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Abstract: Nowadays, the search for and development of new forms of materials with biocides
is an actual problem of the modern science of nanosized materials due to the problem of
microbiological contamination, which can be solved by using nanocontainers carrying biocides.
Depending on the morphology of the nanocontainers and the filled active agents, it is possible to
create coatings with specially designed self-healing functionality or multifunctional properties.
The purpose of this work was to produce submicro-containers (SMCs) with a shell of SiO,
nanoparticles and a core of polymerized 3-(trimethoxysilyl) propyl methacrylate filled with
5-dichloro-2-n-octyl-4-isothiazolin-3-one (DCOIT) in an oil in water (O/W) emulsion. The chemical
nature of the individual components of the system and nano-capsules were investigated using
NMR spectroscopy. The size and zeta potential of the SMCs were measured by a dynamic light
scattering method (d = 170-180 nm, polydispersity index PDI = 0.125 and zeta-potential = 55 mV),
the morphology of their outer surface was determined using SEM. The results of NMR analysis
showed that during the addition of the biocide into the SMCs, its chemical structure is retained, as is
its activity. Minor changes in the chemical shifts of the 'H NMR spectra of the SMCs with DCOIT,
as well as of the biocide itself, confirm the inclusion of DCOIT inside the SMCs.

Keywords: nano-containers; NMR; encapsulation; biocide

1. Introduction

One of the urgent tasks of modern scientific and applied colloid chemistry and nanotechnology is
the development of promising effective technologies for the encapsulation of active reagents, which
are widely used in various industries [1-8]. In this respect, composite materials that can effectively
modify practically important properties of dispersed systems are promising for the development of
nanotechnologies and the production of new nanomaterials.

Currently, there is an intensive growth of research on the formation of micro-and nano-containers
with unique properties and high potential for the development of effective medicines, pharmaceuticals,
and paint materials.
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The development of materials with the ability to restore its main function is currently one of the
fastest growing areas in materials science. In particular, protective coatings with the characteristics of
an autonomous healing or restoration of their protective function are of great interest in the study of
surface destruction processes, such as corrosion, biological fouling, and other factors affecting metal
structures. It is possible to obtain such materials by microencapsulation of protective active agents via
their incorporation into protective coatings [2-6].

Depending on the morphology of the containers and the filled active agents, coatings with specially
designed self-healing functionality or multifunctional coatings can be created. In [9], for example,
the possibility and conditions for the formation of nano- or submicro-capsules loaded with hydrophobic
active ingredients (alkoxysilanes) into the matrix of coatings with a self-lubricating effect are considered.

Advanced methods for the study of microorganisms are used, which should be of great help in
efforts to develop more effective antimicrobials to solve specific problems. The study of biocides with
minimal negative environmental impact led to the creation of “green” biocides, a striking representative
of which is 4,5-dichloro-2-n-octyl-4-isotriazolin-3-one (DCOIT). The main advantages of this biocide
are that it has the widest spectrum of antimicrobial activity at already very low concentrations [10-12],
it shows a self-regulation of concentration in aqueous media due to its poor water solubility [10-13].

To obtain highly effective submicro-dispersed materials with an antimicrobial active agent it
is important and promising to develop and test polymer coatings containing submicro-containers
(SMCs) loaded with a biocide. To develop SMCs with an antimicrobial agent systematic studies of the
physicochemical properties of both constituent components and emulsions, their colloidal chemical
properties in bulk and at various interfaces were investigated.

Another stage of research is the determination of biocide content in SMCs by NMR spectroscopy.
DCOIT is an antifoulant widely used in marine biofouling as an alternative biocide for TBT (tributyltin),
the use of which is forbidden due to its toxic effects on the marine environment. DCOIT showed better
environmental behavior [14], as compared with TBT. DCOIT is a chlorinated isothiazolone used as a
broad-spectrum booster biocide in antifouling paints, where it affects both soft- and hard-fouling. It is
easily biodegraded with a reported half-life in natural seawater between 24 h and 3 days [11].

DCOIT is approved in the EU as an active substance in biocidal products of type 21—antifouling
agents (No 437/2014 of 29 April 2014) [15]. It diffuses easily through cell membranes and cell walls [16],
and causes oxidative stress in the cell followed by necrosis [17]. The mechanism of its toxic action
seems to consist of the formation of free radicals [18] and in blocking the oxidative stress defense
system. DCOIT inhibits glutathione reductase by irreversible binding to active centers of enzymes,
and thereby, decreases the amount of cellular glutathione [16,17].

The authors of [18] address biologically influenced corrosion by electrodepositing 4,5-dichloro-
2-n-octyl-4 isothiazolin-3-one(DCOIT)-zinc composite films for enhanced corrosion resistance.
Investigated by electrochemical methods, energy dispersive spectroscopy distribution mapping,
and infrared absorption spectroscopy, a deposition mechanism was proposed, wherein the DCOIT
molecules chelated the zinc ion participate in electrodeposition. The DCOIT-zinc chelate produced
obvious alterations in the surface morphology and crystal orientations.

In our previous work [19] the encapsulation of DCOIT into containers with a polyurea shell was
developed. The obtained micro- and nano-containers were characterized from their morphology and
colloid-chemical properties and can be used for inclusion into new functional materials and coatings,
providing them with long-term activity against a wide range of microorganisms. The studies revealed
a monodispersity and positive charge of the containers, which have a folded morphology [19].

The adsorption ability of humic acids in the presence of different biocides like cyproconasol,
propiconasol, tebuconasol, irgarol 1051, and DCOIT and the chemical composition of humic acids from
brown coal (Aldrich) were studied by element analysis, 1*C NMR spectroscopy, and potentiometric
titration [20]. The adsorption ability of the mixtures was higher than that of the individual components.
The limiting concentrations of humic acids at which the adsorption of the biocides was maximum
were determined.
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Nuclear magnetic resonance spectroscopy is widely used as an analytical and quantitative method
for studying the structure of substances. It is an analysis method that uses the magnetic properties
of some atomic nuclei that can absorb radio frequency energy when placed in a magnetic field,
a characteristic force to identity the nuclei.

NMR spectroscopy of solutions has proved to be a powerful tool in the structural characterization
of all types of chemical compounds [21]. NMR is also an invaluable tool for the qualitative and
quantitative analyses of polymers, enabling the description of subtle molecular details. The chemical
shift is the NMR parameter most often used for structure determination, although analysis of coupling
patterns, relaxation behavior, or nuclear Overhauser enhancements can supply additional details.
The multidimensional NMR approach allows complex chemical structures to be fully described by
facilitating correlations of various spectral parameters [21].

Therefore, in this work, we studied the preparation of nanocapsules, the determination of
the biocide content in SMCs and their characterization using scanning electron microscopy and
NMR spectroscopy.

2. Materials and Methods

2.1. Materials

As the oil phase, 3-(trimethoxysilyl) propyl methacrylate (TPM) was used to prepare nanocapsules,
obtained from AlfaAesar, 97%, GmbH. Ludox AS-40 (Sigma-Aldrich Co., St. Louis, MO, USA).
Hydrophilic non-aggregated amorphous silica nanoparticles obtained from Sigma-AldrichCo, Ludox
AS-40, with the size 20-25 nm were used as the stabilizing agent for the preparation of the oil in
water O/W emulsions. The oil-soluble biocide 4,5-Dichloro-2-n-octyl-4-isothiazolin-3-one (DCOIT)
was introduced into the TPM. In the synthesis, Milli-Q water with a specific resistance of 18 M()-cm at
25 °C was used. Other chemicals and solvents used are summarized in Table 1.

2.2. Methods

2.2.1. Preparation of SMCs

Details of the synthesis of SMCs has been presented previously in [22]. To obtain a Pickering
emulsion, the initial 40% concentrated suspension of hydrophilic non-aggregated amorphous silica
particles was diluted about 15 times in deionized water, i.e., 2.0 g of a suspension of silica was added
to 40 mL of deionized water containing 128 mg Irgacure 2959 as initiator (water solubility 7.6 g/L at
25 °C) (2-hydroxy-4’-(2 hydroxyethoxy))-2-methylpropiophenone.

To prepare the oil phase in 1.6 g TPM, 0.16 g DCOIT and 128 mg the initiator Irgacure 651
(2,2-dimethoxy-2-phenilacetophenone) were added. Then it was added to the prepared aqueous phase
in a ratio of 1:19. Hand mixing was applied for a few seconds and the mixture was left in order for
spontaneous emulsification to occur at room temperature for 24 h. The Pickering emulsions were
prepared with the addition of DCOIT biocide in the oil phase.

The following two steps were used to prepare the O/W emulsions: hydrolysis and
polycondensation. After TPM hydrolysis reaction with water, the formed silanols interact with silanol
groups on the surface of the silica suspension particles and the latter become partially hydrophobic as
a result of the polycondensation reaction occurring on their surface. Such particles contribute to the
formation and subsequent stabilization of the Pickering O/W emulsion, which forms spontaneously in
the system.

I step: Hydrolysis:

HsC

HO
(0] 1
Si CH Q e
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II step: Polycondensation:
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The emulsion was filtered, then the polymerization process was carried out under UV-Vis for
20 min by stirring with a magnetic stirrer at a speed of 350-400 rpm. The nanocontainers thus obtained
were separated from the residues of the reaction mixture by centrifugation at 18,000 rpm and washed
with Milli-Q water 2 times with intermediate centrifugation under the same conditions. The finished
SMCs were dried for 12 h at 35 °C.

The size and zeta-potential of SMCs were determined by dynamic light scattering, the details of
which are presented elsewhere [22].

2.2.2. NMR Spectroscopy

AllNMR measurements were performed at room temperature on a JNM-ECA Jeol 400 spectrometer
operating at a frequency of 400 MHz using chloroform as solvent. The chemical shifts are measured
relative to the signals of residual protons or carbon atoms of deuterated chloroform.

2.2.3. SEM Scanning Electron Microscopy

The morphology of the outer surface of the SMCs was investigated by using a high-resolution
scanning electron microscope (SEM, Control LEO 1550). The SMCs characterized in this study for SEM
were prepared by drying droplets of diluted emulsions on special substrates.

3. Results and Discussion

In our previous work [22], the colloid chemical properties of subnano-containers loaded with a
biocide were studied by dynamic light scattering using the Zeta Sizer Nano ZS (Malvern Instruments,
Great Britain).

Suspensions of finished SMCs showed a very high degree of monodispersity. The average capsule
size after polymerization was 146.1 nm and polydispersity PDI = 0.125 (Figure 1).

Due to the fact that the shell of micro- and nano-capsules was formed by partially hydrophobic
silica nanoparticles, the zeta potential of the obtained containers was determined by the electrokinetic
properties of these particles, i.e., sub-microcontainers had a rather high negative charge at pH = 7.
By measuring the zeta potentials, it was proven that after polymerization, the dispersed systems
become more stable and less susceptible to aggregation and sedimentation, since the zeta potential of
the emulsion droplets after polymerization increases to almost —67.9 mV (Figure 2).
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Size Distribution by Volume

Volume (Percent)

Size (d.nm)

— TPM+DCOIT + 5102, 24 h, before filtration
TPM+DCOIT + Si02, 24 h, after filtration
— TPM+DCOIT+Si02, 24 h, after polymerization

Figure 1. Size distribution curves of Pickering emulsion submicro-containers (SMCs) with a
shell of silicon dioxide nanoparticles and a core of substituted polymerized 3-(trimethoxysilyl)
propyl methacrylate (TPM) with 5-dichloro-2-n-octyl-4-isothiazolin-3-one (DCOIT) before and after
polymerization [22].

Zeta Potential Distribution

400000

300000

200000
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100000
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Figure 2. Zeta potential of SMCs [22] (three times repeated).

3.1. Analysis of the NMR Spectra of the Sample DCOIT

To control the polymerization process, as well as to control the preservation of the chemical
structure of the biocide in the SMCs, 'H and *C NMR analysis were performed.

The 'H NMR spectrum of a compound is characterized by the presence of a triplet multiplet in
the high-field part of the spectrum in the region of 0.83-0.86 ppm, with an integrated intensity of *H
protons of the H-13,13,13 methyl fragment. Methylene protons H-8-12 of the octyl fragment resonated
with a ten-proton multiplet in the region of 1.23-1.28 ppm. Methylene protons H-7,7 and H-6,6 appeared
with a quintet at 1.67 (2H, 376.8 Hz) and a triplet at 3.77 (2H, 31 7.8 Hz) ppm, respectively (Figure 3).

In the '3C NMR spectrum of the compound, the signals of the octinyl substituent are observed at
14.18 (C-13), 22.69 (C-12), 26.47 (C-7), 29.14 (C-8, 10), 29.43 (C-9), 31.79 (C-11) and 45.23 (C-6) ppm.
The carbon atoms of the five-membered heterocyclic ring resonated at 115.09 (C-4), 138.32 (C-5) and
161.92 (C-3) ppm. (Figure 4).

Figures 3 and 4 show the model 1H and 13C NMR spectra of the DCOIT sample obtained in the
ACD Labs program. The 1H and 13C NMR spectra of DCOIT are shown in Figures 5 and 6, respectively.
It should be noted that the order of the 1H and 13C NMR spectra of the DCOIT sample corresponds
to the order of their arrangement in the model spectra. In the proton spectra of DCOIT, there is also
a correlation between the number of corresponding protons in the molecule and the value of their
integral intensity.
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The structure of DCOIT was also confirmed by the methods of two-dimensional NMR spectroscopy
COSsY (‘H-'H) (Figure 7) and HMQC (‘H-13C) (Figure 8), which allows one to establish spin—spin
interactions of a homonuclear nature. The observed correlations in the molecule are presented in the

diagrams (Figure 9).
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(b)

Figure 9. Correlation diagram in the COSY (a) and HMQC spectra (b).

The obtained one-dimensional 'H and!>C NMR spectra of the DCOIT sample made it possible to
state, unequivocally and reliably, that they correspond to the desired chemical structure according to
the literature [16].

3.2. Analysis of NMR Spectra of SMCs of TPM without Biocide in Chloroform

The 'H NMR spectrum of the compound is characterized by the presence of three singlet signals
at —0.03, 1.59 and 3.19 ppm. The weak singlet signal at 3.19 ppm is probably due to the presence of
methoxy groups in the material. The signals at —0.03 and 1.59 ppm are probably due to the presence of
methylene and hydroxy-silicon protons (Figure 10).
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Figure 10. 'H NMR spectra of SMCs without biocide.
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3.3. Analysis of NMR Spectra of SMCs of TPM with DCOIT

The NMR spectrum of 'H SMCs TPM containing DCOIT is characterized by the presence of three
singlet signals at —0.03, 1.59 and 3.19 ppm.The signals at —0.03 and 1.59 ppm are probably due to the
presence of methylene and hydroxy-silicon protons (Figure 11).
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Figure 11. 'H NMR spectra of SMCs with DCOIT.

Tables 1 and 2 show the content of TPM and DCOIT (10% wt.) in the SMCs.

Table 1. Changes of chemical shifts 'H NMR of TPM in a sample of sub-microcontainers with

10% DCOIT.
TH NMR Results, ppm
Sa.mple-l o S.ample-z AS = (59 — 5)
(SMCs without Biocide) (SMCs with 10% DCOIT)
Sample-1-1 -0.03 —-0.02 —(-0.01)
Sample-1-2 1.59 1.58 -0.01
Sample-1-3 3.19 3.20 0.01

Table 2. Changes of chemical shifts 'H NMR of DCOIT in the SMC sample with 10% DCOIT.

TH NMR Results, ppm
DCOIT in Chloroform (- “S,iatll?ll’(l)ﬁ/f]) corn  88=6o-9)
(DCOIT)-6 3.77 3.79 0.02
(DCOIT)-7 167 1.69 0.02
(DCOIT)-8,9,10,11,12 126 128 0.02
(DCOIT)-13 0.85 0.86 0.01

Table 1 shows changes in 1H NMR chemical shifts of TPM samples in the absence of DCOIT
and in the presence of 10% biocide. It has been shown that the presence of DCOIT in the container
insignificantly alters the TPM chemical shifts of the shielding supply (Sample-1-1 and Sample-1-3) and
de-shielding (Sample-1-2) of TPM protons by the biocide. A slightly larger change in the chemical



Colloids Interfaces 2020, 4, 56 11 of 13

shifts of DCOIT protons is present when they are placed in SMCs (Table 2), and only shielding of
biocide protons is present.

The 'H and 1*C NMR spectra of the SMCs of TPM with different concentrations of 5%, 10%, 15%
of DCOIT, as well as the spectra of SMCs of TPM with different concentrations of silicon dioxide were
also investigated. In the NMR-spectroscopic picture, different concentrations of biocide and SiO, did
not bring significant changes. The atoms of silicon dioxide in the NMR spectra did not appear, while a
change in the concentration of the biocide lead to a proportional increase in the integral intensity of the
corresponding signals in the NMR spectrum.

To obtain SMCs, a polycondensation reaction was used, and TPM polymer fragments were
fixed on a silicon surface. This will make it difficult for the capsule shell to dissolve when placed in
deuterated chloroform. Accordingly, the process of isolating the biocide into the organic solution from
the capsule will be difficult. Perhaps an insignificant part of DCOIT will still pass into chloroform as a
result of extraction.

The morphology of the outer surface of the SMCs was carried out using a high-resolution scanning
electron microscope.

The analysis of the pictures of the SMCs made by scanning electron microscopy shows that the
obtained capsules have a spherical shape, the size of which corresponds to the results of the size
distribution curves, which show the formation of sub-microcontainers (Figure 12).

Figure 12. SEM micrographs of SMCs with DCOIT.

4. Conclusions

The creation of polymer coatings containing SMCs with a biocide is necessary, important,
and promising for obtaining highly effective submicro-size dispersed materials with an antimicrobial
active agent. To achieve the goal of developing SMCs with an antimicrobial agent, complex and
systematic studies of the physicochemical properties of both constituent components and emulsions,
their colloidal chemical properties in bulk and at various interfaces were carried out.

The SMCs with a shell of silicon dioxide nanoparticles and a core of polymerized 3-(trimethoxysilyl)
propyl methacrylate and filled with the biocide DCOIT as an O/W emulsion were obtained.
High-resolution magnetic resonance 'H and '3C was used to study the chemical nature of the
SMCs. The morphology of the SMCs was determined by scanning electron microscopy and confirmed
by measuring their size and zeta-potential by dynamic light scattering.

The results of NMR analysis showed that during the addition of the biocide into the SMCs,
the chemical structure of the latter is retained in the containers and it is possible to detect its activity.
Minor changes in the chemical shifts of the 'H NMR spectra of the TPM micro- and nano-containers
with DCOIT, as well as the biocide itself, confirm the inclusion of the latter in the SMCs. This is due
to the intermolecular interaction of protons and carbon atoms of the SMCs of TPM and the DCOIT
molecule. A slight change in the chemical shift values of 'H NMR of both SMCs and the DCOIT
substrate entering their cavity suggests the relatively weak intermolecular interaction between the
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receptor container and the substrate. It can be noted that the DCOIT alkyl chains are most flexible and
undergo the strongest deviation in the process of supramolecular interaction.
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