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Cyclopentane as an Eco-Friendly Alternative: A Review of its Properties,
Industrial Applications, and Production Methods

The Montreal Protocol established stringent international regulations concerning the production, consump-
tion, and trade of ozone-depleting substances, including chlorofluorocarbons and hydrofluorocarbons, aimed
at safeguarding the Earth’s ozone layer. In this context, cyclopentane has emerged as an environmentally sus-
tainable alternative owing to its zero-ozone depletion potential and low global warming potential. This review
examines the physicochemical properties, industrial applications, and production methods of cyclopentane,
with particular emphasis on its utilization as a refrigerant, a blowing agent in rigid polyurethane foams, and a
hydrate-forming agent for seawater desalination. The primary applications are concentrated in refrigeration
and thermal insulation, where cyclopentane-based foams demonstrate superior thermal conductivity and me-
chanical stability relative to conventional agents. However, the flammability of cyclopentane vapor presents
operational challenges that necessitate the implementation of appropriate safety measures. Advances in cata-
Iytic reaction-distillation and extractive distillation processes may improve the efficiency of cyclopentane
production and product purity in industrial settings. This review underscores cyclopentane’s efficacy as a
substitute for compounds with higher ozone depletion potentials and emphasizes the importance of ongoing
research into scalable, economically viable production technologies and safe industrial integration to fully re-
alize its environmental and practical benefits.

Keywords: cyclopentane, fraction C5, pyrolysis, cyclopentene, cyclopentadiene, hydrogenation, cyclopentane
hydrates, eco-friendly
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CPD:  cyclopentadiene

DCPD: dicyclopentadiene

CFC:  chlorofluorocarbons
HFCC: hydrofluorochlorocarbons
HFC:  hydrofluorocarbons

ODP:  ozone depletion potential
GWP: global warming potential
ORC:  Organic Rankine Cycle

Review Plan

Inclusion and Exclusion Criteria: The review is devoted to properties, applications, methods of produc-
tion cyclopentane.

The review data mostly cover the publications from 1959 to 2025. However, some old literature sources
dated on 1925, 1949 are also cited. Articles in the relevant area were searched and analyzed using databases
like Scopus, Web of Science, PubMed etc. along with other online scientific search engines (Google Schol-
ar). The keywords used for the search were: “cyclopentane”, “blowing agent”, “fraction Cs”, “pyrolysis”,
“cyclopentene”, “cyclopentadiene”, “hydrogenation”, “cyclopentane hydrates”. No statistical methods were
used in this review.

Mariia Filina is a research engineer at the Laboratory of Artificial Intelligence in
Chemistry Materials Science at Tomsk State University, Master’s degree in Technolog-
ical Machines and Equipment from Kazan National Research Technological Universi-
ty. Throughout her scientific and engineering career, she has been involved in a wide
range of research fields, including: developing technologies for the synthesis of com-
plex organic compounds, including peroxides, glycosides, and their derivatives; creat-
ing technical documentation and engineering solutions related to chemical processing;
conducting research on the synthesis and optimization of processes for producing an-
hydrous hydrogen fluoride and other vital chemicals. She is the author of numerous
scientific articles, patents, and technical guidelines related to resource processing, syn-
thetic chemical production, and environmentally sustainable materials.

Abdigali Bakibayev is Professor of Organic Chemistry at Tomsk State University, Doc-
tor of Chemical Sciences. He specializes in the synthesis of biologically active nitro-
gen-containing compounds, development of new substances from natural raw materi-
als, and chemistry of macro- and supramolecular systems. He has authored over 200
scientific publications, 14 monographs, and more than 50 inventions. His work is ap-
plied in industrial production across multiple regions. He actively contributes to scien-
tific and educational communities, serving on dissertation councils and editorial boards,
and collaborating internationally, including in Kazakhstan.

Farhad Baiguzin is chemical engineering scientist, PhD (2000). His research interests
include applied research in chemical and biochemical engineering. His primary focus
areas are heterogeneous catalytic processes, heat and mass transfer, hydrodynamics,
and large-scale applications in chemical engineering. He has extensive experience
working on various problems as both an employee and head of research at engineering
companies. During this period, he co-authored 40 original publications in peer-
reviewed journals, including those indexed in Scopus. Additionally, he holds 15 patents
for inventions, some of which, when implemented in industry, have generated signifi-
cant economic impact.

Introduction

The Montreal Protocol [1], which entered into force on 1 January 1989, and its subsequent amend-
ments, established strict measures to regulate the production, export, import, destruction and consumption of
ozone-depleting substances — chlorofluorocarbons (CFC), hydrofluorochlorocarbons (HFCC), hydrofluoro-
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carbons (HFC). This agreement played a key role in protecting the Earth’s ozone layer and facilitated the
transition to safer alternatives.

One alternative to reduce the use of CFC is cyclopentane (CPAN). This hydrocarbon has zero ozone
depletion potential (ODP), making it an environmentally friendly choice for use in a variety of industries. In
addition, CPAN has a global warming potential (GWP) index of only 5, which is significantly lower than
conventional freons.

1 Properties

CPAN is an alicyclic hydrocarbon of composition CsH;, consisting of five carbon atoms joined in a
ring. At room temperature it is a colorless very volatile liquid with a petrol smell, has a boiling point of
49.3 °C, melting point of minus 93.9 °C, vapor pressure at 20 °C is 45 kPa and density is 0.745 g/cm®. Flash
point is minus 37 °C, autoignition temperature is 320 °C [2].

CPAN is insoluble in water but mixes well with organic solvents (ethanol, acetone, esters, Stoddard
solvent or chlorinated hydrocarbons).

The cyclopentane ring can adopt a flat conformation [3, 4] with little angular strain, since the internal
pentagon angle is 108°, which is close to the tetrahedral angle of 109.5°. However, in the flat state, all 10
hydrogen atoms will be shaded, leading to a significant torsional energy of 42 kJ/mol. To avoid this undesir-
able state, CPAN adopts a lower energy non-planar conformation known as the envelope conformation. This
“torsion” occurs due to the rotation of the C—C bonds in the ring.

A few publications are devoted to the calculation of thermophysical properties of CPAN, describing the
equation of state, which is expressed through the fundamental thermodynamic Helmholtz energy function.
The equation of state for CPAN is presented in the book [5], and the publication [6], an evaluation of the ap-
plication of the equation is presented in the publication [7], where the errors of the equation for density cal-
culations for the liquid phase at temperatures up to 300 K and above the critical temperature are evaluated.
The equation for calculation of thermodynamic properties and phase behavior of cyclic hydrocarbons in the
temperature range up to 700 K and at pressures up to 100 MPa is also proposed in [8]. In works [9, 10] the
possibility of application for technical calculations of thermophysical properties of CPAN of the NIST
REFPROP software product, which is also based on the use of a universal equation of state, is substantiated.

2 Applications

CPAN is not commonly used as a solvent or a raw material for chemical transformations [11], but its
ability to efficiently absorb and release heat and minimal GWP defines use as a refrigerant. In works [12-14]
the application of CPAN and its mixtures in Organic Rankine Cycle (ORC) is noted. A working fluid with a
boiling point lower than water and low viscosity is used as a working body in OCR, which allows efficient
conversion of low-potential heat into electricity.

The research [15] analyses efficiency and ecological impact refrigeration compression system of the
CPAN in comparison with known freons: tetrafluoroethene (Freon-R134A) and HFC mixtures of R407C and
R404A brands. The authors have established that at application of CPAN as a working agent the coefficient
of efficiency of the refrigeration cycle made 6.485 at the evaporator temperature of 0 °C and the condenser
temperature of 25 °C.

However, the main limitation of CPAN application as a working fluid in household refrigerating appli-
ances is flammability of its vapors (explosion limits [16] from 1.4 % vol. (41 g/m®) to 8.0 % vol. (233 g/m°)
that creates high level of danger arising at its leaks from the compressor system.

Polyurethane and polyisocyanurate foams using CPAN as a blowing agent are a group of rigid foams
that are used as rigid insulation for pipes, inside refrigerated cabinets [17], automotive industry and other
areas. Rigid polyurethane foams are most often subjected to compressive rather than tensile loads and some-
times bending or shear stresses. Strength and cell size stability for foams are important.

In Europe, CPAN and its blends have been used like blowing agent for insolation since 1993. CPAN has a
lower thermal conductivity (0.0126 W/m-K) than isopentane and n-pentane (0.014-0.015 W/m-K) and despite
initial concerns about its thermal insulation properties relative to dichlorofluoroethane (CAS 1717-00-6), Euro-
pean appliance manufacturers have found that CPAN-based foams perform better than expected [18].

In respect that the blowing agent capable to migrate in matrix another characteristic of the insulation is
its mechanical strength under actual operating conditions. When using CPAN, there is a risk of condensation
associated with its high boiling point (49.5 °C), which can reduce the pressure in the cell (up to 0.1 bar at

6 Eurasian Journal of Chemistry. 2025, Vol. 30, No. 4(120)



Cyclopentane as an Eco-Friendly Alternative ...

minus 20 °C) and compromise the stability of dimensional and strength of the insulation. These risks have
been overcome by increasing the cell molding density in CPAN-based foams [19].

For thermal insulation, ageing prediction is also important, which is based on the research of the diffu-
sion of the foaming agent under storage conditions. Over time, foaming agents migrate into the polyurethane,
which affects the mechanical properties of the polymer. Hydrocarbons, including CPAN, diffuse faster than
CFCs, but actual diffusion data over 15 years appear to be comparable. The condensate of CPAN in the cells
maintains the gas phase concentration. Comparative researches [12] show that although some of the CPAN
does dissolve into the insulation material, this does not significantly degrade the compressive strength of the
insulation.

The experimental research [20] allowed us to explore the effect of the ratio of CPAN and isopentane on
the properties of rigid foams used in the thermal insulation of household appliances. The thermal conductivi-
ty of the foam increased from 1.561 to 1.784 W/m-K when going from pure CPAN to a mixture of CPAN : i-
pentane = 60:40. The authors also noted changes in the cell size of the obtained foams, with pure CPAN
forming smaller cells compared to the mixtures. There are also known works, in particular [21], that focus on
the properties of modified foams obtained with the use of CPAN, during the aging period of thermal insula-
tion.

Recently, scientific research has focused on the use of CPAN as a hydrate-forming agent for desalina-
tion seawater [22-25]. Cyclopentane hydrates are crystalline compounds formed by interaction of CPAN
with water at atmospheric pressure, which makes the use of CPAN in this direction attractive. The process of
desalination seawater using cyclopentane hydrates (Fig. 1) includes the following steps: mixing of cooled
CPAN with salt solution, crystallization — formation of cyclopentane hydrate, separation of hydrates from
concentrated solution, heating cyclopentane hydrates and reuse CPAN.

PHASE CLEANED
seleltihtle = CPAN & oeparaTiON [P|  WATER
v WASHING HEATING
COOLED
CPAN ¥ ¢ )
BLEND & CRYSTALLISATION % FILTRATION [ Chal
HYDRATES
SALT 3 ¢
SOULUTION
yY RECYCLE

Figure 1. Process of desalination of seawater using cyclopentane hydrates

The review [26] provides a summary of data on hydrate properties, along with a diagram and a desalt-
ing process. It should be noted, however, that this process has not yet been implemented on an industrial
scale.

3 Methods of production

CPAN was first obtained by Connor [27] in 1967 by the action of lithium amalgam on dioxane solution
of 1,5-dibromopentane in 75 % yield. This method of synthesis is still used in laboratory techniques [28, 29].
A known obsolete laboratory technique [30, 31] is the cyclisation of adipic acid to cyclopentanone which is
accompanied by simultaneous dehydration and decarboxylation. To obtain cyclopentanone crystalline adipic
acid is heated with barium hydroxide to 285-295 °C at the same time cyclopentanone is slowly distilled off
together with a small amount of adipic acid; the ketone is separated from water by calcium chloride or ether
extraction, then washed with aqueous alkali, then with water, dried with calcium chloride and distilled with a
dephlegmator, collecting the fraction at 128-131 °C; the resulting cyclopentanone is reduced according to
Clemmensen in CPAN with zinc amalgam.
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CPAN is present in small amounts in oil and gas condensate in fractions with boiling range of 30—
60 °C, but obtaining CPAN from oil fractions is hindered by neo-hexane, which has a close boiling point at
atmospheric pressure. The objective of the research [32] is to develop a rapid method to select efficient sol-
vents for the separation of CPAN and neo-hexane using extractive distillation. Dimethylformamide was
found to be the most suitable of the three solvents tested. Recent research [33] suggests the use of sodium
acetate additive to the above solvents to produce high purity CPAN.

The main industrial method of CPAN production is its separation from Cs hydrocarbon fractions ob-
tained during the pyrolysis process of ethylene production. Light fraction of liquid pyrolysis products con-
tains linear isomeric and cyclic olefins, dienes, and hydrocarbons of acetylene series with the number of car-
bon atoms from 5 to 8 [34]. Information about the composition of the hydrocarbon fraction of pyrolysis
gasoline in the Cs fraction formed at industrial plants is presented in [35]. The detailed composition of the Cs
hydrocarbon fraction obtained from ethylene units under different reaction conditions is summarized as fol-
lows. At EP-60 (T =770 °C, 1 = 1.3 5), a longer contact time at a lower temperature result in more complete
conversion, with higher contents of alkanes such as isopentane and n-pentane, along with a significant pro-
portion of alkenes and alkadienes. At EP-300 (T =810-815° C, 1= 0.5-0.6 s), increased temperature and
reduced contact time promote intensive dehydrogenation and cracking, decreasing overall Cs yield and in-
creasing alkynes and cyclic compounds due to extensive dealkylation and cyclization. At EP-450
(T =830 °C, t=0.4-0.5 s), even higher temperature and shorter residence time lead to further cracking and
aromatization, reducing Cs yield while increasing the fraction of alkynes and cyclic hydrocarbons. Typically,
pyrolysis gasoline contains about 0.5-0.6 wt.% of acetylene hydrocarbons.

The main obstacle of separation CPAN from stream after pyrolysis is azeotrope “1,3-pentadiene-
cyclopentene (CPEN)” with boiling point 43.6 °C [36]. Also, as reactive compounds like acetylenes and
dienes are the source of polymer formation and limit operations heating and cooling for Cs fraction of pyrol-
ysis gasoline. Accordingly, in order to extract aromatic and cyclic hydrocarbons, the pyrolysis gasoline is
subjected to step-by-step hydrogenation. One of the diolefins present in the Cs fraction is capable of under-
going complete hydrogenation in CPAN is cyclopentadiene (CPD).

Separation of Cs hydrocarbons from pyrolysis gasoline is one of way of processing by-products of py-
rolysis, which is described in detail in [37, 38]. The generalized essence of the technology, implemented, for
example, by the manufacturer Junyuan Petroleum Group [39] is shown in Figure 2.

| CPAN+CPEN+C5 |
PYROLYSIS | HYDRATION _
NAPHTYA 2 or 3 steps Light products

AFTER 1 STEP |
HYDROGENATION

Pentanes

CPAN

Co+

| RECYCLE

Figure 2. Scheme of CPAN production
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One version of technology is also reflected in the patent of BASF AG [40]. The common process tech-
nology comprises the following stages: preliminary hydrogenation of pyrolysis naphtha to remove diene hy-
drocarbons and alkynes, separation of the enriched CPAN-CPEN fraction from hydrogenation naphtha, and
separation of CPAN, normal and isopentanes, heavy return products and dissolved light products in rectifica-
tion columns.

Haltermann Carless GmbH [41], the world’s largest producer of CPAN, has an annual production ca-
pacity of approximately 100,000 tons. The unit is capable of producing hydrogenated CPAN and middle dis-
tillates, normal and isopentane. It can also produce individual hydrocarbons by separating them in the period
rectification unit.

A similar approach is applied in Rosneft’s patent [42] and other publications [43-47], which differ in
terms of the sequence of primary and final hydrogenation stages, stream fractionation, as well as application
of extractive methods of mixture separation in some cases.

An alternative way to obtain CPAN with purity up to 99 % is hydrogenation of CPD, which can be ob-
tained from coal tar in the form of its dimer—dicyclopentadiene (DCPD) in the amount of about 10-20 g per
tons of coal [48] or from the Cs fraction of pyrolysis gasoline, which is treated to obtain DCPD [49]. The
storage and transportation of CPD occurs in the form of a DCPD dimer.

There are a number of steps involved in the process of separating DCPD from the Cs fraction. In the
first step, the C5 fraction is heated at normal pressure and a temperature of 30—100 °C for 5-24 hours, or at
elevated pressure and a temperature of 140—150 °C, during which CPD is dimerized into DCPD. In a second
step, the remaining components of the fraction with a boiling point of 28-50 °C are distilled off and 85-90 %
crude DCPD is obtained at the bottom of the column. In the third step, the crude DCPD is monomerized to
give cyclopentadiene with a purity of about 95 % [50]. After monomerization CPD hydrogenation yields
CPEN according to the Bayer method [51] or used an alternative scheme for obtaining isoprene and CPEN
from the Cs fraction using extractive distillation with N-methyl pyrrolidone [52].

The review of literature devoted to methods of hydrogenation of CPD allows us to highlight several
works [563-56]. It should be noted that the process of hydrogenation of CPD to CPEN is well studied and
described in detail in various publications [53, 57], the interest in the research of this reaction is determined
by the possibility of using CPEN as a monomer for the synthesis of frost-resistant rubbers and other poly-
mers used for optoelectronics [58]. CPD is easily hydrogenated to CPAN on nickel catalyst in alcoholic sol-
vents at 25 °C and atmospheric pressure [59]. The catalytic hydrogenation and isomerisation of various line-
ar and cyclic mono- and diolefins as well as aromatic compounds using the diphenylphosphinomethylhydride
compound [Cp,ZrH(CH,PPh,)], with respect to CPD, the hydrogenation reaction to CPEN and CPAN is
shown in [60].

Another way to carry out hydrogenation of CPD using the heat released during the chemical transfor-
mation of CPD into CPAN is realized in [54]. This approach is developed in [61, 62] by realizing the process
of CPAN production in reaction-distillation apparatuses. Publications on the process of producing CPAN
from DCPD via combined reaction-distillation processes are relatively scarce and are primarily documented
in patent literature. For instance, one patent [62] describes the production of CPAN in a single catalytic dis-
tillation column, which integrates the functions of cracking DCPD, hydrogenation of CPD, and separation of
hydrogenation products. In this process, DCPD and hydrocarbons are fed into the lower part of the catalytic
column, where cracking to CPD occurs. Hydrogen is also introduced at the bottom of the column to hydro-
genate the formed CPD during its distillation. The result is a vapor stream of CPAN, which condenses and is
collected as a liquid product. Concurrently, continuous product separation takes place: CPAN is withdrawn
as the top distillate, while heavy by-products remain as bottom residue.

A similar procedure for producing CPEN from DCPD is described in another patent [63]. Here, the pro-
cess is carried out in a reaction-distillation apparatus with the catalytic system located directly within the
packing layer of the apparatus. Thus, the primary scheme for producing CPAN from DCPD described in the
literature involves feeding the raw materials into the hydrogenation zone along with a vapor stream, with
continuous liquid irrigation by condensed products, as depicted in Figure 3.
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Figure 3. Scheme of CPAN production in reaction-distillation process

It should be noted that in spite of available variants of realization of technology of CPAN production
and apparent efficiency of separation methods at industrial realization it is necessary to take into account a
number of economic factors, often determining profitability of future production. In particular, special atten-
tion should be paid to provision of production with raw materials and possibilities of shipment of finished
products. Taking into account the territorial dispersion of pyrolysis plants and, accordingly, the sources of Cs
fraction required in production, in some cases it is reasonable to consider the use of concentrated dimer of
CPD as a raw material for processing.

Conclusions

The extensive industrial utilization of cyclopentane in widely manufactured products, coupled with its
growing significance in innovative applications such as seawater desalination via cyclopentane hydrates,
provides strong impetus for developing novel industrial production methods and identifying alternative raw
material sources for large-scale cyclopentane synthesis. Presently, industrial cyclopentane production pre-
dominantly depends on the fractionation of petroleum-derived streams boiling within the 30 to 60 °C range.
Advances in catalyst technology and process optimization continue to improve both yield and product purity.

Conventional hydrogenation of pyrolysis gasoline fractions yields cyclopentane; however, additional
production opportunities exist through processing dicyclopentadiene from the Cs pyrolysis fraction isolating.
These considerations highlight the need for ongoing research and development focused on catalyst design,
integration of reaction-distillation processes, and extractive separation techniques. Such efforts are essential
to establish economically viable and scalable industrial processes capable of producing cyclopentane from a
variety of way.
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Features on the Way to the Synthesis of 1-Benzoyl-2-Phenyl-3a, 6a-Diazapentalene
and 1-Pivaloyl-2-Tert-Butyl-3a,6a-Diazapentalene

Recently discovered 1,3a,6a-triazapentalene systems are among the new fluorophores whose compact and bi-
ocompatible structures are suitable for a variety of biological applications. The wavelengths of 1,3a,6a-
triazapentalenes vary depending on the nature of the substituents, allowing for the easy synthesis of yellow
and red fluorescent reagents for labeling biomolecules. The prototype of the 1,3a,6a-triazapentalene system
(without one aza group) is 3a,6a-diazapentalene, which, originally called pyrazolo[1,2-a]pyrazole, which may
also exhibit fluorescent activity. However, their research has been limited to a few papers reporting simple
and universal principles for synthesizing the 3a,6a-diazapentalene system, one of which involves double al-
kylation of pyrazole with a-halocarbonyl compounds and treatment of the resulting products with a base. In
this work, all stages of the previously performed synthesis of 1-benzoyl-2-phenyl-3a,6a-diazapentalene by the
reaction of N-acylalkylation of pyrazole with a-bromoketones through the stages of formation of pyrazolium
cation salts are investigated. Based on the studied data, the studied synthesis conditions were first applied by
us in stepwise reactions leading to the possible formation of a tert-butyl derivative of 3a,6a-diazapentalene.
As a result of the studies, a new, previously undescribed adduct of 3a,6a-diazapentalene, a bicyclic aldol, was
obtained. The structure of the substances of the stepwise synthesis was characterized by NMR, IR spectros-
copy and mass spectrometry. The mass fragmentation of intermediate N-alkylacylpyrazoles was also consid-
ered in detail.

Keywords:  3a,6a-diazapentalenes, pyrazole, N-acylalkylation oa-bromoketones, NMR, Aldol,
cyclocondensation, quaternization

Introduction

In the chemistry of heterocyclic compounds, a special role belongs to pentalene systems [1]. Recently, a
Japanese group [2] of scientists discovered 1,3a,6a-triazapentalene systems, which are among the new
fluorophores (Fig. 1).
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Figure 1. New 1,3a,6a-triazapentalene fluorophores

The compact and biocompatible structure (Fig. 1) of 1,3a,6a-triazapentalene systems exhibits promising
spectral properties and is suitable for many biological applications [3, 4]. The wavelengths in them vary de-
pending on the nature of the substituents, which makes it easy to synthesize yellow and red fluorescent rea-
gents for creating labels in biomolecules [3—6].
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In recent years, there has been an avalanche-like growth in work on the synthesis and use of 1,3a,6a-
triazapentalenes as fluorescent labels [4-9], for example, for various thiols (and in particular, the drug capto-
pril [9]). Methods are being developed for creating unique triazapentalene “wires” to improve the fluorescent
properties of materials [10], and their combination with nanomolecular structures [11]. Publications of recent
years (on 1,3a,6a-triazapentalenes and benzo- or heterocyclic derivatives) are impressive in their pro-
spects [12-15].

It should be noted that the discovery and selection of such a popular target for fluorescent labels—the
triazapentalene system was largely accidental. The prototype of the 1,3a,6a-triazapentalene system (without
one aza group) is 3a,6a-diazapentalene [1]. 3a,6a-Diazapentalenes 1 are azaheterocyclic compounds consist-
ing of two five-membered pyrazole rings fused along the N—N bond, having an aromatic 10 n-electron sys-
tem (Fig. 2), hence the alternative name—pyrazolo[1,2-a]pyrazole.

& 1.4
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Figure 2. 3a,6a-Diazapentalene 1 and its main resonance forms

The chemistry of these substances froze in the 60—70s of the 20™ century and did not develop fur-
ther [16-20]. These systems are extremely easy to synthesize, but more detailed studies have not been con-
ducted, and no studies of fluorescent properties have been reported. This aspect is undoubtedly a major gap
in science that needs to be closed and developed in the scientific community, since 3a,6a-diazapentalene sys-
tems carry a huge potential for useful properties and a huge arsenal of scientific discoveries.

An interesting feature of molecule 1 is the impossibility of assigning a covalent structure to it without
the participation of dipolar resonance forms, i.e. this molecule is a typical mesoionic structure or, more pre-
cisely, a mesomeric betaine [21-23]. According to a detailed analysis [24], the largest contribution (>70 %)
is made by only three types of resonance forms (Fig. 2), with structures | and Il with two positive and two
negative charges (as well as similar ones and those obtained from them due to the symmetry of system 1)
being preferable, structure 111, having one positive and one negative charge.

The methods for synthesizing 3a,6a-diazapentalene systems are much simpler, do not require metal cat-
alysts, and are more flexible than those for the 1,3a,6a-triazapentalene system. The authors [16-20] first for-
mulated simple and universal principles for the synthesis of the 3a,6a-diazapentalene system 1 from readily
available pyrazoles; one of them is double alkylation of pyrazole with a-halocarbonyl compounds and treat-
ment of the resulting products with a base.

Pyrazoles 2 are five-membered m-electron-excess aromatic heterocyclic compounds that have two
linked nitrogen atoms (N-N bond) in the ring structure [25-27], in addition, the pyrazole 2 molecules are
planar and strongly associated due to hydrogen bonds [28, 29]. The acid-base properties of pyrazole 2 are
due to the presence of pyrrole and pyridine type nitrogen atoms in its structure [30]. Due to the pyridine type
nitrogen atom, pyrazole 2 exhibits basic properties (pK, = 11.5), and due to the pyrrole type nitrogen atom, it
exhibits weak acidic properties (pK, = 2.49) [31].

One of the main ways of creating 3a,6a-diazapentalene compounds is the synthesis of quaternary
pyrazolium salts. Only four examples of the synthesis of 1,2-disubstituted pyrazolium salts via repeated al-
kylation are known in the literature [17], which were then transformed into 3a,6a-diazapentalene structures
by treatment with alkaline solutions, through the elimination of water and hydrogen halide and the closure of
the second ring of 3a,6a-diazapentalene.

The authors [17] successfully synthesized 4 examples of stable pentalene systems with acceptor substit-
uents, however, these products and their intermediate compounds were not described or characterized
spectroscopically.

Taking into account the above, in this study we repeated the previously known synthesis of 3a,6a-
diazapentalene, investigated the stepwise route from pyrazole 2 leading to the formation of 3a,6a-
diazapentalene compound 8a through the N-acylalkylation reaction of pyrazole 2 with a-bromoketone 3a,
where a series of products were obtained and described. Based on the experience gained and understanding
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of the chemistry of the reaction, we have developed and implemented for the first time a similar route aimed
at the synthesis of previously unknown tert-butyl derivatives of 3a,6a-diazapentalene using unsubstituted
pyrazole 2 and 1-brompinacolone 3b as starting materials.

Experimental

Materials and Methods

Starting materials for the synthesis: pyrazole (98 %) purchased from Acros Organics (Cat. Ne 13174-
0250), phenacyl bromide (98 %) purchased from Sigma-Aldrich (Cat. Ne 115835), 1-brompinacolone (98 %)
purchased from Sigma-Aldrich (Cat. Ne 414131). Solvents: dioxane (pure grade) and acetone (special purity
grade) purchased from EKOS-1; aqueous ammonia solution (analytical grade) purchased from SigmaTec;
NaHCO; (analytical grade) was also used. All reagents were used without further purification.

All reactions and purity were monitored by thin layer chromatography (TLC) on Silufol plates with de-
tection by iodine vapor. Melting and boiling points were determined in open capillaries using a Buchi M560
device.

'H NMR and **C NMR spectra were obtained using Agilent 400-MR (400 MHz for *H, 100 MHz for
3C) spectrometer in CDCI; (chemical shift: & = 7.26 for *H, & = 77.76 for *C) and DMSO-d; (chemical shift:
§ = 2.47 for *H, § = 40.03 for 3C). Hexamethyldisiloxane was used as an internal standard. Splitting is re-
ported as s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, br = broad and coupling constants are
given in Hz. High resolution mass spectra were recorded on a GC-Mass analysis was performed on an Ag-
ilent 7890A gas chromatograph with an Agilent 5975C mass-selective detector on an Rtx DHA-100 column;
carrier gas was helium. The samples were dissolved in 1 ml of acetone. The IR spectra were obtained using a
FSM 1201 FT-IR spectrophotometer in a KBr tablet in the frequency range: 4004000 cm™.

Experimental Procedure

Synthesis of 1-(2-oxo-2-phenylethyl)-1H-pyrazol-2-ium bromide (4a)

3.4 g (0.05 mol) of pyrazole 2 and 15 ml of dioxane were placed in a 250 ml round-bottomed flask. Af-
ter 5 minutes, 10 g, (0.05 mol) of phenacylbromide 3a was added to the mixture. The reaction mixture was
stirred for 48 h at room temperature. The precipitated finely dispersed white precipitate of salt 4a was fil-
tered off and dried in air. The yield of product 4a is 10.8 g (81 %). Decomposition point over 230 °C (190-
193 °C [16]).

Synthesis of 1-phenyl-2-(1H-pyrazol-1-yl)ethan-1-one (5a)

The salt 4a was treated with 20 ml of agueous ammonia solution, the precipitated yellow crystals were
filtered off and dried in air. The yield of product 5a is 8.4 g (91 %). M.p. 95 °C (89-92 °C [16]). 'H NMR
(CDCl3) 6 (ppm), Hz: 7.95-7.89 (m, 2H, Ph), 7.59-7.52 (m, 2H, Ph), 7.48-7.42 (m, 4H, Ph, Pyr), 6.31 (t,
J=4.4, 1H, Pyr), 5.54 (s, 2H, CH,) (Fig. S1). *C NMR (CDCl;) & (ppm): 192.62 (C=0), 139.98 (CH, Pyr),
134.66 (C, Ph), 134.12 (CH, Pyr), 131.03 (C, Ph), 129.03 (CH, Ph), 128.19 (CH, Ph), 106.59 (CH, Pyr),
57.75 (CH,) (Fig. S2). GC-MS Retention time 17.590 min, m/z (El) = 186, 158, 105, 77, 51, 41, 28 (Fig. S3).
IR v, cm* (KBr, neat): 3013 (CH), 2986 (CH,), 1685 (C=0), 1601 (C=N) (Fig. S4).

Synthesis of 1,2-bis(2-oxo0-2-phenylethyl)-1H-pyrazol-2-ium bromide (6a)

3.7 g (0.02 mol) of 1-phenyl-2-(1H-pyrazol-1-yl)ethan-1-one 5a was dissolved in 15 ml of dry acetone
in a 100 ml round-bottomed flask. After the mixture was dissolved, 3.9 g (0.02 mol) of phenacyl bromide 3b
was added. The reaction mixture was capped and stirred for 2 days. If no precipitate formed, the mixture was
refluxed for three days. Then the mixture was cooled to room temperature and placed in a cold place. The
thickened mass was treated with acetone, which disintegrated into a white fine precipitate 5b. The precipitate
5b was washed with hot acetone and isopropyl alcohol and dried in air. The yield of 6a is 4.8 g. (63 %).
M.p. 185 °C (173.5-174 °C [16]). '"H NMR (DMSO-ds) & (ppm), Hz: 8.74 (d, J = 3.2, 2H, Ph), 8.47 (d,
J=3.1, 2H, Ph), 7.58-7.56 (m, 2H, Ph), 7.49 (t, J = 7.6, 2H, Ph), 7.32 (m, 6H, Pyr, Ph), 7.20-7.16 (m, 5H,
Pyr, Ph), 6.73 (s, 1H, Pyr), 5.16 (d, J=12.7, 2H, CH,), 4.88 (d, J = 12.8, 2H, CH,) (Fig. S5). *C NMR
(D,0) 6 (ppm): 191.01 (C=0), 135.42 (Ph), 134.76 (CH, Pyr), 134.06 (Ph), 133.31 (CH, Pyr), 132.45 (Ph),
129.36, 129.21, 128.94, 128.77, 128.62, 128.46, 125.48 (Ph), 112.42 (CH, Pyr), 75.59 (CH,) (Fig. S6). IR v,
cm* (KBr, neat): 3078, 1597 (CH), 1693 (C=0) (Fig. S7).

Synthesis of 1-benzoyl-2-phenyl-3a,6a-diazapentalene (8a)

In 50 ml of 5% aqueous NaHCO; solution 1 g (0.003 mol) of salt 6a (1,2-bis(3,3-dimethyl-2-
oxobutyl)-1H-pyrazol-2-ium bromide) was dissolved, the mixture was stirred and gradually heated to 50 °C.
Upon reaching the temperature, copious release of orange precipitate began to be observed on the water sur-
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face. The reaction was carried out with intensive stirring for 2—-3 days. Control was carried out by TLC. The
yellow precipitate 8a was extracted with chloroform, dried over anhydrous sodium sulfate, then evaporated
on a rotary evaporator. Precipitate 8a was dried in air. The yield of 8a is 0,71 g (74 %) M.p. 92 °C. *H NMR
(DMSO-dg) 6 (ppm), Hz: 7.90 (s, 1H, Pyr), 7.83 (d, J = 6.3, 1H, Pyr), 7.52 (d, J =5.5, 4H, Ph), 7.26 (q,
J=6.8, 2H, Ph), 7.10 (dd, J = 13.3, 6.6, 4H, Ph), 6.29 (s, 1H, Pyr), 5.82 (s, 1H, CH) (Fig. S8). *C NMR
(DMSO-dg) & (ppm): 176.10 (C-0), 140.69, 132.76, 129.92 (Ph), 129.66 (CH, Pyr), 129.55 (CH, Pyr),
129.40, 128.68, 128.07, 127.61, 127.54 (Ph), 113.02 (CH), 109.36 (C=), 104.87 (CH, Pyr). (Fig. S9).

Synthesis of 1-(3,3-dimethyl-2-oxobutyl)-1H-pyrazol-2-iumbromide (4b)

2 g (0.0294 mol) of pyrazole 2 and 15 ml of dioxane were placed in a 100 ml round-bottomed flask. Af-
ter 5 minutes, 3.95 ml (5.3 g, 0.0294 mol) of 1-brompinacolone 3b was added to the mixture. The reaction
mixture was stirred for 48 h at room temperature. The formed precipitate of salt 4b was filtered off and dried
in air. The yield of product 4b is 6 g (84 %). M.p. 175 °C.

Synthesis of 3,3-dimethyl-1-(1H-pyrazol-1-yl)butan-2-one (5b)

Then salt 4b was treated with 20 ml of aqueous ammonia solution, the precipitated yellowish crystals
5a were filtered off and dried in air. The yield of product 5b is 3.2 g (65 %).M.p. 56 °C. ‘*H NMR (CDCl5)
d (ppm), Hz: 8.54 (d, J = 3.0, 1H, Pyr), 8.08 (d, J = 6.8, 1H, Pyr), 6.71 (t, J = 3.0, 1H, Pyr), 4.67 (s, 2H,
CH,), 1.28 (s, 9H, C(CHa)s) (Fig. S10). *C NMR (CDCls) & (ppm): 205.92 (C=0), 139.34 (CH, Pyr), 129.81
(CH, Pyr), 107.48 (CH, Pyr), 56.53 (CH,), 43.89 (C(CHa)3), 26.34 (C(CHj3)3) (Fig. S11). GC-MS Retention
time 11.759 min, m/z (El) = 166, 151, 138, 109, 85, 81, 57, 41, 29, 28 (Fig. S12). IR v, cm™* (KBr, neat):
2959 (CHj,), 1716 (C=0), 1597 (C=N) (Fig. S13).

Synthesis of 1,2-bis(3,3-dimethyl-2-oxobutyl)-1H-pyrazol-2-ium bromide (6b)

1.43 g (0.009 mol) of 3,3-dimethyl-1-(1H-pyrazol-1-yl)butan-2-one 5b was dissolved in 15 ml of dry
acetone in a 100 ml round-bottomed flask. After the mixture was dissolved, 1.6 g (0.009 mol) of
brompinacolin 3b was added. The reaction mixture was capped and stirred for 2 days. If no precipitate
formed, the mixture was refluxed for three days. Then the mixture was cooled to room temperature and
placed in a cold place. The thickened mass was treated with acetone, which disintegrated into a white fine
precipitate 6b. The precipitate 6b was washed with hot acetone and isopropyl alcohol and dried in air. The
yield of 6b is 2.5 g. (82 %). M.p. 190 °C. *H NMR (D,0) & (ppm), Hz: 8.19 (d, J = 2.9, 1H, Pyr), 8.00 (d,
J=3.0, 1H, Pyr), 6.84 (t, J = 2.9, 1H, Pyr), 4.98 (d, J = 12.8, 2H, CH,), 4.70 (d, J = 12.8, 2H, CH,), 1.17 (s,
9H, t-Bu), 0.86 (s, 9H, t-Bu) (Fig. S14). *C NMR (D,0) & (ppm): 212.34 (C=0), 132.01 (CH, Pyr), 130.67
(CH, Pyr), 112.58 (CH, Pyr), 45.13 (CH,), 38.23 (C, t-Bu), 24.78 (t-Bu), 23.21 (t-Bu) (Fig. S15). IR v, cm™
(KBr, neat): 2970 (CHjy), 1724 (C=0), 1612 (C=N) (Fig. S16).

Synthesis of 2-(tert-butyl)-2-hydroxy-1-pivaloyl-2,3-dihydro-1H-pyrazolo[1,2-a]pyrazol-4-ium
bromide (7b)

In 50 ml of 10 % aqueous NaHCO; solution 1 g (0.003 mol) of salt 6b (1,2-bis(3,3-dimethyl-2-
oxobutyl)-1H-pyrazol-2-ium bromide) was dissolved, the mixture was stirred and gradually heated to 50 °C.
Upon reaching the temperature, copious release of orange precipitate began to be observed on the water sur-
face. The reaction was carried out until the formation of precipitate 7b ceased. Precipitate 7b was filtered off
and dried in air. The yield of 7b is 0.71 g (74 %). M.p. 90 °C. 'H NMR (DMSO-dg) & (ppm), Hz: 8.36 (d,
J=209, 1H, Pyr), 8.21 (d, J = 2.9, 1H, Pyr), 6.89 (t, J = 2.9, 1H, Pyr), 6.54 (s, 1H, OH), 6.49 (s, 1H), 4.98 (d,
J =125, 1H, CH,), 4.18 (d, J = 12.5, 1H, CH,), 1.12 (s, 9H, t-Bu), 0.77 (s, 9H, t-Bu) (Fig. S17)."*C NMR
(DMSO-dg) 6 (ppm): 210.05 (C=0), 132.59 (CH, Pyr), 131.55 (CH, Pyr), 112.54 (CH, Pyr), 90.16 (C-OH),
65.32 (CH), 53.72 (C, t-Bu), 45.14 (C, t-Bu), 39.37 (CH,), 25.97 (CHjs, t-Bu), 24.25 (CHjs, t-Bu) (Fig. S18).

Results and Discussion

Thus, we obtained 1-benzoyl-2-phenyl-3a,6a-diazapentalene 8a (74 %), the step-by-step synthesis of
which is as follows: pyrazole 2 reacts with phenacyl bromide 3a (Fig. 3) in dioxane to form salt 4a (81 %),
which, when treated with an aqueous ammonia solution, gives 1-phenacylpyrazole 5a with a yield of 91 %.

Subsequent alkylation of compound 5a with a second equivalent of phenacyl bromide 3a in acetone
leads to the formation of 1,2-diphenacylpyrazolium bromide 6a in 63 % yield. The resulting dialkylated salt
6a is a colorless crystalline water-soluble substance.

When salt 6a was treated with 10 % aqueous NaHCO; solution upon heating to 50 °C for a long time
(24 h), 1-benzoyl-2-phenyl-3a,6a-diazapentalene 8a was formed as a yellow fine powder in good
yield (74 %).
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Figure 3. Scheme of the step-by-step synthesis of diaryl-3a,6a-diazapentalene 8a

The fact that the condensation of carbonyl compounds occurs through the formation of aldols is well
known [32], however, in this case, we could not quantitatively observe the formation of aldol 7a, similar to
the 4-fluoro-substituted compound that was previously also obtained and described by X-ray diffraction [33].

The structure of the stepwise synthesized products 4a, 5a, 6a, 8a was characterized by NMR, IR spec-
troscopy and mass spectrometry.

We repeated the studied conditions in reactions of synthesis of tert-butyl derivatives of pyrazole, in or-
der to obtain a new 3a,6a-diazapentalene (Fig. 4)
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~H / — 0t
N e ;>=== N OH 24h \
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Figure 4. Scheme of the step-by-step synthesis of di(tert-butyl)-3a,6a-diazapentalene 8b

t-Bu

Thus, the N-acylalkylation reaction of unsubstituted pyrazole 2 with 1-bromopinacolone 3b was carried
out in dioxane to form salt 4b (84 %), which is a colorless crystalline substance soluble in water and polar
organic solvents. Upon further treatment of salt 4b with a base, tert-butyl-1-(pyrazol-1-yl)butan-2-one 5b is
formed—Ilow-melting light-yellow crystals, with a total yield of the final product of 65 % (Fig. 4).

The yield of product 5b decreases due to the increased solubility of the initial salt 4b in an aqueous me-
dium. And it is more expedient to carry out this reaction in organic solvents, in the presence of anhydrous
bases. Thus, we have experimentally established that the reaction in acetone in the presence of K,COj; gives
product 5b with yields of up to 90 %. The potassium carbonate used in parallel with the N-alkylation reac-
tion “One-pot” neutralizes the released hydrobromide with the formation of inorganic salts, as well as the
target product 5b.

Next, N-pinacolone pyrazole 5b was reacted with another equivalent of 1-bromopinacolone 3b in ace-
tone for a week, where colorless crystals representing the symmetrical salt 6b were obtained (Fig. 4).

The next step was to treat salt 6b with 10 % aqueous NaHCO; solution by heating to 50 °C for 10 hours,
which led to the formation of an orange substance in 74 % yield, NMR analysis of which showed that it was
cyclic aldol 7b. It was determined that the molecule 7b is not dehydrated, chemical shifts of the geminal pro-
tons H? and H” are present as a doublet pair, as well as a chemical shift of the OH-group (Fig. 5).

To reliably establish the structure of 7b, we used homonuclear and heteronuclear methods of 2D NMR
spectroscopy, where the most convenient and informative is the *H-"*C HSQC spectrum. Describing this
spectrum, we can compare protons connected to the corresponding carbon. As well as signals of protons that
do not have direct bonds with carbons.

Thus, Figure 5 shows a pair of doublets of geminal protons H* (5 4.98 ppm) and H® (5 4.18 ppm), which
are bound to carbon Cg (3 53.72 ppm). The formation of such doublet protons of one CH,-group indicates the
formation of a cyclic structure and a hindered conformation of the methylene group, in which the rotation of
the H* and H® protons is limited [34]. There is also a broadened chemical shift of the OH-group, the proton
of which does not have a direct bond with carbons.

In addition, the chemical shifts of protons and carbons of the pyrazole fragment (4 8.36 ppm —
8c132.59 ppm; 6y 8.21 — &¢ 131.55 ppm; dy 6.89 ppm — &c 112.54 ppm) and tert-butyl groups
(64 1.12 ppm — 8¢ 25.97 ppm; &y 0.77 — 8¢ 24.25 ppm) are clearly distinguished; we compared the sequence
in the molecule of these groups using "H-"*C HMBC and ‘H-'H COSY spectra (Figures S19, S20).

18 Eurasian Journal of Chemistry. 2025, Vol. 30, No. 4(120)



Features on the Way to the Synthesis ...

»l/ »
(112,597 § YpO77.24.251 | o9
3 § l . -40
G {6.49,6532) - B L 60
_‘ . N
. - P
N g
1 &
B ' -4
- o -100
{6,819,112.54)\ b §
— . A ‘i .
o 120
. O |
[8.36,132.59) A
= 1 - i o
1 {8.21,131.55} 3 140
v

5 4
f2 (ma)
Figure 5. "H-"3C HSQC spectrum of aldol 7b in DMSO-dg (5: 2.50 ppm; 39.5 ppm)

It is known that if the time of treatment with the base of the obtained aldol 7b is increased from several
hours to several days, then 3a,6a-diazapentalene can be obtained [1], however, in the case of tert-butyl aldol
7b we were unable to obtain any pentalene 8b. The structures of the obtained products 4b, 5b, 6b, 7b were
characterized by IR, NMR spectroscopy and mass spectrometry.

There is no information in the available literature on the features of the fragmentation of N-acylalkyl-
pyrazoles, and therefore we examined in detail the features of the ionized decomposition of molecules 5a and
5b. Thus, according to the mass spectrometric analysis using Electron ionization, it was determined that the
molecular ion of N-pinacolopyrazole 5b with the value of M* = 166.1 m/z has a noticeable intensity. The
molecule disintegrates into positively charged ions by the following path (Fig. 6).

I\ H,C— CH (0]
(0] H,C=NH 2C- 3
N miz: 28.02 { . miz: 29.04 \.
N + — CHJ — N
m/z: 151.09CH3 miz: 109.05 miz: 81.02
CHs
m/z: 15.02 .
NH .
.'+ -+ (5 Hzc\cy :0O=C
=N CHs r:ifsNgz CHs  miz: 41.03 . CHs mizz2799  CHs
\N CHy —> N=— CH,—/ > O=C CHy — > + CHj,
X HC\/
5b  CH, CHs CH, CH,
m/z: 166.1 m/z: 138.09 m/z: 85.06 m/z: 57.07

Figure 6. Molecular fragmentation of N-pinacolopyrazole 5b

The most intense fragment peaks in the mass spectrum of compound 5b correspond to fragment ions
m/z = 29, 57, 81, which is due to the cleavage of the C—C bond adjacent to the oxygen atom, with the charge
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retained on the resonance-stabilized acylium cations m/z = 85 and 81. In addition, the fragmentation of 5b is
due to the opening of the pyrazole ring with the detachment of ions m/z 28 NH=CH® and m/z 41
NH=C=CH?", which are also displayed in the mass fragmentation of N-phenacylpyrazole 5a (Fig. 7).

-+

HC

H,C==RNH O_C
m/z 28.02 m/z: 41 03 + m/z 27.99
— 0=C

m/z 186.1 m/z: 158.1 m/z: 105.03 m/z: 77.04

Figure 7. Molecular fragmentation of N-phenacylpyrazole 5a

The peak of the molecular ion m/z 186.1 of N-phenacylpyrazole 5a has a noticeable intensity. First of
all, the particle m/z 28 NH=CH" is detached from the pyrazole ring to form a molecular ion m/z 158.1, the
high intensity of which is due to the formation of a stable conjugated system of alternating double bonds.
Further fragmentation of the m/z 158.1 ion occurs at the bond in the a-position relative to the phenyl ring
with the formation of the characteristic Ph-C=0" fragment (m/z 105), which exhibits maximum intensity
along with the phenyl ion m/z 77. The latter is formed when the Ph-C=0" fragment subsequently loses the
C=0" particle.

Thus, N-alkylacylpyrazoles 5a and 5b are substances that are ketones and simultaneously substituted
cyclic diamines, the identification of which in the mass spectra can be carried out by the characteristic sepa-
ration of particles m/z 28 NH=CH" and m/z 41 NH=C=CH" and by the presence of fragmentary ions corre-
sponding to the decomposition of aliphatic (5b) or aromatic ketones (5a).

Conclusions

Thus, in this study, we have thoroughly studied the steps, substances and their structure in the synthesis
of 1-benzoyl-2-phenyl-3a,6a-diazapentalene 8a via the N-acylalkylation reaction of pyrazole 2 with
a-bromoketone 3a. Where substance 8a was obtained with a good yield of 74 %.

The studied chemistry of the process was used step by step to implement the synthesis route of a similar
tert-butyl derivative of the 3a,6a-diazapentalene system 8b. Studies have shown that this step-by-step syn-
thesis of 8b stopped at the formation of the aldol salt 7b, and the target 3a,6a-diazapentalene 8b was not ob-
tained under the studied conditions. The structure of the aldol salt 7b was characterized by 2D NMR spec-
troscopy. It is impossible not to note the peculiarity of the influence of the steric factor of phenyl and tert-
butyl groups, which may require additional study using molecular optimization methods, since in the synthe-
sis of the target phenyl derivative 8a, the aldol product 7a was not isolated by us.

The mass fragmentation of N-alkylacylpyrazoles 5a and 5b is also considered in detail, the considera-
tion of which will facilitate further study of 3a,6a-diazapentalene structures.

It should be noted that the simplicity and availability of the starting reagents (2, 3a, b) in the synthesis
of 3a,6a-diazapentalene systems, high yields of intermediate products, simplicity of experiments and condi-
tions for the isolation of target substances open up the possibility of scaling and obtaining significant quanti-
ties of derivatives of 3a,6a-diazapentalene structures for the possible creation of functional fluorophore rea-
gents.
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Synthesis and Optical Properties of Substituted Derivatives
of Oxazolo[5,4-b]Pyridine

In continuation of our work on the synthesis and study of new properties of 4-substituted 3-aminopyridin-2-
(1H)-ones, we carried out the synthesis and subsequent cyclization of the corresponding oxalyl amides. The
aminolysis reaction of diethyl oxalate with 3-aminopyridin-2-(1H)-ones was carried out by boiling without
solvent at a temperature of 150 °C. In this case, intermediate oxalic acid monoamides with the remainder of
the ester group were also recorded and separately identified. It was shown that under the action of phosphorus
oxychloride the synthesized oxalic acid diamides undergo fairly smooth intramolecular cyclization into sym-
metrical bis-derivatives of oxazolo[5,4-b]pyridine. The photoluminescent properties of our newly obtained
oxazolo[5,4-b]pyridine derivatives 5-8a-c and 2,2'-bisoxazolo[5,4-b]pyridines 4a-c were studied, including
such parameters as maximum absorption (L), molar absorption coefficient (g), Stokes shift, and quantum
yield. All compounds were found to luminesce with a bluish-blue color and exhibit maximum absorption
wavelengths in the range of 299-333 nm (in acetonitrile) and 281-317 nm (in toluene), which is associated
with the n—n* electron transition. A fairly large Stokes shift (83-128 nm) is observed for all compounds. It
was also found that the presence of a carboxyl linker at the C-2 position of compounds 5-8a-c does not signif-
icantly affect the shift of the absorption band maxima and other spectral characteristics of the molecules. It
should be noted that symmetrical conjugated 2,2'-bisoxazolo[5,4-b]pyridines 4a-c, featuring two oxazolo[5,4-
b]pyridine rings, exhibit fairly high quantum yield values (¢ = 0.70-0.82) compared to the known standard
quinine sulfate (¢ = 0.55), allowing their potential application as effective fluorophores.

Keywords: 3-aminopyridin-2(1H)-ones, oxazolo[5,4-b]pyridines, intramolecular heterocyclization, biological
activity, UV spectroscopy, optical properties, quantum yield, Stokes shift

Introduction

https://doi.org/10.31489/2959-0663/4-25-15

The oxazole-fused pyridine derivatives, oxazolo[5,4-b]- and oxazolo[4,5-b]pyridines, are of great inter-
est due to their application in various fields of chemistry. The condensed pyridine fragment is acceptor and
polar, thereby ensuring enhanced solubility of oxazolopyridines in water, concomitantly promoting the for-
mation of additional interactions with the target receptor protein through a hydrogen bond with a heteroa-
tom [1]. Oxazolopyridine derivatives have proven to serve as inhibitors of sphingomyelin synthase (SMS)
(compound A, Fig. 1) [2]. The activity of this enzyme is associated with the progression of atherosclerosis,
as well as inhibitors of IxB kinase (compound B) [3], which promotes the activation of immunoregulatory
factors during inflammation.

R /
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o | N\>_
X N R
N O
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R=Cl, OMe Amines, Amides

A B

Figure 1. Inhibitors of sphingomyelin synthase (A) and inhibitors of IkB kinase (B)
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Being structural isosteres of the purine bases—adenine and guanine, these compounds exhibit a wide
range of biological activity: anti-cancer, antimicrobial, antidiabetic, anti-inflammatory, etc. [4-12]. Further-
more, the potential for application as organic luminophores and biomarkers is also noteworthy [13-16]. For
example, in 2011 [17], a study was conducted using oxazolopyridine derivatives as amyloid-f ligands in pos-
itron emission tomography (PET). This analysis allows the in vivo visualisation of amyloid-p fibrillary
plaques, which are indicative of the pathology of Alzheimer’s disease.

The most common method for synthesis of oxazolo[5,4-b]pyridines (Scheme 1) is the use of 3-amino-5-
hydroxy- or 3-amino-5-halopyridines as initial compounds. The first step is the Schotten—Baumann reaction.
At the second step the obtained amides cyclized into oxazolopyridines under the action of polyphosphoric
acid or phosphorus oxychloride [18-20].

H
H, RC(O)CI ~ MR POCI x N\
X (XY e Lo

= (0] or PPA N (0]
N X

X =O0H, Hal; R = Ar
Scheme 1. General approach for the synthesis of oxazolo[5,4-b]pyridines

Thus, we have previously shown that that certain amides (acetamide, chloroacetamide of 3-amino-
pyridones) undergo cyclisation when exposed to a mixture of phosphorus oxide and phosphorus oxychloride,
resulting in the formation of the corresponding oxazolo[5,4-b]pyridines [21]. Herein we report a method for
the preparation of bis-oxazolopyridine 4a was described. The first step is acylation of 3-amino-6-methyl-4-
phenylpyridin-2-(1H)-one 1a with a 1.5-fold excess of diethyl oxalate upon heating to 150 °C (Scheme 2).
The diamide 3a obtained in two stages, when heated with phosphorus oxychloride, forms symmetrical 5,5'-
dimethyl-7,7'-diphenyl-2,2'-bis-(oxazolo[5,4-b]pyridine 4a [22].

Ph H O
rl (COLED), r\IN\H)‘\COOEt 3h, A, 150° /fl \’H‘\
1h, A, 150 °C N X0 o -EtOH

1a H o 3a | Sh, A, 100°C
(CO,ED), j POCl,
1-3h, A, 150 °C bh b
fi b I
N7 o 07 N
4a

Scheme 2. Synthesis of 3-amino-6-methyl-4-phenylpyridin-2-(1H)-one 1a [22]

It should be noted that the reaction of 3-amino-6-methyl-4-phenylpyridin-2-(1H)-one 1la (which is es-
sentially a binucleophile due to additional lactim-lactam tautomerism) with excess of diethyl oxalate we
planned to obtain 1H-pyrido[2,3-b][1,4]oxazine-2,3-dione.

Experimental

Materials

The obtained compounds were analyzed on an Agilent 1260 Infinity 1l chromatograph connected to an
Agilent 6545 LC/Q-TOF high-resolution mass spectrometer equipped with an AJS ESI dual ion source oper-
ating in positive ion mode. Mass spectra with LC/MS precision were obtained in the range of 100-1000 m/z,
at a scan rate of 1.5 spectra per second.
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The ' H and ® C NMR spectra in DMSO-d6 solutions were recorded on Bruker AVANCE 400
(400 MHz, 100 MHz) and Magritek spinsolve 80 carbon ultra (81 MHz, 20 MHz) spectrometers.

Melting points of synthetic compounds were determined on a Stuart SMP10 hot bench. All reactions
were monitored by thin-layer chromatography (TLC) and identified by UV or iodine vapor.

UV-visible spectra were recorded in the range of 200-600 nm in a quartz cell with an optical path
length of 1 cm using a Shimadzu UV-2600 spectrophotometer. Fluorescence spectrum of the studied com-
pounds was recorded in the range of 300—700 nm at room temperature using a Shimadzu RF 5301 PC
spectrofluorimeter. The solvents used were of analytical grade (for UV spectroscopy).

3-Aminopyridine-2(1H)-ones were prepared according to a similar literature procedure [28].

Synthesis and Spectral Analysis of Synthesized Compounds

The synthesis of oxazolo[5,4-b]pyridine derivatives 5-8a-c [23] involved heating a mixture of 1 mmol
of 3-amino-pyridin-2-(1H)-one and 5 mmol of the corresponding anhydrides (succinic, maleic, glutaric,
phthalic anhydrides) in 5 mL of acetic acid at reflux with vigorous stirring for 10 hours. The mixture was
then cooled and poured into 25 mL of water. The resulting precipitates were filtered and recrystallized from
a mixture of hexane, 2-propanol, and dichloromethane.

N' N*-bis(4,6-dimethyl-2-oxo-1,2-dihydropyridin-3-yl)oxalamide (3b) 0.4 ml (3.0 mmol) of diethyl
oxalate is added to 276 mg (2.0 mmol) of 3-amino-4,6-dimethylpyridin-2(1H)-one 1b and the mixture is
boiled for 3 hours under reflux. Then 1 ml of 2-propanol is added and the mixture is boiled for another
1 hour. The precipitate that forms upon cooling is filtered, washed with cold 2-propanol and dried. 102 mg of
a finely crystalline white powder is obtained (yield 53 %). An analytically pure sample is obtained by recrys-
tallization from a mixture of DMF and 2-propanol, m.p. = 210-211 °C. IR spectrum (KBr) v, cm™*: 1642—
1693 (NC=0); 3466 (NH). 'H NMR spectrum (400 MHz, DMSO-d6, 8, ppm): 2.03 s (6H, 4,4'-CH5); 2.16 s
(6H, 6,6'-CH3); 5.90 s (2H, C(5,5)-H); 9.35 br. s (2H, 3,3-NHCO), 11.49 br. s (2H, NHCO). **C NMR spec-
trum (101 MHz, DMSO-d6, 3, ppm): 17.79 (4, 21-CHj3), 18.04 (6, 19-CH,3), 106.33 (C-5, 20), 120.89 (C-3,
16), 141.85 (C-4, 21), 145.26 (C-6, 19), 157.93 (2, 17-CONH), 159.17 (9, 13-NHCO). Found, %: C, 58.56;
H, 5.85; N, 17.38. C5Hi1g N, O, Calculated, %: C, 58.17; H, 5.49; N, 16.96.

Ethyl 3-((6-methyl-2-ox0-4-(thiophen-2-yl)-1,2-dihydropyridin-3-yl)amino)-2,3-dioxopropanoate
(2c). 200 mg (1.0 mmol) of 3-amino-4-(thiophen-2-yl)pyridin-2-one 1c was boiled With 2 ml of diethyl oxa-
late (15 mmol) for about 5 hours. After cooling, the precipitated product is filtered, washed with a mixture of
2-propanol and hexane, and dried. After recrystallization, 258 mg (yield 78 %) is obtained with M.p. = 220—
222 °C.

'H NMR (80 MHz, DMSO0-d6, 8, ppm): 1.3 t (3H, J = 6.4 Hz, CH,CH;), 2.2 s (3H, 6-CHs); 4.3 9 (2 H,
J=6.2 Hz, CH,CHj3); 6.4 s (1H, H-5); 7.2 s (1H, H-4' thiophen); 7.7 br. s (2H, H — 3',5' thiophen); 10.1 br.
s, 1H, 3-NHCO); 11.8 br. s (1H, NHCO). *C NMR spectrum (21 MHz, DMSO-d6, 8, ppm): 14.1 (CH,CHj),
18.54 (CH 3, 63.3 (OCH,), 102.9, 118.6, 127.3 (3-C thiophene), 129.1 (4-C thiophene), 130.0 (5-C
thiophene), 137.1, 141.1, 143.6, 159.2 (COO), 160.3 (CONH), 161.8 (-NHCO). Found, %: C, 54.89; H, 4.61;
N, 9.14. C4H14N,0,S. Calculated, %: C, 54.44; H, 4.26; N, 8.87.

N' N%-bis(6-methyl-2-ox0-4-(thiophen-2-yl)-1,2-dihydropyridin-3-yl)oxalamide ~ (3¢)  Obtained
similarly 3b from 200 mg (1.0 mmol) 3-amino-4-(thiophen-2-yl)pyridin-2-one 1¢, 0.2 ml (1.5 mmol) of
diethyl oxalate. 225 mg (48 %) of a finely crystalline white powder are obtained. An analytically pure sam-
ple is obtained by recrystallization from a mixture of DMF and propanol-2 solvents. M.p. > 350 °C. 'H NMR
spectrum (80 MHz, DMSO-d6, 8, ppm): 2.20 s (6H, 2 CHz3); 6.37 s (2H, 2 H-5); 7.11 dd (2H, J = 4.8, 4.0 Hz,
H-4' thiophen); 7.64 t (4 H, J=4.5 Hz, 2 H-3',5' thiophen); 9.51 br. s, (2 H, 2 3-NH CO); 11.74 br. s (2H,
2NHCO). ®*C NMR spectrum (20 MHz, DMSO-d6, 8, m. d.): 18.5 (2 CH,), 103.2 (2 C-5), 119.4 (2 C-3),
127.4 (23-C Th), 129.0 (24-C Th), 129.6 (25-C Th), 137.5 (2 C), 140.7 (2 C), 143.2 (2 C), 162.7
(2 NHCO), 166.9 (2 NHCO).

5,5'-Dimethyl-7,7'-diphenyl-2,2'-bioxazolo[5,4-b]pyridine (4a) was obtained by methodology [22]:
A mixture of 0.227 g (0.5 mmol) oxalylamide 1a and 1.0 ml POCI; heat up to 100 °C within 9 hours. Excess
oxychloride phosphorus evaporate, residue are being processed ice water. The resulting precipitate was fil-
tered off and crystallized from a mixture of 2-propanol and DMF solvents. Yield: 0.185 g (88 %), white
powder, mp 263-265 °C. IR spectrum (KBr), v, cm™*: 1608, 1675; *H NMR spectrum (400 MHz, DMSO-d6,
8, ppm): 2.71 (6H, s, 5-CH3, 5'-CHg); 7.59 (2H, d, *J = 7.3 Hz, H-4, 4'Ph); 7.66 (4H, t, °J = 7.3 Hz, H-3, 3'5,
5' Ph); 7.86 (2H, s, H-6,6"); 8.26 (2H, d, 3J = 7.3 Hz, H-2, 2', 6, 6' Ph). *C NMR spectrum (DMSO-d6), §,
ppm: 24.2 (5-CH; 5'-CHg); 119.4 (C-6, C-6"); 127.6 (C-7a, C -7a’); 128.9 (C-4,4',6,6' Ph); 130.1 (C-4,4' Ph);
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129.0 (C-2, 2', 6, 6' Ph); 133.6 (C-1,1' Ph); 141.0 (C-7, C-7"); 150.2 (C-5, C-5); 157.6 (C-3a, 3a"); 159.4
(C-2, 2"). Found, %: C 74.44; H 4.50; N 13.52. CsH1sN40,. Calculated, %: C 74.63; H 4.34; N 13.39.

5,5',7,7'-tetramethyl-2,2'-bioxazolo[5,4-b]pyridine (4b). A mixture of 330.3 mg (1 mmol) of
oxalylamide (3b) and 1.0 ml (10 mmol) of phosphorus oxychloride was heated under reflux for 9 h. The ex-
cess phosphorus oxychloride was distilled off under vacuum. The reaction mixture was treated with cold dis-
tilled water. The formed precipitate was filtered off, washed with water and air-dried. The mass of the prod-
uct was 170 mg (yield 58 %) with M.p. > 330 °C. *H NMR spectrum (80 MHz, DMSO-d6, 8, ppm): 2.00 s
(6H, 4,4'-CH,); 2.14 s (6H, 6,6'-CHj3); 7.37 s (2H, C-(7,7')-H). Mass spectrum (direct injection), m/z (I %):
294 [M] * (100). Found, %: C, 65.30; H, 4.79; N, 19.04. CysH4,N,O, Calculated, %: C, 65.74; H, 5.01;
N, 18.83.

5,5'-dimethyl-7,7'-di(thiophen-2-yI)-2,2'-bioxazolo[5,4-b]pyridine (4c) was obtained similar to 4.
The yield was 238 mg (51 %) with a mp > 330 °C (2-propanol-DMF). *H NMR spectrum (80 MHz, DMSO-
do, 3, ppm): 2.79 s (6H, 2 CHs); 7.33 br. d (2H, J = 4.0 Hz, 2 H-4' thiophen); 7.53 s (2H, 2 H-7); 7.59 t (2H,
J = 4.0 Hz, 2H-3' thiophen); 8.40 d (2H, J = 3.3 Hz, 2 H-5' thiophen). *C NMR spectrum (20 MHz, DMSO-
d6, 8, ppm): 24.7 (2 CH,3), 117.5 (2 C-7), 128.8 (2 3-C Th), 129.1 (2 4-C Th), 131.3 (2 5-C Th), 136.4 (2 C),
138.7, 141.6 (2 C), 143.5, 149.8 (2 C), 158.7. Found, %: C, 61.38; H, 3.28; N, 13.01. C»H1sN,0,S,.
Calculated, %: C, 61.7 1; H, 3.56; N, 12.8 4.

Results and Discussion

Chemistry

In order to obtain new derivatives of bis-(oxazolo[5,4-b]pyridine type 4a with various substituents on
the pyridine ring and to study their optical properties, we carried out the following similar transformations
based on new 3-amino-6-methyl-4-methyl- and (2-thienyl-)pyridin-2-(1H)-ones 1b, 1c (Scheme 3).

R R (o)
NH H 1b,c
N g (CO,Et), A N COOEt 3h.A,150° /fl \’H‘\
>

N 0 1h, A, 150°C N 0 o -EtOH
lec H b b,e | 5h, A, 100°C
’ POCI,
/ \ R R
R = CHj; (b); 555 © N N
= X =z
i [ T Y« T ]
= AN
N o o N
4b,c

Scheme 3. Synthesis of symmetrical 5,5'-dimethyl-7,7'-diphenyl-2,2'-bis-(oxazolo[5,4-b]pyridine 4b, c

Intermediate monoamides 2b, 2c were easily obtained by the reaction with an excess of diethyl oxalate
and detected spectrally.

The characteristic chemical signals of the amide NH protons in initial diamides 3b and 3c (at 9.35-9.42
and 11.49-11.83 ppm) are no longer present in the *H NMR spectra of compounds 4b and 4c. Furthermore, a
shift of the aromatic proton to a weak field was also observed.

For possible comparison of the optical properties of bis-(oxazolo[5,4-b]pyridines, we also synthesized
oxazolo[5,4-b]pyridines (5-8 a-c) using the previously described method [23], containing one oxazolo[5,4-
b]pyridine scaffold and a carboxyl linker.
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Scheme 4. Cyclization reaction of 3-aminopyridones 1a-c with into the corresponding oxazolo[5,4-b]pyridine 5-8a-c

Photophysical Properties of Compounds

Previous work by the research group of Alexander S. Fisyuk has demonstrated [24] that heterocyclic
derivatives based on 3-amino-6-methyl-4-phenylpyridin-2(1H)-one 1a are characterized by a high fluores-
cence quantum yield in the blue region of the visible spectrum (¢ = 0.76), suggesting their potential as effi-

cient fluorophores.

Within the scope of the present study, our primary objective was to investigate the photophysical prop-
erties of the synthesized 3-amino-6-methyl-4-(methyl-, aryl)pyridin-2(1H)-one derivatives (1a—c) and to elu-
cidate the impact of linker structure on their spectral characteristics, including the absorption maximum
(Amax), Stokes shift, and quantum yield. To initiate this, the absorption spectra of oxazolopyridine derivatives
(5-8a-c) were recorded in two aprotic solvents—toluene (nonpolar) and acetonitrile (polar)—at a concentra-
tion of 6x10™* M. The resulting absorption spectra are presented in Figures 2—4, while the spectral character-

istics of the compounds are summarized in Table 1.
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Figure 2. Normalized absorption spectra of oxazolo[5,4-b]pyridine derivatives 5-8a-c
in acetonitrile solution (6x10~* mol/L)
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Figure 3. Normalized absorption spectra of oxazolo[5,4-b]pyridine derivatives 5-8a-c
in toluene solution (6x10~* mol/L)
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Figure 4. Normalized fluorescence spectra of oxazolo[5,4-b]pyridine derivatives 5-8a-c
in acetonitrile (left) and toluene (right) solutions (6x10~* mol/L)

It was established that, for all the compounds studied, the absorption maxima fall within the range of
299-333 nm in an acetonitrile solution and in the range of 281-317 nm in a toluene solution, which is asso-
ciated with the n-r* electron transition in the conjugated system of the oxazolopyridine moiety. A compara-
tive analysis of the absorption spectra of compounds 5a-c and 7a-c in acetonitrile revealed that the presence
of a thiophene or phenyl substituent at the C-4 position of the oxazolopyridine ring induces a slight batho-
chromic shift in the absorption band compared to the corresponding methyl derivative (Table 1). Moreover,
the largest bathochromic shift is observed for compound 7c. The observed bathochromic shift in the absorp-
tion bands of compounds 5a, ¢ and 7a, c is attributed to the presence of the thiophene ring, which partici-
pates in p—m conjugation, and the phenyl ring, which engages in ©—m conjugation with the oxazolopyridine
moiety. However, within each homologous series containing an identical substituent at the C-4 position (me-
thyl, phenyl, or thiophen-2-yl), modifications to the acidic fragment at the C-2 position had no produce a dis-
cernible effect on the shift of the absorption maxima.

Table 1
Photophysical properties of compounds 5-8a-c

2 Acetonitrile Toluene

é UV-Vis Photoluminescence UV-Vis Photoluminescence

£ 2 e €, Jem Stokes shift, | A% €, A | Stokes shift,
3 [nm] [I/ cm*mol] max [nm] [nm] [I/ cm*mol] [nm] [nm]

5a 323 700 427 104 317 622 419 102

5b 311 760 394 83 306 607 362 56

5¢ 333 602 430 97 300 545 433 133

6a 322 694 416 94 316 560 348 32
6b 310 995 416 106 304 642 344 40

6c 299 1503 415 116 301 1222 329 28

7a 322 660 450 128 281 6.5 423 142
7b 307 810 407 100 303 735 355 52

7c 331 372 423 92 295 860 428 133

8a 323 798 414 91 315 768 347 32
8b 303 723 417 114 302 972 346 44

8c 303 1288 415 112 302 1690 342 40

The fluorescence spectra of all synthesized compounds were recorded in acetonitrile and toluene
(6x10~* mol/L) using the absorption maximum of each compound as the excitation wavelength.
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The emission maxima of the investigated compounds range from 329 to 450 nm, which corresponds to
bluish-blue photoluminescence (Table 1). It should be noted that all compounds in acetonitrile solution ex-
hibit a substantial Stokes shift (83-128 nm).

Given that the synthesized compounds 4a—c contain two conjugated oxazolo[5,4-b]pyridine ring sys-
tems and are of significant interest as potential luminophores, we sought to determine their fluorescence
guantum yield.

Upon irradiation with UV light, chloroform solutions of the bis(oxazolopyridine) derivatives 4a—c emit
intense blue-violet light (Fig. 5), indicating high-efficiency photoluminescence in the visible spectral region.

Figure 5. Photographs of compounds 4a-c in a chloroform solution (2x10°° mol/L) under UV radiation (A = 365 nm)

To determine the quantum vyield of compounds 4a—c, their absorption and fluorescence spectra were
recorded in chloroform at a concentration of 2x10> mol/L (Fig. 6). A quinine sulfate solution in 0.1 M
H,SO, was utilized as an internal standard.
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Figure 6. Normalized absorption (left) and fluorescence (right) spectra of oxazolo[5,4-b]pyridine derivatives 4a-c
in chloroform solution (2x10~° mol/L)

The relative quantum yield was calculated using the following formula:

A Fom
P =P = o
" AR N
where o; is the fluorescence quantum yield of the studied compound; ¢s is the fluorescence quantum
yield of the standard used (quinine sulfate); A, Ax are the absorbances at excitation wavelength for

the standard sample (st) and the studied compound (4a-c); F, Fx are the areas of fluorescence spec-
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trum with spectral correction for the standard sample (st) and the studied compound (4a-c); ng, Ny
are the refractive index of the standard sample (st) and the studied compound (4a-c).

Photophysical properties of compounds 4a-c

Table 2

Compound i UV-Vis Photolumi nescence '
A e [nm] | &, [I/ em*mol] A maxe [NM] Stokes shift, [nm] Quantum yield (¢)? %
4a 356 40833 389, 411, 435 79 81
4b 339 39583 365, 384, 405 66 82
4c 332 30833 418, 440 108 70
Note: ®The fluorescence quantum yield was calculated relative to the standard (quinine sulfate in 0.1 M H,SO, ¢; = 0.55) [25-27].

Therefore, the 2,2'-bis(oxazolo[5,4-b]pyridine) derivatives 4a-c demonstrated photoluminescence quan-
tum yields higher than that of the quinine sulfate standard (¢ = 0.55).

Conclusions

Aminolysis of diethyl oxalate with three 4-substituted 3-aminopyridin-2-(1H)-ones afforded the corre-
sponding oxalylamides. Intermediate oxalic acid monoamides were also detected and separately identified.
The resulting oxalic acid diamides were used in cyclization reactions to symmetrical bis-derivatives of
oxazolo[5,4-b]pyridine under the action of phosphorus oxychloride. For the new oxazolo[5,4-b]pyridine de-
rivatives we obtained. The photoluminescent properties of 5-8a-c and 2,2'-bisoxazolo[5,4-b]pyridines 4a-c
were studied (maximum absorption A, molar absorption coefficient (g), Stokes shift, quantum yield). All
compounds were found to luminesce with a bluish-blue color and have a maximum absorption length in the
wavelength range of 299-333 nm (acetonitrile) and in the range of 281-317 nm (toluene), which is associat-
ed with the n-n* electron transition. A fairly large Stokes shift (83—128 nm) is observed for all compounds. It
was also found that the presence of a carboxyl linker at the C-2 position of compounds 5-8a-c does not sig-
nificantly affect the shift of the absorption band maxima and other spectral characteristics of the molecules.

It should be noted that symmetrical conjugated 2,2'-bisoxazolo[5,4-b]pyridines 4a-c with two
oxazolo[5,4-b]pyridine rings have fairly high quantum yield values (¢ ~ 0.70-0.82) compared to the known
standard quinine sulfate (¢ = 0.55), which will allow them to find possible applications as effective
fluorophores.
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WO; Doped SnS, Gas Sensor Response to NO,: Effect of Temperature
and Humidity Using Transition State Theory Formalism

Several factors frequently affect gas sensors, including sensing material, doping, temperature, detected gas
properties, humidity, manufacturing method, etc. The present work studies WO doped SnS, gas sensor re-
sponse to NO,, considering the above factors using transition state theory formalism. The reaction rate equa-
tion in transition state theory was used to estimate the change in the number of vacancies in a 30 % WO;-
doped SnS; sensor when NO, gas passed over its surface. Temperature dependence of Gibbs energy of ad-
sorption and transition was evaluated at the effective temperatures. Effective temperatures were the tempera-
tures after which NO, gas dissociates and can no longer be detected. The effect of temperature and humidity
was evaluated using logistic functions. Response, response time, and NO, concentration were calculated and
compared with the experiment. Interestingly, the lowest Gibbs energy of transition as a function of 30 % WO;
doping percentage was very close to the highest experimental response. WO, doped SnS, gas sensor is stable
for an extended period, as proved experimentally and theoretically. Transition state theory enabled the calcu-
lation of changes in the number of vacancies and various experimentally obtained quantities that cannot be
evaluated using density functional theory alone.

Keywords: WO; Doped SnS,, NO, gas sensor, Density functional theory, Transition state theory, effecting
temperature, doping, response time, Gibbs energy

Introduction

Tin disulfide (SnS;) is a semiconductor similar to SnO, in several properties. SnS, is used in gas sensors
and mosaic work. Pyramids are observed on the SnS, surface [1]. Pyramid shapes increase the gas sensitivity
by increasing the surface area of the gas sensor. SnS, detects several gases, including NHs, NO,
H.S, etc. [2-4].

Tungsten trioxide (WOy) is one of the oxides with the highest number of oxygen atoms. Having a large
number of oxygen atoms is beneficial in gas sensors since it can be used to exchange oxygen atoms with the
detected gas. WOs; gas sensors detect several gases, such as H,S, NO,, and H, [5-7].

Nitrogen dioxide (NO,) is one of several other nitrogen oxides. This oxide is poisonous for humans if
its concentration becomes higher than a permissible concentration. The allowed NO, concentration is
1-5 ppm [8]. As a result, the NO, gas detector should detect NO, concentrations higher than one (1) ppm.
The highest response of NO, sensors is close to its dissociation temperature but can also be detected at room
temperature [9].

Density functional theory (DFT) is the usual method used in gas sensor simulation procedures [10].
However, the simulation results are limited and cannot be compared to the findings of the experimental re-
sults, such as response, response time, and effect of temperature or humidity if only DFT is used. Recently,
methods that depend on reaction rate theories, such as the Arrhenius equation, collision theory, or transition
state theory, have been developed to account for these deficiencies [11-13]. Transition state theory (TST) is
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more sophisticated and advanced than older collision theory and the Arrhenius equation. Transition state the-
ory relates activation energy with Gibbs free energy of transition, a valid thermodynamic quantity that is
more investigated to solve current applications [12, 13].

Many materials were used previously to detect NO, gas. These materials include SnO, [14], ZnO [15],
WO, [16] etc. In most cases, doping increases the sensitivity of material toward gases, which is also the case
with NO, sensors. Mathematically, doping increases the entropy of a material and reduces Gibbs free energy
of transition or activation value for better detection, as shall be clear in the present work. Vacancies have
significant roles in gas sensing. For reducing gases such as H,, CH,, HS, etc., vacancies increase as the sen-
sor material is exposed to the detected gas. In oxidizing gases such as present NO, gas, vacancies decrease as
the detected gas passes over the detecting material.

The present work calculates WO3; doped SnS, gas sensor response to NO, using transition state theory
formalism. Gibbs free energy of transition is calculated at different doping percentages using pristine and
WOs-doped SnS, clusters. Reaction rates are used to evaluate the change in the number of vacancies with
appropriate parameters considering previous calculations of different gases. Response and response time are
evaluated from the reaction rate and compared with experimental values as a function of temperature. Hu-
midity and NO, gas properties’ effects as a function of temperature are considered using a logistic function.
The stability of the sensor with time is compared with the experiment. The impact of gas properties, tempera-
ture, and humidity cannot be evaluated using the DFT method alone, which is the main reason for using TST.

Computation Details

The Gaussian 09 molecular modeling program performed present DFT calculations [17]. Heavy atoms
such as Sn and W cannot be described using the same basis set for light elements such as O, N, and S as a
Gaussian program input. As a result, BSLYP/6-311G** is used to describe light atoms, while Sn and W are
described using SDD basis sets (Stuttgart/Dresden). Dispersion corrections are essential in gas sensor calcu-
lations since long-range interactions are inevitable. Dispersion corrections are added via the GD3BJ method
in the Gaussian 09 program.

NO, gas is known to decompose at temperatures around 200 C as in the equation [18]:

NO, — NO + %0, (AG = 0.319 eV), (1)

AG stands for the difference in Gibbs energy between reaction products and reaction reactants. The val-
ue of the Gibb free energy (AG) of this endergonic reaction (positive value of (AG)) can be supplied at tem-
peratures around 200 °C by the thermal energy of the collision of two NO, molecules [19]. As a result, many
gas sensors prefer temperatures around 200 °C to detect NO, gas [20, 21]. In fact, detecting NO, at tempera-
tures extremely higher than 200 °C becomes more difficult as the temperature increases.

SnS, compound reacts with NO, gas at the surface pyramid structures [22]. SnS, surface pyramid struc-
tures are similar to SnO,, with many vacancies [23]. The largest possible size cluster that can be handled by
theoretical calculations is used. The stable pyramid cluster with ten Sn atoms is SnyoSi [19]. The stable
SnyeSse cluster is in equilibrium with a smaller number of SnyS;s (with sulfur vacancy) and Sny,S;; (over
sulfurized) clusters depending on the energy required to remove or add S atoms to the stable Sn;(S;¢ clus-
ter [19]. The stable cluster SnyS;¢ cannot react with NO, gas or be further oxidized by oxygen as in the
equations (The values of AG are at standard pressure and temperature (25 °C and 1 bar) unless mentioned
otherwise):

Snlosle + N02 — Sn108160 + NO (AG =1.966 EV), (2)

Sn10815+ 120, — Sn108150 (AG =1.531 eV) (3)
The high values of endergonic reactions make these reactions unfavorable reactions. However, NO, can

still be adsorbed (by van der Waals interaction) by the Sn,S;¢ cluster as in the reaction:
Sn10815+ NO, — [Sn10816 - NOQ]a (AG =0.133 eV) (4)
In Eq. (4), [Sn1eS16 --- NO,]° represents the adsorption state. Although the Gibbs free energy of the reac-
tion is positive in the above equation, the small value of AG can be supplied by the thermal energies of col-
liding particles. Only the Sny,S;s cluster (with sulfur vacancy) can be oxidized by NO, gas (exergonic reac-

tion) as in the equation:

Snlosls + N02 - Sn108150 + NO (AG =-0.717 eV) (5)
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On the other hand, the reaction of the SnyS;5 cluster with adsorbed NO, gas is more energetically fa-
vorable, as in the equation:

[Sn1Si6 --- NO,J* + SNnyoS15— SNyoSis+ SNipSis0 + NO (AG = -0.868 eV). (6)

After doping SnS, with WO, the reaction of NO, gas with the doped clusters takes another trend. The

nearest cluster to the available experimental doping is the W,SngS;,0g cluster. The W,SngS,4,0g cluster is

stable in an oxygen environment, i.e., the removing or adding oxygen atoms to the cluster is endergonic as in
the equations:

Wzsngsloog — W23n831007 + 150, (AG =3.855 eV), (7)

W,SNngS1p0g + 1205 — W,SNgS1004 (AG =0.835 eV) (8)

Comparing Eq. (8) with Eq. (3), oxidizing the W,SngS;00g cluster needs approximately half the energy

required to oxidize the Sny,Syg cluster. The W,SngS,0Og cluster can adsorb NO, more efficiently than SnS,,
as in the equation:

W28n881008 + N02 — [Wzsngsloog...NOZ]a (AG =0.0656 EV) (9)

The energy needed for the adsorption of NO, on the doped SnS; cluster is half of the pristine cluster.
Finally, the reaction of the (oxygen-deficient or vacancy) W,SngS;,0; cluster with NO, is more vigorous
than the pristine (with sulfur vacancy) SnS, (Egs. (5, 6)) clusters:

W28n881007 + N02 — Wzsngsloog + NO (AG =-3.420 eV), (10)

[Wzsngsloog...NOZ]a + W,SNngS1;07 — 2W,SNngS100g + NO (AG =-3.485 EV) (11)

Several parameters are needed to apply the TST to evaluate the reaction rate of pristine and WO;-doped

SnS;, clusters with NO, gas. The TST formula for the reaction rate of W,SngS;,0- clusters (with a vacancy)
with NO, can be given by [24]:

d [W28n881007] _

o ~[W,Sn,S,,0, | [Noz]: k(T), (12)

k(T)=AT" exp{kﬁj. (13)

In Egs. (12, 13), [W,SngS1007] and [NO,] are the concentration of doped sensor clusters and the con-
centration of NO, gas, respectively. (u and v) are concentration exponents that can be determined from ex-
perimental data. (u and v) have a value of 1, which is also the value of some previous TST sensor calcula-
tions [25]. k(T) in Egs. (12, 13) is the temperature-dependent part of the reaction rate. (A) is an experimental
parameter that considers the sensor materials properties such as morphology, crystallinity, surface structure,
and manufacturing methods. (m) The temperature exponent in Eq. (13) is a parameter that can be determined
experimentally from the response variation with gas sensor temperature. AG* is the Gibbs energy of transi-
tion (or activation), and kg is the Boltzmann constant. The subscript (e) in the NO, gas concentration is the
effect of dissociation on NO, concentration in Eq. (1) as given by the equation:

[NO ]
INOL, =~ (14)
_ [NO, ]
[NO,]. = Noz]—m- (15)

In the above equations, [NO,]y and [NO,], are the dissociated and effective NO, gas concentrations.
ks is the rate at which NO, dissociates, while T, is the temperature at which NO, concentration reaches half
its original concentration. Egs. (14, 15) does not take humidity effect into account. To consider humidity ef-
fects, Eq. (15) is modified to:

[NO, ] 1
148 14 ghlih) -

In the above equation, h is the relative humidity, ki, is the rate at which NO, effective concentration de-
creases due to humidity, and hy is the humidity at which NO, concentration reaches half of its concentration
due to humidity.

[NO,], =[NO,]- (16)
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Changing Eq. (12) to a difference equation, the number of clusters with a vacancy (W,SngS;00-) that
changes to a stable cluster (W,SngS;00g) per unit of time can be given by:

A[W,SnS,,0, | = -A[W,SN;S,,0, ] =[NO, || k(T )[W,Sn,S,,0, ]" At. (17)

The negative sign is added since the decrease of vacancies (W,SngS;005) is an increase in fully oxidized
clusters (W,SngS;40s). Using the above equation and assuming that the total number of W,SngS,,0; clusters
is nearly constant (not changing appreciably), the response can be given by:

Response theoretical) =1+ c[NO,]; k(T). (18)

In Eg. (18), (c) is an experimental factor that correlates the change in the number of vacancies to the
change in response, including the effective time (At) needed to oxidize these vacancies. The theoretical re-
sponse is compared to the measured experimental response given by the ratio (Rg/R,). Ry is the sensor re-
sistance when the NO, gas mixed with air passes over the sensor surface, and R, is the resistance when pure
air passes over the sensor surface. Both theoretical and experimental responses reduce to 1 when the NO, gas
concentration vanishes (Ry= Ra). This ratio (Ry/R,) is the reciprocal of response to reducing gases (Ra/Rg).

Results and Discussion

Figure 1 shows the adsorption and transition states of the NO, gas molecule on the surface of the
W,SngS190g cluster. In the adsorption case, the negative charges in NO, are attracted to positive charges in
the sensor cluster, and the positive charges in NO, are attracted to negative charges in the sensor cluster. Us-
ing NBO (natural bond order) analysis, N and O atoms in NO, have the charges 0.514 and —0.257 electronic
charges, respectively. The Sn and S atoms in the pristine sensor mostly have 1.4 and —0.8 electronic charges,
respectively. The same is true in the WOj; doped cluster in which Sn and W have positive charges, and S and
O have negative electronic charges. In the transition state case, the positive charges of the gas are nearer to
the positive charges in the sensor, and the negative charges of the gas are closer to the negative charges in the
sensor, resulting in higher energy. The calculated bond length of Sn—S is around 2.6 A, which is in good
agreement with previous experimental and theoretical values [26]. The W-O bond length is 1.7-1.85 A,
which agrees with previous experimental and theoretical results [27]. The calculated HOMO-LUMO gap is
3.076 eV compared to experimental 2.34-2.42 eV [28]. Being larger than the experimental value is expected
because of the theoretical cluster’s SnS, cluster size (or the number of atoms). After doping with WOj3, the
HOMO-LUMO gap is 2.417 eV.

Figure 1. (a) Optimization of NO, adsorption on W,SngS,,Og cluster and
(b) the optimization of NO, transition state on W,SngS;¢0g surface cluster

Figure 2 shows the Gibbs free energy of transition as a function of doping (molar) percentage and tem-
perature. The experimental lowest percentage of doping at 30 % molar is near the theoretically lowest deter-
mined Gibbs free energy of transition at 25 %. The pristine SnS; (zero doping percentage) sensor has very
high Gibbs energy compared to doped clusters at all shown temperature ranges. The Gibbs free energy of
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transition for various percentages can be calculated using the modified Evans—Polanyi principle by interpola-
tion [29]:

AG* = AG! +BAG] (19)

In Eq. (19), AG,* and AG,* are known Gibbs free energy of transition values for two different percent-
ages, and P is the interpolation coefficient. The Gibbs free energy of transition is the sum of two terms, en-
thalpy (AH*) and entropy (AS*) of transition:

AG* = AH* —TAS*
After doping, transition entropy increases, leading to a lower transition energy, as in Eq. (20).

(20)
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Figure 2. Gibbs energy of transition or activation of NO, with pristine and WO; doped SnS,
as a function of temperature for different molar percentages of the doping material WO4

Table 1 shows the parameters that are used in the present calculations. The parameters are for the 30 %
WO, doped SnS, cluster reaction with NO, gas. The adsorption state is designated as [30 %WO3/SnS, ---
NO,]*, while the transition state is designated as [30 %WO,/SnS, --- NO,]*. The experimental response for
the 30 % WO, doped SnS, to NO, gas is available [3]. The Gibbs free energy of transition (AG*) is calculat-
ed using the Gaussian 09 method (ts) as in the optimization statement (OPT=(calcfc, ts, noeigen)) to calcu-
late the transition state. The value of AG* for the 30 % WO, doped SnS; cluster is 0.0629 compared to
0.376 eV for the pristine SnS, cluster, which is six times lower.

Table 1
Reaction parameters of 30 % WOj; doped SnS, to NO, gas. AG* value is at 25 °C and 1 bar

Reaction AGTEV) [AGTLKD T m [v,ulk (CCH[T,(°C)] Kk, hy (%) | c(s)

[30 %WO,/SnS; --- NO,J*
v 0.0629 | 2.8x10%® | 12 | 1 | 015 | 220 | 0.11 100 | 880

[30 % WO,/SnS, --- NO,J*

The (A) parameter reflects the sensor material’s manufacturing method and materials properties. The
properties of the materials include surface area, crystallinity, doping, electronic structure, etc. The units of
this parameter are affected by the temperature exponent (m) and the correlation parameter (c).

The temperature exponent (m) has a value of 12. This high value is also found in other materials’ re-
sponse to NO, gas [30]. The range of m for the reaction of investigated gases with sensor materials is (1 to
12). The high value of m is a sign of a vigorous reaction between NO, gas and doped sensor material.
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The concentration exponents (u, v) are equal to one (1). These values are the values in the original tran-
sition state theory. The u exponent is always taken as one, while the v exponent (gas concentration exponent)
can take the range Y2 to 2 depending on the kind of gas or sensor material.

The temperature-dependent logistic function parameters of Eq. (14) are ks and T,. These parameters
have values of 0.15 °C* and 220 °C, respectively, as in Table 1. The dissociation rate is higher than the dis-
sociation of NO, over other materials [30]. The half concentration temperature T, is near the NO, dissocia-
tion temperature at 200 °C.

The parameters of the humidity-dependent logistic function of Eq. (16) show the usual humidity-
dependent NO, decrease rate (k,) value [29]. The humidity at which the effective NO, concentration is half
its original concentration (T,) is high at 100 %, reflecting minimal humidity effects on the sensor material.
These results show that the sensor material is perfect for decreasing the effect of humidity.

The last parameter is the response correlation parameter (c). The high value of this parameter indicates
the high sensitivity and response of the doped material. Comparing the value of this parameter with previous
studies for various materials and doping reveals that the present 30 % WO; doped SnS; is one of the best ma-
terials to detect NO, gas [30].

Figure 3 shows a schematic diagram of Gibbs energy of adsorption and transition state of NO, with
pristine and WO; doped SnS; at room temperature. The Gibbs energy of the transition state is the highest
energy barrier needed to be overcome for the reaction to proceed. As shown in Figure 3, doping SnS, with
WO; can reduce this barrier to more than six times. As a result, the reaction rate increases dramatically after
doping.

0.7

0.6

0.4 [Sn40S16—NO,J*

0.3

0.2 Transition state

Adsorption state

Gibbs free energy (eV)

0.1

[SnyoS;s—NO, )"
0 [W.5n,S,,0,...NO, |*
[W,5n,5,,0,...NO,]*

Reaction path

0.2

Figure 3. Schematic diagram of Gibbs energy of adsorption and transition state of NO, with pristine
and 30 % WO; doped SnS, at room temperature. All energies are taken with reference to adsorption state energy

Figure 4 compares the theoretical response of 30 % WO; doped SnS, as a function of temperature and
experimental results (R¢/R,) [3] to 20 ppm of NO, at low humidity. The comparison shows acceptable results
for temperatures higher than 210 °C and less matching for temperatures lower than 210 °C. Both theoretical
and experimental results peak at 210 °C; however, experimental results have relatively sharper peak that are
less pronounced theoretically.

Figure 5 shows the theoretical response of 30 % WO; doped SnS; as a function of NO, concentration at
temperature 210 °C compared with experimental results (Rg/R,). The linear theoretical response, as estab-
lished by Eq. (18) (v =1), is close and generally lower than the experimental values. As the introduction
mentions, the detected concentration can be lower than the allowed NO, concentration in the range 1-5 ppm
range.

Figure 6 shows the 90 % response time to 20 ppm NO; of 30 % WO; doped SnS, as a function of tem-
perature in comparison with experiment [3] at low humidity. The 90 % response time can be obtained by in-
tegrating Eq. (12), resulting in the equation:

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 39



Abdulsattar, M.A.

) _ In(10)

res(90 %)

)
[NO,] AT™ exp' '

(21)

90 % response time is the duration for a sensor to reach 90 % of its final, stable reading after exposure
to the detected gas. A good agreement between theory and experiment is obtained in Figure 6.
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Figure 4. Theoretical response of 30 % WO; doped SnS, as a function of temperature
compared with experimental results (Ry/R,) [3] to 20 ppm of NO, at low humidity
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Figure 5. Theoretical response of 30 % WO; doped SnS, as a function of NO, concentration
at temperature 210 °C compared with experimental results (Ry/R.) [3] at low humidity

40 Eurasian Journal of Chemistry. 2025, Vol. 30, No. 4(120)



WO3; Doped SnS; Gas Sensor Response to NO; ...
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Figure 6. 90 % response time to 20 ppm NO, of 30 % WO; doped SnS, as a function of temperature
in comparison with experiment [3] at low humidity

Figure 7 shows the effect of relative humidity on 30 % WO; doped SnS; response to 20 ppm of NO, gas
at 210 °C temperature compared with the experiment [3]. Relative humidity affects response mainly in high
humidity only, which can also be deduced from humidity parameters in Table 1. This indicates good re-
sponse at relatively low to medium humidity.

Figure 8 shows the response stability after 30 days of 20 ppm NO, of 30 % WO; doped SnS; at 210 °C
temperature compared to the experiment [3]. The theoretical response is equal to or lower than the experi-
mental response, as shown in Figure 5 for higher NO, concentrations. As time passes (several months), it is
expected for the detected response to be reduced further, and the experimental response becomes nearer to
the theoretical response in Figure 8. Material degradation that includes changes in material crystallinity, dop-
ing, and electronic structure can all decrease the sensitivity. Dust, temperature fluctuations, and even pres-
sure fluctuations affect sensor readings.
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Figure 7. The effect of relative humidity on 30 % WO, doped SnS, response to 20 ppm of NO, gas
at 210 °C temperature compared with experiment [3]
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Figure 8. The stability of response after 30 days of 20 ppm NO, of 30 % WO; doped SnS,
at 210 °C temperature compared to experiment [3]

Figure 9 summarizes the NO, dissociation in air and reaction with the sensor material.

As the NO, molecule approaches the sensor material, its temperature rises to reach the sensor tempera-
ture (210 °C for the present sensor). NO, begins to dissociate as it passes its dissociation temperature. Other
NO, molecules that reach the sensor material might get adsorbed. Some of the NO,-adsorbed molecules
might oxidize an oxygen vacancy in the sensor material, increasing the sensor’s resistance and getting de-
tected by the electronic circuit connected to the sensor material.

The present theoretical method adds new methods to distinguish between detected gases and response
values at a given temperature [3]. The distinguishing method depends on the temperature at which the de-
tected gas dissociates (such as NO, in the present work at 200 °C) or reaches its autoignition temperature
such as ethanol at 368 °C [24]. After the dissociation or autoignition temperatures, the gas concentration and
response drop rapidly. Scanning the temperature-response profile of a detected gas can add information that
differentiates between several gases.

NO,
NO, concentration -
decreases towards WO, "
doped SnS, surface due
to dissociation and
oxidation depending on
temperature, humidity
and sensor material

NO,

Input gas

NO+%0,

.
e Dissociation In alr

NO, Oxidation reaction with WO, doped SaS, surface

o -NO
#‘ .\ \p » 9 Output gases

f‘{xda

Figure 9. Summarizing the NO, dissociation in air and reactions with the sensor material
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Conclusions

The reaction rate equation in transition state theory was used to evaluate the change in the number of
vacancies in a 30 % WO; doped SnS, sensor as NO, gas passes over its surface. The change in number of
vacancies was correlated to the change in response and response time. The Gibbs free energy of transition
was evaluated to calculate the change of response with temperature and gas concentration. Gibbs free energy
of transition showed low values of activation barrier near the highest response of experimentally determined
doping ratio, indicating the quality of the used theory. The calculated response variation with temperature
and NO, concentration agrees with the experimental response (R¢/R,) variation. The response time is also in
good agreement with the experiment. The effect of humidity was also considered and compared to the exper-
iment. The sensor material shows good stability for long-term use and nearly stays around a specific value
with some fluctuations for a month. The present theory can distinguish different gases by the gas properties,
such as dissociation temperature for NO, gas or autoignition temperature for other gases. The use of reaction
rate methods such as the TST in the present work is the only available method in literature to simultaneously
calculate response, response time, temperature effect, and humidity effect.
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Bioactive Chitosan/p-Tricalcium Phosphate Coatings on Titanium:
Experimental Optimization and DFT Insight

The development of bioactive coatings combining biopolymers and calcium phosphate ceramics offers an ef-
fective strategy to improve osseointegration and functional performance of titanium-based implants. In this
study, highly purified Bombyx mori chitosan (CS-BM) and B-tricalcium phosphate (B-TCP) were used to fab-
ricate hybrid coatings on titanium substrates via electrochemical deposition under optimized conditions
(52 °C, pH 6.6-7.0, 2.0-4.0 mA-cm2). SEM and AFM analyses revealed uniform, strongly adherent two-
layer structures with microtopography (1-10 um roughness) favorable for bone ingrowth, while elemental
analysis confirmed complete Ca- and P-rich coverage. Density functional theory (DFT) modeling confirmed
the cooperative role of Ca®* and PO,> in bridging CS-BM to TiO,, contributing to coating stability. In vivo
studies demonstrated that CS-BM/TCP-coated implants accelerated early contact osteogenesis, dense trabecu-
lar bone formation, and stable bone—implant integration compared to uncoated controls. In an experimental
osteoporosis model, intramuscular administration of CS-BM with active calcium or calcium-—vitamin D, sig-
nificantly enhanced fibroblast-to-osteoblast differentiation, stimulated osteoid synthesis, and led to complete
restoration of bone microarchitecture within 21 days. These findings highlight CS-BM/TCP coatings as a sus-
tainable, locally sourced, and highly effective platform for orthopedic and dental implant applications, with
additional therapeutic potential in osteoporosis management.

Keywords: chitosan, Bombyx mori, DFT modeling, chitosan coating, B-tricalcium phosphate, TiO,(110),
electrochemical deposition, implant, osteogenesis

Introduction

The design of bioactive surfaces for titanium-based implants remains a pivotal objective in contempo-
rary biomedical materials research. Titanium and its alloys are extensively employed in orthopedic and den-
tal applications owing to their excellent mechanical performance, corrosion resistance, and intrinsic biocom-
patibility. Nevertheless, the inherently bioinert nature of their surfaces restricts direct bonding with bone tis-
sue, thereby limiting long-term clinical performance. To overcome this limitation, extensive efforts have
been directed toward surface functionalization strategies that integrate biopolymers with calcium phosphate
ceramics, aiming to enhance osseointegration and biological activity [1-10].

One of the key challenges in biomedical materials science is enhancing the physico-mechanical and
biological performance of implants to improve their long-term biocompatibility. A widely adopted approach
to achieving this goal is the surface modification of the underlying implant material. Among the diverse ma-
terials investigated for such applications, chitosan (CS), a B-(1—4)-linked D-glucosamine polysaccharide,
has garnered considerable attention due to its intrinsic biocompatibility, biodegradability, and strong affinity
for biological molecules via its amino and hydroxyl functional groups. These characteristics make CS a par-
ticularly promising candidate for advanced prosthetic applications, positioning it at the forefront of bioactive
surface engineering strategies [11-14].

Globally, the production of chitin and its derivative, CS, is predominantly based on shellfish exoskele-
tons as the primary raw material source. However, this approach is constrained by seasonal and geographic
limitations in shellfish harvesting, which restrict large-scale and consistent supply. In Uzbekistan, where ser-
iculture has been historically well-developed, an alternative and underutilized resource is available in the
form of Bombyx mori silkworm pupae—by-products of the silk production process. These pupae represent a
sustainable source of chitin that can be chemically processed into CS, a polymer of equally high industrial
and biomedical value [15-21].
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Tricalcium phosphate (TCP), particularly in its B-phase, is a well-recognized osteoconductive material
extensively applied in bone regeneration owing to its close compositional resemblance to the mineral phase
of natural bone. Compared with hydroxyapatite, B-tricalcium phosphate demonstrates more favorable
resorption kinetics and pronounced osteoinductive potential, which makes it especially suitable for use in
coating systems designed to enable controlled ion release and facilitate progressive bone remodel-
ing [22, 23].

Recent research has increasingly focused on combining CS with TCP to develop composite materials
that provide both structural reinforcement and enhanced biological functionality. Among the various deposi-
tion techniques, electrochemical methods are particularly attractive for producing uniform, strongly adherent
coatings under low-temperature conditions [24]. Literature reports indicate that promising coating compo-
nents include phosphate, calcium, copper, and gold ions, as well as macromolecular bioactive polymers such
as CS, fibroin, and TCP [25-32]. Comprehensive investigations into the use of these constituents in implant
coatings are regarded as highly promising, with the potential to markedly improve both the mechanical per-
formance and the biological activity of dental implant surfaces.

Given the high incidence and increasing frequency of bone fractures—driven in part by technological
progress and industrialization—post-traumatic osteoporosis has become increasingly prevalent. Recent stud-
ies have emphasized the important role of CS in bone tissue metabolism and in the treatment of osteoporosis
of various etiologies [33—36]. Composite coatings combining chitosan with calcium phosphate significantly
enhance cell adhesion and osteoblastic differentiation (e.g., MG-63, MC3T3-EL), while increasing surface
hydrophilicity—Kkey properties for improved osseointegration [37]. CS is of particular interest as a potential
therapeutic agent for osteoporosis due to its ability to enhance calcium absorption, stimulate bone formation,
and provide targeted drug delivery. CS-calcium complexes for osteoporosis treatment are especially promis-
ing owing to their biocompatibility, drug delivery potential, and osteogenic properties. An underexplored
alternative to conventional marine-sourced chitosan is Bombyx mori chitosan, which, due to its lower
crystallinity, high purity, and enhanced solubility, offers unique advantages for biomedical coatings; given
the growing demand for sustainable, locally available biomaterials and the complete absence of studies ap-
plying CS-BM in implant surface engineering, its investigation is both timely and scientifically relevant. De-
spite promising experimental advances, a detailed understanding of the interactions at the atomic level be-
tween coating components and titanium dioxide surfaces remains limited. Density functional theory (DFT)
and atomistic modeling can provide insights into surface binding, charge redistribution, and electronic ef-
fects, offering valuable guidance for experimental design.

This study aims to develop and optimize electrochemically deposited chitosan Bombyx mori/B-
tricalcium phosphate (CS-BM/TCP) hybrid coatings on titanium substrates, elucidating their interfacial bind-
ing mechanisms and evaluating their potential to enhance osseointegration and bone regeneration. The exper-
imental approach is complemented by DFT simulations of the rutile TiO,(110) surface, focusing on its inter-
actions with individual and cooperative adsorbates, including a chitosan dimer, Ca®*, and PO,> ions. This
combined methodology aims to elucidate the underlying binding mechanisms responsible for improved coat-
ing adhesion and enhanced bioactivity.

Experimental

Isolation of Chitin from Bombyx mori and Synthesis of Chitosan.

The first stage of chitin production involves multiple extractions of oil using organic solvents, including
ethanol, at elevated temperature. Chitin was extracted from Bombyx mori silkworm pupae using 5-7 %
NaOH or KOH solutions (1:10 ratio) at 90 °C for 3 hours, followed by extensive washing and drying. Pro-
teins are removed by treating the defatted raw material with an alkali solution. Chitosan Bombyx mori (CS-
BM) was obtained by deacetylating chitin in 50 % NaOH (1:10 ratio) at 120 °C for 3 h. The resulting product
was washed to neutrality, lyophilized at —50 °C under 0.5 mbar pressure, yielding a yellowish powder readily
soluble in 2 % acetic acid. Purification involved dissolving crude CS-BM in 2 % acetic acid, coagulating at
controlled pH, washing with ethanol, centrifugation, and subsequent lyophilization, as described previously.

Characterization Techniques

The characterization of the obtained samples was carried out using a set of complementary analytical
techniques. Fourier transform infrared (FTIR) spectra were acquired with a Shimadzu 84005 spectrometer
(Japan) in the range of 4000400 cm ™ using KBr pellet preparation. The phase composition was analyzed by
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X-ray diffraction (XRD) on a Rigaku Miniflex 600 diffractometer (Japan) employing Cu Ko radiation
(L =1.5406 A). The elemental composition was determined with a Flash Smart elemental analyzer (Thermo
Scientific, USA). Surface topography was examined by atomic force microscopy (AFM) using an Agilent
Technologies 5500 system (USA), while morphological features were observed by scanning electron micros-
copy (SEM) on an EVO MA10 instrument (ZEISS, Germany).

Preparation of Electrolyte Solutions and Coating Deposition

The electrolyte solution was prepared by dissolving chitosan derived from CS-BM, 0.5 g L™ in 2%
acetic acid, followed by mixing with a saturated 0.2 M TCP solution. Titanium plates (30x10x1 mm, surface
roughness 4.0 um) were thoroughly cleaned and subsequently immersed in the prepared electrolyte. Electro-
chemical deposition was carried out at 52 °C for 15 h under a constant current density of 2.0-4.0 mA-cm in
a pH 6.6-6.7 buffer solution. Previous studies have demonstrated that lower pH values (<6.5) negatively im-
pact the adhesion strength of calcium phosphate coatings, primarily due to the accelerated dissolution of pre-
cursor species and reduced nucleation efficiency on titanium substrates [37, 38]. After electrolytic deposi-
tion, the titanium plates were rinsed thoroughly with demineralized water and dried in an oven at 50 °C for
12 h.

Biomedical Studies of Titanium Implantation in Vivo

The in vivo biomedical study was conducted on 18 clinically healthy, non-breed rabbits weighing
4200-4300 g. The animals were maintained under standard vivarium conditions at the Interuniversity Scien-
tific Research Laboratory of the Tashkent Medical Academy and provided with a standard diet. All experi-
mental procedures were performed in strict compliance with the international guidelines for the ethical
treatment of laboratory animals, as outlined in the European Communities Council Directive 86/609/EEC of
24 November 1986.

Titanium dental implants coated with a bioactive TCP/CS-BM composite, as well as uncoated titanium
implants, were surgically placed under general anesthesia. The animals were randomly assigned to three ex-
perimental groups:

Group 1 — Intact control;

Group 2 — Implant without bioactive coating;

Group 3 — Implant with bioactive coating.

General anesthesia was induced via intravenous injection of a freshly prepared sodium ethaminal solu-
tion (40 mg-kg ™) into the auricular vein. Upon achieving deep anesthesia, 0.5 % novocaine solution was
administered subcutaneously at the surgical site. Osteoplastic surgery for implant insertion was performed
using a 1 mm diameter drill operating at 1000 rpm under continuous saline irrigation. Implant placement was
completed using a rotating torque key to ensure controlled insertion.

Postoperative monitoring of the animals’ general condition was carried out hourly during the first 24
hours and subsequently once daily over a 90-day period. Radiographic assessments of the implant sites were
performed at 1, 2, and 3 months post-surgery to evaluate the progression of osseointegration.

Biomedical Evaluation of Modified Chitosan for Osteoporosis Treatment

The biomedical evaluation of modified chitosan for osteoporosis treatment was conducted on 50 healthy
female Chinchilla rabbits weighing 2.0-2.5 kg. Osteoporosis was experimentally induced by performing an
osteotomy of the right femur, followed by immobilization of the limb. After 40-50 days, radiographic exam-
inations confirmed the development of osteoporosis, and the animals were divided into three experimental
groups. The first group (n = 10) served as the control and, after removal of immobilization, was kept under
standard conditions without treatment. The second group (n = 15) received intramuscular injections of CS-
BM combined with active calcium for 20 days, while the third group (n = 15) received CS-BM in combina-
tion with “Calcium-D3 Nycomed” for the same duration. At the end of the treatment period, all animals were
euthanized, and samples from the femoral epiphysis and diaphysis were collected for micromorphological
analysis. The specimens were fixed in 10 % neutral buffered formalin and decalcified in 5 % nitric acid in
preparation for histological examination.

Statistical Analysis

The experimental data were processed statistically using Microsoft Excel software. Calculated parame-
ters included the arithmetic mean (M), standard deviation (c), standard error of the mean (m), and relative
values expressed as percentages. Differences between mean values were evaluated for statistical significance
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using Student’s t-test, with a threshold of p <0.05 considered significant. All statistical analyses were per-
formed in accordance with established guidelines for the processing of clinical and laboratory research data.

Computational Details

Density functional theory (DFT) calculations were performed using the Vienna Ab-initio Simulation
Package (VASP) [39-42]. The Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) [43] was used for the exchange-correlation functional, and projector augmented-wave (PAW)
pseudopotentials [44] were employed.

A kinetic energy cutoff of 500 eV was chosen after convergence tests, ensuring total energy variation
below 10> eV/atom. Brillouin zone sampling was performed using a Monkhorst-Pack grid [45] of 2x2x1 for
the slab moldels. Atomic structures were fully optimized until the residual forces on each atom were less than
0.02eVA™

The rutile TiO, structure was obtained from the Materials Project (mp-2657) and used as the model for
the TiO,(110) surface. The rutile TiO,(110) surface was modeled as a 2x2 supercell slab composed of four
atomic layers separated by a vacuum region of 20 A along the surface normal (z-axis). The bottom two layers
were fixed to represent the bulk structure, while the top layers were relaxed. Dipole corrections were applied
along the z-direction (LDIPOL = TRUE, IDIPOL = 3) to eliminate artificial electrostatic interactions caused
by asymmetry in the slab geometry.

The chitosan repeating unit was represented by the protonated glucosamine monomer ([GIcNHs]"), op-
timized separately in the gas phase. To maintain overall charge neutrality in periodic boundary conditions, a
uniform compensating background charge was applied, following standard procedures for charged
adsorbates [46]. This approach enables reliable estimation of local binding energetics and charge redistribu-
tion while avoiding long-range Coulomb artifacts.

Adsorption models included: (i) isolated [GIcNH;]" interacting with TiO,(110); (ii) single Ca?" and
PO,* ions; and (iii) a cooperative CS—Ca**~P0O,* composite cluster. p-Tricalcium phosphate (B-TCP) was
modeled in its rhombohedral R3c phase (space group No. 161) using crystallographic parameters from the
ICSD database, cross-validated with data from the Materials Project (mp-3487).

The adsorption energy (E.qgs) Was calculated using:

Eads = E(surface + adsorbate) ~ E(surface) - E(adsorbate)a
where Esyrface + adsorbate) 1S the total energy of the adsorption system, and Esyrtace) aNd Eadsorbate) COrrespond to the
isolated surface and molecule/ion, respectively.

Charge transfer analysis was performed using the Bader method [47, 48]. The chosen DFT-PBE/PAW
level of theory provides a good balance between accuracy and computational efficiency for describing ox-
ide—biomolecule interfaces and has been widely validated for TiO, and calcium phosphate systems [49].
Charge transfer was estimated using Bader charge analysis.

Results and Discussion

Physicochemical Properties of CS and TCP

For the purposes of this study—given the intended biomedical application—highly purified CS-BM
was required. CS-BM purification was carried out according to a previously developed method [15, 16]. The
physicochemical properties of the starting material were characterized using elemental analysis, IR spectros-
copy, and X-ray diffraction. Additionally, the degree of deacetylation (DDA) and viscosity-average molecu-
lar weight (M,,) of the CS-BM samples were determined. Purified CS-BM exhibited high nitrogen content
(8.52 %), low ash content (1.43 %), and high solubility in acetic acid (98.85 %). TCP powder displayed lim-
ited solubility in water but dissolved well in acetic acid, forming hydrophosphates.

FTIR spectra confirmed characteristic CS-BM functional groups (OH, NH,, and C-O-C) and complete
deacetylation. TCP spectra showed strong phosphate group vibrations, while XRD confirmed the crystalline
phase of single-phase tricalcium phosphate. The broad and intense absorption band observed in the 3500—
3100 cm™ region corresponds to the stretching vibrations of hydroxyl (OH) and amino (NH) groups involved
in hydrogen bonding. The stretching vibrations of the C—H and CH, groups were observed at 2917 and
2873 cm™, respectively. The absorption bands within 900-1150 cm™ are associated with various defor-
mation vibrations of C-O-C, NH, and C-C groups (Figure S1 of the Supplementary Materials file). The
spectrum lacked the absorption peak of the acetamide group characteristic of chitin, while the amide Il band
appeared as a distinct single peak at 1578 cm™. The nitrogen content and solubility of the purified CS-BM
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reached 8.52 % and 98.8 %, respectively. A low ash content (1.43 %) also confirmed the high purity of the
obtained material (Table 1).

TCP powder was used as the calcium-containing component of the coating. TCP belongs to the group
of bioactive materials capable of participating in ion exchange and metabolic processes within the bone ma-
trix, being partially or completely replaced by bone tissue during regeneration. Due to its osteoconductive
properties, TCP serves as a scaffold that is gradually substituted by newly formed bone.

Table 1
Physicochemical characteristics of CS-BM and TCP
Sample Nitrogen | Ash con- |Solubility in 2 % | Solubility in | pH of 1 % aque- | Intrinsic vis- | Moisture
P content, % | tent, % | acetic acid, % water, % ous suspension | cosity, dl/g | content, %
Bombyx mori| g g, 1.43 98.85 1.15 75 25 3.17
chitosan
TCP —
- 58.40 96.10 43.68 - - 1.68
Caz(POy),

One of its most valuable characteristics is its osteoinductivity, which makes it widely applicable as a bi-
omaterial for bone defect repair. However, osteoinductivity alone is insufficient to ensure complete bone re-
generation and remodeling in composite materials based solely on tricalcium phosphate [50, 51]. Successful
bone growth also requires additional factors, such as bioactive scaffolding materials (e.g., CS) and specific
growth factors capable of inducing cellular differentiation toward bone tissue. Therefore, the bone-
regenerative potential of TCP can be significantly enhanced by the incorporation of osteoinductive growth
factors stimulating osteoblast differentiation [52-54]. Tricalcium phosphate is a tertiary calcium phosphate,
also referred to as bone ash, serving as a rich and bioavailable source of calcium and phosphorus for cells.

The TCP used in this study was a grayish powder with a molecular weight of 310.18 g/mol and a densi-
ty of 2.81 g/cm®, measured under standard conditions (25 °C, 100 kPa). The physicochemical characteristics
of purified CS-BM and TCP used for implant coatings are summarized in Table 1.

The purified CS-BM was subsequently utilized for the fabrication of composite coatings on titanium
substrates in combination with TCP. The TCP employed in this study was characterized by a high content of
ash-forming elements (~60 %). While TCP demonstrated low solubility in water, it readily dissolved in 2 %
acetic acid, resulting in the formation of hydrophosphate species. Structural characterization of the TCP
powder was performed using Fourier-transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD)
(Figure S2 of the Supplementary Materials file).

The FTIR spectrum of Cas(PO,), confirmed the presence of phosphate anions, as evidenced by a broad,
intense absorption band centered at 1452 cm ™, accompanied by shoulders at 1138 cm™ and 1065 cm™, cor-
responding to the antisymmetric stretching vibrations of the phosphate group. Additionally, a deformation
vibration was observed at 528 cm™* (Figure S2, a of the Supplementary Materials file).

The XRD pattern of the TCP sample (Figure S2, b) displayed distinct diffraction peaks characteristic of
single-phase tricalcium phosphate, with prominent reflections at 260 = 30.0°, 34.2°, and 36.5°. The peak at
20 = 30.0° serves as a definitive marker for TCP, in agreement with previously reported crystallographic da-
ta [55, 56].

Preparation of Calcium Phosphate/Chitosan Coatings

Titanium plates were prepared according to the procedure described in Experimental section. A deposi-
tion setup was assembled, consisting of a thermostated electrochemical cell equipped with a temperature sen-
sor, two electrodes (a reference electrode and a counter electrode), and a cathode onto which the titanium
plate was fixed (Fig. 1).

The electrochemical deposition parameters for bioactive coatings were systematically optimized, with
the following key factors identified: applied current density (0.1-10 mA), temperature range (30-70 °C),
solution and bioactive mixture concentrations (0.1-10 %), and deposition time (1-20 h). Prior to electrolysis,
all raw materials, solutions, and mixtures were carefully prepared and purified. Special emphasis was placed
on the physical surface characteristics of the titanium substrates, particularly smoothness and roughness, as
micro-scale surface irregularities were found to be critical for effective electrolytic deposition and stable fix-
ation of the bioactive layer. This effect is attributed to the enhanced reduction of ions and macroions during
electrochemical processing.
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Figure 1. Schematic diagram of the installation for electrolytic deposition of coatings on titanium plates

Titanium plates were mechanically treated to achieve the desired roughness. Previous studies have
shown that increasing surface roughness significantly improves the primary mechanical stability of implants
and supports their long-term performance [57-59]. While roughness enhances the bone—implant contact area,
thereby facilitating osseointegration, it is not the sole determinant of success. Surface chemistry, particularly
the incorporation of bioactive ions, plays an equally important role during the initial stages of reparative
osteogenesis by promoting osteogenic activity.

Surface roughness of the plates was measured using an atomic force microscope (Agilent Technologies
5500, USA) (Figure S3 of the Supplementary Materials file).

A developed surface topography facilitates mechanical interlocking between the newly formed bone tis-
sue and the implant surface. A robust process of reparative regeneration is a key factor determining the me-
chanical integrity of the bone-implant interface. The microscopic level of roughness reflects the
microgeometry of the implant surface, with surface irregularities in the range of 1 to 10 um.

The obtained surface roughness range was found to provide optimal adhesion between the implant and
mineralized bone tissue. According to literature data, the most favorable topography for osseointegration in-
cludes hemispherical pores approximately 1.5 um deep and 4 pm in diameter.

SEM analysis confirmed the successful formation of TCP coatings on titanium substrates, with thick-
nesses ranging from 10 to 14 pm (Fig. 2). Under optimized electrolytic deposition conditions—CS-BM con-
centration of 0.41 g/dL, TCP in a supersaturated solution at pH 7.0, temperature of 52 °C, deposition time of
15 h, and applied current density of 2.0 mA/cm*—the resulting composite coating reached a total thickness
of 58 um, of which 16 um corresponded to the CS-BM layer.

Surface roughness measurements, performed using an atomic force microscope (Agilent Technologies
5500, USA), are presented in Figure S3 of the Supplementary Materials file. The resulting microtopography
enables mechanical interlocking between the implant and the newly formed bone tissue, which is a decisive
factor for the long-term integrity of the bone—implant interface. At the microscopic scale, the implant surface
exhibited irregularities in the 1-10 um range, corresponding to the optimal geometry for enhanced
osteointegration.
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Figure 2. Electrolytically deposited two-layer coating based on CS-BM and TCP on a titanium plate:
(a) SEM image of the coating surface at 250x magnification. CS-BM concentration: C = 0.41 g/dL; T =52 °C;
deposition time: 15 h; in supersaturated TCP solution (buffer pH 7.0); current density: |1 = 2.0 mA/cm?;
(b) SEM image of the coating cross-section at 250x magnification. Outer layer: TCP; inner (darker) layer: CS-BM;
intermediate connecting layer: TCP; layer thicknesses: 1 — 32 um, 2 — 16 pm, 3 — 8 um

A moderate increase in CS-BM concentration to 0.46 g/dL, while keeping all other deposition parame-
ters unchanged, resulted in a pronounced reduction in total coating thickness to 24 um. Correspondingly, the
CS-BM layer thickness decreased to 10 um (Fig. 3).

These results align with previous reports [60, 61], which also documented a progressive reduction in
coating thickness with increasing CS-BM concentration in the electrolyte. Experimental data demonstrated
that raising the CS-BM concentration to 0.48 g/dL, while simultaneously shortening the deposition time and
increasing the current density to 4.0 mA/cm?, yielded a total coating thickness of 30 um, with the CS-BM
layer reduced to 6 um (Fig. 4). Both the overall coating thickness and surface roughness exhibited a con-
sistent downward trend with higher CS-BM concentrations. Importantly, the combination of reduced pro-
cessing time and elevated current density produced coatings comparable in quality to those formed under
prolonged deposition, offering a more cost-effective and time-efficient manufacturing approach.

Experimental results confirmed that the developed bioactive coating comprises three structurally dis-
tinct layers: a CS-BM matrix, an intermediate TCP layer, and an outer TCP layer. Each layer fulfills a specif-
ic function in enhancing implant performance. The CS-BM matrix acts as a reservoir for the sustained re-
lease of bioactive molecules, supporting local therapeutic action.

The outer TCP layer promotes bone tissue ingrowth, while the intermediate TCP layer ensures robust
adhesion between the matrix and the implant surface. Owing to the ionic exchange capacity of TCP in com-
bination with CS-BM, the coating undergoes gradual resorption, facilitating its replacement by newly formed
bone tissue during the regenerative process.
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a b

Figure 3. Electrolytically deposited two-layer coating based on CS-BM and TCP on a titanium plate:
(a) SEM image of the coating surface at 500x magnification. CS-BM concentration: C = 0.46 g/dL; T = 52 °C;
deposition time: 15 h; in supersaturated TCP solution (buffer pH 6.6); current density: | = 2.0 mA/cm?;
(b) SEM image of the coating cross-section at 500x magnification. Outer layer: TCP;
inner (darker) layer: CS-BM; layer thicknesses: 1 — 10 pym, 2 — 10 um, 3 — 4 pm

20um

a b

Figure 4. Electrolytically deposited two-layer coating based on CS-BM and TCP on a titanium plate:
(a) SEM image of the coating surface at 500x magnification. CS-BM concentration: C = 0.48 g/dL; T = 52 °C;
deposition time: 7 h; in supersaturated TCP solution (buffer pH 6.65); current density: | = 4.0 mA/cm?2,;
(b) SEM image of the coating cross-section at 500x magnification. Outer layer: TCP;
inner (darker) layer: CS-BM; layer thicknesses: 1 — 10 ym, 2 — 6 um, 3 — 14 pm

Optimization of Titanium Surface

Surface roughness significantly affects osseointegration. AFM revealed optimal roughness values of
~4.0 um after progressive processing, enhancing implant stability and bone integration. The microstructural
characteristics of the coating were further examined using scanning electron microscopy (SEM, EVO MA10,
ZEISS, Germany) at varying magnifications (Fig. 5, a, b), providing detailed visualization of surface mor-
phology and coating uniformity.

As shown in Figure 5, a the untreated titanium plate surface displays distinct roughness characterized
by pronounced scratches. After coating, the surface is covered with TCP microspheres ranging from 10 to
30 um in diameter (Fig. 5, b), around which the CS-BM film aggregates. These CS-BM domains are inte-
grated with both the calcium phosphate spheres and each other, forming cross-linked structural networks.
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Figure 5. (a) Image of the CS-BM/TCP coating on a titanium plate, scale bar: 100 um;
(b) Image of the CS-BM-TCP coating on a titanium plate, scale bar: 10 um

Elemental analysis of the uncoated titanium plate (Fig. 6) confirmed a predominantly homogeneous
composition, with titanium comprising 96.2 % of the material and minor inorganic impurities such as Al,
Mn, and residual Ca. In contrast, the spectrum of the TCP-coated surface (Figure S4 of the Supplementary
Materials file) showed a sharp reduction in titanium content to 7.1 %—a nearly 13.5-fold decrease—
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indicating almost complete substrate coverage. The detected Ca (25.5 %), P (12.7 %), and O (53.7 %) con-
tents are in close agreement with the theoretical stoichiometry of TCP.

The elemental spectrum of the CS-BM film reveals a carbon content of 9.9 %, confirming the incorpo-
ration of the CS-BM polymer into the coating. Along with carbon, calcium (Ca), phosphorus (P), and oxy-
gen (O) were also detected, indicating the successful formation of a composite CS-BM/TCP layer.

Overall, SEM analysis confirmed that the coating on the titanium plates consists of TCP microspheres
(10-30 um in diameter) embedded within a continuous CS-BM film, forming a structurally integrated com-
posite surface.
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b

Figure 6. (a) Image of the TCP layer from the cross-sectional side of the titanium plate;
(b) Elemental composition of TCP within the CS-BM layer

The CS-BM/TCP coating applied to the end surface of titanium plates was examined (Fig. 6). Elemental
analysis of the CS-BM layer deposited atop the TCP surface revealed the following composition: oxygen—
50.4 wt%, phosphorus—33.0 wt%, and calcium—16.7 wt%. This composition confirms complete (100 %)
coverage of the TCP layer over the titanium substrate. Therefore, the electrolytic deposition technique ena-
bles the fabrication of a continuous bioactive CS-BM/TCP coating on titanium surfaces.
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Theoretical Insights into Component Adsorption on Rutile TiO,(110)

To elucidate the molecular-level mechanisms underlying CS and TCP deposition on titanium substrates,
ab initio density functional theory (DFT) calculations were performed. The rutile TiO,(110) surface—
representing the stable native oxide layer formed on titanium implants—was modeled using a four-layer slab
with a 20 A vacuum gap in the z-direction. The bottom two layers were fixed to preserve the bulk crystal
structure, while the upper layers were fully relaxed.

Adsorption of Protonated Glucosamine on TiO,(110)

The glucosamine molecule, representing the repeating unit of chitosan, was considered in its protonated
form ([GIcNH;]"), which dominates at physiological and mildly acidic pH (~6.6). The molecule adsorbs fa-
vorably onto the TiO,(110) surface via electrostatic interactions between the -NH;" group and surface bridg-
ing oxygen atoms O atoms TiO,(110) surface. Hydrogen bonding involving hydroxyl groups (-OH) and
five-fold coordinated Ti’c atoms. The calculated adsorption energy (Eags) of the NHz* group on the TiO, sur-
face is —1.27 eV, indicating a strong exothermic interaction and thermodynamically favorable adsorption.
The optimized geometry reveals a bonding configuration involving the nitrogen atom of NH;" interacting
with a bridging oxygen atom) of the surface at a distance of approximately 2.89 A. Additionally, hydrogen
bonding between the hydroxyl group and a five-coordinated titanium site (Ti’c) is observed, with an OH-Ti
distance of ~2.13 A. Bader charge analysis shows a net charge transfer of approximately 0.11 electrons from
the adsorbed NH* moiety to the Ti’c site, further confirming electronic interaction and partial covalent char-
acter of the adsorption. Molecular orientation: nearly parallel to the surface, stabilized by multiple interaction
sites. These findings indicate strong adhesion of the chitosan monomer to the oxide surface, favoring the
formation of a stable initial polymer layer during electrochemical deposition.

Adsorption of Ca** and PO,> lons

To investigate ion-surface interactions relevant to calcium phosphate nucleation, adsorption of Ca®* and
PO,> ions on the TiO,(110) surface was studied using DFT calculations. The Ca®* ion was initially posi-
tioned above the O-terminated region of the TiO,(110) slab. Upon full structural relaxation, it coordinated
with three bridging oxygen atoms (O), forming a distorted planar complex. The calculated adsorption energy
was —1.85 eV, and the Ca—O bond distances ranged from 2.27 to 2.36 A. Bader charge analysis revealed no
significant charge transfer between Ca?* and the surface, consistent with a predominantly electrostatic nature
of the interaction. For the phosphate species, PO,> was modeled as a free tetrahedral ion and adsorbed in a
tridentate fashion on the TiO, surface, establishing three Ti—O-P linkages. The adsorption energy was calcu-
lated as —1.43 eV, and the Ti—O distances varied between 2.01 and 2.17 A. Notably, Bader analysis indicated
a partial charge transfer of approximately 0.21 electrons from the surface Ti atoms to the phosphate ion, im-
plying the presence of partial covalent bonding and a chemisorption component.

Overall, both Ca®* and PO,* ions exhibited strong affinity for the TiO,(110) surface. Their co-
adsorption is expected to promote the nucleation and stabilization of calcium phosphate phases, providing
mechanistic insight into early-stage biomineralization processes. The calcium ion was placed above the
O-terminated region of the TiO,(110) slab. After full relaxation, Ca** coordinated with three bridging O at-
oms, forming a distorted planar complex.

Co-Adsorption of Chitosan, Ca** and PO,*

To replicate the multi-ion environment characteristic of the electrolytic deposition process, a composite
adsorption model was developed, incorporating a chitosan dimer, calcium ions (Ca®*), and phosphate anions
(PO,*) on the TiO,(110) surface (Fig. 7, a, b, c). Following full structural relaxation, the system converged
to a stable configuration in which the Ca®* ion adopted a bridging role—coordinating simultaneously with a
surface oxygen atom and an oxygen atom from the phosphate group. The protonated amine group (-NH;") of
chitosan exhibited a pronounced electrostatic attraction toward the negatively charged PO,*" moiety, further
reinforcing the interfacial complex. In addition, hydroxyl groups along the chitosan backbone formed multi-
ple hydrogen bonds with both TiO, surface oxygens and phosphate species, contributing additional stabiliza-
tion.

The calculated total adsorption energy for the composite system was —3.62 eV, indicative of strong co-
operative binding among all components. Charge density difference mapping revealed marked ionic redistri-
bution, with Ca®* functioning as a coordination bridge that electrostatically links the chitosan polymer to the
TiO, surface through the phosphate group. These in silico findings align with experimental observations,
supporting the hypothesis that Ca**~PO,* mediated ionic cross-linking is a key factor in promoting the me-
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chanical stability, chemical integrity, and long-term adhesion of bioactive chitosan-based coatings generated
via electrolytic deposition.

HO

Figure 7. (a) Schematic diagrams showing the CS/TCP/TiO, interaction (bottom TiO,, top left — TCP,
top right — CS, (b) Vander Waals Spheres diagram and (c) schematic representation of the chemical process

Adsorption analysis revealed varying interaction strengths between the individual components and the
TiO,(110) surface. Glucosamine ([GIcNH3]") showed moderate binding (—1.27 eV) through NH;"—O and H—
Ti interactions, with slight charge transfer (~0.11 ") (Table S1 and Figure S5 of the Supplementary Materi-
als file). Ca®* adsorbed more strongly (~1.85 eV) via coordination to surface O atoms, but without significant
electron transfer. PO,* formed P-O—Ti bonds with —1.43 eV binding and notable charge donation (~0.21 €").
The combined CS-Ca*~PO,* system exhibited the strongest adsorption (-3.62 ¢V), indicating cooperative
multisite interactions and enhanced stability, with cumulative charge transfer (~0.25 €7). These results sup-
port the synergistic nature of CS/TCP hybrid adsorption on TiO,, relevant for bioactive surface design.

To gain deeper insight into the interfacial binding mechanisms, the electrostatic potential (ESP) distri-
bution of the rutile TiO,(110) surface was calculated and analyzed (Figure S6 of the Supplementary Materi-
als file). The resulting ESP map highlights a pronounced polarity across the surface, characterized by nega-
tively charged bridging and in-plane oxygen atoms and positively charged titanium cations.

Such spatial charge separation creates distinct adsorption “hot spots”, where electropositive titanium
centers can attract electron-rich functional groups (e.g., oxygen atoms from phosphate or hydroxyl groups),
while electronegative oxygen sites can bind to protonated amines (-NHs") of CS. For phosphate-containing
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phases such as B-tricalcium phosphate, these regions facilitate simultaneous coordination to both titanium
and oxygen centers, enhancing interfacial bonding.

This polarity-driven anchoring mechanism provides a strong electrostatic driving force for the initial
immobilization of bioactive species, thereby enabling the formation of a stable, chemically integrated coating
and promoting long-term biointegration with the titanium substrate.

A partial density of states (PDOS) analysis was performed to elucidate the electronic structure changes
occurring upon adsorption of the bioactive components on the TiO,(110) surface (Fig. 8). In the glucosa-
mine-TiO, system (Fig. 8, a) minimal orbital overlap between Ti 3d and N 2p states suggests weak chemi-
sorption dominated by electrostatic attraction. In contrast, 3-TCP adsorption (Fig. 8, b) induces noticeable
hybridization between O 2p and Ti 3d orbitals, consistent with the formation of partial Ti—-O-P bonds. The
PDOS spectra (Fig. 8, c) reveal distinct signatures from the Ti 3d and O 2p orbitals of the rutile substrate,
alongside contributions from Ca 3d and P 3p states associated with the B-tricalcium phosphate cluster. Car-
bon and nitrogen states from the chitosan dimer are mainly localized within the valence band, with limited
extension into the conduction region, indicating weak orbital hybridization with the TiO, surface. Notably, a
measurable overlap between O 2p and Ca 3d states appears near the Fermi level, consistent with the for-
mation of ionic and partially covalent Ca—O bonds at the interface. This electronic coupling is expected to
strengthen adhesion between B-TCP particles and the oxide layer.

The combined contributions of chitosan and B-TCP to the PDOS suggest that adsorption induces local
electronic reorganization, which could modulate surface charge distribution and thereby influence protein

adsorption, osteoblast attachment, and overall bone—implant integration.

u.

—P3p
O 2p

Density of States, a
Density of States, a.u.

- 0 2
Energy, eV

a ‘ b

Figure 8. Partial density of states (PDOS): (a) CS/TiO,(110); (b) TCP/TiO,(110)
and (c) CS/TCP/TiO, (110) interactions

DFT simulations on rutile TiO,(110) confirm that chitosan, Ca**, and PO,*" each adsorb strongly onto
the oxide surface, with the most stable configurations arising from the simultaneous presence of all species.
This cooperative binding is driven by synergistic electrostatic and coordinative interactions, with Ca®* acting
as a bridging ion between chitosan and phosphate groups. These results provide a theoretical explanation for
the experimentally observed stability and bioactivity of CS/TCP coatings. The charge density and PDOS
analyses reveal interfacial electronic reorganization, consistent with enhanced adhesion and biointegration.
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Compared to hydroxyapatite (HA) coatings, B-TCP offers greater resorbability and controlled ion release,
aligning with previous reports of improved osteoconductivity in biphasic HA/TCP systems [62]. This study
thus provides the first atomistic-level evidence of the cooperative adsorption mechanism underlying the for-
mation and performance of CS/TCP—modified titanium implants.

Effectiveness of the Bioactive Coating on Titanium Dental Implants

Radiographic and histomorphological studies demonstrated that titanium implants coated with CS-
BM/TCP promoted early contact osteogenesis, with bone tissue formation beginning by day 30 in Group 3.
The coating enhanced protein adsorption, osteogenic cell migration, and cell adhesion, facilitating integration
with both organic and mineral phases of the bone matrix. Compared to uncoated implants (Group 2), CS-
BM/TCP-coated implants showed faster and more pronounced organotypic remodeling: dense bone
trabeculae and hematopoietic sites appeared by day 60 (occupying ~4.0 % of the defect area versus 2.3 % in
Group 2), and remodeling quality remained superior throughout the study. By 3 months, lamellar bone
trabeculae with compact structure and few osteocytes were observed, confirming the coating’s
osteoconductive and osteointegrative properties (Fig. 9).

c

Figure 9. Results of X-ray examinations of rabbit bone tissue after implantation:
(a) Bone tissue around the coated implant on day 7. Peri-implant bone showed signs of structural rarefaction;

(b) Bone tissue around the coated implant after 1 month. The implant surface was found to be covered externally with
loose, and in some areas dense, connective tissue; (c) Bone tissue around the coated implant after 2 months.
Pronounced integration of the coated implant with the surrounding bone was observed; (d) Bone tissue around the coat-
ed implant after 90 days. Complete healing of the bone tissue surrounding the coated titanium implant was observed

Histological analysis revealed channels containing loose, immature connective tissue populated by fi-
broblasts and fibrocytes between newly formed bone trabeculae, along with isolated microvessels of the mi-
crocirculatory bed. Both histological and radiographic evaluations confirmed active osteogenesis following
placement of CS-BM/TCP—coated titanium implants. The bioactive coating did not interfere with bone
formation and supported stable implant integration. Clear indicators of osseointegration were observed, in-
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cluding implant immobility (ankylosis), intimate bone—implant contact without inflammation, absence of
radiolucency or interfacial gaps, and preservation of adjacent tissues. The CS-BM/TCP composite exhibited
osteoinductive properties and functioned as a scaffold for bone regeneration, in agreement with previous re-
ports [63-66]. Gradual resorption of the bioactive layer coincided with progressive bone healing, confirming
its safety and effectiveness for dental implant applications without notable adverse effects.

Histological Evaluation of Bone Regeneration in Osteoporotic Models Treated

The rising incidence of bone fractures has been accompanied by an increase in post-traumatic osteopo-
rosis, a trend closely linked to rapid technological advancement and industrialization. A cornerstone of oste-
oporosis management is the administration of calcium supplements as baseline therapy, which ensures timely
formation of a strong bone callus. The pivotal role of calcium in maintaining bone tissue structure and regu-
lating intracellular processes during fracture healing has been confirmed by numerous experimental and clin-
ical studies [67, 68]. In the present part of this study, we investigated the effects of CS-BM and its
B-tricalcium phosphate (B-TCP)-modified form on bone tissue formation and on the morphological charac-
teristics of regenerated bone. The modified CS-BM/TCP formulation was prepared using highly purified
components, including CS with a deacetylation degree of 83.5 % and a molecular weight of 71.1 kDa.

Following administration of the modified CS-BM formulations, early histological changes indicative of
activated reparative regeneration were observed as early as day 7 (Fig. 10, a). In the vascular—stromal com-
ponents of the endosteum, connective tissue cells within the Haversian canals exhibited nuclear
hyperchromasia and hypertrophy, reflecting increased metabolic activity. Most fibroblasts underwent differ-
entiation into osteoblasts and migrated toward the compact bone lamellae. Within the compact bone itself,
regenerative activity was evidenced by osteoid hyperchromasia and hypertrophy of osteocytes, indicating the
early onset of bone repair.

By day 14 (Fig. 10, b), reparative processes had intensified. Osteoporotic bone tissue displayed a
marked increase in large, hyperchromatic osteoblasts and osteoclasts within the Haversian canals, with oste-
oblasts forming direct contacts with compact bone lamellae and contributing to new osteoid deposition. Fi-
broblast proliferation was particularly prominent, with large, hyperchromatic cells actively differentiating
into osteoblasts and osteocytes. Proliferative clusters within the Haversian canals gave rise to new tissue el-
ements, serving as clear morphological evidence of accelerated bone regeneration under the influence of the
modified CS-BM.

By day 21 (Fig. 10, c), no histological signs of osteodystrophy or osteoporosis remained. Instead, active
osteogenesis dominated, with osteoblasts arranged in a continuous layer along the compact bone lamellae,
exhibiting morphological features of active osteosynthesis. Within the Haversian canals, osteoblasts pro-
duced parallel layers of osteoid bone callus, which in several areas fused seamlessly with the compact lamel-
lae, indicating robust structural integration.
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Figure 10. Results of morphological study of bone tissue regeneration:
(a) Day 7 after CS-BM administration. Presence of large osteoblasts and osteoclasts within the connective tissue
of the Haversian canals; (b) Day 14 after CS-BM administration. Enhanced proliferation of fibroblasts
and osteoblasts observed both from the periosteum and within the Haversian canals; (c) Day 21 after CS-BM
administration. Reparative regeneration of fibroblasts and osteoblasts on the surface of the bone lamella
and within the lumen of the Haversian canals

These results collectively demonstrate that the modified CS-BM formulations, particularly in combina-
tion with active calcium, promote rapid and effective reparative regeneration of osteoporotic bone tissue. The
observed proliferative response led to the formation of a primary bone callus composed of fibroblastic and
osteoblastic elements, with morphological signs of osteoporosis replaced by osteoregenerative activity within
three weeks. By day 21, complete structural restoration of both the bone lamellae and Haversian canals was
achieved, indicating that CS-BM—active calcium therapy accelerates normalization of bone structure, short-
ens treatment duration, and enhances rehabilitation outcomes.

Chitosan derived from Bombyx mori exhibits distinct physicochemical and structural characteristics
compared to marine- and fungal-sourced chitosan, offering unique advantages for biomedical coatings. The
chitin of B. mori is localized in the cuticle and peritrophic membrane, featuring low mineralization and re-
duced crystallinity, which facilitate deacetylation and yield high-purity CS with minimal ash content and ab-
sence of carotenoid pigments. CS-BM typically has a lower to medium molecular weight (50-300 kDa) and
attains a high degree of deacetylation (>85-90 %) under mild alkaline treatment, enhancing solubility in
weak acids and enabling homogeneous electrolyte dispersion during electrochemical deposition. In contrast,
marine chitosan often possesses higher crystallinity, greater polymerization degree, and significant calcium
carbonate content, necessitating harsher extraction and depolymerization. The unique impurity profile of CS-
BM, including specific B. mori proteins, may contribute to its enhanced biological activity, such as improved
antibacterial properties and stimulation of osteogenesis. These features make CS-BM particularly suitable for
forming uniform, strongly adherent coatings on titanium, ensuring controlled ion release and superior
biointegration in orthopedic and dental implant applications.
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Conclusions

This study demonstrates that titanium implants coated with a bioactive chitosan—-Bombyx mori (CS-
BM) and B-tricalcium phosphate (TCP) composite exhibit pronounced osteoinductive and osteoconductive
properties, promoting effective osseointegration and bone regeneration in both normal and osteoporotic bone
conditions. Histological, radiographic, and morphological analyses confirmed the stable integration of the
implants, absence of inflammatory response, and gradual resorption of the bioactive coating accompanied by
complete structural restoration of bone tissue.

The modified CS-BM formulations enriched with active calcium and calcium—vitamin Dj further en-
hanced reparative regeneration by accelerating fibroblast-to-osteoblast differentiation, stimulating osteoid
synthesis, and normalizing bone microarchitecture within 21 days post-treatment in an experimental osteopo-
rosis model.

These findings indicate that CS-BM/TCP coatings are safe, biocompatible, and effective for orthopedic
and dental applications, providing a dual benefit of mechanical stability and biological stimulation of bone
repair. The use of calcium and vitamin Ds-modified CS-BM may represent a promising therapeutic approach
to shorten treatment and rehabilitation periods in patients with post-traumatic osteoporosis and other bone
healing impairments.
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Structural, Photocatalytic, and Antibacterial Evaluation
of Cu-Doped ZnMn,0O, Nanoparticles

In this study, the impact of doping ZnMn,0O, spinel nanoparticles with different proportions of copper (Cu)
was investigated for the first time. The nanomaterials were synthesized via sol-gel method and characterized
structurally, optically, and morphologically. X-ray diffraction (XRD) confirmed the formation of a pure te-
tragonal spinel phase, with no secondary phases detected. Successful incorporation of Cu?* ions into the
ZnMn,0, lattice was confirmed by shifts in peak positions and intensities. FTIR analysis revealed distinct
Zn-0 and Mn-0 vibrations, confirming the structural integrity of the spinel. The optical band gap, estimated
via Tauc plots, decreased from 2.61 eV for undoped ZnMn,0, to 1.58 eV for 3 % Cu-doped samples, indicat-
ing improved light absorption properties. SEM analysis showed that Cu doping induced increased porosity
and particle agglomeration. Photocatalytic activity was evaluated through the degradation of Methylene Blue
under visible light; notably, the sample with 1 % Cu achieved an efficiency of 87.7 %. Furthermore, the
doped nanoparticles exhibited strong antibacterial activity against both Gram-positive and Gram-negative
bacteria, with pronounced inhibition observed against E. coli. These findings highlight the multifunctionality
of Cu-doped ZnMn,0O, for environmental and biomedical applications.

Keywords: spinel, synthesis, nanomaterials, photocatalysis, doping, antibacterial, sol-gel, copper

Introduction

Nanoparticles have become an interesting research focus in various environmental fields. Their effec-
tiveness has been demonstrated in drug delivery, antibacterial activity [1, 3], and gas sensors [4]. Among
these nanomaterials, nickel-and copper-doped ZnMn,QO,4, which can address current energy, health, and envi-
ronmental challenges. ZnMn,0O, is a promising material due to its electrical, optical, and catalytic properties.
These intrinsic characteristics can be further improved by the incorporation of dopants such as Bi, Al, and
Mg. In a study conducted by Heiba et al. [5], Sn-doped ZnMn,Q, showed notable improvements in structural
and optical properties. According to Heiba [6], spinels based on ZnMn,0, were synthesized using the sol-gel
method and doped with Bi** ions. They successfully enhanced the material’s functional properties for appli-
cations in optoelectronics. A recent study on the influence of aluminum doping on the structural, optical, and
electrical characteristics of ZnMn,0, was conducted by Heiba et al. [7]. They found that aluminum doping
significantly alters the structural, optical, and electrical properties of ZnMn,0,. The Zn; ,Al,Mn,0O, com-
pounds were synthesized through an atomic layer drying thermal treatment. The effect of doping with AI**
ions on the crystalline structure and electrochemical properties was studied [8].

Rajesh et al. [9] demonstrated that doping the spinel CdAIO,4 with Zn increases its photocatalytic effi-
ciency. To examine the effect of doping, Ma et al. [10] synthesized ZnMn,0, nanocrystals doped with Co*
using a hydrothermal technique. They found that the photocatalytic activity of doped Zn,_,Co,Mn,04 sam-
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ples was significantly higher than that of pure ZnMn,O, samples for the photodegradation of methyl orange
(MO) under visible light irradiation.

This study aims to investigate the photocatalysis of Methylene Blue (MB) using pure and doped
ZnMn,Q,4 nanoparticles with Cu and their antibacterial activity against E. coli and S. aureus bacteria. This
research introduces, for the first time, Cu-doped ZnMn,0O, Nanoparticles to study their photocatalytic Per-
formance, and Antibacterial Properties.

Experimental

Materials

Zinc nitrate hexahydrate (Zn(NOs),-6H,0) was purchased from Panreac, 99 % purity. Manganese (l1)
nitrate Mn(NO;),-4H,0 obtained from Fluka > 98 % purity. Copper (I) nitrate trihydrate Cu(NOs), 3H,0
obtained from Biochem, Citric acid C¢HgO- obtained from Biochem and Methylene blue (Merck chemicals).

Synthesis of Copper doped ZnMn,0O, Nanoparticles

A facile sol-gel method was used to synthesize pure and Cu-doped ZnMn,O, nanoparticles. A mixture
0.0052 mol of zinc nitrate hexahydrate (Zn(NOs),-6H,0) and 0.01 mol of manganese (l1) nitrate tetrahydrate
(Mn(NOs),-4H,0) were dissolved in 100 mL of deionized water. The two solutions were then mixed with
vigorous agitation at room temperature for 30 minutes to ensure homogeneity. Citric acid, used as a com-
plexing agent, as well as Cu(NOs),-3H,0 (0.0376 g) dissolved in ethanol, were successively added to the
reaction mixture. The solution was then heated and stirred at 90 °C until the gel was formed then converted
into a powder, which was dried in an oven at 70 °C for 24 hours. Finally, the dried powder was calcined at
600 °C for 4 hours, resulting in the formation of ZnMn,04 nanocomposites, as illustrated in Scheme 1.

J

Powder after Calcination oven Powder alter
calcination drving

Scheme 1. Spinel synthesis protocol

Antibacterial Activity

Preparation of the Bacterial Suspension

The evaluation of the antibacterial activity of the prepared nanoparticles was carried out on both Gram-
negative and Gram-positive bacteria, namely Escherichia coli ATCC 25922, Bacillus subtilis ATCC 6633,
Staphylococcus aureus ATCC 25925, and Bacillus cereus ATCC 10876. The strains were cultured at 37 °C
in Mueller Hinton medium for 24 hours. The bacterial culture was adjusted to 0.5 McFarland standard using
a spectrophotometer set at a wavelength of 625 nm, with an optical density (OD) ranging between 0.08 and
0.1, corresponding to approximately 1x10® CFU/mL [11].
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Agar Well Diffusion Method

The agar well diffusion method, adapted from Imran et al. [12], was used to evaluate the antimicrobial
activity of the oxide nanoparticles, with some modifications. Culture plates were prepared using sterilized
Mueller-Hinton agar. One milliliter of the bacterial suspension was evenly spread over the agar surface. Each
Petri dish was perforated with four wells, each 6 mm in diameter. Then, 100 pL of each nanoparticle (NP)
concentration (10 mg/mL, 15 mg/mL) was added to the wells. The positive control was performed using the
antibiotic Piperacillin PRL100 (100 pg). The plates were incubated at 37 °C for 24 hours. Finally, antimicro-
bial potency was determined by measuring the inhibition zones in millimeters using a caliper.

Characterization

Characterization of the synthesized nanocomposites’ properties was carried out using X-ray diffraction
(XRD, Rigaku MINIFLEX 600) using Cu Ka radiation (A = 1.5406) and a scanning rate of 5° min". Perkin
Elmer Spectrum One FTIR was used to analyze the samples following KBr pellets, in the range of 4000—
400 cm™'. A QUANTA 650 FEI scanning electron microscopy (SEM) was used to examine the morphology
of the produced spinel oxides.

Results and Discussion

FT-IR Spectra

FTIR spectra of ZnMn,0O, samples (Fig. 1), whether undoped or doped with 1 % and 3 % copper (Cu)
were analyzed. Strong signals were detected from 400 to 600 cm ™ related to the vibrations of the metal-
oxygen M-O bond. Bands of the octahedral Zn—O and tetrahedral Mn—O groups were observed around 400
and 600 cm ™', respectively.

These observations, in line with those of Roy et al. [13], confirm that the inverse spinel structure of

ZnMn,0,, with Zn* in the tetrahedral sites and Mn*" in the octahedral sites, has indeed been achieved.
The O-H stretching vibration peaks between 3400 to 3200 cm™ were detected in the spectrum due to surface
water and hydroxyl group presence. A band present at 1630 cm ™ indicates either H-O—H bending or C=0
stretching although it points toward the existence of surface water or hydroxyl groups typical for aqueous
precipitation materials. A band at 1380 cm™, probably due to symmetric deformation vibrations of CHj
groups, indicated the presence of organic residues, likely from citric acid used as a chelating agent. More-
over, bands at 995 cm™ (v(C-O) vibrations or NO5 nitrates) and 878 cm™ (out-of-plane deformation of
COO™ carboxylates) revealed that an incomplete calcination of the precursors occurred.

FTIR analysis clearly demonstrates that doping significantly affects the intensity of the bands. When
copper is added up to 3 %, there is a notable increase in intensity, indicating that Cu*" ions are properly inte-
grated into the crystal lattice. On the other hand, the intensity decreases when the content reaches 6 %, indi-
cating that the structure begins to be disturbed or saturated. This destabilization may be related to the fact
that the radius of ionized Cu®* (0.73) is marginally larger than that of Mn?* (0.65), which leads to internal
stresses in the highly concentrated lattice. This may be due to the slightly larger ionic radius of Cu* com-
pared to that of Mn?, which introduces high concentration stresses in the lattice.

T,%

—— ZnMn204
—— ZnMn204doped1%Cu
—— ZnMn204doped 3%Cu

T T T T T T T T
4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber ,cm*

Figure 1. FTIR absorption spectra of all Cu-doped ZnMn,O, compounds
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XRD Measurements

X-ray diffraction (XRD) analysis (Fig. 2) confirmed the formation of the ZnMn,O, spinel structure
(heterolite) for all samples, both doped and undoped, in accordance with JCPDS card no. 96-901-2843. The
diffraction peaks observed at 20 values of 18.224°, 29.39°, 31.23°, 33.09°, 36.40°, 50.58°, 52.11°, 54.41°,
59.1°, 60.82°, and 65.16° correspond well to the (011), (112), (020), (013), (121), (220), (015), (132), (231),
(224), and (040) crystallographic planes, respectively. The undoped sample exhibited no additional or secon-
dary peaks, confirming its phase purity and high crystallinity.
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Figure 2. XRD spectrum of ZnMn,0, nanocomposite

ZnMn,0O, Ref :96-901-2843

2000

ZnMn204 doped with 3%Cu
ZnMn0Qy4 doped with1%Cu
o WM

500 T T T T T T T T T T T T
10 20 30 40 50 60 70

2 Theta, degree

=

al

o

o
1

Intensity,u.a

Figure 3. XRD spectrum of Cu-doped ZnMn,0O4 hanocomposite

The diffraction peaks are perfectly indexed to the ZnMn,O, phase of inverse spinel type (heterolite
structure), referenced to the data of JCPDS card no. 96-901-2843. As shown in Figure 3, increasing the Cu
doping level from 1 % to 3 % induces noticeable changes in peak positions and intensities. In comparison
with the undoped material, the sample containing 1 % Cu. However, when the Cu content is increased to
3 %, the structural changes become more evident. This suggests that a higher Cu concentration leads to in-
creased lattice strain and possible distortions within the crystal framework, likely due to the integration of
Cu?* ions into the lattice. Alongside these effects, a gradual rise in crystallite size was also noticed with in-
creasing Cu levels, indicating that Cu?* may play a role in promoting or facilitating crystal growth.
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The average crystallite size of spinel grains (Table I) was calculated by the Debye—Scherrer equation
applied to the most intense diffraction line [14]:

K
° PBcosd
where K=0.9; D is the catalyst’s crystallite size; A is the X-ray wavelength; B is the “Full Width at Half
Maximum (FWHM)?; 0 is the diffraction angle.

Table 1

The average crystallite size of the synthesized spinels

Sample Crystallite size D (nm)
ZnMn,0, 24.82
ZnMn,0,doped with 1 %Cu 30.21
ZnMn,0,doped with3 %Cu 32.82

Optical Band Gap of the Synthesized Spinels

The optical band gap is a physical property that corresponds to the energy difference between the va-
lence band and the conduction band. The determination of the band gap energy was carried out using a re-
flectance method based on Tauc’s theory [15].

The calculation of Eg was performed using Tauc’s equation.

an = ao(hv — Eg)™2,
where oy is a constant, Eq is the band gap energy, a is the absorption coefficient given by a = 2.303 A/d; there
d is the thickness of the sample (in our case, the cuvette thickness d is 1 cm), A is the absorbance, hv is the
photon energy, hence: hv(eV) = 1240/, where X is the incident wavelength (nm).

In the course of this study, the optical band gap was estimated to be around 2.61 eV (Fig. 4). This value
is fairly consistent with what has been previously reported in the literature — 2.49 eV in reference [16] with
only a slight difference of 0.12 eV, which falls within the expected margin of experimental error. Similarly,
the absorption wavelength recorded here (475 nm) is close to the previously cited value of 498 nm [16], sup-
porting the idea that the material absorbs within the UV-visible range. Figures 4 to 6 show the Tauc plots
corresponding to both the undoped and Cu-doped ZnMn,0O, samples. A clear reduction in the band gap is
observed as more copper is introduced: it drops from 2.61 eV in the pure sample to 1.77 eV and 1.58 eV for
the 1 % and 3 % Cu-doped materials, respectively.

This trend agrees with what has been highlighted in earlier works [17], where doping is known to affect
the electronic structure of metal oxides often by narrowing the band gap due to the introduction of new en-
ergy levels or changes within the lattice.

The band gap narrows mainly because copper ions create new energy levels within it. These extra levels
let electrons move between states more easily, requiring less energy and thus reducing the overall optical
band gap. This phenomenon comes from the interaction between the Cu 3d orbitals and the electronic struc-
ture of the host oxide—a mechanism that has been widely observed in other transition metal oxides like ZnO
and CuO [18]. Additionally, the narrowing of the band gap in Cu-doped ZnMn,0O, can also be influenced by
structural defects and the interactions between copper and manganese ions, which together modify the elec-
tronic environment of the material. Similar patterns have been reported in copper-doped ZnO, TiO, [19], and
other spinel oxides doped with Cu [20]. Interestingly, the band gap reduction is more noticeable in ZnMn,QO,,
likely because of the distinctive electronic characteristics of manganese-based spinels.
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ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 71



Soualmi, S., Henni, M., Djahnit, L., & Bouzegaou, M.

Scanning Electron Microscopy (SEM)

The morphology of the 3 % Cu-doped ZnMn,O, nanoparticles, observed by scanning electron micros-
copy (SEM) and shown in Figure 7, reveals a heterogeneous porous structure. The pore sizes range roughly
from 50 to 200 nm, as estimated using the 2 um scale bar. The morphology consists of a complex three-
dimensional network formed by spheroidal or irregular particles that tend to agglomerate into porous assem-
blies. Such elevated porosity is characteristic of materials engineered for applications requiring a high spe-
cific surface area, including gas sensing and battery electrodes. In the first case (Fig. 7a), the surface is rough
and porous, characterized by irregular aggregates of angular particles, indicating a marked influence of Cu
doping on pore density and distribution. In contrast, in Figure 7b, the texture appears more homogeneous,
with regularly distributed spheroidal or lamellar particles, suggesting a structured organization in layers or
stacking. Finally, Figure 7c highlights a complex mixed morphology, dominated by well-developed porosity.

The pronounced porosity and clustering in the Cu-doped samples probably result from copper’s impact
on how the crystals grow, causing the particles to stick together more easily. Since the ionic sizes of Cu®*
(73 pm), Zn** (74 pm), and Mn*" (65 pm) are quite close, copper ions can replace either zinc or manganese
in the crystal lattice. When copper ions take the place of others in the lattice, they can create defects that
promote the formation of a porous structure. In contrast, doping with tin usually leads to dense, angular par-
ticles with very little porosity [21], making it quite different from the more open, porous structure seen with
copper doping. Cobalt doping falls somewhere in between, leading to particles that are mostly round with
less porosity [9]. These differences clearly show how important the choice of dopant is in shaping ZnMn,0,
nanoparticles: copper encourages a highly porous structure, cobalt results in moderate aggregation with
smoother particles, and tin creates a denser, more compact material.

Figure 7. SEM micrographs profile of Cu-doped ZnMn,0,. The images show (&) rough, porous surface
with irregular angular aggregates; (b) a more homogeneous texture with regularly distributed spheroidal or lamellar
particles suggesting structured layering; (c) a complex mixed morphology with high overall porosity
(pore sizes ranging from 50 to 200 nm, scale bar = 2 um
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Photocatalysis

The point of zero charge (pHpzc) was determined using the pH drift method [22]. The pHpzc is equal to
6.5 (Fig. 8) was identified as the intersection point between the final pH versus initial pH curve and the line
PHfinal = PHinitiar-

The photodegradation of Methylene Blue (MB) dye by synthesized ZnMn,O, spinels, both undoped and
copper-doped, using a 30 W visible light source, was investigated. Figure 9 shows the photocatalytic degra-
dation of MB by ZnMn,Q, synthesized at pH 12, where a significant adsorption of the dye is observed over
time (adsorption equilibrium reached before irradiation). After irradiation, a gradual decrease in the intensity
of the absorption peak at 664 nm is observed over time (from 30 to 180 minutes), with a degradation rate of
71.71 %, which is a good vyield, especially for a dye that is difficult to degrade. As shown in Figure 10,
ZnMn,0, doped with 3 % Cu reached a degradation efficiency of 78.21 %. Notably, the sample doped with
1 % Cu exhibited the highest photocatalytic performance, with a degradation rate of 87.7 % (Fig. 11). This
enhancement can be attributed to the beneficial role of copper in promoting charge carrier separation and
introducing favorable structural defects.
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Figure 9. Photocatalytic degradation of Methylene Blue (MB) by synthesized ZnMn,Q,,
with MB concentration of 0.01g/L and ZnMn,QO, concentration of 0.1 g/L
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Figure 10. Photocatalytic degradation of Methylene Blue (MB) by 3 % Cu-doped ZnMn,Oy,,
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Figure 11. Photocatalytic degradation of Methylene Blue (MB) by 1 % Cu-doped ZnMn,Oy,,
synthesized with an MB concentration of 0.01g/L and a 1 % Cu-doped ZnMn,0, concentration of 0.1 g/L

Antibacterial Activity

The antibacterial activity results of the synthesized ZnMn,0O, nanoparticles, both doped and undoped,
revealed notable antibacterial effects against all tested strains. The inhibition zones around the wells are
shown in Figures 12, 13, 14, and 15, and the measured inhibition values are presented in Table 2.

It was observed that the antibacterial activity of Cu-doped nanoparticles is higher compared to undoped
nanoparticles. Figure 12 confirms that the synthesized nanoparticles effectively inhibit the growth of Bacillus
subtilis, producing inhibition zones ranging from 10 to 14 mm. In contrast, the standard antibiotic showed a
considerable inhibition zone of 27 mm.

Each sample exhibited a moderate inhibition zone against the S. aureus strain, with diameters ranging
from 11 to 15 mm, similar to that of the antibiotic (Fig. 13). However, the various nanoparticles demon-
strated significant antibacterial properties against the Bacillus cereus strain, with inhibition zones ranging
from 10 to 14 mm (Fig. 14). In comparison, the standard antibiotic exhibited a strong inhibition zone of
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29 mm. These findings confirm that increasing the concentration of pure and doped nanoparticles is associ-
ated with enhanced inhibition of bacterial growth.

Regarding E. coli bacteria, as shown in Figure 15, all nanoparticles demonstrated notable antibacterial
activity, with inhibition zones ranging from 10 to 16 mm. In contrast, the standard antibiotic showed a sig-
nificant inhibition zone of 25 mm. Figure 16 clearly shows the expansion of the inhibition zone with the in-
crease in nanoparticle concentration and doping percentage.

In other studies, Soualmi al. also confirmed that ZnMn,O, nanoparticles showed strong antibacterial ac-
tivity against E. coli, S. aureus, B. cereus, and B. subtilis [2].

However, the Cu-doped nanoparticles exhibited a notable inhibitory effect against all strains, with a
particularly large inhibition zone observed against E. coli. Therefore, doping with copper proved to be more
effective against E. coli (Gram-negative) than against S. aureus (Gram-positive). These results are consistent
with the findings of Bogdanovi et al., who demonstrated that E. coli strains are generally more sensitive to
copper nanoparticles compared to S. aureus [22].

According to Giannousi et al., copper nanoparticles (Cu-NPs) and copper oxide (Cu,O) exhibit strong
antibacterial properties, notably by inducing plasmid DNA degradation in a dose-dependent manner across
both Gram-positive and Gram-negative bacteria [23]. In addition, the antibacterial action of ZnO and CuO
nanoparticles is generally thought to result from the release of Cu®* and Zn** ions, which tend to bind to the
negatively charged surfaces of bacterial cells [24].

This interaction may disrupt biochemical processes and damage cell membranes. Additionally, the
small size of the nanoparticles facilitates their attachment to the bacterial cell wall, leading to cell destruc-
tion. Nanoparticles capable of damaging essential bacterial enzymes may also penetrate the cell mem-
brane [25, 26].

Table 2
Diameter of inhibition zones against microorganisms
Zone of inhibition (mm)
Bacteria Control ZnOMn,0, ZnOMn,0,-Cu 1l % ZnOMn,0,4-Cu 3 %
10 mg/ml | 15 mg/ml | 10 mg/ml | 15 mg/ml | 10 mg/ml 15 mg/ml
Bacillus cerus 25 10 12 12 13 13.5 14
Escherichia coli 23 10 115 11 14.5 14 16
Staphylococus aureus 13 11 12 12 14 13 15
Bacillus subtilis 27 115 13 12 13 12.5 14
ZnOMn,0, ZnOMn,04-Cu 1 % ZnOMnN,04-Cu 3 % Ref (PRL100)

Figure 12. Results of antibacterial activity against Bacillus subtilis

ZnOMn,0, ZnOMn,04-Cu 1 % ZnOMnN,04-Cu 3 % Ref (PRL100)

Figure 13. Results of antibacterial activity against S. Aureus

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 75



Soualmi, S., Henni, M., Djahnit, L., & Bouzegaou, M.

ZnOMn,0, ZnOMn,0,-Cu 1 % ZnOMn,0,4-Cu 3 % Ref (PRL100)

Figure 14. Results of antibacterial activity against Bacillus Cereus
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Figure 16. Antibacterial effects of nanoparticles

Conclusions

The effect of incorporating different amounts of copper (Cu) into ZnMn, O, spinel nanoparticles was
investigated in this study for the first time. A sol-gel method was used to synthesize the nanoparticles,
followed by their structural, optical, and morphological characterization. FTIR results confirmed that the ma-
terial possesses a spinel structure, as evidenced by bands located between 400 and 600 cm*. Copper doping
increased band intensity, indicating successful incorporation without altering the main structure. The results
of SEM are typical of materials produced through methods like co-precipitation or hydrothermal synthe-
sis [27].

The presence of copper seemed to promote noticeable particle agglomeration and increased surface
roughness features often associated with crystalline imperfections which could enhance performance in ap-
plications requiring a large specific surface area. The best photocatalytic performance was shown by
ZnMn,0, doped with 1 % copper, which achieved 87.7 % MB degradation, attributed to improved charge
separation and structural defects. ZnMn,O, nanoparticles exhibit notable antibacterial activity against B. cer-
eus, E. coli, S. aureus and B.subtilis strains. However, copper-doped nanoparticles, specifically
ZnMn,0,,3 %, exhibit better antibacterial properties. Overall, these results demonstrate that controlled cop-
per doping not only preserves the spinel structure of ZnMn, O, nanoparticles but also enhances their
photocatalytic and antibacterial activity, highlighting their potential for environmental and biomedical appli-
cations.
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Synthesis and Structure of the Novel Mononuclear Copper(l1) Complex
of the Unsymmetrical Pyrimidine-Modulated Long-Chain
Hexapyridylpentaamine Ligand

Through the pyrimidine-modulated hexapyridylpentaamine ligand N-(pyridin-2-yl)-N°-(6-((6-((6-(pyrim-
idin-2-ylamino)pyridin-2-yl)amino)pyridin-2-yl)amino)pyridin-2-yl)pyridine-2,6-diamine (HsNy;-tpm), a new
mononuclear copper(ll) complex [Cu(HsNy;-tpm)](ClO,4), (1) were synthesized and structurally character-
ized. The single crystal X-ray analysis showed distorted trigonal bypyramidal geometry (Addison parameter
value T = 0.69) of the complex (1), which is well consistent with the “inverted type” of ESR spectra (g < g1),
measured magnetic susceptibility, and electronic spectroscopy studies. The equatorial copper-nitrogen dis-
tances (CU-N(1) = 2.094(9) A; Cu-N(5) = 2.045(9) A; Cu-N(9) = 2.214(9) A), along with the axial Cu-N
distances (Cu-N(3) = 1.999(9) A and Cu—N(7) =2.001(9) A), fall well within the range typically reported for
Cu(ll) complexes that incorporate this type of ligand. All Cu—N distances are short, ranging from 1.999(9) to
2.094(9) A, which suggests a strong binding affinity of the chelating ligand. The monohelical HsNy;-tpm lig-
and coordinates with the metal atom, exhibiting an all-anti conformation. The extensive hydrogen bonds were
observed between the amino groups and uncoordinated perchlorate anions, resulting in the formation of a
three-dimensional network (3D) of the complex. The synthesized complex has high potential for the creation
of novel cholinesterase inhibitors since it contains a number of pyridine and pyrimidine rings.

Keywords: modulated oligo-a-aminopyridine ligand, long-chain ligand, copper complex, crystal structure,
addison parameter, hydrogen bonds, spectroscopy, magnetic measurement

Introduction

Oligo-a-pyridylamine ligands (Scheme 1) have garnered increasing interest over the past three decades
due to their ability to synthesize metal string complexes, commonly referred to as “Extended Metal Atom
Chain complexes” (EMACSs), which have potential molecular electronic device applications, such as single-
molecule transistors and molecular wires [1-4]. There are several ways that oligo-a-pyridylamido ligands
coordinate with metal atoms. The supporting ligands in EMACs are coordinated to the metal in an all-syn
form, while mononuclear complexes were shown to be coordinated in an all-anti form [5-7]. And anti-syn
conformation was only observed in the dimers of free ligands [8]. The synthesis of long-chain metal string
complexes is very important. This is directly related to their use as molecular wires. It is believed that if a
metal-string complex contains 17 metal atoms, it can be described as a 1D (one-dimensional) infinite
molecule [9]. However, the synthesis of long-chain metal strings based on traditional oligo-a-aminopyridine
ligands is characterized by low yields and instability because of their oxidative decompositions [10].

For the development of oxidative degradation-resistant and extended metal chains, we have recently
created a series of modulated oligo-a-pyridylamido ligands. This was achieved by substituting the pyridine
rings with nitrogen-rich alternatives such as pyrazine, pyrimidine, and naphthyridine within the oligo-a-
pyridylamine ligands (Scheme 1). Using pyrazine-modulated oligo-a-pyridylamine ligands, successfully syn-

© 2025 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 79


https://doi.org/10.31489/2959-0663/4-25-6
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2959-0663/4-25-6
mailto:ismayilov.rayyat@gmail.com
https://orcid.org/0000-0002-3957-7996
https://orcid.org/0009-0000-8477-916X
https://orcid.org/0009-0004-7753-6468
https://orcid.org/0000-0002-8312-2980
https://orcid.org/0009-0004-1120-8728
https://orcid.org/0000-0003-4448-1101
https://orcid.org/0000-0002-1766-5450
https://orcid.org/0000-0002-1534-6819
https://orcid.org/0009-0008-0931-3149
https://orcid.org/0000-0003-1218-8082
https://orcid.org/0000-0003-1412-5018

Ismayilova, S.Z., Guliyeva, L.Sh. et al.

thesized heptacobalt and nonachromium EMACSs, which are the longest Co(ll) and Cr(I1) EMAC molecules
obtained to date [9, 11].

The introduction of nitrogen-rich aromatic pyrazine rings has enabled ligand molecules to exhibit a va-
riety of coordination modes, making them particularly versatile for the construction of coordination poly-
mers. A series of one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) copper(ll) coor-
dination polymers using pyrazine-modulated N, N'-bis(a-pyridyl)-2,6-diaminopyridine ligands has been syn-
thesized and studied [12]. Furthermore, our recent studies have demonstrated that the string complexes of
nickel (1), mononuclear complexes, and coordination polymers of copper (Il) with pyrazine/pyrimidine-
modulated oligo-a-pyridylamino ligands exhibit significant biological activity [4, 7]. Therefore, it is of great
interest to synthesize and determine the structure and characteristics of novel copper complexes with
pyrazine/pyrimidine-modulated oligo-a-pyridylamine ligands.

In this paper, we present our latest findings in this area. We report, for the first time, the synthesis and
characterization of the new mononuclear copper(Il) complex, [Cu(HsNy;-tpm)](ClO,), (1). This complex is
derived from the unsymmetrical pyrimidine-modulated long-chain oligo-a-pyridylamino ligand N-(pyridin-
2-y1)-N°-(6-((6-((6-(pyrimidin-2-ylamino)pyridin-2-yl)amino)pyridin-2-yl)amino)pyridin-2-yl)pyridine-2,6-
diamine (HsNy;-tpm). The inhibition effect of synthesized complex 1 against AChE and BChE enzymes, as
well as the molecular docking and molecular dynamic simulation studies, will be the subject of an upcoming

paper.

X X X X X X X X N
|/ |/ |/ |/ |/ |/ |/ |/ )l\/
N N N N/n N N N N N N N N N N N N
H H H H H H H

oligo-a-pyrydylamido ligands HsN1;-tpm
n=0, Hdpa; n=4, Hs hexpyrpea

Scheme 1. Oligo-a-pyridylamines and their modulated analogues

Experimental

Materials and measurements

Commercially obtained chemicals and solvents were used without further purification unless otherwise
noted. IR spectra were recorded on a Bruker Alpha FTIR spectrometer in the range of 400-4000 cm . Elec-
tronic spectra were recorded on a SPECORD 50 plus spectrophotometer in MeOH using cuvettes of 1 cm
path length, and collected data were reported in Ana/nm. The EPR spectrum of the copper complex was rec-
orded in the solid state on a Bruker BioSpin GmbH spectrometer at room temperature. Elemental analyses
were carried out on FlashEA 1112 Series CHNS-O Analyzer. Molar magnetic susceptibility was recorded on
a SQUID system with 2 kOe external magnetic field.

Preparation of Compounds

N%-(pyridin-2-y1)-N°-(6-((6-((6-(pyrimidin-2-ylamino)pyridin-2-yl)amino)pyridin-2-yl)amino) pyridin-
2-ylpyridine-2,6-diamine (HsNy;-tpm) was synthesized by the palladium-catalysed cross-coupling of
2-aminopyrimidine and N*(6-bromopyridin-2-yl)-N°-(6-((6-(pyridin-2-ylamino)pyridin-2-yl)amino)pyridin-
2-yl)pyridine-2,6-diamine in the presence of catalysts [Pd,(dba)s, BINAP, Bu'ONa] in refluxing benzene un-
der argon, as described in our previously reported work [13, 14]. The work [14] also provides stages for ob-
taining  N-(6-bromopyridin-2-yl)-N°-(6-((6-(pyridin-2-ylamino)pyridin-2-yl)amino)pyridin-2-yl)pyridine-
2,6-diamine (Scheme 1S).

[Cu(HsN13-tpm)](CIOy4), (1). A mixture of HsNy-tpm (0.200 g, 0.37 mmol) and Cu(ClOg), 6H,0
(0.160 g, 0.43 mmol) in methanol (50 mL) was stirred overnight. The solution was then filtered to remove
insoluble impurities and concentrated under vacuum. Diffusing ether into the CH;OH solution provided blue
single crystals suitable for X-ray analysis (0.382 g, 47 % yield). IR (KBr) vicm™: 3440 w, 3310 w, 3249 w,
3206 w, 3075 s, 1652 s, 1564 s, 1533 m, 1490 s,1467 s, 1448 s, 1409 s, 1426 m, 1211 m, 1140 s, 1041 s,
795 m, 498 w, 431; UV/Vis UV/Vis (CH30H) Ama/nm (e/dm® mol™* cm™): 206 (1.23x10%), 272 (3.37x10%),
330 (3.10x10%, 475 (1.05x102), 635 (54.5), 850 (47.8); Elemental analysis (%) C,9H»4Cl,CuN,Qq: calc.
C 43.38, H 3.01, N 20.93; found: C 43.52, H 3.10, N 20.84.
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Crystal Structure Determinations

The suitable crystals of [Cu(HsNy;-tpm)](ClO,), (1) was selected for data collection, which was per-
formed on a NONIUS Kappa CCD diffractometer at 293 K using Mo-Ka radiation (A = 0.71073 A). The
structure was solved by direct methods using SHELXS-2013 [15] and refined by full-matrix least-squares
methods on F? using SHELXL-2018 [16]. All non-hydrogen atoms were refined with anisotropic parameters.
The hydrogen atoms were located from different maps and then refined as riding atoms with a C-H distance
of 0.95 A and a N-H distance of 0.88 A. The other H atoms were located in a difference map refined freely.
Molecular graphics were created using MERCURY programs. Below are the specifics of the X-ray diffrac-
tion experiment and a summary of the crystallographic data for the copper(ll) complex 1:

Empirical formula CyH,4Cl,CuN;,Og; formula weight = 803.4; crystal system—orthorhombic; space
group—Pbcn; a = 11.8184(3), b = 20.8835(2), ¢ = 26.3509(7) A; o = B = 90°; volume = 6503.7(3) A3, Z = 8;
density (calculated) = 1.640 g/cm®, absorption coefficient = 0.908 mm™; crystal size:
0.17x0.15%0.08 mm°; 0 range for data collection 1.546-24.122°; reflection collected—18457, independent
reflection—4878 [R(int) =0.0804]; R;=0.1114, wR,=0.2711; Ri(all data) =0.1465, wR,(all da-
ta) = 0.2879; GOF = 1.152.

Results and Discussion

Syntheses and Structures
N?-(pyridin-2-y1)-N°-(6-((6-((6-(pyrimidin-2-ylamino)pyridin-2-yl)amino)pyridin-2-yl) amino) pyridin-
2-ylpyridine-2,6-diamine (HsNy;-tpm) was synthesized according to our previously reported work [13].

X X X X X N NT X
| = | = | = | = | = )l\/

N N N N N N N N N Br HoN N
H H H H

Pd,dba); t-BuONa
BINAP Benzene

L OO 0 o
N/ N N/ N N/ N N/ N N/ N)\N/
H H H H H

H5N1 1-tpm

methanol

HsNj-tpm + Cu(ClOy), 6H,0 293 K. 164 > ’Cu(HSN“-tpm)l (C10y4),

Scheme 2. The synthesis of HsN1;-tpm and its copper(Il) complex 1

The Cu(ll) complex 1 was synthesized by treating of pyrimidine-modulated long-chain HsNy;-tpm lig-
and and Cu(ClO),-6H,0 in methanol. Slow diffusion of the solution with ether gave light blue single crystals
suitable for X-ray diffraction. The structure of complex 1 is established by various spectroscopic methods
(IR, UV-Vis, ESR) and the single X-ray crystallography. The obtained complex was found to be stable in air
and dissolved well in common polar solvents like methanol, dimethyl sulfoxide (DMSO), and
dimethylformamide (DMF). According to X-ray diffraction studies complex 1 crystallizes in the orthorhom-
bic crystal system with the Pbcn space group. An ORTEP diagram of 1 including the atomic humbering
scheme is depicted in Figure 1, and the important bond lengths and angles in the structure are given in Table
1.
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Figure 1. The molecular structure of [Cu(HsNy;-tpm)](CIO,), 1.
Atoms are drawn at the 50 % probability level and hydrogen atoms are omitted for clarity

Table 1

Selected bond distances (A) and bond angles (°) for complex 1

Bond lengths for complex 1, A
Cu-N(1) 2.094(9) Cu-N(7) 2.001(9)
Cu-N(3) 1.999(9) Cu-N(9) 2.214(9)
Cu-N(5) 2.045(9)
Bond angles for complex 1, °
N(3)-Cu-N(7) 173.6(4) N(3)-Cu-N(1) 88.7(4)
N(1)-Cu-N(5) 132.3(4) N(3)-Cu-N(5) 93.5(4)
N(1)-Cu-N(9) 100.3(3) N(3)-Cu-N(9) 89.6(4)
N(5)-Cu-N(9) 127.4(4) N(7)-Cu-N(5) 92.8(4)

In this complex the nitrogen atoms of the amino groups are uncoordinated to Cu(ll) center. It is notice-
able that the uncoordinated amine nitrogen atoms are more characteristic for the coordination polymers and
mononuclear Cu(ll) complexes of the modulated oligo-a-pyridylamine ligands with perchlorate, nitrate, and
chloride anions [4, 12, 17]. However, in all cases known to us, the deprotonation of oligo-a-pyridyl amido
ligands modulated with nitrogen-containing heterocycles occurs when they interact with copper(ll) acetate.
In the process of creating the tetranuclear copper(ll) complex [Cus(Hdpzpda),(CHsCOO)s] with the
H.dpzpda ligand and the copper(ll) coordination polymer {Cu(mpmpza)(CH3;COO)(H,O)} with the
Hmpmpza ligand, we have previously seen deprotonation of the pyrazine-modulated oligo-a-aminopyridine
ligands [6, 7].

The Cu(ll) center in complex 1 is five-coordinated and adopts a distorted trigonal bipyramidal geometry
by coordinating five pyridine ring nitrogen atoms of HsNy;-tpm. The equatorial plane of complex 1 consists
of three pyridyl nitrogen atoms (N1, N5, N9), while the axial positions are occupied by two nitrogen atoms
(N3 and N7) from the pyridyl rings of the HsNy;-tpm ligand (Fig. 2). This arrangement results in an overall
distorted trigonal bipyramidal stereochemistry. The trigonality index t is calculated by analysing a and f (the
largest angles around the Cu(ll) ion), and it was found to be T = 0.69 for complex 1. Since the observed 1 =0
and 1 have been assigned to perfectly square pyramidal and trigonal bipyramidal geometries, the geometry
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around the Cu(ll) center in complex 1 could be described as distorted trigonal bipyramidal. The equatorial
copper-nitrogen distances (Cu-N(1) = 2.094(9) A; Cu-N(5) = 2.045(9) A; Cu-N(9) = 2.214(9) A), as well as
axial Cu-N distances (Cu-N(3) = 1.999(9) A and Cu-N(7) = 2.001(9) A), are well within the range reported
for Cu(ll) complexes with this type of nitrogen-containing heterocyclic ligand [4, 12, 17, 18]. In complex 1,
except for the Cu-N(9) distance (2.214(9) A), all Cu-N distances are short, ranging from 1.999(9) to
2.094(9) A, indicating a strong binding of the chelating ligand.

Figure 2. The distorted trigonal bipyramidal geometry environment of Cu(ll) in [Cu(HsNy;-tpm)]**

In complex 1, the monohelical hexadentate ligand HsN1;-tpm coordinates with the metal atom, adopting
an all-anti conformation. The pyridyl groups of the ligand are planar, and the dihedral angles between planes
Py(N1)-Py(N3), Py(N3)-Py(N5), Py(N5)-Py(N7), Py(N7)-Py(N9), and Py(N9)-Pm(N11) are 25.6(5)°,
20.4(5)°, 11.6(3)°, 27.7(4)°, and 31.9(4)°, respectively. The crystal lattice of compound 1 contains no solvent
molecules. Non-coordinated perchlorate ions act as counter-ions within its crystal structure. Complex 1 was
found to have extensive intra- (N(3)-*"N(10) = 3.076 A, N(1)-"N(8) = 2.960 A) and intermolecular hydrogen
bonding. Intermolecular hydrogen bonds (HBs) between the amino group and uncoordinated perchlorate ani-
ons (N(6)--O(4) = 2.988 A and N(8)-*O(10) = 2.957 A) create complex 1's three-dimensional network. The-
se hydrogen bonds are essential for maintaining the system’s overall stability.

IR, UV-Vis, EPR Spectroscopy and Magnetic Properties

The IR bands associated with the C=C and C=N vibrations in aromatic rings for complex 1 were ob-
served in the range of 1650—1422 cm . Complex 1 exhibited a series of absorption bands within the range of
3448-3111 cm*, which are characteristic of the N-H bonds present in the amine groups (Fig. 1S and
Fig. 2S). The strong bands observed at 10401148 cm™* are attributed to the CIO, anions. The Far-IR spec-
tra of compound 1 displayed a band at 431 cm™, which was assigned to the v(Cu—N) vibration.

The assignment of electronic spectra for Cu(ll) complexes has been thoroughly examined in the litera-
ture [19-21]. The electronic spectra of complex 1 were recorded at room temperature in a methanol solution,
revealing six bands at wavelengths of 206, 272, 330, 475, 635, and 850 nm (Fig. 3). Compared to HsNy;-tpm,
which exhibited absorption at 210, 260, and 310 nm, the band observed at 475 nm for compound 1, within
the visible region of the electronic spectra, can be attributed to a charge transfer between the ligand and the
metal center. Weak, broad bands centered at 635 nm and 850 nm in the electronic spectra of 1 were related to
d—d transitions [19]. The result obtained is consistent with a trigonal-bipyramidal ligand environment for
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Cu(ll) ions in 1, which is further corroborated by X-ray structural analysis. By comparing the electronic
spectra of the complexes in methanol solution and Nujol suspension (in the solid state), it was discovered

that their structure remained unaltered (Fig. 3S). Using absorbance spectroscopy, similar findings have al-
ready been reached for other Cu(ll) complexes [7, 22].
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Figure 3. Electronic spectra of the HsN,-tpm ligand

and its Cu(ll) complex — [Cu(HsN1;-tpm)](ClO,4), 1 in methanol solution

The EPR spectra of complex 1 were recorded at room temperature in the polycrystalline state to analyze
the coordination environment surrounding the Cu(ll) ion and to determine the geometry of the com-

plex (Fig. 4).
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Figure 4. EPR spectrum of powder sample of the Cu(ll) complex 1 at room temperature

The EPR spectra of complex 1 displayed a broad signal, with g, recorded at 2.0030 and g. at 2.1103,
suggesting pentacoordinate geometry around the metal atom. The g parameters indicate that the paramagnet-
ic center shows axial symmetry, characterized by “inverted type” EPR spectra, where g, < g.. It is well
known that for Cu(ll)Ns polyhedrons, two different geometric arrangements, the trigonal bipyramidal ge-
ometry (TBP) (symmetry D3,) and the square pyramidal geometry (SP) (symmetry D,,), are possible. Square
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pyramidal geometry is ruled out for pentacoordinate complexes with g, values bigger than g;, which are sug-
gestive of distorted trigonal bipyramidal geometry [23, 24]. So, from the order of g1 > g~ g. (free electron g
value, g. = 2.0023), it can be concluded that Cu(ll) ion in complex 1 is located in the distorted triangular

bipyramid arrangement and the ground state of the unpaired electron is d .. The results obtained from EPR

are in excellent agreement with the single crystal analysis data for complex 1. The pg value of complex 1 at
room temperature (300 K) was 1.80 B.M., slightly higher than the expected spin-only value for a non-
interacting Cu(ll) ion (1.73 B.M.).

Conclusions

The pyrimidine-modulated long-chain oligo-a-pyridylamino ligand N (pyridin-2-yl)-N°-(6-((6-((6-
(pyrimidin-2-ylamino)pyridin-2-yl)amino)pyridin-2-yl)amino)pyridin-2-yl)pyridine-2,6-diamine  (HsN;;-tpm)
has been used to synthesize and structurally characterize the novel mononuclear Cu(ll) complex. In Cu(ll)
complex [Cu(HsNyi-tpm)](CIO4), (1), HsNyi-tpm functions as a pentadentate ligand and coordinates to a
metal atom in an all-anti mode as a monohelix. The amino groups’ nitrogen atoms are not coordinated to the
metal center. The computed Addison parameter value of T = 0.69 for Cu(ll) establishes the distorted trigonal
bipyramidal geometry of the copper (I1) core in complex 1. Complex 1 builds extensive hydrogen bonds to
construct 3D networks. The synthesized complex has high potential for the creation of novel cholinesterase
inhibitors and medications to treat particular illnesses since it contains a number of nitrogen-containing
heterocycles, such as pyridine and pyrimidine.
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Mn(11) and Zn(I11) Complexes of a Coumarin Derivative:
Synthesis, Characterization and Biological Potential

This study focused on the synthesis, characterization and biological evaluation of coumarin derivatives and
their metal complexes. The synthesized compounds were characterized using spectroscopic techniques, in-
cluding FTIR, *H NMR, *C NMR, X-ray diffraction (XRD), and thermal analysis, with mass spectrometry
confirming their molecular weights. Notably, the XRD analysis revealed crystal sizes of 4.092 nm for ZL186,
4.34 nm for ZL16Mn, and 1.57 nm for ZL16Zn. FTIR analysis confirmed the presence of the -N=N- group,
and comparative UV-Visible spectra validated the successful synthesis of new coumarin compounds. Anti-
bacterial activity of synthesized compounds was evaluated against gram-negative and gram-positive bacteria
using the disc diffusion method, with inhibition zones ranging from 7-31 mm, compared to the standard drug
Amikacin, which had a zone of 15 mm. Antioxidant activity was assessed with 1Cs, values between 5.65-
11.84 pg/mL for DPPH and 5.89-11.20 pg/mL for NO, compared to ascorbic acid. Molecular Docking analy-
sis revealed strong binding interactions between the synthesized compounds and the Mannosyl-oligo-
saccharide glucosidase and Oligo-1,6-glucosidase enzymes, with binding energies ranging from —9.8 to
-10.9 kcal/mol. These findings contribute to the field of medicinal chemistry, highlighting the potential of
these compounds as therapeutic agents. Further investigations are required at molecular level to explore their
full therapeutic potential.

Keywords: coumarin derivatives, manganese, zinc metal complexes, antioxidant activity, antibacterial activi-
ty, molecular docking, X-ray diffraction, thermal analysis, antidiabetic

Introduction

The term coumarins comes from the French word coumarou, meaning “tonka bean”. The study of
coumarin began in 1820 when Vogel first extracted it from tonka beans [1]. Coumarins are basically known
for its vanilla-like or freshly-mowed hay-like fragrance. It is white crystalline powder with a sweet aromatic
odour with certain nutty shadings [2]. Coumarin derivatives are gaining significant attention in the field of
medicine due to their physiological activity [3]. These compounds have shown promising potential in metal-
based drug chemistry for the treatment of sensitive cancers [4]. Coumarin, a type of heterocyclic organic
compound, is widely utilized in analytical and biological fields [5]. It contains a benzopyrone ring with an
oxygen functional group, making it an effective donor. It also have a wide range of applications, including
being used as anticoagulants, spasmolytic, anticancer drugs, antibacterial, antithrombotic, vasodilatory, anti-
oxidant effects, and plant growth regulators as given in Figure 1 [6]. Based on these findings, a Schiff base
ligand containing coumarin moieties was synthesized, along with its metal complexes, and their antimicrobi-
al and antioxidant activities were studied [7]. Metal complexes of coumarins have been extensively studied
for their medicinal applications and have shown greater biological activity compared to their ligands [8]. The
chelating ability of coumarin derivatives, enhances their biological activity [9]. Additionally, synthetic
coumarins have found applications as fluorescent brightening agents [10]. In a specific study, bivalent metal
complexes of a coumarin derivatives were synthesized and evaluated spectroscopically and biologically [11].
Schiff bases, another class of ligands, have interesting coordination modes towards various metals and have
been studied for their biological applications [12]. Coumarin derivatives, particularly hydroxycoumarins,
exhibit antioxidant properties and metal chelating abilities [13]. The antioxidant activity of metal complexes
is influenced by both the metal and the ligands [14].
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Figure 1 Some commercially available coumarin derivatives

Overall, the research discussed highlights the importance of heterocyclic compounds with nitrogen at-
oms, specifically coumarin derivatives, in various medicinal applications [15]. The synthesis and evaluation
of metal complexes and the exploration of their biological activities contribute to the understanding of their
potential in drug development and disease treatment [16]. In this paper we are reported an efficient route for
the synthesis of new Mn(ll), and Zn(1l) complexes obtained from (4-Hydroxy coumarin) coumarin [17]. The
thermal decomposition of their complexes is also used to infer the structure and the different thermodynamic
activation parameters are calculated [18]. Synthetic coumarins have been used as fluorescent brightening
agents in textiles, paper, detergents and dyes [19].

Furthermore, the aim for studying the interaction between synthesized ligands and a-glucosidase using
molecular docking is to explore alternative strategies for managing type 2 diabetes (T2DM). a-Glucosidase
inhibitors (AGIs), such as acarbose, are effective in controlling postprandial blood glucose levels but come
with gastrointestinal side effects. First-row transition metal complexes, particularly those involving zinc and
other metals, have shown promise as a-glucosidase inhibitors, potentially offering advantages like lower tox-
icity and novel mechanisms of action [20]. Molecular docking studies help predict the binding affinities and
interaction modes of these complexes with the enzyme, aiding in the design of more effective inhibitors. This
approach aims to overcome the limitations of traditional AGIs, offering a promising alternative for T2DM
treatment with potentially fewer side effects and improved efficacy.

Experimental

Chemicals and Solvents

All chemicals like 4-hydroxycoumarin, 2-aminophenol, 2-amino-5-chlorobenzophenone, o-toluidine,
2’-amino-2,5-dichlorobenzophenone, 2-chloroaniline, p-toluidine, sodium nitrite (NaNO,), HCI, NaOH
(base) and solvents; ethanol, methanol, distilled water, dimethylsulfoxide (DMSO), tetrahydrofuran (THF),
carbon tetrachloride (CCl,), acetone, benzene, n-hexane, chloroform, dimethylformamide (DMF) were pur-
chased from sigma Aldrich, Merck, Alfa Aesar and BDH and were used without further purification.
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Instruments

Silica gel plates were used to monitor the progress of reaction by thin layer chromatography technique
which was visualized under UV. Melting points were recorded by open capillary method on Stuart SMP10
and are uncorrected. The FTIR spectra were obtained using a BRUKER Tensor 27 (M15E-PS/09) FTIR
spectrophotometer, using KBr discs. The spectral range was covered from 4000 to 400 cm ™. The *C NMR
and 'H NMR spectra were acquired using a Bruker-300 MHz spectrometer. The DPPH and NO scavenging
activity were assessed using an Optima SP300-spectrophotometer. UV-visible spectra were recorded using
ELISA reader. Powdered XRD data was obtained using BRUKER D8 X-ray diffractometer. The molecular
mass of compounds was measured using JEOL 600H-1mass spectrometer. TGA analysis was recorded on a
Shimadzu TGA-50H.
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R 0-5°C
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Scheme 1. Synthetic route for coumarin derivatives and their metal complexes

Preparation of Ligands

General Procedure for the Synthesis of Coumarin Derivatives ZL11-ZL16

A 10 mL solution of 3 M hydrochloric acid (HCI) was prepared and combined with a substituted aniline
compound. Gradually, an aqueous solution of sodium nitrite (NaNO,) was added, resulting in the formation
of a diazonium salt. Then, a solution of 4-hydroxycoumarin was introduced to the reaction mixture, which
was placed in an ice bath for 20 minutes to maintain the optimal temperature of 0-5 °C. The coupling be-
tween the diazonium salt and 4-hydroxycoumarin occurred under these conditions. Neutralization was
achieved by adding 3 M sodium hydroxide (NaOH) to the mixture, and the reaction was stirred for 2-3 hours
at 0-5 °C, facilitating the formation of the coumarin ligand (ZL). The synthesized product was collected by
filtration and purified through recrystallization in ether, yielding up to 87 %. The reaction completion and
purity of the compound were assessed using thin-layer chromatography (TLC) analysis (Scheme 1).
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Metallization of Metal Complexes of Ligands ZL11-ZL16

To synthesize the Mn** and Zn?* metal complexes, a 0.5 mmol solution of the coumarin derivative was
prepared in ethanol and stirred continuously for 5 minutes. An ethanolic solution of the metal salts (Zn®* or
Mn?*) was then added in a 1:2 metal-to-ligand ratio, and the mixture was stirred for 20 minutes. Sodium hy-
droxide was added dropwise under reflux conditions to adjust the pH to approximately 8, creating a basic
environment. A visible color change occurred, indicating the formation of the metal complex (MZL). The
reaction was allowed to proceed under reflux at a temperature range of 80-90 °C for 2 hours. The product
was collected, washed with distilled water, and dried for further use.

4-hydroxy-3-[(E)-(2-hydroxyphenyl)diazenyl]-2H-chromen-2-one (ZL11). Brown solid, yield:
79.28 %, Rf: 0.56 (acetone:CCl, (1:1)), soluble in THF, DMF, DMSO, acetone, ethanol, methanol, chloro-
form, n-hexane, and benzene m.p.: 182 °C, FTIR (KBr disc, cm™): 3080.72 (NH stretch, O—H stretch),
1741.87 (C=0), 1610.11 (N=N stretch), 1645.43 (C=C stretch), 1525.03 (C-C stretch), 1346.60 (C-N
stretch), 1190.63 (C—O stretch), UV-Visible, Amax (DMSO, nm): 590, *H NMR (300 MHz, DMS0-D6) § 15.9
(s, OH), 8.03 (D, J=7.8 Hz, Hd), 7.92 (s, Hb, Hg), 7.79 (s, Hc), 7.66 (s, He), 7.56 (s, Ha), 5.59 (s, Hh).
3C NMR (100 MHz, DMSO) & 178.5 (C4), 163.7 (C2), 154.1 (C6), 151.9 (C14), 137.2 (C17), 130.1 (C15,
C16), 129.1 (C19), 128.7 (C18), 124.7(C9), 124.0 (C10), 117.7 (C7), 116.7 (C5), 102.3 (C3), 19.3 (C21).
EI1-MS m/z: Required for C1sH10N,0,": 282.25 found 282.2.

3-[(E)-(2-benzoyl-4-chlorophenyl)diazenyl]-4-hydroxy-2H-chromen-2-one (ZL12). Yellowish Or-
ange solid, yield: 79.81 %, Rf: 0.72 (CCl4:chloroform (2:8)), soluble in THF, DMF, DMSO, acetone, etha-
nol, methanol, chloroform, n-hexane, and benzene m.p: 290 °C, FTIR (KBr disc, cm*): 3008.02 (NH stretch,
O-H stretch), 1738.65 (C=0), 1625.81 (N=N stretch), 1661.61 (C=C stretch), 1396.68 (C—-C stretch),
1290.64 (C-N stretch), 1067.10 (C-O stretch) UV-Visible, Amax (DMSO, nm):380, 'H NMR (300 MHz,
DMSO-D6) 6 7.77-7.68 (m, He), 7.59 (d, J =6.5 Hz, Hg), 7.54 (d, J =5.5 Hz, Hk, Hi), 7.52 (s, Ha, Hc),
7.48-7.38 (m, Hb, Hj), 7.32 (s, Hi, Hh), 7.12 (s, Hf), 6.88 (s, Hh, Hd). **C NMR (100 MHz, DMSO) &
196.7 (C21), 150.5 (C4), 139.1 (C2), 1133.9 (C24, C6), 132.6 (C27, C18, C15), 131.2 (C17), 128.4 (C29,
C25, C16), 120.0 (C7, C5), 116.9 (C3). EI-MS m/z: Required for C»,H;5CIN,O,4"-: 404.80 found 404.0.

4-hydroxy-3-[(E)-(2-methylphenyl) diazenyl]-2H-chromen-2-on (ZL13). Light Greenish solid,
Yield: 89.28 %, Rf: 0.63 (CCl,4:chloroform (2:8)), soluble in THF, DMF, DMSO, acetone, ethanol, methanol,
chloroform, n-hexane, and benzene, m.p: 196 °C, FTIR (KBr disc, cm™): 3350.62 (NH stretch, O—H stretch),
1735.97 (C=0), 1599.37 (N=N stretch), 1544.49 (C=C stretch), 1328.21 (C-N stretch), 1234.68 (C-O
stretch) UV-Visible, Amax (DMSO, nm): 660, '"H NMR (300 MHz, DMSO0-D6) & 12.53 (s, OH), 7.82 (d,
J=1.7 Hz, Ha, Hd), 7.80 (d, J = 1.7 Hz, He), 7.53 (s, Hf), 7.33 (d, J = 1.1 Hz, Hb, Hc, Hh), 5.59 (s, Hg),
3.37 (s, CHy). ®C NMR (100 MHz, DMSO) &: 177.6 (C4), 166.5 (C2), 162.5 (C6), 154.0 (C15),
151.9 (C16), 136.4 (C8), 132.3 (C17), 131.1 (C19), 130.1 (C9), 123.8 (C5), 102.3 (C7), 90.9 (C3). EI-MS
m/z: Required for C;H1,N,03"-: 280.87 found 280.87.

3-{(E)-[4-chloro-2-(2-chlorobenzoyl) phenyl] diazenyl}-4-hydroxy-2H-chromen-2-one (ZL14).
Dark Orange solid, Yield: 79.81 %, Rf: 0.65 (CCl,:ethanol (3:7)), soluble in THF, DMF, DMSO, acetone,
ethanol, methanol, chloroform, n-hexane, and benzene m.p: 226 °C, FTIR (KBr disc, cm™): 3399.49 (NH
stretch, O—H stretch), 1739.99 (C=0), 1596.09 (N=N stretch), 1465.96 (C=C stretch), 1403.68 (C-N stretch),
712.75 (C—CI stretch), 1067.88 (C-O stretch) UV-Visible, Amax (DMSO, nm): 660, *H NMR (300 MHz,
DMSO0-D6) 6: 16.36 (s, OH), 7.84-7.78 (m, He), 7.66 (s, Hb, Hj), 7.58 (d, J = 7.9 Hz, Ha, Hc, Hg), 7.58-
7.52 (m, Hi, HK), 7.49-7.46 (m, Hh, Hf), 7.43 (d, J = 7.4 Hz, Hh). *C NMR (100 MHz, DMSO) &: 194.9
(C21), 164.4 (C4), 138.3 (C2), 133.9 (C25, C15), 132.6 (C27, C17, C24), 131.2 (C8, C16), 128.4 (C29,
C18), 120.0 (C9, C10), 117.1 (C5) 116.1 (C7), 90.9 (C3). EI-MS m/z: Required for C,,H1,CI,N,0,": 439.24
found 439.3.

3-[(E)-(2-chlorophenyl) diazenyl]-4-hydroxy-2H-chromen-2-one (ZL15). Brown solid, Yield:
83.33 %, Rf: 0.63 (CCl,:benzene (3:7)), soluble in THF, DMF, DMSO, acetone, ethanol, methanol, chloro-
form, n-hexane, and benzene m.p: 172 °C, FTIR (KBr disc, cm‘l): 3366.65 (NH stretch, O—H stretch),
1739.98 (C=0), 1607.69 (N=N stretch), 1571.03 (C=C stretch), 1394.26 (C-N stretch), 742.93 (C-CI
stretch), 1081.74 (C-O stretch); UV-Visible, Amax (DMSO, nm): 660, 'H NMR (300 MHz, DMSO-D6) &:
15.98 (s, OH), 8.03 (d, J=7.8 Hz, He), 7.92 (d, J=8.3 Hz, Ha, Hd), 7.79 (t, J=7.7 Hz, Hh), 7.66 (d,
J=7.9 Hz, Hb, Hc), 7.56 (d, J = 7.7 Hz, Hf), 7.37 (d, J = 2.5 Hz, Hg). *C NMR (100 MHz, DMSO) &: 165.4
(C4), 161.8 (C2), 153.5 (C6), 132.9 (C15), 123.9 (C19, C17), 116.7 (C5), 116.4 (C7), 91.7 (C3). EI-MS m/z:
Required for C;5sHgCIN,O3"-: 300.69 found 300.1.
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4-hydroxy-3-[(E)-(4-methylphenyl)diazenyl]-2H-chromen-2-one (ZL16). Light yellow solid, yield:
89.84 %, Rf: 0.73 (methanol:CCl, (3:7)), soluble in THF, DMF, DMSO, acetone, ethanol, methanol, chloro-
form, n-hexane, and benzene, m.p.: 211 °C, FTIR (KBr disc, cm): 3352.50 (NH stretch, O—H stretch),
1740.31 (C=0), 1647.46 (N=N stretch), 1543.45 (C=C stretch), 1328.16 (C-N stretch), 1236.66 (C-O
stretch), UV-Visible, Amnax (DMSO, nm): 620; *H NMR (300 MHz, DMSO-D6) &: 15.51 (s, OH), 7.82—7.80
(m, Hd, Ha), 7.65-7.63 (m, He, Hf), 7.36 (d, J = 1.4 Hz, Hb, Hc), 5.58 (s, Hg, Hh), 2.49 (s, Hi, Hj, HK).
3C NMR (100 MHz, DMSO) &: 178.5 (C4), 163.7 (C2), 154.1 (C6), 151.9 (C14), 137.2 (C17), 130.1 (C15,
C16), 129.1 (C19), 128.7 (C18), 124.7(C9), 124.0 (C10), 117.7(C7), 116.7(C5), 102.3 (C3), 19.3(C21). EI-
MS m/z: Required for CysH1,N,03"-: 280.27 found 280.2

4-hydroxy-3-[(E)-(4-methylphenyl) diazenyl]-2H-chromen-2-one Manganese complex (ZL16Mn).
Pale yellow solid, m.p.: >300 °C, yield: 89.53 %, soluble in chloroform, THF, acetone, DMSQO, benzene,
CCl,, ethanol, methanol, DMF and n-hexane, FTIR (KBr disc, cm™): 1632.76 (N=N stretch), 1414.64 (C-N
stretch), 1321.97 (C-O stretch), 577.02 (Mn-0), 516.37 (Mn—N), UV-Visible Ay (DMSO, nm): 660.

4-hydroxy-3-[(E)-(4-methylphenyl) diazenyl]-2H-chromen-2-one Zinc complex (ZL16Zn). Dark yel-
low solid, m.p.: >300 °C, yield: 86.49 %, soluble in acetone, ethanol, methanol DMSO, benzene, CCl,, chloro-
form, THF, DMF and n-hexane, FTIR (KBr disc, cm™): 3391.93 (NH stretch, O—H stretch), 1513.02 (N=N
stretch), 1650.25 (C=C stretch), 1561.28 (C—C stretch), 1342.96 (N=O stretch), 1350.20 (C—N stretch), 1058.16
(C-O stretch), 761.28 (C—Cl stretch), 669.83 (Zn-0), 521.04 (Zn-N), UV-Visible Ayax (DMSO, nm): 380.

Anti-Oxidant Scavenging Assay

Antioxidant compounds found in food are crucial for maintaining good health and reducing the risk of
chronic diseases like heart disease and cancer. These antioxidants are primarily found in fruits, whole grains,
and vegetables. Plant-based antioxidants, such as vitamin E, vitamin C, carotenes, phytoestrogens, phytate,
and phenolic acids, have been recognized for their potential to lower disease risk. The diverse range of anti-
oxidant compounds in our diet have varying levels of antioxidant activity, with some being strong antioxi-
dants, like gallates, and others being weaker, like mono-phenols. The main function of antioxidants is to neu-
tralize free radicals by donating hydrogen atoms, thereby reducing them to non-reactive species. By remov-
ing the odd electron feature responsible for radical reactivity, antioxidants help protects against the harmful
effects of free radicals. Free radicals have garnered significant attention from scientists due to their wide-
ranging impact on biological systems, including their involvement in disease development and aging. It has
been established that oxidative stress, caused by an imbalance between antioxidants and free radicals, con-
tributes to the pathogenesis of certain diseases. Therefore, there is evidence supporting the use of antioxidant
supplementation to reduce oxidative stress levels and potentially slow down or prevent disease-related com-
plications. While synthetic antioxidant components have been found to have toxic and mutagenic effects,
natural antioxidants have gained attention due to their safer profile [21].

Diphenyl-2-Picrylhydrate (DPPH) Free Radical Scavenging Assay

The antioxidant activity of the synthesized compounds against 2,2-diphenyl-2-picrylhydrate (DPPH)
were evaluated [22]. The standard used was ascorbic acid and various concentration (5, 10, 15, 20, and
25 pg/ml) of the compounds were measured using Optima SP300-spectrophotometer at 517 nm [23].

The experiment was triplicates and % scavenging was calculated by using formula.

%Scavenging = ((Ao — As))/Aox100,
where Ao is the absorbance of blank; As is the absorbance of sample.
Absorbance of sample was calculated by using formula:
As = Ast — Asb,
where As is the absorbance of sample; Ast is the absorbance of test sample solution with DPPH; Asb is the
absorbance of blank sample solution without DPPH.

The ICsy value, defined as the concentration of the tested compounds required to scavenge 50 % of
DPPH free radicals, was calculated by non-linear regression using GraphPad Prism 8 (GraphPad Software
Inc., La Jolla, USA).

Nitric Oxide (NO) Free Radical Scavenging Assay

Sodium nitroprusside was used for nitric oxide production in aqueous solution at 7.4 pH which combine
with oxygen to give nitrite ion which one determined by using Griess reagent. For this aim to 2 mL of vari-
ous concentration (5, 10, 15, 20 and 25 pg/ml) of sample solution in DMSO, 2 mL of 10 mL sodium
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nitroprusside in PBS (phosphate buffer saline) solution was added and incubated at 25 °C for 4 hours. After
incubation to 2 mL of reaction solution containing nitrate ion 2 mL of Griess reagent (1 % sulphanilamide in
5 % phosphoric acid (1 mL) and 0.1 % N-(1-naphthyl)ethylenediamine dihydrochloride (1 mL) was added
and again incubated at 25 °C for 30 minutes. Same reaction mixture instead test compound having 2 mL
DMSO served as blank. The absorbance of chromophore formed was measured at 546 nm using Optima
SP300-spectrophotometer. The experiment was done in triplicate and % scavenging was calculated by using
formula:

%Scavenging = ((Ao — As))/Aox100,

where Ao is the absorbance of blank; As is the absorbance of sample.

Absorbance of sample was calculated by using formula:

As = Ast — Asb,

where As is the absorbance of sample; Ast is the absorbance of test sample solution with DPPH; Asb is the
absorbance of blank sample solution without DPPH.

The 1Cs, value, defined as the concentration of the tested compounds required to scavenge 50 % of NO
free radicals, was calculated by non-linear regression using GraphPad Prism 8 (GraphPad Software Inc., La
Jolla, USA).

Anti-Bacterial Activities

The synthesized compounds were studied for the antibacterial activity against the bacterial species. All
the synthesized ligands (ZL11-ZL116) and their metal complexes with (Mn(ll), Zn(ll)) (Figures S1-S18).
The Zone of inhibitions of synthesized compounds was carried out by disc diffusion method [24]. The anti-
bacterial activity of all the synthesized ligands was evaluated against 24 hr culture of various selected bacte-
ria. The gram-negative bacteria used were E. Coli and Pseudomonas aeruginosa while gram-positive bacte-
ria were Staphylococcus Pyogenes and Bacillus. Amikacin was used as standard drug for the evaluation of
antibacterial activity. Activity was reported by zone of inhibition (mm) [25].

Molecular Docking Protocol

In this study, we aimed to investigate the binding interactions between newly synthesized coumarin de-
rivatives and two enzymes, namely Mannosyl-oligosaccharide glucosidase and Oligo-1,6-glucosidase. To
initiate, we obtained the 3D crystal structures of these enzymes from the Protein Data Bank (www.rcsb.com)
with the Mannosyl-oligosaccharide glucosidase structure having a resolution of 2.04A (PDB ID: 4J5T) and
the Oligo-1,6-glucosidase structure having a resolution of 1.30A (PDB ID: 3AJ7). Before conducting the
docking analysis, we prepared the structures of the target proteins using MGL tools. Heteroatoms and water
molecules present in protein structures were removed. Additionally, polar hydrogen atoms and Kollman
charges were added to ensure the accurate representation of the protein structures. Furthermore, any missing
amino acid residues were rendered in the structures to ensure their structures. Furthermore, we generated the
3D structures of the synthesized coumarin derivatives (ZL11-ZL16) using ChemDraw 3D [26]. These struc-
tures were then subjected to energy minimization to obtain their most stable conformations. For the docking
analysis, we utilized AutoDock, employing its default genetic algorithm as the scoring function. The com-
pounds (ZL11-ZL16) were docked into the active pockets of Mannosyl-oligosaccharide glucosidase and
Oligo-1,6-glucosidase. The dimensions of gird box were set as x: 21.306612; y: —0.461484; z: 18.843785 for
Mannosyl-oligosaccharide glucosidase and x: —18.523631; y: —20.732132; z: 8.202425 for Oligo-1,6-
glucosidase to define the search space for docking respectively. Multiple docking configurations were gener-
ated for each compound and enzyme, resulting in approximately 100 different configurations. Finally, to at-
tain a deeper insight of the binding interactions occurring within the active sites of Mannosyl-
oligosaccharide glucosidase and Oligo-1,6-glucosidase, the most stable configurations were selected for fur-
ther analysis and development of 2D and 3D models to understand the binding interactions among the deriv-
atives within the active sites of Mannosyl-oligosaccharide glucosidase and Oligo-1,6-glucosidase.

Results and Discussion

Coumarin derivatives were synthesized utilizing a previously documented procedure, resulting in a re-
markable yield. The confirmation of these derivatives was accomplished by analyzing their physical spectro-
scopic parameters. Subsequently, complexes of transition metals (Mn*?, Zn*?) with these coumarin deriva-
tives were synthesized and subjected to characterization based on various physical properties, including sol-
ubility, melting point, as well as spectroscopic techniques such as UV-visible spectroscopy, FTIR spectros-
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copy, X-ray diffraction, and Thermal gravimetric analysis. To ensure conformity with existing literature re-
garding the synthesis of metal complexes, the coordination of ligands with metal ions was investigated. Ini-
tially, Job’s method was employed to determine the optimal stoichiometric ratio, and it was observed that a
2:1 ratio of ligands to metals yielded the highest absorbance [27]. Consequently, the metal complexes were
synthesized utilizing this specific stoichiometric ratio of ligands and metal salts [28]. Regarding the thermal
stability of these metal complexes, it was observed that Mn(Il) and Zn(ll) complexes exhibited melting
points exceeding 300 °C, while the coumarin derivatives themselves displayed a melting point range of 150—
300 °C. This discrepancy indicates that the metal coordination compounds of the derivatives exhibit signifi-
cantly enhanced stability due to the smaller size and higher charge of the Mn and Zn complexes [29]. Fur-
thermore, all complexes demonstrated solubility in DMSO.

Spectroscopic Characterization

FTIR Characterization of Synthesized Coumarin Derivatives

FTIR spectra of all synthesized coumarin derivatives were recorded in 400-6000 cm™ region which
gave valuable information about formation and structure of all the synthesized coumarin ligand. The FTIR
spectra showed prominent peaks of functional groups like O-H, C—H, C=0, C=N, N=N, C=C, C-N and C-O
which confirms the formation of coumarin derivatives [30]. The appearance of a broad peak of O—H stretch
near 3650-3200 cm™*, N—H stretch appeared around 3600-3400 cm . Appearance of a distinctive peak of
N=N of diazinyl group at around 1700-1400 cm* were observed in FTIR spectra of ligands confirmed the
presence of these functional groups. The vibrational frequency for sp? CH stretch was observed around
30002800 cm* which is region according to literature. Since O—H has a broad peak so it overlapped with
aromatic C—H stretch. Another peak C=C stretch was observed near 1520-1400 cm* and aromatic C-N
stretch was seen at 1390-1180 cm . While C—O stretch was observed in 1320-900 cm ™, it was seen that all
the above-mentioned peaks are in IR region according to literature. For all the metal complexes M—O stretch
was shifted towards lower frequency in complexes because nitrogen was involved in complex formation. For
exemplary, FTIR spectra of ligand ZL14 (Fig. 2) with its complexes (Zn*?, Mn*?) were discussed for com-
parative study.

(]
Q.

Tansostance (Yo)

T - B "l""‘A'\"|p1"‘,'1:‘r|171
| | \'!

—— T TR I
AR

T

v T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™')

Figure 2. FTIR spectra of (a) ZL14 (b) ZL14Mn (c) ZL14Zn (d)
comparative FTIR spectra of ZL14 and its transition metal complexes
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The stretching frequency for dizenyl group N=N was observed at 1596.09 cm™, a broad and sharp peak
of OH was seen at 3399.49 cm . The Aromatic =C—H stretch was observed near 3251.09 cm . The vibra-
tional frequency of C=0 was observed at 1739.99 cm*, C-N and C-O stretch were seen at 1403.68 and
1022.88 cm* respectively while sp? C—H stretch were observed near 3251.09 cm . The C=0 peak appeared
near 1739.99 cm™. M-O stretch for all metal complexes appeared below 591.63 and 712.08 cm™ for Mn(ll)
and Zn(11) respectively. Similarly, Mn(ll) and Zn(ll) stretch at 516.99 and 577.64 cm* respectively. FTIR
spectra of all other coumarin derivatives (ZL11-ZL16) is given in supplementary material (Figures S1-S18).

'H NMR Study

Proton NMR spectroscopy is an important analytical method for determining the structure of substances
associated with the hydrogen-1 nucleus in the molecule of the analyzed product. In the NMR spectra of all
azo groups, peaks of aldehyde protons are observed at 9.5-10.3 ppm. The phenolic proton concentration of
coumarin compounds is 11.0 to 1.5 ppm, but in these studies this value varies from 13 to 15 ppm for
coumarin compounds [31]. *H NMR spectra of all synthesized compounds (ZL11-ZL16) were studied. All
signals confirming the structure corresponding to the proton nucleus were evaluated by chemical shift values
(ppm).). The experimental spectrum is almost identical to the theoretical spectrum obtained using
ChemSketch. 'H NMR spectra allow us to identify the different chemical shifts of protons within a com-
pound. The synthesis of compound ZL16 was confirmed through proton nuclear magnetic resonance (NMR)
analysis, as illustrated in Figure 3. The spectrum revealed a sharp peak at 15.51 ppm, indicating the presence
of exchangeable protons (OH). The analysis also identified multiple peaks at 7.82—7.80 ppm, corresponding
to the proton (Hd, Ha) in the CH group. Another multiple peaks at 7.65-7.63 ppm were observed for protons
(He, Hf) in the CH group, while doublet peak at 7.36 ppm indicated the presence of protons (Hb, Hc) in an-
other CH group. Furthermore, singlet peak at 5.58 ppm were attributed to protons (Hg, Hh) in the CH group,
and peaks at 2.49 ppm were associated with protons (Hi, Hj, HK) in the CH group. This detailed analysis
confirms the structural characteristics of compound ZL16 based on its proton NMR spectrum. *H NMR data
of all other coumarin derivatives (ZL11-ZL16) is given in supplementary material (Figures S19-S24).
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Figure 3. Spectra of (a) 'H NMR of ZL16; (b) **C NMR of ZL16; (c) Mass spectrum of ZL16; (d) UV of ZL16
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3C NMR Study

The **C NMR spectra of compounds ZL11-ZL16 show a clear resonance in the direction of the carbon
nucleus. NMR spectra of the new compounds were obtained on a Bruker AM400 MHz NMR spectrometer.
All compounds were dissolved in DMSO-D6. The structures of all new compounds were confirmed by
1HNMR data. Direct signals of carbon for azo groups are detected at 136 and 152 ppm, and nitro, hydroxyl,
and nitro groups are detected at 153, 125, and 142 ppm. The confirmation of the synthesis of ZL 16 derivative
of coumarin compounds was established through the observation of distinct peaks in the ITHNMR spectrum.
A sharp singlet peak was observed at a chemical shift at 178.5 ppm, indicating the presence of the C-OH
(C4) group. The carbon atoms (C2, C6) attached to the nitrile group were evident in the region of 163.7 and
154.1 ppm. Peaks corresponding to the carbon atoms 151.9 (C14), 137.2 (C17), 130.1 (C15, C16), 129.1
(C19), 128.7 (C18), 124.7 (C9), 124.0 (C10), 117.7 (C7), 116.7 (C5), 102.3 (C3), 19.3 (C21) in the aromatic
ring were observed. *C NMR data of all other coumarin derivatives (ZL11-ZL15) is given in supplementary
material (Figures S25-S30).

UV-Visible Characterization of Synthesized Compounds

Coumarin derivatives ZL11-ZL 16 and their metal complexes analyzed by UV-Visible spectroscopy and
their spectra were recorded in DMSO solvent using 250 uL solution in the range of 200-800 nm. All the rec-
orded UV-Vis spectra of coumarin derivatives ZL11-ZL16 and their metal complexes are illustrated in Fig-
ures S31-36 (Supporting file). The ultraviolet-visible (UV-Vis) spectra of the synthesized coumarin deriva-
tives and their Mn(11) and Zn(1l) complexes were recorded using 50 ppm solution of each compound in di-
methyl sulfoxide (DMSQO), and the measurements were conducted at room temperature within the wave-
length range of 300-800 nm. The outcomes have been visually showed through comparative UV-Vis spectra,
showed the Anax peak in the range of 320-660. Interestingly, the synthesized coumarin derivatives exhibited
significant absorbance in this region. In stark contrast, all the metal complexes demonstrated absorption
maxima with weak absorbance peaks in the range of 380-670 nm. The Mn(Il) complexes showcased intense
absorption within the 390-660 nm region, whereas the Zn(l1l) complexes exhibited absorption within range
400-660 nm. These findings unequivocally indicate the successful synthesis of these metal complexes, as
their absorption in the visible region strongly suggests their formation.

XRD Characterization of Synthesized Compounds

The XRD analysis of ligand ZL16 revealed distinct, sharp peaks at 20 positions of 10.74°, 11.54°,
12.29°, 22.94°, and 29.26°, indicating a crystalline structure with an average crystal size of 4.092 nm. In con-
trast, the XRD pattern of its manganese complex (ZL16 Mn) showed the disappearance of these peaks and
the emergence of new ones at 20 positions of 17.27°, 26.69°, 31.54°, 34.75°, 38.69°, and 55.70°, with a
slightly larger average crystal size of 4.34 nm, confirming the coordination of ZL16 with manganese. Simi-
larly, the zinc complex exhibited peak shifts to 14.56°, 36.06°, 56.82°, 58.82°, and 61.30°, with an average
crystal size of 1.574 nm, indicating successful complex formation with zinc. The sharpness of the peaks
across all samples suggested their small size and crystalline nature, providing clear evidence of ligand coor-
dination with both manganese and zinc metals. The crystallite sizes were calculated using the Scherer equa-
tion, (D = 0.90/p cos 0). The particle size of ligand ZL16, ZL16Mn and ZL16Zn complexes are found to be
4.092 nm, 4.341 nm and 1.574 nm respectively.

Thermo Analytical Results (TG and DTG) of Ligands and Metal Complex

The thermogravimetric analysis (TGA) of ZL14 reveals distinct decomposition stages across different
metal variants. For ZL14, three decomposition stages occur between 45-500 °C: the first stage (45-150 °C)
involves moisture and CO, evolution with a mass loss of 3.17 %; the second stage (150-350 °C) corresponds
to the elimination of the azo group and ClI, resulting in a 20.39 % mass loss; the final stage (350-500 °C)
leads to complete decomposition, leaving carbon as a residue with an 11.18 % mass loss. The total mass loss
across these stages is 34.74 %, with an endothermic peak observed at 310 °C. In contrast, ZL14 Zn shows
four decomposition stages from 32-500 °C: the first stage (32-150 °C) accounts for a 2.18 % mass loss due
to water and CO,; the second stage (150-200 °C) results in a 1.14 % mass loss from azo group elimination;
the third stage (200-350 °C) involves the loss of heterocycles; and the final stage (350-450 °C) leads to car-
bon and ZnO formation with a 3.13 % mass loss. The total mass loss here is 9.59 %, with an endothermic
peak at 180 °C. For ZL14 Mn, two decomposition stages are noted between 20-600 °C: the first stage (20—
100 °C) results in an 8.76 % mass loss from moisture and CO,, while the second stage (200-600 °C) corre-
sponds to azo group elimination and yields an 8.77 % mass loss, culminating in carbon and MnO as final
products. The total mass loss is 17.53 %, with an endothermic peak at 110 °C.
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Figure 4. (a) TGA spectra of ZL14; (b) TGA spectra of ZL14Mn; (¢) TGA spectra of ZL14Zn; (d) XRD of ZL16

Mass Spectrometric Study

Mass spectrometry is a method of determining the molecular mass of a substance [7]. Using this meth-
od, not only the peak information of the molecular ion but also information on the scattering pattern can be
obtained, allowing the characteristics of the compound to be determined [8]. The quality of a compound can
be determined using mass spectrometry methods. Information on molecular ion peaks, fragmentation pat-
terns, and structural annotations were obtained through mass spectrometry. Therefore, in this study, we fixed
the size of the coumarin ligand in the reaction model [4]. Mass spectra of synthesized compounds (ZL11-
ZL16) are described in Figures S37-S42 (Supporting file). The molecular masses of the ZL11-ZL 16 ligands
are 282.25, 404.0, 280.8, 438.3, 300.1 and 280.2 which were confirmed in mass spectrometry studies, re-
spectively. In the mass spectra of compound ZL16 (Fig. 5) the molecular ion peak appears at m/z value of
280.2 which is exact to the molecular mass of ZL16 (215.1) which is also the (most intense) base peak for
this ligand. The possible modes of fragmentation for ZL16 ligand are given in Figure 5. Another important
peak appeared at m/z value 119.1 by the removal of CyHsO3 group from parent compound then the other im-
portant peak was seen at m/z value 91.0 by the removal of N, groups from the 1st fragments (Route 1). The
next important peak appeared at m/z value 104.0 by the removal CH; from the 1st fragment. Two peaks ap-
peared at m/z value 76.0 and 49.9 from the 2nd and the 3rd fragment by the removal of N, and C,H, respec-
tively (Route 2). The next peaks appeared at m/z value 120.0, 92.0 and 64.0 by the removal of CgHgN,O, CO
and CO radical from parent, the 1st and the 2nd fragment respectively (Route 3). The next important peak
appeared at m/z value 162.0 and 134.0 by the removal C;H,0, and CHO from parent and the 1st fragment.
Another important peak was observed at m/z 119.1 value by the removal of CH; group from the 2nd frag-
ment then other peak appeared at m/z value 93.0 by removal of N, from the 3rd fragment. The peak of an-
other important fragment was observed at m/z value 65.0 and 49.9 by the removal of N, and CH; radical
from the 4th and the 5th fragment (Route 4).
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Figure 5. Mass spectrum fragmentation spectra ZL16

Free Radical Scavenging Potential of Coumarin Derivatives and Their Metal Complexes (ZL11-ZL16)

DPPH Radical Scavenging Assay

DPPH radical scavenging potential is a simple, efficient and relatively stable free radical method in
which hydrogen or an electron is accepted by the reduction of free radical with the help of antioxidant mole-
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cule. The solution of DPPH has purple color which is in reduced form changes to yellow. When more color
change reduced more DPPH, radical enhance antioxidant activity. 579 nm absorbance is used for their calcu-
lation [32]. The DPPH radical scavenging activity of five concentrations (5, 10, 15, 20 and 25 pg/mL) of
coumarin derivatives (ZL11-ZL.16) and their manganese complexes (ZL11Mn-ZL16Mn) and zinc complex-
es (ZL11Zn-ZL.16Zn) has been approved by ascorbic acid (AA) as standard. The results of antioxidant po-
tential of prepared compounds are expressed in 1Csq as given in Table 1.

Table 1
I1Cs, values of DPPH assay of coumarin derivatives and their metal complexes (ZL11-ZL 16)
Scavenging of DPPH 1Cs,* (ug/mL)
Compound ZL (Ligands) Mn(11) Complex Zn(I1) Complex
Z1L11 7.62+0.04 6.45+0.07 8.31+0.051
7112 6.93+0.05 11.84+0.01 6.10+0.048
Z1.13 7.6+£0.04 7.09+0.010 8.49+0.046
Z1L.14 7.78+0.03 11.04+0.01 5.65+0.080
Z1L.15 6.94+0.06 11.84+0.04 8.32+0.060
Z1.16 6.57+0.03 6.62+0.02 7.14+0.075
AA** 7.066+0.06 7.0660.06 7.066+0.06
Notes: * ICs is the concentration of compounds for 50 % inhibition of DPPH calculated by non-linear regression; ** AA is the
ascorbic acid (standard compound)

All the prepared compounds display excellent inhibition potential as compared to standard (ascorbic ac-
id) (7.06 pg/mL). Compounds ZL16, ZLL11Mn and ZL.14Zn, are more potent than that of ascorbic acid with
ICs = 6.57, 6.45 and 5.65 pg/m.

Nitric Oxide (NO) Radical Scavenging Assay

Nitric oxide (NO) is regarded as free radicals as they have unpaired electrons. NO is very reactive oxi-
dant that can decompose to form OH and NO by the reaction with superoxide to form peroxinitrite anion. All
the synthesized compounds displayed inhibition effect on nitrite ion generated from sodium nitroprusside in
aqueous solution by reaction of oxygen with nitric oxide at biological pH. Griess reagent is used for calculat-
ing scavenging effect at decreased absorbance of 546 nm. All the prepared coumarin ligands and their metal
complexes display better nitric oxide radical scavenging potential as compared to DPPH radical scavenging
activity. The NO radical scavenging activity of five concentrations (5, 10, 15, 20 and 25 pg/mL) of coumarin
derivatives (ZL11-ZL16) and their zinc complexes (ZL11Zn—ZL16Zn) has been approved by ascorbic acid
(AA) (7.06 pg/mL) as standard. The results of antioxidant potential of prepared compounds are expressed in
ICs, as given in Table 2.

Table 2

IC5, values of NO assays of coumarin derivatives and their metal complexes (ZL6-ZL10)

Scavenging of NO 1Csp* (ug/mL)
Compound ZL(Ligands) Mn(11) (Complex) Zn(11) (Complex)
ZL11 6.46+0.046 7.29+0.021 7.32+0.044
ZL.12 6.38+0.095 5.99+0.060 6.77+£0.078
ZL.13 5.89+0.038 6.56+0.070 6.63+0.034
ZL.14 7.015+0.068 6.98+0.024 6.07+0.09
ZL15 6.47+0.052 6.35+0.096 6.59+0.060
ZL16 11.24+0.053 7.10£0.670 6.30+0.065
AA** 6.79+0.026 6.79+0.026 6.79+0.026
Notes: * ICg, is the concentration of compounds for 50 % inhibition of NO calculated by non-linear regression; ** AA is the ascor-
bic acid (standard compound)

All the prepared compounds display excellent inhibition potential as compared to standard (ascorbic ac-
id). Compounds ZL12, ZL12Mn and ZL14Zn, are more potent than that of ascorbic acid with ICg, = 6.38,
5.99 and 6.07 ug/mL respectively.
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Antibacterial Activity

The in vitro antibacterial activity of coumarin compounds was screened against Staphylococcus
Pyogenes and Bacillus (gram positive bacteria) and Escherichia Coli and Pseudomonas aeruginosa (gram
negative bacteria) using the minimum inhibitory concentration (MIC) method. Amikacin was used as epy
standard drug for the evaluation of antibacterial activity. Activity was also reported as zones of inhibi-
tion (mm) [25]. The Zinc(1l) complex exhibited higher activity than the other tested compounds due to the
interaction of the metal ions with nitrogen. Biological screening results of coumarin ligands showed that
compounds ZL13, ZL13Mn and ZL15Zn exhibited good antibacterial activity against E. Coli, with zones of
inhibition of 15 mm, 31 mm, and 28 mm, respectively, while all other compounds showed zones of inhibi-
tion in the range 9-28 mm. Ligands ZL11, ZL16, ZL11Mn, and ZL12Zn showed excellent activity against
Bacillus, with zones of inhibition of 18 mm, 18 mm, 18 mm and 23 mm, respectively, while all other com-
pounds exhibited zones in the range 12-22 mm. Ligands ZL14, ZL12Mn, and ZL16Zn showed good antibac-
terial activity against Pseudomonas, with zones of inhibition of 15, 18, and 23 mm, respectively, while all
other derivatives exhibited zones in the range of 9-22 mm. Ligands ZL12, ZL12Mn, and ZL11Zn showed
activity against Staphylococcus Pyogenes, with zones of inhibition of 16 mm, 20 mm and 20 mm, respective-
ly, while all other compounds exhibited zones in the range of 9-16 mm. For comparison, the standard drug
Amikacin exhibited a zone of inhibition of 15 mm. Overall, the biological screening of coumarin ligands re-
vealed promising results. Against E. Coli, compound ZL16 demonstrated good antibacterial activity, result-
ing in a zone of inhibition of 16 mm as shown in Table 3-5.

Table 3

Antibacterial activity of coumarin derivatives ZL 11-ZL 16

Zone of Inhibition (mm)
Compound Gram-negative bacteria Gram-positive bacteria
E. coli Pseudomonas | S. Pyogenes Bacillus

ZL11 9 12 15 18
7112 11 8 16 18
Z1.13 15 12 9 14
ZL14 12 15 10 16
ZL15 13 8 14 17
ZL16 14 22 16 18

Amikacin 15 13 16 15
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Antibacterial activity of metal complexes ZL11Mn-ZL16Mn

Compound No.

Zone of Inhibition (mm)

Gram-negative bacteria

Gram-positive bacteria

E. coli Pseudomonas | S. Pyogenes Bacillus
ZL11Mn 18 14 13 18
ZL12 Mn 20 18 20 10
ZL13 Mn 31 10 8 12
ZL14 Mn 8 8 9 14
ZL15 Mn 11 11 9 16
ZL16 Mn 12 9 7 18
Amikacin 14 16 15 13

Antibacterial activity of metal complexes ZL11Zn-ZL16Zn

Compound No.

Zone of Inhibition (mm)

Gram-negative bacteria

Gram-positive bacteria

E. coli Pseudomonas | S. Pyogenes Bacillus
ZL11 Zn 12 9 20 20
ZL12 Zn 14 15 15 23
ZL13 Zn 12 11 14 21
ZL14 Zn 13 12 16 18
ZL15 Zn 28 13 15 17
ZL16 Zn 22 23 13 22
Amikacin 16 14 16 14

Table 4

Table 5
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Figure 8. Anti-Bacterial activities of coumarin derivatives and their metal complexes (ZL11-ZL16)

Molecular Docking Analysis

In order to understand the mechanism of action, the molecular interaction between the synthesized lig-
ands and two specific enzymes, Oligo-1,6-glucosidase (PDB ID: 3AJ7) and Mannosyl-oligosaccharide
glucosidase (PDB ID: 4J5T), was studied. The resolution of the Oligo-1,6-glucosidase structure was 1.30A,
while the resolution of the Mannosyl-oligosaccharide glucosidase structure was 2.04A. The results of the
study revealed that hydrogen bonds were formed when a hydrogen atom interacted with an electronegative
atom, such as oxygen or nitrogen. To investigate the binding interactions between the ligands (ZL11-ZL16)
and their metal complexes with the binding pocket of Mannosyl-oligosaccharide and Oligo-1,6-glucosidase,
molecular docking analysis was conducted. The docking analysis yielded highly convincing results, indicat-
ing strong binding interactions between several amino acid residues within the binding pocket of Mannosyl-
oligosaccharide glucosidase and Oligo-1,6-glucosidase. These findings provide valuable insights into poten-
tial lead compounds for drug development targeting mannosyl-oligosaccharide glucosidase and Oligo-1,6-
glucosidase. The docking analysis of Oligo-1,6-glucosidase also produced convincing results, indicating
strong interactions between several amino acid residues within its binding pocket and the ZL16, ZL16Mn,
and ZL16Zn compounds as shown in Figure 9. The binding energies for these interactions were determined
to be —9.8, —10.9 and —10.8 kcal/mol, respectively as given in Table 6.

Similarly, the docking analysis yielded highly convincing results, indicating strong binding interactions
between several amino acid residues within the binding pocket of Mannosyl-oligosaccharide glucosidase and
the ZL15, ZL15Mn, and ZL15Zn compounds as shown in Figure 8. The binding energies for these interac-
tions were determined to be —10.1, —10.3, and —10.6 kcal/mol, respectively as given in Table 7. These find-
ings suggest that the synthesized ligands have the potential to interact strongly with the binding pockets of
both Mannosyl-oligosaccharide glucosidase and Oligo-1,6-glucosidase.
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Table 6

Molecular Docking of compounds (ZL11-ZL16) with Oligo-1,6-glucosidase
and mannosyl-oligosaccharide glucosidase

. Bindin
Ligand PDB ID energyg,J H){drogen_bonds Hydrophobic interactions
Codes interactions
kcal/mol
3AJ7 -8.6 LYS156 LEU313, ALA418, PHE314, ILE419, ASP233
L 4)5T -9.0 HIS803, ARG799, ASP724 GLU463, GLU402, ARG727, MET401
) 3AJ7 -8.6 No LYS156, TYR158, PHE303
2L 4)5T -9.7 ARG428 ASP392, GLU771, ASP568, TYR709, LEU563, PHE444
3AJ7 -8.7 HI1S295, ASN259, ILE272 VAL266, ALA292, ARG263
zL13 4)5T -94 HIS803, ARG799, ASP724 ARGT727, ARG467
3AJ7 -10.1 No LYS156, TYR158, PHE303
zL14 4)5T -8.3 ARG428 GLU771, ASP392, ASP568, TYR709, LEU563, PHE444
7L15 3AJ7 -10.1 HI1S295, ASN259, ILE272 VAL266, ALA292, ARG263
4)5T -9.3 HIS803, ARG799, ASP724 ARGT727, ARG467
7116 3AJ7 -8.8 ASN317, LYS156 LEU313, ASP233, ALA418, PHE314, ILE419
4)5T -9.8 NO ARG727, GLU402, GLU463, SER802, MET401, PRO731, ILE734
Table 7
Molecular Docking metal complexes (ZL11-ZL16) with Oligo-1,6-glucosidase
and mannosyl-oligosaccharide glucosidase
Ligand PDB ID Binding energy, H){drogen_bonds Hydrophobic interactions
Codes kcal/mol interactions
ZL11Mn 3AJ7 -9.1 PHE321 LEU439
4)5T -9.8 TYR709 PHE444, PHE389, PHE385, PRO441
ZL117n 3AJ7 -9.7 PHES543, LEU323, LYS523 PHE321
4)5T -8.9 MET493, ARG304 PHE7, LYS98
ZL12Mn 3AJ7 -8.1 NO GLU332, ALA329, ILE328, PRO312, HIS280
4)5T -8.6 LYS597, LYS669 HIS601, TYR728, GLU616
3AJ7 -94 ASP363 PHE321, LEU439, ASP362
zL12zn 4)5T -8.9 HIS561.ARG428 PHE444, PRO441, PHE385, TYR709, LEU563
ZL13Mn 3AJ7 -9.1 PHE321 LEU439
4)5T -95 ARG387 PHE444, ALAT83, PHE385, PHE384
21137n 3AJ7 -9.1 NO
4)5T -10.2 HIS561 LEU563, ARG428, GLU707
ZL14Mn 3AJ7 -8.7 SER545 ASP362, LEU439, LYS524
4)5T -10.4 TYR709, ARG387 GLU771, PHE444
711471 3AJ7 -10.2 NO
4)5T -9.6 NO TYR709, PHE385, PHE444, PRO441
ZL15Mn 3AJ7 -10.3 NO PRO312
4)5T -12.2 NO PHE444, ILE362, ILE451, LYS363
7L157n 3AJ7 -10.6 LYS523, LEU323 LEU439
4)5T -12.7 ASP568, TRP710 ARG428, TYR709, PHE385
3AJ7 -8.9 NO LYS523, PHE360, LEU323, LEU439
ZL16Mn 4)5T -10.9 NO LYS98, PHE7, ARG304, GLU10, LYS6
3AJ7 -9.1 ASP363 LEU439, PHE321
zL16zn 4)5T -10.8 HIS561, ARG428 TRP710, LEU563, PHE389, PHE385, GLU707
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Figure 9. (a) Most probable 2D and (b) 3D binding modes of ZL15; (c) 2D ZL15Mn;
(d) 3D ZL15Mn; (e) 2D ZL15Zn; (f) 3D ZL15Zn
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Conclusions

In a recent study, researchers successfully synthesized several new medicinal coumarin derivatives us-
ing a synthesis process that is both environmentally friendly and efficient. The compounds synthesized in-
clude 4-hydroxycoumarin, 2-aminophenol, 2-amino-5-chlorobenzophenone, o-toluidine, 2’-amino-2,5-
dichlorophenylphenone, 2-chloroaniline, p-toluidine. The synthesis process achieved excellent yields ranging
from 70 % to 87 % at temperatures between 0-5 °C. To determine the structure of the synthesized com-
pounds, various characterization methods were employed, including FTIR, 'H NMR, *C NMR, UV/VIS,
XRD, and TGA. Mass spectroscopy was also used to confirm the mass of the synthesized compounds. The
FTIR spectra analysis revealed the presence of functional groups such as O—H stretch, N-H stretch, and N=N
group, which confirmed the successful synthesis of the ligands. The spectra also showed peaks correspond-
ing to sp® CH; stretch, aromatic C—H stretch, carbonyl group C—O stretch, C=C stretch, and aromatic C-N
stretch. Interestingly, the phenolic proton concentration of most coumarin compounds typically falls within
the range of 11.0 to 1.5 ppm. However, in this study, the values varied from 13 to 15 ppm for the coumarin
compounds, indicating some structural differences. The *C NMR analysis of the coumarin derivatives re-
vealed specific peaks corresponding to the 6 signals of carbon for azo- groups and nitro-, hydroxyl-, and ni-
tro- groups were also detected. To further characterize the synthesized compounds and their metal complex-
es, UV-Visible analysis was conducted in the 300-600 nm range, and powder XRD analysis was performed.
The XRD results indicated crystal sizes for ZL16, ZL16Mn, and ZL16Zn as 4.092 nm, 4.341 nm, and
1.574 nm, respectively. Thermal stability was assessed through TGA analysis, which demonstrated that the
synthesized compounds exhibited thermal stability up to 800 °C. The synthesized ligands and their metal
complexes were then subjected to screening for antibacterial, molecular docking, and antioxidant activities.

Antibacterial activity was assessed against gram-negative bacteria (E. coli and Pseudomonas) and
gram-positive bacteria (Staphylococcus pyogenes and Bacillus), with inhibition zones ranging from 7—
31 mm, while Amikacin showed a zone of inhibition of 15 mm. In terms of DPPH antioxidant activity, com-
pounds ZL16, ZL11Mn, and ZL14Zn demonstrate greater potency than ascorbic acid, with ICs, values 6.57,
6.45 and 5.65 pg/mL respectively. In the same way DPPH antioxidant activity, compounds ZL12, ZL12Mn,
and ZL14Zn demonstrate greater potency than ascorbic acid, with 1Cs, values 6.38, 5.99 and 6.07 ug/mL
respectively. The docking analysis revealed strong binding interactions between the Mannosyl-
oligosaccharide glucosidase binding pocket and ZL15, ZL15Mn, and ZL15Zn compounds, with binding en-
ergies of —10.1, —10.3, and —10.6 kcal/mol, respectively. Similarly, Oligo-1,6-glucosidase showed strong in-
teractions with the ZL16, ZL16Mn, and ZL16Zn compounds, with binding energies of —9.8, -10.9, and —-10.8
kcal/mol, respectively. In conclusion, this study successfully synthesized new medicinal coumarin deriva-
tives and their metal complexes using an environmentally friendly synthesis process. The compounds exhib-
ited significant antibacterial and antioxidant activities, as well as promising results in molecular docking
studies. These findings contribute to the field of medicinal chemistry and hold promise for the development
of potential therapeutic agents. Further investigations are warranted to explore their full potential.
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Kinetics and Mechanism of the Oxidation Reaction of Chlorine-Containing
Hydrocarbons on a Vanadium Phosphorus Catalyst

The kinetic regularities of oxidation reactions of 1,2,4-trichlorobutene-2, 2,3,3-trichlorobutene-1, 1,2,3-
trichlorobutene-2 and pentachlorobutene-1 on vanadium phosphorus catalyst exhibiting high activity and se-
lectivity were studied. The presence of parallel-sequential pathways of XY oxidation with the formation of
the main organochlorine compounds and deep oxidation products was established. Ii was shown that presence
and location of the double bond and the number of chlorine atoms affected the direction of the oxidation reac-
tion. The rate of XY consumption in a fixed catalyst bed exceeds that in a fluidized bed, although the rate of
formation of the target product is higher in a fluidized bed. Hypotheses reflecting the possibility of a staged
reaction mechanism taking into account the modification of the surface of the vanadium-phosphorus oxide
system by the main and by-products of the oxidation reactions of chlorobutenes, as well as the competition of
substances for active centers were investigated. Discrimination of these hypotheses was carried out on the ba-
sis of the Bartlett’s criterion and Powell’s method, and the mechanism that most fully explains the experi-
mental results was selected. The calculated hardness values were obtained according to the proposed kinetic
model by the Kutta-Meyerson and Runge-Kutta methods. A more detailed study of the mechanism of the oxi-
dation reaction of chlorinated hydrocarbons will allow for effective control of its course and the achievement
of selective oxidation of chlorinated hydrocarbons.

Keywords: kinetic regularities, mechanism, vanadium-phosphorus catalyst, oxidation reactions, chlorinated
hydrocarbons, product formation rate, fluidized bed, fixed catalyst bed, Bartlett’s criterion
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Introduction

The study of the kinetics and mechanism of the oxidation reaction of chlorinated hydrocarbons on a va-
nadium phosphorus catalyst is important both for understanding the mechanism of interactions and for de-
veloping more efficient processes in the chemical industry, such as obtaining valuable products from hydro-
carbons.

Numerous scientific papers are devoted to the oxidation of hydrocarbons on various catalysts and iden-
tifying their mechanism [1-6]. However, there are few works devoted to the oxidation of their chlorinated
derivatives. In this regard, the study of the kinetic patterns of oxidation reactions of chlorinated hydrocarbons
(CH) is important for establishing the directions and mechanism of their oxidation, as well as for construct-
ing kinetic models.

It is known that for process calculations it is necessary to determine the yields of products, reaction
rates, the amount and composition of material flows, raw material consumption, heat, etc. A special place in
this is occupied by the analysis of the kinetics of a chemical reaction on a selected catalytic system to identi-
fy the kinetic equation of the reaction rate and construct a mathematical model of the process [7-8]. In the
presented work, when studying the heterogeneous catalytic oxidation of chlorohydrocarbons (CH), it was
noted that it is expedient to study the kinetic patterns of the oxidation reaction using the example of various
chlorine-containing hydrocarbons C, as the most pronounced representatives of CH on V-P-O/SiO,,
V-P-0/SiO,+ +M00;, V-Mo-0/Al,03+P,0s catalysts, exhibiting high activity and selectivity [9-11].

Another factor influencing the oxidation process is the concentration of O, The results obtained
showed that high oxygen concentrations provide high selectivity.

The results of the oxidation process in a stationary and fluidized bed catalyst are, of course, not the
same. This is of great importance in the oxidation of CH, especially in the case of the need to utilize
them [12]. The description of the rates of heterogeneous catalytic processes occurring in flow systems in a
fluidized bed of catalyst has some difficulties associated with their hydrodynamics. These problems are re-
flected in the works [13], where an analysis of the kinetic description of heterogeneous catalytic reactions
occurring in a fluidized bed of catalyst is carried out, and various models of their implementation are pro-
posed [14-16].

The purpose of the conducted studies is to establish the kinetic patterns of the oxidation process of vari-
ous chlorohydrocarbons in a stationary and fluidized bed of catalyst, as well as to propose a relatively simpli-
fied mechanism that includes the key stages of chlorohydrocarbon oxidation.

Experimental

Carrying out heterogeneous catalytic oxidation of HC in a fluidized bed of V-P-0/SiO,, V-P-0/SiO,+
+Mo0s;, V-Mo-0/Al,0;+P,0s catalysts is characterized by a number of advantages: high heat transfer, low
intra-diffusion resistance due to the use of small grains (0.4-0.8 mm) of the catalyst, simple reactor design,
ease of input and output of particles and products, ease of regeneration, etc. A series of special experiments
established the necessary fluidization rates, selected catalyst granules of certain sizes and linear velocity of
the gas flow. Another series of experiments showed the oxidation reaction in the kinetic region [17-20].

It should be noted that chlorohydrocarbons without catalysts are not subject to selective oxidation, and
at very high temperatures of 600—700 °C they decompose or are completely oxidized to CO,. The used
V-P-0/Si0,, V-P-0/Si0,+M00;, V-Mo-0/Al,0;+P,05 catalysts were synthesized by the known method
of co-precipitation from the corresponding nitrate salts and supported on SiO, and Al,Os [6]. Only in the
presence of these catalysts at relatively low temperatures of 673-793 K (400-500 °C) chlorohydrocarbons
are selectively oxidized to valuable petrochemical products such as monochloromaleic and dichloromaleic
anhydrides. The effect of the catalyst granule size on the degree of HC conversion at temperatures of 673—
773 K was studied by varying the catalyst particle size from 0.25+0.5 to 0.6+0.8 mm. The degree of HC
conversion, as well as the selectivity of the process at the same temperature, remain virtually unchanged, in-
dicating the absence of diffusion complications. Changing the feed rate of the initial gas flow also does not
affect the process parameters, which indicates the absence of external diffusion inhibition, i.e. the oxidation
reaction occurs in the kinetic region. The data obtained during the study in the gradient-free flow-circulation
and flow-through installations are consistent with each other and with the results of [4, 5, 21-24].

In order to identify the kinetic patterns of oxidation reactions of chlorine-containing hydrocarbons C,
and to construct kinetic models that make it possible to control the oxidation process, the effect of various
parameters on its course was studied in a wide range of their change: T =673-793 K, Co,= 1:10%-20-10"°,

110 Eurasian Journal of Chemistry. 2025, Vol. 30, No. 4(120)



Kinetics and Mechanism of the Oxidation Reaction ...

Cxy=1-10"-20:10" mol/l, 1=0.1-1.0s using examples of oxidation reactions of 12-DCButene,
1,3-dichlorobutene-2 (1,3-DCB-2), 1,2,4-trichlorobutene-2 (1,2,4-TCB-2), 2,3,3-trichlorobutene-1 (2,3,3-
TCB-1), 1,2,3-trichlorobutene-2 (1,2,3-TCB-2), 1,2,3,4-pentachlorobutene-1 (PCB-1). The oxidation prod-
ucts of Ch-Butenes are chloropropanoic acid (CPA), chloroacetic acid (CAC), HCI, CO,, CO, H,0;
1,2-DCB-2 — chloroacrylic acid (CA), monochloromaleic anhydride (m-ChMA), dichloromaleic anhydride
(d-ChMA), acetic acid (AA), CO, CO,, HCI, H,0, Cl,.

The statistical manipulation of the experimental results was ultimately aimed at determining the confi-
dence interval boundary:

S S
M-t — M+t —|,
|: n,p [n P /nj|

where M is the average value of the data extraction; S is the standard deviation; t, , is a table value of Stu-
dent’s distribution with a number of degrees of freedom (n) and confidence factor (P); n is a number of ele-
ments in taken extraction of corresponding experiments.

The calculation was carried out using the Excel software package with a confidence probability of
P =95 % and a preliminary calculation of the standard deviation (S), with a sample size of n =4-12. To find
the confidence interval of all curves on graphs 1-4, given in the work, we use the “descriptive statistics” of
the Excel program.

Results and Discussion

Catalysts containing vanadium and phosphorus oxides were previously used in the oxidation of four-
carbon chlorohydrocarbons, such as n-butane, n-butene, 1,3-butadiene chlorides, or their mixtures with mo-
lecular oxygen or oxygen-containing gas to produce chloromaleic anhydrides. Conventional methods for
preparing such catalysts involve reducing a pentavalent vanadium compound and combining it with a phos-
phorus compound and, optionally, promoter compounds under conditions where the valence of vanadium is
below +5 to form catalyst precursors capable of being converted to vanadium phosphorus oxide. The oxide
catalyst precursor is then isolated and converted to the active catalyst before or after forming suitable catalyst
particles for either a fixed bed or a fluidized bed.

In the experimental work, catalytic systems were synthesized from water-soluble salts of vanadium and
phosphorus (also molybdenum as a promoter) by impregnation on a carrier (SiO,) and subsequent annealing
at various temperatures, and were studied in both fluidized and fixed-bed oxidation processes in an open-
flow reactor. From the study of the nature of active centers on the surface of synthesized V—P-0/SiO,,
V-P-0/SiO,+Mo00;, V-Mo-0/Al,03/P,0s, etc. catalysts by derivatographic method with acetone, phenol,
butylamine, CO, and in pure form, it was found that there are a number of weak, medium, strong, very strong
electron-acceptor, oxidizing and acid-base centers on the surface of the catalysts, which differ in energy and
concentration. It has been proven by the X-ray phase method that during the activation of catalytic systems
in air, O,, and chlorohydrocarbons, the phase formation processes continue and the phases that provide activ-
ity and selectivity are V,Mo00Og and VyMogO4. Here, the main oxidizing components are considered to be V
and Mo. According to our previous studies (EPR), the catalyst is more active in the oxidation states of V**
and V**, Mo*® and Mo™. The ratio of V*/V**, Mo*®/Mo*° plays a decisive role. At the same time, the role of
phosphorus is to regulate the ratios of V**/V*®, Mo™/Mo*™ and the amount of weakly adsorbed oxygen,
which causes deep oxidation. The fact that the amount of oxygen required for the oxidation reaction of
chlorohydrocarbons exceeds stoichiometry is due to the consumption of oxygen in several directions: the
creation of catalyst-environment equilibrium, prevention of the transition of reduced active components to a
lower oxidation state (V*°—V*™—V*®), oxidation of active centers. At the beginning of the oxidation pro-
cess, oxidation occurs due to oxygen escaping from the crystal lattice of the catalyst to the surface. Exposure
of the surface of the catalysts to the oxidation-reduction process affects the nature of the active centers on the
surface and directs the process in a selective direction.

The objects of the study were 1,2,4-trichlorobutene-2 (1,2,4-TCB-2), 1,2,3-trichlorobutene-1 (1,2,3-
TCB-1), 2,3,3-trichlorobutene-1 (2,3,3-TCB-1), 1,1,2,3,4-pentachlorobutene-1 (PCB-1). It was of interest to
study the kinetic patterns of tri- and pentachlorobutenes from the point of view of clarifying the role of the
double bond and chlorine atoms in the formation of monochloromaleic (m-ChMA) and dichloromaleic
(d-ChMA) anhydride. It was also important to clarify the conditions for the deep oxidation reaction and
compare its rate with the rate of the reaction of formation of the target product. The kinetic curves of the oxi-
dation reaction of 1,2,4-TCB-2 are shown in Figure 1. As can be seen from Figure 1, the rate of consumption
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of the initial 1,2,4-TCB-2 gradually increases, while the rates of formation of m-ChMA, CO, and freely split-
ting chlorine increase simultaneously. The rate of the deep oxidation reaction exceeds the rate of the main
reaction of m-ChMA formation by more than an order of magnitude, however, some parallelism of the
graphs of these rates is observed up to t = 0.6 s, after which wco, increases sharply. Description of the results

in w;— C; coordinates for the corresponding substances shows that they comply with a linear dependence
(Fig. 1, a, b).

Comparison of the rates of the main reaction of m-ChMA formation and the deep oxidation reaction
shows that CO, is formed in a parallel-sequential scheme both from the initial raw material and from the tar-
get product under certain conditions, which follows from the analysis of the curve of the selectivity depend-
ence on the degree of conversion (Fig. 1 b).

"10tholig ¢ - 10 S, % mol
A
20 60 o

164 50+
124 40+
8 30
44 20+
10+

] 1 1 ] ] >

0.4 0.5 0.6 0.7 0.8 a

a b

a — Kinetic curves of the dependences of the oxidation reaction rate of 1,2,4-TCB-2 on the contact time.
1 — the rate of consumption of TCButene, wy , 4.tce-2; 2 — the rate of formation of m-ChMA-Wp_chvias
3— Weo,; 4 — W} b — The dependence of selectivity on the degree of conversion of 1,2,4-TCB-2:

1 — m-ChMA; 2 — CO,. Confidence level P=95 %
Figure 1

The results of statistical processing of the experimental data in Figures 1-4 and the confidence intervals
of the curves are shown in Table 1.

Table 1

Statistical analysis of experimental data and confidence intervals for the Kinetic
and selectivity curves presented in Figures 1-4 (confidence level P = 95 %)

Figure Curve No. y+A (P=0.95) Range Sample size, n
1 10.3 + 4.4 (5.9; 14.7) 8
Figure 12 2 169+ 1.6 (15.3; 18.5) 6
3 82+32 (5.0; 11.4) 6
4 2.55+0.95 (1.6; 3.5) 6
. 1 44+ 11 (33; 55) 5
Figure 10 2 261+828 (17.3; 34.9) 5
1 14.8+7.0 (7.8, 21.8) 7
Figure 2 2 57+3.1 (2.6, 8.8) 5
3 129+ 656 (6.3, 19.5) 7
4 57+38 (1.9; 9.5) 6
1 335 £ 0.64 (2.71; 3.99) 8
B 291+088 (2.03; 3.79) 8
Figure 3 2 0.59 £ 0.20 (0.39; 0.79) 12
> 046+ 027 (0.19; 0.73) 8
3 8.13 +0.45 (7.68; 8.58) 4
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Continuation of Table 1

Figure Curve No. y+A (P=0.95) Range Sample size, n

3 7.84 £0.64 (7.20; 8.48) 4
Figure 3 4 588+0.17 (5.71; 6.05) 6

& 576+023 (5.53; 5.99) 4

1 35:21 (2.4: 5.6 4
Figure 4 2 529+ 0.87 (4.42; 6.16) 4

3 80=2.6 (5.4; 10.6) 4

The results of the study of the kinetic patterns of the oxidation reaction of 2,3,3-TCB-1 are shown in
Figure 2.

32

w-10"8 mol/g- sek

28]
24
20
16

12

T T T T T T T, C
0,15 0,30 0,45 0,60 0,75 0,90

1—Wy47c8-2) 2— Wo.chmar 3 — Weo+co,; 4 — Wet,-

Figure 2. Results of kinetic studies of the oxidation reaction of 2,3,3-TCB-1,
dependence of the accumulation rate on the contact time. Confidence level P = 95 %

As can be seen from the presented dependencies (Fig. 2), the oxidation rate of the original 2,3,3-TCB-1
exceeds the rate of formation of d-ChMA and is comparable with the rate of formation of CO,. Carbon diox-
ide is formed from the beginning of the reaction and then at small t as well, but after the value T = 0.7 s, a
sharp jump in the rate of formation of CO, is observed. The curve of the rate of formation of chlorine (4)
behaves similarly to the curve of the rate of formation of CO, (3), which confirms the idea of the presence of
an additional path of formation of CO, (3) and a chlorine-containing compound. This is also evident from
Figure 2, where the dependences of the rates of formation of CO, and Cl, on their concentrations grow in
parallel at close values.

The study of the kinetics of 1,2,3-TCB-2, the results of which are presented in Figure 3, also confirmed
the stated assumption about the formation of CO,. The patterns revealed for 1,2,4-TCB-2 and 2,3,3-TCB-1
are also preserved in this case. Comparison of the rates of the main reaction and the deep oxidation reaction
here more expressively indicates the presence of a parallel-sequential path of CO, formation.

To clarify the role of the location of chlorine atoms in pentachlor-containing hydrocarbons, a detailed
study of the kinetic regularities was carried out using 1,1,2,3,4-PCB-1 as an example.

The results of the influence of various parameters on the rates of the PCB-1 oxidation reaction in both
fixed and fluidized beds of V—P-0/SiO, catalyst at different ratios of 1,1,2,3,4-PCB-1:02 (1:6 and 1:35) are
shown in Figures 3 and 4. Comparison of the rate of total PCB-1 consumption in a fixed bed (Fig. 3) with the

rate in a fluidized bed (Fig. 4) showed that wi =7.4-10° mol/g is almost 2.0 times higher than
Wls =3.58-10° mol/g under the same reaction conditions (t = 0.6 s). In this case, the rates of formation

Whe,. are higher, and the rate of deep oxidation reaction decreases almost 2.0 times.
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Figure 3. Results of the study of kinetic regularities of the oxidation reaction of 1,1,2,3,4-PCB-1,
dependence of the reaction rate on the contact time in a fixed catalyst bed with PCB:O,. Confidence level P = 95 %

And if the latter in the case of a fixed bed passes through a minimum, then in the case of a fluidized bed
it is almost constant (at t=0.15 s, Weo,=4.04:107" mol/g s, 1= 0.7 s, Weo, = 4.33:10"" mol/g s — the in-
crease is insignificant). When analyzing the obtained results, attention is drawn to the fact that in a fixed bed
at a molar ratio of PCB:0, = 1:6 and t = 0.6 s, the PCB consumption rate Wpcg = 3.85-10°° mol/g s, and at a
ratio of PCB:0, = 1:35 Wpcg = 3.52 10 mol/g s. In the fluidized bed, the wpcg values are 7.68-10°° and
7.44-10°° mol/g, respectively. The rates of d-ChMA formation are also higher, which confirms the correct-
ness of the transition to studying reactions in the fluidized bed. The study of the effect of oxygen concentra-
tion at different temperatures on the oxidation rate of PCB and the rates of formation of reaction products in

the fluidized bed is shown in Figure 4.

Here, a somewhat strange behavior of the dependence of wpcg 0n CO, is also observed (Fig. 4), namely,
at very low concentrations of O, — in the range from 0.08- 10mol/I to 0.8 10-3 mol/l, a decrease in the rate

of PCB consumption is observed.
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Figure 4. Results of the study of the kinetics of PCB-1 oxidation
in a fluidized bed of catalyst at different temperatures. Confidence level P=95 %

Eurasian Journal of Chemistry. 2025, Vol. 30, No. 4(120)



Kinetics and Mechanism of the Oxidation Reaction ...

A further increase in CO, to 7.15-10°% has almost no effect on the PCB oxidation rate. Only with an in-
crease in temperature does the latter increase slightly (Fig. 4). The rate of d-ChMA formation at an initial
CO, concentration of up to 5.36- 1072 mol/l reaches a maximum. With an increase in temperature after 713 K,
it decreases slightly. The rate of deep oxidation at initial oxygen concentrations is low and increases with an
increase in CO,, reaching its maximum at a value of CO, = 0.858- 102 mol/l, and then decreases slightly and
becomes constant with a further increase in CO,. However, with an increase in temperature, the rate of for-
mation of freely cleaved chlorine increases. Comparison of the rates of the d-ChMA formation reaction and
the deep oxidation reaction showed that when the reaction is carried out in a fixed catalyst bed, the
Wco,/Wa.chma ratio changes more sharply than in the case of a fluidized bed (Fig. 4). With increasing tempera-

ture and with changing CO,, this ratio increases [5, 7]. The reaction mechanism describes the step-by-step
process of transforming reagents into products. For oxidation reactions involving chlorine-containing hydro-
carbons and vanadium-phosphorus catalysts, the mechanism may include stages of oxygen activation on the
catalyst surface, its interaction with the hydrocarbon, and the formation of intermediate products.

One of the main decisive and central places in the development of mathematical models of the process,
which is important for the design and management of chemical technological processes, is occupied by the
kinetic model of processes. The development of the kinetic model of processes, in turn, proceeds from the
reaction mechanisms based on the experimental results of the study of the kinetic regularities of chemical
reactions. Based on the proposed mechanisms of heterogeneous catalytic oxidation reactions of hydrocarbons
and their chlorinated derivatives and the results of the oxidation reactions of chlorobutenes, we will consider
a number of their stage mechanisms based on the results of the oxidation reactions of trichlorobutenes, which
we studied. It should be noted that the discrimination of kinetic equations based on the proposed mechanisms
and the calculation of the parameters of the kinetic model are based on known methods.

It is assumed that all active centers on the surface of the catalyst are in an oxidized state and modified
by reaction products. Also, the process is quasi-stationary, the initial TXBs and the oxidation reaction occur
according to the oxidation-reduction mechanism, and the main and by-products of the reaction are obtained
according to the sequential-parallel reaction scheme. The oxidation reaction of TXB, which occurs in the
“hot” layer of the catalyst, is more complex and occurs in more than 30 stages. Since solving the kinetic
equation of this step-by-step reaction requires too much computer time and memory, and since it is necessary
to solve a complex Kinetic equation, it is possible to propose a relatively simplified mechanism that includes
the main stages. Such a step-by-step mechanism can be written as follows:

70 + TXB = ZOTXB 1)
ZOTXB + 02—) ZOHQO + 4C02+ C|2+ ZOXA (2)
ZOH,0 + TXB = ZOH,0TXB 3)
ZOHonXB + 02—) Z0 + Hzo + XA + C|2 (4)
ZOXA + 02 - ZOHQO + 4C02+ Clz (5)
ZOXA + TXB —> ZOTXB + XA ©6)
ZOH,0 + XA= ZOH,0XA )
ZOH,0OXA + TXB —» ZOH,0XATXB (8)
ZOH,0XATXB + 0, —» ZOH,0 + XA + Cl, 9
ZOH,0 +Cl, = [ZOH,0CI]Cl (10)
[ZOH,OCI|Cl + TXB = ZOH,OCITXB (11)
ZOH,OCITXB + O, —» ZO + XA + Cl, + H,0 (12)

where ZO is the means adsorbed oxygen on the surface of the active centers of the catalyst.
Based on this mechanism, we can write the kinetic equations of individual stages as follows:

W; = KiCzoPrxg — K1Czorxs
W, = K2CzorxsPo,

W3 = KsCzoh,0P 7x8 — K-3Czon,07x8
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W, = K4CZOH20TXB I302
Ws = KsCzoxa Po2
Wi = KsCzoxaPrxe

W7 = K7CZOH20P XA~ K—7CZOH20XA

We = KBCZOHZOXAP TXB— K—SCZOHZOTXB
Wy = KQCZOHZOXATXB Po2

Wyo= KlOCZOHZOP 0,” K—lOCZOHZOCI

Wy = K11CZOH20CIP TXB— K11CZOHZOCITXB

W12 = K12Czom,0cimxe Po,-

The results of the calculations showed that the kinetic model that more accurately reflects the experi-
mental results is the one based on the mechanism put forward in the hypothesis. Based on the kinetic model,
we found the parameters of the kinetic equations for three temperatures (693, 713 and 733 K) with the
“OptimMe” software application [24, 25]. Here the experimental and calculated values coincided. The calcu-
lated values of stiffness’s were found from that system of equations by the Kutta-Meyerson and Runge-Kutta
method, and the values of the obtained parameters were initially taken for function minimization.

i=1 j=1 i

Here, Cip(K:.....K3,) 1 = 1+2 minimization was carried out based on Powell’s method, and the values of
InKq and activation energy were calculated by substituting the obtained rate constants in the Arrhenius equa-
tion. It should be noted that the experimental results accurately corresponded with the calculated values (10—
15 %) of the concentrations obtained as a result of minimization, which indicates that the mechanisms of the
oxidation reactions of TCHbutenes were correctly deduced.

Table 2

Parameters and rate constants of the kinetic model of the oxidation process of 1,2,4-TXButene-2 to m-ChMA

Temperature, K
ki 693 K 713K 733K InKq E, kC/mol
Ky 0.3861 0.3712 0.3142 —6.4731 32.45
K, 0.6742:10 ° 0.6240-10° 0.5036-10° —5.4873 28.06
K, 5.4623 5.8751 7.0221 14.3221 96.34
Ks 74.2702 68.7254 64.3104 1.0436 27.02
K, 0.4823-107° 0.4062:10° 0.26:107" -3.1435 36.78
Ka 1.5245 1.6113 2.1402 4.3768 58.43
Ks 0.1024-107% 0.56:107° 0.632-107" 2.89 70.19
Ks 0.091-107" 0.041-107" 0.0181077 ~14.41 23.54
K, 71.2024 65.423 61.671 —3.172 19.22
K 02310 ° 0.56:107° 0.12:10° —2.01 20.46
Kg 62.136-10° 58.712:10° 56.4:10° —2.45 21.36
K 10.21-107° 9.43-10° 7.45-10° —4.02 20.71
Ko 33.56 38.42 41.76 13.84 80.68
Kio 4.1-107 3.2:107 2.8:107 4.25 26.93
Ku 52.12 46.38 41.82 —5.32 24.02
K 54.21 57.01 62.36 -1.21 15.27
K 12 29.37 42.38 68.70 +11.20 68.74

116 Eurasian Journal of Chemistry. 2025, Vol. 30, No. 4(120)



Kinetics and Mechanism of the Oxidation Reaction ...

Based on the obtained model, rate constants and parameters of the model were calculated for the kinetic
equations of the mechanism of oxidation reactions in the hot bed of 1,2,3-TXB-1; 2,3,3-TXB-1; 1,2,3-TXB-2
and PXB V-P-0/SiO; catalysts. The obtained results are shown in Table 2.

Conclusions

Thus, the study of the kinetic regularities of the oxidation reactions of tri- and pentachloro-containing
non-limiting hydrocarbons C4 on vanadium-phosphorus catalysts showed that they have the same character.
The comparison of the rates of formation of products of selective and deep oxidation indicates the presence
of parallel-consequential pathways of their formation, and the presence of an additional path of formation of
CO, from chlorine-containing target compounds. It is shown that the amount, as well as the location of chlo-
rine atoms and the double bond, have an effect on the direction of the oxidation reaction. The comparison of
the rates of formation of the target products confirms the correctness of the choice of the fluidized bed of the
catalyst for the implementation of selective oxidation. It is also shown that the initial end products of the re-
action do not have an inhibitory effect on the rate of oxidation reactions. On the basis of Kinetic conditions, a
staged mechanism, kinetic model and oxidation reaction of chlorine-containing hydrocarbons were compiled
and the parameters of this model were calculated.
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Oxidative Transformation of Ethylbenzene
Utilizing Metal Bound Immobilized Catalysts

In the present contribution, we have investigated the catalytic potential of immobilized metal catalysts for the
oxidation of ethylbenzene. Chloromethylated polystyrene was initially converted to aldehydopolystyrene fol-
lowed by its functionalization with 2-aminothiophenol to get functionalized resin. This resin was successfully
binded with appropriate metal (Mn(ll), Fe(l11), Ni(ll), Cu(ll), VO(II)) salts to prepare different heterogeneous
catalysts which were characterized using CHNS, energy dispersive X-ray spectroscopy (EDX), diffuse reflec-
tance spectra (DRS), fourier transform infrared spectra (FTIR), atomic absorption spectrophotometry (AAS)
and electron paramagnetic resonance (EPR) spectra techniques. Metal binding in mmol per gram of resin for
different catalysts was found in the range 0.96-1.24. The catalytic potential of these supported catalysts was
assessed for the oxidation of ethylbenzene, utilizing hydrogen peroxide (H,0,) and tert-butyl hydroperoxide
(TBHP) as the oxidants. The effects of various reaction parameters, such as temperature, reaction duration,
type of oxidant, and the amount of catalyst used were examined for the oxidation reaction. Under optimized
milder conditions, the results showed that H,O, as oxidants resulted in 53.8 % conversion rates with the cop-
per catalyst. The nickel catalyst, when used with H,O,, showed the highest selectivity for acetophenone,
reaching 83 %. The recovered catalysts retained its original structure, as established by a comparative analy-
sis of DRS and FT-IR spectra of both the original and reused catalysts. Moreover, the catalysts can be em-
ployed repeatedly up to five times under optimum conditions without any noticeable reduction in activity.

Keywords: immobilization, catalyst, nickel, copper, recycle, oxidation, ethylbenzene, polymer

Introduction

Catalysis indeed plays a crucial role in modern chemistry, serving as a cornerstone for sustainable and
efficient chemical transformations. By accelerating reactions, catalysts allow the synthesis of valuable prod-
ucts under milder conditions [1]. Transition metal based catalysts are indeed powerful, widely used in a vari-
ety of chemical transformations like hydrocarboxylation and hydroesterification reaction, olefin polymeriza-
tion, carbonylation of propargylic and allylic compounds, isomerization of olefin, cross-coupling reactions,
C-N and C-O bond-forming reactions, olefinations of aryl halides, olefin metathesis and many other key
reactions in industry [2, 3]. Their adaptability and high efficiency make them indispensable in modern syn-
thetic chemistry. Polystyrene-anchored transition metal complexes represent an important class of heteroge-
neous catalysts due to their stability and versatility in catalyzing a range of organic transformations [4]. The-
se complexes are often chemically inert, preventing unwanted side reactions, and can be reused in multiple
reaction cycles without significant loss of activity, making them both economically and environmentally fa-
vorable [5]. Unlike homogeneous catalysts that are dissolved in the reaction medium, supported catalysts are
often heterogeneous (insoluble), which allows them to be separated by simple filtration or centrifugation.
This significantly simplifies the post-reaction purification process [6]. Polystyrene supports can be chemical-
ly modified into other functional supports, such as aldehyde, carboxylic acid, acid chloride, aminomethylated
and azidomethyl resins [7]. This adaptability allows fine-tuning of the polymer’s reactivity and its ability to
bind different metal catalysts, broadening its application to various catalytic processes [8-10]. These cata-
lysts not only enhance the reaction’s stability and selectivity but also make the process more sustainable due to
their reusability and the use of eco-friendly oxidants. The oxidation of ethylbenzene in the presence of poly-
mer-anchored catalysts can produce a range of products, including acetophenone, benzaldehyde, and benzoic
acid. In a similar manner, acetophenone, an important product derived from the selective oxidation of
ethylbenzene [11], has attracted significant interest. It is widely used as an intermediate in pharmaceuticals,
aldehydes, resins, alcohols, esters, tear gas formulations, and also finds applications in perfumery and sleep-
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inducing drugs [12-16]. Benzaldehyde’s versatility makes it an important compound in various sectors, from
flavors and fragrances to pharmaceuticals and industrial applications. Its distinctive odor and chemical reactivi-
ty contribute to its broad range of uses [17—-20]. Benzoic acid and its salts, such as sodium benzoate, are widely
used as preservatives in food and beverages, cosmetics, intermediate, dyes and pigments etc. [21, 22].

Several studies have reported efficient catalytic systems for the oxidation of ethylbenzene using various
oxidants. Faraji et al. achieved 88.1 % conversion and 98 % selectivity to acetophenone with reusable amino
propyl trimethoxysilane immobilized metformin-cobalt nanocatalyst [Fe;0,@SiO,-APTMS/CC/
Met@Co(Il)] using O,/N-hydroxyphthalimide (NHPI) as an oxidant at 100 °C [23]. Gao et al. employed
Cos0, nanoparticles supported on reduced graphene oxide (Co/rGO) with O,/NHPI, affording 84.1 % con-
version and 96.2 % selectivity in 2 h at 120 °C [24]. Li et al. developed a Co-based single-atom black pow-
dered catalyst anchored on a graphitic carbon nitride (SACo@g-C3;N4) with peroxymonosulfate (PMS) as
oxidant, yielded over 95 % conversion and selectivity under mild conditions [25]. Yang et al. reported
Mn(Il) complexes bearing bis(pyridin-2-ylmethyl)amine ligands that oxidized ethylbenzene with ozone (Os)
in an acetonitrile-water (1:1) medium to give 91 % conversion and 89 % selectivity [26]. Similarly, Yama-
zaki et al. demonstrated complete conversion (100 %) using CrO; and periodic acid (Hs1Og) as oxidant at
room temperature, affording 49 % acetophenone selectivity within 1 h [27]. The aim of this study was to de-
scribe the series of new immobilized catalysts, provide their structural characterization, and demonstrate
their application for the selective oxidation of ethylbenzene using H,O, and TBHP as an oxidants.

Experimental

Materials and Methods

2-aminothiophenol (99 % purity, Sigma-Aldrich), chloromethylated polystyrene (2 % divinylbenzene
cross-linked, 4.5 mmol Cl/g of resin, mesh 200—400) was generously gifted by Thermax Ltd, Pune, India. All
other reagents were purchased from Central Drug House (CDH). Nickel(ll) chloride hexahydrate
(NiCl,6H,0, >98 %, AR grade), iron(l1l) chloride hexahydrate (FeCls;-6H,0, 98 %, AR grade), copper(ll)
chloride dihydrate (CuCly2H,O, 99%, AR grade), manganese(ll) acetate tetrahydrate
[Mn(CHsC0O0),-4H,0, 99.5 %, AR grade], vanadyl sulphate pentahydrate (VOSO,-6H,0, 97 %, AR grade),
2,4-dinitrophenylhydrazine reagent (99 %, AR grade), hydrogen peroxide (H,0,, 30 % in water), t-butyl
hydroperoxide [(CH3)sCOOH, 70 % in water], ethylbenzene (98 %, synthesis grade), acetonitrile (CH3CN,
99 %, AR grade), methanol (CHsOH, 99 %, synthesis grade), ethanol (C,HsOH, 99 %, synthesis grade) and
acetone [(CHs),0, 99 %, synthesis grade] were used for the synthesis. Analytical-grade reagents were dried
according to the standard procedures without any further purification.

The synthesized compounds were analyzed using a range of techniques, including FT-IR, DRS, ESR,
EDS, AAS, and CHNS elemental analysis. FT-IR spectra were recorded from 400 to 4000 cm™ on a Shi-
madzu IR Spirit Fourier transform infrared spectrophotometer. Diffuse reflectance spectra (DRS) were ob-
tained using a Shimadzu UV-2600 double beam spectrophotometer with BaSQO, as the standard. CHNS anal-
ysis was conducted using a Thermo Scientific Flash 2000 analyzer. Metal content in the polymer-anchored
catalysts was measured titrimetrically and gravimetrically as well as with a Shimadzu ASC-6880 atomic ab-
sorption spectrophotometer (AAS). Energy dispersive X-ray (EDX) spectra were captured with a Hitachi
SU8010 Series FEG scanning electron microscope. Electron paramagnetic resonance (EPR) spectra were
recorded on JES-FA200 X-band (9.45 GHz) spectrometer with a modulation frequency of 100 kHz and
modulation amplitude of 2.0 Gauss. Gas Chromatography-Mass Spectrometry (GC-MS) analysis was per-
formed using an Agilent 7000 GC/TQ system. The gas chromatograph used was equipped with GsBP-624
column and FID detector.

Synthesis of Aldehydopolystyrene (PS-CHO)

Chloromethylated polystyrene beads (6 g) were swollen in 100 mL of DMSO for an hour. Sodium hy-
drogen carbonate (7.5 g) was then added, and the mixture was stirred and refluxed at 150 °C for 6 hours. The
resulting aldehyde-functionalized polymer was isolated by vacuum filtration, washed with ethanol, and dried
in a vacuum desiccator at 25 °C.

Functionalization of Aldehydopolystyrene with 2-Aminothiophenol [PS-ATP]

PS-CHO beads (6 g) were first allowed to swell in 30 mL of methanol for an hour. Separately,
2-aminothiophenol (ATP) (30 mmol) was dissolved in 50 mL of methanol and then introduced into the pol-
ymer suspension. The reaction mixture was stirred and refluxed at 80 °C in a water bath for 18 hours. After
completion, the solid was collected by vacuum filtration and repeatedly washed with hot ethanol, hot metha-

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 121



Kumari, S., Gupta, P. K. et al.

nol, and acetone. The final product was dried in an air oven at 70 °C. The addition of the ligand to the poly-
mer was periodically monitored using the 2,4-DNP test.

Loading of Metal to Functionalized Aldehydopolystyrene Resin

The functionalized resin PS-ATP (4.5 mmol) was initially swollen in 15 mL of methanol for an hour.
A metal salt solution was prepared by dissolving VOSO45H,0, Mn(CH3;COOQ),-4H,0, FeCls;-6H,0,
NiCl,-6H,0 or CuCl,-2H,0 (4.5-9.0 mmol) in methanol, which was then introduced into the resin suspen-
sion. As the reaction proceeded, a noticeable color change was observed in the resin. The mixture was sub-
jected to reflux for 6-18 hours, and then allowed to cool to room temperature. The solid was collected via
vacuum filtration and thoroughly washed with hot methanol, ethanol, and acetone. Finally, the resin was

dried in an oven at 80 °C.

Experiment on Catalytic Performance

Ethylbenzene oxidation using catalysts was performed in a thermostatted oil bath. The reaction was car-
ried out with tert-butyl hydroperoxide/or hydrogen peroxide as oxidants at 60 °C for 3-8 hours, using cata-
lyst amounts of 0.1 and 0.15 g. The catalyst was pre-swollen in 20 mL of acetonitrile for 30 minutes before
adding ethylbenzene (10 mmol) and the oxidant (20 mmol). The reaction was monitored via TLC, and prod-
uct formation was confirmed by GC-MS. A control experiment without the catalyst was also conducted. The
catalyst was recovered, washed, dried under vacuum, and reused.

Results and Discussion

The aldehydopolystyrene was modified with 2-aminothiophenol to form the functionalized resin [PS-
ATP] (Fig. 1). Ligands at the para position of the polymer backbone facilitated metal binding (Fig. 3). The
formation of immobilized metal catalysts (Fig. 2) was initially observed through a change in colour of the
beads and later confirmed by characterization techniques. The ligand attachment was verified by the DNP
test, where the disappearance of the orange color indicated aldehyde group replacement (Fig. 4(a)). Real im-
ages of the functionalized resin and its metal catalysts are shown in (Fig. 4(b-g)).

SH
DMSO @[NH A
O—QCHZ-G 4>O—©7(:Ho S N O—@—/
NaHCO; Reflux HS
12 hr, 150°C 80°C
Chloromethylated Aldehydo Functionalized resin

polystyrene polystyrene (PS-ATP)

Figure 1. Synthesis of polystyrene-anchored ligand
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Figure 2. Synthesis of metal incorporated functionalized resin

122 Eurasian Journal of Chemistry. 2025, Vol. 30, No. 4(120)



Oxidative Transformation of Ethylbenzene ...

\ = Aldehydopolystyrene support

\

‘Q —> Ligand
n

=

—> Ligand

i) metal salt

e o(0e|d
f

c d e g

Figure 4. DNP test of [PS-CHO] & [PS-ATP] (a); Sample pictures of [PS-ATP] (b), [PS-ATP-V] (c),
[PS-ATP-Mn] (d), [PS-ATP-Fe] (e), [PS-ATP-Ni] (), [PS-ATP-Cu] (g)

Characterization

The incorporation of the organic ligand onto the polymer backbone was confirmed by CHNS analysis
through the measurement of carbon, hydrogen, nitrogen, and sulfur content. Metal loading in the catalysts
was determined using atomic absorption spectroscopy (AAS) indicating the metal bounded onto the func-
tionalized resin (Table 1), providing insights into the ligand: metal stoichiometry within the polymer struc-
ture.

Table 1
Analytical data of functionalized resin and its catalyst
Elemental analysis, % Ligand attachment | Metal binding .
Compound Colour (mmol per gram (mmol per ngand/_
C H N S M . . Metal ratio
of resin) gram of resin)
[PS-ATP] Cream 80.95| 6.92 | 3.89 | 8.42 - 2.78 — —
[PS-ATP-V] | Olive green | 72.54 | 6.71 | 3.20 | 882 | 5.9 2.29 1.16 1.97:1
[PS-ATP-Mn]| Mustard |72.91| 6.96 | 2.74 | 8.99 | 5.3 1.96 0.96 2:1
[PS-ATP-Fe] | Dark brown | 71.65 | 6.49 | 3.20 | 5.89 | 6.7 2.29 1.19 1.92:1
[PS-ATP-Ni] | Off-white | 66.73 | 6.20 | 2.05 | 8.73 | 7.1 1.46 1.18 1.2:1
[PS-ATP-Cu] | Dark green | 65.98 | 6.19 | 2.01 | 8.70 | 7.9 1.44 1.24 1.2:1
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EDX Investigation

EDX analysis confirmed the successful binding of metal ions in all catalysts by detecting their respec-
tive ion signals. The spectra for Cu, Fe, and Ni catalysts displayed CI signals, while the V catalyst exhibited
an S signal, indicating coordination with chlorine and sulfur atoms, respectively (Fig. 5).
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Figure 5. EDX plot of [PS-ATP-V] (a), [PS-ATP-Mn] (b), [PS-ATP-Fe] (c),
[PS-ATP-NI] (d) and [PS-ATP-Cu] (e)

FTIR Investigation

The binding of metal ions to the polymer support was analysed by FTIR spectra (Fig. 6 and Table 2) of
the functionalized resin and its metal catalysts. PS-ATP exhibits a distinct band at 1659 cm ™, corresponding
to the v(C=N) stretch. A shift of 11-21 cm™* to lower wavenumber in this band indicates the coordination of
the azomethine nitrogen to the metal ions [28]. The IR spectrum of the functionalized resin shows a weak
band at 2571 cm* which is assigned to the SH group respectively. The disappearance of this band in the
spectra of the catalysts indicates the deprotonation of the thiol groups upon chelation [29]. The vanadium
catalyst displays a prominent band at 952 cm ™ assigned to (V=0) stretch [30]. The interaction of metal ions
with [PS-ATP] was confirmed by the appearance of M-N, M-O, and M-S bands in the regions of 486-
531 cm™, 564-572 cm™, and 423-449 cm*, respectively [31]. A band in the region 3312-3415 cm™ in the
metal catalysts indicates the coordination of a water molecule [32].

124 Eurasian Journal of Chemistry. 2025, Vol. 30, No. 4(120)



Oxidative Transformation of Ethylbenzene ...

B3
<
w
[~
n
=
£
-
e
4
-
= —— PS-ATP-Cu
{ ——PSATP-Mn
83 PSATPNG
e PEATPY
B poaTrye |
L L U v 1 U X Al L\
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm™!
108 C
| e PS-ATP 104 - PS-ATP-V
100 - 102 - \
.-.Q ;5 100 4 \
-
‘é 954 20 g o 1 .
Z 2 a i
= ? |
E 90+ - [\
H 1. = 1 ¢
- E ‘ i
- 94 l |
854 o PR
e = Vo
.o \J \J A J T A T ” %) \R X R 1) L 2
4000 | 3500 3000 2800 2000 1500 1000 500 4000 3500 3000 2800 2000 1500 1000 500
Wavenumber, em™! Wavenumber, cm™!
104
] | PS-ATP-Mn 160, e PS-ATP-Fe
182 4
4 'M\
1004 N A/J "l\-" 98 fin \' - "’\"\l
32 \ // ||' ‘l ;2 .I
. 88 o y . 96 n
: - \L \f '”1 g |1
€ | n
["A I § ™ 'J 1
FRE k | } w‘ E 6 | I
E mo ‘lmn F 924 ‘
92 4 |I' 449 = ‘
90 - L
L) T s T T T { Lo £ T T L0 T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm™! Wavenumber, em™!
| —— PS-ATP-Ni il | PS-ATP-Cu.
102 4 ~ - \
i 100 1 \ LAY
100 ™ \ . L
- ¥ \ o \
= S ond v‘| \
k K i f \
E 804 ‘ 2 5. e B | N "r‘|
E I : el
|
.g 96 - | g Y 'J\ ‘| [
: \‘ rl \ : e ‘ ||'
)] - LI
= 944 | LR 92 es,’f
ey | ,h" My
72
22 - ‘v 9 90 4
” \ A T \J T A T “ M T L3 T T T T
4000 3500 3060, 2800 2008 1300 1000  8&00 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm™] -1

Wavenumber, em

Figure 6. Overlap and individual FTIR spectra of functionalized resin and its metal catalysts
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DRS Investigation

Diffuse reflectance spectral studies (Fig. 7, Table 2) were performed to examine the structure of the sol-
id, insoluble catalysts. The [PS-ATP] spectrum shows intraligand absorption transitions and 30303 and
39062 cm*, corresponding to n—m* and m—7* transitions, respectively. The [PS-ATP-V] spectrum displays
three well-resolved transitions at 11428, 16366, and 21978 cm ™, consistent with the spectral characteristics
of five-coordinate oxovanadium(lV) complexes possessing C,4, Symmetry. These three observed transitions
can be attributed to By, — °Eg, “Byg — “Byg and “B,y — “Ayg in increasing energy [33]. Manganese shows
two bands at 15037 and 23094 cm*, corresponding to °Ay, — *T14(G) and °A;; — “T4(G) transitions, sug-
gesting an octahedral geometry [34]. Iron catalyst displays distinct bands at 11494, 15873, and 22222 cm ™
due to °Ay; — *Ti(G)(va); PAyy — “To(F) (vo) and Ay — “Ti4(P) (va) transitions respectively [35].
[PS-ATP-Ni] exhibits spin-allowed transitions at 16129 and 22,271 cm™, which correspond to
Aoy — *Toy(G)(v1) and *A,y — *Toy(F)(v,) transitions, respectively, indicating Ni(Il) in an octahedral envi-
ronment [36]. The reflectance spectrum of copper catalyst shows d — d transitions at 16393 cm *, which can
be attributed to ?Byy — *Ayg; °B1y — By, 2By — °E transitions, indicative of a square planar geometry [37].

Table 2
FTIR and DRS spectral data for functionalized resin and its metal catalysts
Polymer-
anchored | v(C=N) | v(S-H) |v(V=0) [u(M-CI)| v(H,0) d-d band d-d band
compounds position (cm™) assignment
[PS-ATP] | 1659 | 2571 — — — - -
[PS-ATP-V] | 1639 — 952 — — 11428;16366; 21978 ’B, — °E; “By; °Ay
[PS-ATP-Mn]| 1640 — — — 3415 15037; 23094 i 6A1Q—4> T14(G); 4T§q(G)
. . Arg— "T1g(G)(v1); "Toy(F)
PS-ATP-Fe] | 1638 - - 351 | 3312 |11494; 15873; 22222 ¢ g 9
[ ] (v2): TuP)(va)
[PS-ATP-Ni] | 1648 — — 357 | 3318 16129; 22271 s — *Too(G)(va); *T1y(F)(vy)
[PS-ATP-Cu] | 1644 — — 355 | 3368 16393 ’B1q— “Aug; “Bag; °E
g ] g ]
EPR Studies

At ambient conditions, EPR spectroscopy was employed to examine vanadium, manganese, and copper
catalysts, as illustrated in Figure 8. The EPR spectrum of the vanadium catalyst [PS-ATP-V] exhibits an axi-
ally symmetric signal, a characteristic feature of V(IV) ions. This suggests that the electron distribution
around the vanadium ion is anisotropic, favoring a specific orientation. Signals appear in both the perpendic-
ular and parallel regions, highlighting the anisotropic nature of the V(IV) ion’s electronic structure. The well-
defined hyperfine splitting indicates that vanadium ions are uniformly incorporated into the polystyrene sup-
port, with no interactions. The spectrum displays anisotropy, with Hamiltonian parameters: A;> A, (A.=86
and A =193); g.> ¢ (9.=1.99 and g, = 1.93). This suggests a square pyramidal coordination geometry,
with the V=0 bond aligned along the z axis and exhibiting C,, symmetry [38]. The EPR spectrum of [PS-
ATP-Mn] exhibits six hyperfine lines, resulting from the interaction between the electron spin and the nucle-
ar spin of ®Mn (I = 5/2, 2nl + 1 = 6). The Hamiltonian parameters, A = 74 G and g = 2.03, are indicative of
Mn(I1) species with axial symmetry and an octahedral coordination environment [39]. The copper catalyst
displays a characteristic axial spectrum with g,> g. (g, = 2.27), along with hyperfine splitting in the parallel
region due to *°Cu (I = 3/2, 2nl + 1 = 4). The hyperfine lines divide the parallel component, maintaining an
average separation of 122 G. The spectrum suggests that Cu(ll) species are uniformly incorporated within
the polymer matrix, with no evidence of Cu—Cu interactions. However, the perpendicular region of the spec-
trum appears unresolved. The observed g value implies that the unpaired electron in copper resides in the
dxz_yz orbital. The EPR spectra of the other catalysts were not well resolved, so their EPR parameters could

not be determined [40].
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Catalytic Performance

The catalytic performance of the synthesized materials was evaluated through the oxidation of
ethylbenzene using TBHP and H,0, as oxidizing agents. Control experiments confirmed that both the cata-
lyst and the oxidant were essential for the reaction to proceed. The primary oxidation products obtained were
acetophenone, benzaldehyde, and benzoic acid. To optimize the product yield, we investigated the influence

of several reaction parameters, including the choice of oxidant, duration of the reaction, temperature, and
catalyst dosage.

Influence of Catalyst Dosage

Figure 9 illustrates the impact of catalyst dosage on the oxidation of ethylbenzene. The data reveal that
with 0.1 g of catalyst, the reaction proceeded at a slower rate, resulting in lower conversion under the given
conditions. An increase in catalyst loading to 0.15 g led to a noticeable enhancement in conversion. Howev-
er, further increasing the catalyst amount beyond this point did not yield any significant improvement in the
oxidation process.

Influence of Oxidant

In the present work, H,O, and TBHP were chosen as oxidants as they are green and environmentally
benign, producing only water or tert-butanol as by-products and avoiding the use of halogenated or toxic ox-
idants. Preliminary trials with molecular oxygen under similar conditions resulted in very low conversion.
The investigation examined how TBHP and H,O, influenced the catalytic performance of polystyrene-
supported catalysts in ethylbenzene oxidation. As shown in Tables 3 and 4, both oxidants facilitated a con-
version rate of 53.8 % when used with the copper catalyst. Notably, the highest selectivity for acetophenone,

reaching 83.9 %, was observed when H,O, served as the oxidizing agent in combination with the copper cat-
alyst.
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Figure 9. Influence of time on the oxidation of ethylbenzene in presence of different catalysts

Influence of Time

The reaction progress was tracked by performing ethylbenzene oxidation using a 1:2 ratio of
TBHP/H,0,, with 0.1 g / 0.15 g of catalyst at an optimized temperature (60 °C). During the first two hours,
minimal conversion was observed, suggesting an induction phase. As the reaction proceeded, ethylbenzene
conversion gradually increased across all catalysts. As illustrated in Figure 9, a comparison between 3-8
hours indicated that the maximum conversion occurred at the 6-hour mark. Furthermore, product selectivity
remained relatively stable despite extended reaction times.

Influence of Temperature

At room temperature, no detectable products were formed. As the temperature was increased to 60 °C,
ethylbenzene conversion improved significantly. However, beyond 60 °C, no significant improvement in
conversion was observed at 70 °C and 80 °C. Therefore, 60 °C was identified as the optimal temperature for

maintaining both selectivity and conversion efficiency.
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Table 3
Conversion of ethylbenzene and product selectivity
[HB—\ _ Catalyst @—(O + (M—cHo + (MB—coon
H,0,/CH;CN
Selectivity, %
Catalyst . .
Catalysts concentra)t/ion, g Time, hr| Conversion, % 20: @ Cro @— cooH Others

3 75 75.8 18.1 25 36
. 4 85 76.1 183 26 3.0
Blank Reaction 5 9.1 772 183 26 1.9
6 105 772 18.4 27 17
3 38.1 66.5 213 29 9.3
o1 4 395 66.9 212 21 9.8
' 5 417 67.1 19.8 1.9 11.2
6 431 67.5 19.7 17 111
[PS-ATP-V] 3 38.7 66.8 193 25 114
015 4 401 675 19.2 24 10.9
5 475 68.3 18.9 21 10.7
6 511 69.2 18.8 1.9 10.1
3 241 62.1 225 39 115
o1 4 255 62.8 224 37 111
' 5 283 63.1 221 37 111
6 309 64.3 21.9 36 10.2
[PS-ATP-Mn] 3 20,6 623 21.9 35 123
015 4 304 635 218 33 114
5 321 63.9 215 32 114
6 342 65.4 214 31 10.2
3 308 68.1 211 3.2 76
o1 4 326 69.3 20.9 31 6.7
' 5 329 69.7 20.7 29 6.7
6 355 70.2 20.6 28 6.4
[PS-ATP-Fe] 3 33.2 69.2 206 25 77
015 4 348 69.9 205 23 73
5 412 70.9 19.9 23 6.9
6 436 713 19.8 2.2 6.4
3 351 78.3 172 11 34
o1 4 36.2 79.2 171 11 26
' 5 383 803 171 12 14
. 6 402 80.8 16.9 1.2 11
[PS-ATP-NI] 3 38.7 78.9 14.9 14 48
015 4 40.1 80.7 15.1 13 2.9
' 5 445 824 15.1 13 2.9
6 50.1 83.9 148 11 0.2
3 39.1 712 15.6 27 105
o1 4 405 723 16.8 21 8.8
: 5 432 72.9 16.8 21 8.8
6 452 731 16.7 1.9 83
PS-ATP-Cu 3 401 725 19.1 15 6.9
015 4 422 73.8 193 16 53
5 487 74.4 195 16 45
6 53.8 75.1 193 14 42

Reaction Condition; Acetonitrile (20 mL), ethylbenzene (10 mmol), and H,O, (20 mmol) at 60 °C.
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Table 4
Conversion of ethylbenzene and product selectivity
[ﬂﬂﬂ—\ _ Camlyst 2 MB—cuo + (@M—cooH
TBHP/CH,CN M +
Catalyst Selectivity, %
) o S
Catalysts concentration, g Time, hr | Conversion, % P | @@—cro | @@—coon | Others
3 75 59.1 17.2 5.1 18.6
) 4 8.1 59.2 17.5 5.2 18.1
Blank Reaction 5 85 59.2 17.6 52 18.0
6 9.7 59.3 17.6 5.3 17.8
3 20.1 65.5 18.3 4.9 11.3
01 4 21.5 65.6 18.5 5.1 10.8
' 5 21.9 65.6 18.5 5.2 10.7
6 23.3 65.7 18.6 5.3 10.4
[PS-ATP-V] 3 21.5 65.6 18.5 5.4 10.5
0.15 4 22.2 65.8 18.6 5.6 10.0
' 5 23.1 65.9 18.9 5.3 9.9
6 26.1 66.1 19.1 5.1 9.7
3 16.1 58.7 21.4 39 16.0
01 4 16.5 58.9 21.4 35 16.2
' 5 17.4 58.9 215 33 16.3
6 19.9 59.1 21.6 3.2 16.1
[PS-ATP-Mn] 3 16.8 58.3 215 45 15.7
0.15 4 17.5 58.9 21.6 45 15.0
' 5 19.9 59.2 21.8 4.7 14.3
6 21.2 59.4 21.9 4.8 13.9
3 16.1 68.1 21.1 3.2 7.6
01 4 16.8 69.3 20.9 3.1 6.7
' 5 17.4 69.7 20.7 2.9 6.7
6 20.6 70.2 20.6 2.8 6.4
[PS-ATP-Fe] 3 16.9 69.2 20.6 25 7.7
0.15 4 17.6 69.9 20.5 2.3 7.3
' 5 20.1 70.9 19.9 2.3 6.9
6 22.2 71.3 19.8 2.2 6.4
3 16.1 67.3 16.9 6.1 9.7
01 4 17.5 67.6 17.1 6.3 9.3
' 5 20.3 68.1 17.2 6.4 8.3
) 6 24.2 68.8 17.2 6.4 7.6
[PS-ATP-Ni] 3 20.7 67.7 145 33 14.5
0.15 4 21.9 67.7 14.7 3.2 14.4
' 5 23.5 68.9 14.7 3.2 13.2
6 24.9 69.1 14.8 3.1 13.0
3 18.1 62.1 16.5 37 17.7
01 4 18.5 63.2 16.6 3.6 16.6
' 5 19.9 63.2 16.6 3.6 16.6
6 21.3 63.7 16.7 3.1 16.5
PS-ATP-Cu 3 18.9 62.3 18.1 2.6 17.0
0.15 4 19.1 63.8 18.2 25 15.5
' 5 20.7 63.9 185 2.6 15.0
6 23.8 64.1 185 2.3 15.1
Reaction Condition: Acetonitrile (20 mL), ethylbenzene (10 mmol), and TBHP (20 mmol) at 60 °C.
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Reusability Evaluation

The reusability of polymer-supported metal complexes in ethylbenzene oxidation was assessed. Each
cycle was followed by filtration, washing, drying, and reusing of the catalysts under the same conditions.
Product yields and selectivity remained stable, though a slight decline in conversion was noted after five cy-
cles (Table 5, Figure 10). IR and DRS spectra showed no significant structural changes, indicating catalyst
integrity. AAS analysis detected minor metal leaching in the fifth cycle, but overall stability ensured effec-
tive reuse, making the catalysts cost-efficient and environmentally friendly.

Table 5
Recyclability Test
Selectivity, %
Catalyst Cycle Conversion, % 50 - o @ coon Others
1 51.1 69.2 18.8 1.9 10.1
2 51.1 69.2 18.8 1.9 10.1
[PS-ATP-V] 3 50.0 69.2 18.8 1.9 10.1
4 49.9 69.2 18.8 1.9 10.1
5 49.9 69.2 18.8 1.9 10.1
1 34.2 65.4 21.4 3.1 10.2
2 34.1 65.4 21.4 3.1 10.2
[PS-ATP-Mn] 3 34.0 65.4 21.4 3.1 10.2
4 33.9 65.4 21.4 3.1 10.2
5 33.9 65.4 21.4 3.1 10.2
1 43.6 71.3 19.8 2.2 6.4
2 435 71.3 19.8 2.2 6.4
[PS-ATP-Fe] 3 43.4 71.3 19.8 2.2 6.4
4 43.3 71.3 19.8 2.2 6.4
5 43.3 71.3 19.8 2.2 6.4
1 50.1 83.9 14.8 1.1 0.2
2 50.1 83.9 14.8 1.1 0.2
[PS-ATP-Ni] 3 50.0 83.9 14.8 1.1 0.2
4 49.9 83.9 14.8 1.1 0.2
5 49.9 83.9 14.8 1.1 0.2
1 53.8 75.1 19.3 14 4.2
2 53.8 75.1 19.3 14 4.2
[PS-ATP-Cu] 3 53.7 75.1 19.3 1.4 4.2
4 53.6 75.1 19.3 14 4.2
5 53.6 75.0 19.3 1.4 4.2

60 fe W1
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Figure 10. Recyclability test of polystyrene-anchored metal catalyst
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Probable Mechanism for Oxidation of Ethylbenzene

Figurell illustrates a proposed pathway for the oxidation of ethylbenzene using peroxides such as hy-
drogen peroxide or tert-butyl hydroperoxide (TBHP) in the presence of a metal-based catalyst. Initially, the
metal catalyst interacts with the oxidant to produce a reactive hydroperoxide intermediate, accompanied by
the release of counterions like chloride or acetate. This is followed by the formation of a resonance-stabilized
benzylic carbocation, which undergoes a nucleophilic attack by the tert-butylperoxide anion. The resulting
phenylethanol intermediate subsequently rearranges and experiences bond cleavage within the peroxide moi-
ety, ultimately producing benzaldehyde and acetophenone as final oxidation products [41].

NV o N
o Ci“ QX
N, Roou ©\/ /‘ Nyx N RN )
- — e B ——
7 M R ~.-7Z—~OR  RoOH ROOH ~. <~ —-OR
0—o HX o) -HX
R=H, ‘Bu :5
X=Cl, H,0 &
OH EM.X Q
- = a < )
ROOH o
Acetophenone Benzaldehyde

Figure 11. Proposed mechanism for the H,O,/TBHP facilitated oxidation of ethylbenzene catalyzed
by supported catalyst

Conclusions

In summary, new catalytic systems {[PS-ATP-V], [PS-ATP-Mn], [PS-ATP-Fe], [PS-ATP-Ni], and [PS-
ATP-Cu]} were developed and characterized. Their catalytic efficiency was assessed using ethylbenzene as a
model substrate. Oxidation reactions were performed under optimized conditions (0.15 g catalyst, 6-hour
reaction time, 60 °C) with H,O, or TBHP as oxidants. Among the catalysts, [PS-ATP-Cu] exhibited the
highest ethylbenzene conversion (53.8 %) with H,O,, whereas [PS-ATP-Mn] showed the lowest conversion
(21.2 %) with TBHP. The best selectivity for acetophenone (83.9 %) was achieved using [PS-ATP-Ni] with
H,0,, while [PS-ATP-Mn] had the lowest selectivity (59.4 %) with TBHP. These catalysts demonstrated
excellent stability, maintaining their activity over five reuse cycles with minimal loss, indicating their poten-
tial for broader applications in heterogeneous catalysis.
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A Bacterial Enzymatic System Neutralizes the Impact
of Silica-Magnetite Nanocomposites on ROS Levels

This study investigates the reactive oxygen species (ROS) generation and biological activity of novel silica-
magnetite nanocomposites, TA-AA-Fe;0, and TA-HA-Fe;0,4, where TA is a silicon dioxide copolymer, AA
is ascorbic acid, and HA is humic acids. A key challenge in nanotoxicology is the contradictory data from
complex biological systems. To address this, we employed a standardized bioluminescent enzymatic assay
(bacterial luciferase/oxidoreductase) as a simple, rapid biosensor system to evaluate the nanocomposites’ ef-
fects under controlled conditions. We compared ROS activity in both non-biological (enzyme-free aqueous
solutions) and biological (enzymatic system) environments, with and without model oxidative stress induced
by 1,4-benzoquinone. The enzymatic system exerted a pronounced neutralizing effect on ROS content, sup-
pressing the significant ROS fluctuations and synergistic ROS generation (up to 300%) observed in non-
biological media in the presence of the oxidizer. Additionally, the nanocomposites showed no effect on the
bioluminescence intensity of the enzymatic system. This disparity between the higher reactivity in simple
aqueous solutions and the neutral effect in the enzymatic system highlights the critical role of biological ma-
trixes. The findings suggest that enzymatic environments can mitigate the radical processes driven by iron-
based nanocomposites, which is crucial for predicting their biological activity and potential for applications
like ferroptosis-based tumor therapy.

Keywords: iron-based nanocomposite, magnetite, silica, ascorbic acid, humic acids, bacterial enzymatic as-
say, reactive oxygen species, bioluminescence, chemiluminescence

Introduction

The biological activity of nanoparticles is a highly promising field of study, and the number of articles
and reviews in this field is growing rapidly [1-3]. However, the results of these studies are often contradicto-
ry due to the variety of experimental conditions and the use of complex biological systems. This makes it
difficult to compare and predict the properties of nanoparticles.

Superparamagnetic iron oxide nanoparticles (Fe;O,) are widely used for adsorption [4], enzyme immo-
bilization [5], Fenton reaction catalysis [6-8], drug delivery [9], and energy storage [10-11]. To prevent the
aggregation of these nanoparticles [12], their surfaces are modified with various organic and inorganic lig-
ands, including humic acids (HA), ascorbic acid (AA) and polymer derivatives of silicon diox-
ide—tetraethoxysilane and 3-aminopropyltriethoxysilane (TA) [13-15].

Nanocomposites based on silica-magnetite nanoparticles (TA-FesO,) are promising for biomedical ap-
plications due to their biocompatibility, magnetic properties and easy surface functionalization [16-17].
Mesoporous silica nanoparticles enable flexible tuning of their structure for efficient drug loading and target-
ed delivery. They also serve as substrates for other nanomaterials, forming multifunctional composites.

AA and HA act as surface modifiers, preventing aggregation and influencing Fenton reaction-driven
ROS generation by iron-containing nanoparticles [18-21], resulting in iron-programmed cell death—
ferroptosis. AA maintains magnetite stoichiometry and has both antioxidant and prooxidant effects, while
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HA enhance the catalytic activity of Fe;O, in Fenton reactions. On the other hand, magnetite can provide
magnetically-controlled delivery of AA and HA in organisms.

Previous research showed that nanocomposite Fe;O4-AA-MOF (where MOF is a metal-organic frame-
work) retained the antibacterial and prooxidant properties of AA [22]. In this system, MOF-Fe;0, acts as an
inert magnetic carrier.

Despite the fact that some silica-based nanostructures have passed clinical trials, concerns about their
safety persist. The key challenges include conducting toxicity studies, designing simple but effective
nanoplatforms, and understanding their in vivo mechanisms. The toxicity of mesoporous silica nanoparticles
depends on their size, morphology [23-24], surface charge [25], degree of crystallinity [26-30], and concen-
tration [31]. Studies report that membrane damage, cytotoxicity, hemolysis [32-33], and immune activa-
tion [34] depend on nanoparticle properties and cell type.

However, the available data pertain to various aspects of the biological activity of nanomaterials and are
typically obtained under non-comparable conditions. The standardization of experimental protocols remains
an urgent task. For this purpose, the authors selected a simple and rapid biosensor system—a bioluminescent
enzymatic assay.

The bacterial luminescence bioassay is widely used in ecological studies. This technique exploits the
fact that luminous marine bacteria naturally produce light; thus, a decrease in luminescence intensity directly
indicates the presence of toxic substances. High sensitivity, speed, and simplicity have made this bioassay a
standard tool for toxicity monitoring for more than six decades [35-38]. The long-term application of this
bioassay has contributed to a broad understanding of the effects of various compounds on bacterial cells,
their enzymes, and cellular membranes [39-41]. Patterns of the effects of toxicants on enzymatic reactions
contribute to understanding the mechanisms of toxic effects on living organisms.

A newer approach involves using the isolated enzymes responsible for the luminescence. In 1990, a tox-
icity bioassay was developed based on a coupled enzyme system including bacterial luciferase and
NAD(P)H:FMN-oxidoreductase [42]:

NADH + FMN NAD(P)H:FMN-oxidoreductase NAD+ + FMNH7 (Rl)
FMNH™ + RCHO + O, —2®=_, FMN + RCOO™ + H,0 + hv (490 nm) (R.2)

This enzyme system is sensitive to redox-active compounds; its bioluminescence depends on concentra-
tion and redox parameters of these compounds [39-40, 43]. Both enzymatic and bacterial bioluminescence
assays have been used to study the prooxidant [20, 44] and antioxidant [45-49] properties of bioactive com-
pounds, and to detect the involvement of reactive oxygen species (ROS) in these effects.

ROS are oxygen-containing molecules with unpaired electrons, such as superoxide anion (O,7), hydro-
gen peroxide (H,O,), hydroxyl radical (-OH), etc. They are constantly present at physiological levels and
play key roles in cellular signaling [50] and apoptosis [51-54]. While essential for normal metabolism, ex-
cessive ROS levels produce toxic effects, damaging DNA, proteins, and lipids [55]. Maintaining ROS bal-
ance is, therefore, vital for cellular function.

In bioluminescence systems, ROS are both generated and utilized in the coupled redox reactions. There-
fore, the role of ROS in these enzymatic systems (Reactions R.1 and R.2) is crucial.

Iron’s ability to generate ROS is directly due to its unique chemical properties: partially filled d-
orbitals, variable oxidation states, and involvement in electron transfer processes. Investigating the ROS-
related activity of iron nanoparticles, such as magnetite-silica nanocomposites, is crucial for developing their
biomedical applications.

Our study aims to characterize silica-based nanocomposites (TA-AA-Fe;0, and TA-HA-Fe;0,). We
investigated ROS generation and the biological activity of these compounds, comparing their ROS activity in
a non-biological system and the simplest biological system (an enzymatic reaction). The results will contrib-
ute to predicting the biological activity of iron nanoparticles, which is important for the development of
ferroptosis-based tumor treatments.

Experimental

Preparation of a Copolymer of Tetraethoxysilane and 3-Aminopropyltriethoxysilane (TA)

To prepare the copolymer, 150 mL of deionized water (DI) was added to a mixture of 10 mL of
tetraethoxysilane (T) and 4.2 mL of 3-aminopropyltriethoxysilane (A) (molar ratio T:A = 1:0.5) under con-
stant stirring on an overhead mixer (600 rpm, 10 min). The mixture was then stirred on an orbital shaker
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(150 rpm, 24 h) at room temperature. The resulting precipitate was collected and washed with DI water until
the supernatant reached pH~8. The final product was dried and lyophilized in a freeze dryer at —37 °C.

Preparation of TA-HA-Fe;0, Composite

To obtain the TA-HA-Fe;0, composite (1:0.1:1 wt.%), 2 g of TA and 0.2 g of HA were dispersed in
200 mL of DI in an argon atmosphere on an overhead agitator (1400-1500 rpm, 30 min). The concentrations
of magnetite nanoparticles, as a source of iron ions, were determined by calculating a 20-fold excess of Fe®*
(HA-Fe = 1:20) based on the content of HA functional groups (5 mmol/g of the COOH and OH groups), in
order to obtain water-soluble humic preparations with a high iron content. As a result, salt mixtures of 5.4 g
of FeCls;-6H,0, 1.98 g of FeCl,-4H,0 and 12 mL of 25 % NH4OH were added. The formed precipitate was
separated on a paper filter, washed with DI and dried in a dynamic vacuum. Wt.% Fe: 37.7.

Preparation of TA-AA-Fe;0, Composite

To obtain the TA-AA-Fe;04 composite (1:0.1:1 wt.%), iron salt samples were dissolved in DI in an ar-
gon atmosphere and 12 mL of 25 % NH,OH was added with constant stirring (1400-1500 rpm, 30 min). The
formed Fe;O, precipitate was separated using a magnet (0.3 T) and washed once with 200 mL of DI. Then
0.2 g of AA was dissolved in 70 mL of suspension containing Fe;O,4, 200 mL of 96 % C,HsOH (pH = 7-8)
was added with constant stirring (1200 rpm) and 2 g of TA. The solution was stirred on an overhead mixer
(1000 rpm) for 60 minutes. The formed precipitate was separated on a paper filter, washed with DI and dried
in a dynamic vacuum. Wt.% Fe: 51.8.

Characterization of Nanocomposites

Samples of the nanocomposites TA-AA-Fe;0, and TA-HA-Fe;0, were characterized using X-ray dif-
fraction, transmission electron microscopy, and low-temperature nitrogen adsorption (Supplementary Mate-
rials A, B).

Luminol Chemiluminescence Assay System

ROS levels were quantified using a luminol-based chemiluminescence method. Measurements were
performed both in distilled water (enzyme-free solutions) and within the enzymatic system, across a range of
composite concentrations [56]. The chemiluminescence reaction was initiated by adding an alkaline luminol
solution (3x10™° M). The concentration of Ks[Fe(CN)e] in all samples was maintained at 1.2x10* M.

Bioluminescence Enzymatic Assay System

The effects of the silica-based composites on an enzyme system were evaluated using a biolumines-
cence enzymatic assay. The composition of this bioluminescence enzyme system is described in [56].

Measurements of Bioluminescence/Chemiluminescence Intensities

The preparation of nanocomposite suspensions for bioluminescent and chemiluminescent analyses was
the same as described in [56].

a) Luminol Chemiluminescence Assay

To assess a role of ROS in the biological effects of the nanocomposites, the chemiluminescence intensi-
ty was measured in the enzyme-free and enzymatic solutions.
The relative ROS content (ROS™) was defined as follows:

ROS™ = ROSyc /ROScontr, (1)
where ROS,n and ROSyc are the ROS contents in the absence and presence of nanocomposites, respective-
ly.

g Additionally, ROS contents were determined under conditions of model oxidative stress. To model oxi-
dative stress, we employed the organic oxidizer 1,4-benzoquinone (Sigma-Aldrich, St. Louis, MO, USA).
For the experiments, a benzoquinone concentration that inhibits the bioluminescence intensity by 50 %
(ICso= 107° M) was selected. The relative ROS content (ROSBq“") was defined as follows:

ROSg,™ = ROSc+8q/ROSgq,
where ROSyc.gq and ROSg, are the ROS contents in 1,4-benzoquinone solutions in the presence and absence
of nanocomposites, respectively.
b) Bioluminescence Enzyme System

The inhibitory effects of the nanocomposites on the enzymatic activity were quantified using the rela-
tive bioluminescence intensity, 1™":
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1! = Ine/lont, ©)
where lene and Iyc are the maximum bioluminescence intensities in the absence and presence of
nanocomposites, respectively.

The effects of the nanocomposites in the enzymatic bioluminescent system under model oxidative stress
were evaluated using relative bioluminescence intensity, 1g,™"

|qu€| = INC+Bq/|Bqa (4)

where Iyc+sq and lgq are the maximum bioluminescence intensities in 1,4-benzoquinone solutions in the pres-
ence and absence of nanocomposites, respectively.

Statistical Processing

Bio/chemi-luminescence measurements were performed in 5-10 replicates at 25°C using a
Luminoskan Ascent bioluminometer (Thermo Electron Corporation, USA) with an integrated injector. The
maximum chemiluminescence and bioluminescence intensities were determined. Standard deviations (SD)
for 1" and ROS™, I, and ROSg,™ were analyzed with GraphPad Prism 8 (GraphPad Software, Inc., USA);
all SD were less than 20 %. To evaluate quantitatively the spread of data across experimental curves, we
compared the coefficients of determination (R%) for the exponential dependences of 1™, ROS™, I5," and
ROSg,™ on nanocomposite concentrations.

Results and Discussion

A. ROS Content in Water Suspensions of TA-AA-Fe;0, and TA-HA-Fe;0,. Enzyme-Free and Enzyme
Solutions

Preliminarily, we studied the effects of the triple nanocomposites TA-AA-Fe;0, and TA-HA-Fe;O,4 on
ROS content in distilled water (Fig. 1A). The figure shows no significant effects (p > 0.05) at nanocomposite
concentrations <10? mg/L and a minor suppression of ROS content at concentrations
>10° mg/L.

We simulated a biological medium in the nanocomposite suspensions by adding the enzyme system.
The ROS content was measured during the enzymatic bioluminescence process. Figure 1C shows that the
addition of the enzymes did not notably change the ROS content at low nanocomposite concentrations
(< 1072 mg/L) and mitigated the minor ROS suppression observed at higher concentrations (> 1072 mg/L).

However, the data scatter across the curves reduced compared to the enzyme-free medium (Fig. 1A).
The values of the coefficients of determination (R?) for the exponential dependences of ROS™ on
nanocomposite concentration increased from 0.02 to 0.14 for TA-AA-Fe;0,4 and from 0.02 to 0.34 for TA-
HA-Fe;0,4. This increase quantitatively confirms the reduced variation in ROS content when replacing the
enzyme-free medium with the enzymatic one.

Additionally, we conducted similar experiments in the presence of a model oxidizer—1,4-benzo-
guinone. In our previous research [20, 22, 44, 56], we used this compound to model oxidative stress in bacte-
rial suspensions and enzymatic solutions. This approach is based on the assumption that such model oxida-
tive stress stimulates the additional formation of active oxygen radicals (in accordance with the Fenton reac-
tion [6-8]) and, consequently, may induce antitumor activity.

Figure 1B shows the ROS content in aqueous solutions at different concentrations of TA-AA-Fe;0, and
TA-HA-Fe;0, nanocomposites in the presence of 1,4-benzoquinone. The difference from the medium con-
taining no benzoquinone (Fig. 1A) is pronounced: the presence of 1,4-benzoquinone increased the ROS con-
tent by up to 150 % for TA-HA-Fe;0, and by up to 300 % for TA-AA-Fe;0, across the entire concentration
range studied (Fig. 1B). The 300 % increase in ROS content in TA-AA-Fe;O, suspensions (Fig. 1B) can be
explained by synergistic effects on ROS generation via a process known as redox cycling [57]. According to
the authors’ findings, quinones, ascorbic acid, and iron interact in redox cycles involving semiquinone radi-
cal intermediates, iron participation, and OH generation through Fenton reactions. The more moderate in-
crease in ROS content observed in TA-HA-Fe;O,4 suspensions (Fig. 1B) may be related to processes dis-
cussed in [58-59]: humic acids (HA) and quinones can accelerate Fe(lll) reduction by electron shuttling, and
the subsequent ROS generation via the Fenton reaction may result from this acceleration.
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Figure 1. Relative ROS content: (A) in enzyme-free water solutions, ROS™;
(B) under conditions of oxidative stress in enzyme-free water solutions, ROSque';
(C) in the enzyme system, ROS'™; (D) under conditions of oxidative stress in the enzyme system, ROSg,"™.
Control suspension — in the absence of hanocomposites.

Conditions of oxidative stress — in the presence of 1,4-benzoquinone (ICsogq = 10°M).

Figure 1D presents the ROS content in the enzymatic system in the presence of 1,4-benzoquinone
(10°M) at different concentrations of the nanocomposites. A comparison of Figures 1B and 1D reveals a
neutralizing effect of the enzymes on the ROS content: the addition of nanocomposites TA-AA-Fe;0, and
TA-HA-Fe;0, did not alter the ROS content compared to the control solution under conditions of model oxi-
dative stress.

Additionally, the data spread across the curves in Figure 1D decreased compared to the enzyme-free
medium (Fig. 1B), similar to the trend observed in benzoquinone-free media (Figures 1A and 1C). The values
of the coefficients of determination (R?) for the exponential dependencies of ROS™ on nanocomposite con-
centration increased from 0.01 to 0.40 for TA-AA-Fe;0, and from 0.10 to 0.38 for TA-HA-Fe;0,. This in-
crease again quantitatively confirms the reduced variation in ROS content when replacing the enzyme-free
medium with the enzymatic one.

The fluctuations in ROS levels observed in Figures 1A and 1B show a non-random pattern, reminiscent
of effects discussed in the literature [60]. In any case, the effect noted in our study (Fig. 1B) is interesting and
warrants further investigation. Importantly, we have observed similar ROS fluctuations for other types of
magnetite-based nanocomposites, specifically Fe;O0,-AA-MOF and Fe;O4,-HA-MOF, in an aquatic non-
biological environment (Supplementary Materials C, Figures S5A, S5B).

Hence, we observed a neutralizing effect of the enzymatic system on the ROS content in suspensions of
the TA-AA-Fe;0, and TA-HA-Fe;0, nanocomposites. This effect was observed both in the absence and
presence of 1,4-benzoquinone (Figures 1B and 1D), i.e., independent of the initial oxidative characteristics of
the aqueous media. We assume possible mechanisms for enzymatic neutralization: 1) The enzyme proteins
(via the variety of chemical groups) may act as radical scavengers, quenching ROS; 2) Components of the
assay (NADH, FMN) might compete in redox cycling reactions, effectively “shunting” electrons away from
the nanocomposite-driven pathways; 3) The proteins could chelate iron ions, sequestering them from partici-
pating in Fenton chemistry. The neutralization of ROS variations by bacterial enzymes was previously ob-
served in suspensions of other magnetite-based nanocomposites (Supplementary Materials C, Figures S5C,
S5D).
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Moreover, consistent with our current observations in the enzyme solutions (Fig. 1), authors [20, 56]
reported an alteration of ROS levels in a bacterial environment compared to non-biological aqueous media.
This effect was attributed to the metabolic ability of bacteria to balance the external ROS level, adapting it to
an optimum for bacterial physiology—a phenomenon known as a protective regulatory function of bacteria.

B. Effects of Nanocomposites TA-AA-Fe;O, and TA-HA-Fe;O,4 on Bioluminescence Intensity of Enzyme
System

We studied the efficiency of enzymatic process in the presence of the nanocomposites. Biolumines-
cence intensity was used as an indicator of the enzymatic efficiency. The experiments were carried out in the
absence and presence of the model oxidizer 1,4-benzoquinone (Figures 2A, 2B). The results show that the
values of 1™ were close to the control, indicating no significant effects of the nanocomposites on the enzy-
matic process.
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Figure 2. Relative bioluminescence intensity: (A) in the enzyme system, 1™
(B) under conditions of oxidative stress in the enzyme system, Ique'. Control suspension — in the absence
of nanocomposites. Conditions of oxidative stress — in the presence of 1,4-benzoquinone (1Csogq = 10°M)

This result is likely related to the absence of nanocomposite effects on the ROS level in the enzymatic
solutions (Figures 1C and 1D). As discussed previously [61-63], the bioluminescence oxidative reaction—
involving its intermediate (peroxyhemiacetal)—and competing dark side reactions are sensitive to ROS lev-
els.

Furthermore, the low sensitivity of the bioluminescence enzyme system to magnetite-based
nanocomposites was demonstrated in prior work [20, 56] and Supplementary Materials D (Figures S6A,
S6B), using nanocomposites such as Fe;0,-MOF, Fes04-HA, Fes0,-APTES, Fes04-AA-MOF, and FezOy4-
HA-MOF as examples.

However, our previous studies have shown that triple nanocomposites of similar structure, specifically
Fes04-AA-MOF [56] and Fes04,-HA-MOF, did affect luminescent bacterial cells, demonstrating both toxici-
ty and pro-oxidant activity. Furthermore, Fe;0,-AA-MOF retained the antibacterial properties of AA. Hence,
the effects of these compounds on whole cells and isolated enzymes differed. This suggests that our current
investigation should continue toward cellular processes, with special attention given to the role of the cellular
membrane.

Conclusions

This study investigated the reactive oxygen species (ROS) generation and biological activity of silica-
based nanocomposites, TA-AA-Fe;04 and TA-HA-Fe;04, in both non-biological (agueous) and simple bio-
logical (enzymatic) systems. The key findings are as follows:

1. Neutralizing Effect of the Enzymatic System: The enzymatic bioluminescence system effectively
neutralized the impact of the nanocomposites on ROS levels. In enzyme-free water, the nanocomposites
caused significant and variable increases in ROS content (up to 300 % for TA-AA-Fe;0,, in the presence of
the model oxidant 1,4-benzoquinone. However, in the enzymatic solution, these effects were abolished, and
the ROS content remained stable and close to control levels, regardless of the presence of benzoquinone.

2. Reduced Data Variability in Biological Media: The presence of the enzymatic system significantly
reduced the data spread and fluctuations in ROS measurements observed in non-biological aqueous suspen-
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sions. The increase in the determination coefficients (R quantitatively confirms a more predictable and sta-
ble behavior of the hanocomposites in the biological environment.

3. No Direct Effect on Enzyme Function: The nanocomposites did not exhibit any significant inhibitory
or activating effects on the bioluminescence enzymatic process itself, as indicated by the stable relative bio-
luminescence intensity (™). This suggests that the enzymes are not a primary target for these specific
nanocomposites.

4. Divergence from Cellular Effects: Previous findings of bacterial toxicity and pro-oxidant activity
suggest that the cellular context, particularly membrane interactions, is crucial for understanding nanoparti-
cle bioactivity. The lack of effect on the isolated enzyme system contrasts with previous findings on bacterial
cells, where similar nanocomposites (e.g., Fes0,-AA-MOF) demonstrated toxicity and pro-oxidant activity.
This highlights a critical difference: the cellular membrane and internal metabolic processes likely play a
decisive role in the biological activity and toxicity of these nanocomposites, which is not captured by
acellular enzymatic assays. Hence, our current investigation should continue toward cellular processes using
cells of luminous bacteria as example.

In summary, while the silica-magnetite nanocomposites can change ROS level in simple aqueous envi-
ronments, their activity is effectively modulated and neutralized in an enzymatic system. The results suggest
that for an accurate prediction of in vivo biological activity, particularly for applications like ferroptosis-
based therapy, further investigation must focus on cellular models where membrane interactions and com-
plex metabolic pathways determine the final biological outcome.
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Potassium Permanganate—Oxidized Nanocellulose: Structural Features
and Rheological Performance for Advanced Applications

The development of environmentally friendly strategies for nanocellulose modification is crucial for advanc-
ing biomedical materials. Traditional oxidation methods often involve costly or toxic reagents, limiting large-
scale use. This study addresses this by preparing oxidized nanocellulose (ONC) from microcrystalline cellu-
lose using an eco-friendly acidic potassium permanganate (KMnO,) oxidation method to introduce surface
carboxyl groups. Structural and morphological changes were characterized through FTIR, XRD, SEM, and
DLS analyses, which confirmed successful oxidation, retained fibrillar morphology, and altered crystallinity
and surface charge. Hydrogel formulations were developed from ONC suspensions, and their rheological
properties were assessed through frequency and amplitude sweeps. FTIR spectra confirmed the introduction
of carboxyl groups, while XRD revealed reduced crystallinity and lattice expansion with oxidation. DLS
demonstrated narrower size distributions at intermediate oxidation times, indicating improved dispersion sta-
bility. SEM images confirmed retention of fibrous morphology with reduced fibril widths. Rheological tests
showed that ONC hydrogels exhibited shear-thinning and gel-like behavior (G’ > G"), displaying the highest
storage modulus and broadest linear viscoelastic region, consistent with a strong and stable gel network.
ONC-based hydrogels show significant promise for biomedical applications, including mucoadhesive drug
delivery, wound healing, and tissue engineering.

Keywords: oxidized nanocellulose, microcrystalline cellulose, permanganate oxidation, carboxyl functionali-
zation, structural characterization, hydrogel, rheological properties, drug delivery systems

Introduction

Cellulose, the most abundant biopolymer on Earth, has attracted considerable attention in recent years
due to its renewable origin, biodegradability, and versatility in designing advanced functional materials [1].
Chemical modification of cellulose, particularly microcrystalline cellulose (MCC), offers powerful opportu-
nities to tailor its physicochemical properties and expand its applications in biomedicine, drug delivery, and
environmental technologies [2, 3]. Among various modification strategies, oxidation is especially important
because it introduces functional groups such as carboxyl and aldehyde, thereby enhancing the reactivity, dis-
persibility, and binding capacity of cellulose derivatives [4, 5].

Conventional oxidants, including 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) [6], sodium periodate
(NalQy) [7], potassium dichromate [8], and ammonium persulfate (APS) [9], have been widely employed to
prepare carboxylated and dialdehyde nanocellulose. Despite their effectiveness, these methods often involve
expensive reagents and environmentally unfriendly processes.

Consequently, attention has shifted toward greener oxidation routes to obtain oxidized nanocellulose
(ONC), which has shown great promise for tissue engineering, wound healing [10], mucoadhesive drug de-
livery [11, 12], and biosensing applications [13]. The structural and functional properties of ONC are highly
dependent on the oxidation pathway, and different oxidizing systems have been explored to tailor these fea-
tures [14].

In this context, potassium permanganate (KMnO,) in acidic conditions represents a strong yet relatively
eco-friendly oxidizing agent. It selectively oxidazes the C6-hydroxyl group of anhydroglucose units, generat-
ing carboxyl and carbonyl functionalities [15]. This method is attractive because it is cost-effective, simple to
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perform, and produces less toxic by-products compared to chromium-based oxidations [16]. KMnO, oxida-
tion has been reported to yield surface-functionalized cellulose with improved dispersibility and higher nega-
tive surface charge, properties that are crucial for electrostatic interactions in biomedical formulations.

Furthermore, ONC produced by KMnO, oxidation has been evaluated for its rheological behavior,
which is essential for designing injectable hydrogels, thickeners, and bioinks for 3D printing. The entangle-
ment of nanofibrils or nanocrystals governs the flow properties, typically resulting in shear-thinning and vis-
coelastic responses depending on the oxidation degree and concentration [17, 18]. However, while TEMPO-
or periodate-based methods have been extensively studied, the use of acidic KMnO, oxidation remains un-
derexplored for producing ONC with controlled rheological and structural characteristics [19-21].

Although KMnO, oxidation of cellulose has been reported previously, studies at the nanoscale level
remain scarce. The present findings highlight the significance of acidic KMnO, oxidation as a cost-effective
and environmentally benign pathway for introducing functional groups into nanocellulose. This strategy
opens promising opportunities for designing functional cellulose-based materials with tailored structural and
rheological properties, particularly in the fields of biomedicine, environmental remediation, and advanced
industrial applications.

Therefore, the aim of this work was to synthesize oxidized nanocellulose via acidic potassium perman-
ganate oxidation and to investigate its structural features and rheological properties.

Experimental

Chemicals and Materials

This study used MCC (DP = 240, Crl = 72 %) was produced from cotton cellulose according to the pro-
tocol described previously [22]. Potassium permanganate (KMnQO,, 99.5 wt%) and sulfuric acid (H,SO,,
98.0 wt%) were purchased from Sigma-Aldrich Chemical Co. Ltd. (Tianjin, China). Hydrogen peroxide
(H20,) and sodium hydroxide (NaOH, 98.0 %) were obtained from Daejung Chemicals (South Korea). All
reagents were of analytical grade and used without further purification. Deionized water was employed
throughout all experiments unless otherwise stated.

Preparation of Oxidized Nanocellulose (ONC)

ONC was synthesised in an aqueous medium using potassium permanganate under acidic conditions,
following a published method with slight modifications [8]. In a three-neck flask, 3.0 g MCC was dispersed
in 50 mL of deionized water and sonicated for 20 min. The suspension pH was adjusted to 2.0 with sulphuric
acid, after which 2.34 g KMnO, was added under continuous magnetic stirring at 50 °C in a glycerin bath.
The reaction was carried out for 2 h (sample ONC-2), 3 h (sample ONC-3) and 4 h (sample ONC-4) under
nitrogen bubbling. After completion, the reaction was quenched with hydrogen peroxide. The product was
centrifuged (8000 rpm, 15 min) and repeatedly washed with deionized water until the pH reached 5. The
ONC suspension was then dialyzed against 4.5 L deionised water with 6 water changes over 72 h. The final
product was freeze-dried using HetoPowerDry LL3000 Freeze Dryer (Thermo Scientific, UK).

Preparation of ONC-Based Hydrogels

Hydrogels were prepared from oxidized nanocellulose formulations (ONC-2, ONC-3, ONC-4). A 2 %
NaOH solution (30 mL) was placed in a three-neck flask covered with aluminum foil, and 3 g ONC was
added. The mixture was kept under controlled thawing for 4 h. The samples were subsequently subjected to
repeated freeze—thaw cycles until gelation occurred. The resulting gels were washed with distilled water,
centrifuged four times (10 min each), and stored at 4 °C prior to use.

Characterization Methods
FTIR

The FTIR spectrometer “Inventio-S” (Bruker) was used and FTIR spectra were recorded in 400-
4000 cm™* wavenumber range with a resolution of 2 cm™' and 32 scans at a temperature of 25 °C. All sam-
ples were finely ground, dried at 60 °C for 12 h, and pressed into KBr pellets (1 wt%) before analysis. Soft-
ware of OPUS was applied to determine the peaks at specific points.

Ultraviolet (UV) Spectroscopy

UV spectra of samples were recorded with a Specord 210 UV-spectrophotometer (Analytic Jena, Ger-
many) by using quartz cells 1 cm in diameter and 1 nm slit; the scanning range of measurement was 190—
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1000 nm, a scanning speed was 5 nm/s. The aqueous ONC suspensions (0.05 wt%) were ultrasonically dis-
persed for 15 min prior to measurement.

Atomic force microscopy (AFM)

Morphological studies of ONC were performed by using AFM Agilent 5500 (Agilent, USA). The sili-
con cantilevers with a stiffness of 9.5 N/m? were used and the frequency was 262 kHz. The AFM scan area
(x—y-2z)was3.0-3.0—-1 pm.

Wide-Angle X-ray diffraction

XRD studies were carried out using XRD Miniflex 600 (Rigaku, Japan) with monochromatic CuKa. ra-
diation isolated by a nickel filter with a wavelength of 1.5418 A at 40 kV and the current strength of 15 mA.
The spectrum was recorded in the interval 20 = 5°-40°. The air-dried ONC powders were gently ground,
mounted on zero-background glass slides, and analyzed under identical sample thickness and humidity con-
ditions. The data processing of experimental diffraction patterns, peak deconvolution, describing the peaks
used by Miller indices, peak shape, and the basis for the amorphous contribution were conducted using the
software “SmartLab Studio II” and data base PDF-2 (2020 Powder diffraction file, ICDD).

Scanning Electron Microscopy (SEM)

Scanning electron microscopy studies were performed using SEM equipment Veritas-3100 (Korea).
Magnification of the device x10-300000, voltage 200-300 V, maximum scanning area (x+y=z) is
120+120+65 um. ONC powder samples obtained by freeze-drying were mounted on double-sided conductive
carbon tape and subsequently coated with a thin carbon layer (15-20 nm) using a vacuum sputter coater.
SEM images were obtained at an accelerating voltage of 10 kV and a working distance of 10.6 mm.

Dynamic Light Scattering (DLS)

Particle size distribution was measured on a Photocor Compact (Photocor, Russia) at 298 K, using a
635.6 nm semiconductor laser (25 mW). The ONC suspensions were prepared at 0.01 wt%, sonicated for
10 min to disperse aggregates, and filtered through a 0.45 pm PTFE membrane before measurement at
25 °C.

Determination of Carboxyl Group Content

The content of carboxyl groups (mmol/g) was determined by conductometric titration on a Mettler
Toledo conductometer (Switzerland). 50 mg ONC was dispersed in 20 mL of 0.01M HCI solution for
15 minutes by using magnetic stirring. Then, the suspension was titrated with a 0.01 M NaOH solution. The
number of carboxyl groups was calculated using an equation [23] and expressed in mmol/g. Each batch was
titrated three times.

Rheological Measurements

Rheological tests of the hydrogels were carried out using a rotational Rheometer MCR-92 (AntonPaar)
equipped with a “cone-plane” type measuring unit (25 mm diameter / 2° angle) at a temperature of 25 °C,
shear rate of 0.1-4400 s, with 20 s exposure at each step.

Statistical Analysis

All experimental data were collected in triplicates and data expressed as average + standard deviation.
Data were compared using a one-way ANOVA with post-Bonferroni test using GraphPad Prism 5.04
(GraphPad Software Inc.)

Results and Discussion

The ONCs were successfully obtained through acidic potassium permanganate oxidation combined with
mild mechanical treatment. The reaction pathway suggests that MnO, ions are initially reduced to Mn** via
oxidation of the C6-OH groups of cellulose. Excess MnQ, is subsequently reduced to colloidal MnO,,
which acts as a self-catalyst, thereby enhancing the oxidative capacity of the system (Fig. 1).
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Figure 1. Schematic representation of ONC preparation via potassium permanganate oxidation

Upon completion, the reaction was quenched with hydrogen peroxide, which reduced MnQO, back to
colorless Mn?*. At this stage, the suspension of cellulose nanostructures rapidly turned white, indicating the
end of oxidation. The Mn*" ions were efficiently removed during the repeated washing steps. A comparable
carboxylation mechanism has been described for oxidation of cellulose nanofibrils [24]. The oxidation of
MCC under these conditions proceeds heterogeneously, with the supramolecular organization of cellulose
strongly influencing the reaction course [8]. In particular, the C6-OH groups were selectively converted into
C6-COOH functionalities, involving electron transfer, proton abstraction, and dehydration steps. This trans-
formation substantially modifies the surface chemistry, charge density, and dispersibility of nanocellulose.

Conductometric titration confirmed that the oxidized samples contained 1.11 mmol/g of carboxyl groups.
The successful introduction of these functionalities was further verified by FTIR spectroscopy (Fig. 2).
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Figure 2. FTIR spectra of MCC, ONC-2, ONC-3 and ONC-4

Comparison of MCC and ONC spectra revealed a broad absorption band near 3415 cm™, attributed to
O-H stretching vibrations. In ONC, this band became sharper and more intense, reflecting a decrease in the
number of hydroxyl groups engaged in hydrogen bonding. Stretching vibrations of C—H bonds from methyl-
ene and methine groups were detected in the 28002900 cm™* region, while a band at 1632 cm™ corre-
sponded to absorbed water, which cannot be fully removed due to strong cellulose—water interactions.

Additional peaks at 1430 cm*, 1335-1375 cm*, 1202 cm*, and 1075-1113 cm™ were assigned to
bending vibrations of -CH-, -CH,—, —OH, and —CO groups, together with stretching vibrations of C-O
bonds and pyranose rings. Importantly, a new and distinct absorption band at 1726 cm™ was observed in the
ONC spectrum, corresponding to C=0 stretching vibrations of carboxyl groups, confirming that the primary
hydroxyls at the C6 position were oxidized into carboxyl functionalities [25].

The intensity of the C=0 band increased with oxidation time: ONC-4 displayed a stronger peak com-
pared to ONC-2, indicating a higher degree of oxidation. Concurrently, the 1425 cm™ band (—-CH,— bending)
decreased, while the 1372 cm™ band (out-of-plane —CH,— vibrations) became more pronounced. These spec-
tral changes suggest a reduction in crystallinity, which was further corroborated by XRD analysis (Fig. 4).

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 151



Kuzieva, M.M., Urishova, F.M. et al.

Nevertheless, the persistence of characteristic pyranose ring vibrations confirms that the cellulose backbone
remained intact, and oxidation occurred predominantly at the C6 hydroxyl position.

UV-Vis spectroscopic analysis (Fig. 3) revealed characteristic absorption bands for ONC in the 196-202
nm region, associated with electronic transitions of carbonyl-containing groups (aldehydes and carboxyls). A
weak shoulder near 230 nm is attributed specifically to C=0 transitions of aldehyde functionalities.

The spectra of ONC-2 displayed significantly lower absorbance compared to ONC-3 and ONC-4 across
the investigated wavelength range, indicating a lower degree of oxidation and incomplete nanofibrillation. In
contrast, ONC-3 and ONC-4 exhibited nearly overlapping spectra with the highest absorbance intensities,
consistent with a greater oxidation extent, higher surface charge density, and enhanced colloidal stability.
The stronger short-wavelength absorbance in these samples also suggests finer dispersion and reduced parti-
cle size, due to increased light scattering in the colloidal state.

\c .~ 196nm — MCC
1.6-,T~-"’“__t e 198nm —— ONC-2

ONC-3
1 — ONC4

202.5nm
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Figure 3. UV spectra of MCC, ONC-2, ONC-3 and ONC-4

For comparison, MCC showed the weakest absorption response, as expected, owing to the absence of
UV-active carbonyl groups and the tendency to form larger aggregates, which exhibit limited Rayleigh scat-
tering and lower overall absorbance.

X-ray diffraction (XRD) analysis was performed to evaluate the effect of potassium permanganate oxi-
dation on the crystallinity of MCC (Fig. 4). The diffractograms of MCC and oxidized nanocellulose samples
(ONC-2, ONC-3, ONC-4) all exhibited the characteristic reflections of cellulose If, with prominent peaks at
20 =~ 14-16° (1-10, 110), 22-23° (200), and 34-35° (004). The preservation of these reflections indicates
that the native cellulose | lattice was retained after oxidation, consistent with previous reports on TEMPO-
and periodate-oxidized cellulose nanostructures [26].

41079

Intensity, cps

Figure 4. X-ray diffraction patterns of MCC, ONC-2, ONC-3 and ONC-4
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MCC displayed the most intense and sharp (200) reflection, indicative of a high degree of crystalline
order. With increasing oxidation time, the intensity of the crystalline peaks decreased progressively
(ONC-2>0NC-3>0NC-4) and reflections became broader, confirming a gradual reduction in crystallinity
and disruption of long-range order. This loss of crystallinity is attributed to the incorporation of carboxyl and
aldehyde groups, which disturb inter- and intramolecular hydrogen bonding within the native lattice [27].

The (200) reflection shifted slightly toward lower 20 values with increasing oxidation time. Calculated
d-spacings expanded from ~3.90 A (MCC) to ~4.00 A (ONC-4), suggesting that bulky, hydrophilic groups
introduced at the C6 hydroxyl (and partially at C2/C3) increase the intersheet separation along the a-axis of
the monoclinic unit cell. This expansion is consistent with electrostatic repulsion and hydration effects previ-
ously reported in carboxylated cellulose nanofibers [28].

Analysis of the full width at half maximum (FWHM) of the (200) peak revealed progressive broaden-
ing, corresponding to reduced crystallite dimensions. Scherrer analysis showed a decrease in crystallite size
from ~7-8 nm (MCC) to ~4 nm (ONC-4), consistent with fragmentation of crystalline domains. Such reduc-
tion reflects enhanced lattice disorder and partial depolymerization, phenomena also observed in TEMPO-
oxidized cellulose fibrils [29].

Overall, the data indicate that oxidation produces two concurrent structural effects: (i) expansion of the
cellulose lattice, due to functional group substitution and hydration, and (ii) reduction of crystallite size, due
to chain scission and disorder. At higher oxidation levels (ONC-4), these effects accumulate, yielding a ma-
terial with predominantly amorphous character and only residual crystalline order.

Importantly, the progressive decline in crystallinity correlates with the rheological performance of
ONC-based hydrogels. MCC, although highly crystalline, exhibited weak gel strength due to poor interparti-
cle interactions. ONC-3, with moderate crystallinity and sufficient functionalization, provided the best bal-
ance between structural order and surface activity, resulting in optimal network interactions and enhanced
mechanical resilience. In contrast, ONC-4 showed extensive lattice disruption, consistent with its reduced
storage modulus and premature yielding. These findings highlight that an intermediate oxidation state
(ONC-3) achieves the most favorable structural balance for hydrogel performance.

Dynamic light scattering (DLS) analysis revealed clear differences in the particle size distribution of MCC
and ONC samples as a function of oxidation time (Fig. 5). Native MCC exhibited a broad and polydisperse pro-
file, with a main population in the 100-500 nm range and a secondary fraction extending into the micron scale.
This heterogeneity reflects the tendency of MCC to agglomerate due to limited dispersibility.

15 1 T

w— MCC
s ONC-
ONC-

« ONC.

1100 110 110° 11

Figure 5. DLS size distributions of MCC, ONC-2, ONC-3 and ONC—4
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Oxidation induced a pronounced shift toward smaller and narrower particle size distributions, confirm-
ing that the introduction of carboxyl groups enhanced electrostatic stabilization. ONC-2 showed two popula-
tions: a dominant peak near ~200 nm and a minor fraction above 1 um, indicating partial fibril disintegration
with residual aggregates. ONC-3 displayed the sharpest and most intense peak at 100-150 nm, with minimal
larger fractions, signifying efficient oxidation, high colloidal stability, and uniform dispersion.
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In contrast, ONC-4 exhibited a bimodal distribution with a primary peak near 100 nm and a secondary
fraction above 500 nm. This suggests that prolonged oxidation induced partial re-aggregation, likely due to
excessive chain scission and weakening of the fibrillar framework, which compromised steric stabilization.
Such behavior is consistent with FTIR and XRD data, where ONC-4 showed pronounced lattice disruption
and higher densities of oxidized groups.

These results underscore the close link between oxidation degree and colloidal stability. Moderate oxi-
dation (ONC-3) produced the most homogeneous nanoparticle distribution, while insufficient oxidation
(ONC-2) left aggregates intact and over-oxidation (ONC-4) introduced heterogeneity through structural deg-
radation. These trends align with previous reports on oxidized nanocellulose dispersions, where carboxyla-
tion improves stability up to an optimal level, beyond which colloidal uniformity decreases [28].

It should be noted that the dynamic light scattering (DLS) technique has certain limitations when ap-
plied to anisotropic nanocellulose systems. As emphasized by Filippov et al. [30], the DLS method assumes
that particles are spherical and isotropic scatterers. In the case of fibrillar materials such as ONS, this as-
sumption may lead to an overestimation of the hydrodynamic diameter and an inaccurate interpretation of the
size distribution. Moreover, the presence of polydisperse populations, inter-fibrillar interactions, and orienta-
tion effects can significantly influence the intensity-weighted size values obtained by DLS. Therefore, the
DLS data in this study should be interpreted as providing a relative measure of colloidal dispersion quality
rather than an absolute representation of particle dimensions.

The morphological characteristics of ONC were investigated by SEM, which provided detailed visuali-
zation of particle shape, size distribution, and surface structure. Due to their high surface energy, ONC parti-
cles exhibited a marked tendency to agglomerate, forming clusters at both the nano- and microscale.

ONC-2 ONC-3 ONC-4

Figure 6. SEM images of ONC-2, ONC-3 and ONC-4

SEM analysis demonstrated a clear relationship between oxidation time and particle dimensions. With
prolonged reaction duration, the average width of ONC fibrils progressively decreased from ~12-20 nm to
~3-5 nm, while maintaining a fibrous morphology. The fibril lengths were in the range of 200-500 nm
(Fig. 6). Extended oxidation led to the formation of finer and more uniform nanofibers, resulting in a more
homogeneous nanoscale network.

The successful fabrication of hydrogels and cryogels from ONC highlights its versatility as a functional
biopolymer for biomedical applications. As illustrated in Figure 7, ONC was dissolved in an alkaline me-
dium (2 % NaOH), followed by controlled freezing and freeze-drying, yielding three-dimensional porous
cryogels. This behavior parallels earlier findings on TEMPO-oxidized cellulose, which also forms robust and
morphologically controlled hydrogels and films [27].

The freezing-induced ice-templating process generated a distinctive porous architecture, ideal for water
uptake, solute diffusion and etc. The introduction of carboxyl and carbonyl groups in ONC enhanced solubil-
ity. Hydrogen bonding plays a central role in stabilization: intermolecular bonds contribute elasticity and re-
silience, while intramolecular bonds ensure structural integrity. This dual mechanism yields scaffolds with
high porosity, and tunable swelling capacity. SEM image confirmed a sponge-like porous network (Fig. 7),
consistent with previous reports on nanocellulose-based aerogels and hydrogels [31].
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Figure 7. Schematic illustration of the preparation of ONC-based hydrogels and cryogels

Importantly, these ONC-based hydrogels were fabricated without synthetic crosslinkers, providing an
eco-friendly and inherently biocompatible route to advanced biomaterials [32].

Rheological characterization provides essential insights into the mechanical integrity and stability of
hydrogels [33]. Both frequency sweep and amplitude sweep experiments were conducted to evaluate the vis-
coelastic performance of ONC hydrogels. These tests allow differentiation between solid-like and liquid-like

behaviour, determination of the linear viscoelastic region (LVE), and identification of the yield point, where
the internal network collapses (Fig. 8).
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Figure 8. Frequency- (a) and amplitude- (b) sweep curves of ONC hydrogels
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In frequency sweeps, a stable gel is defined by a frequency-independent storage modulus (G') dominat-
ing over the loss modulus (G"). All ONC hydrogels exhibited G’ > G" throughout the frequency range, con-
firming their predominantly elastic character. In contrast, MCC showed a relatively high damping factor
(tan 6 = 0.9), consistent with weak elasticity and viscous predominance. Oxidation markedly enhanced net-
work strength: ONC-2 displayed improved elasticity, while ONC-3h achieved the highest G’ values
(10°-10° Pa) and the lowest tan & (~0.1-0.2), characteristic of a strong, stable gel network stabilized by car-
boxyl groups. ONC-4, however, exhibited declining G’ at higher frequencies, indicative of network fatigue
and partial breakdown caused by cellulose chain scission during prolonged oxidation.

Amplitude sweeps further clarified the strain-dependent stability of gels. Within the LVE, both G’ and
G" remained constant, reflecting intact networks; beyond this region, G' decreased and eventually crossed G”
at the yield point. MCC hydrogels displayed a narrow LVE and early yielding (y = 15-20 %), highlighting
poor resistance to deformation. ONC-2 extended the LVE slightly (~20-25 %), whereas ONC-3 showed the
broadest LVE (~25-30 %) and the highest G’ plateau, exemplifying a “true gel” with excellent stability un-
der deformation and strong cohesive forces. ONC-4 again yielded earlier (~15-20 %) with reduced moduli,
confirming the detrimental effects of excessive oxidation.

Taken together, both rheological tests demonstrate that ONC-3 hydrogels strike the optimal balance be-
tween functionalization and structural integrity. They combine frequency-independent elasticity, a broad
LVE, and high yield strain — hallmarks of robust gel networks. In contrast, ONC-2 and ONC-4 deviate from
this profile due to insufficient and excessive oxidation, respectively. These findings are highly relevant for
the design of nanocellulose-based hydrogels tailored to biomedical applications such as mucoadhesion, drug
delivery, and wound healing.

Conclusions

In this study, microcrystalline cellulose was successfully oxidized with potassium permanganate to pro-
duce oxidized nanocellulose with tunable structural and functional properties. Systematic characterization
revealed that the oxidation time critically governed crystallinity, surface chemistry, particle size distribution,
and rheological performance of the resulting materials.

FTIR analysis confirmed the introduction of carboxyl groups at the C6 hydroxyl position, while XRD
indicated progressive loss of crystallinity, lattice expansion, and crystallite size reduction with increasing
oxidation. DLS measurements showed enhanced colloidal stability and narrower size distributions at inter-
mediate oxidation, whereas prolonged treatment led to partial re-aggregation. Rheological studies identified
ONC-3 hydrogels as the strongest and most stable, displaying high storage modulus, a broad linear viscoelas-
tic region, and superior deformation resistance compared with under- or over-oxidized samples.

Taken together, the results demonstrate that intermediate oxidation (3 h) offers the optimal balance be-
tween functionalization and structural preservation, yielding nanocellulose with enhanced dispersion stabil-
ity, crystallinity, and mechanical robustness. This work advances the understanding of structure—property
relationships in oxidized nanocellulose and identifies ONC-3 as a promising platform for biomedical hy-
drogels, particularly in mucoadhesive drug delivery, wound healing, and tissue engineering.
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