
Friction 7(4): 372–387(2019) ISSN 2223-7690 
https://doi.org/10.1007/s40544-019-0287-1  CN 10-1237/TH 

RESEARCH ARTICLE  

 
 

Molecular behaviors in thin film lubrication—Part one: Film 
formation for different polarities of molecules 

 
Shaohua ZHANG1,2, Yijun QIAO1, Yuhong LIU1,*, Liran MA1, Jianbin LUO1,* 
1 State Key Laboratory of Tribology, Tsinghua University, Beijing 100084, China 
2 Beijing Key Laboratory of Long-life Technology of Precise Rotation and Transmission Mechanisms, Beijing Institute of Control  

Engineering, Beijing 100094, China 

Received: 29 August 2018 / Revised: 28 January 2019 / Accepted: 07 March 2019 

© The author(s) 2019. 
 

Abstract: There are three unsolved problems in thin film lubrication (TFL) since it was proposed 20 years ago, 

i.e., the determination of the type of molecules that can enter the contact region efficiently during sliding, the 

orientation of molecules in the contact region, and the effect of solid surfaces on the liquid molecular orientation 

in TFL. In order to answer the first two questions, an in situ measurement system comprising a self-designed 

Raman microscopy and relative optical interference intensity (ROII) system was set up to study the molecular 

behaviors. A variety of binary mixtures were used as lubricants in the test, and the concentration distribution 

profile and orientation of the additive molecules in TFL were characterized. The molecular behavior was 

determined via a combination of shearing, confinement, and surface adsorption. Furthermore, the difference in 

molecular polarity resulted in different competing effect of surface adsorption and intermolecular interaction, 

the influence of which on molecular behavior was discussed. Polar additive molecules interacted with the steel 

surface and exhibited an enrichment effect in the Hertz contact region when added into a nonpolar base oil. No 

enrichment effect was observed for nonpolar molecules that were added into the nonpolar base oil and polar 

molecules added into polar base oil. The enrichment of additive molecules enhanced the film-forming ability of 

the lubricant and resulted in a reduction in the friction coefficient of up to 61%. The orderly arrangement of the 

additive molecules was another reason for the friction-reducing. A binary multilayer model was proposed to 

illuminate the molecular behavior in the TFL, and the model was supported by contrary experiment results in 

elastohydrodynamic lubrication. This research may aid in understanding the nanoscale lubrication mechanism 

in TFL and the development of novel liquid lubricants. 
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1  Introduction 

Molecular orientation has gained increasing interest 

in the field of electronics [1−3], biology [4−6], surface 

science [7−11] and tribology in recent years. 

The detection and control of molecular orientation 

aid in the development of novel technologies such as 

organic solar cells [2], biosensors [6], superhydrophobic 

surfaces [7, 8] and surface inhibitors [9−11]. The 

molecular stacking and crystallinity significantly 

influence the exciton dissociation and free charge 

transport and result in different power conversion 

efficiencies [3]. The specific control of molecular 

orientation enables better biomolecule conjugation and 

improves biocompatibility [4]. The superhydrophobic 

surface of polyvinyl alcohol nanofibers [7] was obtained 

owing to the reorientation of hydrophobic backbones 

at the air-solid interface. Moreover, molecules under 

confinement were found to exhibit specific phenomena 

such as reorientation [12, 13] and phase transition 
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Nomenclature 

TFL   Thin film lubrication 

EHL   Elastohydrodynamic Lubrication  

5CB   4-n-pentyl-4’-cyanobiphenyl 

S      Degree of orientational anisotropy 

  
 
[14, 15]. There are mainly three approaches to build a 

confinement environment, including a pore surface 

[14−16], microfluidic device [12, 17], and contact region 

in tribology [13, 18]. In the field of tribology, much 

attention has been focused on lubricants confined in 

nano-sized gaps. Itoh et al. [19] studied the orientation 

parameter and viscosity of 5CB confined and sheared 

in a gap of size ranging from 500 nm to a few nm 

using a surface force apparatus (SFA). Zhang et al. 

[20] explored the molecular orientation and friction 

performance of 5CB confined in the contact region 

with a gap size of tens of nanometers. When the gap 

size was in the range of several nanometers to tens of 

nanometers, the lubricant regime was called thin film 

lubrication (TFL), which was proposed by Luo et al. 

[21, 22], who obtained measurements with a relative 

optical interference intensity (ROII) system during 

1994 to 1996, wherein the liquid molecule behaviors 

were found to be related to both the physical and 

chemical characteristics of the solid surfaces. In the 

TFL regime, the lubricant film is dominated by the 

molecular behaviors in different micro/nano regions, 

which involves three layers—i.e., the adsorbed layer, 

which is a monomolecular layer wherein molecules 

are absorbed and packed onto the solid surface; the 

dynamic fluid layer, which is at the center of the gap; 

and the ordered layer, which is between the absorbed 

and fluid layers—being created during the shearing 

process as the transition region. The lubrication in the 

ordered layer can be defined as TFL [23, 24].  

Since the discovery of the TFL regime, by virtue of 

the development of new approaches introduced by 

the flourishing of nanotechnology, the global focus 

has been on characterizing the TFL in the past twenty 

decades. Ma and Luo [25] summarized and reviewed 

the development of TFL in the past 20 years in 2016. 

Based on the spacer layer interferometry [26], the 

film formation performances of both surfactant and 

polymer solutions have been investigated by Spikes 

et al. [27, 28], while attributing the enhanced film 

thickness in the TFL regime to the adsorption and 

packing layers of lubricant molecules on the solid 

surfaces. They successfully investigated the behaviors 

of zinc dialkyldithiophosphate (ZDDP) in TFL recently 

[29]. By utilizing the ROII technique [30, 31], Luo et al. 

[32] reported a gradually increased film formation 

with time, which is considered to have been induced 

by the thickening of the ordered solid-like layer, and 

the failure condition of TFL. Such positive deviations 

of the film thickness from the Hamrock–Dowson 

prediction have been commonly considered to result 

from the enhanced effective viscosity of the lubricant 

on the solid surfaces. Thus the packing of the liquid 

molecules can also be achieved by applying an external 

electric field to the contacted surfaces. Luo et al. [33] 

reported an enhanced film thickness at a relatively high 

electric voltage, which is caused by the rearrangement 

of polar molecules at the solid surfaces. Thereafter, a 

similar phenomenon with an increased film thickness 

has been observed on polar liquid-ionic and aliphatic 

compound liquid molecules by Xie et al. [34, 35], which 

was reported as the electric-filed-induced “freezing” 

of the lubricant when the film thickness is greater 

than 10 nm in the TFL regime. Hartl et al. [36, 37] 

successfully demonstrated the TFL of hexadecane under 

an extremely high pressure by developing colorimetric 

interferometry [36]. In 2016, they investigated the 

lubricant flow in thin-film elastohydrodynamic 

contact under extreme conditions [38]. All the above 

achievements benefited from the improved optical 

interference techniques developed by the above men-

tioned tribologists. Moreover, similar optical technology 

developed by Guo et al. [39] and Zhang et al. [40] on 

the basis of the ROII method [22] can also be used to 

investigate the TFL characteristics with a resolution 

of 1 nm. 

During the past 20 years, owing to instrumental 

limitations, several issues still lack effective solutions, 

for instance, the determination of the types of molecules 

that can enter the contact region more efficiently during 

sliding, the orientation of molecules in the contact 

region, and the effect of solid surfaces on the liquid 
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molecular orientation in TFL. With the objective of 

solving these issues, direct and in situ detection of the 

lubricant molecules in the contact region has been 

regarded as the most efficient method of revealing 

the molecular behaviors, such as molecular ordering, 

arrangement, orientation and distribution, in the TFL 

regime. However, it is difficult to measure such in 

situ molecular signals using conventional methods. 

Molecular spectrum approaches have been quite 

effective in detecting lubricant molecular behaviors 

under shear, e.g., the molecular ordering and orientation, 

by introducing spectroscopy to the friction systems. 

Recently, the infrared spectrum [41], Raman spectrum 

[20, 42−45], sum-frequency generation [46, 47], as well 

as X-rays [48] have been used to study lubricants in 

confinement. Owing to the high spatial resolution 

and sensitivity to molecular orientation of polarized 

laser light, the Raman spectrum has been used to 

measure the molecular behaviors in the contact region 

in several studies. By introducing Raman spectroscopy 

to the SFA, Bae et al. [46] demonstrated the hetero-

geneous surface-induced molecular structures. Zhang 

et al. [20] have succeeded in determining the molecular 

structure and arrangement of single-phase lubricant 

molecules in situ. It has been widely proved that  

the interfacial molecular arrangement is under the 

effect of shear, surface adsorption, and confinement. 

However, the internal interaction between components 

in multiphase lubricants is less studied. To answer 

the question regarding the type of molecules that can 

enter the contact region more efficiently during sliding, 

a systematic study is required.  

With the aim of solving the above issue, in the 

present study, additives and base oils with different 

polarities were mixed to performed lubrication 

experiments in the TFL regime by applying a suitable 

sliding speed and load. Lubricating films in the 

(elastic-hydrodynamic lubrication) EHL regime were 

also detected as a reference. The concentration distri-

bution profiles of the additive molecules were mapped 

over a region of 200 μm × 200 μm using an in situ 

Raman-tribology system. The center-film thickness 

and friction coefficient were monitored under the same 

conditions as those of the Raman experiments. The 

orientational anisotropy of the additive molecules was 

measured using polarized Raman spectra. It is revealed 

how the molecules move and are arranged in the 

lubricating film at the nanoscale, which contributes 

to our understanding of the lubricant film formation 

and failure in the TFL regime [49]. 

2 Experiment  

2.1 Materials 

In the experiments, nematic liquid crystals of 4-n-pentyl- 

4’-cyanobiphenyl (5CB) were purchased from Huarui 

Scientific and Technological Co. (Hebei, China). 

Phenethyl alcohol, acetophenone, biphenyl, hexadecane, 

and decyl alcohol were purchased from Sinopharm 

Chemical Reagent Co., Ltd. (Beijing, China). All the 

chemicals, with their initial purity of no less than 99.0%, 

were used without further purification. 

Six mixed lubricants (Lubricants 1, 2, 3, 4, 5, and 6) 

were prepared with a weight concentration of 10%, 

except for Lubricant 2, as shown in Table 1. As the 

dynamic viscosity of phenethyl alcohol (7.58 mPa·s) 

is much larger than that of acetophenone (1.68 mPa·s) 

and liquid biphenyl (1.48 mPa·s), the concentration 

of phenethyl alcohol in Lubricant 2 is 2.5% in order 

to obtain a viscosity similar to that of Lubricants 1, 3, 

and 4. The additives and base oils in the six mixtures 

have different polarities and functional groups which 

are also presented in Table 1. 

The above molecules were selected because they 

have either great potential as lubricants or great 

significance for our understanding of the molecular 

behaviors of lubricants. 5CB liquid crystals have great 

solubility in common base oils because of their similar 

structure. It has been studied as a lubricant and 

additive, and shows good potential in reducing friction 

and externally controlling the lubricating performance 

[19]. Furthermore, 5CB molecules arrange in an orderly 

manner under the effect of surface adsorption [17, 19] 

and flow alignment [12], which makes it an excellent 

model for studying the molecular orientation of the 

lubricant. Alkanes with sixteen or more carbon atoms 

form the most important components of lubricants. 

Hexadecane is commonly used as a base oil in 

researches on friction and lubricants. In addition to its 

stable physical and chemical properties, its nonpolar 

property is another reason to select hexadecane as 

the base oil in our research. Functional groups such 

as hydroxy, benzene ring, and ketone are common in  
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lubricants. However, little attention has been focused 

on studying the influence of different functional 

groups on the distribution and orientation of lubricant 

molecules. Phenethyl alcohol, acetophenone, biphenyl, 

and decyl alcohol are selected as lubricants in our 

research, because they have simple structures and only 

consist of functional groups that we are concerned 

with. The second reason to select these molecules is 

that they have strong Raman signals, which can be 

distinguished by our in situ Raman-tribology system. 

It has been proved that the Raman peak of the benzene 

ring in aromatic compounds and C–H in molecules 

with a long carbon chain can be easily distinguished. 

Molecules with these two structures, such as 6CB [50], 

liquid benzene-d6 [51], and n-C16H34 [52] are widely 

studied using the Raman spectrum. As the resolution  

of the in situ Raman spectrum is lower than that of the 

traditional offline Raman, there are higher requirements 

of signal strength for molecules used in in situ Raman 

study. The six molecules are selected in our research 

because they have a benzene ring or C–H bond,  

and they provided a strong signal in the in situ 

experiments. 

2.2 Molecular distribution measurements 

The concentration distribution profile and dynamic 

of the confined liquid thin film in the contact region 

were measured using an in situ Raman-tribology 

system, as shown in Fig. 1(a). In the tribol ogy part, a 

circular contact region was formed between a flat silica 

glass surface and reflective steel ball. The surface 

roughness of the glass disk and steel ball was less  

Table 1 The composition of six lubricants and their viscosities. 

 Lubricant 1 Lubricant 2 Lubricant 3 Lubricant 4 Lubricant 5 Lubricant 6 

    
Additive 

 
 
 5CB Phenethyl 

alcohol 
Acetophe 

none 
Biphenyl 5CB 

wt% 10.0% 2.5% 10.0% 10.0% 10.0% 10.0% 

Raman band of additive (cm−1) 1,607 1,007 1,002 1,004 1,607 2,227 

  
 

Base oil 
 

Hexadecane Decyl alcohol Phenethyl alcohol

Raman band of base oil (cm−1) 2,890 2,890 1,001 

Viscosity (mPa·s) 4.55 3.64 3.30 3.65 11.90 11.34 

 

Fig. 1 (a) Schematic and (b) image of the experimental apparatus; (c) the schematic of the measuring points. 
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than 5 nm according to the atomic-force microscopy 

measurements. Pure sliding conditions were maintained 

in all the experiments. When the glass disk started 

rotating, the lubricant molecules were entrained into 

the contact region, and a nanoscale lubricant film was 

formed. The applied load was 2.0 N, and the diameter 

of the contact region was approximately 110 μm, with 

a maximum Hertz pressure of 312 MPa. The diameter 

of the steel ball is 12.7 mm. In the distribution 

measurements, the linear sliding speed of the glass 

disk at the contact point was 31.4 mm/s for Lubricants 

1–4 and 12.6 mm/s for Lubricants 5 and 6, to obtain 

TFL with a similar lubricant film thickness. Before each 

experiment, the ball and disk were carefully cleaned 

in an ultrasonic bath with petroleum ether and ethanol, 

respectively, for 20 min. 

In the Raman-measurement equipment, an Argon-ion 

laser with an emission wavelength of 514 nm was used 

as the Raman excitation source. The laser beam was 

focused on the lubricant film in the contact region 

through a long work distance objective with 50× 

magnification, as shown in Fig. 1(b). A quarter-wave 

plate was used to transform the linear polarized light 

emitted by the polarized laser into circularly polarized 

light. The scattered Raman radiation was collected 

by the objective, and Raman spectroscopy was finally 

acquired at 24 °C with a spectral resolution of 2 cm−1. 

The integral time for each spectrum was 30 s, and the 

laser power was 30 mW. The horizontal and vertical 

resolution of the Raman spectrum were both 2 μm. 

As the thickness of the lubricant film in the contact 

region was only in tens of nanometers, the Raman 

signal from the flat silica glass was collected by the 

spectrometer. The background signal was deducted 

and only signals from the lubricants were used for the 

data analysis. For a clear comparison, the exhibited 

Raman spectra in these measurements were normalized 

by dividing the spectrum by the intensity of CH3 at 

2,890 cm−1. 

The distribution profiles were mapped by collecting 

spectra at the points of a 200 μm × 200 μm grid to 

evaluate the molecular distribution over the entire 

contact region, as shown in Fig. 1(c). The distance 

between every two points in the orthogonal direction 

was 10 μm. The diameter of the laser spot was 2 μm. 

The contact region is indicated by a large yellow circle. 

The inlet, outlet, and center of the contact region and 

the bulk region of the unconfined fluid are indicated 

by small yellow circles. To rapidly compare the 

distribution difference between the different lubricants, 

an average spectrum of four measuring points within 

the small circle is used as a reference. The Raman band 

of the characteristic vibration model of Lubricants 

1−6 is given in Table 1.  

Raman scattering occurs when a polarized laser 

beam illuminates the lubricant film, and the scattering 

strength depends on the change in photons energy 

[53]. According to Raman scattering theory [20], the 

scattering intensity of a certain molecule in the 

experiment system is given as follows: 
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where Si  is the frequency of the scattered light; 
i

A  

is determined by the polarizability of the molecule; 

0
I  is the intensity of the incident light; and Ni is the 

number of the molecules. In the Raman spectrum of  

a mixed lubricating liquid, the peak intensity ratio 

between components a and b is given as follows:  
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The Eq. (2) indicates that the intensity ratio is 

proportional to the volume ratio between two com-

ponents. For the binary lubricants, the change in the 

characteristic peak intensity ratio Radditive is used to 

evaluate the difference in the molecular distribution 

of the additive molecules in the contact region: 

 additive additive
additive

base off abse off

N I
R

N I
         (3) 

Where 
additive

I  is the Raman intensity of the charac-

teristic peak of the additive molecule, while abse offI  is 

that of the base oil. For Lubricant 2, 3, 4, and 6, the 

Eq. (3) can be applied directly to compare the molecular 

distribution of the additive at different positions of 

the contact region. On considering Lubricant 2 as an 

example, the benzene peak at 1,007 cm−1 is particular 

to phenethyl alcohol, and the CH3 symmetrical 

stretching vibration at 2,890 cm−1 is particular to 

hexadecane. Thus, the ratio of these two peaks can be 

used to evaluate the distribution of phenethyl alcohol 



Friction 7(4): 372–387(2019) 377 

∣www.Springer.com/journal/40544 | Friction 
 

http://friction.tsinghuajournals.com

in Lubricant 2. By mapping the Raman spectra at 

different positions of the contact region, the dis-

tribution profile of the additive in Lubricant 2 can be 

obtained. However, there is a slight difference for the 

situation of Lubricant 1 and 5. For Lubricant 1, the 

C–C stretching vibration at 1,607 cm−1 is particular to 

5CB and the CH3 symmetrical stretching vibration at 

2,890 cm−1 is common for 5CB and hexadecane. The 

intensity ratio between the peaks at 1,607 cm−1 and 

2,890 cm−1 can be used to semi-quantitatively evaluate 

the distribution of 5CB in Lubricant 1. 

2.3  Molecular orientation measurements 

The molecular orientation and dynamics of the confined 

liquid thin film in the contact region were measured 

using the same in situ Raman-tribology system as that 

in the last section. However, the 1/4λ plate in Fig. 1 

was removed and an analyzer was placed in front of 

the entrance slit of the spectrometer. Only scattered 

light with a polarization that was parallel to the 

polarization direction of the incident laser was allowed 

to pass through the slit. The integral time for each 

spectrum was 30 s, and the laser power was 30 mW.  

The C–C aromatic vibration model of 5CB at  

1,607 cm−1 was used to calculate the degree of orien-

tational anisotropy, S [53, 54], which is defined as 

max( ) min( )

max( )

I I
S

I

 




               (4) 

where   is the angle between the laser polarization 

and sliding direction, as shown in Fig. 2, and 
max

I  

(or 
min

I ) is the maximum (or minimum) Raman 

intensity in the XY plane. Theoretically, S is zero when 

the lubricant molecules are macroscopically randomly  

 

Fig. 2 (a) Schematic of the laser polarization and sliding direction; 
(b) the interference image of the contact region. 

oriented in the XY plane and 1 when all of the 

molecules are arranged in a uniform direction. 

2.4 Tribological measurements 

The viscosities of the six mixtures were measured 

using a rotational rheometer (MCR301, Co. Anton-Paar) 

at 24 °C, as shown in Table 1. The standard viscosity 

measurements were performed in the rotational mode 

using a cone–plate system, and the angle between the 

surface of the cone and the plate is 2° with a diameter 

of 50 mm (CP50-2/TP). 

White light from a halogen lamp was used to 

observe the contact region using a microscope and a 

charge-coupled device camera. The central film thickness 

was measured from the interference fringes in an 

image obtained using the camera (the measurement of 

film thickness is described in detail in Refs. [22, 31, 55]). 

The resolution of the thickness measurement equipment 

was 0.5 nm. The friction coefficient was measured 

using a ball-on-disk testing system (CETR-UMT-3, 

Bruker Optil GmbH). The friction pair, load, velocity, 

temperature, as well as other conditions of the 

tribological experiments were the same as those in 

the in situ Raman measurements. 

3 Results and discussion 

3.1 Effect of polarity on molecular distribution 

The distribution profile was successfully measured 

using our experimental apparatus and varied at 

different positions of the contact region. The distribution 

profile of Lubricant 1 in Fig. 3(b) shows that the intensity 

ratio increases rapidly as the lubricant runs into the 

contact region. In the center area, the intensity ratio 

reaches a maximum value of 10, which is approximately 

5.7 times that of the initial value in the bulk region. 

According to Eq. (3), the distribution ratio of 5CB in 

the lubricant film increases and is maximized at the 

center area. The 5CB molecules in Lubricant 1 exhibit 

an enrichment effect and are concentrated in the contact 

region during sliding. The intensity ratio gradually 

decreases to 1.7, thus approximating the value in the 

bulk region after the lubricant runs off. The enrichment 

effect disappears, and the molecular distribution 

returns to the initial value. The geometry of the con-

finement in the contact region or the interaction between 
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Fig. 3 Molecular distribution of Lubricant 1−4. (a), (c), (e), and 
(g): in situ Raman spectral results at the four areas and the 
molecular structures of two components; (b), (d), (e), and (h): in 
situ profile of the intensity ratio of the additive molecule to the 
base oil. 

the lubricant and friction surface may be the reason 

for the enrichment effect, which is discussed below. 

The polarities and functional groups of the additives 

have an influence on their molecular distribution. The 

additives in Lubricant 2–4 are aromatic compounds 

with the same benzene ring and different terminal 

groups, including the alcohol group, ketone group, 

and benzene ring, respectively. All the base oils used 

are hexadecane. As shown in Figs. 3(c)–3(h), polar 

phenethyl alcohol and acetophenone both exhibit an 

enrichment effect in hexadecane, while the nonpolar 

biphenyl does not. This indicates that the polar func-

tional group of the additives, rather than the nonpolar 

benzene ring, is the main cause of the enrichment 

effect in the contact region. A new parameter 
enrich

D  

(ratio of 
additive

R  at the center region and 
additive

R  at the 

bulk region) is raised to evaluate the degree of the 

enrichment effect. The 
enrich

D  values of phenethyl 

alcohol, acetophenone, and biphenyl are 2.92, 2.75, and 

0, respectively, which coincides with the strong-to-weak 

polarity order of their functional groups. 

The polarity of the molecules is closely related to 

the interaction between the molecules and solid surface, 

and the surface anchoring of the heteroatoms in the 

polar functional group may result in an enrichment 

effect in the contact region. For Lubricant 1, the C≡N 

group of 5CB forms a bond with the steel and adopts 

a homeotropic arrangement, which is in accordance 

with some previous researches. The homeotropic 

arrangement was that the long axis of 5CB was 

parallel to the direction of the surface normal, which 

can be induced by a lecithin layer of hydrophobic 

surfactant monolayer [13]. Kumar et al. [6] found that 

5CB aligned homeotropically on both the aminopropyl 

tri-ethoxy silane (APTES) and dimethyloctadecyl 

[3-(trimethoxysilyl) propyl] ammonium chloride 

(DMOAP) surfaces. Fourier transform infrared spec-

troscopy has confirmed that the C≡N of 5CB interacted 

with N of APTES and N+ of DMOAP [6, 17, 56]. Yang 

et al. [57] investigated the interfacial orientation of 

5CB supported on salts of metal ions. It was found 

that metal ions with high electron affinities (>15.64 eV, 

such as Fe3+) tended to induce a homeotropic orientation 

of 5CB, because the nitrile group of 5CB coordinated 

with the metal ions. People also found that polar 

organic compounds with heteroatoms such as nitrogen 

and oxygen easily formed bond between the heteroatom 

electron cloud and metal and adsorbed onto the steel 

surface, thus acting as a corrosion inhibitor [9−11]. In 

our research, polar 5CB molecules were adsorbed 

onto the steel surface and adopted a homeotropic 

arrangement, while nonpolar hexadecane did not 

adsorb onto the surface.  
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The base oils in Lubricant 1−4 are all hexadecane, 

which is often considered as a nonpolar molecule. The 

additives, 5CB, phenethyl alcohol, and acetophenone 

in Lubricant 1–3 are all polar molecules. The three 

polar molecules are all concentrated in the contact 

region. Their polar terminal groups with the nitrogen 

and oxygen heteroatom make it easier to adsorb onto a 

metal surface and form bonds between the heteroatom 

electron cloud and the metal as compared with the 

nonpolar hexadecane without a heteroatom. Polar 

additive molecules stay in the contact region while 

the majority of the nonpolar base oil molecules run 

off with the flow of the lubricants. Thus, the polar 

additive molecules are concentrated in the nanogap, 

and the intensity ratio in the contact region is higher 

than that in the bulk region. 

The polarity and functional groups of the base oil 

also have a significant influence on the distribution of 

the additive molecules. The base oils in Lubricant 1, 5, 

and 6 are hexadecane, decyl alcohol, and phenethyl 

alcohol. The additives are all 5CB. As shown in   

Figs. 3(b), 4(b) and 4(d), 5CB molecules, as additives, 

exhibit a strong enrichment effect in the nonpolar 

hexadecane base oil, but no enrichment in polar base 

oils such as decyl alcohol and phenethyl alcohol. The 

two polar base oils both have hydroxyl groups. The 

additive and base oil molecules in Lubricant 5 and 6 

both tend to adsorb onto the metal surface and com-

pete with each other. An equilibrium state is reached, 

and the intensity ratio 
additive

R  in the contact region is 

nearly the same as that in the bulk fluid.  

3.2 Tribological performance  

The friction coefficient and lubricant film thickness, 

which are important parameters of tribological 

performance, are closely related to the molecular 

distribution of the additives. The friction coefficient 

of Lubricant 1−4 was measured under the same con-

ditions as the Raman experiment, as shown in Fig. 5. 

The friction coefficient of pure hexadecane was also 

measured as a reference. The results show that the 

hexadecane lubricants with 5CB, phenethyl alcohol, and 

acetophenone additives reduce the friction coefficient 

to some extent. In particular, 5CB additives exhibit 

the best performance with 61% reduction of friction 

coefficient, while biphenyl shows no friction reduction  

 

Fig. 4 Molecular distribution of Lubricant 5 and 6. (a) and (c): 
in situ Raman spectral results at the four areas and the molecular 
structures of two components; (b) and (d): in situ profile of the 
intensity ratio of additive molecule to base oil. 

 

Fig. 5 Friction coefficient of pure hexadecane and Lubricant 
1−4. 

effect. The friction coefficient decreases as the con-

centration of the additive increases. This result is in 

accordance with the experiments on 5CB with the 

hexadecane base oil that were conducted by Yao et al. 

[58]. They found that the 5CB additive significantly 

reduced the friction and wear, and this friction-reducing 

ability improved when the concentration of 5CB 

increased in the range of 1.0 wt.% to 5.0 wt.%. It was 

believed that the adsorption of 5CB on a steel surface 
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played an important role in the reduction of friction, 

as the existence of 5CB molecules on the steel surface 

was confirmed by micro-reflection infrared spectroscopy. 

Itoh et al. [19] also proposed that the slip of the 5CB 

layer adjacent to the solid surface resulted in low 

friction and a high load capacity. In our research, the 

friction-reduction ability of the additive is related to the 

molecular distribution and may result from the thin 

adsorption layer near the solid surface. The adsorption 

layer prevents the direct contact of asperities and 

helps reduce the friction coefficient. 

Additives in the lubricant are concentrated in the 

contact region and form a thin adsorption layer. The 

thickness of the lubricant film should increase with 

the strength of the enrichment effect. It is supported 

by the measured center film thickness of Lubricant 

1–4. As shown in Fig. 6, the intensity ratio in the bulk 

region is normalized to 100%, and the ratio between 

the center and bulk regions represents the strength of 

the enrichment effect. 5CB exhibits the strongest 

enrichment effect and the thickest film thickness  

of 16.0 nm. The enrichment strength and the film  

 

Fig. 6 (a) Relative change in intensity ratio in different areas of 
the contact region as compared with that in the bulk region (100%); 
(b) the center film thickness; (c) the interference image in the 
contact region of Lubricant 1–4. 

thickness of phenethyl alcohol and acetophenone are 

at a same level. Biphenyl exhibits no enrichment effect, 

and its film thickness is close to the value of pure 

hexadecane. 

3.3 Binary multilayer model  

The film thicknesses of Lubricant 1–4 between the 

glass disk and steel ball are less than 20 nm, which is 

in the range of TFL. The use of a binary multilayer 

model is proposed to describe the molecular behavior 

in TFL. Lubricant 1–3 are presented in Fig. 7(a). The 

polar additive molecules adsorb onto the steel surface, 

thus forming an adsorption layer with a homeotropic 

alignment. The volume of the additive molecules in 

the adsorption layer is much greater than that of the 

base oil. The distribution ratio of the additive in the 

fluid layer is close to the liquid outside the contact 

region, as the fluid layer is less affected by surface 

adsorption. The fluid layer in the TFL is nearly 

negligible, and the molecular distribution in the contact 

region is dominated by the adsorption layer. Although 

surface adsorption dominates in the adsorption layer, 

weak shear induction still exists near the surface and 

results in a very small angle between the molecule 

director and surface normal direction. Lubricant 4 is 

presented in Fig. 7(c). The ordered adsorption layer is 

not formed in the absence of polar molecules. The 

distribution ratio of the additive in the lubricant film 

is close to the bulk liquid outside the contact region 

and exhibits no enrichment effect. Lubricant 5 and 6 

are presented in Fig. 7(b). The adsorption layer is 

formed by the competition of the polar additive  

and polar base oil. Without priority, the distribution 

ratio of the additive in the lubricant is also similar  

to the bulk fluid and exhibits no enrichment effect. 

The molecules in the adsorption layer also adopt an  

 

Fig. 7 Schematic of the binary multilayer model in TFL in the 
contact region: (a) polar additive in nonpolar base oil; (b) polar 
additive in polar base oil; and (c) nonpolar additive in nonpolar 
base oil. 
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approximately perpendicular arrangement under the 

surface adsorption, steric hindrance, and shear. 

The model is verified by changing the thickness of 

the fluid layer. For Lubricant 1–4, the sliding speed is 

increased to 188.4 mm/s, which is in the EHL regime. 

As shown in Figs. 6(b) and 8, the measured film 

thickness under a sliding speed of 188.4 mm/s is greater 

than that under 31.4 mm/s. The intensities of the 

characteristic Raman peaks of the additive and base 

oil in the center region and bulk liquid are almost the 

same. The intensity ratio of the characteristic Raman 

bands remains constant, which indicates no enrichment 

effect. The enrichment effect of the additive disappears 

with the increase in the lubricant film thickness. The 

thickness of the adsorption layer keeps constant, while 

that of the fluid layer gets much thicker. Thus, the 

distribution of the additive molecules is dominated 

by the fluid layer. 

3.4 Effect of polarity on molecular orientation 

Our previous research [20] confirmed that the friction 

coefficient of pure 5CB decreased as the orientational 

anisotropy of the 5CB molecule increased. The 

interfacial orientation of the molecules has attracted 

attention not only in tribology but also in surface 

science. Many studies have been conducted, and it is  

 
Fig. 8 In situ Raman spectral results for Lubricant 1–4 at different 
areas and the measured film thickness in the center region. 

confirmed that the shear alignment, confinement, 

and surface adsorption can exist independently and 

influence the molecular orientation. It is well known 

that a nematic liquid crystal such as 5CB can retain  

a long-range orientational order under shear [12, 17]. 

When the shear rate is higher than the rate of molecular 

rearrangement, slip occurs between the molecules, 

and the viscosity decreases with the increasing shear 

rate. This is called shear thinning and may be the 

reason that 5CB molecules can cause a reduction in 

friction when used as a lubricant or lubricant additive 

[19]. Confinement plays an important role in molecular 

alignment. In our previous research [20], the orienta-

tional anisotropy of 5CB in the contact region is even 

greater than that outside the contact region. This 

indicates that confinement in the nanometer gap pro-

motes the alignment of 5CB. Confinement improves 

the positional order and induces a liquid-to-solid phase 

transition. Furthermore, the induction of confinement 

can exist independent of shear [13, 59]. Liquid crystal 

molecules can adopt both planar and homeotropic 

alignment on different treated substrates. Planar 

alignment is usually obtained by a method of mechanical 

rubbing or photoalignment [17]. Homeotropic alignment 

is favored on hydrophobic surfaces, which can be 

obtained by adsorbing a lecithin or surfactant monolayer. 

On the metal surface, 5CB molecules exhibit a 

homeotropic alignment because of the coordination 

between C≡N and metal ions. In the adsorption layer 

of our binary multilayer model, polar 5CB molecules 

are adsorbed on the steel ball surface and adopt a 

homeotropic arrangement. 

However, there is lack of comprehensive research 

on the orientation of liquid crystals in a multiphase 

liquid. Das et al. [60] mixed 5CB and mesogen (ME50.5) 

and studied the molecular organization and newly 

formed smectic phase. Kato et al. [61] mixed 5CB with 

an anthracene derivative and studied the formation 

of organic physical gels. In the field of tribology, the 

orientation of the 5CB additive in base oil and the 

influence of the polarity of the base oil are explored 

in this section. 

The molecular orientation of the 5CB additive was 

evaluated using orientational anisotropy S, which 

was measured under a series of sliding speeds. The 

anisotropic structure of the 5CB molecule results in 

a directional response to laser polarization. In the 
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experiment, when the molecular axis of 5CB is 

parallel to the laser polarization, the intensity of the 

characteristic peak reaches a maximum value.  

Shear in the sliding process induces the liquid 

crystal molecules in the binary mixture to become 

oriented along the flow direction. However, the degree 

of this orientation is lower than that of pure liquid 

crystals. According to our previous study, under the 

same sliding speed of 31.4 mm/s, pure 5CB exhibited 

an orderly arrangement with S = 0.58, and pure hexa-

decane exhibited a nearly isotropic orientation with 

S = 0.2 [20]. Shear stress and confinement promote a 

parallel molecular alignment along the shear direction 

but surface adsorption induces a homeotropic arran-

gement of 5CB on a steel surface. A combination of 

these three factors results in an intermediate strength 

of orientational anisotropy of 0.58 for 5CB. When 

mixing 5CB and hexadecane together, as shown in 

Figs. 9(a) and 9(b), the polarization intensity of 5CB 

along the sliding direction is greater than that in  

the other directions, with a calculated S of 0.27. This 

demonstrates that the majority of the 5CB molecules 

in hexadecane tend to be oriented along the sliding 

direction because of the shear inducement. As com-

pared with the pure state, 5CB molecules exhibit a 

lower degree of orientational anisotropy under the 

hindrance of disordered hexadecane. 

 

Fig. 9 In situ Raman spectral results of Lubricant 1–4 at different 
areas and the measured film thickness at the center region. 

The effect of polarity on the molecular orientation 

was investigated by changing the base oil from 

nonpolar hexadecane (Lubricant 1) to polar decyl 

alcohol (Lubricant 5). The molecular structure of decyl 

alcohol is almost the same as that of hexadecane 

except for a terminal hydroxy. As shown in Figs. 9(c) 

and 9(d), the polarization intensities along the different 

angles remain approximately unchanged, and the 

calculated S value is 0.07. This indicates that 5CB 

molecules in decyl alcohol adopt an isotropic arran-

gement. The polar terminal hydroxy group has an 

obvious effect on the orientation of 5CB liquid 

molecules. Two factors may significantly affect the 

molecular arrangement. Firstly, the enrichment effect 

of 5CB disappears as the polar hydroxy competes 

with 5CB for adsorption on the solid surface. The 

lack of a condensed adsorption layer results in a 

weak intermolecular interaction of 5CB as compared 

with that in Lubricant 1. The long-rang order of 5CB 

in Lubricant 5 is interrupted, and the orientational 

anisotropy is weaker. Secondly, polar decyl alcohol 

is a type of chiral molecule [62], which may induce 

5CB to form a helical structure. It is found that chiral 

dopants generate strong helicity in the nematic phase, 

and the strength of a dopant to generate a helical 

structure is called helical twisting power (HTP). 

Rudquist et al. [63] found that 5CB molecules formed 

a helical structure when doped with chiral mandelic 

acid with hydroxy. Kishikawa et al. [64] found that 

the substituents of a series of chiral succinimide 

derivative significantly affected the formation of a 

helical structure of 5CB, and the derivative with a 

terminal hydroxyl resulted in a larger HTP than the 

derivative with a terminal alkyl. Thus, doping decyl 

alcohol may result in a helical and isotropic structure 

of 5CB. 

The geometry of confinement, i.e., the thickness of 

the lubricant specifically, has an influence not only on 

the molecular distribution of the additive, but also 

on the molecular orientation. The thickness of the 

lubricating film increases and the lubricating state 

changes as the sliding speed increases. The lubricating 

state is TFL when the speed is less than 31.4 mm/s. It 

is EHL when the speed is greater than 62.8 mm/s. The 

range of speeds between 31.4 mm/s and 62.8 mm/s is 

a transition state from TFL to EHL. The variation in S 

of pure 5CB and 5CB in hexadecane are shown in 
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Fig. 10(a). In TFL, with a sliding speed of 12.6 mm/s, 

two lubricants exhibit a similar S of nearly 0.2, which 

indicates a weak orientation along the sliding direction. 

In the adsorption layer, 5CB molecules adopt an 

approximately perpendicular arrangement that is 

slightly along the sliding direction, under the dominance 

of surface adsorption and the assistance of shear. The 

adsorption layer dominates in TFL, and 5CB molecules 

exhibit a weak orientation along the flow, as the 

lubricating film thickness is approximately 15 nm. 

The lubricating film thicknesses of pure 5CB and 5CB 

in hexadecane increase with the sliding speed, as 

shown in Fig. 10(b). 5CB molecules become oriented 

along the sliding direction because of the dominance 

of shear induction. The fluid layer gradually dominates 

when it transitions into EHL. Thus, S increases with 

the sliding speed and reaches a constant value in 

EHL. The confinement and shear effect on molecular 

orientation is the same because of the same center- 

film thickness and sliding velocity. The only reason 

for a lower S of 5CB in hexadecane than pure 5CB is 

that the disordered hexadecane restrains the orderly 

alignment of 5CB. The S value of 5CB in decyl alcohol 

is independent of the sliding speed and remains at a 

low value of nearly 0.2, thus indicating that the isotropy 

orientation of 5CB is dominated by the intermolecular 

interaction between 5CB and decyl alcohol, instead of 

confinement and shear induction.  

The behaviors of molecules in the bulk fluid layer 

have been systemically investigated. However, the 

layered structure in TFL is still calling for direct obser-

vation and study, especially molecules in the absorbed 

layer and ordered layer. In the work presented in ref. 

[65], we have successfully detected and shown both 

the packing and orienting of liquid molecules in the 

absorbed layer and ordered layer in TFL regime. 

 

Fig. 10 (a) Variation of S with sliding speed; (b) the variation of 
lubricating film thickness with sliding speed. 

4 Conclusions 

The molecular distribution profile and orientation  

of additives in binary mixed lubricants were inves-

tigated at the nanoscale. In situ Raman experiments 

were conducted under pure sliding conditions. The 

results showed that polar additives concentrated in  

the contact region when added into a nonpolar base 

oil, but the concentration phenomenon disappeared 

with a polar base oil. This was attributed to the 

competition of surface anchoring between the polar 

additives and base oils. By using liquid crystal 

molecules and a nonpolar base oil as lubricant, the 

friction coefficient was significantly reduced by 61%. 

The lubricating ability was related to the adsorption 

layer and the ordered arrangement of the liquid 

crystal molecules, which was verified via polarized 

Ramen experiments. Shear stress induced a molecular 

alignment along the shear direction, and confinement 

in the nanogap promoted a more ordered alignment. 

Surface adsorption affected the lubricant in a different 

manner and induced a perpendicular arrangement of 

5CB on the steel surface. A combination of these three 

factors determined the molecular orientation in  

the tribology system. The effect of the polarities   

of molecules in binary lubricants on the molecular 

orientation was investigated. It was found that the 

surface adsorption was dominated by the polarities 

of molecules, and the molecular arrangement was 

affected by a combination of surface adsorption, con-

finement, and shear stress. The lubrication mechanism 

model of the binary lubricants was developed to 

describe the molecular behavior in TFL. Our research 

may aid in understanding nanoscale lubricating 

mechanisms and the development of novel liquid 

lubricants. 
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