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Abstract
Stabilisation of the functional properties of dispersed and compact metals, as well as the regulation of their reactivity, 
improvement of water-repellent, antifriction and anti-corrosion properties by creating the protective films on the surface 
is an urgent problem in relation to obtaining new materials. Previously, research conducted at REC “Nanotechnology” of 
the St. Petersburg Mining University proved that chemisorption of ethylhydridesiloxane vapours together with surfactants 
based on quaternary ammonium compounds has a beneficial effect on the water-repellent properties of metals. In order 
to obtain the physicochemical mechanism of the hydrophobisation of the surface of modified dispersed metals for the first 
time, the study of the electrophilic-nucleophilic properties of the active substances of the surface modifiers of metals was 
carried out using the methods of quantum-chemical modelling using HyperChem software package. The dipole moment, 
energy of the highest occupied and the lowest unoccupied molecular orbitals, electrophilic-nucleophilic properties were 
determined. The series of enhancement of nucleophilic/electrophilic properties and dipole moment for modifiers were 
obtained. The donor-acceptor properties, the differences in the characteristics of the molecules of alkamon, triamon, and 
hydrophobic silicone organic liquid were quantitatively and qualitatively established. The regularities of the formation of 
hydrophobic and antifriction properties in the composition of industrial oil I-20-surface-modified metal with various 
electrophilic-nucleophilic properties of the applied substances. 
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1. Introduction 
Stabilisation of the functional properties of 

metals, both dispersed and compact, as well as 
the regulation of their reactivity, improvement 
of water-repellent, antifriction and anticorrosion 
properties by creating the thinnest protective 
films on the surface is an urgent problem in 
relation to creating new materials. One of 
the promising approaches to obtaining these 
materials is the method developed at the Saint 
Petersburg Mining University for the layering 
of molecules of different sizes on metals (RF 
patent No. 2425910), implemented at a number of 
enterprises of the mineral resource complex of the 
Russian Federation and the Republic of Belarus. 
As part of the research at REC “Nanotechnology” 
of the St. Petersburg Mining University, it was 
proved that the chemisorption of the oligomer 
vapours of ethylhydridesiloxane together with 
surfactants based on quaternary ammonium 
compounds (QACs) increases the water-repellent 
properties of metals, such as, for example, 
aluminium and copper [1-3]. In this study, 
dispersed copper powder of the PMS-1 (Cu) grade 
– GOST 4960-75 was used as a metal-substrate. 
Interest in copper powder is explained by the 
potential of practical application as additives to 
lubricating compositions for various purposes and 
components of heating elements [4–7]. 

Modern developments in physical chemistry, 
chemical technology, dedicated to improving the 
properties of oils and lubricants, contribute to the 
solution of the designated problems [8–10]. At 
the same time, many known additives and fillers 
are quite expensive and do not always meet the 
environmental safety requirements. The latest 
developments of the Saint Petersburg Mining 
University in the modification of dispersed 
metal surfaces with organic preparations based 
on quaternary ammonium compounds allowed 
achieving a significant antifriction effect when 
adding appropriate additives to lubricating 
compositions [4]. The performed studies, 
including those presented here, allowed not 
only to substantiate the significant antifriction, 
anti-corrosion, and water-repellent effects when 
adding additives to organic matrices of oils, 
greases, and paints, but also describe the chemical 
principles of the synthesis of surface-modified 
metals, including the justification of the reagents 

used in the synthesis, based on copper PMS-1. The 
corresponding technology is, in fact, an energy- 
and resource-saving synthesis technology, since 
the layering of ammonium compounds occurs at 
room temperature, and the amount of the applied 
modifier was not higher than 1 mass % of the 
sample. Monolayer application of the substance 
(5 mg/m2) provides significant savings in material 
resources [1].

When studying the hydrophobic and 
antifriction properties of the surface of modified 
samples based on copper powder PMS-1, 
interesting effects were revealed when applying 
organic modifiers (ammonium compounds and 
ethylhydridesiloxane) in various combinations 
on the surface of dispersed copper [1, 2]. It was 
found that Cu/Т/А, Cu/A/HSL, Сu/(A+T) samples 
treated with ethylhydridesiloxane (HSL), triamon 
(T), and alkamon (A) - preparations based 
on ammonium quaternary compounds were 
characterised by a significant increase in the 
water-repellent properties [1,2]. At the same time, 
treatment with only one modifier did not enhance 
the hydrophobicity of the sample surface. It is 
important to note that according to the literature, 
the deposition of three or more layers does not 
lead to a significant hydrophobic and antifriction 
effect due to the weak interaction of the layers 
with a solid substrate [1,3].

The purpose of this study was the investigation 
of antifriction properties of additives based 
on dispersed copper in the composition of 
the industrial oil I-20, the analysis of the 
electrophilic-nucleophilic properties of modifier 
molecules used for the production of films on 
dispersed metals, using quantum-chemical 
modelling methods for further physicochemical 
substantiation of the antifriction effect in the 
composition of lubricants and the effect of 
hydrophobization of the surface of modified 
dispersed metals.

2. Experimental 
Stabilized copper powder, grade PMS-1 

(GOST  4960-2009), was used as the initial 
dispersed metal. A modern approach to the 
production of thin films on the surface of 
dispersed and compact metals is the method of 
layering different-sized molecules of quaternary 
ammonium compounds used in this study, which 
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has demonstrated to be a promising method for 
regulating various surface properties of dispersed 
metals such as copper, aluminium, nickel, etc. 
The surface modification of copper powders 
was carried out in alkamon (GOST  10106-75) 
and/or triamon (TU 6-14-1059-83) vapours 
based on QACs, as well as in vapours of a 
hydrophobic silicon-organic liquid HSL-94 based 
on ethylhydridesiloxane at room temperature, 
vapour pressure of 0.7–1.0 MPa [1–4]. The 
possibility of a synergistic enhancement of the 
water-repelling properties during the adsorption 
of QACs and ethylhydridesiloxane molecules 
on the surface is of particular interest [1]. The 
composition of triamon (T) - tris- (-oxyethyl) 
methyl-ammonium-methyl sulphate (TOMAM) – 
in pairs corresponds to the chemical formula 
[(HOC2H4)3N

+CH3][CH3SO3
–] with low molecular 

weight radicals at the nitrogen atom. The 
composition of the cation of the used alkamon 
(A) contains a significant C17 hydrocarbon radical. 
The structural formula of the active substance 
of the used alkamon: [CnH2n+1OCH2N+(CH3)
(C2H5)2][CH3SO4

–], where n = 16. HSL-94 is 
hydrophobic silicon-organic liquid based on 
organohydridesiloxanes; it is an oligomer of 
polyethylhydridesiloxane [11]. HSL is used as 
a reagent for the enhancement of the water-
repellent properties of textile, leather and paper 
products, as well as products made of concrete, 
brick, and other building materials. Usually it is 
applied from solutions [11]. It is widely used as an 
industrial surface water repellent in construction. 
The following samples were studied depending on 
the sequence and chemisorption mode of QACs 
and HSL preparation on the surface of the initial 
copper powder (Cu): Cu/(A+T), Cu/A, Cu/HSL, 
Cu/T/A, Cu/A/T, Cu/T/HSL, Cu/A/HSL, and Cu/T. 
A sample of Cu/(A+T) was obtained in a mixture 
of A and T vapours (1:1), Cu/T/A was obtained by 
sequential deposition of T and A. 

Water-repelling properties (hydrophobicity) 
were evaluated by the adsorption of water vapour 
on the surface of the samples by the gravimetric 
method. The relative pressure of water vapour 
was about 0.98 (PH2O/PS → 1, where PS is the 
saturated Н2О vapour pressure). The fact of 
water vapour adsorption by the samples was 
additionally monitored by the appearance in the 
XPS spectra and an increase in the intensity of the 

peak with a binding energy of 532.5±0.1 eV, which 
is characteristic for water adsorbed on the metal.

Quantum-chemical modelling was carried 
out using the HyperChem software package 
according to the semiempirical MNDO method. 
The application method and the fundamental 
principles of the calculation method are described 
in the literature [12–16]. Quantum-chemical 
calculations were based on the solution of the 
Schrödinger equation [17]. Direct calculation 
of multielectron atoms and polyatomic systems 
seems to be a non-trivial task due to the significant 
amount of required computational time. For this 
reason, semiempirical (approximate) methods 
for solving this equation are gaining importance 
in quantum chemistry [16–18]. According to the 
degree of approximation, all quantum chemical 
methods are divided into nonobservational (ab 
initio), semi-empirical, empirical (a group of 
methods of molecular mechanics) and methods 
of molecular dynamics [17, 19].

HyperChem is a software product providing 
opportunities for the quantum mechanical 
modelling of atomic and molecular structures. It 
includes programs, implementing the methods 
of molecular mechanics, quantum chemistry, and 
molecular dynamics. Force fields of molecular 
mechanics that can be used in HyperChem 
are MM+, Amber, OPLS, and BIO+ (based on 
CHARMM).

To determine the fundamental tribological 
characteristics: friction force (Ffr) and coefficient 
of friction (f) of tribosystems industrial oil I-20 
(GOST 20799-88) with the addition of dispersed 
surface-modified metal (M = Cu, Al), a friction 
machine DM-29M was used. The friction pair of the 
DM-29M machine was slide bearing (Shaft – steel 
45 (GOST 1050) – insert – bronze BrAZh 9-4 (GOST 
18175), continuously lubricated with I-20 oil with 
adsorption-modified metal powders (Cu). The 
concentration of the additive in the composition 
of the oil did not exceed 1 wt. %. In addition, the 
integral index of friction D proportional to the 
friction force, was monitored by the acoustic 
emission method using a certified device ARP-11 
(pressure P = 47 MPa) [3.5] (Table 1).

3. Results and discussion 
In this study, the friction force (Ffr) and 

coefficient of friction (f) for tribosystems (copper 
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powder-industrial oil I-20) were measured using 
a DM-29M friction machine for the first time. 
From the data shown in Fig. 1 and Table 2 it 
follows that the most significant decrease in the 
friction force and coefficient of friction in the 
slide bearing of the DM-29M friction machine 
lubricated with industrial oil I-20 was provided 
by copper powder (PMS-1) processed in the mixed 
mode (Cu/(A+T)) and sequential mode (Cu/T/A) 
with both modifiers (alkamon and triamon). It is 
interesting that the Cu/Т/А and Сu/(A+T) samples 
were superior in terms of antifriction properties 
in the composition of lubricants when compared 
to the samples modified in A and T pairs and 
separately. This synergistic effect was manifested 
both by the assessment of antifriction properties 
based on the integral friction index D [1] and 
using the DM-29M friction machine (Table 1). 
According to data shown in Tables 1 and 2, there 
is a superiority in the ability to reduce friction 
of additives of the Cu/T/A type over additives 
treated with only one modifier, as well as over 
additives of a similar type Al/(A+T) and Al/T/A 

based on the dispersed aluminium (PAP-2) that 
was investigated earlier [1]. 

According to the developed concepts [1,4], 
when approaching the “dry friction” mode (load 
pressure ≥ 40 MPa), the antifriction properties of 
the tribosystem were largely determined by the 
properties of the surface of the solid additive. 
Therefore, the reduction of friction in the system 
by several times (Table 1) at high pressures is 
quite understandable taking into account the 
difference in the surface of the additives in 
terms of hydrophobicity and adhesion of the 
applied surfactant film to the metal [3–5]. More 
modest indicators of the reduction of the friction 
force and coefficient of friction in the system 
with similar additives (Fig. 1, Tables 2, 3) were 
associated with the fact that the measurement 
of these characteristics using friction machine 
is technically possible at low pressures (not 
higher than 17 MPa). The enhancement of the 
antifriction effect is associated with an increase 
in the influence of the surface of the solid additive 
during the transition from the liquid-phase 

 

 

Fig. 1. The force friction in the tribosystem (load 5 kN) containing additives (1 wt%) based on 

dispersed copper, modified in various modes  

 

 

 

 

Fig. 2. Dependence of the antifriction effect in the tribosystem on the load for additives based on 

dispersed copper PMS-1, modified in different modes 

 

 

∆Ffr, N 

N, N 

Table 1. Comparison of the adsorption of water 
vapor (a, g/g) on a surface-modified metal (Cu) 
with the value of the integral friction index D 
(pressure P = 47 MPa) [1]. D for I-20 oil is 1500

Type of powder butН2О, g/g

Integral friction 
index D for 

industrial oil 
with powder

Cu/A 0.0299 1300
Cu/T 0.0268 1100

Cu/T/A 0.0260 270
Cu 0.0445 1450

Cu/(A+T) 0.0310 1480

Table 2. Characteristics of Cu-additives (1 wt%), including the relationship equation Ffr  = F(N), change 
of Ffr(∆Ffr) relative to the initial industrial oil the value of the coefficient of friction (f)

No. Additive Equation Ffr = F(N) R2 ∆Ffr(av.), % ∆Ffr(N = 5 kN), % f(N = 5 kN)

1 Al/(A+T) [1] y = 0.0370x + 12.47 0.991 –11.41 –15.92 0.0075
2 Al/T/A [1] y = 0.0480x + 10.81 0.992 –7.75 –3.69 0.0079

3 И-20 (no 
additive) [1] y = 0.0500x + 12.29 0.994 0 0 0.0089

4 Сu/T/A y = 0.0375x + 12.02 0.995 –13.79 –18.22 0.0063
5 Сu/(A+Т) y = 0.0393x + 12.43 0.994 –10.29 –14.39 0.0066
6 Сu/T y = 0.0395x + 14.69 0.997 –9.04 –1.86 0.0072
7 Сu y = 0.0412x + 15.09 0.991 +2.65 –2.17 0.0083
8 Сu/A y = 0.0418x + 15.90 0.985 +6.46 –1.40 0.0091

Fig. 1. The force friction in the tribosystem (load 5 kN) 
containing additives (1 wt%) based on dispersed cop-
per, modified in various modes 
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friction mode to the boundary one, and further 
to “dry friction”.

The need to study tribosystems in a wide 
range of loading pressures is explained by the 
widespread use of industrial petroleum oil in 
industry for lubricating a wide range of machine 
tool and mining equipment, characterized by 
uneven load on the actuating device. 

The dependence between the friction force 
and the load for lubricating compositions with 
various Cu-additives based on I-20 industrial 
oil was approximated by a linear dependency 
with a confidence level R2 in the range of 0.985 - 

0.997. Cu-additives, which maximally reduce the 
friction force and coefficient of friction in the 
tribosystem (Cu/T/A, Cu/(A+T)), correspond to 
the equations with the minimum proportionality 
factor k (Table 2). The resulting equations 
y = kx + b were similar to the formula for boundary 
friction (Ffr = k(N + Faf), where k is the coefficient of 
friction, N is the force of normal pressure (load), 
Faf is the additional force due to intermolecular 
attraction). Faf is minimal for Cu/T/A additive. 
Modification of copper allows adjusting the value 
of Faf (Table 2).

Water vapour adsorption isotherms for most 
copper-based samples correspond to type III 
isotherms [2] according to the classification 

of Brunauer, Deming and Teller [19-20]. From 
the data provided in earlier studies, taking into 
account the testing of samples in saturated 
water vapour for hundreds of hours, it follows 
that the most hydrophobic of the studied 
samples is a sample of the Cu/A/HSL type 
with sequentially chemisorbed alkamon and 
ethylhydridesiloxane [2].

As a result of analysing the data presented 
in Fig. 1 and Tables 1 and 2, the series of 
enhancement of antifriction and water-repellent 
properties for copper-containing additives were 
obtained:

As can be seen from the comparison of the 
series, the antifriction effect of copper additives 
in tribosystems increased as the hydrophobicity 
of the latter increased. However, application of 
a hydrophobic substance (A or T) to dispersed 
copper powder (PMS-1) did not allow achieving 
a high antifriction effect. The best antifriction 
properties were revealed for copper samples 
containing triamon in the surface layer with small 
(С1–С2) organic radicals at the nitrogen atom. 
This obviously contributes to the fact that the T 
molecules relatively easily fill the “gaps” of the 
factory stearic stabilizing film. Also, due to the 
steric accessibility of nitrogen atoms in triamon, 
favourable conditions for the metal-nitrogen 

Table 3. Dependence of the value of the coefficient of friction (f) on the loading pressure in the range 
of 50-500 kgf on friction machines DM-29M

No. Additive f, 50 kgf f, 100 kgf f, 150 kgf f, 250 kgf f, 500 kgf
1 Al/(A+T) 0.0299 0.0173 0.0125 0.0086 0.0064
2 Al/T/A 0.0275 0.0164 0.0127 0.0091 0.0074
3 И-20 0.0308 0.0185 0.0134 0.0098 0.0077
4 Сu/T/A 0.0281 0.0167 0.0118 0.0084 0.0063
5 Сu/(A+Т) 0.0291 0.0173 0.0125 0.0088 0.0066
6 Сu/T 0.0339 0.0193 0.0139 0.0098 0.0069
7 Сu 0.0339 0.0205 0.0146 0.0103 0.0075
8 Сu/A 0.0372 0.0209 0.0146 0.0105 0.0077

I-20/Cu/T/A > I-20/Cu/T > I-20/Cu/A > I-20/Cu/(A+T) > I-20

Decrease in D [1]
I-20/Cu/T/A > I-20/Cu/(A+T) > I-20/Cu/T > I-20 > I-20/Cu/A

Decrease in Ffr (N = 5 kN)

Cu/T/A > Cu/T > Cu/A> Cu/(A+T) > Cu

Increase in hydrophobicity [2]
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interaction, enhancing the adhesion of the 
surfactant to the metal were created. The above is 
also evidenced by the tribological characteristics 
of the Cu/A sample treated with one alkamon, the 
addition of which to the oil composition did not 
lead to an increase in the antifriction properties 
in comparison with the addition of the initial 
PMS-1 copper powder (Table 2). 

In this study, the quantum-chemical modelling 
using the HyperChem software package was 
applied for the determination of the structural-
chemical and nucleophilic-electrophilic properties 
of molecules. The following molecular parameters 

were determined: dipole moment, distribution 
of electrostatic potential, energy of the highest 
occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO). The value 
of the dipole moment of the adsorbed molecule is 
important for the estimation of the change in the 
interfacial potential and the energy of interaction 
of the adsorbate with a solid surface [17, 21–23].

The dipole moment of the ethylhydridesiloxane 
oligomer corresponds to 3.02 D (Table 4), 
and its direction is shown by the dotted line 
in Fig. 3. Oxygen atoms (0.66 eV) of organic 
radicals were the most reactive in the case of 

 

 

Fig. 1. The force friction in the tribosystem (load 5 kN) containing additives (1 wt%) based on 

dispersed copper, modified in various modes  

 

 

 

 

Fig. 2. Dependence of the antifriction effect in the tribosystem on the load for additives based on 

dispersed copper PMS-1, modified in different modes 
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Table 4. Results of quantum chemical modelling of active component of HSL-94 and ammonium 
compounds

HSL-94 Alkamon ТОМ
Dipole moment [D] 3.0 20.2 5.3
Energy HOMO [eV] 2.37 –13.10 –6.21
Energy LUMO [eV] 10.10 –1.95 0.38
Molecular Excitation Potential DE [eV] 7.23 11.15 6.59
Electrophilic-Nucleophilic properties (donor-acceptor) 
properties Nucleophile Electrophile Nucleophile

Fig. 2. Dependence of the antifriction effect in the tribosystem on the load for additives based on dispersed 
copper PMS-1, modified in different modes

Fig. 3. Quantum chemical model of ethylhydridesiloxane oligomer (n = 15) with the distribution of electro-
static potential (silicon atoms – big grey balls)
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electrostatic interaction (physical adsorption). 
For the determination of the nucleophilic and 
electrophilic (donor–acceptor) properties of the 
molecule, the energies of the lowest unoccupied 
and highest occupied molecular orbitals were 
determined, which were 2.374 and 10.097 eV, 
respectively (Fig. 4). Since the energy of LUMO 
is positive, the ethylhydridesiloxane oligomer 
molecule is a nucleophile. The excitation 
potential of the molecule was 7.233 eV. The 
results of a similar analysis of other molecules 
are shown in Table 4 for molecules of active 
substances in preparations based on quaternary 
ammonium compounds - triamon (TOMAM) and 
alkamon.

As can be seen from Table 5, samples 
containing combinations of modifiers with 
different nucleophilic-electrophilic properties 
(Cu/A/HSL), Cu/(A + T), Cu/T/A) in the surface 
layer possess the greatest hydrophobic and 
antifrictional effect, contributing to the chemical 
(electronic) interaction in the metal-deposited 
modifiers system, including interactions between 
deposited substances. Therefore, modification 
modes, including sequential treatment with 
hydrophobic compositions with different 
electrophilic properties, are most preferable for 
obtaining highly and superhydrophobic materials. 
It is interesting that modification with only one 
type of modifier (A, T, HSL) did not allow achieving 
a significant increase in the hydrophobicity of the 
surface in comparison with the original copper 
powder, probably due to the limited possibility 
of stabilizing the outer hydrophobic layer of the 
surface. The combination of electrophilic and 
nucleophilic modifiers allowing not only to block 
the hydrophilic centres of the surface, but also 

to increase the resistance of the metal-applied 
hydrophobic agents system to external influences.

According to A. A. Abramzon, an increase in 
the adhesion of a surfactant film to a solid surface 
is the key to its successful hydrophobization and 
antifriction effect [24]. The possibility of donor-
acceptor interactions metal - QACs, metal - silicon 
hydrides has been repeatedly proven by IR and 
XPS spectroscopy [1,25,26].

Conclusions
For the first time, fundamental tribological 

characteristics (force and coefficient of friction) 
were measured for copper-based samples in the 
composition of I-20 oil and compared with the 
hydrophobicity of additives and antifriction 
properties of systems with high loading pressures. 
Quantum-chemical modelling of reagent 
molecules used in the process of layering 
of different-sized molecules of quaternary 
ammonium compounds on metals was performed 
using HyperChem software package. 

Table 5. Comparison of average values of water vapour sorption (PH2O/PS = 0.98 ± 0.02) and friction force 
change for different samples in the time interval 24 ≤  t  ≤ 216 h with electrophilic-nucleophilic (donor-
acceptor) properties of modifiers (A, T, HSL)

Sample aav, % ∆Ffr (N = 5 kN), % Electrophilic-nucleophilic characteristics of modifier  
(energy LUMO)

Cu/A/HSL 0.396 – Electrophile (–1.95) + Nucleophile (10.10)
Cu/T/A 0.491 –18.2 Nucleophile (0.38) + Electrophile (–1.95)

Cu/(A+T) 0.507 –14.3 Nucleophile (0.38) + Electrophile (–1.95)
Сu/A 0.521 –1.4 Electrophile (–1.95)

Cu/HSL 0.532 – Nucleophile (10.10)
Cu 0.534 –2.2 –

Cu/T 0.568 –1.4 Nucleophile (0.38)

Fig. 4. The distribution of the molecular orbitals of 
ethylhydridesiloxane oligomer (HSL -94)
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In this study, the nucleophilic-electrophilic 
properties of active substance molecules of 
modifiers of metal surfaces were studied using 
quantum-chemical modelling methods. The 
properties of molecules were compared with the 
sorption characteristics of modified metals and 
antifriction properties in the composition of 
industrial oil. The donor-acceptor properties of 
molecules were compared with the adsorption 
characteristics of the surface of dispersed metals. 
Considering earlier studies of modification 
of dispersed metals and the data obtained in 
this study for antifriction properties in the 
composition of industrial oil I-20, a relationship 
between various modes of modification and the 
hydrophobicity of the surface of dispersed metals 
was established. The series of enhancement 
of nucleophilic/electrophilic properties and 
dipole moment for the used modifiers were 
obtained. Recommendations for the application 
of modifiers in practice were offered.
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