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Abstract

This work presents an electrochemical approach for producing iron-containing metal-polymer
nanocomposites and surface coatings on electrodes made of pure iron, steel, and magnesium. The
synthesis occurs during the simultaneous electrochemical copolymerization of 1-vinyl-1,2,4-triazole
with N-vinylpyridone and the concurrent cathodic deposition of metallic species. Characterization by
Electron Paramagnetic Resonance (EPR) and Transmission Electron Microscopy (TEM) revealed that the
synthesized materials contain both zero-valent iron and iron oxides, predominantly exhibiting spherical
morphologies. The resulting nanocomposites contain nanoparticles with diameters between 2 and 4nm
and undergo multistage thermal degradation. The obtained hybrid materials are promising for use in
catalysis, biomedicine, and advanced construction materials.

Keywords: Electrochemical copolymerization; Metal-polymer nanocomposite; Iron nanoparticles;
1-Vinyl-1,2,4-Triazole; N-Vinylpyridone

Introduction

Metal-polymer nanocomposites represent a class of hybrid materials in which nanoscale
metallic particles are dispersed within a macromolecular polymer framework. The
incorporation of metal nanoparticles often leads to strong interparticle coupling, which
can obscure the behavior of isolated nanoparticles and give rise to new physicochemical
properties that depend on the polymer environment [1,2]. Understanding the nature of
these interactions is critical for the rational design of functional nanomaterials. Iron-based
nanocomposites have attracted significant scientific attention due to their unique magnetic,
electronic, and catalytic characteristics. Complexes of Fe** ions with gallium-containing
polyvinylpyrrolidone derivatives, for instance, have been utilized as dual-function imaging
agents for both photoacoustic and magnetic resonance diagnostics. These systems exhibit
rapid biodegradation and excretion, demonstrating their potential suitability for medical
applications [3].

Moreover, zero-valent iron nanoparticles have been reported to accelerate microbial
denitrification in water purification systems [4,5]. In recent years, electrochemical methods
have emerged as a versatile and controllable strategy for producing polymeric nanomaterials.
Such approaches are increasingly employed to synthesize functional coatings, biocompatible
composites, and nanosystems for biomedical and technological use [1-7]. Previous research
has shown that iron nanoparticles can be incorporated into polymer matrices such as
Poly(1-Vinyl-1,2,4-Triazole) (PVT) through the chemical reduction of Fe** salts with sodium
borohydride [8], or into Polyvinylpyrrolidone (PVP) matrices via thermal decomposition
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of iron pentacarbonyl or iron acetylacetonate precursors [9-16].
These methods typically yield spherical nanoparticles of Fe203 or
Fe304 within the 3-30nm range, displaying high colloidal stability
and biocompatibility. Despite numerous studies on the chemical
synthesis of iron nanocomposites in either PVT or PVP matrices,
no systematic reports exist on their electrochemical formation
within a copolymer framework of 1-Vinyl-1,2,4-Triazole (VT) and
N-Vinylpyridone (VP). This copolymer system is of particular
interest because of its hydrophilicity, non-toxicity, and presence
of nitrogen-containing functional groups capable of coordinating
with metal ions or nanoparticles. Such properties make VT-VP
copolymers highly suitable for biomedical and catalytic applications
[17-20]. The present study aims to demonstrate the electrochemical
synthesis of iron-containing nanocomposites and thin-film coatings
on metallic electrodes (Fe, Mg, and steel) through the concurrent
processes of copolymerization of VT with VP and cathodic metal
deposition. The resulting materials were characterized by using
various spectroscopic and microscopic techniques to elucidate
their composition, structure, and functional properties.

Experimental Section
Materials and methods

Electrochemical polymerization was performed in a single-
compartment glass cell without a separating diaphragm. Elemental
analysis was carried out using a FLASH EA 1112 Series analyzer
(Germany). Ultraviolet spectra were obtained with a Perkin
Elmer Lambda 35 UV/VIS Spectrophotometer (USA). Infrared
(IR) spectra of the polymeric materials were recorded on Specord
M-80 and Bruker Vertex 70 spectrometers (Germany) using KBr
pellets prepared from finely ground samples. The metal content
of the nanocomposites was determined by both elemental and
atomic absorption spectroscopy using a Perkin Elmer Analyst
200 instrument (USA). Electron Paramagnetic Resonance (EPR)
spectra were measured on a Bruker ELEXSYS E-580 (X-97PI)
spectrometer (Germany) operating in continuous-wave mode.
Transmission electron microscopy (TEM) was performed on a Leo
906E microscope (Germany) to assess nanoparticle morphology
and size distribution. Thermal analysis was conducted on a MOM
derivatograph (Hungary) under a heating rate of 5 °C min™.
Electrical conductivity was determined using a Teraohmmeter E6-
13A (USSR). All reagents were of analytical grade and obtained from
Sigma-Aldrich, used without further purification unless otherwise
specified.

Monomer preparation

1-Vinyl-1,2,4-Triazole (VT) was synthesized and purified
following the method described in [21]. N-Vinylpyridone (VP)
(boiling point 91-92 °C at 1mm Hg) was prepared by a vinyl
exchange reaction between pyridone and vinyl acetate, as
previously reported in [22].

General procedure for electrochemical synthesis

Electrochemical copolymerization and metal deposition were
conducted in a 50mL glass electrolytic cell equipped with two
electrodes. The working electrode (1-2cm?) consisted of either

pure iron, magnesium, or steel, while a platinum or glassy carbon
plate (SU-12 or SU-20) served as the counter electrode.

The electrolytic solution contained:
a.  0.5-1molL™" of VT,

b.  0.5-1molL™* of VP,

¢.  1.5-4mmolL™" of FeSO,-H,0,

d. 0.02-0.05 % of 4-Tert-Butylperoxy-4-Oxobutanoic
Acid (TBOPA) as the peroxide-type initiator, and in some
experiments, 0.05-0.07 % of chitosan was added to facilitate
iron reduction.

Electrolysis was performed at potentials from -0.1 to -1.2V vs.
SCE or at constant current densities ranging from 1 to 20mAcm™,
in either aqueous or aqueous-ethanol media. The chosen potential
range corresponds to the reduction potentials of both the initiator
and Fe?* ions, promoting simultaneous copolymer formation and
metal deposition. At low current densities (<10mAcm™2), uniform
nanocomposite coatings were deposited on the cathode surface.
When j>10mAcm™2, loose nanocomposite precipitates formed
at the bottom of the electrochemical cell. After electrolysis, the
cathode was removed, thoroughly rinsed with distilled water, and
dried to a constant mass under ambient conditions. The obtained
coatings exhibited a characteristic orange hue, indicative of iron
incorporation. Mechanical, thermomechanical, and biocompatibility
properties of similar polymeric coatings have been evaluated in our
previous work. According to our findings, the electrode material
had no significant effect on the composition, morphology, or
particle distribution within the resulting nanocomposite.

Result and Discussion

During the electrochemical copolymerization of 1-Vinyl-
1,2,4-Triazole (VT) and N-Vinylpyridone (VP) in aqueous and
aqueous-ethanolic media, iron-containing Nanocomposites (NCs)
and Nanocomposite Coatings (NCCs) were formed. The process
proceeded efficiently in the presence of a peroxide initiator (TBOPA),
whose reduction potential is close to that of Fe** ions (-0.6 to -1.2V
vs. SCE). By varying the monomer ratio, iron salt concentration, and
applied current density, it was possible to control the metal content
in the composites within the range of 0.4-6 wt%. The resulting
materials exhibited an orange coloration and were fully soluble in
water, indicating their homogeneous polymeric nature.

IR spectroscopic analysis

The infrared spectra of the VT-VP copolymers (Figure 1) showed
characteristic vibrational bands associated with the triazole and
pyridone rings: stretching and deformation modes at 1654, 1506,
1438,1278,1008,and 667cm™* corresponding to the C=N, C-N, N-N,
C-H, and C=0 groups. Upon coordination with iron species, slight
shifts (by 2-12cm™) in these absorption bands were observed,
suggesting the participation of nitrogen atoms in coordination with
both Fe?*/Fe®* ions and metallic Fe® nanoparticles. Such spectral
changes confirm the formation of chemical interactions between
the polymer matrix and iron centers.
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Figure 1: IR spectra of copolymers 1 - Fe nanocomposites%; 2 - 1,6%; 3 -3%; 4 - 5,8%.

Morphology and particle size distribution

Transmission Electron Microscopy (TEM) studies demonstrated
that the synthesized nanocomposites consist of nearly spherical

nanoparticles embedded in the polymer matrix (Figure 2).
Alongside metallic Fe® particles, iron oxides were also detected,
primarily with a spherical morphology.
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Figure 2: Electron micrograph (a) and histogram of the distribution of iron oxide nanoparticles by size (b) NC Fe -
1.6%.

Quantitative analysis indicated that the ratio of iron oxides to
metallic iron is approximately 65:35, reflecting the coexistence
of both oxidized and zero-valent forms within the composite.
Nanocomposites with lower iron content exhibited a more uniform
nanoparticle distribution, with average sizes in the 1-6nm range.
Increasing iron concentration led to a broader size distribution,
reaching 14nm. This tendency arises because at higher metal
loadings, alarger number of nucleation centers form simultaneously,

which promotes particle aggregation and partial coagulation
within the polymer network (Figure 3). At even higher iron
concentrations, small clusters or aggregates composed of several
nanoparticles were observed. These clusters, typically 50-80nm in
diameter, remained stabilized by polymer chains, indicating strong
coordination between the macromolecular framework and the
metallic phase.
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Figure 3: Electron micrographs (a, c) and histograms of the distribution of iron oxide nanoparticles by size (b, d), (a,
c) - Fe - 3%, (c, d) - 5.8%.

EPR spectroscopic characterization

Electron paramagnetic resonance (EPR) spectra of the
nanocomposites (Figure 4) displayed a broad asymmetric
resonance line with an effective g-factor in the 2.04-2.10 range and
alinewidth of 70-100mT, which is typical for high-spin iron centers.
Additional signals with g-factors between 1.876 and 4.3 confirmed
the coexistence of Fe3* species in various environments [23,24].
The variation in g-values and line widths with increasing iron
concentration reflects differences in nanoparticle size, morphology,

Fe=1.6%

and relaxation dynamics of the Fe-O bonds within the polymer
matrix. In particular, a resonance signal at g=4.3 was attributed
to y-Fe,03 nanoparticles stabilized in the polymer environment
[25,26]. The nanocomposite containing approximately 1.6%
Fe exhibited the broadest asymmetric line, corresponding to a
near-equal proportion of Fe,0; and Fe;0, phases. In addition,
the presence of a signal at g=1.9-2.1 provides direct evidence for
zero-valent iron (Fe®), supporting the formation of core-shell
nanostructures, where an iron core is surrounded by an oxide shell
[27].
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Figure 4: EPR spectrum of the NC (Fe) complex (%), 1 - 1,6; 2 - 3,0; 2 - 5,8.
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Thermal stability

Thermogravimetric Analysis (TGA) results (Figure 5)

demonstrated that the pristine VT-VP copolymer decomposes
at higher temperatures (~325 °C) than the iron-containing
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nanocomposites (250-285 °C). Increasing the metal fraction
resulted in a gradual reduction of decomposition temperature by
35-70 °C, suggesting that iron species catalyze polymer degradation
processes.
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Figure 5: TGA curves nanocomposite Fe - 3.0%.

A small mass loss (~8%) occurred in the 60-155 °C range,
corresponding to desorption of physically adsorbed water.
Further decomposition between 240-385 °C was attributed to the
elimination of side groups and functional fragments from polymer
chains. The final oxidation of the hydrocarbon backbone occurred
between 390-500 °C, accompanied by the evolution of CO, and
other volatile products. These observations confirm a multistage
thermal degradation pathway, with iron nanoparticles acting as
active catalytic centers that promote oxidative and thermolytic
processes.

Electrical conductivity

The electrical conductivity of the obtained nanocomposites was
measured to be within 107**-107*°S-cm™*, which is two to three
orders of magnitude higher than that of the pristine copolymer
(3.8x107*3S-cm™). The conductivity enhancement is attributed
to tunneling electron transport between adjacent metallic
nanoparticles dispersed in the polymer matrix [28]. This behavior
demonstrates that even at low metal content, the nanocomposite
forms quasi-continuous conductive pathways, making it potentially
suitable for use in antistatic coatings and microelectronic
applications.

Stability and morphological integrity

Preliminary tests revealed that both the composition and
structure of the nanocomposites remained stable under ambient
conditions for at least one month. No visible color changes or signs
of oxidation were detected, confirming that the polymer matrix

effectively prevents nanoparticle aggregation and surface oxidation.
Conclusion

This study confirms the feasibility of Synthesizing Iron- and
Iron Oxide-Based Nanocomposites (NCs and NCCs) through
electrochemical methods involving the copolymerization of 1-Vinyl-
1,2,4-Triazole (VT) with N-Vinylpyridone (VP). The process was
carried out on electrodes composed of pure iron, magnesium, or
steel, leading to the formation of polymer-stabilized nanostructured
materials. EPR and TEM analyses demonstrated that the obtained
nanocomposites contain both zero-valent iron (Fe®) and iron
oxides (Fe,03, Fe30,). The data suggest that the particles possess
a core-shell morphology, where the metallic core is surrounded
by an oxide layer. The solubility of the materials in water is
associated with intermolecular interactions between the VT-VP
macromolecules and the dispersed metal nanoparticles, providing
structural stability and homogeneity. Thermal and electrical studies
showed that the introduction of iron significantly influences the
physicochemical behavior of the copolymer matrix. While the
presence of iron decreases thermal stability due to its catalytic role
in degradation, it simultaneously enhances electrical conductivity
by facilitating localized tunneling currents between neighboring
nanoparticles. The developed electrochemical route offers a simple,
controllable, and environmentally benign approach for producing
iron-containing nanocomposites with tailored properties. These
materials hold promise for applications in biomedicine, catalysis,
and microelectronics, where combined magnetic and conductive
characteristics are required.
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