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[bookmark: _Hlk192515637]Abstract. In this study, an organic–inorganic hybrid polymer for the corrosion protection of steel rebars was prepared from ethyl methacrylate, 3-(trimethoxysilyl)propyl methacrylate (TMPSM), through free-radical polymerisation using different molar ratios of benzoyl peroxide as the initiator. The samples were denoted as W1, W2, and W3. Following acidic hydrolysis and condensation of tetraethyl orthosilicate with the TMPSM using the sol-gel process, both solutions were then mixed to obtain a hybrid polymer matrix containing both organic and inorganic phases. Subsequently, steel reinforced coatings demonstrated the highest adhesion levels during adhesion tests. The hybrid polymer films were then characterised using Fourier transform infrared spectroscopy to confirm their skeletal structures. The structural features of the hybrid polymeric coatings were investigated using 1H and 13C NMR spectroscopy, and the overall impacts of structure on the thermal behaviour and thermal transformation were examined using thermogravimetric analysis and differential scanning calorimetry methods, while the surface and morphological characteristics of the corrosion product films were examined using SEM and AFM. The results showed that the coatings were similar in terms of surface topography, verifying their nanoscale distribution (18–200 nm particle size).
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INTRODUCTION
Since 1854, reinforcing steel—also known as reinforcing bars—have been incorporated into structural and architectural designs in France; following the widespread use of structural concrete, steel or reinforcing bars were considered complementary to it, with the presence of steel within the concrete mass serving as the material that could resist tensile stresses, whereas the concrete resisted compressive stresses. Since then, concrete without steel reinforcement has been considered to have low tensile strength [1]. Nonetheless, steel corrosion within reinforced concrete structures [2,3] has become a challenging and common problem for engineers and architects; moreover, the early deterioration within reason steel corrosion now represents a serious threat to the quality of concrete as the primary material used in infrastructure construction.  Corrosion damage has become a major problem, related, as it is, to public safety, technical, economic, and environmental concerns. The corrosion of reinforcing steel begins when concrete is exposed to various processes that lead to an oxide layer forming on the steel surface within the concrete, especially the steel close to the surface of the concrete, owing to changes in the concrete's pH. Subsequently, chloride ions can infiltrate the concrete, creating a negative layer that displaces the protective layer and inhibits anodic decomposition of the steel [4,5]. Here, metals such as iron, aluminium, titanium, copper, magnesium, and their alloys undergo metallic corrosion owing to chemical reactions between the environment and metal surface, which transform the metal back into its original stable ore state. In the case of steel and aluminium, Cl−, O2, and H2O species can trigger the transfer of electrons and are the primary cause of corrosion [1,2].
Over the past few years, the preparation and production of sol-gel coatings that can reduce and delay corrosion have been studied. These hybrid organic–inorganic coatings are representing a new era of multifunctional materials with a variety of applications and useful features. The sol-gel process [6–8] allows for the deposition of coatings on reinforced steel with different spots using simple and inexpensive equipment at low temperatures with readily available organic solvents [9–12]. More importantly, the sol-gel process provides excellent control over the volumes and quantities of the starting compounds, ease of composition modification, and the potential to introduce functional groups [12].  represent a new era of multifunctional materials. Methyl methacrylate (MMA) was the first commonly used organic compound; it is a non-toxic, colourless, transparent monomer that is widely used in various commercial applications [13,14], and is considered to be the organic phase in most of hybrid coatings. The corresponding silicon alkoxides (silanes) produce silanol groups Si–OH, one of the monomers of which is 3-methacryloxypropyltrimethoxysilane (MAPTMS), in addition to inorganic silicon, such as tetraethyl orthosilicate (TEOS) which contains alkoxide groups, which are considered to be the inorganic phase, and it can be polymerized with organic monomers as an organic phase to produce hybrid materials with good adhesion to reinforced steel [14–18]. The polymerisation of organic and inorganic monomers can be conducted sequentially [19,20]. Organic polymerisation—conducted in the organic phase—results in the formation of linear polymers or copolymers. Inorganic monomers are incorporated during the inorganic phase—either within the polymer backbone or at the chain ends—as observed in the 3-(trimethoxysilyl)propyl methacrylate (MPTS) monomer [21,22]. Hydrolysis and condensation reactions, the degree of polymer branching, and the homogeneity of the gel determine the final chemical and physical properties of the organic–inorganic hybrid coatings [23,24]. Homogeneous gel materials are typically free of defects. For the efficient drying of the hybrid films and removal of by-products and water during the gel hardening process, the organic-inorganic hybrid corrosion-resistant coatings are prepared using the sol-gel process. After the evaporation of alcohol and water, the remaining Si–OH groups in the siloxane network within the absorbent layer (Si-O-Si) hinder the penetration of water, oxygen, and chloride ions as corrosion agents [25–27]. In this study, an organic–inorganic hybrid polymer was prepared using ethyl methacrylate (EMA) and TMPSM monomers and benzoyl peroxide (BPO) as an initiator through free-radical polymerisation (PEMA/TMPSM) as the organic phase, followed a sol-gel method based on the polymerisation of tetraethyl orthosilicate (TEOS) and 3-(trimethoxysilyl)propyl methacrylate (TMPSM) to form (TEOS/ TMPSM) as the inorganic phase. The TMPSM monomer forms covalently bonded inorganic and organic phases as a coupling agent. In this context, the volume ratios of EMA/ TMPSM and TEOS/ TMPSM were kept constant, while the ratios of the three BPO initiators were modified. The three hybrid polymers prepared were denoted W1, W2 and W3. The thermostability and structure of the hybrid coating polymers W1, W2, and W3 were studied using Fourier transform infrared (FT-IR) spectroscopy, nuclear magnetic resonance (NMR, ¹H and ¹³C) spectroscopy, thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC). The morphological characterisation and coating thicknesses of the three hybrid polymers were measured using scanning electron microscopy (SEM) and atomic force microscopy (AFM).
EXPERIMENTAL METHODS
The reagents used in this study were ethyl methacrylate (C2H5O2CC(CH3)=CH2) (EMA), 3-trimethoxysilyl)propyl methacrylate (CH2=C(CH3)COO(CH2)3Si(OCH3)3 (TMPSM), tetraethyl orthosilicate (Si(OCH2CH3)4 (TEOS), benzoyl peroxide (C6H5−C(=O)O−)2 (BPO), and ethanol CH3CH2OH, (Sigma–Aldrich). All materials were of laboratory grade and used as received. The FT-IR spectra (500–4000 cm−1) were obtained using a Tensor 27 Bruker spectrophotometer on synthesised films; the 1H and 13C NMR spectra were obtained using a Bruker Ascend 400 MHz device; the TGA/DSC curves of the hybrid films were obtained using a Mettler-Toledo device, under atmospheric air conditions and without a purging gas. The samples were heated from 25 to 518 ℃ and the surface morphology was characterised using SEM (TESCAN Vesga 3 SBH, 3.0 kV). Finally, AFM measurements were performed using an AFM/SPM DualScope device. First, the monomer (8.20 mL of EMA) with 3-(trimethoxysilyl)propyl methacrylate (2.50 mL of TMPSM) were polymerised in 25 mL of ethanol, using a molar ratio from the thermal initiator (0.025 (0.33 gm) of BPO). The reaction was conducted under constant stirring in a reflux flask over a 4 h period at 80 ℃. The polymerisation of the other hybrid polymers was performed using the same approach, but the volumes were kept constant, while the BPO initiator ratios were varied. The initiator molar ratios were (0.05 (0.66 gm) of BPO) and (0.1 (1.32 gm) of BPO) and the three hybrid polymers prepared were denoted as W1, W2 and W3, respectively. The polymerisation mechanism is as shown below [28–31].


Next, the inorganic monomer 3-(trimethoxysilyl)propyl methacrylate (MPTS), which contained the acrylic end, was added by injection [28].


The product obtained was kept until completion of the second stage, which was hydrolysis and condensation. Here, in a separate step, the inorganic polymer was prepared by the hydrolysis and condensation (sol-gel reaction) of silicon alkoxide (4.5 mL of TEOS) with (2.5 mL of TMPSM). The TEOS was hydrolysed in an ethanol solution with acidified water (3.00 mL ethanol, 2.00 mL H2O) using drops of nitric acid for 1 h at 25 ℃ under constant stirring in a closed flask [28].



Finally, the inorganic constituent was added to the reflux flask containing the organic constituent. At this stage, the polymerisation products from the first and second stages were mixed at a temperature of 80 ℃ for 5 min to obtain the homogeneous hybrid solution used to coat the steel rebars [28].




Carbon steel rebars were obtained in two sizes, that is, 10 mm diameter × 3 cm length, and 10 mm diameter × 10 cm length. Without knowing the chemical composition of the steel in advance, we lacked information about the proportions of elements used in its manufacture. Before coating, the bars were polished using silicon carbide sandpaper (iron paper) and cleaned in an ethanol ultrasonic cleaning for 15 min, before being dehydrated with nitrogen. The bars were immersed in a nitric acid solution for 5 min at 25 ℃, cleaned with ethanol, and dehydrated again with nitrogen. In each hybrid polymer solution, the steel rebars were immersed for 1 min and then treated using the films obtained from the remaining hybrid polymer solution at 160 ℃ for 3 h to remove the solvent and complete the coating process. Figure 1 shows photographic images of several steel rebars coated with the hybrid monomers [30,31].
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FIGURE 1. Photographic images of several steel rebars coated with hybrid monomers (a) steel rebars size 10 mm diameter
 × 3 cm length, ) steel rebar size 10 mm diameter × 10 cm length

RESULTS AND DISCUSSION
[bookmark: _Hlk193222598]Table 1 and Figure 2, in addition to (Figures S1 and S2 in the Supplementary Information) present the normalised FT-IR spectra of the organic-inorganic hybrid polymers that were used to compare the FT-IR spectra of different BPO/EMA molar ratios. Figure 2 shows carbonyl group C=O stretching for W1 at 1718 cm−1, the peak being slightly shifted at 1720 cm-1, and conjugated with the double bond C=C at 1640 cm-1, owing to the C=C of the aromatic ring of the initiator. The W2 and W3 samples exhibit peaks at 1720 cm-1 from the ester of the organic phase. Here, -CH3 rocking, C-H bending, and C-O-C skeletal vibrations, exhibit distinct bands that were practically identical in all samples, that also applied to symmetrical and asymmetrical stretching; the peaks at 1086, 1054, and 898 cm−1 in the spectrum could be designated to the ethoxy Si−O−C2H5 group of TEOS and methoxy O-CH3 groups of MPTS. Additionally, the peaks at 1028, 1026, 936, 901, 898, 890, and 831 cm−1 could be attributed to the Si−O−Si stretching vibrations formed during the condensation and hydrolyzation processes. The TMPSM or inorganic phase exhibited many characteristic bands, attributable to Si−CH stretching vibrations at 784, 749, 705, and 701 cm−1. The region between 2987 and 2901 cm−1 could be attributed to the C-H stretching vibrations for all samples, the CH2 and CH3 groups of TMPSM and PEMA, and the Si–OH related groups, which appeared as a result of the hydrolysis and condensation reactions [28,32–35].
TABLE 1. The primary peaks observed in the FT-IR spectra for organic-inorganic hybrid polymers.
	Vibrational modes of the chemical bond
	Sample W1
(0.33 g of BPO)
	Sample W2
(0.66 g of BPO)
	Sample W3
(1.32 g of BPO)

	Carbonyl group (C=O) vibrations from the ester
	1718 cm−1
	1720 cm−1
	1720 cm−1

	-CH3 rocking, C-O-C skeletal vibrations, C-H bending
	1453, 1393 cm−1
	1478, 1450, 1390
cm−1
	1478, 1450, 1390 cm−1

	C−O asymmetric stretching and Si−O−CH2CH3 symmetrical stretching 
	1251, 1054, 1086 cm−1
	1243, 1144, 1086
cm−1
	1223, 1143, 1086 cm−1

	Si-O- groups of TEOS and groups of Si-O-Si peaks, which appeared later.
	898 cm−1

	1028, 936,831
cm−1
	1026, 901, 890, 780 cm−1

	Si−CH stretching
vibrations
	784, 701 cm−1
	749, 705 cm−1
	749, 705 cm−1


	C-H stretching
	2987, 2901 cm−1
	2983, 2901 cm−1
	2986, 2901 cm−1

	Si–OH groups 
	3745, 3672 cm−1 weak band
	3740, 3372 cm−1 weak band
	3742, 3672, 3543 cm−1 weak band
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FIGURE 2. FT-IR spectra of the organic–inorganic hybrid polymer W1.

[image: A diagram of a chemical reaction

AI-generated content may be incorrect.]
FIGURE 3. 1HNMR spectra of the organic–inorganic hybrid polymer W1.

[bookmark: _Hlk193228843]Figure 3, in addition to Figures S3 and S4 in the Supplementary Information, present the 1H NMR spectrum and classified chemical structure of the hybrid polymer W1. Figure 3 shows that peaks observed at δ = 3.49 ppm (i) and δ = 3.30 ppm (i) and (j), owing to the protons of -COOCH3 and OCH2-. The proton peak of the -CH2- groups observed at δ = 2.73 ppm (e) and (f), the proton peak of the -CH2- group observed at δ = 1.84 ppm (g), the proton peaks of the -CH2- and -CH3- groups (e), (d) observed at δ = 1.40 and δ = 1.42 ppm, respectively, the proton peaks of the -CH3 groups (b), (c) observed at δ = 1.37 ppm, and the proton peaks for groups related to the Si–OH groups (a) observed at δ = 1.33 ppm, owing to the hydrolysis and condensation reactions.       
Figure S3 shows the 1H NMR spectrum and classified chemical structure of the hybrid polymer W2. Figure S3 shows that the peaks observed at δ = 3.74 ppm (i) and δ = 3.52 ppm (i) and (j), owing to the protons of -COOCH3 and OCH2-. The proton peak of the -CH2- group observed at δ = 2.50 ppm (e) and (f), the proton peak of the -CH2- group observed at δ = 1.80 ppm of the TMPSM (g), the proton peaks of the -CH2- and -CH3- groups (e), (d) observed at δ = 1.37 and δ = 1.36 ppm, respectively, the proton peaks of the -CH3 groups (b), (c) observed at δ = 0.88 ppm, and the proton peak for the Si–OH groups (a) that preceded it observed at δ = 0.87 ppm.  
[bookmark: _Hlk195872288]Finally, Figure S4 shows the 1H NMR spectrum and classified chemical structure of the hybrid polymer W3. Figure S4 shows that the peaks observed at δ = 3.57 ppm (i) and δ = 3.38 ppm (i) and (j), owing to the protons of the -COOCH3 and OCH2- groups, the proton peak of the -CH2- group observed at δ = 2.50 ppm (e) and (f), the proton peak of the -CH2- group observed at δ = 2.09 ppm of the TMPSM (g), the proton peaks of the -CH2- and -CH3- groups (e), (d) observed at δ = 1.43 and δ = 1.41 ppm, respectively, the proton peaks of the -CH3 groups (b), (c) observed at δ = 1.19 ppm, and the Si–OH related to groups (a) observed at δ = 0.86 ppm, owing to the hydrolysis and condensation reactions. The peaks observed could be accurately attributed to the chemical structures of the hybrid polymers W1, W2, and W3, indicative of their correct preparation. 
Figure 4, in addition to Figures S5 and S6 in the Supplementary Information, show the 13C NMR spectra used to identify the chemical hybrid structure of the polymer W1. Figure 4 shows that the peak of ester carbon (C=O) appeared at 167 ppm, whereas the vinyl carbon (C=C) peaks appeared between 128 and 135 ppm, owing to the carbon atoms of the initiator aromatic ring. These peaks also appeared in the FT-IR spectra, the ethoxy group (CH3CH2O) carbon peaks appearing at 62 ppm, the methyl carbon tied to the ethoxy group (C-C), appearing at 25 ppm, and the quaternary carbon peaks appearing at 40 ppm
The 13C NMR spectra of the polymer W2 corresponded to the hybrid polymer W1, as shown in Figure S5. Here, the ester carbon atoms peak was absent, whereas vinyl carbon (C=C) peaks appeared between 129 and 130 ppm, for the same reason mentioned previously, which was the presence of carbon atoms in the initiator aromatic ring. The ethoxy group (CH3CH2O) carbon peaks appeared at 62 ppm, the methyl carbon tied to the ethoxy group (C-C), appeared at 25 ppm, and the quaternary carbon peaks appeared at 40 ppm. 
Figure S6 shows the 13C NMR spectra of the polymer W3. Here, the absence of the peak attributes with the ester C=O carbon atoms (170–180 ppm) suggests that the polymerisation was complete for all acrylates groups, However, cross-linking of the polymer could not be excluded. Vinyl carbon (C=C) peaks appeared between 129 and 130 ppm. The ethoxy group (CH3CH2O) carbon peaks appeared at 62 ppm, the methyl carbon tied to the ethoxy group (C-C) appeared at 25 ppm, and the quaternary carbon peaks observed at 39 ppm [36].
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	FIGURE 4. 13CNMR spectra of the organic–inorganic hybrid polymer W1.

Figure 5, in addition to Figures S7 and S8 in the Supplementary Information, shows the degradation events of hybrid polymers in air. The TG and DSC curves were analysed to assess the thermal degradation, stability, and depolymerisation events in an oxidative atmosphere. The W1, W2, and W3 samples contained two phases—that is, the organic and inorganic phases. Thermal degradation of the organic phase was shown to be somewhat thermally stable (T₀) in the 25–250 ℃ range, with a mass loss of 13% for W1, 20% for W2 and 19% for W3. The weight lost within this range could be attributed to broken bonds, elimination of the remaining volatile molecules presented within the organic–inorganic hybrid sol-gel collection, and random depolymerisation. At 518 ℃, the hybrid polymers were completely degraded, and a residue was formed by the silica and carbon charcoal [29,37,38].
Figure 5, in addition to the remaining figures in the Supplementary Information, show the DSC curves for the first heating cycles for all samples. Figure 5 shows that the endothermic step of the glass transition degree of the organic–inorganic hybrid polymer was detected between 37 and 100 ℃, although precise determination of the glass transition degree was not possible using conventional DSC; however, using DTG curves (the first derivative of TG), through which it was possible to note the temperature range of individual steps, proved to be more valuable. Consequentlly, the exothermic step of the cold crystallisation peak (Tc) was located at a lower temperature, as the gas was released, this phenomenon takes place during curing reactions and is often concealed due to the simultaneous endothermic evaporation of minor gaseous substances, including the solvent and water.
The melting onset temperature (Tm) was determined to be 341, 302, and 365 ℃, respectively, for all samples. Moreover, signs of the beginning of cross-linking appeared in samples W2 and W3, as shown by the endothermic peak before the thermal degradation events. Degradation appeared at a temperature of 400 ℃, with complete degradation being reached at a temperature of 518 ℃. For all samples, there were polymerisation defects, which confirmed the order of the polymer chains, owing to differences in the molar ratios of EMA/BPO, increasing initiator content, and the increase and decrease in the number of free radicals created from thermal decomposition [29,37,38].
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FIGURE 5. TG and DSC curves of the organic–inorganic hybrid polymer W1.

Figure 5, in addition to the remaining figures in the Supplementary Information, show the DSC curves for the first heating cycles for all samples. Figure 5 shows that the endothermic step of the glass transition degree of the organic–inorganic hybrid polymer was detected between 37 and 100 ℃, although precise determination of the glass transition degree was not possible using conventional DSC; however, using DTG curves (the first derivative of TG), through which it was possible to note the temperature range of individual steps, proved to be more valuable. Consequentlly, the exothermic step of the cold crystallisation peak (Tc) was located at a lower temperature, as the gas was released, this phenomenon takes place during curing reactions and is often concealed due to the simultaneous endothermic evaporation of minor gaseous substances, including the solvent and water.
The melting onset temperature (Tm) was determined to be 341, 302, and 365 ℃, respectively, for all samples. Moreover, signs of the beginning of cross-linking appeared in samples W2 and W3, as shown by the endothermic peak before the thermal degradation events. Degradation appeared at a temperature of 400 ℃, with complete degradation being reached at a temperature of 518 ℃. For all samples, there were polymerisation defects, which confirmed the order of the polymer chains, owing to differences in the molar ratios of EMA/BPO, increasing initiator content, and the increase and decrease in the number of free radicals created from thermal decomposition [29,37,38].
Figure 6 shows the SEM images used to examine the microstructure and thicknesses of the organic–inorganic hybrid polymers applied as a reinforced-steel coating. All sample films exhibited a similar appearance for the coating synthesised with molar ratios of the BPO/EMA and TEOS/TMPSM mixtures. SEM observations showed the formation of smooth, uniform, and crack free protective films, without visible pores or flaking. However, the hybrid film coatings exhibited some defects, that is, the emergence of silica aggregates on the film surfaces was evident. In general, all films exhibited similar appearances owing to the effect of the inorganic content in the hybrid polymer on the coating morphology [29,39,40].	
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FIGURE 6a,b,c,d,e,f. SEM micrographs for the prepared hybrid coating films.

Figures 7(a), 7(b), 7(c) and 7(d), in addition to Figures S9 and S10 in the Supplementary Information, present topographical images obtained using AFM, recorded by scanning an area of 4.18 μm2 (4180 nm). Figures 7(a) and 7(b) show the uniform morphology of the hybrid films and smoother surfaces with some areas containing small agglomerates, owing to the presence of a more condensed silica phase. However, no defects, cracks, pores, or inhomogeneities were evident on the coated samples, owing to the compatibility of the proportions used in the polymerisation reaction containing the organic and inorganic phases. 
[bookmark: _Hlk193319557]The thickness of the coating film of sample W1 was measured using a 3D profilometer, the thickness being 30 ±0.3 μm. As shown in Figure 7(c), the size of the silica particles in the histogram ranged from 0–23.28 nm. Moreover, Figure 7(d), shows that the mean diameter ranged from 0–200 nm. Generally, the reason for the size gradation of silica particles is their tendency to agglomerate within the polymer matrix. Moreover, the regularity of the surface corresponds to the atomic number of silica, specifically the atomic radius of silica in the polymer film. As these particles are the only ones that hybridise with the polymer, this means that the surface is topographically uniform at the atomic scale.
Figures S9 and S10 in the Supplementary information show that the other samples (W2 and W3) exhibited similar features to sample W1, the thickness of the coating film being 31 ±0.3 μm for both W2 and W3. The dimensions of the silica particles in the histogram graded from 0–18.13 nm and 0–26.39 nm, respectively, and the mean diameter ranged from 0–175 nm and 0–250 nm, respectively [29,39,40].
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	FIGURE 7. (a),(b) AFM images of the polymer film topography of sample W1. (c) 3D representation of a particle diagram, (d) average particle diameter.
CONCLUSIONS
In this study, we prepared coatings from hybrid monomers of EMA (as the organic phase) and silica in TMPSM and TEOS (as the inorganic phase) by changing the molar ratio of the thermal initiator—specifically, 0.025 (0.33g) for W1, 0.05(0.66g) for W2 and 0.1(1.32g) for W3—using ethanol as the solvent. These coatings were then positioned on steel rebars. The hybrid polymer coatings presented homogeneous surfaces, free from cracks and visible pores, and offered higher scratch resistance and improved adhesion to the steel rebars. FT-IR, NMR, TG, and DSC analyses revealed the formation of the hybrid polymer structures. It was evident that the best performing samples W2 and W3. These samples had acceptable thickness and contributed to prolonging the lifetime of the coatings. The TG and DSC analyses revealed that the samples had thermal stability up to 250 ℃, and a highly cross-linked silica network. These results suggest that the W2 and W3 sample coatings represent an interesting alternative to conventional corrosion protection systems.
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