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Abstract

We conducted molecular dynamics simulations to study the frictional behavior of hydroxyl-passivated silica layers lubricated
with n-pentanol chains under constant shear stress, constant normal load, and isothermal conditions. We analyzed the result-
ing single, multiple, and continuous sliding regimes for several shear stresses at a single normal load and proposed a sliding
mechanism between the n-pentanol chains’ methyl groups. The critical ordering of hydrogen bonds between hydroxyl groups
on the surface and the lubricant is necessary to reach the stationary state, where velocity follows a logarithmic dependence
on shear stress up to a critical speed of 20 nm/ns. Stationary states corresponding to pure single slip and continuous sliding
behaviors showed normal speed distributions, while multiple slip behavior showed near normal and bimodal distributions.
In the single slip behavior, layers show constant displacements of 0.27 A, representing half the separation of two surface
hydroxyls in the sliding direction. The lubricant experienced minor volume expansions throughout the range of studied shear
stresses due to an increasing layer separation at the contact surface and increasing tilting of the lubricant chains.
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1 Introduction

The in-situ vapor-phase lubrication of silica surfaces uses
short-chain linear alcohols, such as n-alcohols, to produce
reliable mechanical displacements for nano-electro-mechan-
ical system (NEM) applications. The selection of n-alcohols
is based on their ability to interact with passivated silica
surfaces through hydrogen bonding [1-3]. This method is
termed “in situ” because the surface modification responsi-
ble for low friction and wear prevention occurs automatically
at the sliding contact created by the adsorbed monolayers,
where sufficient lubricant molecules are present from the gas
phase. Vapor phase lubrication has proven to be an effective
means of protecting silica surfaces in NEMs that commonly
have large adhesion contacts resulting from van der Waals
dispersion forces, electrostatic interactions, and capillary
phenomena [1]. In recent tests, an unprecedented NEM
lifetime of 11 days was achieved in an environment close to
n-pentanol vapor saturation, with the system stopped after
108 cycles [2]. This result was attributed to the ability of
adsorbed n-pentanols to overcome silica’s naturally high
friction.

Molecular dynamics (MD) simulations are often used to
investigate the sliding behavior of lubricated layers under
normal load [4-6]. Simulations often impose a fixed sepa-
ration constraint between the outermost layers to maintain
a stationary state with a constant load, resulting in load
fluctuations around a constant value [7-9]. The constant-
separation approach is particularly advantageous when
studying the sliding of a tip on surfaces since the alterna-
tive method of imposing constant external forces to mimic
a constant load can lead to the bending of the layer with
the larger area in the normal direction [10-12]. Addition-
ally, simulations of rough or curved surfaces commonly
use the constant-separation method to simplify the study
of frictional phenomena [9]. Simulations of planar sur-
faces with the same area as those studied in this work can
be performed using both methods. However, the constant-
force approach can produce a wider range of mechanical
states that are unachievable with the constant-separation
method because, under constant force, layers are free to
expand or contract when the load fluctuates around a con-
stant value.

Simulations using constant separation or force to mimic
a constant load are not equivalent, even when imposing
the average value of the load obtained from constant-sep-
aration simulations in corresponding constant-force simu-
lations and vice versa [13]. Constant-separation simula-
tions result in a distribution of normal forces, which may
require a comparable effective constant force rather than
the average force from the constant-separation simulation,
especially when the distribution of normal forces has a
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large variance. Both methods will likely provide compa-
rable results for systems with macroscopic thicknesses
because the contact surfaces are located far from the sys-
tem boundaries (where the constraints are applied), and
artifacts generated at the system’s limits are less likely to
be transmitted to the frictional surfaces.

Shear stress can be controlled in MD simulations using
either constant sliding speed [14—16] or constant shear
force [17-19]. In the constant sliding speed method, con-
stant and opposite speeds are applied to the outermost
plane of atoms in each layer, and chains have a constant
time for physical bond formation and breaking, resulting
in a frictional process. In the constant shear force method,
external constant and opposite shear forces are applied to
the outermost plane of atoms in each layer; physical bonds
are formed and broken only when the energetic conditions
are appropriate. However, like the control on the normal
load, these methods may not be equivalent. An effective
value must be used instead of the average value of the esti-
mated variable to make them comparable. High variance in
speed or shear stress can cause the sliding process to shift
from a single slip to multiple slips or a continuous sliding
behavior [20-22]. Additionally, MD under constant-speed
conditions may develop artificial periodic stick and slip
events [23], preventing multiple-slip events.

This study investigates the frictional behavior of silica
layers passivated with hydroxyl groups that anchor n-pen-
tanol lubricant chains, promoting sliding contact to the
top of the adsorbed monolayers. The methodology section
details load and shear stress control procedures, applied
potentials, and simulation methods. The results section
presents the temporal profiles of sliding regimes at varying
shear stresses, analyzes key atoms’ properties and spatial
distributions, and examines the resulting stationary and
temporal regimes.

2 Methodology

In this study, we investigated the frictional behavior of
p-cristobalite silica, which has uniform planes suitable
for use in nanomechanical devices’ moving parts. These
planes can terminate in an oxygen atom layer that can
be passivated with hydrogen atoms, forming hydroxyl
groups [24]. The planes have large coefficients of fric-
tion despite being passivated with hydrogen instead of
hydroxyl groups. When two silica layers passivated with
hydroxyl groups, interact and form hydrogen bonds that
can withstand strong shear forces, preventing them from
sliding. Alternatively, low coefficients of friction can be
achieved using a lubricant chain (such as n-pentanols) with
hydroxyl groups that interact with the surface hydroxyl
groups through hydrogen bonds, eventually causing the



Tribology Letters (2023) 71:59

Page3of 14 59

4.67 nm

Fig.1 a Normal view of plane (111) and b—c the side views of a slid-
ing layer of silica (B-cristobalite) passivated with hydroxyl groups.
Red, brown, and white spheres represent oxygen, silicon, and hydro-
gen atoms, respectively (Color figure online)

contact surface to shift to the n-pentanol molecules’ ter-
minal methyl groups, which form monolayer coatings on
the silica layers. Research on coated surfaces terminating
in methyl groups has shown low coefficients of friction
[25-27].

Figure la shows the (111) contact surfaces of
B-cristobalite, which have terminal hydroxyl groups with
the lowest surface hydroxyl group density compared to
other uniform planes of p-cristobalite silica. First princi-
ples studies estimate that the (111) plane contains approxi-
mately 4.29 surface hydroxyl groups per nm? [28]. This
density aligns with experimental measurements, indicating
a consistent hydroxyl group density of 4.9 +0.6 per nm?
regardless of the silica’s surface topology or bulk phase
[29].

MD simulations cannot fully replicate actual tribologi-
cal processes due to computational limitations. Typically,
simulations are restricted to very thin layers, such as those
studied in this work (Fig. 1b and c), containing a contact area
of 10 x 10 hydroxyl groups on each silica surface and thick-
nesses of a few nanometers. The simulated area remained
constant while the systems were allowed to move in the
normal direction. The initial conformation corresponded to
the equilibrium conformation constructed using the inter-
action potential parameters previously used to investigate
the frictional forces between amorphous silicon oxide
surfaces coated with self-assembled perfluoroalkyl chains
[30]. The density of the hydroxyl groups in the equilibrium
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Fig.2 Side view of the silica (p-cristobalite) layers passivated with
hydroxyl groups and n-pentanol molecules as a lubricant (center).
Each outermost silicon atom is exposed to a normal load (L) and a
shear force (F). Red, brown, gray, and white spheres represent oxy-
gen, silicon, carbon, and hydrogen atoms, respectively

conformation was ~ 3.97 hydroxyl groups per nm?, which is
7.4% lower than that reported in previous first-principles cal-
culations [28]. The simulations excluded additional effects
arising from the roughness of the surfaces to isolate the pure
tribological effect. While manufacturing processes minimize
surface imperfections, these effects still dominate in many
real systems of technological interest.

In this model, two layers with the same conformation but
symmetrically opposed in the normal direction were brought
into contact (Fig. 2) with two layers of n-pentanol molecules
located between them and the lubricant’s methyl groups
pointing towards the silica layers. Due to computational
limitations, n-pentanol molecules were not initially adsorbed
at the silica surfaces forming saturated monolayers in ther-
modynamical equilibrium with a vapor phase. We initiated
the simulation starting from the case (out of equilibrium)
where silica layers are separated, not in mechanical con-
tact. Once they made contact due to the imposed load, they
could be lubricated by a free-standing film of n-pentanols
trapped between them. The sliding process was simulated
by applying external shear forces to mimic a constant shear
stress, T=F/A, applied to each silicon atom on the outer-
most part of one layer, where F is the force applied in the
sliding direction, parallel to the contact surface, distributed
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uniformly among the outermost layer of silicon atoms, and A
is the area of the contact surface within the simulation cell.
The opposing layer experienced the same force but with an
opposite direction (Fig. 2). To maintain system stability, an
external force was applied to mimic a normal load, resulting
in a normal pressure, Py =L/A, applied to each silicon atom
on the outermost part of both layers, distributed uniformly
among them. We expect that artifacts at the contact surface
were minimized by applying the load and shear stress solely
to the atoms in the outermost layers.

The interaction potential used for the silicon oxide sur-
faces was based on the optimized potential for liquid simula-
tions using all atoms (OPLS-AA) [31], adapted by Lorenz
et al. [30]. This potential has been successfully used in previ-
ous studies on the tribological properties of silica surfaces
lubricated with an ionic liquid [32] and the frictional proper-
ties of silica surfaces coated with self-assembled layers of
hydrocarbons, perfluorocarbons, alcoholic chains, and their
mixtures [23, 33]. The OPLS-AA force field was also chosen
for the n-pentanol molecules since it has been used in similar
studies of fluid phases. The OPLS-AA potential has been
used in studies of several primary, secondary, and tertiary
alcohols [34]. Its performance has been compared with other
potentials, showing good agreement with experimental data
[35]. The expressions of the contributions to the potential
energy and the parameters used in the simulation are pro-
vided in the Supplemental Information.

The simulations were conducted using the large-scale
atomic/molecular massively parallel simulator [36], using
the particle—particle particle-mesh algorithm in 2D for elec-
trostatic interactions [37]. Lennard—Jones interactions were
truncated using a 10 A cutoff radius, no long-range correc-
tions were applied, and geometric combination rules deter-
mined all cross-interactions. Periodic boundary conditions
were used to simulate an infinite contact surface, and all sys-
tems were maintained at 300 K using the Nose—Hoover ther-
mostat [38—40]. The motion equations were integrated using
a multiple timestep algorithm [41] with small timesteps of
0.075 fs for bonded interactions, 0.15 fs for valence and
dihedral angle interactions, and 0.30 fs for all intermolecular
and 1-5 intramolecular interactions. These small timesteps
prevent artifacts at the contact surface, particularly at large
sliding velocities [23, 33, 42, 43].

In this study, for a fixed value of Py, we conducted several
simulations while varying t. We started with a relatively
large © (half of Py) to induce considerable interfacial slip
and observe the resulting “equilibration” process to a sta-
tionary state. Then, we proceeded with additional simula-
tions in which we reduced t until no interlayer displacement
was detected. Through this procedure, we aimed to identify
the static friction coefficient value where Amonton’s law of
friction is valid [44], in microscopic [45] and macroscopic
[46] contacts. By analyzing the “equilibration” dynamics
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and the regimes of the displacements (single-slip, multi-
ple-slip, or continuous), we could obtain a comprehensive
understanding of the fundamental frictional mechanisms that
govern the behavior of these layered materials.

3 Results and Discussion

MD simulations were conducted to study the behavior of
sliding silica layers passivated with hydroxyl groups and
n-pentanol chains as lubricants under external load, a range
of shear stresses, and isothermal conditions. During the
simulation, the n-pentanol chains’ hydroxyl groups moved
toward the silica surfaces and formed hydrogen bonds with
the surface hydroxyl groups. The mechanical sliding process
resulted in the saturation of each silica surface with a mon-
olayer of adsorbed n-pentanol molecules. The n-pentanol
chains’ terminal methyl groups were identified as the contact
surface for friction and sliding due to their lower frictional
forces than the hydrogen-bond forces between the surface
and n-pentanol hydroxyl groups. A snapshot of the station-
ary state of the two silica surfaces under external forces in
the normal and lateral directions is shown in Fig. 3.

An external force of 200 kcal/(mol A) was applied in
the normal direction to simulate a compressive load in the
system, generating a Py of 552.56 MPa on each surface
(A=53.9%46.7 Az). In the first simulation, the applied shear
stress on each layer of the system was Py/4=138.14 MPa,
applied in opposing directions to each layer, giving a total
shear stress of T1=2 (Py/4)=P\/2=276.28 MPa. After the
n-pentanols were fully adsorbed onto the silica surface, the
layers periodically underwent stick and slip events or con-
tinuous sliding, depending on the magnitude of t. After an
“equilibration period,” the system reached a stationary state.
The n-pentanol chains were not completely perpendicular
to the surfaces and tilted because of the load (Fig. 3, left).
While the silica layers and adsorbed n-pentanols were free
to move in the lateral direction perpendicular to the sliding
direction, they did not show any motion in that direction
(Fig. 3, right).

During the simulation, the two silica layers slid in oppo-
site directions, as indicated by the time profile of their center
of mass positions (Fig. 4). Given the lateral periodicity of
the system, the layers could slide indefinitely in the sliding
direction. Initially, the layers moved rapidly because they
were not in contact. However, they slowed down when they
came into contact (~0.03 ns), moving at a slower rate for
approximately 0.26 ns. Then, the layers’ displacement accel-
erated, and a steady state was reached after 0.97 ns. The
temporal profile of the layers’ absolute displacement was
divided into three periods (Fig. 5a), with slopes (speeds) that
could be associated with their degree of n-pentanol molecule
adsorption and ordering. The first and second periods were
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Fig.3 Side views of silica (fB-cristobalite) layers under n-pentanol
lubrication. The outermost silicon atoms are exposed to uniformly
distributed forces corresponding to Py=552.56 MPa and t=%
Py=138.14 MPa. The left image shows the sliding direction: the
upper layer is sliding to the right, and the lower layer is sliding to the

characterized as logarithmic growth and movement with
constant acceleration, respectively. In contrast, the third
period was characterized by a constant speed, expected in a
stationary state. The slope changes clearly defined the time
limit between the second and third periods. However, the
time limit between the first and second periods was not evi-
dent in the profile.

The distribution of the n-pentanol chains’ oxygen atoms
between the two silica layers during the three periods is
shown in the probability plots in Fig. 6a—c. The distributions
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Fig.4 Displacement of the center of mass of the upper (black) and
lower (red) silica layers as a function of time. Py=552.56 MPa, t=%2
Py =276.28 MPa, and 300 K
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left. The right image shows the nonsliding direction. The observed tilt
of the n-pentanol molecules is due to the normal load compressing
the lubricant. The red, brown, gray, and white spheres represent oxy-
gen, silicon, carbon, and hydrogen atoms, respectively

were normal; they became narrower and taller as the simu-
lation progressed toward the stationary state in period III.
The number of unabsorbed lubricant molecules on the silica
surfaces was quantified by integrating the probability pro-
files. Most n-pentanol chains adsorb onto the silica layers
through hydrogen bonding with surface hydroxyls during
the first 0.05 ns of period I, with an adsorption rate of 81%.
The adsorption percentage increased during period I, reach-
ing 86% in the final 0.05 ns. The adsorption fraction reached
88% within the first 0.05 ns of period II, where the absolute
displacement accelerates constantly. Nearly all n-pentanol
chains were adsorbed on the silica layers by the end of
period II. In period III, the adsorption fraction remained full
and constant. During period I, the unabsorbed hydroxyls of
n-pentanols produced hydrogen-bond forces between lubri-
cant molecules away from the silica surfaces, resulting in
increased frictional forces between the layers and a low aver-
age velocity of 35.21 nm/ns. The full adsorption obtained in
period II was likely due to the strong homogenizing force of
the accelerated displacements, which constantly increased
the speed of the layers.

The hydrogen bond network between the hydroxyl groups
of the silica layers and lubricant molecules formed rapidly at
the silica surfaces in period I. Figure 7a shows that most of
the adsorbed n-pentanols’ hydroxyl groups were evenly dis-
tributed and located between two surface hydroxyl groups,
even in the early stages of the simulation (0.12 ns). The
lubricant molecules’ hydroxyl groups were oriented either
between contiguous hydroxyl groups in the sliding direc-
tion or laterally contiguous groups forming a 30° angle
with the sliding direction. Additionally, a few hydroxyl
groups from n-pentanols formed small clusters during
period I, which disappeared when the simulation entered
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Fig.5 a Absolute displacement and b speed of the silica layers as
a function of time. Py=552.56 MPa, t=Y2 Py=276.28 MPa, and
300 K. The green dotted line in period I represents the fit to a natural
logarithmic growth expression, {(3.438nm)ln[(266.631ns‘1 )t] } The
red dotted line in period II represents a quadratic fit (Eq. 1), while
the blue dotted line in period III is a linear regression. Inset of (a): an
expanded view of the transition time (~0.97 ns, dashed orange line)
between periods II and III with the same axes and units as the origi-
nal plot; black and red lines are the same as the original plot, and the
red dotted line from period II was extrapolated beyond the transition
time. Inset of (b): distribution of speeds for period III (speed units as
in [b]); the red line represents a fit to the normal distribution function

the constant acceleration period (Fig. 7b). In the stationary
state at constant velocity (Fig. 7c), the hydrogen bond dis-
tribution remained homogeneous. The lubricant molecules’
hydroxyl groups continuously moved during the simulation.
Instability events created by thermal fluctuations induced
some hydroxyl groups to move from contiguous to laterally
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Fig.6 Distribution of the n-pentanol molecules’ oxygen atoms as
a function of their position between the two silica layers at several
periods during the simulation. a Beginning (0.03-0.08 ns, red dots)
and end (0.24-0.29 ns, black dots) of period I in Fig. 5. b Begin-
ning (0.29-0.34 ns, red dots) and end (0.92-0.97 ns, black dots) of
period II in Fig. 5. ¢ Beginning (0.97-1.02 ns, black dots) of period
IIT in Fig. 5. Continuous lines are the integration of the corresponding
probability distributions

contiguous hydrogen bonds and vice versa, which is an ener-
getically less expensive route than directly moving in the
surface layer’s sliding direction.

Figure 5a shows a detailed analysis of the displacements
in period II. A quadratic expression corresponding to move-
ment subject to constant acceleration was used to fit the data:

s(t)=sO+v0(t—t0)+%aC(t—to)2, 1)

where s, v, and t, are the initial position, initial velocity,
and time when period II begins, respectively, and a_ is the
period’s constant acceleration. These parameters were deter-
mined using subsets of data for period II, starting at differ-
ent initial times but ending at the same time (0.97 ns), and
choosing the data that matched the end speed of period II
with the constant speed of period III (205 nm/ns). The con-
stant acceleration in this period was calculated to be approxi-
mately 327.50 nm/ns?, about 33.4 times the acceleration due
to gravity. The rapid acceleration during the transition period
(IT) to the final stationary state at constant velocity (period
III) was due to the high shear stress used, which was half
the normal load. We confirmed the proposed displacement
models for the three periods by calculating their speed pro-
files (Fig. 5b). They showed a rapid decrease in period I,
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consistent with the natural logarithm growth expression used
to model the absolute displacements. In the corresponding
time interval in period II, the speed grew linearly, consistent
with Eq. 1, and in period III, the speed remained constant,
with large oscillations around a constant value. The speed
distribution in period III was normal (Fig. 5b, inset) with a
standard deviation of 26.31 nm/ns.

Several additional shear stresses were examined, rang-
ing from 82.88 to 248.65 MPa, while keeping the normal
load constant at 552.56 MPa at 300 K. At t=248.65 MPa
(0.45 Py), a behavior similar to that seen at 276.28 MPa was
observed, with the three distinct periods present (Fig. 8a).
The initial transition state (period I) lasted twice as long as
the period observed at t=276.28 MPa (~2 ns), reaching a
constant speed of 147.05 nm/ns in period III. A 10% reduc-
tion in shear stress resulted in a 29% reduction in the long-
term speed. The analysis using Eq. 1 produced v,=1.21 nm/
ns and a,=76.28 nm/ns*. The speed profile for periods I
and IIT (Fig. 8b) showed a similar trend as that observed
with T=276.28 MPa. Speeds in period II showed periodic
fluctuations, which were difficult to characterize as an incre-
mental linear behavior (expected in an accelerated displace-
ment). The speed profile for this period (II) comprised two
regimes, one with small fluctuations and low positive and
negative speeds (0.65—1.25 ns), followed by one with large
positive fluctuations (1.25-2.00 ns). Together, they result in
positive displacements with a quadratic behavior like that
observed with t=276.28 MPa in the same period (Fig. 5a).
The speed distribution for period III showed large deviations
from the normal distribution (Fig. 8b, inset), with a standard
deviation of 20.51 nm/ns.

° = s o
% .o..a s s 2 7 S TS te0te o e
°
¢ o ¢ o o o o o o
B 0 wed S p Ggh 4 & o o.o .0 oe® o 0,9 °,
o® 4 & 2% % %o 0 s ° 3
o0 6 o 9 o S e ¢ b ¢ & a % T S % .
° e o ®
RS .' . .‘ o 6 5 * o s %ee o o o o oo
o * o sd0 0" g 9o & o o %% 9 y 4
® o o 0 0 e O o o . L Vo et
® o o o %o o @
F AP S A S 0,0 2.0 0 0 fevan, o4
® 0 o 0 0 o o e vk & T e
885 05 sae bas o) |0 O W e T B o #
[
® ¢ ® 0. ® o & 0. 0 8 9. 90 0 %N 8a* 00
e o o & ® & o o o 9 w9 - ° 4
e 8 0 6 oga 30 Gas] [PPe® & 3% 5 0TS ¢
L] e o 4 ° o @
® ¢ 9% ¢ © @ o o o
e & @ © 2 o o o 030 ™ ('Y 2

1.0...-. o. o.o.o . k. '. .' :.. bt S8
Setee o o o 00 <o . : s St ...'. :.
....0 .. .. ad ..... o ... id .O. [ .-.0 L) ‘0 .. :. "

DI‘0.0QC o ‘....‘.. .l S 6 b .'..;. 3 u

Patm S 'o..‘.". .' ® g ® o.o .o.o .0 : Q.

% %o TO¢ O ®e egé o é ...‘ 2 S '....‘ Pl

> .Q R .0.0 L O‘ ., o, '. : S ‘..'.‘. el e
®e ST G2y o .. ..o .o. ..0..0 .0 .c » & .- L :.c

I.l.o. ..o. -.....‘.Q. o . :..o...o...o .o :
» ..'o'o""'.' -'.. o."o.o o "0.‘. °.o

Further reducing t increased the duration of period I
and decreased the constant speed of period III (Fig. 9a). At
1=221.02 MPa, period I extended to 2.6 ns, and the constant
speed for period III decreased to 52.97 nm/ns. At this <, the
first stick events between long continuous sliding (Fig. 9a,
inset plots) occurred in period III, lasting ~0.02 ns, which are
probably due to temporary conformations with higher cohe-
sivity [47-49]. Simulations under a forced constant speed
(at the same tribological conditions) are expected to show
more periodic stick and slip behavior due to periodic lapses
where conformations can reorganize [23, 33, 50, 51]. The
speed profile (Fig. 9b) for period I showed a rapid decay to
a subperiod of small fluctuations around zero, which lasted
the rest of period I. The behavior of period II was like that
observed for T =248.65 MPa, comprising two subperiods
with small and large fluctuations, respectively, but the period
of large fluctuations showed variations in speed like those
observed in period III. Period III showed large fluctuations
but with a bimodal distribution (inset of Fig. 9b), with one
peak around zero and the other around 77 nm/ns, 50% higher
than the average speed for this period. This bimodal speed
distribution reflects the first developments of stick events.

Additional reductions in T increased the frequency
of adhesion periods, with the lowest net displacement
achieved at T=110.51 MPa (0.20 Py). In this regime, the
layers remained adhered but slid over each other for short
periods, indicating a single-slip behavior (Fig. 10a). The
slides had a constant displacement (~(0.27 nm), equivalent
to half the separation between two surface hydroxyl groups
in the sliding direction. This observation suggests that two
slip types occurred: one that brought the terminal methyl
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Fig.8 a Absolute displacement and b speed of the silica layers as a
function of time. Py=552.56 MPa, t=45% Py=248.65 MPa, and
300 K. The green dotted line in period I represents the fit to a natural
logarithmic growth expression, {(1.961nm)ln[(853.957ns‘1)t] } The
red dotted line in period II represents a quadratic fit (Eq. 1), while the
blue dotted line in period III is a linear regression. Inset of (b): dis-
tribution of speed values for period III (speed units as in [b]); the red
line represents a fit to the normal distribution function

groups from the lubricant chains in the sliding direction into
contact, followed by a second type that separated them and
brought lubricant chains located laterally contiguous into
contact. When the chains in the sliding direction are in con-
tact, the laterally contiguous separate, and vice versa. The
long intervals (few ns) between slips were necessary for the
chains’ end groups to pass and laterally surround each other.
Due to computational limitations, the simulation profile for
Tt=110.51 MPa does not start at time zero, with the initial
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Fig.9 a Absolute displacement and b speed of the silica lay-
ers as a function of time. Py=552.56 MPa, constant t=40%
Py=221.02 MPa, and 300 K. The green dotted line in period
I represents a fit to a natural logarithmic growth expression
{(1.015nm)ln[(685.009ns’1)t] } The red dotted line in period II rep-
resents a quadratic fit (Eq. 1), while the blue dotted line in period III
is a linear regression. Insets of (a): expanded views of the stick and
slip events with the same axes and units as the original plot; the black
lines are the same as the original plot. Inset of (b): distribution of
speed values for period III (speed units as in [b])

state coming from higher t simulations (period III). At this
7, the adhesion periods were longer than the slip periods,
indicating a single-slip regime. This behavior contrasts with
those at higher shear stresses, where multiple slips (and sin-
gle slips) were present; at even higher shear stresses, adhe-
sion periods disappeared (smooth and continuous sliding)
[20]. A linear regression analysis showed a very low speed
of approximately 0.128 nm/ns. The speed profile showed
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Fig. 10 a Absolute displacement and b speed of the silica layers as
a function of time. Py=552.56 MPa, t=20% Py=110.51 MPa, and
300 K. The blue dotted line is a linear regression. Inset of (a): prob-
ability distribution of the absolute displacements (units of displace-
ments same as in [a]). Inset of (b): distribution of speed values for
period III (speed units as in [b]); the red line represents a fit to the
normal distribution function

large and uniform fluctuations (Fig. 10b), translating into a
normal distribution (Fig. 10b, inset) with a standard devia-
tion of 6.53 nm/ns. The fast slip displacements occurred
almost instantly. Therefore, the number of events occurring
at high speeds is greatly reduced and undetectable in the
speed distribution.

At the lowest T used in this study (82.88 MPa, 0.15 Py),
the layers moved slowly in the same direction and remained
adhered, unlike at higher shear stresses where each layer
moved in the direction of the applied t. This observation
indicates that the minimum 7 required to overcome the static
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Fig. 11 Shear stress as a function of the speed of the absolute dis-
placement. Py=552.56 MPa and 300 K. Inset: logarithmic depend-
ence of shear stress on the logarithm of the speed. The red line rep-
resents a linear regression using the lowest four shear stresses. Green
dotted lines represent the transition region from single to multiple
slips. Blue dotted lines represent the transition region to continuous
sliding (Color figure online)

frictional forces between the layers is between 15 and 20%
of Py (5§52.56 MPa), corresponding to the static coefficient
of friction (), which ranged between 0.15 and 0.20. Similar
behavior has been observed experimentally, with pg values
between 0.15 [2] and 0.20 [52] obtained when studying the
rotation of borosilicate balls on quartz surfaces lubricated
with n-pentanol at a Py =199 MPa, room temperature, and
speeds between 0.11 and 0.33 m/s.

Figure 11 shows the correlation between the studied ©
values, and the stationary speeds obtained in the simula-
tions based on absolute displacements between the layers.
Previous sliding contact experiments using steel at 540 °C
and vapor phase lubrication with acetylene also showed a
similar relationship between shear stress and speed [53];
the experimental results followed a logarithmic pattern and
were consistent with the Prandtl-Tomlinson thermal (PTT)
model [54-56] specific to single-slip displacements [57-59].
The average velocities obtained in this study at fixed shear
stresses were significantly higher than those in experimental
studies on tribological devices and atomic force microscopy
experiments but similar to the sliding conditions of the mov-
ing parts of NEMs [1].

In the PTT model, low shear stress values and the corre-
sponding logarithm of their speed followed a linear behavior
up to a characteristic speed (v,), representing the limit speed
at which thermal energy aids single slip events and above
which frictional forces approach a plateau [55]. Based on the
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Fig. 12 Absolute displacement of the silica layers as a function of
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Fig. 13 Temporal profile of the average position of the oxygen
atoms in the hydroxyl groups passivating the silica layers at con-
stant Py=552.56 MPa and 300 K in the constant velocity regime.
Black points represent continuous sliding behavior at t=50%
Py=276.28 MPa (period III), and red points represent single slip
sliding behavior at T=20% Py=110.51 MPa. Insets: a Expanded
view of the temporal profiles with the same axes and units as the
original plot; b—c Black and red points are the probability distribu-
tions of the corresponding temporal profiles of the oxygen positions.
Continuous lines represent fits to normal distributions (Color figure
online)
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three lowest shear stresses and their corresponding speeds in
this study, the linear regression of shear stress on the loga-
rithm of speed found that v, was at~20 nm/ns, well into the
region where single- and multiple-slip events occur. In this
study, speeds beyond v, are in the transition region towards
continuous sliding behavior, where additional increments in
T are not proportional to the logarithm of the speed obtained,
likely due to some additional energy loss mechanism with
the surroundings present at these high speeds. Similar results
for v, have been reported for simulations of Pt tips sliding
on Au surfaces [59]. The v, value in Pt/Au simulations was
higher than that observed in corresponding atomic force
microscopy experiments, possibly due to the simulations’
failure to accurately replicate the experimental cantilever’s
mechanical response [59]. The same issue may also affect
this study’s results due to the small thickness and area of
the simulated layers. Comparable experimental results using
high speeds are challenging due to technical difficulties,
resulting in unwanted resonant frequencies that affect the
accuracy of measured tribological properties [60]. The oscil-
lation frequency naturally occurring in shear stresses and
normal loads of constant-speed experiments is especially
impacted by the equipment’s resonant frequencies.

Figure 12 shows the multiple-slip regime at t=238.1 MPa
(0.25 Py) and 300 K, where multiple slips result from several
single slips occurring after short stick periods (~0.02 ns).
Some are genuinely multiple slips, following single slips
and long stick events. Multiple slips are not continuous but
infrequent events that occur after a sequence of single slip
events. Due to the presence of long stick and very short slip
periods, the speed profile is expected to be very similar to
that observed with t=110.51 MPa, where the high speeds
due to slip events are undetectable in the speed distribution.

We analyzed the atomic position distribution of oxygen
atoms in the silica surfaces along the normal axis to the sur-
faces, comparing systems under the smallest (20% Py) and
largest (50% Py) T conditions, representing single-slip and
continuous sliding regimes, respectively. Figure 13 shows
the temporal profiles of the average position of oxygen atoms
in the hydroxyl groups on the silica surface (averaged for all
oxygen atoms in each surface layer). Compared to the lowest
T system, the highest T system showed a slight expansion
in the normal direction (~0.58 A), representing the volume
increment occupied by the lubricant. The increase corre-
sponds to half the van der Waals radius of a hydrogen atom
(1.20 IOA) [61] and translates into an increased n-pentanol
molecular volume of ~7.30 10%3, sufficient to accommodate a
single hydrogen atom’s van der Waals volume. However, due
to the n-pentanol chains’ compact localization and orienta-
tion, the additional volume is created in the normal direc-
tion. The additional space gives hydroxyl or methyl groups
more freedom to move, not only in the normal and sliding
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Fig. 14 Probability distributions of the positions of the oxygen atoms
along the normal direction to the (111) plane of the silica layers at
constant Py =552.56 MPa and 300 K. The position of 0 A represents
the center of the simulation box. Black and red points represent oxy-
gens from the hydroxyl groups of the silica layer and the n-pentanol
chains, respectively. Results using t=50% Py=276.28 MPa are
shown for the a lower and b upper layers. Results using t=20%
Py=110.51 MPa are shown for the ¢ lower and d upper layers. Con-
tinuous green lines represent fits to normal distributions (Color figure
online)

directions but also in the lateral direction, facilitating the
sliding of the layers [23].

The temporal profiles of average positions indicated a
breathing behavior for the layers (Fig. 13a), visible as small
oscillations of up to 0.2 A. These oscillations, with periods
of approximately 3.2 ps, were not due to slipping events. The
probability distributions of these oscillations were normal
(Fig. 13b and c), and the distribution widened for the profile
corresponding to the continuous sliding regime using the
largest T. The normal distribution of separations indicates
that using constant force to control the load in simulations
produces reliable results that may not be obtained with con-
stant-separation simulations [13]. These oscillations repre-
sent expansions and contractions naturally present in any
solid [62] or nanostructure [63]. Their normal distribution
suggests that the external forces imposed on the outermost
layer of silicon atoms do not create artifacts in the mechani-
cal behavior of the layers under shear stress.

Figure 14a—d show the probability distributions of oxy-
gen positions for hydroxyl groups in the silica surface and
n-pentanol chains using the smallest (20% Py) and largest
(50% Py) T conditions. The distributions for n-pentanol
chains were shorter and wider than those for the surface
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Fig. 15 Probability distributions of the position of the carbon atoms
along the normal direction to the (111) plane of the silica lay-
ers at constant Py=>552.56 MPa and 300 K. Results using t=50%
Py=276.28 MPa are shown as dotted lines. Results using t=25%
Py=110.51 MPa are shown as solid black lines. Given the formula
for n-pentanol (C*H;—C°H,~C°H,~C“H,~C°H,~OH), black, red,
blue, green, and orange lines represent the distributions of the carbon
atoms C?, C°, C¢, CY, and C°, respectively (Color figure online)

hydroxyl groups, indicating greater freedom of movement in
the normal direction for the lubricant’s hydroxyl groups. The
average separation between the means of both distributions
(surface and chains) did not differ between the smallest and
largest T conditions, indicating that hydrogen bond forces
dominate interactions between hydroxyl groups and that the
shear forces transmitted to hydroxyl groups at the contact
surface are insufficient to affect the hydrogen bond network.

Upon adsorption of the lubricant chains onto the silica
surfaces, upper and lower monolayers formed, with slid-
ing occurring at the contact surface formed by their methyl
groups. The probabilities of the positions in the normal
direction of the n-pentanol chains’ methyl groups at the
active contact surface were normally distributed (Fig. 15).
The mean separation of the upper and lower lubricant chain
monolayers was approximately 2.54 A with the smallest
(20% Py) T and approximately 2.70 A with the largest (50%
Py) 7, reflecting an increase in separation of only 0.14 A,
which is a fraction of the total lubricant expansion. The
means for the other carbons are also plotted for the largest t
condition in Fig. 15, with the means for the methyl carbon
and the next bonded methylene carbon being very close,
with a difference of only 0.55 A. The n-pentanol chains’
zigzag conformation led to similar carbon separations for the
next two methylene groups in the chain. This conformation
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results from the chains’ degree of tilting relative to the silica
surfaces.

4 Conclusions

MD simulations were performed for silica surfaces passi-
vated with hydroxyl groups to anchor n-pentanol chains as
a lubricant, which formed two adsorbed monolayers under
isothermal and constant load and shear stress conditions. At
a normal pressure of 552.56 MPa and 300 K, three regimes
were identified for shear stresses between 20 and 50% of the
normal pressure: single slips, multiple slips (in association
with single slip events), and continuous sliding.

Single slips occurred at constant displacements of 0.27 A,
which is half the separation between two surface hydroxyls
in the sliding direction, indicating a two-step process. The
two-step process is the result of the location of the lubricant
hydroxyls on the silica surface, which can be either between
two contiguous surface hydroxyls in the sliding direction,
or laterally contiguous forming a 30° angle. Laterally con-
tiguous are as numerous as those contiguous in the sliding
direction and are located half the separation between two
surface hydroxyls in the sliding direction.

Multiple slips occurred at shear stresses between 25 and
40% of the normal pressure and can occur after short stick-
ing periods. Continuous sliding occurred at shear stresses
between 45 and 50% of the normal pressure, reaching accel-
erations up to 34 times that of gravity in the periods before
reaching the stationary state. The stationary state of con-
stant speed is reached when all the lubricant molecules form
homogeneously distributed hydrogen bonds with hydroxyl
groups at the silica surfaces. For large shear rates, the peri-
ods before reaching the stationary state can be modeled as
natural logarithm growth followed by displacements at con-
stant accelerations. In the range of studied stresses, the lubri-
cant volume increased with increasing shear stress, resulting
in an expansion of 0.58 A in the normal direction or 7.30
A3 per n-pentanol chain when the lowest and highest shear
stresses studied in this work are compared. This lubricant
expansion is achieved by larger separations between inter-
layer methyl-methyl contacts and by lowering the n-pentanol
chains’ tilting angles.

The stationary states’ speed profiles showed normal dis-
tributions for the smallest (single slip events) and largest
(continuous sliding) shear stresses examined in this study.
For intermediate shear stresses, the distributions range from
near-normal to bimodal distributions, with one of the peaks
at zero, corresponding to stick events.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11249-023-01731-6.
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