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Abstract: Extensive efforts have been made to pursue a low-friction state with promising applications in many
fields, such as mechanical and biomedical engineering. Among which, the load capacity of the low-friction state
has been considered to be crucial for industrial applications. Here, we report a low friction under ultrahigh
contact pressure by building a novel self-assembled fluorinated azobenzene layer on an atomically smooth
highly-oriented pyrolytic graphite (HOPG) surface. Sliding friction coefficients could be as low as 0.0005 or even
lower under a contact pressure of up to 4 GPa. It demonstrates that the low friction under ultrahigh contact
pressure is attributed to molecular fluorination. The fluorination leads to effective and robust lubrication between
the tip and the self-assembled layer and enhances tighter rigidity which can reduce the stress concentration in
the substrate, which was verified by density functional theory (DFT) and molecular dynamics (MD) simulation.
This work provides a new approach to avoid the failure of ultralow friction coefficient under relatively high

contact pressure, which has promising potential application value in the future.
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1 Introduction

Reducing friction is a crucial method for energy
dissipation reduction in mechanical sliding systems,
which has become increasingly significant for energy
savings and life extension of mechanical components
[1-5]. Superlubricity is a typical low friction state where
friction nearly vanishes [6]. In the 1990s, Hirano and
Shinjo [7], and Sokoloff [8] theoretically predicted the
existence of superlubricity by carefully considering the
detailed phenomena at the atomic scale, in which the
sliding interfaces have characteristics such as atomic
flatness, rigidity, structural incommensurability
(i.e., non-matching), molecular cleanliness, and
weak interaction. A prominent strategy to achieve
superlubricity under a certain load-bearing capacity

has attracted increasing interest [9, 10]. Hitherto, few
superlubricity studies under contact pressures higher
than 1 GPa have been reported [11-13]. At macroscales,
liquid superlubricity under an ultrahigh contact
pressure of 1.19 GPa was realized by lubrication with
partially-oxidized black phosphorus (PoBP) nanosheets,
owing to the abundant P=O and P-OH bonds formed
on the nanosheet surfaces [11]. At the microscale,
superlubricity with a high contact pressure of up to
1 GPa was achieved between a graphene-coated
silica (5i0,) microsphere and graphene on hexagonal
boron nitride surfaces [12], and a contact pressure of
2.52 GPa was achieved by sliding graphene-nanoflakes
transferred onto a silicon tip against graphite due to
incommensurate contact [13]. Inspired by these results,
the load-bearing capacity of superlubricity still needs
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to be improved to achieve practical utilizations. In
order to achieve superlubricity under higher contact
pressure, it is necessary to find the synergistic effect
of low friction materials and regulation of sliding
layers that can prevent notable deformations and
energy dissipation in the contact area.

Low friction can be realized by self-assembled
molecular layers due to their strong bonding with the
substrate, low surface energy, and high stability [14-16].
For instance, microscale solid superlubricity can be
accomplished by uniform ordered self-assembly of
several liquid crystals [17] or by attaching sodium
dodecylsulfate (SDS) molecular layers on friction
surfaces [18]. Fluorinated self-assembled molecular
layers can significantly enhance the load-bearing
capacity by 1.5 times (from 12.4 to 18.2 MPa) in the
superlubricity state by enhancing the interaction
between water and the self-assembled layer, which
results in a more robust layered water structure
confined in the contact zone [19]. Fluorinated self-
assembled molecular layers have low surface
energy and outstanding stability due to their high
electronegativity, lone-pair electrons [20], and significant
interaction with the m-electron system in the aromatic
ring [21]. In addition, self-assembled materials exhibit
strongly influence the friction properties [22-24].
Azobenzene, widely used in forming self-assembled
layers, can be easily modified to realize unique
structural characteristics by attaching different
multifunctional substituents to the parent molecules
[25-27], such as self-assembled azobenzene molecule
surfaces for self-oscillating/self-cleaning [28] and the
self-assembled azobenzene polymer network coating
of a robot finger for controlling the friction coefficient
[29]. In particular, fluorination may alter the electronic
spectra and several physical parameters of azobenzene
[30], and also improve its stability [31]. Moreover,
the rigidity and surface energy of the self-assembled
molecular layers will be changed after modification.
Overall, the use of the fluorinated azobenzene self-
assembled layer can be an effective synergistic strategy
to realize low friction under higher contact pressure,
by considerably enhancing the rigidity of the self-
assembled layer and effectively preventing energy
dissipation through sliding [32].

This work proposed a stable low friction state
under an ultrahigh contact pressure of 4.11 GPa by

building a novel self-assembled fluorinated azobenzene
layer on an atomically smooth highly-oriented pyrolytic
graphite (HOPG) surface. The friction properties of the
fluorinated azobenzene self-assembled layer compared
with the non-fluorinated layer were measured using
atomic force microscopy (AFM). The mechanism of
low friction under high contact pressure was revealed
through theoretical simulations.

2 Experimental
2.1 Materials

The reaction solvents used in the experiments were
purchased from J&K Chemical Ltd. (Beijing, China),
and were used without any further purification.
All other solvents and chemicals, including ethanol
and acetone et al., were supplied by Aladdin. The
HOPG with a mosaic spread of 0.4° (grade ZYA) was
purchased from Advanced Ceramics Inc. in Cleveland
USA. A freshly cleaved graphite surface was obtained
by mechanically exfoliating the HOPG.

2.2 Synthesis of compounds

The (E)-4,4'-(diazene-1,2-diyl)bis(2-fluorobenzoic acid)
(fran-NN2A-F) and (E)-4,4'-(diazene-1,2-diyl)dibenzoic
acid (fran-NN2A) compounds were synthesized
according to a reported procedure [33]. In the synthesis
procedure, NN2A-F was obtained in the yield of
65 wt% and then treated with ultraviolet light to
obtain cis-NN2A-F (see Fig. 1(a)). The time of UV
light irradiation with 360 nm is 40 min and the power
is 8 W/m. The 'H nuclear magnetic resonance spectra
(*H NMR) data of cis-NN2A-F were obtained to
determine the molecular structure, as shown in Fig. 1(c),
and microscopic granular particles were observed by
scanning electron microscopy (SEM) (see Fig. 1(d)).
The synthesis and characterization of cis-NN2A were
similar to those of cis-NN2A-F (see Figs. 1(b), 1(e), and
1(f)). The details are described below.

The synthesis procedures of the two azobenzene
compounds are presented in Figs. 1(a) and 1(b).
The ortho-fluorine p-Nitrobenzoic acid (8.0 mmol)
was mixed with NaOH (90.0 mmol) in distilled water
(80.0 mL), and stirred until the substances were
dissolved completely. Then glucose (45.0 mmol) was
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Fig.1 Synthesis and characterization of two azobenzene carboxylic acids. (a) Synthesis procedure of cis-NN2A-F; (b) synthesis
procedure of cis-NN2A; (¢c) 'H NMR data of cis-NN2A-F; (d) SEM image of cis-NN2A-F particles; (¢) 'H NMR data of cis-NN2A;

and (f) SEM image of cis-NN2A particles.

dropwise added into the orange-yellow p-Nitrobenzoic
solution at 80 °C, and reacted for 8 h in the atmosphere.
After centrifugation, the brown product in the aqueous
solution was acidified with acetic acid (20.0 mL), and
then final centrifuged with distilled water. The (E)-4,4'-
(diazene-1,2-diyl)bis(2-fluorobenzoic acid) (2.6 mmol,
65%) abbreviated tran-NN2A-F was obtained. The
compound was treated with ultraviolet light to obtain
cis-NN2A-F. The time of UV light irradiation with
360 nm is 40 min and the power is 8 W/m. The 'H
NMR data of cis-NN2A-F were obtained to determine
the molecular structure, as shown in Fig. 1(c), and
granular particles were observed by SEM (shown
in Fig. 1(d)). '"H NMR (600 MHz, CDCl,): & 8.08-8.04
(t, 2H), 7.84-7.81 (dd, 2H), 7.76-7.73 (dd, 2H).
EA caled for C,HgFoN,O, (306.22 g-mol™): C 54.91%,
H 2.63%, F 12.41%, N 9.15%, O 20.90%; Found:
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C 54.82%, H 2.60%, F 12.32%, N 9.11%, O 20.81%.
Similar to the cis-NN2A compound, the synthon of
cis-NN2A is p-Nitrobenzoic acid with 72 wt% synthetic
yield. 'H NMR data of cis-NN2A were detected to
determine the molecular structure (as Fig. 1(e)) and
lamellar particles were observed though SEM (shown
in Fig. 1(f)). The results showed that the two compounds
have been successfully synthesized bearing different
distinct morphologies. 'H NMR (600 MHz, CDCl,):
0 8.12 (d, 4H), 7.96 (d, 4H). EA calcd for Ci,H;,N,O4
(270.24 g-mol™): C 62.22%, H 3.73%, N 10.37%, O 23.68%;
Found: C 62.17%, H 3.70%, N 10.30%, O 23.29%.

2.3 Preparation of self-assembled molecular layers

HOPG substrates were prepared with a size of 0.5 cm x
0.5 cm. Both cis-NN2A and cis-NN2A-F were separately
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dissolved in heptanoic acid (HA) by sonication at
concentrations less than 1.0x10* M, and then a
droplet of cis-NN2A or cis-NN2A-F solution (0.5 pL)
was deposited onto a newly peeled atomically flat
HOPG substrate by pipette, generating the self-
assembled layer samples. The solution lying flat on
the HOPG substrate was placed motionlessly in a
clean environment to yield the target self-assembled
layer. This layer grew as the solution spread out on
the HOPG substrate without depending on external
forces. Upon completion of the self-assembly process,
the prepared molecular layer samples were quiescent
at room temperature prior to testing.

2.4 Characterization of self-assembled molecular
layers

2.4.1 Scanning tunneling microscopy (STM) investigation

STM characterization experiments were carried out
at solid/liquid interfaces after immersing the tip
into the solution using a NanoScope Illa instrument
(Bruker, USA) in an atmospheric environment. The
STM tips were obtained by mechanically cutting Pt/Ir
(80/20) wires to atomic sharpness. The STM images
were recorded using the cut tip in constant-current
mode. The images were presented as raw data without
further modification. The drift for all the images was
calibrated using an atomic-resolution HOPG lattice
as a reference. The cell parameter data were measured
by the length measurement function of the STM
software “NanoScope (R) III Digital Instrument” (Veeco
Instrument Inc. America). All of the data were averaged
to determine the final cell parameters.

2.4.2  AFM force measurements

Lateral forces (friction) of the self-assembled samples
were measured by MFP-3D AFM (Asylum Research,
USA) with a multi-tip probe (HQ: XS5C11, nominal
normal spring constant of 2.7 N/m) at room
temperature. To eliminate the effect of the solvent,
sample measurements were conducted at the gas—
solid sample interface after the solvent evaporated.
It is of vital important that the genuine normal force
and lateral factors need to be calibrated prior to
measurements. Primarily, the sensitivity of the normal
photodetector was calculated from the slope of the
force curve acquired on a hard substrate. Then, the

power spectral density of thermal noise fluctuations
under environmental conditions can be used to estimate
the normal spring constant [34]. Then, the voltage
result was transformed into force values, and the
lateral factor was calculated based on the improved
wedge calibration method by scanning the commercial
TGF11 silicon grating (MikroMasch, Estonia) [35].
The AFM force tests were scanning in the direction
perpendicular to the cantilever in contact mode with
a 1 Hz scan rate and a scan size of 100 nm x 100 nm,
which was similar to the STM characterization
conditions. In addition, to ensure the noise of the
deflection signal, the feedback gains should be adjusted
to appropriate levels during the measurements.
Similarly, the friction values were calculated as half of
the difference between the trace and retrace signals in
order to exclude the topography effect. A schematic
diagram of the AFM measurement process is shown
in Fig. 2(a).

2.5 Density functional theory (DFT) calculations

Theoretical calculations were performed using the
DFT-D scheme implemented in the DMol3 code [36].
To describe the 2D periodic structure on graphite,
periodic boundary conditions (PBCs) were chosen.
The Perdew-Burke-Ernzerh parameterization of the
local exchange correlation energy was applied in the
generalized gradient approximation (GGA) to describe
the exchange and correlation [37]. Grimme’s dispersion
theory was also applied to correct the dispersion
interactions of van der Waals (vdW) interactions. All
electron spin-unrestricted Kohn-Sham wave functions
were expanded in a local atomic orbital basis. For the
large system, the numerical basis set was applied. All
calculations were all electron calculations and were
performed with a medium mesh. A self-consistent
field procedure was performed with a convergence
criterion of 107 au for the energy and electron density.
To evaluate the interactions between the HOPG and
the adsorbates, a model system was established. Since
the adsorption of benzene on graphite and graphene
should be very similar [38], the calculations were
performed on infinite graphene monolayers using
PBCs. Considering that the interaction between
adsorbates and substrate was mainly van der Waals
interactions, Grimme’s dispersion corrections were
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adopted in the calculations. In the superlattice, slabs
were separated by 35 A in the normal direction. When
modeling the adsorbates on graphene, the graphene
supercells were used and sampled the Brillouin zone
by a 1x1x1 k-point mesh.

2.6 Molecular dynamics (MD) simulations

In this Section, the details of the MD simulations
for two systems were given: (1) AFM tip sliding on
graphene with non-fluorinated layer and (2) AFM tip
sliding on graphene with fluorinated layer.

2.6.1 Simulation system

The intralayer interactions of graphene sheets were
modeled using the Tersoff force field [39], which is
widely used for graphene. The interlayer interactions
for carbon atoms belonging to the different graphene
layers were modeled using the Lennard-Jones
potential with the two parameters ¢ =2.84 meV and
0.=0.34 nm [40]. The silicon tip was modeled using
the Lennard—Jones potential with the two parameters
5i =0.0279 eV and o, =0.25 nm [40]. The cis-NN2A or
cis-NN2A-F molecules were modeled using OPLS-AA
force field [41]. Lorentz—Berthelot mixing rules were
used for the intermolecular van der Waals (vdW)
interactions. Truncated and force-shifted Lennard—Jones
interaction that combines the standard Lennard-Jones
function and subtracts a linear term based on the cutoff
distance was used here [42], so that both, the potential
and the force, go continuously to zero at the cutoff of
1.2 nm. All MD simulations were carried out using a
time step of 1 fs.

2.6.2  Simulation procedure

The two systems had the same simulation procedure,
which includes the following steps: Equilibrating the
system, starting dragging, and collecting data.

Equilibrating the system. The normal force was applied
on the silicon tip to generate a pressure comparable
with the experiments. The bottom graphene layer
was fixed. A temperature of 298 K was maintained by
applying the Nose-Hoover chain thermostat to the
self-assembling molecules and the top graphene layer.
The equilibration lasted for 100 ps.

Starting dragging and collecting data. A temperature
of 298 K was maintained by applying the Langevin

Tsinghua University Press

thermostat to the top graphene layer only [43], so that
the heat produced by the slip and viscous friction in
the system was removed through the graphene, as is
done in a real experiment. The tip was dragged by an
imaginary body with a constant velocity (v = 10 m/s)
along the y-axis. The stiffness between the tip and the
imaginary body was 10 N/m. The friction force was
recorded during the dragging process of 5 ns.

3 Results and discussion

3.1 Self-assembled layer structures

The self-assembly of the fluorinated layer (cis-NN2A-F
layer) and non-fluorinated layer (cis-NN2A layer) were
prepared (see Methods) as the schematic illustration
(see Figs. 2(a)-2(d)). In our previous research, we
demonstrated the NN2A self-assembled structures [44].
After the self-assembled layers were fabricated, the
chemical composition on the surfaces were detected
via X-ray photoelectron spectroscopy (XPS). The
C 1s profiles of non-fluorinated layer (see Fig. S1 in
the Electronic Supplementary Material (ESM)) and
fluorinated layer (see Fig. 2(e)) were clearly contrasted.
The absorption peaks were assigned to the C-C, C-N,
and C=O bonds [45]. The binding energies of the
corresponding bonds in the fluorinated layer were
shifted to the right and the appearance of a new peak
in the spectrum indicated a C-F bond [46]. In addition,
the obvious peaks of the F-F bond and F-C bonds
were observed in the F 1s profile of the fluorinated
layer (see Fig. 2(f)) [47]. These results suggested that the
cis-NN2A-F molecules were successfully self-assembled
on the HOPG substrate.

To investigate the morphology of the self-assembled
molecular layer, STM was performed. The STM
image revealed that the self-assembled layers had
a pronounced layered structure, and the detailed
processes of growth and measurement are described
in Section 2. High-resolution STM characterization
images and corresponding molecular models of the
non-fluorinated layer were shown in Figs. 2(g) and
2(h), and those of the fluorinated layer were shown
in Figs. 2(i) and 2(j). The structural differences of
the self-assembled molecular layers were caused by
molecular fluorination. It was observed that both
self-assembled molecules were closely connected. The
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Fig.2 Schematic fabrication process and characterizations of
the self-assembled layers. (a)—(d) Schematic fabrication process
of self-assembled layer. XPS characterization: (¢) C 1s spectrum
of the fluorinated layer and (f) F 1s spectrum of the fluorinated
layer. (g) High-resolution STM image of non-fluorinated
quadrilateral structures (V};,s=688.9 mV and [,=299.8 pA) and
(h) corresponding molecular model of the non-fluorinated
layer structures; (i) high-resolution STM image of fluorinated
quadrilateral structures (V;,s=688.9 mV and /,=299.8 pA);
and (j) corresponding molecular model of the fluorinated layer
structures.

unit cells of the non-fluorinated layer were marked
by boxes in Figs. 2(g) and 2(h). The width of the unit
cell was a=0.56+0.1 nm and the length was measured
as b=1.17+0.1 nm, with an inclination angle of
a=65°1°. The unit cell parameters containing one
cis-NN2A molecule are listed in Table 1. Hydrogen
bonds formed by the adjacent cis-NN2A carboxylic
acid groups were arranged in parallel between
the bright molecules. The two bright spots in each
cis-NN2A correspond to the two benzene units in
the molecules. The molecular arrangement was stable
due to the van der Waals forces and hydrogen-bond
interactions, which forces between the self-assembled
molecules and the HOPG substrate, as well interactions
between the molecules.

For the fluorinated layer, the self-assembled
arrangement mechanism was verified. STM was utilized
to study the morphology of the fluorinated layer on
the heptanoic acid (HA)/HOPG interface (see Figs. 2(i)
and 2(j)). Some obvious changes in the self-assembled
structure were found by analyzing the STM images.
Regarding the arrangement of the self-assembled
molecular layer, the fluorine atoms were all arrayed
on the same side. The fluorinated cis-NN2A-F were
vertically arranged and the intermolecular gap between
the two molecules led to a smaller width of the unit
cell. Moreover, the length of the unit cell decreased
with the degree of fold increased during the connection
of molecules. The unit cell parameters containing
two cis-NN2A-F molecules marked on the STM
image in fluorinated layer were measured as follows:
a=0.83+0.1 nm, b =1.04+0.1 nm, and « =91°+1°. All of
the unit cell parameters are summarized in Table 1.

3.2 Frictional characteristics

Before prior to each AFM measurement, the self-
assembled layer structures were studied by STM to
observe the arrangement of the molecules. The friction

Table 1 Experimental (expt.) and calculated (cal.) unit cell
parameters of the non-fluorinated and fluorinated layers on the
HOPG surface. The measurement error for the length was 0.1 nm,
and that of the angle was 1°.

System a (nm) b(mm) a(°)
. Cal. 0.56 1.17 65
Non-fluorinated layer
Expt. 0.56£0.1 1.17£0.1 65«1
L. . 1.04 1
Fluorinated layer Ca 0.83 0 ?
Expt. 0.83+£0.1 1.04+0.1 91+l
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properties of the self-assembled molecular layers were
measured to investigate the effect of fluorination,
using MFP-3D AFM (lateral force mode) under
ambient conditions. With a silicon probe sliding on
the surface of the self-assembled molecular layer
based on the HOPG substrate (see Fig. 2(d)), lateral
forces (friction) were measured by the half width of
the lateral force loop under different applied loads,
and the measurement process was described in detail
in Section 2.

For frictional experiments, the friction forces of the
non-fluorinated layer, fluorinated layer, and HOPG
as a function of the applied load are presented (see
Fig. 3(a)). The friction forces increased linearly with
increasing load for all of the friction systems. The
friction-load data were linearly fitted to obtain the
friction coefficient (i), which can be defined as the
slope of the linear fitting curve (labeled in Fig. 3(a)).
Interestingly, the friction coefficient of the fluorinated
layer was the lowest among the three systems. For
the non-fluorinated layer, the friction coefficient of
friction was approximately 0.01. By contrast, the friction
coefficient of the fluorinated layer reached 0.0005,
corresponding to a low friction state. That is, the

friction coefficient of the fluorinated layer was reduced
by approximately one order of magnitude, indicating
that the fluorinated layer possessed much better
lubrication properties.

Generally speaking, at the nanoscale, the frictional
forces can be represented by Eq. (1), which has
been mentioned above in the calculation of friction
coefficients. The average friction forces of both self-
assembled layers increased linearly with increasing
normal load, ensuring accurate calculation of the
friction coefficient.

F,= uF.+F, 1)

where F; represents the frictional force, F, refers to the
normal load, and p is defined as the friction coefficient
according to the slope of the friction versus normal
load curve, which was equal to (F.-F)/F,. In addition,
F, is the offset friction when the applied load is 0
and proportionated to the adhesive force. Herein,
F, of the non-fluorinated layer is 4.3 nN, and F, of the
fluorinated layer is 4.6 nN (see Fig. 3(a)).

Typical friction loops under an applied load of
400 nN (F,) in the fluorinated layer can achieve a
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Fig. 3 Friction properties. (a) Lateral force (friction) as a function of the applied load for different self-assembled layers or HOPG;
(b) typical frictional force loop under a constant load of 400 nN in the fluorinated layer; (c) friction of the fluorinated layer under
different sliding speeds (0.04—10 um/s) under the loads of 45, 110, and 170 nN; and (d) maximal applied load, with the deviation of the

frictional force from the baseline.
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friction force of F, = 4.8 nN (see Fig. 3(b)). Then the u
was calculated as 0.0005, and the friction experiments
had been repeated more than 20 times. It was confirmed
that the fluorinated layer can reach a low friction
state. In order to explore the influence of different
sliding speeds on the friction coefficient, a series of
experiments were designed. The basic friction forces
were obtained under several speeds (see Fig. 3(c)) at
three different loads. The friction coefficients (slope
of fitting lines) were almost identical, while the friction
forces increased. This is most likely due to the adhesion
between the molecules and the tip that was enhanced
at higher sliding speed. Therefore, sliding speeds had
a remarkable effect on the friction behavior under a
certain range of speeds.

To further study insight into the load-bearing
capacity at the low friction state of the fluorinated
layer, we carried out a series of tests in which the
normal load increased continuously until the friction
forces began to increase sharply (see Fig. 3(d)). It was
observed that the friction of the fluorinated layer
deviated at approximately 420 nN. While for the non-
fluorinated layer and HOPG, the friction deviated
significantly when the normal load reached 350 and
330 nN, respectively. According to Hertz contact theory,
the maximum contact pressure of the fluorinated
layer was calculated as 4.11 GPa, while it was 3.16 GPa
for the non-fluorinated layer and 1.81 GPa for HOPG.
It can be clearly observed that the fluorinated layer
can withstand a much higher load-bearing capacity
than the non-fluorinated layer, so the importance
of fluorination was witnessed in the load-bearing
capacity. SEM characterization of the AFM tip in the
measured process was conducted to determine the
tip radius of the contact zone, which was 35 nm (see
Fig. S3 in the ESM). In addition, we recalibrated the
elastic modulus of the coupling system including the
self-assembled molecules and the HOPG substrate
using a diamond probe. Then, Abaqus simulations
results showed the maximum Hertz contact pressure
under the maximal applied load was 5.97 GPa (see
Fig. 54 in the ESM), indicating that the fluorinated
layer had the maximum Hertz contact pressure
corresponding to the results of the experiment.

In another series of experiments, the interactions
between the probe and the two self-assembled
layers were investigated, and the probe continuously

approached the self-assembled layer surfaces and
then retracted (see Figs. 4(a) and 4(b)). The existence
of adhesive forces between the probe and the
self-assembled layer was indicated. Experimentally,
the statistically pulled-out normal adhesive force
was obtained as 16.9 nN when the probe started to be
pulled out of contact from the non-fluorinated layer,
which was fitted by a Gaussian distribution according
to the 64 normal force curves (see Fig. 4(c)). Similarly,
the adhesive force between the probe and the
fluorinated layer was calculated as 22.8 nN based on
the 64 normal force curves (see Fig. 4(d)). The results
indicated that the probe against the fluorinated layer
could be pulled out of contact with a higher normal
load. The adhesive force of the fluorinated layer was
1.3-fold larger than that on the non-fluorinated layer,
in agreement with the calculated load-bearing capacity
values. This result also suggests that the fluorinated
layer sustained a higher contact pressure.

3.3 Mechanism discussion

To explain our findings, we explored the low friction
mechanism under ultrahigh contact pressure of the
fluorinated layer using DFT calculations. DFT results
demonstrated that the fluorinated cis-NN2A-F are
vertically arranged, resulting in different binding sites
and tighter ordering for the mean molecular spacing
obtained for the unit cell parameters (Table 1). The
adsorption energy between the silicon probe and
the self-assembled layer was evaluated and found to
be positively correlated with the static lateral force
before the friction experiment (i.e., the intercept in
the friction-load relationship). Figure 5 showed the
molecular structure morphology of two self-assembled
molecules in contact with silicon atoms. We set up
simulation models for maximum correspondence with
the conditions in the experiment. The models were
established corresponding to two different molecular
numbers with the same volume of silicon atom as well
the interval distance. Initially, the atoms in the horizontal
plane of the cis-NN2A molecules (see Figs. 5(a) and
5(c)) were contacted during the silicon tip sliding,
while the cis-NN2A-F molecules (as Figs. 5(b) and
5(d)) made the most contact with the fluorine atoms
in the longitudinal plane. The results showed that
the adsorption energy per unit area between silicon
atoms and cis-NN2A-F molecules was corresponded
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the AFM probe and non-fluorinated layer; (b) forces between the

AFM probe and fluorinated layer. Histogram of the adhesive force

extracted from 64 normal force curves in an area of 500 nm x 500 nm: (c) Fitting the normal distribution of forces between the AFM
probe and non-fluorinated layer gives an adhesive force of approximately 16.9 nN; (d) fitting the normal distribution of forces between
the AFM probe and fluorinated layer gives an adhesive force of approximately 22.8 nN.
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Fig.5 Schematic diagram of DFT calculation of intermolecular
adsorption energy between silicon atoms and different systems.
(a) System consisting of the 12 cis-NN2A molecules; (b) system
consisting of the 12 cis-NN2A-F molecules; (c) system consisting
of the 18 cis-NN2A molecules; and (d) system consisting of the
18 cis-NN2A-F molecules.

to greater than that between silicon atoms and
cis-NN2A molecules (Table 2). This finding was in
agreement with the adhesive force relationship of the
self-assembled layers obtained in the experiment. For
the fluorinated layer, the greater adsorption energy per
unit area contributed to easily carrying the molecules
onto the tip, which was conducive to lubrication
reducing the friction force. The importance of the
molecular structure rearrangement was clearly

O EZELL
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witnessed, serving as supporting the above explanation
of the low-friction mechanism under ultrahigh contact
pressure.

To support our explanation, the experimental system
was modeled in MD simulations (see Fig. 6(a)). The
AFM tip was modeled as a silicon hemisphere to
match the experiments. The diameter of the tip was
approximately 5 nm, and the square double graphene
layers had a side length of 8 nm. The number density
of the self-assembled cis-NN2A and cis-NN2A-F
was 1.6 nm™. In the simulations, periodic boundary
conditions were applied along the three directions.
The vacuum space in z direction was set as 2.6 nm,
which is longer enough to avoid the ghost atom
interference. The bottom graphene layer was fixed,
and the normal force was applied on the atoms of the
silicon tip. The tip was dragged with a constant velocity
(v=10m/s) along the y-axis. All simulations were
performed using LAMMPS [48] with a timestep of
1fs. Although the radius of the silicon tip studied in
the simulation (~5 nm) is slightly different from that
in the experiments (~30 nm), the range of loading
pressure is comparable, i.e.,, 0.55-3.74 GPa in both
experiments and 0.001-1.57 GPa in simulations. As
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Table 2 DFT calculation results of adsorption energies between self-assembled molecular layers and silicon atoms.

Total adsorptiot}lenergy Arga Adsorption energy pefzunit area Adsorption energy per unit area
(kcal'mol ™) (A% (kcal-mol-A™) (eV-nm™)
cis-NN2A (12) —292.262 712.5754 -0.41015 —-1.77857
cis-NN2A-F (12) —270.783 517.8411 —0.52291 —2.26755
cis-NN2A (18) —418.284 1068.863 -0.39134 -1.69701
cis-NN2A-F (18) —354.367 776.7617 —0.45621 —-1.97831
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Fig. 6 MD simulations of AFM tip sliding on graphene with self-assembled molecular layers. (a) Atomistic model in the friction
simulations. From top to bottom: the silicon tip (brown—yellow hemisphere), self-assembled molecules (cis-NN2A-F or cis-NN2A) and two
graphene layers (gray layer); (b) side view of the schematic diagram showing different state distributions of the fluorinated layer upon
the sliding process; (c) relationship between frictional force and load during sliding. The friction coefficients of the silicon tip sliding on the
self-assembled fluorinated and non-fluorinated layers were 0.0009 and 0.01, respectively; and (d) distribution of the normal force (z direction)
felt by the bottom graphene layer at the position of the silicon tip in the x-y plane for two systems with the same load of 1.57 GPa.

shown in Fig. 6(c), the friction coefficients (y = Kyope)
for sliding on self-assembled non-fluorinated and
fluorinated layers were different, which is 0.01 and
0.0009, respectively. These results were comparable with
the values obtained in our experimental measurements
(0.008-0.01 for non-fluorinated layer and 0.0002-0.0005
for fluorinated layer).

From the atomic snapshot during silicon tip sliding
(as Videos in the ESM), it was found that silicon
hemispheres were partially coated by both types of
self-assembled molecules. A distribution state of the
self-assembled molecules in the probe sliding process
was shown in Fig. 6(b). The fluorinated molecules
have a tighter rigidity coating, resulting in a smaller
area where the silicon tip was directly in contact with
the graphene layer. Quantitatively, the distribution
of the normal force felt by the bottom graphene was
calculated as shown in Fig. 6(d). The tighter rigidity
coating of cis-NN2A-F molecules reduced the stress

concentration in the HOPG substrate, demonstrating
the mechanism for achieving low friction under the
higher contact pressure of the fluorinated layer.

The position of the shear plane was important for
revealing the underlying mechanism that gives rise to
an ultralow friction coefficient. To determine the exact
position of the shear plane, we carried out atomic
phase experiments. The shear plane transformations
of two layers were shown in Figs. 7(a)-7(d). For the
non-fluorinated layer, we measured the atomic phase
under a smaller load, while for the fluorinated layer,
we measured the atomic phase under a larger load
near the inflection point (see Fig. 7(e)). The position of
shear plane was between the tip carrying molecules
and the graphite layer. Then, load was applied
exceeding the maximum to give out that the tip slides
the graphite layer. The greater adsorption energy
per unit area of the fluorinated layer contributed to
easily carrying the molecules onto the tip to slide. By
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Fig. 7 Lattices of two molecular layers and that after frictional tests, and side views during sliding. (a) Atomic phase of non-fluorinated
layer; (b) atomic phase of non-fluorinated layer after sliding; (c) atomic phase of fluorinated layer; (d) atomic phase of fluorinated layer after
sliding; (e) tested loads of atomic phase corresponding to the friction image; (f) shear planes under different loads of non-fluorinated

layer; and (g) shear planes under different loads of fluorinated layer.

comparing the position of shear planes in the simulated
videos (in the ESM) and the experimental atomic
phase images under different loads, it was indicated
that some individual fluorinated molecules can act as
the lubricating molecules between the tip and the bulk
self-assembled layer, as a result, the friction coefficient
can be significantly reduced. The MD simulation
results and experimental results are consistent with
each other.

4 Conclusions

On the basis of the previously reported material
synthesis and self-assembly methods, our work
demonstrated that self-assembled fluorinated
azobenzene layer achieved superlubricity under
ultrahigh contact pressure, through the construction
of a novel self-assembled fluorinated azobenzene layer

on highly-oriented pyrolytic graphite (HOPG) substrate.

The friction effect of the fluorinated molecular layer
has reached the low friction under ultrahigh contact
pressure obtained, which is significantly different
from that reported in other two-dimensional material
systems. Based on the molecular dynamics (MD) and
density functional theory (DFT) simulation results,
molecular fluorination increases effective and robust
lubrication between the tip and the self-assembled
layer, and leads to higher rigidity reducing the stress
concentration in the substrate.
Our study elucidates that the outstanding
microstructure of the self-assembled layer grown on
the substrate changes friction behaviors to a low
friction state under ultrahigh contact pressure in a
positive manner. This work opens new approaches for
further exploring the origins of friction and provides
useful guidelines for the establishment of a better
theoretical model on superlubricity to understand
the rules on the regulation of friction properties at
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the molecular level. Exploration of the mechanism
regulating the friction state can provide a new approach
to avoid the failure of ultralow friction coefficient
under relatively high contact pressure, which has
promising potential application in the future.
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