-28 Qmol~cm?. The conductivity studies revealed that the chloride ions form complexes
with metal ions, signifying that they act as ligands instead of independent ions. The arrangement of the syn-
thesised complexes may be influenced by the stoichiometric ratios (1:2) and the kinds of electrolytes em-
ployed in the conductivity testing. Table 2 presents the conductivity and magnetic properties of metallic
complexes (1-5).

Table 2

Conductivity and magnetic properties of metal complexes (1-5) with ligand (L1)

Conductivit Magnetic Susceptibilit
S. No Compounds (Q_lmol_lcmg) g (et B.MF; y
1. |Copper complex (1) 18 2.23
2. |Nickel complex (2) 26 3.54
3. |Cobalt complex (3) 23 5.23
4. |Chromium complex (4) 24 4.60
5. |Manganese complex (5) 28 5.14

NMR Spectral Studies of Ligand (L1)

In the *H NMR spectra of the Mannich base ligand (L1) being studied (Fig. S1, a). The methylene pro-
tons associated with the amine hydrogen atoms of the ethylenediamine and salicylaldehyde are observed as a
peak at 4.74 ppm, while the hydroxyl protons appear at 10.38 ppm. The aromatic hydrogens exhibit a multi-
plet at 7.12—6.90 ppm. The lack of a signal corresponding to the proton of the secondary amine —NH, which
was eliminated during the Mannich process, provides more evidence for the creation of the ligand. In the
13C NMR spectra of the Mannich base ligand (L1) being studied, the peak at 198.6 and 164.8 ppm resemble
to the —C=0 and —C=C atoms of the xanthene group, respectively. The carbon atoms of the aromatic rings
exhibited peaks at 162.0-100.1 ppm (Fig. S1, b). The appearance of a peak at 39.9 ppm indicates that the —
CH; moiety is connected to the amine hydrogens of the ethylenediamine and salicylaldehyde.

Mass Spectral Studies of Ligand (L1)

The mass spectra of the studied Mannich base ligand (L1) is shown in Figure 4. The mass of lig-
and (L1) was determined to be 456.53 through observation, and this was further validated by mass spectral
tests, which showed a mass-to-charge ratio (m/z) of 457.23. The molecular ion peak was detected at a m/z of
380.44. The other fragmentation peaks seen had m/z of 412.03, 291.32, 225.26 and 209.26, accordingly. The
fragmentation pattern of ligand (L1) was depicted in Figure 5.

%105 [+EST Scan (rt: 0.249 min) Frag=175.0V cutu-cf2.d

6.25] 380.44

200 250 300 350 400 450 500
Counts vs. Mass-to-Charge (m/z)

Figure 4. Mass spectra of ligand (L1)
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Figure 5. Mass spectral fragmentation types of Ligand (L1)
IR Spectra

A notable discovery in the ligand FT-IR spectra (Fig. 6a) displayed a prominent band at 3446 and
3145 cm™, which can be ascribed to the vOH and the NH amine molecule [56, 57]. The N-H and O—H bands
exhibited a shift towards lower frequency in all of the complexes (Figs 6b—f), demonstrating that the hydrox-
yl oxygen and amine nitrogen were tangled in coordination with the metal ions. The formation of metal
complexes (1-5) is indicated by the emergence of a distinct peak at a wavelength of 760-752 cm, which re-
sembles to the M—O bond [58]. The M—CI bond is shown by the emergence of a distinct peak in the spectral
array of 546-514 cm™. Table 3 presents the IR spectral information for ligand L1 and complexes 1-5.

Table 3
FT-IR studies of complexes (1-5) and the ligand (L1)
IR stretching frequency (cm™)
Compound OH | -NH | M0 | Ml

Ligand (L1) 3446 3145 — —

Copper complex (1) 3423 2938 760 514
Nickel complex (2) 3478 3062 756 546
Cobalt complex (3) 3437 3058 752 542
Chromium complex (4) 3427 2939 756 523
Manganese complex (5) 3441 2940 752 528
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Figure 6. FT-IR spectra of (a) Ligand L1 (b) Copper complex 1 (c) Nickel complex 2 (d) Cobalt complex 3 (¢) Chromi-
um complex 4 (f) Manganese complex 5
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UV-Visible studies

The UV-Vis spectra of ligand (L1) displayed two absorption maxima in the area of 219 and 266 nm,
which can be attributed to n—=* and n—x* shifts separately (Fig. 7a). The spectra of the complexes in DMSO
solution revealed three distinct peaks. The intra-ligand shifts were identified by two distinct bands observed
at 272-278 nm and 245-258 nm. The presence of the complex was described by the peak observed in the
343-332 nm area, which is recognized to the ligand-to-metal charge transfer (LMCT) shifts (Figs 7b-f).
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Figure 7. UV-Vis spectra of (a) Ligand L1 (b) Copper complex 1 (c) Nickel complex 2
(d) Cobalt complex 3 () Chromium complex 4 (f) Manganese complex 5

EPR Spectra

EPR spectrum study can provide insights on the formation of ligand-metal bonds and the distribution of
unpaired and paired electrons. Copper (I1) complexes exhibit distinct characteristics in coordination chemis-
try, displaying several geometries including square pyramidal, octahedral, square planar, and tetrahedral,
which can be differentiated by EPR spectra. The EPR parameters g+, gavg, 9|, and G are used to determine
whether a chemical has an octahedral or tetrahedral structure. The occurrence of an unpaired electron in the
dx,? orbital is confirmed by the following criterion: the parallel g-value (g) is larger than the perpendicular
g-value (g+), which is more than 2.0023. The g| and g+ values for the copper complex were measured to be
2.1465 and 2.0253, individually. The covalent character was denoted by a g value less than 2.3 and anionic
character is represented by a g| value greater than 2.3. It is evident that the g| value (2.1465) is less than 2.3,
suggesting that the molecule is covalent. Hathaway states that G values below four suggest a substantial in-
teraction towards metal centres, while G values above four designate a minimum transfer of charge. In this
example, the G value is 11.45, indicating that the charge transfer is minimum. The Cu(ll) complex has dis-
torted octahedral geometry, as indicated by its EPR properties. The EPR spectra of copper complex (1) are
shown in Figure 8.
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Figure 8. EPR spectra of copper complex 1
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Antibacterial Effect

The synthesised ligand (L1) and complexes (1-5) were evaluated for antibacterial properties. The lig-
and (L1) exhibited lower activity in comparison to the equivalent complexes (1-5). The examination was
conducted within a regulated setting. Among the series of compounds (1-5), only complex 1 exhibited sig-
nificant action (MIC = 2 mg/mL) towards S. aureus. The chromium complex 4 exhibited more activity to-
wards K. pneumoniae compared to the control Ciprofloxacin, as seen by its lower MIC value of 4 mg/mL, in
contrast to Ciprofloxacin’s MIC value of 8 mg/mL. The cobalt complex 3 had higher activity towards E.coli
related to the control Ciprofloxacin, as evidenced by its lower MIC value of 4 mg/mL, whereas Ciprofloxa-
cin had a MIC value of 6 mg/mL. Complexes 1 (Cu(ll)), 3 (Co(ll)), and 4 (Cr(11)) exhibit remarkable activity
when compared to complexes 1-5. Janowska et al., reported the synthesis of metal complexes using hetero-
cyclic Mannich base ligand and its excellent antibacterial action [59]. The outcomes are presented in Table 4
and Figure 9.

Table 4
Antibacterial effect of ligand (L1) and Complexes (1-5)

c q MIC in mg/mL
ompounds K. pneumaniae S. aureus P. aeruginosa E. coli

L1 16 32 32 16

1 12 2 8 10

2 28 8 8 8

3 14 10 4 4

4 4 6 4 12

5 16 12 4 8
Ciprofloxacin 8 4 2 6

Figure 9. Antibacterial action of copper complex 1 in (a) K. pneumaniae, (b) S. aureus, (c) E. coli

Antifungal Activity

The study examined the antifungal effect of the obtained ligand (L1) and its complexes (1-5). Com-
pared to similar complexes, the ligand (L1) exhibited low activity (1-5). The complex 1 in the sequence (1-
5) had significant activity specifically towards C. albicans, having MIC of 4 mg/mL. The nickel complex 2
exhibited higher activity towards C. neoformans compared to the normal Clotrimazole. The MIC of the nick-
el complex 2 was 2 mg/mL, whereas the MIC of Clotrimazole was 4 mg/mL. The cobalt complex 3 exhibited
a lower MIC of 8 mg/mL against A. niger compared to the normal Clotrimazole, which had an MIC of
12 mg/mL. Complex 1 (Cu II), complex 2 (Ni Il), and complex 3 (Co II) exhibit significant activity in com-
parison to complexes (1-5). The antibacterial efficacy of the complexes is ascribed to the existence of het-
erorings and heteroatoms [60]. The antibacterial efficacy of the metal complexes tends to be superior to that
of the ligand alone. This results from the extensive delocalization of the ligand’s electronic orbitals through-
out the metal complexes, hence diminishing the metal’s polarity. This, in turn, enhances the lipophilicity of
the complex, which ultimately leads to the occlusion of active binding sites of microbial enzymes [61]. The
findings are summarised in Table 5 and Figure 10.
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Table 5
Antifungal effect of ligand (L1) and complexes (1-5)

c d MIC in mg/mL
ompounas C. albicans | C. neoformans | M. audouinii A. niger
L1 14 26 16 10
1 04 08 12 16
2 12 02 10 24
3 10 16 12 08
4 12 11 10 14
5 14 11 08 15
Clotrimazole 08 04 10 12

Figure 10. Antifungal action of (a) cobalt complex, (b) chromium complex, (c) Ligand L1,
(d) copper complex, (e) cobalt complex, (f) chromium complex

Docking Studies

Docking studies were performed to have a deeper understanding of the potential mechanisms of biolog-
ical processes. The anti-fungal protein mevalonate-5-diphosphatedecarboxylase (PDB ID: 1FI4) [62] which
is accountable for isoprenoid/sterol production and the E. coli topoisomerase Il DNA gyrase B (PDB ID:
1KZN) [63] were selected as protein targets for assessing antimicrobial action towards these species. The
ligand L1, together with complexes (1-5) and the control substances Clotrimazole and Ciprofloxacin [64],
were analysed for their docking interactions with receptors 1FI4 and 1KZN employing the Autodock Vina
software. The complexes (1-5) exhibit higher binding affinities (7.9, 6.2, —7.8, —7.7, —6.8 kcal/mol) com-
pared to ligand L1 (binding affinity: -5.3 kcal/mol) and control Ciprofloxacin (binding affinity:
—6.0 kcal/mol) in complex with the 1KZN receptor. Hydrogen bonding significantly contributes to the relia-
bility of protein-ligand interaction. The ideal bond length amongst the hydrogen-acceptor and hydrogen-
donor atoms is less than 3.5 A [65]. The hydrogen bond lengths between ligand L1, complexes (1-5), and
control Ciprofloxacin were all below 3.5 A in their respective proteins, which exhibited particularly high hy-
drogen bonding. The ligand L1 establishes four hydrogen bonds with the protein 1KZN. The amino acids
Glu42 (bond length: 2.90 A), Asnd6 (bond lengths: 2.43 and 2.50 A), and Arg136 (bond length: 2.56 A) par-
ticipated in hydrogen bonding contacts. Hydrophobic contacts were mediated by the amino acids GIu50,
Arg76, Gly77, 1le78, Pro79, Gly119, and Val120. Complex 3 establishes two Hydrogen bonds with the pro-
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tein 1KZN. The amino acid residue Arg76 participated in a hydrogen bonding interaction, with bond lengths
of 2.20 and 3.04 A. Hydrophobic interactions were facilitated by the amino acids Asp49, Glu50, Ala53, and
His95. Ciprofloxacin failed to create any hydrogen bonds with the protein 1KZN. Hydrophobic interactions
occurred between each of the amino acids Asn46, Ala47, Glu50, Asp73, 1le78, and 11e90. Figures 11a—c il-
lustrate the hydrophobic and hydrogen bonding relations between amino acids in the ligand L1, copper com-
plex (1), Ciprofloxacin and 1KZN receptor. Figures S2-S5 illustrate the hydrophobic and hydrogen bonding
relations between amino acids in the complexes (2-5) and 1KZN receptor. The complexes (1-5) exhibit
higher binding affinities (-8.8, -8.0, -8.3, —7.0, —7.4 kcal/mol) compared to ligand L1 (binding affinity:
—6.2 kcal/mol) and control Clotrimazole with a binding affinity of (6.7 kcal/mol) in the 1FI4 receptor, cor-
respondingly. The ligand L1 establishes six hydrogen bonds with the protein 1F14. The amino acids Asnl3,
Alall9, Arg158, Asp201, Val206, and Ser208 were implicated in hydrogen bonding interactions, with bond
lengths of 2.72 A, 2.48 A, 2.44 A, 2.82 A, 3.00 A, and 2.05 A, individually. Hydrophobic contacts were fa-
cilitated by the amino acid residues Alal5 and Asp302. Complex 2 establishes three hydrogen bonds with the
target protein 1FI4. Hydrogen bonding interactions involving the amino acids Asn110 (with a bond length of
3.09 A), Ser208 (with a bond length of 1.67 A), and Ala303 (with a bond length of 1.82 A). Hydrophobic
relations were mediated by the amino acids Alal5, Alall9, Arg158, and Asp302. The control Clotrimazole
molecule forms a single hydrogen bond with the target protein 1F14. The amino acid Arg158, with a bond
length of 5.83 A, participated in a hydrogen bonding interaction. Hydrophobic contacts were facilitated by
the amino acids Alal5, Lys18, Tyrl9, Trp20, Alal19, Phe260, Asp302, and Ala303. Figures 12a—c depict
the hydrophobic and hydrogen bonding contacts between amino acids in the 1FI4 protein and ligand L1,
copper complex (1) and the control Clotrimazole. Figures S6—S9 depict the hydrophobic and hydrogen bond-
ing contacts between amino acids in the 1FI4 protein and complexes (2-5). The results indicate that com-
plexes (1-5) exhibit much higher inhibitory capacity compared to ligand L1 and the control substances Clot-
rimazole and Ciprofloxacin in terms of antifungal and antibacterial properties. The findings were simplified
and presented in Table 6 and Table 7.

Table 6
Docking results of ligand L1 and complexes (1-5) against protein 1KZN
Compounds Binding score (kcal/mol) No. of H-bonds H-bonding residues

L1 -5.3 4 Glud2, Asn46, Argl136
1 -7.9 0 —
2 —6.2 0 —
3 —7.8 2 Arg76
4 1.7 0 —
5 —6.8 0 —

Ciprofloxacin -6.0 0 —

Figure 11. Interactions of ligand L1 (a), copper complex 1 (b), Ciprofloxacin (c) within the binding cavity of 1KZN
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Table 7
Docking results of ligand L1 and complexes (1-5) against protein 1F14
Compounds Binding score (kcal/mol) No. of H-bonds H-bonding residues
L1 -6.2 6 Asnl3, Alal19, Arg158, Asp201, Val206, Ser208
1 -8.8 1 Tyrl9
2 -8.0 3 Asnl110, Ser208, Ala303
3 -8.3 1 Leul?
4 -7.0 1 Asp302
5 -14 0 -
Clotrimazole -6.7 1 Argl158

Figure 12. Interactions of ligand L1 (a), copper complex 1 (b), Clotrimazole (c) within the binding cavity of 1F14

Conclusions

This study focusses on the coordination chemistry of a Mannich base ligand (2R,9R)-2-((S)-((2-
aminoethyl)amino)(2-hydroxyphenyl)methyl)-6-hydroxy-9-phenyl-2,3,4,9-tetrahydro-1H-xanthen-1-one  (LI),
synthesised through the reaction of xanthene, salicylaldehyde, and ethylenediamine. The Mannich base lig-
and (L1) was used to form metal complexes (1- 5) of the [M(L1).Cl] type. These complexes were then ana-
lysed using analytical, magnetic, and spectroscopic methods. The Mannich base is a bidentate ligand that
coordinates with the metal ion over nitrogen atom of ethylenediamine and the oxygen atom of salicylalde-
hyde. The conductivity behaviours indicate that the chloride atoms are bound to the metal atoms as ligands,
rather than being as free ions. The synthesised complexes (1-5) exhibit the octahedral geometry as shown by
their electrical and magnetic characteristics. Furthermore, the ligand and metal complexes underwent screen-
ing to evaluate their antibacterial efficacy towards different harmful microorganisms. The metal complexes
displayed significant antimicrobial properties related to the ligand (L1) and control, as validated by docking
experiments. The data acquired validate the multi-directional antimicrobial efficacy of the novel Mannich
base complexes and demonstrate the influence of structural replacement on the activity of this kind of sub-
stances towards various microorganisms. The findings acquired are anticipated to yield significant data for
additional study of this intriguing group. Pharmacological research focused on discovering novel biologically
active chemicals is ongoing with a repository of acquired molecules.
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Development of Novel Wheat Waste-Derived Biochar
and Its Potential in Pharmaceutical Wastewater Treatment

The rising concentration of pharmaceuticals in wastewater presents significant environmental and health chal-
lenges. This study aims to develop an iron (l11)-activated carbon-enriched material derived from local agricul-
tural plant waste to effectively remove pharmaceutical contaminants. The research investigates the material’s
composition, structure, morphology, and adsorption capacity of the material, focusing on wheat waste-
derived biochar. The synthesis process includes an initial carbonization, chemical modification with FeCI3
using the wet impregnation method, and a second carbonization and washing step. The resulting carbona-
ceous material was characterized using the CHNS elemental analyzer, FTIR, XRD and SEM-EDX spectro-
scopic techniques. The results indicate the formation of a carbonaceous material with a carbon content of
77.09 %, enriched with a highly crystalline graphite phase and a porous structure containing iron (I1, 111) ox-
ides. Notably, this sorbent efficiently reduced the ibuprofen concentration, with a sorption capacity of
433 mgeg™'. Among the pseudo-first-order (PFO), pseudo-second-order (PSO), intraparticle diffusion and
Elovich models used to describe the adsorption kinetics, the PSO model (types 1-2) fits successfully, indicat-
ing chemisorption-controlled kinetics. This study highlights the potential for converting agricultural waste in-
to a carbonaceous material with improved structure and morphology, and demonstrates its high efficacy in
purifying water from pharmaceutical contaminants.

Keywords: waste wheat, carbonization, biochar, activated carbons, iron oxides, adsorption, ibuprofen, kinetic
models, pseudo-second-order kinetic model.

Introduction

Carbonaceous materials obtained from agricultural residues have great potential for development of
sustainable technologies. Recent studies have demonstrated that biochar is not only applicable but also under
development as an effective sorbent [1-4], electrode-active material [5-8], and catalyst [9-11]. These studies
reveal the potential of waste streams to contribute to circular bioeconomy strategies that transform resource
use, an issue that will highlight the evolving environment of sustainable practices [12].

Currently, there is an increasing in demand for active pharmaceutical compounds, and therefore, the
pharmaceutical industry continues to increase the production of drugs. As a result, discharges of industrial
effluents are regularly increasing, raising serious concerns about their harmful effects on human health and
the aquatic environment. Ibuprofen (IBU), 2[4-(2-methylpropyl)phenyl]propanoic acid, is a globally recog-
nised anti-inflammatory drug, widely used in medical practice as an antipyretic, analgesic and anti-
inflammatory agent [13-15]. In the US, UK, and Poland, ibuprofen consumption is approximately 300, 162
and 58 tons per year [16]. It is metabolised in the body and the environment to form ibuprofen derivatives. It
has been found that when ibuprofen is released into the environment it is initially degraded to form hydrox-
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ylated ibuprofen and ibuprofen carboxylic acid; benzoquinone, quinone and catechol-like compounds are
also formed during the degradation of ibuprofen [17]. Chorpa and Kumar have proposed a way for the deg-
radation of ibuprofen, indicating various intermediate products formed during degradation (Fig. 1) [18].

o
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Figure 1. A way of ibuprofen degradation with various intermediate products.
Reprinted from Ref. [18] with permission under the license CC BY-NC-ND 4.0 International

2,3-dihydroxysuccinic acid

Ibuprofenol acetate

Therefore, pharmaceutical contaminants need to be removed from the aquatic environment. As report-
ed, electrocoagulation [19], oxidation [20, 21], membrane filtration [22], and adsorption [21] are recom-
mended. Although these methods are effective in achieving high percentages of IBU removal, they also have
drawbacks, including energy consumption and cost. Herein, adsorption is the most promising water treat-
ment method in terms of effectiveness and environmental sustainability. Moreover, utilising waste biomass
further reduces the price of this purification process.

According to the Food and Agriculture Organization of the United Nations [23], Kazakhstan is a lead-
ing wheat exporter, producing 16.4 million tonnes of wheat in 2022. This extensive production generates
substantial biowaste (straw, husk, etc.). However, the literature review revealed limited studies utilising
waste wheat in polluted water treatment; no data describing local biochar produced from wheat waste bio-
mass. A critical aspect of the relevance and practical significance of this study is the proposal of a carbon
sorbent from domestic agricultural waste to purify water bodies from ibuprofen. This study aims to produce
biochar derived from local biowaste and test its adsorption capacity towards ibuprofen in an aqueous solu-
tion. It is expected that biochar derived from wheat waste will have an enhanced adsorption capacity for ibu-
profen compared to other materials.

Experimental

2.1 Chemicals and Materials. All chemicals (1 % FeCls, 0.1 M NaOH solution) were analytical grade.
DI water was used as the solvent. Ibuprofen sodium salt (Sigma Aldrich) was used to prepare its working
solution.

2.2 Preparation of Biochar. Wheat wastes were used as an initial substance to prepare biochar using a
three-stage treatment consisting of the first carbonisation (temperature of 600 °C, heating rate of 20 °C/min,
1 h under the Ar atmosphere), chemical modification (agent of 1 % FeCls solution, solid-to-liquid ratio of
1/10 in wt.%) and the second carbonisation (under the same conditions as in the first stage). The chemical
modification stage was conducted by immersing the intermediate into the agent’s solution for 24 h at room
temperature (21 °C+0.5 °C). After the second carbonization, the product was washed with hot water
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(90 °C+3 °C) several times until a neutral pH value and dried at a temperature of 115 °C till its weight was
constant. The final product — biochar — was then used in materials characterization and sorption tests as a
sorbent.

2.3 Determination of the Ash Content. The biochar samples were oven-dried at 105 °C and then heated
in a covered crucible in a muffle furnace at 750 °C for 6 h. The mass of material remaining after incineration
refers to ash [24]. The ash test was conducted in three parallels to evaluate the standard deviation (SD).

2.4 Materials Characterization. The CHNS test (carbon (C), hydrogen (H), nitrogen (N) and S (sulfur))
was conducted using the Unicube organic elemental analyser. The % oxygen is obtained by recording the
difference between 100 and the CHNS+ash content (in %) [24]:

Oyps =100—(C+H+N+S+A),

where C, H, N, S and A are the contents (in %) of carbon, hydrogen, nitrogen, sulfur and ash, respectively.

The BET analysis (low-temperature nitrogen adsorption) on the BSD-660S A3 apparatus evaluated the
biochar’s porous structure and specific surface area. The samples were prepared at 200 °C and maintained at
a residual pressure of at least 0.001 bar. Nitrogen adsorption and desorption isotherms were recorded at
77 K, utilising liquid nitrogen in the relative pressure range from 0.005 to 0.991 bar. Standard analysis of the
results was performed using the Barrett-Joyner-Halenda (BJH) method, which employs a conventional cylin-
drical pore model. This analysis included the calculation of several parameters: the total surface area (XS),
the micropore surface area (uS) using the Brunauer-Emmett-Teller (BET) method, the total pore vol-
ume (XV), the micropore volume (uV), and the average pore diameter (Day). These calculations considered
both micro- and mesopores and utilised the DFT approach.

The FTIR spectroscopic measurements were carried out using an Alpha Il FTIR spectrometer (Bruker)
operating at a frequency range between 4000 and 400 cm™ at room temperature. The samples were prepared
by mixing KBr and the BC sample (ratio 99.5 %:0.5 %) by weight and pressed into a disc before analysis,
which consisted of 32 scans with a resolution of 1 cm™2.

The SEM-EDX analysis (n=3) used the Phenom ProX Scanning Electron Microscope (Thermo Scien-
tific) (high voltage of 15kV) with the BSD detector.

X-ray diffraction patterns were recorded using a D8 Advance Eco diffractometer (Bruker) in Bragg-
Brentano geometry in the angular range of 14...100° (20) (step 0.05) at room temperature. An X-ray source
was a copper tube with radiation (A = 1.54060 A).

2.5 Spectrophotometric Analysis of Ibuprofen. For the spectrophotometric determination of an aqueous
solution of IBU, its powder was dissolved in a previously prepared 0.1 M NaOH solution and shaken for
about 10 min. After filtration, the aqueous solution of ibuprofen was subjected to spectrophotometric analy-
sis. Spectrophotometric measurements were done according to [25] at a wavelength of 273 nm on a spectro-
photometer Specord 250. A calibration curve is given in Figure 2.
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Figure 2. Optical density — concentration dependence for spectrophotometric analysis of IBU
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2.6 Ibuprofen Adsorption Tests. Adsorption tests were carried out at static conditions according to [26].
In adsorption tests, a biochar sample (10 mg) was immersed in an IBU solution (20 ml). All adsorption tests
(n = 3) were conducted at a controlled temperature (21 °C+0.5 °C). The total adsorption time was up to
60 min. The liquid phase was then separated by filtration. To determine the residual concentration of IBU in
the liquid phase, the optical density was measured at 340 nm wavelength. The adsorption value (a) was cal-
culated as follows:

gy (G -C)
m m

where v is a solution volume on which adsorption is carried out, L; Cp is the initial concentration of
I (mol-LY); C is the residual concentration of IB (mol-L?), and m is the weight of sorbent (g).

Results and Discussion

3.1 Material Characterisation of Biochar. Table 1 demonstrates the CHNS results and waste wheat-
derived biochar’s ash and oxygen content.

Table 1
Elemental composition of biochar, ashness and the H/C, O/C ratios
Initial material C,% H, % N, % S, % A, % Osubs, % H/C o/C Ref.
Rapeseed wastes 72.60 4.90 6.70 0.50 - 15.30 0.07 0.21 [27]
Palm kernel shell 47.28 5.32 0 0 - 47.40 0.11 1 [28]
Rice husk 41.11 4.87 0.80 0.04 - 53.17 0.12 1.29 [29]
Coconut fibers 44.89 5.19 0.86 0.03 - 48.64 0.12 1.08 [29]
Durian peel 39.30 5.90 1.00 0.06 4.84 53.74 0.15 1.37 [30]
Waste wheat ~ |77.09£0.22 1.91+0.02 | 4.15:0.04 | 0  |12.1240.20| 4.71+0.38 | 0.02 | 0.06 Psrt‘f;;“

As shown in Table 1, wheat-derived biochar has the highest carbon content of 77.09 % compared to rice
husks, with a carbon content of 41.11 % [29]. Another noticeable difference is the O content, which is
53.74 % for durian-derived biochar, which is ~13 times higher than wheat-derived biochar and 3-4 times
higher for rapeseed residue. The lower the O/C and H/C atomic ratios, the higher the degree of aromaticity
and stability of the carbonised material [31]. The relatively low value of the H/C ratio, 0.02, might be at-
tributed to the elimination of dehydration and dehydrogenation reactions and the cleavage and cracking of
weak hydrogen bonds during conversion within the biochar [32]. The O/C ratio lowers if a high degree of
carbonisation occurs by removing oxygen through dehydration and decarboxylation reactions [33]. These
data have revealed that biochar might demonstrate long-term chemical stability.

Regarding the porosity of biochar, the porous structure could be derived from the structure present in
the raw biomass or was formed during the devolatilization process of gasification. In [34], wheat bran bio-
char has a lower specific surface area (SSA) of 25 m2g™. In comparison, Vaghela et al. [35] reported that
wheat straw biochar produced at 600 °C has a SSA of approximately 70.12 m2-g™. Zhu et al. [36] highlighted
the contribution of iron oxide particles to the biochar pores. According to the BET analysis, the SSA of bio-
char was 227.84 m?.g* with the pore volume distribution as follows: micropores (0.35-2 nm), mesopores (2—
10 nm and 10-50 nm) and macropores (50—-200 nm) are 70.48 %, 22.45 %, 3.42 % and 0.65 %, respectively.
The increased SSA is most likely due to the contribution of iron oxides.

The presence of iron-containing compounds in the production of activated carbon reduces the
temperature required for cellulose hydrolysis, resulting in a notable depolymerisation reaction that produces
a significant amount of low-molecular-weight hydrocarbons. Iron chlorides disrupt the glycosidic bonds in
cellulose at pyrolysis temperatures between 200 °C and 300 °C, simultaneously releasing water molecules
from the hydrated salt and generating glucose monosaccharides. Within this temperature range, the hydrated
iron chloride decomposes into amorphous FeOOH through specific chemical reactions [36]:

FeCl, + 2H,0 <> FeOCI - H,0 + 2HCI (1)
FeOCI-H,0 <> FeOOH + HCI )
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The second stage, occurs at pyrolysis temperatures above 330 °C. As the activation temperature in-
creases, glucose molecules successively undergo ring opening, dehydration, and cyclisation into 5-hydroxy-
methylfurfural, which, after decarbonylation, is converted to furfural [37]. With increasing temperature,
FeOOH first decomposes into Fe,Os, then the carbon surface is reduced, and Fes;O4 is formed via the follow-
ing chemical reactions [37]:

2Fe0O0H <> Fe,0, +H,0 )

3Fe,0, + C «> 2Fe,0, + CO 4)

Iron oxides are crucial in catalysing microporosity formation within the carbon matrix. Overall, porous
activated carbons are formed in the presence of iron species with highly stable Fe bound to their surface [38].
The EDS mapping of biochar’s surface demonstrated its elemental composition and distribu-

tion (Fig. 3).
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Figure 3. EDS mapping pictures and elemental content of biochar’s surface
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The EDS maps indicated that biochar produced from waste wheat is rich in elements such as carbon, ni-
trogen, and oxygen, which are relatively evenly distributed; however, some areas show higher or lower con-
centrations of these elements. In contrast, iron is concentrated in specific areas, particularly within pores, as
suggested.

The XRD study demonstrates that biochar has a semicrystalline structure (Fig. 4). This is indicated by a
broad signal between 20° and 30°, typically characteristic of the stacking structure of aromatic layers associ-
ated with highly crystalline graphite (graphite 002) [39, 40].
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Figure 4. XRD spectrum of biochar (final product)

The sharp diffraction peaks at 32°, 35°, and 45° could be attributed to the plane interlayer reflections
Fe.05-FeO [41]. According to the database of the Joint Committee on Powder Diffraction Standards data-
base (JCPDS #75-0449), FesOa4 appeared at 30.5°, 35.7° and 43°, which are identical to crystal plane index
(220), (331) and (400) [42]. In [43], characteristic bands of hematite crystals are located at 26 of 32.0°.
Based on this, it could be suggested that iron (I, 111) oxide particles were successfully injected into the car-
bon matrix during the modification-carbonization process.

The FTIR spectroscopy experiment was performed to identify the functional groups of waste wheat-
derived biochar (Fig. 5).
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Figure 5. FTIR spectrum of biochar (final product)
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Biochar’s functional groups matched those of the references [44-46]. The spectral analysis shows that
the three-stage treatment effectively removes or alters the functional groups present in the carbon material,
resulting in a more graphitic carbon structure with fewer detectable functional groups than the FTIR spec-
trum of the intermediate biochar product after the first carbonisation stage, as illustrated in Figure S1 and
Table S1 (see the supplemental file). For example, a peak at 1536 cm™ may be attributed to the C=C stretch-
ing in the aryl double bond [47]; another peak at 1015 cm™ likely corresponds to the C-OC or C-OH bonds
[48]. Additionally, a peak at 580 cm™ might be assigned to Fe—O vibrations [49, 50].

3.2 Ibuprofen Adsorption on Waste Wheat-Derived Biochar. The experimental data (Fig. 6) show that
the adsorption process reached equilibrium after 10 min, and then the adsorption value remained stable over
time. The readily accessible active sites cause the initial rapid adsorption, while the plateau indicates equilib-
rium with IBU molecules entering and exiting the active sites at the same rate. The same behaviour has pre-
viously been detected for ibuprofen adsorption using commercial activated carbons and polymeric resin [51],

cellulosic biomass [52], and sonicated activated carbons [53].
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Figure 6. Adsorption Kkinetic curve of ibuprofen onto biochar

Comparing the adsorption capacity of the current sorbent with the references shows that, in some cases,
the ibuprofen adsorption capacity is higher for the biochar of interest (Table 2).

Table 2
Comparison of waste wheat-derived biochar with others
S Type of activa- 2 1 Ibuprofen uptake | Kinetic
Initial biomass tion/modification SSA, m*g capacity, mg-g* | model Ref.
Chemical . 13.51 PSO
Sugarcane bagasse Steam 557.00 (for raw biochar) 11.90 PSO [54]
Bovine bones Chemical (ZnAl) 170.00 cm?-g* (external) 1032.81 n.r.* [55]
Magnetic 194.00 167.00 PSO
Chrysanthemum wastes Non-magnetic 220.00 140.00 pso | [0
Rice husk Chemical (HsPO,) n.r.* 239.80 PSO [57]
Babassu coconut shell Ultrasound 732.00 134.00 PSO [58]
Recycled textile materials Steam 710.00 53.90 Elovich | [59]
Sunflower seed husk Chemical (HsPO,) 378.80 251.10 Elovich | [60]
Cork powder Both chemical/physical 1060.00 393.40 PSO [61]
Wheat husk Chemical (FeCls) 227.84 433.00 PSO Psrteusg;t
Note: * — not reported.
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It is known that higher SSA generally correlates with better adsorption capacity, but other factors such
as pore size distribution and surface functional groups also play a crucial role [62]. These differences in the
surface and porosity of resulting biochars may also be due to the experimental preparation conditions, in-
cluding pyrolysis temperature and time, or the additional activation steps, such as using gas or steam. It is
worth noting that, according to the European Biochar Certificate Standard (EBC), biochars should have an
SSA larger than 150 m2-g1[56, 63].

The adsorption kinetics describes the solute uptake rate, and its knowledge is essential for a better un-
derstanding of the reaction mechanism and designing appropriate adsorption technologies. It is known that
the kinetic model is fitted best if there are three conditions to be satisfied: 1) a reasonable match of experi-
mental and calculated values of adsorption uptake, 2) the regression value (R?) should be close to 1, 3) the
values of chi-square test (x?) and the sum of the square of the error (SSE) should be minimum. Pseudo-first
order (PFO) and pseudo-second-order (PSO) kinetic equations [64], as well as the intraparticle diffusion
model and Elovich model, were tested to fit the experimental data obtained from the batch experiments (Ta-

ble 3), where k [min™], k,[g-mg™-min™] are the PFO and PSO rate constants, g, [mg-g™] and

g, [Mg-g '] are the adsorbate uptake at equilibrium and at time t, respectively, K, [mg-g™-min™?

lisa
measure of diffusion coefficient, C [mg-g™] is intraparticle diffusion constant, o [ mg-g™-min™] is the

Elovich initial adsorption velocity, B [ g-mg™] is the Elovich constant, R? is the regression coefficient.

Table 3
Kinetic models for the ibuprofen adsorption parameters onto biochar
PFO k, 0e R?
In(g, —a,)=In(q,)—kz 0.0711 67.26 0.4203
PSO, type 1 K, 9e R?
T 1 1
—=— +[—jr 0.0015 454.54 0.9975
d. kdo e
PSO, type 2 k, de R’
1 1 )1 1
—=—= =+ = 0.0073 588.23 0.9967
. ke J\t Q.
PSO, type 3 k, g R?
T 2
i k0 — K00, 0.0005 564.06 0.6574
PSO, type 4 k, g, R?
1 \q.
g, =0, —( ]— 0.0004 962.68 0.6574
kzqe T
Intraparticle diffusion C Kir R?
q, =Ky T2 +C 225.38 36.76 0.4836
Elovich o B R2
1
q, = 3 In(apt+1) 286.71 0.0052 0.7344

Firstly, the PFO model calculates the kinetic parameters k; and ge [65]. The ki value describes how
quickly the adsorption equilibrium is reached in the studied system. However, since the adsorption rate is
related to ki and o values; they must be considered together. For example, if the value of k; is low and the
g, —q, Vvalue is high, it indicates slow adsorption. Generally, the PFO model corresponds to a high initial
adsorbate concentration, and adsorption is not controlled by adsorption at the active sites. Sometimes, the
PFO model may reflect external/internal diffusion. Similar to the PFO-k; rate constant, the PSO-k; rate con-
stant is also used to describe the rate of adsorption equilibrium [66]. This model accounts for some adsorp-
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tion processes requiring more prolonged time to fill the adsorption sites [67]. The adsorption rate is assumed
to be affected by the interaction of adsorption sites on the adsorbent surface with the adsorbent throughout
the adsorption process. The intraparticle diffusion model describes a transport process where species move
from the bulk solution to the solid phase (sorbent) [68]. It is more applicable for porous adsorbents. Although
the Elovich model has been developed to describe interactions between a solid/gas interface, it has effective-
ly defined processes that occur on a solid/liquid interface [69]. It is reported that the model considers that the
actual solid surface is energetically heterogeneous and that the desorption process and interactions between
adsorbed species do not significantly affect the adsorption kinetics.

In this study, the sorption kinetics may be described by a PSO model due to the values of regression co-
efficient (R?) and closeness of experimental and theoretical adsorption capacity (qe) (Table 3). According to
Ghaedi et al. [70], the fit of the PSO model indicates that the process is controlled by chemisorption or ion
exchange due to the porous surface of the carbonaceous materials. Also, the fitting of this model might be
explained by the occurrence of multilayer adsorption and vertical packing of adsorbate in active sites. An-
other study [71] revealed that the fit of the experimental data to the PSO model indicates the adsorption of
the pollutant by two active sites simultaneously. Also, the chemisorption might be the limiting stage of the
kinetic processes when valence bonds between the sorbate and the adsorbent are shared or exchanged.

Various key processes are involved in the adsorption of ibuprofen onto biochar, including hydrogen
bonding, chemical adsorption, pore filling, electrostatic interactions, and n-r stacking. Primarily, it’s essen-
tial to consider the surface functional groups, such as carboxylic and hydroxylic, that facilitate hydrogen
bonding and enhance adsorption. Additionally, the PSO kinetic model is likely indicative of chemisorption.
Lastly, the pores present are adequately sized to accommodate ibuprofen. According to [64], the predicted
size of the molecular structure of ibuprofen is 1.03 nmx=0.52 nmx0.43 nm. Considering the pore volumes and
sizes, alternative pore filling is also possible for ibuprofen held by biochar. Altogether, these interactions
facilitate the effective capture of ibuprofen within the porous structure of biochar.

3.3 Spent Adsorbent Disposal. Proper disposal of used adsorbents is essential due to significant envi-
ronmental concerns. The World Health Organization (WHO) has issued important guidelines titled “Guide-
lines for Safe Disposal of Unwanted Pharmaceuticals in and after Emergencies” [72], which emphasise that
adsorbents infused with ibuprofen can be disposed of safely and responsibly by following established phar-
maceutical disposal methods. This approach protects public health and helps safeguard the environment from
potential contaminants. The adsorption of ibuprofen onto biochar is predominantly irreversible, emphasising
its effectiveness as a long-term solution for treating water contaminants. Once ibuprofen is adsorbed, it re-
mains securely bound to the sorbent surface, making it an ideal candidate for reliable pollution management.
Incineration is a preferred disposal technique for spent adsorbents, ensuring the destruction of any residual
pharmaceuticals. Since ibuprofen-loaded biochar boasts a high calorific value, it provides an eco-friendly
alternative to coal and allows energy recovery through incineration or gasification for syngas production.
Moreover, various other disposal methods, such as regeneration, have also been explored, further enhancing
the viability of biochar in sustainable waste management.

Conclusions

The findings of this study indicate that local agricultural waste, such as wheat residue, can be effective-
ly converted into biochar infused with a mixture of iron (11, 111) oxides. This biochar has a unique composi-
tion, rich in carbon (77.09 %), with a specific surface area of 227.84 m? g1, predominantly characterised by
micropores (70.48 %). Notably, the material has a high adsorption capacity for ibuprofen, reaching a sorption
capacity of 433 mg-g*. Kinetic studies have shown that a pseudo-second-order model describes the adsorp-
tion process. Waste wheat presents a promising alternative for the development adsorbents to remove ibu-
profen from aqueous solutions. This innovative approach tackles the challenge of agricultural waste disposal
and provides a cost-effective and sustainable solution to improve water quality. The use of this method
makes a significant contribution to environmental protection and effective water treatment strategies.
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Effect of Sunflower Oil-Based Metal Soaps
on the Thermal Stability of Polyvinyl Chloride

Calcium and aluminum soaps were synthesized by metathesis method based on sunflower oil, a bio-based
raw material, and were applied separately and together to polyvinyl chloride (PVC) as environmentally
friendly thermal stabilizers. A number of properties of metal soaps were studied and applied to PVC, and the
characterization of the mixtures was carried out using Fourier Transform Infrared Spectroscopy (FTIR).
Thermogravimetric and differential thermal analysis (TG-DTA) methods were selected to evaluate the ther-
mal stability of the polymer. A commercial NV-710123-branded thermal stabilizer based on calcium-zinc
stearate was selected for the comparative evaluation of the effectiveness of metal soaps. According to the
TGA results, the Ca and Al soaps were found to be more effective than the commercial thermal stabilizer.
While the pure PVC sample lost 8.93 % of its mass at 269.8 °C, the samples added with Ca, Al soaps, com-
mercial thermal stabilizer and a mixture of Ca and Al soaps at a ratio of 4:1 lost 2.7 % of their mass at
263.5 °C, 3.56 % at 265.7 °C, 4.56 % at 263 °C and 4.12 % at 261.1 °C, respectively. While pure PVC lost
more than 44 % of its mass at 300 °C, the mass of the polymer sample with the Al soap added, which was the
most effective component at this temperature, decreased by only 16.83 %. This is due to the fact that the Al
soap component has a barrier effect and prevents the autocatalytic effect of HCI formed during the degrada-
tion of PVC. This allows these components to be used as thermal stabilizers.

Keywords: polyvinyl chloride, thermal stabilizers, sunflower oil, metal soaps, calcium soaps, aluminum
soaps, metal carboxylates, thermogravimetry

Introduction

Polyvinyl chloride (PVC) is a general-purpose polymer widely used in the packaging industry, con-
struction materials, cable insulation, and many other industries [1]. According to Our World in Data, the
production of PVC was 26.20 million tons in 2000, rising to 51.39 million tons in 2019. This growth trend is
forecast to continue at a rate of 3—4 % per year until 2030 [2]. The annual growth of the PVC industry and
the growing environmental crisis are increasingly in conflict. The global problem of the PVC industry is its
low thermal stability and the release of HCI when it decomposes under temperature. This problem also hin-
ders the recycling of polymer waste by various methods and its use as an energy source [3-6].

Thermal stabilizers are used in the manufacture of PVC-based plastics to prevent thermal degradation.
There are many brands of commercial thermal stabilizers with different compositions in the world. The most
commonly used thermal stabilizer components in this field are organotin compounds, lead salts, Ca-Ba/Zn
stearates, and a number of organic secondary compounds [7, 8]. Each of these compounds has its advantages
and disadvantages. For instance, although organic and inorganic lead salts are effective as thermal stabilizers,
the addition of heavy metal-containing additives to polymers, as lead-based additives added to gasoline, is
limited or completely prohibited [9]. In addition, the PVC processing industry can only produce opaque plas-
tics using lead-based heat stabilizers. The increasing amount of recycled plastics and the need to use them
over time makes it essential to use polymer additives accordingly. For example, mixing a lead-containing
plastic with a tin-mercaptide-containing plastic can lead to the formation of dark-colored lead sulfides [10].
Mixtures of calcium and barium stearates with zinc stearates are commonly used as alternatives to lead-based
compounds. These mixtures exhibit comparable effectiveness as thermal stabilizers to lead-based compounds
while being environmentally non-hazardous. Although Ba, Ca and Zn stearates are well studied and envi-
ronmentally friendly thermal stabilizers, they also have a number of disadvantages. Soaps of these three met-
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als are more effective in complex form, but Zn soaps form ZnCl, during the thermal degradation of PVC,
which catalyzes the decomposition [11-15]. Several studies have been carried out to address this problem.
Various secondary compounds have been investigated to prevent the formation of zinc chlorides and to miti-
gate the catalytic effects of the resulting chlorides [16, 17]. Another proposed solution is to replace zinc with
another metal that has a similar thermal stabilizing effect. However, the synthetic nature of these compounds
and their high costs in certain regions are additional disadvantages. The search for polymer additives based
on renewable raw materials that are environmentally friendly is one of the current topics. Many components
based on bio-based raw materials have been synthesized and investigated as thermal stabilizers for PVC,
with many positive results. Metal complexes of plant-derived tannins and lignin have been prepared and in-
vestigated as PVC thermal stabilizers. Thermogravimetrically, these components have been more effective
than commercial thermal stabilizers, and the aromatic and phenolic rings present in their molecular structure
also give them antioxidant and photo stabilizer properties [18—20].

Vegetable oils have attracted the most attention as bio-based raw materials. Many studies have been
carried out using vegetable oils and their processing industry wastes to synthesize components that can be
used as primary and secondary thermal stabilizers. Epoxy vegetable oil obtained from epoxidation of soy-
bean and sunflower oil has been applied as an auxiliary thermal stabilizer component to zinc soaps [21, 22].
In addition, Ca and Zn soaps based on free fatty acids, which are waste products of palm oil refining, have
been synthesized and their effects on thermal stability have been evaluated by applying them separately and
together to PVVC [23]. The results obtained from all these studies are encouraging and, taking them into ac-
count, this paper evaluates the effectiveness of Ca and Al soaps synthesized on the basis of sunflower oil, a
vegetable oil, as thermal stabilizer components for PVC.

Experimental

Materials

Refined sunflower oil, potassium hydroxide (KOH), > 98 %; ethanol (C.HsOH), > 95 %; hydrochloric
acid (HCI), 0.1N; calcium chloride (CaCly), > 99 %; aluminum sulfate (Alx(SO4)s-18H2.0) > 98 % were used
to synthesize metal soaps. To study the thermal stability, PVC synthesized in suspension of the Russian
brand RUSVINYL PVC-S was selected, and for the comparative evaluation of the effectiveness of metal
soaps, a NV-1710123-branded Ca/Zn-based thermal stabilizer of Chinese production, was used.

Synthesis of Metal Soaps

The synthesis of metal soaps consisted of two stages. In the first stage, water-soluble potassium soap
was synthesized from sunflower oil. In the second stage, Ca and Al carboxylates were synthesized by trans-
saponification and metathesis of water-soluble soap. To synthesize the initial water-soluble soap, a 20 %
aqueous alkali solution, 10-20 % above the stoichiometric amount was added to vegetable oil in a reactor
system equipped with a reflux condenser and heated. This stage of the process was carried out with intensive
heating up to 85-90 °C and mixing. The process gradually became cloudy and eventually took on a hetero-
geneous form. After 40 minutes, to complete the reaction, the mixture was cooled and ethyl alcohol was add-
ed to it. As the process continued with heating and mixing, the heterogeneous mixture gradually became ho-
mogeneous and took on an orange transparent appearance. After that, the reflux condenser was turned off to
ensure the release of vapors. The solution thickened due to the separation of alcohol and water vapors from
the mixture and eventually became a solid mass. The soap was first diluted with water to obtain Ca and Al
soaps. After neutralizing the excess alkali with a standard hydrochloric acid solution, CaCl, or
Al>(S0,)-18H0 solution was added. Since the Ca and Al soaps obtained by trans-saponification were insol-
uble in water, the solution changed color and became opaque (white). The obtained soaps were dried and Ca
soaps were ground and then prepared for application to the polymer.

Study of the Properties of Sunflower Oil and Metal Soaps

A number of properties of sunflower oil were investigated. These were the amount of free fatty acids
present in the oil according to ISO 660-220, the iodine value according to 1SO 3961-2018, the saponification
value according to 1SO 3657-2020, and the moisture and volatile content according to ISO 662-2016. The
total alkali and acid content of the soluble potassium soap was determined according to ISO 685-2020. The
moisture content of Ca and Al soaps and the ash content, including the commercial thermal stabilizer com-
ponent, were determined.
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Application of Thermal Stabilizer Components to PVC and Study of Its Thermal Stability

For the application of Ca (CaSUN) and Al (AISUN) soaps synthesized from sunflower oil, as well as
commercial NV-branded thermal stabilizer to the polymer, 5 phr were used and mechanically mixed with the
polymer. The mixtures were melted at 180 °C and 150 bar pressure in an ECOPRESS 102 press device made
in Turkey and turned into a homogeneous sample. To compare the compatibility of the thermal stabilizer
components with the polymer and the degree of mixing, the samples were observed using an Olympus
BX53M optical microscope, manufactured in Germany, with an aperture of 0.8. A NETZSCH STA449F3
Jupiter thermogravimeter, manufactured in Germany, was used to investigate the thermal stability of the
samples. Thermogravimetric analysis was carried out in an N, gas atmosphere by heating to 900 °C at a heat-
ing rate of 30 °C/min. The Fourier Transform Infrared Spectroscopy (FTIR) method was selected to charac-
terize the polymer samples. PerkinEImer Spectrum 100 made in Germany was used for FTIR.

Results and Discussion

Properties of Sunflower Qil and Thermal Stabilizer Components

The sunflower oil used for metal soaps was a food grade oil with a high content of refined linoleic and
oleic esters. In order to verify the accuracy of its properties indicated by the manufacturer, the content of free
fatty acids, iodine value, saponification value and moisture content were tested. From the results obtained it
can be concluded that practically all the fatty acids in the vegetable oil are present in the form of glyceride
esters (Table 1).

Table 1
Properties of sunflower oil
o . . . Saponifica-
Saturated .. o |Linoleic acid, | Linolenic Free fatty | lodine value, | . , 0
fatty acids, % Oleic acid, % % acid, % acids, % 9/100g tlorrl]\éz;\gllue, Moisture, %
10.7 20.7 67.6 <1 0.062 136 191 0.05 %

By checking the total alkali and fat content of the potassium soap synthesized from sunflower oil, it was
determined that the saponification of the oil by the above-mentioned method was over 90 %. CaSUN ob-
tained by trans-saponification of potassium soap was a white hygroscopic compound insoluble in water. Af-
ter drying and grinding, it formed a white-yellowish powder. When stored in the open air, the color darkened
to an orange hue due to the oxidation of unsaturated fatty acids, and the powdery mass densified. When kept
in an oven at 103 °C, it lost 5.84 % of its mass, which was related to the residual moisture. On the other
hand, AISUN was obtained during synthesis as a white, opaque, hydrophobic, and sticky mass. The drying
process took longer, and after drying, it took on an orange-transparent, gel-like, viscous fluid form. When
stored in the open air, no darkening of its color was observed, and after becoming completely transparent, the
residual moisture in the oven at 103 °C was no more than 0.2 %. The residual mass (ash) of the components
was determined by subjecting them to combustion in a muffle furnace at a temperature of 1000 °C. The ash
percentages for CaSUN and AISUN were determined to be 8.98 % and 4.98 %, respectively. These results
were close to the theoretical values. The ash content of the NV-branded commercial thermal stabilizer com-
ponent was found to be significantly higher than the theoretical ash content of Ca/Zn stearates. This discrep-
ancy can be attributed to the incorporation of an aluminosilicate additive within the thermal stabilizer com-
plex.

Characteristics of PVC Samples

FTIR was used to characterize PVC samples [24-26]. By comparing the spectra of pure PVVC with the
spectra of samples with added thermal stabilizer components, significant changes were identified and their
causes were investigated. In the FTIR spectrum of PVC (Figure 1), characteristic peaks are observed in the
range of 600-800 cm due to the stretching and bending of the C—ClI bond in the base, and peaks in the
range of 2850-2960 cm due to the symmetrical and asymmetrical stretching of the bonds present in the
polymer chain. All PVC samples have peaks in the corresponding ranges.

When comparing the FTIR spectrum of the PVC sample without a thermal stabilizer component to the
FTIR spectrum of the sample with 5 phr commercial thermal stabilizer (Figure 2), changes were observed in
the range of 1560-1580 cm, corresponding to the asymmetric stretching of the COO~ group of metal car-
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boxylates, and in the range of 1400-1420 cm™, related to its symmetric stretching. In the range of 2850
2920 cm™, the stretching of the carbon chain of fatty acids overlapped with the PVC-specific peaks in this
region, potentially causing changes. The peak at 1463 cm™ originated from the symmetric stretching of the
carboxyl groups. The characteristic change for Ca/Zn stearates occurred in the range of 1001-1033 cm™.

The main changes in the FTIR spectra of polymer samples prepared by applying 5 phr metal soaps syn-
thesized from sunflower oil to PVC were as follows: For PVC/CaSUN (Figure 3), there are peaks at
1574 cm, corresponding to the asymmetric stretching of the carboxylate group, and at 1469 cm2, related to
its symmetric stretching. The characteristic peak of PVC at 2920 cm was shifted towards 2905 cm™. In ad-
dition, a peak formed at 1368 cm™ indicates the presence of metal soaps and the aliphatic chain of fatty ac-
ids. The addition of carboxylates overlapped with the peak at 1420 cm™ resulting from the vibrations of
methylene groups. The peak formed at 1716 cm™ may result from —C=C- or ester-like -C=0 bonds, which
could be related to the unsaturation of the added plant-based components and they contained the small
amounts of unreacted vegetable oil.
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Figure 2. FTIR spectrum of PVC with commercial thermal stabilizer (NV-Ca/Zn) added

The FTIR spectrum of AISUN added PVC (Figure 4) shows similarities with P\VC/CaSUN. In this
spectrum, there is a peak at 1452 cm™ corresponding to the symmetric stretching of carboxylates. Changes
occurring in the 3000-3100 cm* range indicate the formation of unsaturation in the metal soap-added sam-
ple. Changes observed in the 1640-1680 cm! interval may originate from esters or free fatty acids, suggest-
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ing that unreacted plant oil or free fatty acids may be present in the composition of AISUN. Overall, the ad-
dition of metal soaps to the polymer resulted in the appearance of new peaks associated with carboxylates in
the spectra, along with various spectral changes influenced by multiple factors.
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Figure 4. FTIR spectrum of PVC with added AISUN

Thermal Stability of PVC

Thermal analysis methods were used to evaluate the thermal properties of the polyvinyl chloride sam-
ples. According to thermogravimetric analysis results, the degradation of the polymer samples was a two-
stage process. In the first stage, the polymer samples lost more than 50 % of their mass. This mass loss is
related to the intense dehydrochlorination of the polymer. The polymer sample exhibited a substantial mass
loss in the absence of a thermal stabilizer, commencing at 250 °C and persisting until 340 °C. Within this
temperature range, a mass loss of 60 % was observed. The TG-DT-DDTA curves of the unmodified PVC
sample are shown in Figure 5. PVC lost 5 % of its mass at 260.8 °C, and at 269.8 °C, it reached 8.93 %. Due
to the enhanced degradation and the autocatalysis of the resulting HCI, the mass decreased by 38.23 % at
294.8 °C, 44.1 % at 300 °C, and 54.1 % at 320 °C. According to the DDTA results of the polymer samples,
the endothermic reactions, i.e., the degradation, intensified starting around 200 °C, and from 245.4 °C to
286.4 °C. The most significant mass loss occurred in this region, as can be seen from the differential TG
curves. Analysis of the DTA curves shows that the energy absorption during the first degradation stage was
lower than that of the second stage. This observation can be attributed to the fact that the dehydrochlorina-
tion of the polymer occurred more readily than the degradation of the polymer chain.
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Figure 5. TG-DT-DDTA curves of a PVC sample without additives

During the degradation of the polymer sample with the added commercial thermal stabilizer, the mass
loss occurred at a higher temperature and more slowly compared to the unmodified polymer. The PVC/NV
sample lost 4.56 % of its mass at 263 °C, 16.14 % at 288 °C, 28.33 % at 300 °C, 46.44 % at 320 °C, and
58.21 % at 340 °C. The thermal properties of the PVC/NV sample are presented in Figure 6, and as can be
seen from the curves, the polymer degradation occurred over a wider temperature range compared to the un-
modified polymer according to the DDTA results. The observation that the lowest points of the DDTA
curves are higher than those of pure PVC suggests that the thermal stabilizer effectively slowed down the
degradation of the polymer in the initial stage. The structure of the DTA curves is similar to that of pure
PVC, but the parts of the curves corresponding to energy absorption for PVC/NV correspond to higher tem-
perature ranges. As can be seen from the curves, although the endothermic reactions started at 220 °C, their
intensification started at 250 °C and continued up to 301.5 °C. Overall, the intense degradation reactions
continued up 347.3 °C. This was significantly higher than in the sample without thermal stabilizer.

The effect of CaSUN and AISUN components synthesized from sunflower oil on the thermal stability
of PVC was positive. The polymer sample with added CaSUN lost 2.7 % of its mass up to 263.5 °C (Fig-
ure 7). As heating continued, it lost 16.73 % at 288.5 °C, 27.38 % at 300 °C, 46.5 % at 320 °C, and 56.29 %
at 340 °C. At these temperatures, a large proportion of the Cl atoms in the polymer mass had left the polymer
chain. The effect of CaSUN on the thermal stability of PVC was similar to that of the commercial thermal
stabilizer. However, as shown by the DDTA results, the intensification of endothermic reactions occurred at
higher temperatures and at a faster rate compared to the commercial thermal stabilizer. The degradation reac-
tions of the polymer sample with the NV thermal stabilizer component occurred over a wider temperature
range and gradually increased in rate. This was due to the Zn soaps in the Ca/Zn mixture producing ZnCly,
and the increase in the amount of this salt accelerated the degradation. In the samples with added CaSUN, it
was assumed that the sudden increase in temperature absorption was related to the abrupt decrease in the
concentration of metal soaps during the reaction. When examining the DDTA curves, the value of the lowest
point of the endothermic peak in the initial degradation stage of the PVVC/CaSUN sample is lower than that
of the PVC/NV sample, and this is observed at a relatively lower temperature.
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Figure 7. TG-DT-DDTA curves of PVC/CaSUN sample

The effect of AISUN on the thermal stability of PVC, contrary to expectations, was superior to that of
the commercial thermal stabilizer and CaSUN. Specifically, it lost 3.56 % of its mass at 265.7 °C, 11.92 % at
290.7 °C, 16.83 % at 300 °C, 34.89 % at 320 °C and 54.22 % at 340 °C, respectively (Figure 8). Compared
to other samples, the mass losses were lower at these corresponding temperatures. When comparing the
DDTA curves, the intensity of the endothermic reactions continued up to 316.9 °C, which was the highest
value among the samples. In addition, the value of the deepest endothermic peak in the DDTA curves is the
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highest among the other samples, indicating that the initial degradation stage was relatively slow and oc-
curred over a wide temperature range. Contrary to expectations, the formation of metal chlorides that would
catalyze the degradation, as seen in Zn soaps, did not occur in the AISUN component (or occurred later). In
contrast, the mass loss of the polymer started at a higher temperature. This suggests that the hydrophobic gel-
like AISUN (aluminum soap) component synthesized from sunflower oil positively influenced the thermal
stability of the polymer. Its gel form allowed it to form a layer on the surface of polymer segments, protect-
ing them from the effects of Cl-and HCI formed during degradation. In short, it played a barrier role against
autocatalysis of degradation. This can also be observed under an optical microscope with 5000 K light and a
0.8 aperture diaphragm (Figure 9). The images clearly show that AISUN had a good compatibility with the
polymer and formed a more homogeneous mixture, while the other components were distributed as local in-
homogeneous aggregates. The mechanism of the effect of Ca and Al soaps on the stability of PVC is shown
in Figure 10.
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Figure 8. TG-DT-DDTA curves of PVC/AISUN sample

As with commercial thermal stabilizer, the use of several thermal stabilizer components together in a
mixture provides a synergistic effect. This phenomenon has also been observed in many studies [27-30].

Taking all this into account, to determine how the combination of CaSUN and AISUN synthesized from
sunflower oil would affect the polymer, their respective 4:1 mass ratio mixture was applied to PVC. Alt-
hough the content of the thermal stabilizer mixture was more compatible with CaSUN, it was more effective
in improving the thermal stability of the polymer compared to the individual components. The mass loss of
the PVC/Ca-AISUN(4:1) sample was 4.12 % at 261.1 °C, 12.8 % at 286.1 °C, 22.7 % at 300 °C, 40.16 % at
320 °C, and 55.53 % at 340 °C (Figure 11). When comparing these results to other samples, it can be ob-
served that the combination of these two components was more effective than CaSUN and the commercial
NV thermal stabilizer. The mechanism of the mixture effect, as shown in Figure 10, was related to the for-
mation of a barrier on the polymer surface by AISUN and the neutralization of HCI generated during degra-
dation by CaSUN. It is also evident that the intensities of heat release and absorption in the DDTA curves
vary significantly over a wide range, indicating the complexity of the process. The values of the endothermic
peaks are also higher compared to the other samples, suggesting a lower intensity of degradation. The DTA
curves also show that there was no sharp energy absorption during the initial degradation stage, which fur-
ther supports the previous observations. In summary, the temperatures corresponding to 5 %, 10 %, 20 %,
and 50 % mass loss for all the samples analyzed are presented in Table 2.
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It can be determined from the optical microscope images of polymer samples with CaSUN and AISUN
components mixed in ratios of 3:1, 4:1, and 5:1, that as the proportion of AISUN in the mixture increased, a

more homogeneous mixture with the polymer was obtained (Figure 12). This suggests that the compatibility
of Al soap with PVC was better than that of the Ca soap.

1\

(a) PVC/CaSUN (b) PVC/AISUN (c) PVC/NV-Ca/Zn

Figure 9. Images of polymer samples captured under an optical microscope
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Figure 10. Mechanisms of influence of CaSUN and AISUN on the thermal stability of PVC

Comparing the DTG with a 20 °C interval and the DTA curves (Figures 13 and 14), it can be seen that
degradation was most intense in the pure polymer sample. In the DTG curves, the curves for the polymer
sample with CaSUN and the polymer sample with the NV commercial thermal stabilizer overlapped on the
temperature axis, but degradation occurred more intensively in the sample with CaSUN. When examining
the DTG curve of the sample with AISUN, it is evident that although degradation was intense, it occurred at
a higher temperature compared to the other samples. Among the polymer samples, the sample with the Ca-
AISUN mixture showed the lowest intensity of degradation.
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Figure 12. Optical microscope images of PVVC samples containing Ca-AISUN in different ratios

A similar result was obtained when comparing the DTA curves. Upon consideration of the energy ab-
sorption during the intensification of the degradation reactions, it can be seen that the polymer sample with-
out additives decomposed at a lower temperature. In the sample containing CaSUN, the intensification of
degradation began earlier than in the sample containing the commercial NV thermal stabilizer. Among all the
samples it can also be seen from the comparison of the DTA curves that the sample containing AISUN was
which the degradation intensified the latest. In general, it can be seen that the endothermic reactions occurred
more slowly in the polymer sample containing the Ca-AISUN mixture. These findings suggest that the com-
bined use of the two metal soaps leads to a synergistic effect. However, the results obtained and the analysis
methods employed do not provide sufficient information to evaluate the color properties of the polymers.
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Table 2
Temperatures Corresponding to 5 %, 10 %, 20 %, and 50 % Mass Loss of Samples, °C
samole Mass loss
P 5 % 10 % 20 % 50 %
PVC-pure 256.56 270.71 279.25 313.14
PVCINV 263.95 274.74 292.07 328.36
PVC/CaSUN 267.60 276.51 291.41 323.73
PVC/AISUN 270.01 284.96 301.46 335.19
PVC/Ca-AISUN(4:1) 263.63 278.04 295.66 333.57
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Figure 13. DTG curves of polymer samples at 20 °C intervals
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Figure 14. Comparison of DTA curves of polymer samples

The research found that Ca and Al soaps synthesized from sunflower oil, a plant-based raw material,
improved the thermal stability of PVC as thermal stabilizer components. Compared to NV-branded CaSt,
and ZnSt, based commercial thermal stabilizer, the metal soaps synthesized from vegetable oil showed sev-
eral advantages. All this demonstrates the possibility of synthesizing effective polymer additives from re-
newable resources.

Conclusions

In order to find environmentally friendly, effective, and cost-efficient thermal stabilizer components for
PVC, the effect of Ca and Al soaps synthesized from sunflower oil as renewable resource on the thermal sta-
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bility of the polymer was investigated. When polymer samples were heated to 300 °C, the polymer sample
without additives lost 44.1 % of its mass, while the polymer sample containing a commercial thermal stabi-
lizer lost 28.33 %, the sample containing Ca soap synthesized from sunflower oil lost 27.38 %, the sample
containing Al soap lost 16.83 %, and the sample with a mixture of Ca and Al soaps in a 4:1 weight ratio lost
22.7 %. The Ca soaps provided thermal stability by neutralizing HCI, while the Al soaps formed a layer on
the surface of the polymer particles, providing a barrier effect. This reduced the autocatalytic effect of HCI
generated during degradation. The using these soaps together produced a synergistic effect. This scientific
research demonstrated that vegetable oils can be a potential resource for synthesizing polymer additives.
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