ISSN 2223-7690
CN 10-1237/TH

Friction 11(7): 1150-1164 (2023)
https://doi.org/10.1007/s40544-022-0632-7

RESEARCH ARTICLE

Study on the microcosmic superlubricity mechanism of PVPA
affected by metal cations

Hongyun CAI', Caixia ZHANG'?’, Fuping LI'Z, Mengmeng LIU', Tao ZHANG'?, Hongyan CHU'?, Zhifeng LIU>*

! Institute of Advanced Manufacturing and Intelligent Technology, Faculty of Materials and Manufacturing, Beijing University of
Technology, Beijing 100124, China

? Machinery Industry Key Laboratory of Heavy Machine Tool Digital Design and Testing Technology, Faculty of Materials and
Manufacturing, Beijing University of Technology, Beijing 100124, China

? Key Laboratory of CNC Equipment Reliability, Ministry of Education, School of Mechanical and Aerospace Engineering, Jilin
University, Changchun 130025, China

Received: 29 March 2021 / Revised: 13 July 2021 / Accepted. 05 April 2022

© The author(s) 2022.

Abstract: Hydrophilic polymer coatings on artificial implants generate excellent tribological properties. The
friction properties of polymer coatings are affected by salt ion factors. Herein, the atomic force microscopy
(AFM) was used to show that the superlubricity was achieved between poly(vinylphosphonic acid)
(PVPA)-modified Ti6Al4V and polystyrene (PS) microsphere probe lubricated with monovalent salt solutions
(LiCl, NaCl, KCl, and CsCl). Considering that adhesion is an important cause of friction changes, the AFM
was further utilized to obtain adhesion between friction pairs in different salt solutions. The results indicated
that the larger the cation radius in the lubricant, the smaller the adhesion, and the lower the friction
coefficient of the PVPA coating. The electrostatic interaction between the PVPA and one-valence cations in
lubricants was analyzed by the molecular dynamics (MD) simulation as it was found to be the main influencing
factor of the adhesion. Combined analysis results of friction and adhesion indicated that by adjusting the
size of cation radius in lubricant, the adhesion between the tribo-pairs can be changed, and eventually the
magnitude of friction can be affected. This study opens up a new avenue for analyzing the friction characteristics
of hydrophilic polymer coatings from the perspective of intermolecular forces.

Keywords: atomic force microscopy (AFM); superlubricity; poly(vinylphosphonic acid) (PVPA); cation; adhesion;
molecular dynamics (MD) simulation

1 Introduction

The modification of the surface of biological materials
with hydrophilic polymers can effectively reduce the
friction between the surface and the interface. Among
these modification processes, the variation in the
adhesion properties of the hydrophilic polymer surface
plays a vital role in the regulation of friction [1-5].
Poly(vinylphosphonic acid) (PVPA) is a type of
hydrophilic polymer possessing excellent characteristics
including good biocompatibility, hydrophilicity, and

coating stability, and thus it is extensively employed
in the surface modification of titanium alloys for
lubrication of joints for reducing the friction [6-10].
Moreover, PVPA coatings exhibit different friction
coefficients in different salt solutions, indicating that
the compatibility between PVPA coatings and lubricants
regulates its superlubricity, which may be related to
its surface characteristics [11-15].

Considering the application of biological materials
with hydrophilic polymer coatings in the human
body to improve the surface characteristics of artificial
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implants, the surface of the hydrophilic polymer
coating inevitably comes in contact with salt ions in
body fluids [16, 17]. Therefore, the interaction between
the salt ions and the surface of biological materials
has attracted significant research attention [18-20].
Moreover, the atomic force microscopy (AFM)
measurement technology with ultra-micro-scale ultra-
high resolution has emerged as a powerful tool to
obtain the nanostructural details and biomechanical
properties of biological samples including biomolecules
and cells. The AFM can accurately reflect the properties
of the surface and interface on the nano-scale, and has
become an important method for direct measurement
of (sub)micron-scale friction and adhesion force [21-27].
Traditional AFM probe consists of a conical tip,
which is used to obtain the force curve to analyze the
data [28, 29]. However, in traditional AFM probes,
the tip always exerts a mechanical load on the sample,
which may damage the sample surface. Therefore, to
overcome these issues, the colloidal probe technology
was introduced in 1991 [30]. At present, the most
widely used technique involves the use of silica
microspheres and polymer microspheres made of
polystyrene (PS) or polyethylene [31-33] to study the
adhesion characteristics between the surfaces. Moreover,
the development of AFM ball needle technology
provides more favorable support for systematic
investigation of the factors influencing the tribological
properties. According to the literature, the friction and
adhesion between the two surfaces where friction
occurs is affected by several factors. For example, the
microstructure, roughness, and surface charge of the
polymer can affect the frictional properties of the
polymer at its surface [34-36]. Some scholars pointed
out the existence of a strong correlation between
friction and adhesion, indicating that depending on
whether there is adhesion force constituting the normal
force between the surface and interface, a higher
or lower friction coefficient is obtained between the
tribo-pairs [37—40]. When using the AFM colloidal
probe to study the specific effect of adhesion on friction,
some studies have also found that the adhesion between
spherical probe and polymer coating is attributed
to the contribution of van der Waals interaction,
electrostatic interaction, hydrogen bond, etc. [41-43].
The above-mentioned studies provide numerous new

ideas for further investigation of the friction properties
of polymer under microscopic conditions.

Noteworthy, the surface friction and adhesion
of the polymer coating is not only affected by the
intermolecular interaction force, but also depends on
its own specific structural characteristics [44]. In the
salt solution, the molecular chain and the movement
process of salt ions and water molecules are mainly
involved; therefore, it is difficult to measure them by
experimental means [45, 46]. As a result, molecular
simulation has become an effective method to study
polymer microstructure and intermolecular interaction
process. Owing to the advantages of the molecular
dynamics (MD) simulation technology, many studies
at the global scale have realized the integration of
calculation method and experimental method to
obtain specific parameters and scale [47, 48]. Under
the condition of water lubrication or salt solution
lubrication, the simulation model of tribo-pairs can
be used to analyze the force between the probe tip
and the polymer surface [49]. It is revealed that the
repulsion or attraction between the two is the main
reason for the low friction coefficient [50, 51]. It can
not only explain the friction mechanism from the
perspective of molecular motion, but also predict
some surface and interfacial properties [52, 53].

To the best of our knowledge, the characteristics
of PVPA molecular chain structure and other
characteristics of metal cations in salt solutions from
the perspective of the forces between molecules and
atoms have rarely been reported. In this study, the
friction characteristics of polymer molecular chains
on micro and nano scales were comprehensively
studied by integrating experiments and simulations,
as well as the influence mechanism on the frictional
properties of molecular chains due to different
interactions among the molecules was investigated.
The electrostatic interaction between polymer molecular
chains and metal cations in different salt solutions
may explain why the friction and adhesion of
hydrophilic phosphonic acid polymers decrease with
the increase of metal cation radius. This research
not only provides a theoretical basis for further
understanding the microscopic friction characteristic
of phosphonic acid polymers from a molecular
perspective, but also offers important theoretical
guiding significance for similar research.
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2 Materials and methods
2.1 Materials

PVPA (97%) was supplied by Sigma-Aldrich, USA. LiC],
NaCl, KCl, and CsCl were purchased from ]J&K
Chemicals (Beijing, China). The average molecular
weight of the PVPA is 24,817 g/mol. Ti6Al4V (100 mm x
100 mm) foils with a thickness of 1 mm were supplied
by Goodfellow Inc. (Cambridge, UK). These foils were
then polished with a polishing slurry (Southwest
Jiaotong University, Chengdu, China) to achieve flat
and smooth surfaces (Ra = 2 nm). All the reagents
mentioned above were used as received without any
further purification.

2.2 Preparation of PVPA coatings

First, the polished Ti6Al4V sheet was placed in a
poly(tetrafluoroethylene) mold. Second, the prepared
PVPA aqueous solution (1 mg/mL) was dropped onto
the Ti6Al4V sheet until the entire mold was completely
filled. Then, after evaporating the solvent in the
air atmosphere at a temperature of 50 °C for 30 h, a
PVPA coating was formed on the surface of the
Ti6Al4V substrate. Finally, the Ti6Al4V covered with
PVPA coating was placed in an oven at 240 °C for an
annealing time of 6 h. After the above-mentioned
steps, a stable PVPA coating on the Ti6Al4V chip was
successfully obtained.

2.3 AFM for the evaluation of friction and adhesion
characteristics

For all the experiments, AFM technique (Asylum
Research MFP-3D SA microscope, Santa Barbara, USA)

5.495 um 30 pm  4.289 pym (a)
> 25°
20 S~ A v+ H=2pm

was used to test the friction and adhesion behaviors
of PVPA coatings. The force curve mode was adopted
during the submerged experiment. The temperature
during the friction and adhesion experiment was
controlled at 37 °C in order to reflect the body
temperature.

The friction circuit is composed of lateral trace and
lateral retrace scans, and the friction circuit curve of
each sample was obtained by the AFM. Owing to the
large curvature of the ball, the traditional grating
pitch was too short, and the slope length was also
short; therefore, effective plane and slope data could
not be obtained. Thus, in the experiment, a new
calibration grating was fabricated on the surface of
the silicon wafer by the focused ion beam (FIB)
etching method introduced by the Scanning Electron
Microscope Laboratory of Tsinghua University, Beijing,
China. The size and morphology of the prepared
calibration grating were obtained by the scanning
electron microscopy (SEM; Quanta200, FEI Company,
Hillsboro, USA), as shown in Fig. 1. The FIB-etched
grating was used to calibrate the lateral force of the
AFM probe, and the friction voltage signal (half the
difference between LateralTrace and LateralRetrace)
obtained in the experiment was converted into frictional
force. The slope between the frictional force and the
normal force provides the friction coefficient.

2.4 SEM observation of the prepared PS microsphere
probe morphology

In this study, the Quanta200 type scanning electron
microscope from FEI Company, Hillsboro, USA, was
used, which mainly includes the following three
working modes: high vacuum, low vacuum, and

Fig.1 Calibration grating after the FIB etching: (a) specific size of the grating; (b) SEM image of the calibration grating.
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environment. In this study, it was mainly used for the
microscopic morphology measurement of calibration
grating and PS ball probes.

2.5 Simulation

All the simulations were performed by using BIOVIA
Materials Studio software based on the MD methods.
This research utilizes PVPA polymer materials as
the research object. In order to study the changing
behavior of PVPA in different salt solutions, the
amorphous cell module was used. Herein, a three-
dimensional (3D) periodic structure composed of
water molecules, inorganic salt ions, polymeric
molecular chains, and built cells was fabricated
according to the density, number of chains, and
degree of polymerization.

Moreover, another module named Forcite in BIOVIA
Materials Studio was used for further investigations.
This module aided in calculating the changes in
internal properties of PVPA after interacting with
water molecules and inorganic salt ions. In this study,
all the force fields used corresponded to COMPASS
force fields.

2.5.1 Structural formula of vinyl phosphonic acid

The PVPA chain is composed of the polymerized
vinylphosphonic acid units. First, a new 3D Atomistic
Document was opened in which a structural sketch
was drawn. Then, a vinyl phosphonic acid unit
was drawn in the corresponding file to optimize its
structure (Fig. 2).

2.5.2  Consistency
parameters

of simulation and experimental

In this study, the periodic table of the new 3D
Atomistic Document module in the Materials Studio

Fig.2 Optimized vinyl phosphonic acid unit.

software was used to build various atomic models.
The default charge was 0, and it did not contain any
charged valence states. Therefore, in order to analyze
the influence of the adsorption of different inorganic
salt ions on the PVPA molecular chain, allocation of
the charge to the metal atoms mentioned above was
extremely important. In order to meet the needs of
force field distribution, this study adopted a manual
charge distribution method to change the above-
mentioned metal atoms into the charged valence state
required in the following study.

Then monovalent cations (Li", Na*, K, and Cs"),
divalent cations (Mg* and Ca®), and anions (CI")
were drawn in different tasks. Divalent cations were
used as a control group to verify relevant conclusions.
Considering that the salt solution concentration in
the experiment was 0.5 mol/L, it was calculated that
1,000 water molecules corresponded to 9 anions (the
cations are Li’, Na*, K¥, and Cs") and 18 anions (the
cations are Mg*" and Ca*). Next, modeling was carried
out based on the above-mentioned accurate values
(Table 1).

2.5.3 Model establishment and optimization of PVPA
molecular chain

The Build module in the Materials Studio software
was used to construct the PVPA polymer molecular
chain with the chain length of 30, using the vinyl
phosphonic acid unit. The structure and energy of
the initial PVPA molecular chain model were not in
the best state, and would be further optimized.
Figure 3 demonstrates that after energy and structure
optimization, the energy of PVPA’s molecular chain
was significantly reduced, resulting in the lowest
energy configuration.

Table 1 Specific parameters of unit cells in different inorganic
salt solutions.

Type qf salt I:]nlgletglrlsrf ONfu \1;23: Number Number

solution chains molecules of cations of anions
LiCl 1 1,000 9 9
NaCl 1 1,000 9 9
KC1 1 1,000 9 9
CsCl 1 1,000 9 9
MgCl, 1 1,000 9 18
CaCl, 1 1,000 9 18

www.Springer.com/journal/40544 | Friction
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Fig.3 PVPA molecular chain with 30 repeating units: (a) before optimization; (b) after optimization.

3 Results and discussion

3.1 Effects of metal cations in different salt solutions
on the friction characteristics of PVPA molecular
chains

The friction experiments were carried out using an
atomic force microscope, under the temperature of
37 °C, the scanning angle of 90°, and the scanning
speed of 0.5 Hz. The PVPA-modified Ti6Al4V sheet
and PS microspheres were used as tribo-pair materials
for conducting microscopic experiments. LiCl, NaCl,
KCl, and CsCl were used as lubricants for friction
experiments. The friction of all samples was measured
under different loads between 0 and 600 nN applied
using the AFM probe.

When measuring the friction force, the probe is
very sensitive to the measuring force, and thus the
TL-CONT rectangular cantilever (without needle tip)
was selected, and microspheres with diameter of
20 um were used to obtain a more approximate planar
contact effect. In the experiment, the PS microspheres
were glued to the tip of the cantilever beam with the
AB glue to fix together the microspheres and the
cantilever beam. Figure 4 exhibits the SEM morphology
of the prepared PS ball probe, clearly indicating the
absence of defects such as glue overflow and glue
leakage around the prepared microsphere probe,
which fully meets the experimental requirements.

During the submerged experiment of the atomic
force microscope, the friction forces between PVPA-
modified Ti6Al4V and PS ball in different salt solutions
(LiCl, NaCl, KCl, and CsCl) were measured. By linearly
fitting the measurement data, the corresponding
friction force-normal force curve was obtained, as
shown in Fig. 5.

10 ym
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Fig. 4 SEM image of PS beads: 5000x magnification.
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Fig. 5 Friction forces between PVPA-modified Ti6Al4V and
PS ball in different salt solutions.

Figure 5 illustrates that the load and friction exhibit
a good linear relationship, and the friction coefficient
can be obtained by fitting the slope. When LiCl,
NaCl, KCl, and CsCl solutions are used as lubricants,
the friction coefficients of the PVPA surface are
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0.004+0.001, 0.010+0.003, 0.007+0.002, and 0.005+0.002,
respectively. Noteworthy, the friction coefficient reflects
the friction characteristics of the sample in a liquid
environment, that is, the friction force increases linearly
with the increase of positive pressure. Moreover, the
friction coefficient of the sample in a liquid environment
can reach superlubricity. This is attributed to the fact
that the tribo-pair is in a boundary lubrication state
in a liquid environment, and the surface of the PVPA
coating adsorbs water molecules in the solution and
forms a very thin water molecule lubricating film.
The existence of this thin lubricating film effectively
reduces friction.

Moreover, comparative analysis indicates that for
the monovalent cation system, with the increase in
the radius of the metal cation in the salt solution
(Na® < K' < Cs"), the friction coefficient of PVPA
surface decreases. However, the friction coefficient of
PVPA coating in LiCl is the smallest, which is lower
than those in NaCl, KCl, and CsCl. The appearance
of frictional force on the polymeric surface is often
considered to be the result of a variety of factors on
the surface and interface, including surface adhesion
characteristics, surface charge, and so on. Therefore,
with the objective of comprehensively explaining
the specific effects of metal cations in different salt
solutions on the surface friction characteristics of
PVPA, it is necessary to evaluate the changes in
the adhesion between PVPA-modified Ti6Al4V and
PS ball.

3.2 Adhesion characteristics of PVPA surface
lubricated based on different salt solutions

The interaction between the salt ions in the lubricant
and the polymer molecular chains leads to the change
in the properties of the polymer molecules, thereby
affecting the friction results. Importantly, the difference
in adhesion characteristic between PVPA-modified
Ti6Al4V and PS ball in different lubricants is an
important factor that cannot be ignored. In this study,
the adhesion between PVPA-modified Ti6Al4V and
PS ball in different salt solutions was obtained by
submerged experiments performed through AFM.
During the experiment, the AFM output is the
corresponding voltage signal and not the direct force

signal. The adhesion F,; can be obtained by using
Eq. (1):
F, =k xInvOLSxd 1)

where k. (nNN/nm) is the normal stiffness, and InvOLS
(nm/V) is the sensitivity term, which is responsible
for converting force—displacement signals into force—
voltage signals. By drawing a force curve on the
substrate with the probe, the relationship between
the elongation (nm) of the piezoelectric ceramic and
the deformation (V) of the cantilever beam was
attained, and the corresponding sensitivity value was
obtained by calculating the slope. Further, d denotes
the deformation value (V) of the cantilever system at
the front end of the PS microsphere probe, which
is generally obtained through performing specific
experiments.

In order to obtain an accurate adhesion value, the
entire cantilever beam system was calibrated to
obtain an accurate k. of the cantilever beam system.
In this study, the thermal noise method was used to
calibrate k. (nN/nm). The probe was approximated as
a harmonic oscillator, and the k. of the cantilever
beam can be obtained by using Eq. (2):

k.=k,T/<AZ? > (2)

where <AZ?> is the root mean square of the
cantilever beam deformation, which is approximately
equal to the area enclosed by the fitted density curve
and the horizontal axis, kg is the Boltzmann constant,
and T is the temperature. The obtained values of k.
and InvOLS were substituted into Eq. (1) to complete
the calibration.

The PVPA-modified Ti6Al4V was placed in the
tank of the AFM system, and the corresponding d
value was obtained by loading and unloading the
sample (Fig. 6). LiCl, NaCl, KCl, and CsCl were used
as lubricants.

PS microspheres were used to apply a force of 10 nN
to the PVPA coating, and the force was unloaded
after stabilization. During the unloading process, the
maximum value of the voltage change was recorded
and used as the d value in Eq. (1) to calculate the
adhesion between PVPA-modified Ti6Al4V and PS
ball in different salt solutions. Furthermore, in order

www.Springer.com/journal/40544 | Friction
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Fig. 6 Schematic diagram of the AFM-submerged experiment measuring the adhesion between PVPA-modified Ti6Al4V and PS ball.

to ensure the accuracy of the experimental results,
five repeated experiments were performed for each
lubricant, and the average results were obtained, as
shown in Fig. 7. When LiCl, NaCl, KCl, and CsCl
solutions were used as lubricants, the adhesion forces
between PVPA-modified Ti6Al4V and PS ball are
1.00+£0.04, 0.86+0.08, 0.72+0.03, and 0.66+0.05 nN,
respectively. It was approximated that the size of the
cation in the lubricant (Li* < Na" < K" < Cs") is inversely
proportional to the adhesion forces between PVPA-
modified Ti6Al4V and PS ball. In other words, the
larger the cation, the smaller the adhesion force.
Theoretically, the smaller the adhesion between
PVPA-modified Ti6Al4V and PS ball, the smaller the
corresponding friction force should be. However,
combined with the friction results in Section 3.1, Li* is
an exception. Relevant study shows that the hydration
of ions is an important factor affecting the friction at
interface under water lubrication as well. The stronger
the hydration, the easier it is to form a hydration
layer/membrane. The hydration repulsion provided
by the hydration layer will provide a better lubrication
effect, thereby reducing the friction coefficient. The

1.2

-
o
T

08

Adhesion force (nN)

0.0

LiCl NaCl KClI CsCl

Fig. 7 Adhesion forces between PVPA-modified Ti6Al4V and
PS ball in different salt solutions.

smaller the ion size, the greater the corresponding
hydration [54]. In this study, the friction force of
PVPA surface in salt solution was synergistically
regulated by surface adhesion and the hydration of
cations. It is speculated that the friction force decreases
with the increase of cation size (u LuL ) when
the effect of surface adhesion on friction force is
greater than that of the hydration of cations. When
the hydration of cations plays a major role in the
friction process, the smaller the cation size, the smaller
the corresponding friction force (4, <4 ).

3.3 Regulation of cation-induced intermolecular
force on PVPA surface adhesion

Relevant studies have shown that the adhesive force
F, of polymer surface is mainly affected by the
electrostatic force F,, van der Waals force F.qy, capillary
force F,, and acid-base interaction F .., represented
as Eq. 3):
Faszel+deW+Fcap+Fchem €)
PVPA was completely immersed in a neutral
monovalent salt solution throughout the experiment.
It was approximated that the size of F., was related
to air humidity and the hydrophilicity of the interface,
while F,, was offset in a liquid environment. Therefore,
the influence of F., on F,q was negligible in this
study. In addition, in different friction experiments,
only the types of cations in the lubricant were changed,
which did not produce obvious chemical transformation
differences. So, the influence of F4., On F.q in different
friction experiments could also be ignored. In different
salt solutions, the difference of PVPA surface adhesion
was mainly attributed to the change of F,qw and Fy
induced by cations.
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Next, the MD simulation was used to further
analyze the induction difference of F,4w and Fg by
different cations. Theoretically, the greater the
electrostatic energy between the ion and the PVPA
molecular chain, the greater the F, between the ion
and the PVPA molecular chain. Herein, the Forcite
module of Material Studio was used to analyze the
interaction between the metal cations and the polymer
molecular chains in lubricants. Further, the energy
composition of the entire unit cell was analyzed to
obtain the electrostatic energy and van der Waals
energy between different cations and PVPA molecular
chains.

The Amorphous Cell module was used to construct
a 3D periodic structure with a unit cell density of
0.8 g/cm’ and degree of polymerization of 30. One PVPA
molecular chain contains 1,000 water molecules and
different numbers of inorganic salt ions (Fig. 8).

By employing the energy module, the Ewald method
was used to calculate the F,. The atom-based method
was used to calculate the F,4y, and a fine cut-off
radius (15.5 A) was selected to calculate the energy
of the initial unit cell. Then, based on the Geometry
Optimization module, three algorithms, namely the
steepest descent method, the conjugate gradient
method, and the intelligent method, were used in
sequence. Under the conditions of the energy
convergence criterion of 0.0001 kcal/(mol-A) and the
force convergence criterion of 0.005 kcal/(mol-A), the
number of iterations was 50,000, and the global energy
composition after structural optimization was obtained
(Table 2).

In order to eliminate unnecessary interactions, the
model was further calculated by simulated annealing.
At temperatures in the range of 300-500 K and the
pressure of 0.0001 GPa (1 atm), 10 cycles of annealing

Fig. 8 3D periodic structure models in different inorganic salt solutions: (a) LiCl solution and PVPA, (b) NaCl solution and PVPA,
(c¢) KCl solution and PVPA, (d) CsCl solution and PVPA, (e) MgCl, solution and PVPA, and (f) CaCl, solution and PVPA.

Table 2 System energy after structural optimization.

Energy (kcal/mol) LiCl NaCl KCl1 CsCl MgCl, CaCl,
Total —14,547.997 —14,293.644 —14,094.148 —13,876.953 —18,210.240 —17,434.515
Non-bond —16,744.621 —16,462.501 —16,259.124 —16,080.121 —20,418.604 —19,615.099
van der Waals 3,311.099 3,211.057 3,233.423 3,203.135 3,754.426 3,595.323
Electrostatic —20,041.479 —19,659.352 —19,478.265 —19,269.187 —24,158.614 —23,195.975
Diagonal 2,299.261 2,273.167 2,269.139 2,300.276 2,316.071 2,282.780
Bond 432.428 426.011 426.883 427.704 458.500 439.426
Angle 740.451 691.689 682.177 718.707 716.182 662.603
Torsion 1,126.382 1,155.467 1,160.079 1,153.864 1,141.388 1,180.751
Cross terms —102.637 —104.310 —104.163 —97.108 —107.706 —102.196

www.Springer.com/journal/40544 | Friction
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under constant pressure and volume (NPT ensemble)
were performed under the condition of 1 fs time step.
In each cycle, the temperature was increased from
300 to 500 K in steps of 20 K, and then lowered to 300 K.
During the annealing process, the structure further
relaxed, and a stable state with minimal local energy
was successfully obtained.

Next, after annealing to obtain the overall lowest
energy configuration, kinetic simulations under
different ensembles were performed. In order to
study the interaction between metal cations and
polymer molecular chains in different salt solutions,
the MD simulation under the NPT ensemble with a
pressure of 0.0001 GPa, a temperature of 298 K, a
time of 1 fs, and a calculation step of 200,000 was first
performed. After reaching the initial equilibrium
state, the MD simulation was performed in the NVT
ensemble with a temperature of 298 K, a calculation
time step of 1 fs, and a calculation step of 200,000.

420

——LiCl
[~ NaCl

400 | hbak/bbin i bkl — o

m ‘ . il cacy,
320 W ‘
300 mw

280

—
4]
~—
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340
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0 50 100 150 200
Time (ps)

After the completion of the simulation, the temperature
was found to fluctuate within a certain period, and
then it stabilized within 5%—6% and reached a constant
temperature. Moreover, the energy of different unit
cells fluctuated around a relatively fixed value.
The temperature and energy of different unit cells
changed with time are shown in Fig. 9. Therefore, it
could be speculated that each unit cell could reach
an equilibrium after the completion of the kinetic
simulation. The ordinate values were gradually shifted
upwards by 20 from the second line, as shown in
Fig. 9(a), illustrating a stark contrast.

During the MD simulation process, the Ewald
method was used to calculate the F,, the F,4w was
calculated based on the atom method, and a fine
cut-off radius (15.5 A) was selected. In the unit cell, a
Nose thermostat was used to control the temperature
in order to further obtain the global minimum energy
(Table 3).
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Fig. 9 Changes in temperature and energy of different unit cells over time: (a) temperature—time fluctuation diagram of different unit

cells; (b) energy—time fluctuation diagram of different unit cells.

Table 3 Unit cell energy and its composition after kinetic simulation.

Energy (kcal/mol) LiCl NaCl KCl1 CsCl MgCl, CaCl,
Total —8,565.716 —8,524.941 —8,124.966 —7,993.097 —12,266.522 —11,414.153
Non-bond —14,835.646 —14,688.913 —14,288.305 —14,269.198 —18,564.440 —17,720.872
van der Waals 2,757.589 2,747.675 2,586.846 2,644.576 3,272.731 3,105.799
Electrostatic —-17,593.235 —17,436.588 -16,913.774 —-16,875.151 —21,837.172 —20,826.671
Diagonal 3,467.417 3,387.705 3,327.237 3,453.337 3,439.889 3,320.909
Bond 1,212.381 1,152.816 1,111.018 1,205.013 1,196.025 1,173.064
Angle 1,134.625 1,102.936 1,095.659 1,123.500 1,120.452 1,019.540
Torsion 1,120.412 1,131.954 1,120.560 1,124.825 1,123.412 1,128.305
Cross terms —104.826 —107.478 —105.400 —105.590 —110.689 —103.953
Density (g/cm’) 1.044 1.039 1.060 1.078 1.054 1.057
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Tables 2 and 3 summarize that comparative analysis
based on the optimized unit cell energy indicates
that the energy of each unit cell after annealing and
kinetics simulation is reduced significantly to a lower
value. Therefore, in the following dynamic simulation,
the unit cell reached the equilibrium very easily.

In order to more intuitively compare the energy
between different unit cells, the total energy and
electrostatic interaction energy of the unit cell after
kinetic simulation were analyzed, as shown in Fig. 10.
The average value of total energy and electrostatic
energy of different cations has been calculated by at
least four simulation results. By changing different
lubricant types, in the overall energy composition of
each unit cell, non-bonding energy has always been
the most important part of the energy of the entire
unit cell, accounting for about 55%-70% of the total.
Among them, the electrostatic interaction energy
between the inorganic phase and the organic phase is
the main component of the non-bonding energy,
accounting for about 80%. The difference from the
above-mentioned phenomenon is that even if the
type of lubricant changes, the van der Waals energy
between different unit cells is not significantly different,
and thus the influence of F,4w on the interaction
between different metal cations and PVPA molecular
chains can be ignored.

For monovalent metal cations, with the increase in
the radius of the cation (Li" < Na" < K < Cs"), the
electrostatic interaction energy between the cation
and the PVPA molecular chain decreases. In order to
verify the universality of this law, the above-mentioned

—25,000 -

B Total

Electrostatic

—20,000 -

—15,000 -

—10,000

Energy (kcal/mol)

—5,000

LiCl NaCl KClI CsCl  MgCl, CaCl,
Fig. 10 Total energy of the unit cell and its electrostatic

interaction energy after kinetic simulation.

simulations were performed using MgCl, and CaCl,
as lubricants, and the corresponding results are
shown in Figs. 8-10. The corresponding energy and
composition after structural optimization and the
MD simulation were obtained, and the values are
listed in Tables 2 and 3, respectively. For divalent
cations, the larger the ionic radius, the smaller the
electrostatic interaction energy of the ion present on
the molecular chains. Therefore, consequently, for
metal cations with the same valence state, the larger
the ionic radius, the smaller the electrostatic interaction
energy between the ion and the polymer molecular
chain, and the smaller the corresponding electrostatic
force. In conclusion, combined analysis of the
adhesion forces between PVPA-modified Ti6Al4V
and PS ball by AFM indicates that the smaller the
electrostatic force between the metal cation and
the surface of PVPA, the smaller the corresponding
adhesion between the surfaces. Noteworthy, by
controlling the ionic radius, the electrostatic force
between the ions and the PVPA surface can be
indirectly adjusted, and thus finally the purpose of
adjusting the adhesion force is achieved.

The existence of alkali metal cations in the lubricant
would change the electrostatic energy of the entire
tribo-systems, thereby reducing the adhesion force
between the PVPA coating and the PS microsphere
probe. On this basis, the resultant force of the normal
force and the frictional force on the surface of the
PVPA coating were also reduced, so that the friction
coefficient of the PVPA surface was extremely low,
so the superlubricity was realized in the friction
process. It was worth noting that the ionic radius was
an important factor affecting adhesion and friction.
For monovalent salt ions, the larger the ion radius
(Na®" < K" < Cs’), the smaller the electrostatic force,
and the smaller the adhesion force, so that the friction
coefficient gradually decreased on the basis of
superlubricity.

4 Conclusions

The effects of metal cations present in salt solution on
the friction properties of PVPA molecular chains
were studied by the AFM and MD simulation.
Interestingly, the PVPA coating achieves superlubricity
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under the lubrication condition of monovalent salt
solution. The friction of the PVPA surface is co-regulated
by surface adhesion and hydration of cations. The
friction decreases with the increase of cation size when
the effect of surface adhesion on friction is larger
than the hydration of cations. Conversely, friction
decreases with the decrease of cation size. From the
perspective of intermolecular forces, the electrostatic
force is the main factor affecting the change in
surface friction characteristics of PVPA. Simulation
results show that with the increase of salt ionic radius
(Li" < Na" < K" < Cs"), the electrostatic interaction
energy between cation and PVPA molecular chain
decreases. Furthermore, when divalent metal cations
are introduced for comparative analysis, the same
phenomenon as that of monovalent cations is also
successfully achieved. It thus shows that the difference
of electrostatic interaction between metal cation and
PVPA molecular chain obtained under experimental
conditions is related to the difference of frictional
characteristic on PVPA surface. Therefore, by adjusting
the size of the cation radius in the lubricant, the
adhesion force between PVPA-modified Ti6Al4V and
PS microspheres can be changed, and thus affects the
magnitude of friction between the tribological pairs.
The influence of intermolecular forces induced by
different metal cations on the tribological properties
of PVPA coatings is of guiding significance for
the further study of superlubricity of hydrophilic
polymers.
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