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Introduction. The establishment of regularities of the microcontact interaction in the friction interface formed by two 
moving bodies is an important step towards the creation of new classes of materials with predefined physicochemical 
properties. The relative motion of interacting surfaces inevitably results in wearing contact areas (microcontacts) of these 
surfaces, i.e. leads to the formation of fragments caused by destruction of more elastic material. 

Problem Statement. The destruction of the interface decreases significantly by applying lubricant films to the contact 
area. In the case of dry friction (no lubricant), the description of the contact area is a practically solved problem (the Hertz 
and the Johnson-Kendal-Roberts contact theories), while the presence of lubricant complicates significantly this problem, 
because one shall consider the rheological component of friction and the interaction of interfaces. In addition, the 
overwhelming majority of tribological studies were carried out using imperfect (rough) surfaces and lubricant films with 
uncertain component composition, thickness, and structure.

Purpose. To establish the influence of the structure of self-assembling n-alkanes monolayers on their tribological 
properties in the frictional interface.

Materials and Methods. The atomically flat surface of gold and one-component monolayer films of n-alkanes (C
n
H

2n+2
, 

n = 14, 16, 48, 50, 60). are used as materials. The scanning tunneling microscopy method is used to establish the structure 
of self-assembled monolayers on the gold surface as well as to control their destruction before and after the tribological 
measurements. The kinetic coefficient of friction μko of interfaces have been studied using a magnetic levitation tribometer.

Results. The nonmonotonic dependence of kinetic friction coefficient μko on the length of n-alkane molecule has been 
experimentally established.

Conclusions. The kinetic friction coefficient μko has been established to abnormally decrease for the n-alkanes with 
“magic length” (n times 16). 

K e y w o r d s : coefficient of friction, atomically flat surfaces, monolayer films of n-alkanes, and friction force.
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Establishing the patterns of interaction of mi-
crocontacts in the frictional interface formed by 
two moving bodies is an important step to wards 
the creation of new classes of materials with cer-
tain physicochemical properties [1, 2]. As the in-
teracting surfaces moves one relative anot her, 
their contacting areas (microcontacts) ine vitably 
wear out with the formation of debris in the fric-
tional interface [3] as a result of the dest ruction 

of more elastic material. Numerous ex periments 
have shown that the friction force is not constant 
and varies depending on the previous interaction 
of microcontacts (contact aging) [4—6].

The degree of interface destruction is known 
to reduce significantly if lubricating films are ap-
plied to the contact plane. In the case of dry fric-
tion (no lubricants), the contact point analysis 
has been practically completed (the contact in-
teractions theory by Hertz and Johnson-Kendall-
Roberts), whereas the presence of lubricants sig-
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nificantly complicates the problem because of the 
need to consider the rheological component of 
friction and the interface interaction [7]. It should 
be noted that the overwhelming majority of tri-
bological studies have been carried out on im-
perfect (rough) surfaces using lubricating films 
with uncertain component composition, thick-
ness, and assembly structure. This has made it im-
possible to determine the impact of each factor 
individually. The following studies have been 
done for the first time on atomically flat surfaces 
covered with ordered monolayer films with es-
tablished component composition [8, 9] and pre-
dictable changes in their tribological properties 
[7, 9—11].

In order to identify the appearance of defects 
at the atomic level and to establish non-de st-
ructive modes of friction studies under certain 
loads researchers have used the methods of scan-
ning, frictional, and atomic force microscopy [12—
14]. However, these methods have not enabled to 
fully describe the tribological properties of lubri-
cating films on atomically flat surfaces [3, 7]. 
That is why these studies require the creation of 
special experimental conditions and instruments 
for measuring friction [15].

This research proposes a fundamentally new 
non-destructive method for studying the lubri-
cant/surface friction using a magnetic levitation 
tribometer (MLT), with n-alkane (С

nH2n+2), mo-
nolayer films adsorbed onto atomically flat sur-
face of gold as lubricant. The structure of the m o-
nolayers is controlled using a scanning tunneling 
microscope (STM) with molecular resolution be-
fore and after tribological studies to avoid the de-
structive modes of MLT measurements.

The n-alkane (СnH2n+2, n = 14, 16, 48, 50, 60) 
monolayer films are applied by deposition from 
solutions warmed up to ~40 °С, with n-tetrade-
cane (C14H30, C14). as solvent. The concentrations 
of the solutions are selected experimentally so 
that to obtain a monolayer after complete deposi-
tion of the studied molecules on the atomically 
flat surface of gold. The monolayer structure is 
studied by the STM method at a liquid/solid 

interface using a laboratory-modified commer-
cial STM (NT-MDT, Russia).

MAGNETIC LEVITATION TRIBOMETER 
A block diagram of an experimental device for 

measuring the coefficients of friction between 
two solid materials is shown in Fig. 1. The meth-
od of friction study has been described in detail in 
[15]. The levitation tribometer consists of the 
two main elements: a pivot-shaped pendulum 
with two magnets on it and a magnetic cushion 
beneath it. The magnets enable hanging pendu-
lum with a metal ball at the end. The test sample 
is fixed on a vertical holder in front of the ball. 
During the measurements, the pendulum is pul-
led out of equilibrium position and oscillates 
around its axis with damping amplitude. The 
angular deviation of the pendulum is recorded 
as function of time (t). The friction coefficient 
μko is determined based on the pendulum oscil-
lations damping curve.

The ball hold-down force is controlled by the 
angle of inclination of the pendulum bearing 
surface  to the horizon. The condition of the in-
terface surface before and after MLT measure-
ments is checked by the optical and STM micro-
scopy methods.

SELF-ASSEMBLING OF n-ALKANE 

MOLECULES ON ATOMICALLY FLAT 

SURFACE OF GOLD 
The STM studies of self-assembled monolayer 

films of n-alkane (CnH2n+2) homologous series 
have been described in [8, 9, 16, 17]. The mole-
cules are established to form a lamellar structure. 

Ball

Magnets Monolayer
CnH2n + 2





Fig. 1. Block diagram of magnetic levitation tribometer

Substrate
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Fig. 2 shows a STM image of a pentacontane 
(C50H102), monolayer adsorbed on atomically flat 
surface of gold.

The distance between the major axes of neigh-
boring molecules in the adsorbed monolayer 
(Fig. 2) is ~5 Å [18], and the monolayer is 
stretched by a substrate in the direction <112>. 
Despite the mutual attraction, the molecules are 
keeping their adsorption positions, that means 
the adhesive interaction (molecule/substrate) pre-
vails over the lateral (molecule/molecule) one. 
Preliminarily, the n-alkanes have been establis-
hed to be always adsorbed into every second 
groove. This allows us to consider the gold sur-
face as a system of parallel grooves with a period 
of 3ТAu = 5 Å.

MODEL OF PROPORTIONALITY 

OF THE PERIODS OF THE ALKANE MOLECULE 

AND THE GOLD SURFACE ATOMS  
In [9, 17], it has been shown that the interac-

tion of n-alkane molecules with gold surface de-
pends on their length. The calculations of the slip 
force Fs amplitudes have shown that for the mag-
ical lengths of n-alkanes (n times 16), the value of 
Fs is abnormally low. Thus, the molecules of ma-

gical length slide along the adsorption grooves 
almost barrier-free. This theoretical assumption 
has been confirmed experimentally using MLT 
measurements. The friction coefficient μko has 
been found to non-monotonically depend on the 
alkane length (the number of CH2 groups in the 
chain of the molecule).

The basic principles of the proposed one-di-
mensional model of proportionality of the periods 
of the alkyl chain and the gold surface atoms 
along the direction <110> are described below. 
Fig. 3 schematically shows a zigzag skeleton of an 
alkyl chain consisting of the carbon atoms i and 
the gold surface represented by the atoms j. The 
main axis of the molecule runs parallel to the 
crystallographic direction <110> of the gold sur-
face.

The model is based on the following assump-
tions: the n-alkane molecule is a rigid skeleton of 
carbon atoms (Fig. 3); gold substrate is assumed 
a periodic arrangement of atoms along the direc-
tion <110>; the interaction between the molecule 
and the substrate is described by the Lennard-
Jones potential while the molecule is moving 
along the adsorption groove (direction <110>); 
the influence of hydrogen atoms in the alkyl chain 
is neglected.

The slip force F
s(x) is calculated from the Len-

nard-Jones potential as sum of the forces f<110>ij 
[17]. In this case, f<110>ij describes the interaction 
between the i-atom of the n-alkane molecule and 
the j-atom of the gold surface in the direction 
<110> (Fig. 3).

Fig. 2. STM image of a monolayer of pentacontane molecu-
les  (C50H102) on atomically flat surface of gold. <110> and 
<112> show the directions of the gold surface along which 
the major axes of C50H102 molecules are located and the 

lamellae are formed

Fig. 3. Schematic representation of alkyl chain (-CH2-)n, ad-
sorbed on the surface of the gold substrate (111). The pe-
riodicity of the alkyl chain and the gold atoms along the 
direction <110> is T = 19,5 Å, which corresponds to 17 car-
bon atoms and 8 gold atoms. The scale of the drawing along 

the direction <110> is met
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The location of the 1st and 8th gold (Au) atoms 
coincides with the 1st and 17th -CH2 groups of 
the alkyl chain with an error of ~ 2%. Thus, 7 pe-
riods of the gold atoms correspond to 8 periods of 
the alkyl chain. The proportionality period Tc for 
such a system [9] can be calculated as

  Tc =                   ,                         (1)

where Tal is the period of alkyl chain, TAu is the pe-
riod of gold crystal lattice. 

Provided Tal = 2.51 Å, TAu = 2.88 Å, Tc is equal to  
19.5 Å. The obtained value is an intermediate 
value between the length of n-hexadecane (C16) 
and n-heptadecane (С17) (~19.05 and ~20.3 Å, 
respectively) [9].

TRIBOLOGICAL PROPERTIES OF THE STEEL 

BALL//N-ALKANE/GOLD SYSTEM 
The results of measuring the friction coeffi-

cients of the steel ball / n-alkane / gold surface 
tribo-couple are illustrated in Fig. 4. The normal 
ball load on the monolayer film is 0.049 N. The 
radius of the ball-gold surface contact r0 is ob-
tained by the optical method  (r0 = 1.0 × 10—5 м). 
This value of r0 has been used while calculating 
the friction coefficients.

To take into account possible damages that the 
steel ball can cause to the gold surface, the fric-
tion coefficients of the steel ball/mica (μko = 0.17) 
and a steel ball/gold (μko = 0.34). tribological 
couples were measured. The surface of the stud-
ied sample was additionally inspected for defects 
using an optical microscope and a STM before 
and after MLT experiments. The results showed 
no damage to the sample surface.

The kinetic friction coefficient μko shall depend 
linearly on the length of the n-alkane molecule. 
However, as the results of the experiments have 
shown, this relationship is not linear. For the 
lengths of n-alkanes divisible by n = 16 carbon 
atoms, the friction coefficient is much lower than 
it is expected. Thus, for C16 and C48 molecules,  
μko is equal to 0.17, whereas for the nearest neigh-
bors C14 and C50, it amounts to 0.2 and 0.22, res-

pectively. Fig. 5 shows the nonmonotonic de-
pendence of μko on the number n of carbon atoms 
in the chain of the n-alkane molecule. The em-
pirical dependence of the friction coefficient μko 
can be written as

μko             ~ —cos            ,                (2)

where       is frequency of varying friction coef-
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Fig. 4. Changes in the friction coefficients μko() for the 
steel ball/n-alkane/gold surface tribological pair
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Fig. 5. Dependence of the friction coefficient μko on the 
length of the n-alkane molecule: experimental data (dots) 
and their extrapolation (curve) by the function μko (n) = 

–0.3 × cos (0.3927 × n) + 0.47  
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ficient, L is length of n-alkane molecule. The 
obtained result correlates with the model of pro-
portionality of the periods of the alkane molecu-
les Tal and the gold substrate atoms TAu given in 
[9, 10, 16].

Thus, with the help of magnetic levitation tri-
bometer, the tribological properties of the n-al-
kane (n = 14, 16, 48, 50, 60) / gold surface inter-
face have been studied. The alkanes with the 
"magical length" (n times 16) have been experi-
mentally confirmed to have abnormally reduced 

coefficient μko The obtained result is in good 
agreement with the theoretical assumption ob-
tained from the model of proportionality of the 
periods between the alkyl chain (2.51 Å) and the 
interatomic distance of gold (2.88 Å) in the di-
rection <110> .

The research has been carried out within the 
framework of project No. P15 /18-26 Develop-
ment of a System for Measuring the Tribological 
Characteristics of Ultra-Thin Films.
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ДОСЛІДЖЕННЯ ТРИБОЛОГІЧНИХ ВЛАСТИВОСТЕЙ 
МОНОШАРОВИХ ПЛІВОК N-АЛКАНІВ 

НА АТОМНО-ГЛАДКІЙ ПОВЕРХНІ ЗОЛОТА

Вступ. Встановлення закономірностей взаємодії мікроконтактів в інтерфейсі тертя, утвореного двома рухоми-
ми тілами, є важливим кроком для створення нових класів матеріалів з визначеними фізико-хімічними властивос-
тями. При відносному русі взаємодіючих поверхонь неминуче відбувається зношування їх контактуючих ділянок 
(мік ро контактів), в результаті чого в iнтерфесi тертя виникають уламки, спричиненi руйнуванням бiльш еластично-
го матерiалу. 

Проблематика. Ступінь руйнування інтерфейсу суттєво зменшується при додаванні мастильних плівок в місці 
контакту. Якщо за умов сухого тертя (без мастила) аналіз місця контакту є практично вирішеною задачею (модель 
контактної взаємодії Герца, Джонсона-Кендала-Робертса), то при наявності мастила ця задача істотно ускладнюєть-
ся через необхідність врахування фактору реологічної складової тертя та фактору інтерфейсної взаємодії. Окрім 
того, переважну більшість трибологічних досліджень виконано на недосконалих (шорстких) поверхнях з викорис-
танням мастильних плівок з невизначеними компонентним складом, товщиною і структурою.

Мета. Встановлення впливу структури самовпорядкування моношарових плівок на їх трибологічні властивості 
в інтерфейсі тертя n-алкан/атомно-гладка поверхня.

Матеріали й методи. Використано атомно-гладкі поверхнї золота та однокомпонентні змащувальні моношаро-
ві плівки n-алканів (CnH2n+2, n = 14, 16, 48, 50, 60). Для встановлення структури самовпорядкування плівок на по-
верх ні золота і контролю ступеню їх руйнування до і після трибологічних вимірювань застосовано сканувальну 
тунельну мікроскопію. Кiнетичний коефiцiєнт тертя μko інтерфейсів виміряно за допомогою магнітного левітаційно-
го трибометра.

Результати. Експериментально встановлено немонотонну залежнiсть коефiцiєнта тертя μko вiд довжини молекул 
змащувальних плівок.

Висновки. Встановлено, що для n-алканів з «магічною довжиною» (n кратне 16) μko аномально зменшується

Ключові  слова: коефіцієнт тертя, атомно-гладкі поверхні, моношарові плівки n-алканів, сила тертя.
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ИССЛЕДОВАНИЕ ТРИБОЛОГИЧЕСКИХ СВОЙСТВ 
МОНОСЛОЙНЫХ ПЛЕНОК N-АЛКАНОВ 

НА АТОМНО-ГЛАДКОЙ ПОВЕРХНОСТИ ЗОЛОТА

Введение. Установление закономерностей взаимодействия микроконтактов в интерфейсе трения, образованно-
го двумя подвижными телами, является важным шагом для создания новых классов материалов с определенными 
физико-химическими свойствами. При относительном движении взаимодействующих поверхностей неизбежно про-
исходит износ их контактирующих участков (микроконтактов), в результате чего в интерфейсе трения возникают 
обломки, вызванные разрушением более эластичного материала.

Проблематика. Степень разрушения интерфейса существенно уменьшается при добавлении смазочных пленок 
в область контакта. Если в условиях сухого трения (без смазки) описание места контакта является практически ре-
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шенным заданием (модель контактного взаимодействия Герца, Джонсона-Кендалла-Робертса), то при наличии смаз-
ки эта за дача существенно усложняется из-за необходимости определения фактора реологической компоненты тре-
ния и фактора интерфейсного взаимодействия. Кроме того, подавляющее большинство трибологических исследо-
ваний вы полнено на несовершенных (шероховатых) поверхностях с использованием смазочных пленок с 
неопределенными компонентным составом, толщиной и структурой.

Цель. Установление влияния структуры самоупорядочения монослойных пленок на их трибологических свойст-
ва в интерфейсе трения n-алкан/атомно-гладкая поверхность.

Материалы и методы. Использованы атомно-гладкие поверхности золота и однокомпонентные смазочные мо-
нослойные пленки n-алканов (CnH2n+2, n = 14, 16, 48, 50, 60). Для установления структуры самоупорядочения пленок 
на поверхности золота и контроля степени их разрушения до и после трибологических измерений использовано ска-
нирующую туннельную микроскопию. Кинетический коэффициент трения μko интерфейсов измерено с помощью 
магнитного левитационного трибометр.

Результаты. Экспериментально установлено немонотонную зависимость коэффициента трения μko от длины 
мо лекул смазочных пленок.

Выводы. Установлено, что для n-алканов с «магической длиной» (n кратно 16) μko аномально уменьшается.

Ключевые слова: коэффициент трения, атомно-гладкие поверхности, монослойные пленки n-алканов, сила трения.




