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Abstract
This article continues the review of studies (2006–2016) dealing with the passivation of
various metals by solutions of organic corrosion inhibitors. It provides an overview of
papers on the passivating properties of mono- and diphosphonic acids and their salts. The
results of corrosion and electrochemical studies, as well as studies on the composition and
structural features of surface layers on metals by a variety of physicochemical methods are
considered.
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Phosphonic acids form an extensive class of phosphorus-containing organic compounds
with general formula R–P(O)(OH)2, so it is evident that the simplest of them are dibasic
acids. Even they are capable of forming a four-membered chelate cycle with cations of
certain metals. Phosphonic acids can also be polybasic, such as, for example, the widely
known nitrilotris(methylenephosphonic) (NTP) or 1-hydroxyethylidene diphosphonic
(HEDP) acids, respectively, with the formulas:

Such compounds are often called phosphonate complexons, because they contain
basic and acidic donor centers that interact with metal cations to form at least two cycles
ensuring a high stability of complex compounds [1]. Complexons are often called chelating
ligands, and their complex compounds are called chelates. The high saturation of many
complexons with functional groups makes them capable of complexing with cations of
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various metals, thus opening the possibility for phosphonic acids to be chemisorbed and for
the complexes themselves to be used as corrosion inhibitors.
A valuable property of phosphonate complexons and complexonates of metals,
especially zinc, is that they can be used in reagent treatment of water for protection against
scaling and corrosion. This property is well covered in several books [1–7], many reviews
and papers; therefore, it will not be considered here. The main attention will be paid to the
passivating ability of mono- and diphosphonates that form self-assembled monolayers
(SAMs) on the surface of metals and their oxides.
Although studies of SAMs began as far back as in the 1940s, their intensification in
relation to the protection of metals and their passivation started much later. In this function,
phosphonates are of great interest not only as an anticorrosive means, but also as adhesion
promoters for polymer coatings [8–10]. It should be noted that the widespread practical
use of SAMs for the passivation of metals was apparently hampered by the long time of
their formation and the frequent need for the use of inflammable solvents. In recent years,
the range of phosphonic compounds used for passivating modification of technical metals
and methods of its implementation has increased significantly, so we can hope that their
practical application will also increase.
Mono- and diphosphonic acids and their salts
The possibility of using alkylphosphonic acids to form SAM on engineering metals such as
Fe, Al, Cu and their alloys was demonstrated back in the 1990s. For example, Van Alsten
[10] found a good correlation between the length of the SAM main chain and the
characteristics of the “coated metal/SAM/polymer” system, and also considered the effect
of treatment time when self-assembly occurs directly from the binder polymer phase. He
came to the conclusion that the procedure for the production of SAM using
alkylphosphonic acids on conventional engineering metals is a versatile way for modifying
their surface. It was found that α,ω-metal-bisphosphonate SAMs, formed due to
complexation of organic acids and acid-containing polymers (fluoropolymers and
copolymers of methacrylic acid), can be used to construct the polymer/SAM/metal
interfaces that possess surprising durability.
By the middle of the first decade of this century, it became clear that phosphonic acids
are among the main three classes of organic compounds that, like thiols or silanes, can
form dense SAMs on many surfaces, including the oxides of practically important oxidized
metals (Fe, Al, Ti), thus preventing corrosion of metals and their alloys [11].
Iron and steels. E. Kalman et al. [12] used electrochemical methods to measure the
kinetics of formation of SAMs on Armco iron by 1-alkyl-phosphonic acids
CH3(CH2)nPO3H2 (APhCn+1) and α,ω-diphosphonic acids H2O3P(CH2)mPO3H2 (where n =
6, 7, 8, or 10, and m = 7, 8, or 9) in an aqueous solution with pH 7.0 that was adjusted by
addition of NaOH. They found that the corrosion potential (Ecor) of Fe in an aqueous
solution containing 1.0 mmol APhC10 changed relatively slowly and reached its maximal
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value after 4 days. The authors interpreted this as direct evidence about adsorption of
corrosion inhibitors and its influence on the dissolution rate of iron.
The protective properties of APhCn+1 on iron surface were characterized by EIS
method after 6 days of electrode immersion in the aqueous solution. In this case,
interpretation of electrochemical measurements was based on the equivalent circuit shown
in Figure 1. In this circuit, Rp, i.e., polarization resistance, is the resistance to charge
transfer of Fe dissolution in pores/pinholes of the adsorption layer. This value provides
information about the quality of the film.

Figure 1. Equivalent circuit proposed to simulate the impedance of modiﬁed iron [12]. Rs is
solution resistance; Rp is polarization resistance; Rpor is pore resistance of the surface layer
(SAM); Qdl is CPE of the double layer; QI is CPE of the surface layer.

The interface was described by nonideal, frequency dependent capacitance (ZCPE=
1/[Q(j)]) and deviation from an ideal capacitance was attributed to the inhomogeneity of
the substrate metal. The interfacial capacitance was mainly determined by the properties of
the SAM formed. It was found that Qdl strongly depends on the length of the adsorbate
molecules. When organic molecules were adsorbed, the structure of the double layer
changed, leading to a decrease in Qdl. The longer the molecule, the smaller the Qdl value
and a stronger interaction between the alkyl chains can be assumed.
A continuous increase in Rp with increasing duration of electrode exposure in the
solution was observed for all the alkyl phosphonates studied. Their adsorption layers
significantly reduced the dissolution rate of Fe. Together with the decrease in Qdl values,
an increase in the  exponent of CPE can be observed, suggesting a decrease in interface
inhomogeneity during adsorption. The authors concluded that, judging by the Rp values
obtained after prolonged exposure of the electrode in solution (several days), the protective
layer had a continuous and dense structure. At the same time, the value of QI characterizing
the surface layer also slowly decreases with increasing chain length.
The authors also studied the formation of protective layers on Fe by α,ω-diphosphonic
acids and found some difference between it and the formation of adsorption layers by the
APhs discussed above. Although an ordered structure and orientation of diphosphonates
were observed to a certain degree, only qualitative information could be gained. In
addition, the maximum protection was achieved after 4 days of adsorption, suggesting the
completion of surface layer formation, whereas in the case of adsorption of
monophosphonates, it continued to improve even after 10 days.
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Based on the results of these and polarization studies, it was concluded that monoand diphosphonic compounds with long alkyls are capable of forming adsorption layers
with a significant protective effect. The main difference between them, according to the
authors, is that monophosphonates can form monolayers, providing hydrophobization of
the surface of iron surface, while diphosphonates can form thin polymolecular layers due
to the intermolecular interaction between phosphonate groups.
An investigation of the protective properties of α, ω-diphosphonic acids with respect
to Fe was continued in [13]. A significant decrease in the anodic currents with increasing
adsorption time was observed in the region of active Fe dissolution potentials, which was
considered by the authors as a confirmation of the assumption that this process takes place
only on uncovered sites of the metal surface. No effect of adsorption duration on the
current density in the passive state of the electrode or on the cathodic reaction of O 2
reduction was observed. Since the authors believe that the use of H2O3P–(CH2)m –PO3H2 as
adhesion promoters is more promising than the use of APhs, their ability for “self-healing”
of a thin protective layer was studied. For this purpose, after a passive film was formed for
4 days on the electrode, a scratch was made on the electrode using a sharp knife, and it was
ascertained that complete healing of the artificial defect occurred in 3 h.
It should be added that the investigated alkyl monophosphates are substantially more
hydrophobic than H2O3P–(CH2)m –PO3H2, which, if adsorbed by two phosphonate groups,
appear to form a less densely packed adsorption monolayer. In the second part of this
review [14], a similar situation observed by Japanese researchers was already discussed
when comparing the adsorption of mono- and α,ω-dicarboxylates on iron. On the other
hand, if just one phosphonic group serves as the “anchor” group, the terminal second
hydrophilic phosphonic group prevents the surface hydrophobization and remains free to
form complexes with the metal cations present in the solution, including Fen+.
The situation can change if two phosphonate groups are located on one side of the
molecule and are linked together through a bridging group, e.g., –CH2N(Alk)–CH2 –, as in
N-tetradecyl-N-dimethylenediphosphonic acid whose adsorption on low-carbon steel in a
wide pH range (7 ≤ pH ≤ 13) was investigated in [15]. In this case, a more dense packing of
organic anions is possible, and the relatively long alkyl imparts good barrier properties to
the phosphonate film. When Me2+ cations are present in the solution, they can serve as a
cross-linking bridge, as shown in Figure 2. Cations such as Ca2+, Mg2+, Fe2+, Zn2+, etc., can
play this role.
It should be recognized that over the past decade, much more work had been devoted
to studies on the protection of Fe and steels from corrosion by APhs than by alkyl
diphosphonates. These studies can be divided into two groups. The first of these includes
works in which the protective properties of APhs with a relatively small alkyl length, C7 –
C10, were studied, which made it possible to obtain their thin layers, including SAMs, in
aqueous solutions [16–26]. In the second group more hydrophobic monophosphonic
compounds were studied, mainly octadecylphosphonic acid (APhC18), that cannot be
applied from aqueous solutions [27–33].
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Figure 2. Possible scheme of adsorption of N-tetradecyl-N-dimethylenediphosphonic acid in
the presence of Ca2+ on a steel surface with cross-linking between molecules.

The APhs from the first group adsorbed from aqueous solutions form protective layers
on iron surface, which can suppress the dissolution of the metal and stabilize its passive
state. It was established in [16, 17] that the oxide plays an important role in the adsorption
of phosphonates on iron. To obtain a stable oxide film with controlled thickness,
potentiostatic passivation of iron in a borate buffer solution with pH 8.4 was carried out.
Phosphonate layers were formed by immersion of previously oxidized iron specimens into
a 1 mM aqueous solution of APhC8 with pH 7.0 for various periods of time (from 10 min
to 100 h). The phosphonate layer on the passive iron surface was studied by SEI, AFM
methods [16], conversion electron Mossbauer spectroscopy (CEMS), and X-ray powder
diffractometry [17].
It was found that phosphonate groups are more strongly bound to the oxide surface,
and the surface of metallic iron is disadvantageous for the formation of a phosphonate
layer in aqueous solutions. The value of Rp related to the charge transfer resistance of Fe
dissolution in pores and the defectiveness of the adsorption layer was considered as an
indicator of the passive layer quality. The change in Rp in time has shown that the rate of
anodic dissolution is constantly decreasing due to the time-dependent formation of a
protective phosphonate layer.
The kinetics of formation of the phosphonate layer on passive iron is determined by
the potential applied previously for the formation of a passive film. The higher the
passivating potential applied, the more stable oxide film was formed, providing more
favourable substrate for surface interaction of phosphono groups favoring the protective
layer formation.
According to the results obtained by CEMS, the relative content of iron
oxide/hydroxide in the surface layer decreases during the phosphonation of passive iron.
The authors believe that the iron oxide/hydroxide is partially transformed into iron
phosphonate, as indicated by the change in morphological homogeneity detected by AFM.
Later, supplementing the studies of CEMS with the XPS method, the authors of [18]
proved the presence of a phosphonate layer with a thickness of about a monolayer on the
passive iron surface. It was shown that in an aqueous 0.1 M NaClO4 solution the value of
Rp is higher than 70 kOhm·cm2 and the protective effect Z is higher than 98%. They
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concluded that “the oxide plays an important role in the stability of the protective layer, but
the bare surface of iron is disadvantageous for phosphonate binding.”
However, introduction of APhC12 in a borate buffer solution with pH 7.3 revealed
some important features of its effect on the passivation of mild steel (St3) [19]. APhC12
was introduced into the studied solution containing no corrosive anions in the form of a
dispersion in the same buffer, or at C = 5 mmol/l it was dispersed directly in it. The oxide
film formed in air during the preparation of the electrodes was removed by reduction in the
solution at a cathodic potential, E = –0.65 V, for 20 min.
It follows from the anodic polarization curves of steel obtained after the cathodic
reduction of the primary oxide film in the deaerated 1.0 mM PhC12 solution that the
passivation current density decreases by almost an order of magnitude, and when it was
increased to 5 mM, the curve showed no active dissolution of steel and Ecor increased by
0.30 V (Figure 3).

Figure 3. Anodic polarization curves of St3 low-carbon steel in a deaerated borate buffer
solution with pH 7.3 containing APhC12 (in mmol/l): 1 – 0.0; 2 – l.0; 3 – 5.0 [19].

It is significant, as the authors have previously shown, that the presence of APhC12Na2
in the solution does not prevent the reduction of the oxide film. However, for steel
electrodes sealed at E = 0.2 V in a buffer solution without and in the presence of 5 mM
APhC12, there is a significant difference in the dependence of E on time () during
galvanostatic cathodic polarization at i = 10 A/cm2. In the first case, the delay of the
potential characteristic of iron oxide reduction was observed on the E = f() curve, whereas
it was completely absent in the second case (Figure 4). This fact allowed the authors to
assume that APhC12 is able to protect St3 by the “nonoxide passivation” mechanism in a
manner similar to that previously proved for the anions of certain higher carboxylic acids
[4, 14].
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Figure 4. Chronopotentiograms of St3 steel in deaerated borate buffer solution with pH 7.3 at
cathodic polarization, i = 10 μA/cm2, after passivation of the electrode: 1 – by anodic
polarization in borate buffer to E = 0.2 V; 2 – same, but with an exposure time of 10 min at
E = 0.2 V; 3 – by anodic polarization, but with preliminary cathodic activation in the presence
of 5 mM APhC12 rather that in the pure buffer [19].

The composition of the passivating layers on steel in an APhC12Na2 solution was also
studied by means of reflectance Fourier transform IR-spectrometry (FTIR). It was found
that the maximum amount of adsorbed phosphonate is observed when cathodic surface
reduction is carried out in the presence of APhC12Na2 in deaerated buffer. Although the IRstudy did not confirm the formation of any APhC12Na2 compound with iron, the authors
suggested that the passivation of steel is not accompanied by the formation of an oxide, but
is due to the chemisorption of phosphonate on the freshly formed steel surface during the
reduction of the oxide on it.
The anodic behavior of low-carbon steel in a borate buffer solution in the presence of
sodium salts of APhs with general formula CnH2nPO3, n = 7–10, was studied in our
laboratory as well [20, 21]. The best passivating ability was observed in the case of
octylphosphonate (APhC8), which was studied in more detail. It was found that the
standard time of the electrode exposure in the solution prior to Ecor stabilization (15 min) is
insufficient in the case of APhC8. Its potential continues to change and is stabilized only in
1.0–1.5 hours. At the same time, 0.3 mmol/l of APhC8 ensures the transfer of steel into a
passive state and slightly improves its stability, judging by the increase in Ept (Figure 5a).
With an increase in t to 60°C, an even smaller Cin = 0.1 mmol/l of APhC8Na2 is required
for spontaneous passivation of steel, although in this solution the passivation is unstable
and the value of Ept is more negative than in the initial buffer (Figure 5b). This behavior of
steel was explained by the fact that APhC8 can prevent the oxide film growth on steel. The
concentration of the corrosion inhibitor is too low to withstand competition in adsorption
with corrosive Cl– since CCl is two orders of magnitude higher. With the growth of Cin the
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lack of steel protection by APhC8Na2 disappears and Ept increases. In addition, it was also
shown there that APhC8Na2 is well adsorbed on both the reduced (at E = –0.65 V) and preoxidized (at E = 0.29 V) steel surface. Its adsorption can be adequately described by the
Frumkin isotherm with (Ga0 ) = 36.31 kJ/mol; a = 1.46 and 29.63 kJ/mol; a = 1.45,
respectively. It is easy to see that APhC8 is better adsorbed on a clean than on oxidized
surface of low-carbon steel. This conclusion is different from that made by Hungarian
researchers [15, 16] who studied the behavior of Fe in aqueous perchlorate solutions. The
difference in the adsorption of anionic corrosion inhibitors on Fe and low-carbon steel has
already been discussed in [14, 22] with respect to salts of carboxylic acids. However, while
the transition at E = –0.65 V from a pure Fe electrode to low-carbon steel whose surfaces
are free of an oxide film attenuated the adsorption of an effective corrosion inhibitor –
sodium flufenaminate, adsorption is enhanced in the case of APhC8. From a practical point
of view, this is an advantage of APhC8.

Figure 5. Anodic polarization curves of low-carbon steel in a borate buffer solution (pH 7.4)
containing 0.01 M NaCl and APhC8 at concentrations, mmol/l [20]: a) at t = 20°C, 1 – 0.0;
2 – 0.2; 3 – 0.3; 4 – 4.0; b) at t = 60°C, 1 – 0.0; 2 – 0.1; 3 – 1.5; 4 – 3.0.
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Yet another peculiarity of the passivating properties of APh is revealed when one
considers their effectiveness in the homologous series: APhC5 (0.11) – APhC7 (1.17) –
APhC8 (1.70) – APhC9 (2.23) – APhC10 (2.76). In this series, the hydrophobicity of
molecules increases, judging by the value of log P given in parentheses. For APh above
C10, difficulties with the stability of the neutral solutions of the corrosion inhibitors are
possible, since their hydrophobicity increases with a further increase in the alkyl length.
Note that octylphosphoric acid (log P = 2.13) and dibutylphosphoric acid (log P =
2.2), let alone nonanoic acid CH3(CH2)7COOH (log P = 3.43), are more hydrophobic than
APhC8 (log P = 1.70). At pH 7.4, the anions not only of APhC8 but also of APhC10 are
hydrophilic (log P = –1.37 and –0.84, respectively). Undoubtedly, a positive factor is that
compounds with log P < 3.0 have a good passivating ability, as according to [23] they are
less prone to bioaccumulation in organisms, especially in those living in water. This should
reduce the environmental hazard of the metal passivation technology.
In addition, the well known synergism of the protective action of phosphonate
complexones and zinc salts [4, 24, 25] can be successfully transferred to the passivation of
steels in aqueous solutions of even more hydrophilic alkyl carboxylates. For example,
according to [26], APhC3 itself has weak protective properties in water containing only
60 mg/l of Cl– and even at CAPh = 150 mg/l the protection efficiency is Z ≤ 40%. However,
a composition of 75 mg/l APhC3 with 100 mg/l Zn2+ provides Z = 90%, demonstrating the
synergy in steel protection. As expected, the mixed corrosion inhibitor slows down both
electrode reactions, and the protective film consists of the [Fe(III)/Fe(II)/Zn(II)–APhC3]
complex, Zn(OH)2, as well as iron oxides and hydroxides.
As for higher APh, they proved to be convenient objects of investigation for revealing
the mechanism of formation of SAM and binding them to the surfaces of various metals. In
this aspect, their hydrophobicity should also be considered as an important factor. Telegdi
et al. [27] chose several phosphonates that were very different by the hydrocarbon part of
the molecule for their study. These included APhC12, undecylenephosphonic acid (UPhA)
containing a double bond in the C11 hydrocarbon chain, APhC16, a styrene–styrenephosphonic acid copolymer, and a phosphonic acid with a long fluorinated alkyl (APhF), whose
composition, unfortunately, was not reported. Molecular films were applied from organic
solvents (with Cin = 5 or 50 mmol/l) to carbon steels and stainless steels coated with an
oxide layer. The exposures of steel samples were varied from 15 min to 48 h. The modified
surfaces were characterized by the contact angle of wetting with water (), using a
dynamic surface tensiometer; the sample was immersed into water at a speed of 5 mm/min
to a depth of 8 mm. Protection against corrosion of steels by the molecular films was
evaluated by measuring the linear polarization resistance in a solution containing NaCl and
Na2SO4.
The  angles on the surfaces of steels after treatment with organic solutions of the
investigated phosphonates and SAM formation were more than 95°. The highest values
were observed in the case of APhF,  = 118° (for 316LN steel) and 129° (for carbon steel).
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Treatment of steels with an UPhA solution did not impart hydrophobic properties to
the surface of samples, and to cause polymerization of the adsorbed layer it was
additionally illuminated with UV light (λ = 254 nm) for 30 min. The two-stage treatment
increased the value of , which indicates an increase in the compactness of the adsorption
layer due to polymerization of UPhA on its double bond. Improvement in the hydrophobic
properties of SAM can be achieved by increasing the time of its formation. In fact, an
increase in the formation time from 4 h to 24 h for carbon steel increased  from 83° to
107°. A similar picture was observed on stainless steel 304 with APhC12, where 
increased from 95° (15 min) to 118° (24 h). However, an increase in the concentration of
the reagent had little effect on .
The results of the polarization resistance measurements showed that adsorption of
APhF effectively protects carbon steel from corrosion, especially after the SAM formation
for 4 or 24 h when the corrosion rate was less than 0.15 mm/year. On the contrary, the
adsorption layers formed on the steel in the solution of copolymer studied, despite the
presence of a large hydrophobic part in its molecule, were not resistant to the action of the
corrosive aqueous solution and did not protect the steel from corrosion. The authors
believe that the reason for this was the absence of a well-ordered layer structure.
Recently, in another work [28] the influence of the processing time of 304L stainless
steel by ethanol solutions of 5.0 mM APhC4, APhC8, APhC10 or APhC16 was studied in
order to determine the optimal conditions for the formation of SAM. It was found that the
best results, judging from the cyclic voltammetry curves recorded in an aqueous solution
containing 0.2 M Na2SO4 and 5 mM K4[Fe(CN)6], were obtained at 8 h in APh solutions.
APhC18 attracted considerable interest due to the ability to form strong covalent bonds
with oxides of various metals, as well as compact adsorption films due to van der Waals
forces between the long alkyls of its molecules. Furthermore, having a molecule length of
2.2 nm, APhC18 is well packed into self-organizing bilayers (SOB) [29]. They are formed
inside concentrated solutions of APh and/or after slow evaporation of a solvent, for
example ethanol; their thickness is 3.4–5.0 nm, depending on the position in the multilayer
film. Since APhC18 is a very simple linear phospholipid-like molecule, its two-layer
structures can serve as simplified models of cell membranes. Binding of APhC18 bilayers
to other simple phospholipid-like molecules with shorter alkyl chains, such as APhC14 or
APhC8, can promote the formation of very simple mixed lipid bilayer systems. There is no
doubt that similar SOB should have high passivating properties towards many metals and
alloys.
Unfortunately, the author of this review failed to find any information about the
results of direct corrosion tests of iron or low-carbon steels with a passive APhC18 film in
the literature. However, papers where the adsorption layers of the APh were studied on
stainless steels are known [27, 29–34].
Austenitic steel 316L (mass%: 16–18 Cr, 10–14 Ni, 2.0–3.0 Mo, ≤ 0.03 C, 2.0 Mn,
0.75 Si, 0.045 P, 0.03 S, 0.1 N) has been studied most commonly. Corrosion protection of
this steel is important from a practical point of view, since it is a widely known biomaterial
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used in medicine (cranial and orthopedic plates for fractures, dental implants, spinal rods
and joint prostheses [36]). The surface properties 316L determine the advantages and
shortcomings of this biomaterial, so has to be treated in order to improve the corrosion
resistance and biocompatibility without losing the physico-mechanical properties of the
steel.
A. Raman et al. [31] noted that, despite the extensive use of APh in industry, the
features of the mechanism of their interaction with steels are not sufficiently understood.
They used FTIR and XPS in the study of SAM formed in 1 mM solutions of APhC18 or
APhC8 in tetrahydrofuran (THF) on natural 316L steel oxide at room temperature. It was
found that APhC18 forms a well-ordered monomolecular layer that is not removed by
washing with a pure solvent even if the steel is treated ultrasonically, but this washing
allowed the removal of excess acid from the surface. The SAM remains stable even after
the sample is washed in water or ethanol. FTIR spectra showed that APhC18 is covalently
bound to the oxide surface due to the bidentate nature of the phosphonate ligand, which
agrees with the results of the XPS analysis. The total surface coverage is confirmed by the
measured value > 105°, which is much higher than  = 45 ± 3° for the untreated surface,
and by the surface image of the steel obtained by AFM. It is noted that such a formation of
the SAM is different from the formation of phosphonate monolayers on other metal oxide
substrates, such as Ti or Si, which requires heating and prolonged exposure of a sample to
a solution.
The authors of [32] proved that thermal treatment of 316L steel with a film applied
from a 1.0 mM APhC18 solution in THF significantly strengthens the stability of adsorbed
molecules on its surface. The treatment was carried out for 0.5–1.0 h at 100–120°C. The
AFM images obtained on the modified steel showed that the thermally treated films
remained unchanged after washing with methanol, THF or water, but the films obtained
without heat treatment changed significantly. Contacts with water also show that the
hydrophobicity of the thermally treated films does not decrease after keeping the samples
for 3 h in a water stream, while an untreated film becomes increasingly hydrophilic. IR
spectra obtained with treated and untreated APhC18 films after contact with water and THF
show that the remaining film retains its original crystallinity. It should be noted that
thermal treatment of samples with an APh film does not greatly increase , i.e.,from 90 to
97°, but retains its hydrophobicity for at least 3 h at the level of  = 90–92°. Without it,
hydrophobicity rapidly decreases to  = 75–78°. The authors explain the increase in the
stability of the APhC18 film after thermal treatment in that its molecules are first physically
adsorbed, so they are weakly bound to the surface by the hydrogen bond. Although these
films are not monolayers, heating removes water molecules, which leads to the formation
of strong mono- or mixed mono/bidentate bonds of APhC18 molecules with the surface.
Recently M. Kosian et al. [35] carried out more detailed studies of the structure and
thermal stability of SAMs formed by APhC3 – APhC18 on 316L steel. The studies were
carried out in acidic (pH 3), basic (pH 11) media, in neutral saline (10 mM phosphate
buffer with pH 7.4), and with dry heating (120°). All the APhs formed SAMs with
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hydrophobic properties, but they were well ordered in the case of APhC12 – 18 only. This is
indicated by the results of measurements of static , XPS, AFM, and reflective absorption
IRS. A long-term stability study showed the excellent stability of the SAMs formed by
APhC12– 18 in up to 30 days in acidic, neutral and saline solutions and in up to 7 days in dry
heating mode. Partial breakdown of the monolayer was observed in the alkaline medium,
especially for shorter chain lengths.
However, not all researchers share the opinion that SAMs formed by APhC12 on 316L
steel have high stability in the physiological environment. For example, Kaufman et al.
[34] noticed that steel samples covered by this SAM ( = 101.6°) immersed in a
physiological solution of TBS with pH 7.4 at t = 37°C for 28 days were inferior in the
stability of the SAM formed in 24 h by a 1 mM solution of 11-phosphonodecanecarboxylic
acid HOOC(CH2)10PO(OH)2 in THF ( = 102.5°). The , XPS and AFM measurements
showed significant desorption of phosphonic acid molecules from stainless steel surfaces
in 1–7 days after immersion in TBS followed by slow desorption during the remaining
days. The authors believe that this desorption is due to the hydrolysis of phosphonic acid
molecules. Although the SAM formed by APh containing a terminal COOH group in the
alkyl, which is larger than CH3, it has a less dense packing of the monolayer than APhC12,
but it is more stable than the SAM with APhC12. This increased stability can be due to
hydrogen bonds between the chains. These interchain hydrogen bonds can serve as a
barrier that prevents water molecules from reaching and splitting the phosphonate head
group. Another mechanism of increased stability can involve a polar or hydrogen bond of
water molecules with the head group. The higher affinity of water molecules to COOH
groups may prevent the water molecules from reaching the head groups of phosphonates
on the surface of the metal oxide.
In [34], the effect of multivalent binding of bisphosphonic acids to the surface of steel
on the stability of the monolayer was also studied and the authors concluded that it
apparently allows improving the stability of the monolayer, although further work is
needed to combine several points of their fixation on the steel surface with simultaneous
increasing of the packing density of the attached alkyl chains. The results obtained indicate
the usefulness of phosphonic acid monolayers for many applications, even under rather
harsh conditions, especially in light of their already known effects of inhibiting the
corrosion of metals.
Lecollinet et al. [37] revealed the differences in the adsorption on APh and 1hydroxyalkylene-1,1- and other gem-bisphosphonic acids (GBPhx) on 316L steel. They
correctly noted that GBPhx are easier in use because they readily form SAMs from aqueous
solutions, whereas higher APhs usually require an organic solvent. However, two adjacent
phosphonic groups increase the surface area of a molecule and thereby reduce the packing
density of side chains in monolayers. To assess the importance of chemical fragments and
structure of molecules, the authors studied the formation of SAM on steel by APhC18 and
by five gem-bisphosphonates containing: a linear alkyl (GBPhC16), a branched alkyl
(GBPhC20), a linear perfluorinated alkyl (GBPhC10F17), GBPhC20F28 with a branched chain
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perfluoropolyether a double linear perfluorinated alkyl chain of [(3,5-(3,5-di-(perfluorooctyl)-phenyl-hydroxymethylene]bisphosphonic acid. It was found that after steel
treatment in 1 mmol/l solutions of the reagents in acetone (THF was used for APhC18), the
value of , i.e., hydrophobicity of the steel surface, increased in the series: GBPhC16
(96°) < GBPhC20 (98°) < GBPhC10F17 (101°) < APhC18 (105°) < GBPhC20F28 (106°). In
addition, GBPhC20F28 not only hydrophobized steel from organic solutions better than the
other reagents, but also provided  = 106° even when applied from an aqueous solution.
This hydrophobic film remained stable even after prolonged exposure of the steel sample
in pure water at t = 50°. The authors noted that structure of the GBPhC16 molecule is very
close to that of APhC18, but the value of  for steel treated with APhC18 is much larger.
Because of its structure, the layer of GBPhC16 molecules is somewhat less homogeneous or
densely packed, which limits the hydrophobicity of a surface with the SAM.
The GBPhC20F28 molecule incorporating a bisphosphonate moiety has characteristics
meeting the requirements of industrial applications. It is soluble in water and can make the
surface of stainless steel or Ti much more hydrophobic and lipophobic than PTFE in a few
minutes. The SAM that it forms can resist severe conditions, such as prolonged immersion
in water, various pH of the medium, and autoclaving. All this creates good prospects for its
application for the protection of metal surfaces from corrosion and contamination.
Aluminum and its alloys. Despite their wide application in various industries and the
high affinity of Al to oxygen, due to which it is almost always coated with a protective
oxide film, it has long been known that even artificial oxidation very often does not save
aluminum alloys from corrosion. The use of organic corrosion inhibitors, mainly salts of
carboxylic acids, for passivation of Al and its alloys, has over half a century long history
[4, 38]. However, studies of the adsorption of phosphonic acids on Al began much later
when their salts or complex compounds were not only widely investigated, but also used to
protect steel from corrosion and salt deposits [1–4].
It is not surprising that the first studies of adsorption on Al and its alloys were carried
out with polybasic phosphonic acids (complexons), which are usually very hydrophilic and
have been studied in [39, 40] as inhibitors of hydration (IG) of adhesion bonds rather than
Al corrosion. However, already Ramsier et al. [40], who apparently were apparently the
first to study the adsorption of Al-methylphosphonic acid (APhC1), came to the conclusion
that it enters a condensation reaction with OH groups on the surface to form a symmetrical
PO3 structure, and water as a reaction side product. The absence of a spectral structure near
3610 cm–1 was considered as evidence that APS1 actively displaces adsorbed OH groups
and isolates the open surface centers.
Stratmann et al. [41] believe that the behavior of APhC1 should little differ from that
of APh with a large number of CH2 groups in the alkyl. To study the time scale of the
process of APh self-organization, the time required to cover the surface completely is an
important parameter. To determine it, samples of Al (99.999%) and AlMg1 alloy (mass%:
0.76 Mg, 0.29 Fe, 0.08 Si) were placed for 1–120 s into an organic solvent containing an
APh, then the adsorption layer thus obtained was analyzed by estimating the peak
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amplitudes for P KLL and O KLL in Auger spectra. The results of the study have shown
that APhs are capable of creating SAMs; the surface coating is completed within about
2 min, but the self-organization of the films takes over 3 days. This is observed not only on
Al but also on inhomogeneous AlMg1 surfaces.
An important role in the interest to SAMs on Al and its alloys belongs to the results
obtained in [42]. Its authors used IRS, ellipsometry, and measurements of the  angle to
study SAM on natural Al oxide formed by three APhs: CF3(CF2)7(CH2)11PO3H2
(APhC19F17); APhC16 and APhC22. The films were applied from 0.1 mass% solutions of
APhC19F17 or APhC16 in ethanol, and APhC22 in THF. These compounds showed
significant differences in the film structure and formation kinetics. Interestingly, the
methylene segment of the semifluorinated APhC19F17 SAM never reached an ordered state
even after long assembly times. This contrasts with the ordered chains in the equilibrium
films of APhC16 and APhC22. The authors explained this by the steric effect of the
fluorocarbon segment and the head group of phosphonic acid, since APhC19F17 is an
amphiphile in which the bulky head and tail groups interfere with the ordering of the
hydrocarbon segment. The presence of negative peaks in all IR spectra of phosphonic acid
monolayers due to the loss of Al–OH groups confirms a condensation reaction between the
acids and surface hydroxyls to form aluminophosphonate salts.
As for kinetics, APhC19F17 approaches the equilibrium of the film structure much
more rapidly than APh. In it, the ellipsometric thickness of the film, the static angle  of
water drops and hexadecane, as well as the IR frequencies and intense bands of the
methylene band, reach equilibrium values in 5–10 minutes of exposure of the Al substrate
in 0.1 mass% APhC19F17 solution. The behavior of APhC16 and APhC22 films is different.
The IR frequencies in the methylene band of both films on Al oxide decrease to values
indicative of ordered chains in 5 min in the case of APhC22 but in several days in the case
of APhC16. However, the intensity of the bands decreases for several days in both cases.
The  angle of the APh film changes, as does the IR intensity of the methylene band. The
thickness measured ellipsometrically for both APhC16 and APhC22 requires several hours
to reach equilibrium values. The authors suggested that the accelerated film formation
exhibited by APhC19F17 can be associated with chain adherence and solubility to the extent
that it can be self-organized as islands of almost vertically oriented chains that are filled as
the coverage increases. APhC22 can also precipitate in the form of islands, but the
formation of a film from APhC16 probably includes initially disordered chains with higher
incidence angles. They are ordered and reoriented as the film is assembled.
In view of the miniaturization of electronics and development of micro/nanoelectromechanical systems over the past decade, the SAMs on Al surfaces are the subject
of intense research related to the prospects of their wide application. Since even lower
APhs can form strong bonds with oxidized Al, chemical compounds of this class attract
much attention of researchers.
E. Hoque et al. [43] studied SAMs on Al films obtained by physical vapor deposition
on Si. To form SAMs at room temperature, they used 0.1 mass% APhC10F17, APhC10 and
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APhC18 solutions in ethanol, in which the samples were immersed for 20 hours. XPS
analysis confirmed the presence of APhC10F17, APhC10 and APhC18 molecules on the Al/Si
surface. The static angle  of a drop of water was usually > 130° for APhC10F17, while
APhC10 and APhC18 provided > 125°, which indicates strong hydrophobization of the
Al/Si surface. In the following work [44], studies were carried out on oxidized Al, and
APhC8 was studied instead of APhC10F17. After treatment of the sample surface by a 0.1%
APhC8 solution in THF,  was < 105°, although in the case of similar treatment with
APhC10 or APhC18 solution with the same concentration,  was >115°. In addition, the
SAM formed by APhC18 gave the lowest coefficient of friction on Al, while the surface
itself had the highest one.
In the same year, it was reported that higher APh, e.g., APhC14 [45], can be used to
obtain a superhydrophobic surface on Al or its alloy, AlMg1. To do so, it was
recommended to perform their anodization in an aqueous solution of H2SO4 at elevated
temperature and current density, followed by a chemical modification of the surface. It was
conducted by immersing the oxidized samples for 12 h in 0.1 mass% water–ethanol (1:1)
APhC14 solution and completed by quenching at 120°C for 1 h. Wetting was characterized
by dynamic measurements of the contact angles (advancing angle θa, receding angle θr) on
3–5 areas on each sample. According to these measurements, the angles were in the range
150°–155° with a predominantly insignificant hysteresis θa – θr. The state of the electrodes
was examined by electrochemical impedance spectroscopy (EIS) to obtain typical
characteristics that were compared for superhydrophobic and anodized-only surfaces. The
EIS results made it possible to conclude that the initial nanoporosity of the oxidized
surface changed upon chemical modification by various variants. However, samples
modified with APhC14 generally became completely hydrophilic after 29 h in phosphate
buffer, whereas those treated in a 2 vol.% perfluoroalkyltriethoxysilane solution in tertbutyl methyl ether (3 h), hydrophobicity degradation was nearly not observed.
Thus, the hydrophilic anodized surface of Al with a micro-roughness can be
successfully hydrophobized by treatment with solutions of carboxylic or phosphonic acids
with a long alkyl or by various silanes, among which the most stabile hydrophobicity is
provided by perfluoroalkyl triethoxysilanes.
A comparison of the properties of SAMs formed in solutions of APhC8, APhC10,
APhC18, APhC10F17, or perfluorodecyldimethylchlorosilane CF3(CF2)7(CH3)2SiCl (PFMS)
on the surface of Al deposited on Si was continued in Ref. [46]. n-Hexane or ethanol were
used as the solvents. A common property of the compounds studied is their ability to
undergo condensation with hydroxyls on Al surface (–Al–OH). For APhs, this is described
by the scheme:
R–PO(OH)2 + –Al–OH  R–(OH)OP–O–Al– + H2O

(1a)

The silanol (–Si–OH) formed after silane hydrolysis reacts similarly:
R3 –Si–OH + –Al–OH  R3 –Si–O–Al + H2O

(1b)
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However, the low durability of most SAMs under ambient or more drastic conditions
makes it difficult to use them in practice. Introduction of fluorocarbon groups into the alkyl
chain of a silane or phosphonic acid molecule makes the SAMs more stable than those
composed of similar molecules with hydrocarbon chains.
SAMs on Al were studied by AFM in order to reach a better understanding of their
micro- and nanotribological properties. The adhesion forces for PFMS/Al SAMs were
found to be lower than those of bare Al/Si, but the coefficients of friction were comparable
for both. XPS analysis revealed the presence of molecules with the corresponding alkyl
chains in SAMs formed on Al in PFMS, APhC18, APhC10, APhC8 and APhC10F17
solutions. The measurement of static  of a drop of pure water on Al shows that all the
SAMs are hydrophobic, giving  >130° for APhC18, APhC10F17, or PFMS and >125° for
APhC10 and APhC8.
Attention should be paid to the role of hydroxyl groups on the surface of Al oxide that
is almost always present on this metal and its alloys. In fact, the effect of atmospheric
moisture on the chemical composition of the surface of magnetron-sputtered Al (MS-Al) is
characterized by addition of hydroxyls to its oxide layer with simultaneous adsorption of
volatile carbonaceous contaminants from the air [47]. It is difficult to form a well-ordered
SAM of stearic acid (SA) on such a surface, and the authors proposed to pre-treat it for 1–
3 min in oxygen plasma. It was found that after this, ordering of SAMs formed by SA
occurs not only faster but is also better preserved in time. It is possible that this kind of
cleaning of oxidized Al surface would also be useful in the formation of SAMs by
alkylphosphonic acids.
In this respect, attention should be paid to an excellent study of the resistance of
SAMs on MS-Al to the impact of acidic and alkaline aqueous solutions performed by
measuring the dynamic contact angle  = a – r [48]. Here, a is the advancing angle
between the liquid and the solid that is created during the wetting process, in contrast to the
static contact angle measured without changing the contact area between them. The value
of r is the contact angle of receding between a liquid and a solid, the wetting of which is
already decreasing. In this method, the force F is measured, from which  can be
calculated. A small plate of a solid material attached to the arm of the force meter is
immersed vertically into the liquid, and the force acting on the liquid is measured with high
sensitivity. It is related to  by the following equation:
cos  = (F–Fb)l,

(2)

where F is the total force measured by the force meter, Fb is the buoyancy force due to
which the solid sample displaces the liquid, l is the wetted length of the sample, and  is
the surface tension of the liquid. The main advantage of this method is that the measured
data are averaged over the wetted length, i.e., it gives a more accurate average value of 
and is more objective than the static drop method. Disadvantages of the method include a
more complex experiment, the sample must be made with a uniform cross-section in the
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direction of immersion, and the wetted length should be measured with good accuracy. The
method is applicable only in the case of complete identity of both sides of the sample.
Comparison of a and r for SAMs formed by carboxylic and phosphonic acids on
MS-Al, measured in water with pH 7, showed that the most stable a = 120° was obtained
in the case of the APh with the longest alkyl, i.e., APhC18. It nearly did not change,
decreasing to 118° after 10 cycles. This indicates the stability of the SAM in water over the
entire immersion time studied. The surface second in stability was provided by the SAM
formed on MS-Al by nonadecanoic acid, C18H37COOH (NDA), where the a angle
decreased from 121° to 100° in 1 h, indicating a gradual degradation of the monolayer. The
r values measured for the samples with APhC18-formed SAM were lower than a and
followed similar trends, while those of the SAMs formed by carboxylic acids were much
lower than the approaching angles a, without any differences between the samples based
on C4H9COOH and C10H21COOH.
Since the SAMs formed on MS-Al by carboxylic and phosphonic acids with C18 alkyl
are relatively stable in water, more corrosive solutions with pH 1–11 were used in further
tests of the stability of these SAMs. The initial a of APhC18-based SAM on MS-Al was in
the range of 120–124° in all the solutions, except for the solution with pH 11 where SAM
desorption was fast. In solutions with pH 1–10, a decreased to values between 117 and
123° after 10 cycles, indicating improved stability over NDA. Using the fifth immersion
cycle to rank the relative degradation rate of the monolayers, it was found that the
monolayer is most resistant to degradation in the solution with pH 3. The authors
concluded that the acids with short or intermediate alkyl chain lengths are unstable in water
with neutral pH, whereas molecules with the longest alkyl chains (C18) show considerably
greater stability in neutral, high and low pH solutions. The packing density inferred from
the  and  values suggests the NDA monolayer to be slightly worse packed than that of
APhC18. This is consistent with related friction force microscopy and infrared reflection
absorption spectroscopy findings published elsewhere [49, 50]. For example, DeRouz et al.
later confirmed [50] that perfluorodecanoic acid CF3(CF2)8COOH (PFDA) forms SAMs on
Al that gives high hydrophobicity to its surface ( > 125°) and has higher stability than that
of PFMClS, but lower than those of APhF19C10 or APhC18.
It should be noted that APhC18 (log P = 7.01) is less hydrophobic than SA
(log P = 8.23) and even more so NDA (log P = 8.75). However, its adsorption creates a
hydrophobic SAM on oxidized Al that is more stable than that formed by carboxylic acids.
The authors seem to be right to state that this is due to stronger binding of the phosphonic
head group to MS-Al than by binding to the carboxyl group. In view of this, to understand
the mechanism of the formation of SAMs by APhC18 and to increase their stability in
water, it is very important to carry out adsorption studies on different aluminum oxide
surfaces.
It is this goal that the authors of [51] have set themselves. They studied the adsorption
of APhC18 on Al2O3 single crystal surfaces (0001) and (1102), which was compared with
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its adsorption on passive films of amorphous Al oxide on this metal and on those
physically deposited on Au from vapor phase (PVD). SAMs were formed in an ethanolic
solution of APhC18 and were studied using AFM, diffuse reflection FTIR, polarizationmodulated IRS reflection (PM-IRRAS), and by measurement of the  angle.
The SAMs were formed in an ethanolic solution of APhC18 and studied using AFM,
diffuse reflection FTIR, polarization-modulated IRS reflection (PM-IRRAS), and
measurement of the  angle. The SAMs formed by APhC18 showed high stability in
aqueous media on the surfaces of single crystal (1102) or amorphous Al 2O3. However, on
the surface of Al2O3 (0001), the adsorbed APhC18 monolayers were replaced by adsorption
of interfacial water with intermediate formation of micelles. The authors explained the
different stability of SAMs in aqueous media “by variation of interfacial binding states
ranging from ionic interactions between phosphonate groups and the positively charged
hydrolyzed oxide surface to directed coordination bonds between the phosphonate group
and Al ions”.
Despite the fact that the formation of SAMs by APhs on Al or its oxide was
extensively studied, many methods allow only indirect observation of changes in the
surface state during adsorption. Studies carried out in situ are of great interest to reveal the
mechanism of formation of the adsorption layer. The authors of [52], using exactly such
methods (AFM and ellipsometry), demonstrated with APhC8 as an example that the
adsorption of APh on Al oxide occurs with formation and growth of three-dimensional
islands and involves three stages. First, an increase in the number of islands occurs,
followed by filling of the gaps between them. In the third stage, within the adsorption time
frame measured, the islands grow in size but not in number. According to the authors, it is
close to the behavior of films analyzed by ex situ methods.
Later, Hauffman et al. [53, 54] used one more in situ method, odd random phase
multisine (ORP) EIS, for studying the adsorption of ethanol and APhC8 from an ethanol
solution on Al oxide. Its difference from the classical EIS lies in the possibility of
calculating the elements of an equivalent circuit for non-steady-state measurements.
They showed that the condensation reaction that can occur between alcohol or APh
molecules and surface hydroxyls promotes the displacement of water near the hydrophilic
surface of the oxide, while the APh molecules bind to it ionically. The authors came to the
important conclusion that ethanol as a solvent is not suitable for the formation of stable
layers of organic acids on the surface. The reason for this conclusion is that water diffusion
into the solvent bulk is slow, thus a dangerous local environment is formed on the oxide
surface. In the opinion of the authors, ORP EIS is an ideal method that makes it possible
not only to investigate the dynamics of the adsorption of very thin films in situ, but also to
understand what happens with the adsorbent itself.
The role of the APh solvent in the formation of SAMs is also discussed by the authors
of Ref. [55] who studied it in the adsorption of APhC14 (from 5 mM water–ethanol
solution) on the surface of 2024 aluminium alloy (mass%: 3.8–4.9 Cu, 1.2–1.8 Mg, 0.3–
0.9 Mn, 0.5 Fe, 0.5 Si, 0.5 other elements). The COMs were formed from one of the
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following solutions: A – absolute ethanol, B – a mixture of water with ethanol (2:8 v/v),
C – same mixture (4:6 v/v). The anticorrosive properties of SAMs on 2024 alloy were
studied in 0.1 M H2SO4 and measured by potentiodynamic polarization and EIS, while its
composition and structure were determined by means of Auger electron (AES) and FTIR
spectroscopy and AFM. It was shown that APhC14 molecules were strongly adsorbed on
the surface of 2024 alloy, and the packing density of the SAM decreased with increasing
content of absolute ethanol in the solution. The results of electrochemical studies and
observation of changes in morphology by means of AFM indicate that the optimal
modification occurs within 4 h: such SAMs provide the maximum inhibition efficiency
(Z = 64.03, 84.53 and 91.41% for the SAMs formed in solvents A, B and C, respectively).
This shows that the higher the water content in the water–ethanol solution, the higher the
protective effect of the SAM. Comparison of the FTIR spectra of the samples with SAMs
formed in solutions A, B and C indicates that the intensity of all the characteristic peaks of
adsorbed APhC14 molecules gradually increases with increasing water volume from 0 to
20%, and then to 40%. The effect of water content in APhC14 solutions on SAM formation
is related to the hydration reaction of the metal surface. These results are consistent with
the conclusion drawn from electrochemical studies on the utility of adding water to the
alcohol solution of APC14, since in this case hydration of the alloy surface is enhanced,
which promotes the chemical adsorption of APh to form more P–O–Al bonds.
Sato et al. [56] investigated the formation of adsorption layers on pure Al from a 2%
APhC14 solution in ethanol using low voltage SEM (less than 1 kV), AFM, XPS and by
measuring the angles by the static and dynamic methods. They showed that in the first
case, the value of  = 105° is established in 2 days of Al immersion in the passivating
solution. The dynamic angles a and r continue to grow and reach a limiting value in
3 days (110° and 85°, respectively). AFM observations suggest that the bilayers of APhC14
are deposited on the substrate in the form of a multilayer film. The authors concluded that a
uniform SAM is not always formed readily on an oxidized Al surface.
It is generally recognized that the chemistry of the surface of metal oxides plays an
important role in APh adsorption. In this respect, interesting results were obtained by
German researchers [57] who studied the kinetics of APhC18 adsorption on the surface of
Al covered with natural oxide, which was modified by water plasma and argon plasma.
The adsorption of APhC18 was evaluated using the quartz crystal microbalance (QCM)
method on different Al oxide films. Measurements performed in situ by FTIR in
combination with ex situ XPS showed that treatment with aqueous plasma increases the
surface density of hydroxyls in the surface layer of the oxide, and subsequent treatment
with argon plasma converts the hydroxyls into oxides. A strong dependence of the
adsorption kinetics on the hydroxyl surface density on oxide-coated Al surfaces was found.
With an increase in the surface density of the hydroxyls, the adsorption kinetics can be
accelerated, which can be explained by the adsorption of APhC18 through surface hydrogen
bonds even prior to the condensation reaction, leading ultimately to strong adsorption of
the phosphonate.
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Attention should be paid to the results of a study of SAMs formed by atomic layer
deposition (ALD) on the surfaces of Al and Hf oxides from APhC18 or APhC12F17 solutions
[58]. The well known Langmuir–Blodgett method, which makes it possible to obtain
homogeneous SAMs, is the most reproducible, therefore studies on the stability of
monolayers mainly used this method. All films deposited on a Al or Hf oxide surface were
characterized by spectroscopic ellipsometry, measurements of the water wetting angle ,
XPS and AFM. XPS data convincingly proved the covalent bonding of phosphonates with
both substrates. The SAMs formed on Al2O3 and HfO2 are stable in water. The SAMs
formed by APS12F17 on HfO2 are the most stable among the ultrathin coatings in tests
carried out at room temperature in water or phosphate buffer (PhB). Similar coatings based
on octadecyltrichlorosilane on SiO2 are unstable in PhB. The authors consider that
phosphonate SAMs have better prospects for use as coatings on (bio)molecular sensitive
devices that use ALD and require longer-term stability in aqueous media.
Telegdi et al. [59], explaining the widespread recognition of SAMs formed by
perfluoroalkylphosphonic acids usually containing C7 or C8, noted that such ultrathin
coatings are better than similar APhs with hydrocarbon or silicone tails. With the example
of APhC8F10, they showed the ability of APhF to prevent not only general but also local
corrosion of an Al alloy in 0.1 M NaCl. Measurements of the dynamic contact angles of
water on the alloy surface revealed a positive effect of the formation time of the SAM, i.e.,
the exposure time of a sample in a methanolic solution, on its stability in a corrosive
medium. An increase in the concentration of APS8F10 in methanol from 5 mM to 50 mM
also contributed to the formation of a more compact SAM.
Considering the prospects of practical application of SAMs formed on Al or its alloys
by APh, their use as promoters of adhesion of polymer coatings should to briefly
mentioned first of all. As long ago as in the late 1990s [60], German researchers who were
developing the Stratmann’s ideas about replacing chromate pre-passivation of metals by
SAMs formed by a surfactant with two reaction groups, investigated the possibility of
using different chemical compounds of general formula C 18H37X, which included some
phosphonic acids, as adhesion promoters of polymer coatings on AMg1 alloy. They
showed that surfactants containing a phosphonic head group and a group capable of
reacting with a polymer are able to be strongly adsorbed on the Al surface. In this case,
according to the results of a FTIR surface study, oriented layers are formed, while the
second (“terminal”) group provides chemical interactions with the organic coating. This is
demonstrated by model reactions with isocyanates and confirmed by adhesion and
corrosion tests. The authors concluded that the effect of bifunctional surfactants is
equivalent to chromated surfaces due to corrosion inhibition and improvement of the
adhesion strength of the polymer coating.
These studies were continued in the past decade. For example, in [61], amino-APhC3
was studied as a short-chain bifunctional adhesion promoter for an epoxy amine adhesive
on an Al alloy. Its advantages include high solubility both in water and epoxy resins, as
well as the ability to form densely packed SAMs on an Al surface upon adsorption from
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both media. The adhesion promoter was studied as an adhesive monolayer adsorbed from
an aqueous solution, or as an additive in an adhesive layer. An XPS study showed the
formation of a monolayer on the passive Al monolayer, but a smaller degree of surface
coverage was observed on intermetallic particles. FTIR studies confirmed the formation of
strong promoter bonds to the surface of aluminum oxyhydroxide through acid–base
interaction and its bidentateness. Corrosion tests showed strong inhibition and good
adhesion for both promoter applications.
It should be noted that to improve the protective properties of polymer coatings, Al
surface can be treated not only with solutions of AF but also alkanediphosphonates
(ADPh). For example, de Souza et al. [62] studied the surface treatment of 1050 Al alloy
(mass. % 0.339 Fe, 0.177 Si, 0.037 Mg, 0.011 Mn, 0.009 Cu) by a solution of ADPh of the
Cardobond X4661 brand as a potential substitute for chromating. For comparison, tests of
samples after treatment by immersion in an ADPh solution were carried out with samples
of the same alloy chromatized by immersion in Cr(III) or Cr(VI) baths. It was found that
surface treatment with ADPh was more effective if the samples were exposed in boiling
water for the growth of oxide film before the inhibitor treatment. The test results showed
excellent corrosion resistance of samples with oxide hydroxide + ADPh treatment
compared to chromium treatment with either Cr(III) or Cr(VI). Chromatization in a
solution with Cr(III) also provided better corrosion characteristics than in the case of
Cr(VI).
Modification of the surface of an alumina sol-gel coating using aluminum tri-sbutoxide, Al(O-s-Bu)3 proposed by Japanese researchers [63] deserves attention. As a
result of the procedures described by the authors, the surface acquires a flower-like
structure with 20 to 50 nm petals. According to their assumption, this structure is formed
as a result of a reaction between water and the gel surface, which causes dissolution and
reprecipitation of the alumina gel. In order to impart superhydrophobic properties to the
alumina surface, the gel film was modified by a 1 mM APhC10F17 solution in ethanol at
room temperature. The contact angle of the APhC10F17 modified smooth alumina gel film
is more than 40° higher than that of APhC10F17 modified glass. This was explained by the
fact that APhC10F17 selectively adsorbs on metal oxide rather than on silica surface.
It may be assumed that further studies on superhydrophobization of the surfaces of Al
and its alloys will allow one to find new ways to achieve this effect, including the use of
fluorine-free APh that will reduce the ecological hazard of the surface modification process
itself.
The prospects for the use of phosphonate COMs in medicine are no less inviting.
According to [64], passivation of Al by APh is important for the development of
biosensors for DNA recognition. Silanes in combination with Au usually serve as the
primary anchor molecules on glass or quartz in these devices. The use of Al as a metallic
component poses a problem, since the silane is attached both to it (Al–O–Si) and to glass
(Si–O–Si). Since it is desirable to prevent attachment of the molecular recognition
functionality (silane) to the metal film, it is necessary to passivate Al before silanization of
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the biochip. Passivation of the Al layer plays an important role in reducing the background
signal to low levels to ensure efficient operation of the biosensor.
Since APhs specifically react with hydrated Al oxide to form a strong bond through
Al–O–P, they were chosen as a passivating agent for use in biosensors. Indeed, the APh
prevents subsequent chemical interaction of silane containing molecules with Al and
capturing molecules can be attached to non-aluminum surfaces by a reaction with a
specific functional group of the silane. However, it should be noted that the formation of
SAMs by APh and attachment to Al requires careful preparation of its surface prior to
monolayer self-assembly. In [63], the possibility to obtain SAMs by APh, which can be
used to improve the selective silanization of sensors based on metal structures, was
investigated. Another aspect of this study was to investigate the role of the length of the
APh alkyl chain in the formation of effective passivating layers.
It was found that the values of the θ angle on the surface of oxidized Al, treated with
methanol solutions of APhC4, APhC10 and APhC18 increased with increasing alkyl length:
81°, 103° and 116°, respectively. The silanization was carried out at 115°C using GPS,
CH2OCHCH2O(CH2)3Si(OCH3)3, i.e., 3-glycidoxypropyltrimethoxysilane. In the case of a
silanized glass,  = 57°;similar treatment of Al yielded a close value of  = 59°.
The resistance of APhC18 and APhC10 films to silanization carried out by GPS was
evaluated by an XPS study that did not detect silanes on the investigated surface (the Si2s
and Si2p spectra were recorded at the background level). This allowed the authors to come
to the conclusion about the possibility of using hydrophobic APh to improve the operation
of biosensors.
Magnesium and its alloys. Although Mg and its alloys, like Al alloys, are light and
promising structural materials, it should be recognized that their passivation is not only
much less investigated, but the use of inhibitors of their corrosion is also very limited.
This is largely due to the higher affinity of Mg for oxygen and sensitivity to
impurities of less electronegative metals. The well known reaction of Mg with water
accompanied by H2 evolution prevents the adsorption of many corrosion inhibitors. Not
surprisingly, often only those chemical compounds are effective inhibitors for Mg and its
alloys that are themselves limitedly soluble in water and capable of forming hardly soluble
complex compounds or salts.
Apparently, the SAMs of alkyl- or perfluoroalkylphosphonic acids on the AZ 31 alloy
(mass%: 2.98 Al, 0.88 Zn, 0.38 Mn, 0.0135 Si, 0.001 Cu, 0.002 Ni, 0.0027 Fe, the rest Mg)
were obtained for the first time by immersing the samples in ethanol solution of the reagent
for 1–72 h [65]. The anticorrosive and chemical properties of such SAMs were
characterized using static  and dynamic a and r measurements, XPS, AFM and
electrochemical measurements. It was found that the maximum a and r angles for SAMs
in the case of APhC8, APhC10, APhC18 and APhC8F10 were 105.1°/64.7°; 108.3°/69.6°,
111.9°/75.2° and 115.2°/67.4°, respectively.
XPS studies showed that the film thicknesses of APhC8, APhC10, APhC18, and
APhC8F13 on the alloy were 0.8, 1.2, 1.7, and 1.1 nm, respectively. The O1s spectra
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confirmed that the SAMs formed by the APh are covalently bound to the surface of the
oxide or hydroxide of the alloy in the form of a mono- or bidentate surface complex. The
stability of the alloy surface with the SAM formed by the above acids was studied in
aqueous solutions at pH 4.0, 7.0 and 10.0. The values of  on the surface of SAM formed
by APhC8, APhC10, and APhC8F10 decreased rapidly during the first 5 min after immersion
in all aqueous solutions and were less than 20°. However, for the SAM formed by
APhC18 on alloy samples after immersion in aqueous solutions at pH 4.0. 7.0 and 10.0 for
5 min were 45.1°, 89.3° and 85.5°, respectively. Consequently, this SAM on the Mg alloy
has better chemical stability among similar SAMs formed by the APh studied. The authors
concluded that the molecular density of SAM on the Mg alloy will be higher than that of
other APh films.
Later, Grubać et al. [66] studied the formation of SOMs on biodegradable AZ91D
alloy (mass. %: 8.6 Al, 0.19 Mn, 0.51 Zn, 0.05 Si, 0.025 Cu, 0.004Fe, Mg rest). APh was
applied from a 0.7 mM solution in ethanol, and to check the possibility of increasing the
stability of the SAM, some of these samples were heated in an air convection oven at
120°C for 5.5 h and 24 h.
The aim of the work was to slow down the degradation of implants in saline, after
pre-forming a SAM from APhC12 and APhC18 on its surface coated by a natural oxide. The
properties of the SAMs were studied by  measurements, as well as by XPS, FTIR, EIS
and polarization methods. According to FTIR and XPS studies, there are several different
types of bond in phosphonic SAMs: Mg–O–P, P–O and P–O–H. The high values of the
contact angle of water indicate high homogeneity and ordering of the SAMs. The values of
measured on the films of SAMs formed from APhC12 (106°) and APhC18 (119°)
confirmed their high hydrophobicity, which is a consequence of several factors, including
well-ordered and densely packed monolayers. Thermal treatment of alloy samples
modified by SAMs formed from APh significantly reduced the corrosion current density
and increased the polarizability of the electrode due to strengthening of the chemical bonds
between the phosphonate and the Mg alloy. The protection efficiency of APhC12 and
APhC18 films was 91% and 97%, respectively.
In [67], SAMs were formed from carboxylic (SA, isostearic ISA) and phosphonic
acids (APhC8 and APhC8F13) on a Mg alloy (AZ31) by the vapor phase method at 150°C
for 3–72 h. The anticorrosive and some chemical properties of the SAMs obtained were
studied using  measurements, XPS, AFM, EIS and polarization measurements. It was
shown that the hysteresis of water contact angle with SAMs formed by carboxylic acids is
much higher than for SAMs formed by APhC8 or APhC8F13. Although SA and ISA have
the same head group by which they are bound to the AZ31 surface, the packing density of
the SAM can differ significantly.
The results of the XPS study showed that the packing density of APhC8 molecules is
higher than that of APhC8F13. The O1s peaks indicate a mixture of mono-, bi- or trivalent
binding of these SAMs with the oxidized or hydroxylated alloy surface. Electrochemical
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measurements have shown that the SAM formed from APh have better corrosion resistance
than the SAMs formed by the carboxylic acids.
The chemical stability of the alloy modified by a SAM was investigated by immersion
of each sample in ultrapure water for a constant time with measurement of the  angle. The
changes in were compared with the duration of immersion of the sample in water. It was
found that the  angles on the surface modified by SA or ISA rapidly decreased in 10 min
of immersion and amounted to less than 20°. The decrease in  was explained by water
adsorption and hydrolysis of the reagent bonds to the alloy surface. It was expected that the
molecules of SA or ISA would be covalently attached to the surface of the Mg alloy, but
the hysteresis of  is relatively high in comparison with the SAM of these carboxylic acids
adsorbed on other metals. The authors suggested that the reason for this is the presence of
molecular defects in the SAM that arise due to the following two factors. The first of these
is the presence of an impurity arising from the substrate, i.e., Mg alloy, and the second one
is the low mobility of physically adsorbed molecules that cannot be assembled properly
after they are adsorbed. Due to the presence of molecular defects, water can penetrate into
the monolayer and reach the alloy surface. The density of APhC8 or APC8F13 molecules on
the Mg alloy was higher than in the SAMs formed by SA or ISA.
The authors [68] studied the formation and stability of SAMs formed by one of the
most hydrophobic phosphonate reagents, APhC18, as a coating on a Mg alloy (96% Mg,
3% Al, 1% Zn) for biomedical applications. A carefully cleaned alloy sample was
immersed for 48 h in a solution of dimethylsulfoxide (DMSO) containing 2 mM APhC18,
then rinsed in DMSO and ultrasonicated for 3 minutes in deionized water to remove any
excess surfactant. Its surface was immediately studied by FNIR, XPS and AFM. Similarly
prepared other alloy samples were kept in a conventional laboratory atmosphere for 1 to 21
days, and then their surface was studied by the same methods. The FTIR study showed
mono- and bidentate binding of APhC18 to the alloy surface, the results of XPS confirmed
the formation of SAM, demonstrating the presence of P peaks persistently for 21 days and
a decreasing intensity of Mg peaks. The AFM images also indicated the persistence of the
Mg alloy coating over the entire test period. The authors reasonably concluded that the
SAMs are stable under the chosen oxidation conditions.
Although the formation of SAMs by APhs on Mg or its alloys is still little studied, it
can be said with certainty that they, like on Al and its alloys, are at least as good as, or even
exceed in protective properties the more widely studied SAMs formed in solutions of
carboxylic acids.
Titanium and its alloys. The high corrosion resistance of this light metal and its
alloys in many corrosive environments at normal temperatures is well known, so it is not
surprising that they are used as medical implants [69–76]. The utility of these materials
can be greatly increased if the structure and chemistry of their surfaces can be controlled.
For this purpose, an alloy, for example Ti45Nb, is first polished and anodized, providing a
surface with a uniform oxide layer (a mixture of TiO2 and Nb2O5) [70]. After that a SAM
formed by APhC16 is attached to the anodized surface. The SAM is characterized by its

Int. J. Corros. Scale Inhib., 2017, 6, no. 4, 384–427

408

wetting properties and physical analysis of the surface. Using XPS analysis with angular
resolution, information is obtained on the orientation, structure and thickness of the SAM,
as well as on the chemistry of its interaction with the surface oxides on the alloy. Further
FTIR studies of the surface gave information on the attachment of SAM to this alloy and
opened the possibility of controlling its biocompatibility. Later, in [71], structural details of
covalently fixed films on the oxidized surfaces of Ti, Nb, and Ti45Nb alloys were
compared. This became possible due to the configuration of the sample in which APhC16
was deposited on a thin film of the metal that was obtained by spraying it onto a doublesided polished silicon wafer and then oxidized. The samples were flat and reflective, so
they were suitable for ellipsometry,  measurements, XPS, AFM and FTIR. Precipitation
from a 1.4 mM APC16 solution in THF (at 120°C) made it possible to obtain ordered films
and to measure the differences between them and metal oxides (TiO 2, Nb2O5 and their
mixtures on the alloy). The authors believe that the results of their studies made it possible
to identify the mildest deposition procedures that ensure the production of uniform and
durable ultrathin coatings.
Naturally, the stability of phosphonate SAMs is very important even on such a stable
substrate as Ti alloys. It was noted in [69] that they may have a much higher resistance to
the hydrolysis of adsorption bonds than silanes. In [72], the stability of SAMs formed by
APhC18 on amorphous smooth Ti surfaces in 0.2 mM APhC18 in THF solution was studied.
Already after 10 s of immersing the sample in this solution, the value of a reached 100°,
and increased to 110±2° after a few hours. These SAMs are resistant to common solvents,
and the measured surface wettability after contact with them depends on the molecular
volume of the solvents. Although low-molecular liquids penetrate into the SAM formed by
APhC18, this was not observed for liquids with high molecular volume.
UV radiation (λ = 250 nm), heat treatment and air plasma significantly improve the
wettability of SAM (a drops to 0°). The presence of phosphorus on the surface shows that
the bond of the phosphonate head group with TiO2 through oxygen atoms is strong and can
withstand even these conditions.
The shape-memory alloy nitinol (Ti–Ni) is a very promising material for implants.
However, in contrast to Ti, nitinol undergoes corrosion with the formation of Ni2+ on longterm contact with physiological solutions containing Cl –. In order to increase the stability
of the nitinol surface, it was modified with APhC12 with terminal α-OH and CH3 groups
[74]. The SAMs obtained were characterized by  measurements, EIS, X-ray and X-ray
spectroscopy. Changes in the structure-sensitive impedance parameters correlated with
changes in the interphase layer. Effective thermal annealing greatly improves the quality of
films that behave like nonideal dielectrics, i.e., the resulting layers prevent the charge
transfer reactions.
Later [75] it was shown that the foil surface of another alloy, Ti6Al4V, could be
successfully modified by SAMs formed from APhC16 (about 4 nm thick). To this end,
prepared foil samples were hanged vertically in 1 mM APhC16 solution in THF. The
solvent was then evaporated at 22°C until the liquid level fell below the foil. After that, the
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foil coated with APhC16 was annealed for 15 h in air at 140°C. The physically adsorbed
layers were removed from the surface by ultrasonic cleaning (150 W) in THF (twice) and
with ethanol. Each ultrasonic cleaning lasted for 15 minutes. The modified foils were dried
in nitrogen. Measurement of the control sample showed that the  not exceed 60±2°, but
 = 98±20° for the modified surface, i.e., it becomes hydrophobic.
The authors assumed that the modifying layer consists of two APhC16 layers and
confirmed this by means of XPS and FTIR. It was found that the first layer contains two
types of APhC16 molecules which interpenetrate with each other. XPS measurements have
proved the existence of covalent bonds (P–O–Ti) on the modified surfaces. The
hydrophobicity of the film indicates that the carbon chain of the molecules in the second
molecular layer must be arranged on the outside. The authors associate the formation of the
second molecular layer with reverse vesicles that can be formed in a THF solution and be
adsorbed with rupture on the first molecular layer. In addition, the bond between the first
and second molecular layer is strong, since it is able to withstand ultrasonic cleaning.
The mechanism of formation of APhC16 bilayers on the alloy was identified by
observing the adsorption of APhC16 molecules. The high content of oxides/hydroxyls on
Ti6Al4V surfaces significantly contributes to the formation of APhC16 bilayers. Annealing
after self-assembly increases the stability of the APhC16 bilayers due to formation of
pyrophosphates and P–O–Ti bonds that can withstand ultrasonic cleaning for at least 1 h.
The authors believe that modified Ti6Al4V can have good tribological properties and
promote the adsorption of protein molecules on its surface.
In [76] films of APh with various chain lengths (C6, C10, C14, and C16) were formed on
Ti–6Al–4V by chemisorption or electrochemical deposition. The alloy without and with
modification was studied by various methods and it was found that long-chain acids form
similar SAM, which results in more hydrophobic surfaces. It was found that the longer the
alkyl, the greater the decrease in electron transfer across the interface that affects the
corrosive behavior. The authors proposed an electrochemical method for creating SAM,
which requires less time than the widely used method of immersing samples in solution.
It was found that its performance is close to that for the SAMs formed by short-chain
APh. The reason for this phenomenon stems from its mechanism and has basically three
aspects. First, when a positive voltage is applied to the electrode surface, amphiphilic
particles near the electrode are polarized, which allows them to stick to the surface in a
better orientation. Thus, the cross-section of the molecule decreases as the surface is
approached. Second, it is known from consideration of the mechanism of adsorption of
these amphiphiles that the duration of the SAM formation is determined by the assembly of
their molecules on the electrode surface, which has a high energy barrier. Application of a
potential to the electrode makes it possible to overcome this energy barrier, and the
assembly time is shortened. In other words, when the surface energy is greater, the
activation energy for the organization of the adsorbate particles decreases. Finally, it is
known that the role of the surface texture of the adsorbent makes a significant contribution
to the organization of these molecules on it. Consequently, various oxides can contribute to

Int. J. Corros. Scale Inhib., 2017, 6, no. 4, 384–427

410

changing the assembly time. In other words, different oxides can contribute to the change
in the time constant, since the oxide obtained by anodizing contains less pollutants, which
provides a better surface coverage and its structure is more uniform. SAMs precipitated
chemically and electrochemically show similar characteristics if they are formed by shortchain APhs, so the methods for obtaining them can be considered to be equivalent. Taking
into account that electrochemical deposition is faster, it allows better control of the
interface between the organic monolayer and the substrate, and the SAM provides a higher
corrosion resistance to the alloy. The authors concluded that the electrochemical method is
an excellent way to assemble this type of SAM.
Copper and its alloys. Unlike carboxylic acids, APhs are little studied as reagents for
the formation of SAM on Cu, although it is one of the most important non-ferrous metals.
Since the high adsorption and complexing ability of the phosphonate group has long been
known [3,4,24,25], it is not surprising that it was grafted not only to hydrocarbons or
polymers, but also to representatives of heterocyclic corrosion inhibitors, e.g., triazoles,
which are well known due to their effectiveness in protection of Cu and its alloys [77]. For
example, Indian researchers [78] synthesized the phosphonates of 3-vanilidene-amino1,2,4-triazole (VATP) and 3-anisalidene-amino-1,2,4-triazole (AATP) that were studied as
inhibitors of Cu corrosion in neutral aqueous solutions by polarization measurements and
EIS. It was shown that their concentration in the lake water investigated, Cin = 4 ppm, was
optimal for both inhibitors, but VATP was somewhat more effective than AATP. Since
cooling water is a widespread type of such a medium, the use of corrosion inhibitors in it
requires not only high efficiency in preventing corrosion of metals, but also compatibility
with other functional reagents added to the water coolant, biocides in particular. Using
cetyl-trimethylammonium bromide (15 ppm) as an example, it has been proved that the
phosphonates studied do not interfere with its antibacterial activity, and copper ions that
pass into water are practically absent in the case of a mixture based on VATP. Based on
the results of FTIR and energy dispersive X-ray (EDX) analysis, this was explained by the
stability of the protective film that was formed due to insoluble complex compounds of
organic molecules on the Cu surface.
Hungarian researchers studied monomolecular Langmuir–Blodgett (LB) layers
formed on Cu (99.99%) and Fe (99.8%) by APhC18 or alkylhydroxamic acid (AHC18) [79].
LB films were obtained using a trap, i.e., first, the acid was spread from a solution in
chloroform onto an aqueous subphase (pH 5.6, 23°C) and transferred to solid substrates at
a speed of 10 mm/min. According to XPS results, the structures of LB films formed by
APhC18 and AHC18 are very similar: the d value of the layer of hydrocarbon tails is 1.9–
2.1 nm, while the d of the head group layer is 0.3–0.35 nm. The tilt angle of carbon chains
with respect to the surface of the sample normal is estimated as 20–30°, and the organic
molecules are bound to the substrate via their head groups. Analysis of the P2p and N1s
lines indicates the presence of deprotonated head groups. The substrate line Cu2p includes
a component that can be attributed to Cu2+ ions in a thin Cu(OH)2 layer. The formation of
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LB films reduced the signal from the OH groups, which shows that the binding of the head
groups to the surface is accompanied by removal of water molecules.
To analyze the composition and conformation of molecules in SAM, the authors also
used sum-frequency vibrational spectroscopy (SFVS). Since the nonresonant background
from the metal substrates complicated the analysis of the spectra, they prepared samples of
the model system on glass. It was found that the alkyl chains of the adsorbed acids
preferentially adopt the all-trans conformation and form an ordered structure. The upper
limits for the mean tilt angle of the terminal methyl groups are 10–20°.
In [80] SAMs were formed on oxidized Cu by treatment with APhC10F17, APhC8,
APhC10, or APhC18, and then contact angles  were measured and the surface was
examined by XPS and AFM methods. It was found that the SAMs formed by APhC10F17 or
APhC18 are very hydrophobic ( > 140°), while APhC8 and APhC10 form less hydrophobic
SAMs:  = 76° and 119°, respectively. The Cu surface modified by APhC18 is
characterized by the lowest coefficient of friction that increases on transition to Cu coated
with the SAMs: APhC10F17 < APhC10 < APhC8. The highest friction coefficient was
observed on oxidized Cu. XPS has shown signs of a bidentate bond formed between APh
and oxidized Cu. The authors concluded that hydrophobic APhs can be useful as corrosion
inhibitors in micro/nanoelectronic devices and/or to prevent wetting of the surface.
Chinese researchers proposed a two-stage process in order to provide a low friction
coefficient and long durability to Cu surface [81]. First, a Cu plate was immersed for
2 hours in a hot (75°C) 0.01 M NaOH solution to create a textured Cu2O film on it. It was
then washed with deionized water and immersed in ethanol containing 10 mM APhC18 or
APhC12. After 24 h the plate was taken out, rinsed with water and ethanol, and dried in air.
The authors of [82] formed a thin film of APhC12 by molecular self-assembly on a
copper oxide substrate. They studied its composition, structure, morphology and
electrochemical behavior of a Cu electrode using XPS, IR spectroscopy,  measurements
and microscopy. XPS and IR spectroscopic results allowed the authors to conclude that
APhC12 molecules can form tridentate bonds with the oxide surface during the SAM
formation.
The results of electrochemical measurements confirmed the strong anticorrosive
effect of the SAMs. The tribological properties of the APhC12 film adsorbed on a copper
oxide substrate were examined in a linear reciprocating test in which sliding occurred
against a Si3N4 ball, then the surface of the APhC12 film was examined on a scanning
electron microscope. All properties of the APhC12 film were compared and discussed from
the point of view of ultrasound treatment carried out either before or after the modification
of the oxidized Cu surface. An excellent tribological behavior was observed for the
APhC12 film before sonication. In this case, a very low coefficient of friction (μ ~ 0.12) and
an increase in the anti-wear resistance of the surface (100 times higher) were observed in
comparison to the APhC12 film after ultrasonic treatment or to oxidized Cu without a SAM.
This indicates that physically adsorbed APhC12 molecules removed by ultrasonic surface
treatment are important for maintaining the required wear resistance.
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The authors of [83] successfully used APhC18 to obtain a superhydrophobic surface
on an oxidized Cu mesh intended for self-cleaning and oil/water separation. The Cu mesh
was first oxidized by immersing it for 30 minutes in an aqueous solution of 1.0 M NaOH
and 0.05 M K2S2O8 at room temperature; as a result, its surface was covered with microand nanoscale Cu(OH)2 particles. The mesh was then immersed in a 0.2 mM APhC18
solution in THF, where a SAM was formed so rapidly that after 1 s,  158.9° was
provided for wetting with water and 0° with oil. In addition, the mesh acquired a selfcleaning property and the ability to be reused for effective separation of a mixtures such as
gasoline/water and diesel oil/water. It is interesting that direct oxidation of Cu creates a
“water-repellent” oil/water-separating mesh with underwater superoleophobicity. If,
however, the oxidized mesh is covered with a SAM formed by APhC18, then it has
superhydrophobicity and superoleophilisity and separates insoluble hydrocarbons from
water with removal of the former.
It is known that numerous Cu alloys are widely used in practice and have good
decorative properties. This, however, does not mean that they can always be used without
corrosion protection means. A lot of azoles, thiazoles or salts of carboxylic acids have long
been widely used as corrosion inhibitors for Cu alloys. Although APhs have not been
sufficiently investigated, it follows from the examples discussed above that the prospects
of their application for the protection of Cu alloys are quite real. For example, the authors
of [84] obtained stable, well-ordered SAMs formed on an oxide film of the CuNi alloy
(55% Cu/45% Ni) by precipitation from the APhC18 solution and 16-phosphonohexadecanoic acid (APhC16COOH). The surface of the alloy modified by the adsorption of
APhC18 exhibits enhanced corrosion resistance, and the APhC16COOH film can be used for
further surface reactions leading to the formation of a polymer coating on a well-ordered
film.
Zinc and its alloys. The known problem of replacing metal passivation with solutions
of carcinogenic Cr(VI) compounds is acute in the case of Zn, its alloys and coatings. The
corrosion inhibition in neutral aqueous solutions is often explained by chelation between
zinc and an organic compound or ion and formation of a protective layer with a complex
composition on the metal surface [4, 14, 85]. The possibility of such a reaction of Zn with
APhs has long been known, therefore it is not surprising that APhs attracted the attention
of researchers. Apparently, one of the first studies on the formation and determination of
the composition of ultrathin APh films on polycrystalline Zn was carried out in [86]. Its
authors studied the effect of SAM formed by APhC5 and APhC14 from solutions in
absolute ethanol or its mixture with H2O (75:25%) on the wetting properties and properties
of surface layers. Although a mixed solvent led to predominantly oxidized Zn substrates,
the best monolayer coatings with both APhs were obtained for Zn in ethanol in 15 min of
UV surface treatment. XPS results showed that this treatment minimized the amount of
adsorbed impurities on the surface, and the stoichiometry of the grafted films was closer to
the theoretical value. Measurements of the  angle and Kelvin probe measurements (with
Cr/Ni wire as a vibrating reference electrode) confirmed that the best films were obtained
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for APhC14 due to its longer alkyl. However, the cyclovoltammetric and polarization
curves obtained in 0.5 M NaCl and 0.1 M NaOH solutions do not indicate the ability of the
these films on Zn to withstand the action of these corrosive media. Unfortunately, the
authors did not conduct direct corrosion tests or electrochemical experiments under milder
conditions. This makes it impossible to estimate the passivating properties of SAMs on Zn.
Kalman et al. [87–89] studied in detail the possibility of Zn passivation with solutions
of ,-diphosphonic acid (PhCnPh). First they studied the effect of aqueous solutions of
PhCnPh with different lengths of the hydrocarbon part (n = 5; 7; 8; 12) [87]. It was found
that in 24 h of treatment in PhCnPh solutions (n = 8 and 12), Zn corroded, and in the case
of PhC7Ph, its thick film was deposited. No visible changes of the surface were observed
on Zn treatment in PhC5Ph solution, therefore, the properties of the film formed by it were
studied in detail. The coating, stability and anticorrosive protection of these films were
monitored by EIS, and the effect of PhC5Ph on the electrochemical behavior of Zn was
estimated from polarization curves. Wetting of the surface was determined by measuring .
It has been shown that the creation of thin mono- or multi-layer films formed by selfassembly of PhC7Ph molecules on Zn surface can be an alternative to chromate
passivation. They can prevent the dissolution of Zn due to their dense and stable structure.
In [88], the reaction of aqueous solutions of PhC5Ph and PhC7Ph with the surface of
high purity polycrystalline Zn at room temperature was investigated. The X-ray powder
diffraction (XRD) and XPS measurement results indicate the formation of a hydrophilic
zinc phosphonate crystalline film on the metal surface. Model zinc-diphosphonate
compounds simulating those found on the Zn surface were synthesized. Their composition
was close to the phosphonate group:Zn2+ ratio of 1:1. Reactions with both PhCnPh resulted
in a significant protective effect of Zn from corrosion, although the structure and quality of
the layers formed were different.
In order to better understand the inhibition mechanism, identical measurements of the
corrosion characteristics of Zn in a Na2SO4 solution and the structure of layers formed in
aqueous and ethanol solutions of PhC5Ph on mechanically polished Zn samples were
performed in [89]. Although the protective layers formed in ethanol and in aqueous
solution have significant differences, their protection efficiency is approximately equal in
short-term (4 and 24 h) tests in which the protective properties were evaluated by EIS.
Perkins [90] considered the two most promising schemes for attaching organic
molecules to metal oxides, using thiols and phosphonic acids. He compared the efficiencies
of these two anchor groups on zinc oxide by analyzing the chemical and physical
properties of n-hexane derivatives. The surface of thin polycrystalline ZnO films and
ZnO(0001)–O crystals modified with 1-hexanethiol (HT) and APhC6 was investigated
using the quartz microbalance (QCM) method in a flow reactor, angular and t-dependent
XPS, and by measurements of the  angle. The results of QCM weighting showed that the
alkyl chain anchored by APhC6 provides significant protection against ZnO corrosion,
reducing the etching rate of with respect to uncoated ZnO surface more than 9-fold. On the
contrary, monolayers formed from HT molecules possessed greater ionic permeability and
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smaller hydrophobicity, i.e., they were more defective. Using XPS, the d of the SAMs
formed by the two hexane derivatives was determined. It was found that in the case of
APhC6, d is approximately twice as large as d of the SAM formed by HT. It was found that
previous statements about the high thermal stability of alkanethiol SAMs on ZnO are
suspicious. The author concluded that the phosphonate group is preferable to the HS group
for the attachment of short alkyls to ZnO.
In [91], ZnO films sputter-deposited on Au or silicon substrates were modified by
treatment with APhC8, APhC18 or APhC8F13 in order to study their binding to the ZnO
surface and the degree of packing of the alkyl chain. The characteristics of APh-modified
ZnO surfaces were obtained by the XPS method, infrared absorption reflection spectroscopy
(IR-RAS), AFM and  measurements. XPS studies showed that oxygen plasma treatment for
2 min creates reactive oxygen species on the ZnO surface, which provides a more reliable
binding of APh to the ZnO surface. IR-RAS analysis proved that APhC18 binds to the ZnO
surface in a predominantly tridentate way to form dense, well-packed SAMs. AFM images
and  measurements also indicate a good surface coating by the APh with virtually no
multilayer coating. Although no corrosion or electrochemical experiments were performed,
the results suggest that the anticorrosion resistance of ZnO should increase.
Phosphonic acids were studied for modifying the interface in organic solar cells to
improve the work function between the organic active layer and various metal oxides, such
as the In–Zn alloy oxide used as electrodes [92]. In this respect, it is interesting the report
about the fast method for deposition of APh molecules on the surface of metal oxides,
including ZnO [93].
In this method, a solution of pentafluorobenzylphosphonic acid C6F5CH2P(O)(OH)2
(PFBPA) was deposited on various oxides, including ZnO, on substrates for spray coating
heated to t = 25–150°C with an exposure time of 60 s. This method for the preparation of
an ultrathin coating and the change it brings to the work function of the oxide were
compared with the more traditional method of immersing the sample in a solution for 1 h.
It was found that the shift of the work functions and the surface coating by PFBPA were
similar or greater than in the traditional method. When the deposition temperature was
increased, the surface coverage and the shift of the work function were improved. It is
significant that the rapid action of spray coating results in smaller etching of zinccontaining oxides than the immersion method. These results show the possibility of a new
method for modifying the surface of metal oxides by phosphonic acid, which exceeds other
methods that require a prolonged action of modifying reagents.
The authors of [94] studied the SAMs formed on ZnO by phenylphosphonic acid
C6H5HP(O)(OH)2 (PhPhA) as an alternative to transparent electrodes in optoelectronic
devices. They used thermal desorption spectroscopy (TDS), XPS and near-edge X-ray
adsorption fine structure (NEXAPS) and quantum-chemical DFT calculations to evaluate
the thermal stability and orientational ordering of the SAMs on the ZnO surface. It was
shown that the adsorbed PhPhA molecules on all surfaces remain stable up to 550 K.
However, at higher temperatures, the C–P bond is cleaved and dissociative desorption
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occurs, which gives two distinct peaks. Based on DFT calculations, they were attributed to
protonated and deprotonated chemisorbed PhPhA molecules, which can be linked with
ZnO by tri- and bidentate bonds.
As noted above, during the last decade there has been a great interest in the electronic
and photonic properties of ZnO nanostructures, and it was assumed that they can be
applied in solar cells and laser diodes. Indeed, SAMs were used to improve the charge
transfer between organic layers and metal oxides by covalently bonding an ultrathin film to
the ZnO surface [95]. This can have several effects, including the passivation of surface
charge traps to improve direct charge transfer, adjustment of the energy level shift between
semiconductors and organic layers, and an effect on the morphology of the upper organic
layer. Control of the surface functionalization by chemical attachment of organic acids to it
is of great importance.
In [96], ZnO nanoparticles were modified by forming SAMs on their surface with
APhC18, PhC12Ph or 16-phosphonohexadecanoic acid (PhC16COOH). Such SAMs are
particularly useful when they contain modifying tail groups as they create bifunctional thin
films that provide an efficient and inexpensive method for adapting the surface properties of
nanoparticles. The authors carried out a complex study of anisotropic films of these acids
chemically bonded to the surface of ZnO nanoparticles. It was found that the work function
required for integration of electronic devices strongly depends on the type of the phosphonic
acid. The thin film on the particle proved to be durable, as it remained unchanged after
storage in the environment (1 year) and even when exposed to rinsing with a solvent and in
an acid–base bath. This makes it possible to impart various physical and chemical properties
to ZnO nanoparticles depending on the nature of the tail group in phosphonates. For
example, by choosing it, the hydrophobicity of the surface can be increased when it ends
with an alkyl, and vice versa, decreased if the tail group is an acid. In addition, the hydrogen
bond between the acid terminal groups in the SAM can improve the film stabilization.
In studies of modified nanoparticles, NMR and SEM methods were very useful. It
was shown that the COOH group does not participate in binding to the surface, which
slightly increased the average particle size. If PhC12Ph is used, it is possible to form
multilayer films with precisely controlled thickness and sequence of layers, which expands
the scope of possible applications of such particles. Thus, the work functions of the
nanoparticles can be tuned by adjusting the coating surface, the d of the film, and the type
of modifying acids.
The successful use of mono- and diphosphonic acids for modifying the surface of Zn,
ZnO and its nanoparticles, which can improve their corrosion resistance and other valuable
properties, suggests that they can be used with the same purpose for zinc alloys. It was
confirmed by the example of the treatment of the Zn–(0.5, 5.0, or 55% Al) [97] and Zn–
1% Mg–1% Al alloys [98] with 1 mM APhC18 solution in ethanol. In the former case, it
was found that, judging by the values of the θ angle measured by the static method,
hydrophobicity of the alloy surface is achieved even on the alloy containing 0.5% Al, but it
already disappears in the second cycle of 10-minute exposure of a sample in bidistilled
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water. The authors believe that the resulting film containing Al hydroxide is not
sufficiently stable to prevent dissolution and precipitation of the phosphonate salt film,
while a SAM is not formed. Apparently, the alloy dissolves in the ethanol solution and the
Zn2+ that appears in it is coordinated with APhC18. This process stops when the zinc
phosphonate deposited on the alloy surface forms a dense layer and Zn2+ ceases to pass
into the solution. On alloys with a higher Al content (≥ 5%), the SAM formed by APhC18
makes the surface not only more hydrophobic (up to 98°–110°) but also more stable (at
least 9 cycles mentioned above). The authors conclude that APhs can be used for
temporary corrosion protection and also as promoters of adhesion on coatings of ZnAl
alloy containing > 5% Al.
Another work of German researchers [98] is a logical continuation of the study on
Zn–Al alloys discussed above and of the conclusions made in it. They investigated the
adsorption of APhC18 and the stability of the SAMs formed by it on the alloy surface, not
only with a low Al content, but also with addition of Mg, i.e., metals whose oxidized
surfaces are more hydroxylated than on Zn. In addition, the authors used a relatively new
fast (60 s) plasma processing method, the so-called SHC, to obtain a thin layer of a mixed
oxide in which the content of the doping components was significantly higher than that of
Zn itself. The formation and stability of APhC18 monolayers were studied on the surfaces
of this alloy, previously subjected to modification with various plasma treatments or
without it. Self-organization of monolayers was confirmed by means of XPS and IRRAS,
and their stability by measurements as well as by the cyclic voltammetry method to
estimate the effect of SAMs on the current density of the redox reaction.
It was found that the composition of the oxide layer strongly affected the formation of
SAMs by APhC18. Better ordering and higher stability in aqueous solutions were observed
for surfaces enriched by Mg and Al oxides as compared to ZnO. A combination of an
oxide enriched by Al and Mg with a SAM formed by APhC18 leads to strong inhibition of
oxidation-reduction reactions of the surface of the oxide film. The strongest inhibition was
observed after treatment of the alloy surface with Ar/H2+O2 plasma, followed by the
formation of SAMs from an APhC18 solution.
Other metals and alloys. Of course, the above sections of this review do not cover
studies of the passivating properties of mono- and diphosphonic acids (or their salts) with
respect to all metals and alloys. Apparently, attention to this issue has grown so much over
the last decade that its more comprehensive coverage and analysis go beyond the scope of
one review article. Here we limit ourselves to a few examples of studies whose results are
useful for the possible application of the passivating properties of phosphonates not only
for the object in question but also for a broader range of metals and alloys.
For example, Ni that is widely used as an important alloying component of steels and
alloys, including those in many biomaterials and in electronics, has relatively high corrosion
resistance. However, its cations are toxic, so it is necessary to prevent their release into the
human body. The properties of electronic devices deteriorate or they fail, even at a low
corrosion rate of the structural material. In this connection, APhs, which, as already noted,
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are more strongly chemisorbed on oxides or oxidized surfaces of many metals than
carboxylates, were also investigated on Ni foils with natural oxide coating [99].
The authors of this work used two methods (immersion in organic solvents in THF
and aerosol spraying) to form a monolayer with APhC8, APhC11 or APhC18 on the oxide
surface. Although both methods made it possible to form SAMs, the aerosol method
requires less time for its complete formation, lower temperature, and solution concentration
than the immersion method. The SAMs obtained were studied by FTIR, AFM, SEI, cyclic
voltammetry, measurements of the  angle, and mass spectrometry with laser desorption
ionization. The total of these results allowed the authors to conclude that the SAMs formed
upon adsorption of APhs, APhC18 in particular, on the surface of Ni oxide can reduce the
surface electrochemical activity, often at the first stage of corrosion. The formation of such
SAMs on the surface of Ni covered by native oxide is an excellent surface modification
that can be used as a “building block for future applications in corrosion barriers,
biomaterials and electronics”.
Although it has not been possible to find reports on the formation of SAMs upon
adsorption of APhs on Co itself, studies of this kind are widely known for Co–Cr alloys
[100–103]. These alloys are widely used in cardiovascular stents, orthopedics and
dentistry. For example, according to [102], out of 10 commercially available stents, 8 are
made of 316L stainless steel, and 1 is made of L605 (mass% 51 Co, 20 Cr, 15 W, 10 Ni
and Fe <3). However, such drug-eluting stents can cause inflammatory and other adverse
reactions due to their polymeric coating. Since modification of the surface allows it to be
adapted to various applications in medicine, a SAM was formed on the Co-Cr alloy oxide
layer using the APhC18 deposition method. Samples of the alloy modified in this way were
tested for resistance to oxidizing conditions in a laboratory medium and in phosphate
buffer solution (PBS) with a pH of 7.4 for 1 to 14 days, and then studied by XPS, AFM
and measurements. The stability of the SAM and the hydrophobicity of the alloy surface
throughout the study were confirmed [101,103].
Kaufman et al. [102] noted the disadvantages of mechanical polishing compared to
electrochemical polishing that can provide a cleaner surface of the substrate. They studied
the formation of SAMs and their stability upon adsorption of APhC12 and APhC10COOH on
the electrochemically polished surface of L605 alloy. A combination of two methods was
used: precipitation of SAM from 1 mM solution of APh in THF (24 h) and fivefold
immersion of samples in the same solution for 1 min each time, with slow evaporation of the
solvent between the immersions. The surface of the alloy samples with SAMs was studied
by FTIR, XPS, AFM and  measurements. The results of the studies showed that the SAMs
obtained were homogeneous and well-ordered. Long-term stability of the SAMs was studied
in tris-buffered saline (TBS) that imitates physiological medium. The tests were performed
for 28 days at 37°C. It was found that desorption of both APhs from a SAM occurs in two
stages. First, within 1–3 days, rapid significant desorption of an APh takes place, followed
by slower desorption for 28 days until the SAM action ceases. It was concluded that it is
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necessary to continue to perfect methods “that can improve the long-term stability of SAMs
on electropolished Co–Cr alloy for stent and other biomedical applications”.
Taking into account the results of SAM studies on various metals, the author of this
review believes that it is promising to use reagents more hydrophobic than APhC12,
primarily APhC18, and to search for effective formulations of APhs with other organic
compounds. In addition, it seems important to pay more attention to the preparation of a
certain surface morphology and to the formation of SAMs from vapor phase at elevated
temperatures.
We have already mentioned above the modification of the surface of an In–Zn alloy
by APh [93]. In [104] it was carried out on another alloy (In–Sn) by two different
methods, using APhC10, APhC16 or APhC18. The stability of the SAMs measured by their
ability to block charge transfer was investigated using cyclic voltammetry and EIS. SAMs
were tested for long-term stability in the PBS and in ultrasonic washing. As was to be
expected, the SAM formed by APhC18 was much more resistant to ultrasonic washing and
was more effective in blocking the charge transfer than the SAM formed from APhC12 or
APhC16, the monolayer of which was significantly damaged. Similar observations were
also made by XPS in the case of APhC18, regardless of the method of SAM formation.
However, after 7 days of immersion of the alloy samples with such a SAM in PBS, the best
blocking of the charge transfer in the Fe(CN)36 / Fe(CN)64 reaction was shown by the
SAM formed by simple immersion in THF solution for 2 hours rather than by the
Langmuir–Blodgett method.
As for other metals, alloys or their oxides, their modification by phosphonates is often
less successful and/or already considered in earlier review [10].
Conclusions
1. Water-soluble mono- and diphosphonic acids, due to the high reactivity of their
functional groups and the presence of hydrophobic alkyls or other hydrocarbon
substituents in them, can facilitate the passivation of metals in aqueous media with nearneutral pH (6–9). Monoalkylphosphonates (APhCn) are studied most thoroughly, and
compounds with C8 –C12 have the highest passivating ability in these media among them.
They act due to strong adsorption on oxidized surfaces of iron and steels or by the “nonoxide” passivation mechanism. APhs, having effective passivating properties, are less
hydrophobic than alkylcarboxylates, alkyl or dialkyl phosphates with the same alkyls. In
addition, even lower phosphonates, for example APhC3, which have poor protective
properties in neutral solutions, can facilitate the passivation of steel in combination with
Zn2+ cations. Monoalkylphosphonates (APhCn) were studied most thoroughly. Of these,
the best passivating ability in these media is shown by compounds with C8 –C12. They
can act both due to strong adsorption on oxidized surfaces of iron or low-carbon steel,
and by the “non-oxide” passivation mechanism, i.e., protect in the absence of any
surface oxide film.
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2. Due to low solubility, APhCn with n  12 are difficult to use in the form of aqueous
solutions, but they are capable of forming passivating self-assembled monolayers
(SAMs) on the surface of many metals, including oxidized ones. These SAMs are often
applied from organic solvents (alcohols, THF, dimethylformamide, etc.). Self-assembly
of these molecules and the interaction of their head (anchor) phosphonic groups with the
surface takes some time. Such SAMs are also useful when they contain modifying tail
groups. While SAMs with a tail CH3 group imparts high hydrophobicity, the SAMs
formed by APhCnY (where Y = COOH, P(O)(OH)2 or a similar tail group) creates a
more hydrophilic surface. APhCnY compounds can form bifunctional thin films that
provide an efficient and inexpensive method for adapting the surface properties of
nanoparticles or improve the adhesion of the second layer or a paint coating.
3. APhC18 is one of the most versatile and efficient passivators. It forms a well-ordered
SAM on oxidized metals (Fe, Al, Mg, Ti, Cu, Zn, Ni, Co, In) or their alloys. It is not
removed by washing with a pure solvent, even under ultrasonic treatment. Its molecules
are usually covalently bound to the substrate; the phosphonate ligand is bidentate. The
preliminary preparation of the metal surface and its heat treatment after the application
of a SAM (0.5–1.0 h, 100–120°C) play an important role in improving the stability of
the SAMs formed by APhC18. The stability of the SAMs formed is in many cases higher
than that of the SAMs formed from higher carboxylic acids or alkylsilanes. It is
interesting to use APhC18 and its homologues to form SAMs that can create
superhydrophobic surfaces on metals. Although a realization of this possibility on Al
using APhC14 was reported, but, unlike with higher carboxylic acids, it was practically
not studied in relation not only to Al alloys but also to other metals.
4. In the bisphosphonate series, [(3,5-di(perfluoroctyl)phenylhydroxymethylene]bisphosphonic acid deserves attention. The passivation of metals (steel, Ti) with this acid can be
performed from an aqueous solution. In this case their surfaces become somewhat more
hydrophobic than in the case of APhC18 treatment and lipophobic, and retain these
properties even on prolonged immersion in water at elevated temperatures.
5. In order to quicken the formation of a SAM and increase its stability, the following
methods were suggested apart from simple immersion of samples with a thoroughly
cleaned surface in a passivating solution for several hours:
– immersion in this solution with electrode potential different from Ecor is applied to
the sample (electrochemical deposition of SAM);
– periodic immersions of the sample in the solution for a short time with intermediate
slow drying;
– spraying of this solution on the surface being protected;
– SAM application from an APh in vapor phase at elevated temperature.
Although there is some progress in the formation of SAMs by APhs using these
methods, the need for further work in this field is obvious.
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