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Article 

Vapor-Gas Deposition of Polymer Coatings on 
Metals from Azeotropic Solutions of Organosilanes 

Makarychev Yu.B. 

A.N. Frumkin Institute of Physical Chemistry and Electrochemistry, Russian Academy of Sciences, Leninsky 

pr. 31, Moscow, 119071 Russian; makarychev-1949@mail.r 

Abstract: The mechanism of vapor-gas deposition of vinyltrimethoxysilane (VS) and ethylene glycol (EG) from 

azeotropic solutions is investigated, which allows to reduce the evaporation temperature of the components of 

working mixtures. The need for such studies is associated with the development of a new direction in the 

technology of vapor-gas deposition of polymer coatings. Methods have been developed for monitoring the 

chemical composition of working solutions in evaporators using optical spectroscopy, which allow calculating 

the partial pressures of vapor phase components. Based on these studies, compositions of working solutions 

are proposed that allow to equalize the partial pressures of the components of working mixtures with a large 

difference in boiling point. A new method of vapor-gas deposition of non-volatile powder inhibitors on metals 

is proposed. Chemical compositions of siloxane coatings were determined using XPS and mechanisms of 

interaction of VS with polymerization promoters ethylene glycol and 1-hydroxy ethylidene-1,1-diphosphonic 

acid (HEDP) were proposed.  

Keywords: vapor phase deposition; organosilanes; azeotropic solutions; X-ray photoelectron 

spectroscopy; optical spectroscopy 

 

1. Introduction 

Steam-gas treatment with corrosion inhibitors is widely used for the preservation of industrial 

products during long-term storage or transportation in conditions of high humidity and aggressive 

atmosphere [1–6]. The vast majority of existing volatile corrosion inhibitors are adsorption-type 

inhibitors (VCIA) based on aliphatic carboxylic acids and amines. As a rule, these are monofunctional 

compounds having in their composition a carboxylic R =CO(OH) or an amine R-NH2 group of atoms 

through which a chemical bond with a metal is carried out. Such compounds form monolayer 

coatings that prevent the adsorption of aggressive substances on the surface of metals, but they do 

not have high barrier and mechanical properties to protect against corrosion in conditions of long-

term storage, high temperature and humidity. A distinctive feature of VCI is the selective 

chemisorption of molecules on various metals. Amine–based inhibitors are effective for metals 

having free d-orbitals (Fe, Cu, Zn) capable of forming donor-acceptor bonds [7–9] with undivided 

pairs of nitrogen electrons. Compounds containing a carboxyl group of atoms form strong chemical 

bonds with hydroxylated surfaces of light metals (Al, Mg) as a result of the condensation reaction of 

acid protons and hydroxyl groups on the metal surface [10,11]. Volatile polymer-type corrosion 

inhibitors (VСIP) based on organosilanes can form a polymer coating on the surface of metals [12,13] 
and mineral substrates with the formation of strong chemical bonds. Most VСIA compounds have 

low partial pressures at a deposition temperature of 10-7-10-5 at., which significantly complicates the 

process of metal inhibition. VCIP partial pressures can vary in any range below atmospheric due to 

the use of azeotropic mixtures. This makes it possible to obtain polymer layers with a thickness of 

hundreds of nanometers on the surface of metals at relatively low temperatures. Currently, there are 

a large number of organosilanes suitable for vapor-gas deposition on metals. The main condition is 

the presence of -Si(OR)3 groups of atoms in organic compounds. This greatly facilitates the 

preparation of inhibitory compositions for obtaining polymer coatings with desired properties. Our 

studies [14] have shown that the polymerization rate of silanols increases significantly in the presence 

of multifunctional aliphatic, carboxylic and phosphonic acids. The most suitable for these purposes 
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is ethylene glycol, which has two groups in its composition –OH, capable of participating in 

polycondensation reactions with VS molecules. In this connection, vinyltrimethoxysilane (VS) and 

ethylene glycol (EG) were chosen as the main component of polymer mixtures.The technology of 

deposition of VS from the gas phase can be used for deposition of powder corrosion inhibitors on 

metals having extremely low vapor pressures at operating temperatures of 100-150°C. The possibility 

of precipitation of HEDP and 1.2.3 benzotriazole (BTA) on steel from organic solutions together with 

VS has been investigated. It was found that solutions of HEDP in ethanol and BTA in isopropanol 

evaporate azeotropically during boiling in a wide range of concentrations. The role of organosilanes 

is to cross-link inhibitor molecules with VS molecules during their joint deposition on the surface of 

metals. The subject of the present research is the study of the mechanism of vapor-gas deposition of 

VS and powder inhibitors on the iron surface using XPS and optical spectroscopy methods. Based on 

the obtained research results, to develop optimal technologies for the deposition of VS with 

polymerization promoters and powder coatings with high barrier properties. 

2. Experimental  

2.1. Materials and solutions 

The following materials were used for steam - gas deposition 

- Vinyltrimethoxysilane (VS), (WitcoCo); CH2 = CH −Si (OCH 3)3 

- Ethylene Glycol (EG), ( Chem.avangard); HO-CH2-CH2-OH 

- 1-Hydroxy Ethylidene-1,1-Diphosphonic Acid (HEDP), (Chem.Rus) CH3C(OH)(H2PO3)2 

- 1.2.3 Benzotriazole (BTA),(Chem.Russia); C6H5N3 

- Butanol (Bt), (Chem.Russia); C4H9OH 

- Toluene (Th), (Chem.Russia); C₆H₅CH₃ 

- Isopropanol (IPA),C3H8OH ( Chem.avangard) 

2.2. Surface treatment of samples before research. 

In this work, samples of carbon steel of the St.3 were used. During X-ray photoelectron 

spectroscopy, the samples had the shape of rectangular steel plates measuring 10x10 mm, which were 

pre-cleaned with Smirdex micron great 1000 sandpaper, degreased with acetone and processed in 

ethanol. After deposition of the coatings, the samples were processed in an ultrasonic bath with 

distilled water to remove the layers physically adsorbed from the vapor phase. 

2.3. Deposition of polymer coatings from the vapor - gas phase . 

Vapor-gas deposition was carried out in a sealed chamber with a volume of 3 liters, equipped 

with a thermometer and a disk heater for evaporation of working solutions from measuring cylinders 

3. Experimental technique 

3.1. Optical research 

Optical studies were carried out using an AvaSpec-256 spectrophotometer. The range of 

wavelengths studied was 200-1160 nm with an optical resolution of 0.5-6.4 nm. The source of 

radiation was a UV lamp with excitation wavelength of 400.2 nm and radiation intensity of 743 

mW/cm2. Absorption spectra of the components of the mixtures were obtained in optical glass 

cuvettes (Chem.Rus). Fluorescence of polymer coatings was studied on a spectrometer in Scope mode 

on mirror-polished samples of 3x5 cm in size. Chemically, the composition and thickness of the 

coating were evaluated by calibration absorption spectra and XPS analysis methods. 

3.2. X-ray photoelectron spectroscopy study 
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XPS measurements were performed using OMICRON ESCA+ spectrometer (Omicron 

NanoTechnology, Taunusstein, Germany) with the Al-anode (the radiation energy 1486.6 eV and 

power 252 W). The pass energy of the analyzer was set at 20 eV, and in some cases at 10 eV to increase 

the resolution. To take into account the charge of the samples, the position of the XPS peaks was 

standardized by the C1s peak of the hydrocarbon impurities from the atmosphere, which binding 

energy Eb was taken equal to 285.0 eV. The base pressure in the analyzer chamber was kept no higher 

than 8x10-10 mbar. The spectra were deconvoluted into components after subtraction of the 

background determined by the Shirley method [16]. The element ratios were calculated using integral 

intensities under the peaks, taking into account the photoionization cross sections of the 

corresponding electron shells [17].Using the integrated intensity of the peaks and the MultiQuant 

program [18]. The thicknesses of the layers formed on the surface were calculated with allowance for 

the mean free path of the electrons, according to the Cumpson and Seah equation [19]. 

4. Experimental 

4.1. Optical research 

The chemical activity of VS is determined by the presence of three methoxy groups on the atom 

of silicon atoms, which are easily hydrolyzed to form RSi(OH)3 silanols. As a result of the 

polycondesation reaction, a chemisorption monolayer with a strong chemical bond Me-O-Si-R(OH) 

is formed on the hydroxylated surface of metals. Subsequent layers form three–dimensional cyclic 

siloxane structures [–O–SiR2–O-]n, which are the basis of the polymer coating. Thus, for the 

polymerization of organosilanes from the vapor-gas phase on metal surfaces, the hydrolysis and 

polycondensation reactions must proceed sequentially. In this mechanism of polymerization, it is 

necessary to have two evaporators for water and VS molecules in the deposition chamber (DC). Since 

the boiling points of water and VS differ by an order of magnitude, it is necessary to use azeotropic 

.mixtures to equalize their partial pressures in the chamber. According to [15], such a mixture can be 

a 40-45% solution of VS in butane (Bt). Optical spectroscopy was used to determine the concentration 

of butanol in water. Figure 1 shows calibration absorption spectra of a 40% solution of VS in butanol 

(a) and after holding the solution in the evaporator for 30 min at T =95°C (b). 

 

Figure 1. Calibration spectra of 40% VS solution in butanol (a);on spectra( b) 1-initial solution,2-after 

60 minutes of exposure at T= 95° C. 
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 As a result of evaporation of the solution, the concentration of the initial components changes. 

Table 1 shows the data the mass loss of the substance after holding the solution in the evaporator for 

60 minutes at E = 95°C. 

Table 1. Loss of mass of the substance after holding the solution in the evaporator. 

Chemical 

compound 

 

Wavelength, nm 

Intensity of the initial 

spectrum, 

% Transm/Refl 

Spectrum Intensity  

after evaporation, 

 % Transm/Refl 

Mass loss of 

substance, % 

vol 

VS 40 %  978.5  8260  6240   33.2 

Bt 60%  956.4  6940  4260   39.6 

From the data given in the table, it can be seen that the evaporation of the components from the 

solution occurs in almost an equivalent amount, that is, its composition is close to asiotropic.  

When siloxane coatings are deposited on metals from aqueous solutions, various additives in 

the form of corrosion inhibitors and promoters accelerating the polymerization of organosilanes are 

used to improve their protective properties. Only inhibitors containing at least two hydroxyl groups 

of atoms capable of participating in polycondensation reactions are suitable for the formation of a 

siloxane coating from aqueous solutions. Monofunctional inhibitors are suppressors of chains of 

polymer structures and interfere with the polymerization of trialkosilanes. For iron, (HEDP), ethylene 

glycol (EG), 1.2.3 benzotriazole (BTA) can be effective promoters and corrosion inhibitors. The most 

suitable promoter for VS vapor deposition may be ethylene glycol, since it is a liquid of simple 

chemical structure and is widely available. However, its high boiling point makes it difficult to use 

in combination with aqueous compositions. According to [15], ethylene glycol with toluene forms an 

azeotropic mixture with a boiling point of 110.8. In this connection there is a possibility of 

equalization of partial pressures of vapors of water, VS and ethylene glycol in the deposition chamber 

(DC) during vapor-gas deposition of siloxane coatings. Optical spectroscopy was used to determine 

the concentration of the components of the working mixtures. Figure 2 shows the calibration curves 

that were used for calculations. 

 

Figure 2. Calibration absorption spectra of a solution containing: 60%Ph+40%EG. 

Table 2 shows the data on the loss of EG and phenol in evaporators during combined-cycle 

deposition of VS at T = 120° C and 60 minutes of deposition. 

Table 2. Loss of mass of the substance after holding the solution in the evaporator. 

Chemical 

compound 
Wavelength, nm 

Intensity of the 

initial spectrum 

% Transm/Refl 

Spectrum Intensity  

after evaporation 

% Transm/Refl 

Mass loss of 

substance, 

 % vol 

 EG ( 40 %)  882.3  20560  15740  22.5 

 Ph ( 60%)  726.4  34520  18630  45.1 
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Due to the fact that the temperature of coating deposition becomes higher, ethylene glycol in the 

amount of 70% vol. is added to the evaporator with water. According to [22] at these temperatures, 

the vapor phase of this mixture contains 90-95% water. Table 3 shows the composition of working 

solutions in evaporators and partial pressures of VS and EG in the deposition chamber at T=120°C 

and 60 minutes of deposition time. 

Table 3. Compositions of working solutions in evaporators and partial pressures of VS and EG in the 

deposition chamber at T = 120°C. 

 Evaporators  Boiling point, °C 
 Loss of components 

of the mixture m, g 

Partial pressures P, at 

  

1.VS(60% )+ Bt  108.5  2.52  0.26  

2.EG(40%)+ Ph  110.8  1.62  0.16  

3.H2O(30 %)+ EG  112.3  3 5  0.63 

Partial pressures P in the deposition chamber were calculated using the Mendeleev-Clapeyron 

formula. 

P= mRT/µV =n x 0.0821x T/V (1) 

where µ is the molar mass of the substance, g ; m is the loss of the substance in the evaporator, g; n is 

the molar fraction of the substance; V is the volume of the chamber, l. 

Saturated vapor pressure of ethylene glycol and VS at T=100°s C according to[22] is 10-3-.10-4 atm, 

which is about three orders of magnitude less than the pressure in the deposition chamber during 

deposition of polymer coatings. It is clear that without the use of azeotropic solutions it is impossible 

to obtain polymer coatings on metals with the help of vapor-gas deposition of organosilanes. 

4.2. XPS research 

4.2.1. Studies of vapor-gas deposition of VS on iron in a two-component mixture of VS+H2O 

Vapor-gas deposition was carried out at atmospheric pressure for 60 minutes at T = 95°C. The 

vapor - gas mixture was obtained from two evaporators containing water and a 40% mixture of VS 

in butanol. The chemical composition of the surface of the samples was studied after coating, 

ultrasonic cleaning in distilled water and air drying. Table 4 shows the chemical composition of the 

siloxane coating obtained from the vapor-gas phase in VS+ H2O. 

Table 4. Chemical composition of siloxane coating obtained from the vapor-gas phase in VS+ H2O. 

Composition of mixtures  Si, % ат  C , % at  Fe, % at O, % at 

VS+H2O  11.4  52.1  3.1  33.4 

Significant amounts of silicon and carbon atoms belonging to the deposited organosilane films 

are detected on the X-ray spectra of the samples. In addition, a small amount of iron hydroxides is 

present in the composition of the coating. Figure 3 shows the XPS spectra of Si2p, on which two peaks 

can be distinguished, belonging to the silanol and siloxane groups of polymer coating.  
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Figure 3. XPS spectra of Si2p siloxane coating deposited from a vapor-gas mixture of VS+H2O at 

T=95°C. 

From these spectra it can be seen that a significant number of silanol groups did not participate 

in the polymerization of the coating. On the O1s spectra (Figure 4) three peaks can be distinguished 

related to silanol in VS, siloxane structures and water molecules, respectively. 

 

Figure 4. XPS spectra of O1s siloxane coating deposited from a vapor-gas mixture of VS+H2O at 

T=95°C. 

It can be seen from the spectra shown in Figure 2 and 3 that the composition of the siloxane 

coating includes significant amounts of silanols and water. After annealing in the furnace at T = 150°C 

for 60 minutes, the final polymerization of the coating occurs with the formation of cyclic siloxane 

structures, the spectra of which are shown in Figure 5. 

 

Figure 5. XPS spectra of Si2p (a) and O1s (b) siloxane coating after annealing in the furnace at T=150°C 

for 60 minutes. 

Two symmetrical peaks of silicon and oxygen belonging to siloxane coating structures are visible 

on this spectrum. 
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4.2.2. Studies of vapor-gas deposition of VS on iron in a three-component mixture of VS + EG + 

H2O. 

Vapor-gas deposition was carried out from three evaporators at T = 120°C for 60 minutes. The 

composition of the mixture in the evaporators is shown in Table 3. Figure 6 shows the XPS spectra of 

Si2p siloxane coating. 

 

Figure 6. XPS spectra of O1s siloxane coating deposited from a vapor-gas mixture in VS+ E G+H2O at 

T=120°C. 

In these spectra , in addition to silanol and siloxane structures , there is a peak with an energy of 

101.6 eV belonging to silicon atoms chemically bound to ethylene glycol molecules . Ethylene glycol 

having two functional groups of atoms at the end of the molecule forms bridging bonds between the 

molecules, contributing to the polymerization of the silaxane coating. 

When comparing the peaks on the spectrum, it can be seen that the number of silicon atoms 

associated with siloxane structures and ethylene glycol is approximately the same. This indicates the 

high chemical activity of ethylene glycol during polymerization of siloxane coating. The number of 

free silanol groups in the coating is significantly less than in the absence of ethylene glycol, This is 

also facilitated by higher vapor-gas deposition temperatures. 

On the C1S spectra (Figure 7) ethylene glycol molecules can include a peak with an energy of 

288.2 eV belonging to carbon in the C–OH groups. In the structural diagram (Figure 8), it is 

designated as a C3 atom. 

 

Figure 7. XPS spectra of C1S siloxane coating deposited from a vapor-phase mixture of VS+ EG+H2O 

at T=120°C. 
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Figure 8. Structural diagram of a siloxane coating on iron obtained in a vapor-gas mixture of VS + 

EG. 

The presence of methoxy groups in VS (C2) and ethoxy groups EC (C3) in the coating indicates 

incomplete hydrolysis and condensation of VS+EG molecules during precipitation. 

During high-temperature annealing, further polymerization of the silaxane coating occurs as a 

result of condensation of the remaining hydroxy structures. 

4.2.3. Investigation of vapor-gas deposition of VS with powder inhibitors. 

Cyclic azoles and phosphonic acids are widely used as volatile corrosion inhibitors of metals. 

The authors [12,23] conducted studies of vapor-gas deposition of phosphonic acids on low-carbon 

steel and magnesium alloys. In [24–29], the vapor deposition of BTA on copper, aluminum and 

magnesium alloys. In all cases, the thickness of the coatings was several monolayers. Obviously, the 

barrier properties of such coatings are not great. The ohmic resistance of charge transfer through such 

films is usually 1-10 kOhm [20,30], which is several orders of magnitude less than that of siloxal 

coatings[12,14].In this regard, it is of interest to co-precipitate these inhibitors with VS to form a 

composite coating with increased barrier properties. Powder inhibitors BTA and HEDP have low 

vapor pressures of ~10-7-10-8 at, so it is necessary to convert them into such a state that will reduce the 

evaporation temperature. Such a possibility can be realized if evaporation is carried out from aqueous 

or organic solutions. The vapor-gas deposition of BTA and HEDP on iron from solutions of these 

inhibitors in isopraponol (IPA) was investigated. The deposition was carried out from two sources, 

the composition of working mixtures in which is given in Table 5. 

Table 5. The composition of the working mixtures in the evaporators. 

Inhibitor  Evaporator 1 Evaporator 2 
Inhibitor concentration in IPA, 

M/l 

Temperature 

in evaporators, °C 

HEDP VS(60%)+Bt HEDP+IPA  0,1  95 

BTA VS(60%)+Bt BTA+IPA  0,1  95 

Preliminary studies have shown that no precipitate is formed during the evaporation of BTA 

and HEDP solutions, i.e. the inhibitors are completely evaporated during vapor deposition. XPS 

studies showed that in the absence of VS during vapor deposition of BTA and HEDP, thin loose layers 

weakly bound to the surface of iron are formed on the iron surface. In the presence of VS, siloxane 

coatings containing significant amounts of HEDP and BTA are formed. The chemical composition of 

these coatings is given in Table 6. 
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Table 6. Chemical composition of siloxane coatings deposited from VS + HEDP and VS+BTA 

vapors. 

Coating composition Si,% at P,%at C,%at N,%at O,%at 

VS +HEDP 9.2 6.1  43,6  - 42.1 

VS+BTA  10.4  -  44.7 5.5 39.4 

A significant number of inhibitors in the coating is due to the fact that they are polymerization 

promoters and are actively embedded in the siloxane lattice as shown in the structural diagram of 

Figure 9. 

 

Figure 9. Structural model of siloxane coating with HEDP. 

Using optical spectroscopy, the thicknesses of siloxane coatings obtained by vapor-gas 

deposition of VS with and without polymerization promoters were determined. Intense peaks 

associated with the fluorescence of siloxane coatings are detected on the spectra of samples obtained 

in the Scope mode . The intensity of these peaks directly depends on the thickness of the coatings. 

Figure 10 shows the fluorescence spectra of siloxane coatings on iron obtained by vapor-gas 

deposition of VS with additives of polymerization promoters EG, HEDP and BTA. 

 

Figure 10. Fluorescence spectra of siloxane coatings on iron obtained by vapor-gas deposition of VS 

with additives of polymerization promoters: 1-EG, 2-HEDP, 3- BTA. 

The thickness of the VS coatings with additives EG, HEDP and BTA was 450, 210 and 120 nm, 

respectively. Without additives, the coating thickness was 90-100 nm. From the above results, it can 

be seen that the most effective promoters of VS polymerization are EG and HEDP, which have 2 and 

4 chemically active functional groups of atoms, respectively. BTA has little effect on the deposition 

rate of siloxane coatings, but it is an effective corrosion inhibitor, especially for copper. 
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5. Conclusions 

As a result of the conducted research, the compositions of azeotropic mixtures were developed 

to equalize the partial pressures of the components of the vapor phase during the deposition of VS 

on iron. A method for determining the partial pressures of the vapor phase using optical spectroscopy 

of components of working mixtures has been developed . The main factors influencing the kinetics 

of steam-gas deposition of VS on iron were determined using XPS and optical spectroscopy. It has 

been found that the addition of ethylene glycol and phosphonic acid HEDP to the vapor phase of VS 

significantly accelerates the polymerization of organosilanes on the surface of metals. With the help 

of structural models, an explanation of the interaction of VS with polymerization promoters EG is 

given. A new method of vapor-gas deposition of non-volatile powder inhibitors on metals is 

proposed. Studies of steam-gas deposition of the most well-known powder corrosion inhibitors BTA 

and HEDP on iron have been carried out. It has been established that BTA and HEDP dissolved in 

organic solvents are transferred to the metal surface during evaporation in the form of chemisorbed 

and Vandervaals layers with a thickness of several nanometers. To obtain dense structured films of 

BTA an HEDP on the surface of metals, a technique for crosslinking Vandervaals layers with 

siloxanes during their joint deposition with VS has been developed. 
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