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Introduction

Abstract

The problem of biofouling remains relevant for the maritime industry and
shipping. The most effective method of combating it is the use of antifouling
coatings. Antifouling coatings with metallic biocidal additivesare the most
effective today. Such coatings suppress biofouling, but at the same time have a
negative effect on the environment due to the leaching of heavy metal ions into
seawater. At the same time, the ban on highly toxic compounds in coating
formulations stimulated the need to develop new, environmentally friendly and
effective solutions. Today, self-polishing coatings are one of the most
promising. Due to the low surface energy and adhesion, microorganisms are
casily washed away by streams of water. To do this, the ship needs to increase
its speed. To minimize the primary attachment of organisms to the surface, self-
polishing coatings use biocides. Coatings based on quaternary ammonium salts
(QACs) are one of the most promising areas of biocides in this field. Such
coatings combine such qualities as efficiency, environmental friendliness, and
durability. In this article, we describe the production of new biocidal coatings
based on MT resins (silsesquioxanes based on mono-(M) and trifunctional (T)
alkoxysilanes) modified with quaternary ammonium salts. We have developed a
method  for the synthesis of  organosilicon  derivatives  of
tetramethylethylenediamine and the further production of MT resins based on
them. A technique for coating metallic substrates has been developed. The
antibacterial properties of the compounds obtained were studied, as well as tests
for marine fouling. Studies of the obtained samples for antibacterial properties
have established that the coatings inhibit the growth of both gram-positive and
gram-negative bacteria, as well as inhibit the process of marine fouling. Marine
fouling was assessed by increasing biomass on coated steel plates immersed in
tropical waters near Dam-Bay Island (Nha Trang). The coatings were exhibited
for a total of 1 year. The self-polishing properties of the coatings were evaluated
by surface treatment with strong water pressure.
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disabled by corrosion processes, creating the
risk of major accidents and environmental

The problem of biofouling remains relevant for
the maritime industry and shipping. Biofouling
is the process of accumulation and growth of
various microorganisms, plants and animals on
surfaces in seawater. This process is detrimental
to most materials, as it leads to corrosion,
reduced performance and complete destruction
(Li & Sun, 2022; Vishwakarma, 2019).

Marine vessels, machinery, coastal
infrastructure, buoys and other objects in
contact with seawater are subject to biofouling
processes. This process significantly shortens
their service life (Kirschner & Brennan, 2012).
Facilities such as piers, oil platforms, coastal
structures, and tidal power plants can be

disasters (Yebra ef al., 2004). All these negative
consequences lead to enormous economic
losses. Which, according to average estimates,
exceed 180 billion per year (Kamensky et al.,
2020; Chambers et al., 2006). The most
effective method of combating it is the use of
antifouling coatings. Antifouling coatings with
metallic biocidal additives are the most
effective today (Chen er al, 2021). Such
coatings suppress biofouling, but at the same
time have a negative effect on the environment
due to the leaching of heavy metal ions into
seawater. At the same time, the ban on highly
toxic compounds in coating formulations
stimulated the need to develop new,
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environmentally friendly and effective solutions
(Muadtrap et al., 2025; Brzozowska et al., 2014).

All antifouling coatings are conditionally
divided into three groups depending on their
mechanism of action (Egghe er al., 2023):

1) Release of an antibacterial agent. The
mechanism of action of coatings, based on the
release of an antibacterial agent, is the leaching
of biocidal compounds as a result of their
diffusion into an aqueous medium and hydrolysis
of covalent bonds. Despite its effectiveness, this
approach has significant limitations related to the
negative impact on the environment due to the
toxicity of continuously released substances.

2) Contact destruction. In such coatings,
antimicrobial agents are covalently fixed to the
surface using flexible polymer chains. Upon
contact with the cell, the long hydrophobic radicals
of the agent physically perforate its membrane,
leading to lysis and death. Cationic compounds
(QACs, chitosan, Antimicrobial Peptides) and
enzymes are the most effective for this mechanism
based on direct membrane interaction.

3) Anti-adhesive coatings. The effect of such
coatings is based on a non-cytotoxic mechanism
that prevents the very initial stages of biofouling,
that is, the adhesion of microorganisms to the
surface. The key components are polymers such
as polyethylene glycol (PEG) and zwitter ions,
which create a hydrated barrier that effectively
counteracts the adsorption of proteins and cells.
However, the main disadvantages of such
systems are the lack of stability in long-term
operation, as well as the complexity of their
synthesis and application.

Organosilicon  coatings  modified  with
quaternary ~ ammonium  salts are  an
environmentally friendly alternative. They have
a number of advantages: relative cheapness,
safety for the environment and humans, a
combination of excellent mechanical properties,
and ease of production (Zhang er al., 2023;
Wang et al., 2025; Yang et al., 2024).

QACs are ionic antibacterial compounds
consisting of a positively charged hydrophilic
head and a negatively charged hydrophobic tail.
In the composition of an QACs, a nitrogen atom
is bound to four organic groups, which gives the
molecule a positive charge (Spettel ef al., 2017).

The mechanism of the antifouling effect of such
coatings is to prevent the formation of a layer of
adsorbed microorganisms on the surface, which
prevents the further fouling process of larger
organisms from developing (Haldar er al.,
2005). Thus, at the first stage, electrostatic
adsorption of a negatively charged cell
membrane with a positively charged surface of
the material occurs on the surface of the
coating. After their contact, perforation and
destruction of the membranes of microbial
cells occur, which eventually causes cell lysis
(Dipak et al., 2021).

One of the main advantages of QACs as
antibacterial agents is their ability to
covalently bind to polymer matrices. Due to
this feature, indelible coatings can be created
on the basis of the QACs. Such coatings are
much safer for the environment, as well as
more durable (Luan ef al., 2018).

As tests have shown, coatings based on QACs
combine such qualities as efficiency,
environmental friendliness, durability
(Rittschof, 2010; Fusetani, 2004). In this article,
we describe the production of new biocidal
coatings based on organosilicon MT resins
modified with quaternary ammonium salts and
methyltriethoxysilane. As part of this study,
coatings on steel plates were examined for
marine fouling in tropical waters of Vietnam
and their effectiveness in terms of fouling
control was demonstrated.

Materials and Methods
Materials

Tetramethylethylenediamine,

bromohexadecane, chloroform, hexamethyl-
disiloxane, methyltriethoxysilane, acetyl
chloride, acetic acid, toluene, sodium carbonate,
sodium sulfate, and PDMS were purchased

from Sigma-Aldrich. Solvents were
preliminarily distilled before use.
Methods

Synthesis of primarily alkylated TMEDA

An equimolar amount of TMEDA (8 ml, 6,9 g,
0,06 mol) was mixed in a flask with 3-
chloropropyltriethoxysilane (5,3 ml, 5 g, 0,03
mol) in an argon atmosphere. Dimethylformamide
was used as a solvent. The reaction mixture was
kept for 24 hours, heating was carried out in an oil
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bath under argon. The resulting substance was
isolated from solvents, dried in vacuum and used
without further purification.

'"H NMR (250 MHz, ppm, CDCls) §: 3,81-3,76
(t, 2H ,-CH»-N"), 3,62-3,55 (t, 2H , N"-CH>»-),
3,43 (s, 6H , N*-CH3), 2,75-2,73 (t, 2H , N-
CH>»-), 2,27 (s, 3H , N-CHs), 1,78-1,60 (m, 2H ,
N*-CH,-CH>»-), 1,39-1,18 (m, 26H , -CH»-CH>-
CH»-), 0,88-0,83 (t, 3H , CH»-CH3).
|
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Scheme 1. Synthesis of primarily alkylated TMEDA

Synthesis of secondary alkylated TMEDA
(TMEDA-2)

The primary quaternized TMEDA (5 g, 0.01
mol) obtained by the previously described
method was mixed in a test tube with 1-
bromohexadecane (3 g, 2,8 ml, 0,01 mol) in an
equimolar amount and  dissolved in
Dimethylformamide. The reaction mixture was
stirred for 24 hours, heating was carried out in
an oil bath under argon. The resulting substance
was isolated from solvents, dried in vacuum and
used without further purification.

'H NMR (250 MHz, ppm, CDCls) &: 4,86-4,51
(t, 4H ,-CH>-N"), 3,61-3,84 (t, 2H , N*-CH»-),
3,63-3,51 (s, 12H , N"-CH3), 3,50-3,31 (s, 9H ,
Si-O-CH3), 2,96-2,72 (m, 2H , Si-CH»-CH»-
CHy), 1,92-1,72 (m, 2H , Si-CHy-CH-CH),
1,41-1,14 (m, 28H , -CH>-CH>- CH»-), 0,92-0,80
(t, 3H, CH>-CH3), 0,80-0,69 (t, 2H , Si-CH»-).
\
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Scheme 2. Synthesis of secondary alkylated
TMEDA (TMEDA-2)

Synthesis of MT resin modified with secondary
quaternized TMEDA

Hexamethyldisiloxane (0,2 g, 0,3 ml, 0,0017
mol) methyltrimethoxysilane (1,5 g, 1,7 ml,
0,008 mol) (an excess of 5 times) and 2%
TMEDA-2 (0,1 g, 0,00012 mol) were loaded
into a double-necked flask with a magnetic
stirrer, then anhydrous acetic acid (2,5 ml) and a
catalytic amount of acetyl chloride were added.
The mixture was heated to 100°C under reflux
and left to mix at this temperature for 24 hours.
After the synthesis, the reaction mass was
poured into a glass, toluene was added, sodium
carbonate was added until the gas release
stopped, then the mixture was dried with
sodium sulfate. The inorganic precipitate was
filtered out and evaporated from toluene. The
resulting substance was studied by 'H nuclear
magnetic resonance (NMR) spectroscopy.

"H NMR (250 MHz, ppm, CDCl3) &: 1,36-1,19
(m, 26H, -CH»-CH,-CH>-), 0,89-0,84 (m, 3H ,
CH»-CH3), 0,21-0,04 (m, 3H , Si-CH3).

Obtaining coatings on metal

10x10 cm metal substrates were previously
degreased with acetone and ethanol. To prepare
a coating solution, 1 g of PDMS was mixed
with an appropriate amount of MT-resin and
dissolved in toluene. The resulting solution was
applied with a spray gun to a prepared surface.
Three types of coatings with different
concentrations of the antibacterial agent were
obtained (0,1%, 1%, 10%, 20%). The coatings
were cured in a drying cabinet for 3 hours at a
temperature of 150°C. Table 1 shows the
compositions of the coatings obtained.

Table 1. Compositions of organosilicon coatings based on crosslinked MT resins*

# 1 2 3 4

= MT-resin MT-resin MT-resin MT-resin

2 (HMDS+MTEOS+T (HMDS+MTEOS+TME | (HMDS+MTEOS+TME | (HMDS+MTEOS+TME

§ MEDA qw. C16) 10% | DA qw. C16) 20% + DA qw. C16) 1% + DA qw. C16) 0.1% +
+ PDMS PDMS PDMS PDMS

"HMDS - hexamethyl disiloxane; MTEOS - methyl triethoxysilane.
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Results

Selection of Optimal Monomer Synthesis
Conditions

To establish the optimal temperature regime of
the TMEDA quaternization reaction, it was
carried out in the temperature range of 80-130
°C. In this case, 3-chloropropyltriethoxysilane
was used as an alkylating agent in a chloroform
medium with a constant reaction time of 24
hours and a molar ratio of 1:1. The results of the
dependence of the yield of the target product on
temperature are shown in Table 2.

Table 2. Dependence of the product yield of the TMEDA
quaternization reaction on the reaction temperature

Ne  Temperature, °C Yield of the product, %

1 80 78
2 90 85
3 100 88
4 110 92
5 120 95
6 130 90

Thus, as a result of the experiments, a clear
dependence of the monomer yield on the

reaction temperature was established. The
optimal temperature for the quaternization
process is 120°C, as it ensures the maximum
yield of the target product (95%).

The General Scheme of Obtaining Film

Figure 1 diagrams of the
experiments carried out in this work. Figure 1a
schematically shows the chain of synthesis of
MT resin containing biocidal fragments of
QACs. The proposed resin structure is shown
on the right, which consists of a branched
silsesquioxane structure containing a certain
number of silanol groups (/ units). Thus, due to
the presence of reactive silanol groups, the
possibility of crosslinking MT resin with
functionalized PDMS opens up due to the
reaction of heterofunctional condensation
between the silanol groups of MT resin and the
APTES residues contained at the end of the
PDMS chain. Figure 1b shows the stages of
obtaining coatings. The first stage is the
production of MT resin. The second stage is
the manufacture of a compound for
application. The third stage is the application
of the compound on steel plates.

shows the

"a.
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TMEDA-2

synthesis of MT resin

MT-resin

preparation of composition
with MT amd PDMS-APTES

PDMS-APTES

casting the films

Figure 1. The general scheme of obtaining film: chemical scheme of synthesis of MT-resin (a); general
techniques of film preparation (b).
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Discussion

Dependence of Antifouling Properties on the
Percentage of QACs
Based on the results of the study, it is possible to

observe a clear dependence of the quality and
antifouling properties of the coating on the
percentage of the antibacterial agent (TMEDA-2).
The quantitative data obtained is shown in Figure 2.

Figure 2 shows the plates: (a) coatings before
testing; (b) immediately after 12 months of
exposure in the sea; (c) after cleaning with a water
jet. These images demonstrate the self-polishing
properties of the coatings. Specifically, Sample 1
was easily cleaned of biofouling after one year in
the marine environment.

Figure 2. Initial plates before exposure with different active biocide content (a); after 1 year of exposure (b) and after
washing with water pressure (c).

Surface Morphology

Sample 1 was examined using scanning
electron microscopy (SEM) after a year in the
tropical waters of Vietnam. Elemental analysis
(EDS) (Figure 3) of the coating revealed the

preservation of nitrogen content of ~10 atom.%.

This indicates that the antibacterial agent was
not washed during long-term operation and
remained in the polymer matrix. Thus, the
coating retains its antifouling properties after a
year of operation, which indicates its durability.
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Figure 3. Elemental composition and morphology of the surface of sample 1 according to SEM data.

Conclusion

Antifouling  coatings were  obtained by
copolymerization of an antibacterial agent and a
polymer matrix. The antibacterial agent synthesized
by us was an organosilicon derivative of the
quaternary salt of TMEDA, from which MT resin
was subsequently obtained. We have developed a
technique for applying an antifouling coating using
a spray gun. Based on field tests, it was found that
the optimal content of the antibacterial agent in the
coating is 20%. In addition, the EDS analysis
confirmed that the coating retains its antibacterial
properties after a year of operation at sea. The
detection of nitrogen in the coating after long-term
exposure indicates the resistance of the biocidal
fragment to leaching, which is a necessary
condition for maintaining antifouling properties
throughout the entire service life of the coating.
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