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Structural characteristics of the epitropic liquid-crystalline layer of oleic acid

The investigations of the structure of thin oleinic acid interlayers bounded by quartz and
metallized substrates were carried out by the method of admixtured adsorption dichroism. It
allowed us to determine structural the existence of epitropic liquid crystalline layers of this
compound and the peculiarities of structural parameters, which affect on the important lu-
bricant characteristic.

Introduction. The phenomenon of formation of structured wall-adjacent epi-
tropic-liquid crystalline (ELC) layers [1] near the lyophilic substrates [1] has now
been established for a number of liquids. These layers (formerly called boundary lay-
ers) affect the stability of dispersed systems and character of coagulation processes.
For example, the fact of rhe existence of a ELC layer on aerosil particles significantly
reduces the rate of sedimentation and the value of the specific volume of the sedi-
mentation residuum[2]. In recent years, ELC layers formed by unsaturated aliphatic
hydrocarbons (alkanes) on conductive substrates attracted the intent attention of re-
searchers [3]. This attention is connected with the fact that alkanes are the basis of
modern lubricating mineral oils [4-6], and ELC layers in friction tribounits increase
the wear resistance of mechanisms [7-9]. The phenomena of the organization of such
structured oil layers at rubbing surfaces usually is due to anti-wear additives (fatty ac-
ids).

It was noticed that a surfactant additive of oleic acid (OA) to alkanes and motor
oils (at a concentration less than 3-5%) leads increases their “lubricity” [10] and to
enlarging of the thickness of their ELC layers [6,11]. It may be connected with the
fact that the OA is capable to organize the ELC phase by itself. Then it is possible to
expect that the established lyophily of metal to OA and peculiarities of the molecular
structure of the latest will provide a significant thickness of the ELC layers at the
metal surfaces of the friction unit. The study of the properties and features of such
OA phase state, in turn, may help to explain the effect of lubricant doping with OA
and improve the theoretical model [12] of this phase state.)

The results of this investigation are important and interesting in the applied as-
pect, as OA is widely used (possible due to the formation of its ELC layers at the in-
terphase boundaries) in various areas of production, such as:

e a plasticizer for paintwork materials production, e.g. it increases the sheeting
(the ability of powder flakes to be parallel to the surface during flotation) of
aluminum powder in a paint;

e astabilizer of invert emulsions in oil-based drilling fluids and emulsifiers (add-
ing 0.1 wt.% of OA to bitumens increases their ability to emulsification [13]);

e asolubilizing agent and emulsifier in aerosols;
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e components of detergents, linseed oil, varnishes, flotation agents, and compo-
nents of coolant (due to the high wettability and adhesion to metal surface)
while cutting high-alloyed stainless steels and alloys.

Oleic acid ELC lIsyers research is also topical as this compound is the base of
modern synthesized lubricating oils (e.g. an OA content in PMO bio-oil is about
91%) and motor fuels from renewable biological resources (rapeseed, seaweed, sun-
flower products, etc.). The presence of ELC in bio-oils and bio-fuels also affects their
technical specification.

Subjects of research. The subject of our study was ELC layers of OA, formed
at quartz, metal (chromium steel 1X12H2BM®) and metallized quartz substrates
(nichrome N20CS80 coating deposited by thermal evaporation). Oleic (cis-9-
octadecenoic) acid is a monounsaturated fatty acid and belongs to the omega-9 class
of unsaturated fatty acids [14].

The molecule of this colorless viscous fluid has a small dipole moment; its formu-
la, melting point 7}, and molecular shape (hard “rod” bent in the form of a boome-
rang) are given in the table. For comparison, a classical Australian Boomerang is
shown in the table next to the image of the OA molecule.

OA formula T, °C The shape of the OA molecule

CH;—(CH)), H
AN -

C=C
i (CH,)—COOH 16,3

Research objectives were:

e to establish the possibility and conditions for the formation of ELC state in OA
interlayers bounded by quartz and conductive substrates;

e to determine the structural characteristics (the equilibrium thickness, the type
and degree of molecular ordering)of the OA ELC ;

e to compare the structure of the ELC of the OA layer with the previously stu-
died ELC phase structure of the n-hexadecane (its molecular shape is close to
OA).

Research techniques. The most important structural parameters of an ELC layer
are the following — its type of orientation (the location of anisometric molecules rela-
tive to the surface), the equilibrium thickness dys, and the value of order parameter S.
These structural parameters in thermotropic LC (the mesomorphicity exists in the
bulk [15]) are determined by traditional techniques. But the special optical methods
(in particular, based on the analysis of the intrinsic absorption bands dichroism) were
developed [16, 17] for measurement of characteristics of ultrathin (micron and sub-
micron) ELC interlayers.

However, standard instruments do not allow to measure the parameters of OA
electronic absorption. This is due to the fact that its molecules do not contain unsatu-
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Fig. 1. Thickness dependence of the “guest” optical density in oleic interlayer bounded
by quartz (t = 22.0°C)

rated chemical bonds and therefore its absorption bands are located in the region of
the vacuum ultraviolet (v> 50000 cm™). Therefore, we modified [18] “guest-host”
method well-known in LC researches [19]. The structure of the OA-matrix (the
“host”) in the interlayer was determined by the analysis of the absorption dichroism
(in the region of the atmospheric ultraviolet) of the impurity dye (the “guest”) dis-
solved in the OA. The information obtained in this way is reliable in case of a suffi-
cient isomorphism degree (the comparability of the molecular shape of the matrix and
the impurity).

We used popular organic dyes ("sudan red" and "sudan black") with high molar
extinction and solubility values as "guests" in order to study the structure of ELC
phase in alkane liquids. The positions of their absorption bands maxima are
Amax ~ 0.606 pm and Ay, ~ 0.472 pm, respectively. More elongated, in comparison
with “sudan red”, molecules of “sudan black™ are better comparable in length (/, ~
20,5 A) and in shape with OA molecules, i.e. the degree of isomorphism with the host
molecules is higher for them. However, we mainly used the sudan red dye (/p = 10,5
A) in our experiments. This is due to its higher degree of solubility, greater extinction
value, and thus, the possibility of a more qualitative study of the properties of ultra-
thin (d ~ 0.2 + 10 um) layers of solutions with a low (C ~ 1 + 2 weight%) concentra-
tion [17], in which the presence of a “guest” does not affect the matrix “host” struc-
ture.

The dichroism of the “guests” was measured in the wedge-like heterophase (con-
taining ELC layers) interlayers of studied liquids. A special compression of optically
polished quartz glasses (the cell windows) formed a gap with a slope of
a~0.3+0.4 um/ mm). Its topology was determined from an interferogram obtained
by scanning an unfilled cell [16]. After the gap had been filled up with the studied
liquid, light transmission /(d) was measured with light probe scanning through the
thickness of the wedge-like layer d at the wavelength of the impurity absorption max-
imum.

Experimental values of optical density D=In(/y/]), (normalized to the maximum
light transmission /; in the zone of substrates optical contact), for OA interlayers
bounded by quartz glasses for various thicknesses d are presented in fig.1.
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Fig. 2. Thickness dependence of the linear absorption coefficient of OA interlayer between
dielectric (quartz) substrates (a — average value, b — local value). t=22.0°C, AT=5.7 K

An essential deviation of this dependence from the linear Bouguer law form in-
dicates the fact of heterogeneity - the heterophase nature of the OA layer. The D(d)
dependence was approximated by a broken line (as shown in Fig. 1). The slope of the
straight lines correspond to the linear absorption coefficients was chosen from the
condition of the total dispersion minimum.

It should be noted that the measurement of dichroism (in the “ray-of-light” geo-
metry) is possible only in the case of transparency of the cell windows (quartz in de-
scribed experiments). Transparent windows with metallized surfaces were produced
by vacuum thermal deposition of a thin (# ~ 0.18 pm) semitransparent metallic layer
(nichrome N20C80) on a quartz substrate surface. For the strengthing (higher degree
of nichrome adhesion to the quartz substrate) of this metal layer, the quartz plates
were heated to a temperature of ~ 250° C in the vacuum chamber during deposition.

Metal substrate usually provides the ELC layer with a greater value of equili-
brium thickness (d; ~ 1,0 um) [16] as compared with a dielectric substrate (ds~ 0,3
um). Therefore another technique was used to form for the formation of a wedge-
like gap between metallized substrates — a thin aluminum spacer (H ~ 10 pm) was
disposed in one of its edges perpendicular to the scanning direction. The further com-
pression of the cell windows formed a linear wedge-like gap with a slope of about
a~1.2 pm/mm.

A noticeable contrast of the interference pattern obtained during gap scanning
resulted from the higher value of light reflectance coefficient in case when metallized
substrates were used instead of quartz ones. This result was observed even when gap
was filled with fluid. Therefore, essential oscillations appeared on the curve of optical
density thickness dependence in the region of the wedge top. They were smoothed by
using the moving average method.

Results of research and analyses. The dependence D(d), which is shown in
fig.1, makes it possible to establish the thickness dependencies of the average and lo-
cal (at the distance d from the substrate) values of the linear light absorption coeffi-
cient of the studied interlayer. These values are determined by equations <u> = D/d
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and p~dD/dl. These dependencies for the OA interlayer bounded by quartz substrates
are depicted in Fig. 2.

Analysis of the curve behavior from fig.2a shows that the average value <> in-
creases with the interlayer thickness from the lower values up to the bulk one, at that
the values of the average and local absorption coefficients practically coincide in the
region of small thicknesses. When the interlayer thickness exceeds the critical value
2d,, average absorption coefficient <p> monotonously increases with asymptotically
approaching the value for isotropic liquid in bulk. We used the value AT=T'- T, as
this temperature difference characterizes the ELC phase properties. It is precisely this
difference that determines the existence of ELC phase and its main properties (in par-
ticular equilibrium thickness dy,) according to the developed theoretical model [12].

It is logical to assume that the alteration of the absorption coefficient is due to
the change of the interlayer structure. So this interlayer may be represented in a form
of the three-component system —two wall-adjacent layers and the isotropic bulk liquid
between them. The wall-adjacent layer is characterized by the almost constant value
of the absorption coefficient 4 and, accordingly, almost constant degree of ordering S
(both for the dissolved “guest”-molecules and the molecules of the matrix). A central-
ly disposed layer of isotropic liquid is characterized by zero degree of ordering and a
constant value of absorption coefficient i, > p,. The lower value of the absorption
coefficient in the wall-adjacent layer serves as a evidence of homeotropic orientation
of molecules there.

Differentiation of the D(d) dependence reveals the jump-like behavior of the
uid) dependence — the value of , increases from L to 5. Naturally, the jump cor-
responds to the salient point of the D(d) curve. The ratio of the p, and p;s, allows us
to calculate the value of the order parameter of the wall-adjacent ELC layer — S =1 -
“-s/ Hiso-

It has been established that OA interlayers bounded by quartz substrates are cha-
racterized by the following values of structural parameters — §=(0,40+0,03) and
dps=(0,56+0,04) um at A7=5,7 K. Let us compare these values with the structural pa-
rameters of ELC layer of n-hexadecane — CH;--(CHy)4--CHj3 [17]. This compound
was chosen for a comparison because of its molecular parameters are very close to
OA ones — molecule is a nonpolar “straight rod” with molecular size /, ~ 23,2 A and
contains 16 carbon atoms. It should be noted here that structural parameters of -
hexadecane ELC layer (S~0.23, dy;~ 0,23 pm) [17] are nearly half the value of OA
layer at the same quartz substrates and temperature difference AT.

The measurements of OA ELC layer parameters formed between metallized
substrates were essentially more interesting and important for applications. Fig.3
presents the thickness dependencies of average and local absorption coefficient de-
termined for this type of interlayers at temperature 20,6°C (AT=4,3 K). The values
main structural parameters of such ELC state were — $=(0,49+0,03) and
dps=(2,46+0,05) pm. Separately it should be noted that the ELC equilibrium thickness
dy, 1s nearly 8 times higher compared with the same value measured near the quartz
surface.
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Fig. 3. Thickness dependencies of linear absorption coefficient of OA interlayer bounded
by metallized quartz substrats (a—average value, b — local value)

Let us compare these results with the following data obtained for heterophase
n-hexadecane substrate bounded interlayers. The temperature dependence of ELC
layer equilibrium thickness dy;, was measured by different experimental techniques —
rotation viscosimetry [21] birefringence measurement in gap light-guide [16] and
admixtured dichroism [20]. The last method allowed us to establish not only the equi-
librium thickness, but the order degree value as well. At the same temperature AT
these values were dy; = (1.4 £ 0.2) um and S ~ (0.28+0.04). It is significant that the
values of these parameters are 1.5-3 times less than in the case of oleic acid ELC lay-
ers.

Discussion and conclusion. The measurements of micron OA interlayers (in
gaps between quartz plates and metallized quartz plates) indicate the fact that in such
interlayers ELC layers really exist as it was expected. On conductive substrates, the
order parameter S of these layers is higher compared with dielectric surfaces and their
equilibrium thickness dj; is almost half the order of magnitude higher. The equili-
brium thicknesses dj, of the OA and n-hexadecane ELC phases formed at the same
substrates also essentially differ.

Highly likely, such differences are due to the special structure of OA molecules
— their shape, size, polarity, and the presence of active end groups which provide the
effect of surface adsorption., The equilibrium thickness of the OA ELC layer near the
metal surface is also significantly larger than near quartz one. It maybe related to the
higher value of the adsorption energy of OA molecules to the metal substrate. This
energy value plays a significant role in the formation mechanism of the ELC phase
[12], and it is related to the effect of wettability of the substrate by the liquid. The dif-
ference in the lyophily of OA to quartz and to metal is confirmed by our measure-
ments of the equilibrium contact angle ¢ of “sitting” OA droplets. This liquid wets
quartz substrate noticeably worse than metal one: contact angle is 3~ 17 © in case of
quartz and 3= 13 ° for a metal substrate, for which a steel 1X12H2BM® (Johansson
gage plates) was used. It means that the steel surface is more lyophilic to OA, which
correlates with the literature data [22].

The above-mentioned characteristics of OA molecules and their ability of the
ELC phase formation are obviously determine the effect of doping of alkanes and
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motor oils with OA additives. It should be noted that the precise understanding of the
nature of this action should clarify the nature of OA ELC state. It will also clarify the
difference between OA and well studied [16] — nitrobenzene which consists of polar
molecules with smaller molecular size value [, ~ 8,5 A. For the further development
of theoretical model [12] of the ELC state, it is certainly necessary to establish the ef-
fect of temperature influence on the OA ELC phase properties. Also the future study
of OA ELC rheological characteristics is especially important for applications as
well.
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Ilonoeckuii A.10., Anmous b. A., Bymenxo A. @.
CrpykrypHble xapakrepucTuku D2KK cJ1051 0/1eHHOBOI KHCI0TBI

AHHOTAIIUA
HccnenoBanust CTPOSHHS TOHKUX IHPOCIOCK OJIEMHOBOM KHCIOTHI MEXJy KBApLEBBIMH H
METaJNIM3UPOBAHHBIMHU TTOAT0KKAMH METOJIOM U3MEPEHUS TUXPOU3Ma MOJIEKYIT «TOCTEH» IMo-
3BOJIWUIM YCTAHOBUTH CYIIECTBOBAHHE SIMHUTPOITHO-KUIKOKPUCTAIUINIECKHUX CIIOEB 3TOM KU~
KOCTH M OTJIMYUTENIBHBIE OCOOCHHOCTH MX CTPYKTYPHBIX IAPaMETPOB, ONPEEISIONINX KO-
YeBbIC XapaKTEPUCTHKN CMa3bIBAIOIIIX MAaTEPHAJIOB.

Honoecvkuii O.10., Anmoiz b. A., Bymenko O. @.
Crpykrypni xapaktepucruku EPK mapy oneinoBoi kuciorn

AHOTALIA
Hocniooicenns 6y006u moHKUX npoulapkie oy1eino6oi Kuciomu Midc Keapyoeumu ma me-
Mani308aHUMU NIOKIAOKAMU MEMOOOM BUMIPIOBAHHS OUXPOI3MY OOMIWKOBO20 NONUHAHHSL
003601UNU GUSHAYUMU ICHYBAHHSL eNiMPONHO-PIOKOKPUCMATIYHUX WapIe yiei piouHu ma 6io-
MIHHI 0COOIUGOCMI IX CIMPYKMYDHUX NAPAMEMPIE, SKI 6U3HAYAIONb KIIOY08I XapaKmepucmu-
KU 3Mawyodux mamepianie.



