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STUDYING THE TRIBOLOGICAL PROPERTIES
OF n-ALKANES MONOLAYER FILMS
ON ATOMICALLY FLAT SURFACE OF GOLD

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 H,, .,
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 u,, of interfaces have been studied using a magnetic levitation tribometer.

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

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

Keywords: coefficient of friction, atomically flat surfaces, monolayer films of n-alkanes, and friction force.

Establishing the patterns of interaction of mi- | of more elastic material. Numerous experiments
crocontacts in the frictional interface formed by | have shown that the friction force is not constant
two moving bodies is an important step towards | and varies depending on the previous interaction
the creation of new classes of materials with cer- | of microcontacts (contact aging) [4—6].
tain physicochemical properties [1, 2]. As the in- The degree of interface destruction is known
teracting surfaces moves one relative another, | to reduce significantly if lubricating films are ap-
their contacting areas (microcontacts) inevitably | plied to the contact plane. In the case of dry fric-
wear out with the formation of debris in the fric- | tion (no lubricants), the contact point analysis
tional interface [3] as a result of the destruction | has been practically completed (the contact in-
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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-dest-
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 (C H, _,), mo-
nolayer films adsorbed onto atomically flat sur-
face of gold as lubricant. The structure of the mo-
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 (C H, ., n = 14, 16, 48, 50, 60)
monolayer films are applied by deposition from
solutions warmed up to ~40 °C, with n-tetrade-
cane (C,, H,, C,,). 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
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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 @(z). The friction coefficient
M, 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 a 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 (C H, ) homologous series
have been described in [8, 9, 16, 17]. The mole-
cules are established to form a lamellar structure.

) 8 .
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Fig. 1. Block diagram of magnetic levitation tribometer
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Fig. 2 shows a STM image of a pentacontane
(C,H,,,), 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 A [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\/ﬁAu:SA.

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 F, amplitudes have shown that for the mag-
ical lengths of n-alkanes (n times 16), the value of
F is abnormally low. Thus, the molecules of ma-

les (C,H,,) on atomically flat surface of gold. <110> and
<112> show the directions of the gold surface along which

the major axes of C H, , molecules are located and the

lamellae are formed

64

gical length slide along the adsorption grooves
almost barrier-free. This theoretical assumption
has been confirmed experimentally using MLT
measurements. The friction coefficient p,_has
been found to non-monotonically depend on the
alkane length (the number of CH, 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,(x) is calculated from the Len-
nard-Jones potential as sum of the forces f_
[17]. In this case, /_,,_; 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).

110>jj
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Fig. 3. Schematic representation of alkyl chain (-CH,-) , 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 A, 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 1* and 8 gold (Au) atoms
coincides with the 1st and 17" -CH, 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 T for
such a system [9] can be calculated as

T I, T, {

«T,-T1,]”° o
where T, is the period of alkyl chain, T, is the pe-
riod of gold crystal lattice.

Provided T, = 2.51 A, T, =288 A, T is equal to
19.5 A. The obtained value is an intermediate
value between the length of n-hexadecane (C16)
and n-heptadecane (C17) (~19.05 and ~20.3 A,

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 , is ob-
tained by the optical method (7, =1.0 x 10~ m).
This value of 7, 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 (pu, = 0.17)
and a steel ball/gold (p,, = 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 p,_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,
u,, is equal to 0.17, whereas for the nearest neigh-
bors C14 and C50, it amounts to 0.2 and 0.22, res-
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Fig. 4. Changes in the friction coefficients (1) for the
steel ball /n-alkane/gold surface tribological pair
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Fig. 5. Dependence of the friction coefficient y, on the
length of the n-alkane molecule: experimental data (dots)
and their extrapolation (curve) by the function p,_ (n) =
—0.3 X cos (0.3927 x n) + 0.47

pectively. Fig. 5 shows the nonmonotonic de-
pendence of u, on the number 7 of carbon atoms
in the chain of the n-alkane molecule. The em-
pirical dependence of the friction coefficient p,_
can be written as

Mo (ﬁ L) ~ —Cos (E L),

T T (2)

where 2L

T is frequency of varying friction coef-
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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 T, and the gold substrate atoms T, 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 p,  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 A) and the
interatomic distance of gold (2.88 A) 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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JOCTIJIKEHHSA TPUBOJIOTTYHUNX BJIACTUBOCTEN
MOHOHIAPOBUX IIJIIBOK N-AJIKAHIB
HA ATOMHO-TJIAZIKIN TTOBEPXHI 30JI0TA

Beryn. Beranosiennst 3akoHOMipHOCTEHN B3a€MO/Iii MiKPOKOHTAKTIB B iHTepdelici TepTsi, yTBOPEHOTO JIBOMA PYXOMU-
MU TiJIaMU, € BaKJIMBUM KPOKOM JIJIs CTBOPEHHSI HOBMX KJIACiB MaTepiasiB 3 BU3HAYCHUMU (DI3UKO-XiMIYHUMHU BJIACTHBOC-
Tamu. 1Ipu BiIHOCHOMY pycCi B3a€MOIIOYMX MOBEPXOHb HEMUHYYE BiOYBAETHCSA 3HOIIYBAHHS iX KOHTAKTYIOYHMX AiJISHOK
(MIKpOKOHTAKTIB), B pe3yJIbTaTi 4oro B inTepdeci TepTst BUHUKAIOTH yIaMK!, CIPUYMHEH] PYyHHYBaHHAM GiJIbII €JJaCTHYHO-
ro Marepiainy.

IIpo6aemartuka. CTyminb pyiiHyBaHHs iHTEpdEHCY CYyTTEBO 3MEHIIYETHCS TIPH A0JABAHHI MACTUABHUX TIBOK B MiCIli
KOHTaKTY. SIKII0 32 yMOB cyxoro teptTst (6e3 MacTu/ia) aHaji3 MicI[sl KOHTAKTY € [IPAKTUYHO BUPIIIEHOO 3a1a4ei0 (MO
KOHTaKTHOI B3aemoii lepiia, /[[sroncona- Kengana-Pobeprca), To pu HasBHOCTI MaCTHJIA L5 3a1a4a iCTOTHO YCKJIaHIOETh-
cs1 yepe3 HeoOXiaHicTh BpaxyBaHHs (hakTOPy PEOJIOriYHOi CKJIamoBol TepTsa Ta dakropy inTepdeiictoi Bzaemozii. OkpiMm
TOTO, MePeBaKHY OLIBIIICTD TPUOOTIOTTYHUX JOCII/KEHD BUKOHAHO HAa HEJOCKOHAINX (IIOPCTKUX) MOBEPXHSIX 3 BUKOPHUC-
TAHHSIM MACTUJIbHUX IIJIIBOK 3 HEBU3HAYCHUMM KOMIIOHEHTHIM CKJIa/IOM, TOBIIMHOIO i CTPYKTYPOIO.

Merta. BeranosiieHts BIUIMBY CTPYKTYPU CAMOBIIOPSAAKYBAHHsI MOHOIIAPOBUX ILJTIBOK Ha iX TPUOOJJOrTYHI BAACTUBOCTI
B inTepdelici TepTs n-ajaKaH/aTOMHO-TJIAIKa TTOBEPXHSI.

Marepiauu it MeTou. BuKoprcTaHo aTOMHO-TJI/IKi TOBEPXHI 30J10Ta TA O[IHOKOMITOHEHTHI 3Mall[yBaJbHi MOHOTIIAPO-
Bi murisku n-ankanis (CnH,, ., n = 14, 16, 48, 50, 60). /L5 BcTaHOBIEHHA CTPYKTYPH CAMOBIIOPS/IKYBaHHS ILIiBOK Ha 110~
BEPXHi 30JI0Ta i KOHTPOJIIO CTYIEHIO iX PYHHYBaHHA [0 i MMic/asa TPUOOJOriYHIX BUMIPIOBaHb 3aCTOCOBAHO CKaHyBaJbHY
TyHeIbHY Mikpockomiio. Kinernunuii koediuienT Teprs i,  inTepdeiicis BUMipsAHO 32 JOIOMOIOI0 MarHiTHOTO JeBiTaliifHo-
ro Tpubomerpa.

PeayapraTu. ExcriepuMenTaabHo BCTaHOBIEHO HEMOHOTOHHY 3a/IeXKHICTb KoedillieHTa TepTs [,  Bijl J0BKIHI MOJICKY.I
3MallyBaJIbHUX ILTiBOK.

Bucnosku. Beranosiieno, mo 151 7-aJIkaHiB 3 «MaridHoIO JOBKUHOI0> (7 kpatHe 16) [, aHoMalIbHO 3MEHITYETbCS

Knwouoei crosa: koedillieHT TepTsI, aTOMHO-TJIAIKI TOBEPXHi, MOHOIITAPOBI TJIiBKU 72-a7TKAHIB, CUJIA TEPTSI.
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NCCJIIEAOBAHUE TPUBOJOTMYECKIX CBOMCTB
MOHOCJOMNHBIX MJIEHOK N-AJTKAHOB
HA ATOMHO-TJIAIKOV TOBEPXHOCTU 30JI0TA

BBezenne. YcraHOBJIeHE 3aKOHOMEPHOCTEl B3aUMO/IEHCTBISI MUKPOKOHTAKTOB B MHTepdelice TpeHusi, 00pasoBaHHO-
TO ZIByMS1 [TOJIBUIKHBIME TEJIAMHU, SIBJISETCS BaKHBIM IIATOM [T CO3/[aHMS HOBBIX KJIACCOB MATEPHAJIOB C OIPE/IEICHHBIMU
(busuko-xuMuuecKkuMu cBoiicTBamu. [1pu OTHOCHTEILHOM IBIZKEHIH B3aUMOIEHCTBYIOIINX IOBEPXHOCTEN HEM3OEKHO IPO-
HUCXOUT UBHOC MX KOHTAKTUPYIOMIUX YYaCTKOB (MUKPOKOHTAKTOB), B Pe3yJbTare 4ero B unrepdeiice TpeHus: BO3HUKAIOT
006JIOMKY, BBI3BAHHbBIE Pa3pylieHueM 6oJiee 3JIaCTUIHOrO MaTepualia.

IIpoGaemaruka. Crernienb paspyiienust unTepdeiica CylecTBeHHO YMEHbUIAETCSI TIPY 00ABIEHU CMa30UHbIX TLJIEHOK
B 06J1acTh KOHTaKTa. Eciin B ycs0Busx cyxoro tpenusi (6e3 cMasKu) OIUCAHe MECTa KOHTAKTA SIBJISIETCST IIPAKTUYECKU pe-
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[IEeHHBIM 3ajiaHreM (MOJieJIb KOHTAaKTHOTO B3aumoeicteus lepia, [sxoncona- Kenpamia-Pobeprcea), To ipyu HAIUUMK CMa3-
KH 9Ta 33/[a4a CYNIECTBEHHO YCIOKHIETCS U3-32 HEOOXOMMOCTH OIpeiesie st (hakTopa PeoJIOrMYecKOi KOMITOHEHTBI Tpe-
Hust 1 pakropa unTepdeiicHoro B3anmojeiicTBust. Kpome Toro, nogasisioniee 60JBITMHCTBO TPUOOTIOTHYCCKUX UCCIE0-
BaHMIT BBITIOJIHEHO HA HECOBEPIIEHHBIX (IIEPOXOBATHIX) ITOBEPXHOCTSX € MCIOJH30BAHUEM CMA30YHbBIX ILJIEHOK C
HEOIPeIeJIeHHBIMU KOMITOHEHTHBIM COCTaBOM, TOJIIIIUHOM U CTPYKTYPOIL.

Ilenns. YeranoBieHMe BAMSTHUSI CTPYKTYPBI CAMOYTIOPSIIOYCHNST MOHOCTOWHBIX MJIEHOK HA UX TPUOOJOTHYECKUX CBOICT-
Ba B HHTepdeiice TPEHUS 7-aIKaH,/aTOMHO-TJIa/IKast HOBEPXHOCTb.

Marepuassl ¥ MeTo/ibl. VCIo/ib30BaHbl ATOMHO-TJIA/IKKE TTIOBEPXHOCTH 30JI10Ta U OJIHOKOMIIOHEHTHbIE CMa304HbIE MO-
HocoltnbIe inenkn n-ankanos (C H, ., n = 14, 16, 48, 50, 60). |15 ycTaHOBICHISA CTPYKTYPHI CAMOYTIOPSIOUEHNS TIIEHOK
Ha MOBEPXHOCTH 30J10Ta U KOHTPOJISI CTEIIEHN UX Pa3PYIICHNUS 10 U T0CJIe TPUOOTOTHYECKUX U3MEPEHIH HCITOJIb30BAHO CKa-
HUPYIONLYIO TyHHEJIbHYI0 MUKpockonuio. Kunernueckuil koadduument tpenns p, unrepdeiicos n3aMepeHo ¢ moMolbio
MarHUTHOTO JIEBUTAIMOHHOTO TPUGOMETP.

PesynbTaThl. JKCIEPUMEHTAILHO yCTAHOBICHO HEMOHOTOHHYIO 3aBUCUMOCTDL KO duIenTa Tpenus |, OT IJHHbI
MOJIEKYJT CMa30YHBIX TJICHOK.

Boigozbl. YcTamoBeno, 4To IS 71-aKaHoOB ¢ «<MarmdecKoit IHoi» (7 kpaTho 16) y, amomaTbHO yMeHbIIAeTCs.

Kntouesvie cao06a: koahdUIMEHT TPEHNUS, aTOMHO-TVIAJIKUE TOBEPXHOCTH, MOHOCJIOWHBIE TJICHKHU 71-AJIKAHOB, CHJIA TPEHUSL.

68 ISSN 2409-9066. Sci. innov., 2019, 15(4)





