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A B S T R A C T

Structural lubricity typically occurs in incommensurate, dry contacts where short-range elastic instability is
minimized. Under ambient conditions, however, airborne molecules can adsorb onto solid surfaces, forming a
viscous medium that alters interfacial properties. We hypothesize that despite the presence of physisorbed
contaminants, structural lubricity on graphite can persist due to molecular ordering. Molecular dynamics
simulations were performed with a newly parameterized interfacial potential to study 𝑛-hexadecane as a
model contaminant on graphite surfaces. We investigated the effects of 𝑛-hexadecane coverage on shear
stress, comparing behavior on graphite and gold (111). Results reveal that a monolayer of 𝑛-hexadecane
molecules adheres strongly to graphite, replicating its lattice and maintaining solid-like behavior, which leads
to orientation-dependent shear stresses. This behavior is absent on gold. As the contaminant film thickens,
the orientation effect diminishes, and the shear stress-velocity relationship transitions from Coulomb to quasi-
Stokesian and back to quasi-Coulomb as coverage increases. Despite a substantial increase in shear stress under
ambient conditions, ultralow friction, or superlubricity, remains on graphite.
1. Introduction

Structural lubricity [1] refers to an ultra-low friction state that arises
from the systematic annihilation of interfacial lateral forces due to
lattice mismatch. In this context, interfacial atoms can be treated as
the smallest contact units, with their energy states, driven by thermal
motion, distributed stochastically across a potential energy landscape.
Stokesian damping [2], which describes a linear increase in friction
with sliding velocity, results from small perturbations of these interfa-
cial atoms. This leads to primary energy dissipation as the atoms vibrate
around their equilibrium positions within the lattice, without engaging
in long-range elastic or quasi-discontinuous motion under shear forces.
A scaling argument, based on the law of large numbers, dictates a
sub-linear relationship between friction and contact area [3,4]: 𝐹 ∝
𝐴𝑛, where the exponent 𝑛 is capped at 0.5 and varies depending on
the degree of lattice registry and geometric nature of the contact,
including contact lines [1,5,6]. While this low-friction state is highly
desirable, it can become unstable when the elastic correlation length
is exceeded [7,8]. Beyond this threshold, structural defects, such as
dislocations, can cause the sliding surfaces to interlock, significantly
increasing shear stresses up to the Peierls stress limit [7].

Under ambient conditions, airborne molecules such as water and
linear alkanes tend to adsorb onto solid surfaces, forming an orderly ar-
ranged monolayer that aligns with the underlying solid lattice [9]. With
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1 Superlubricity is a broader term that encompasses ultralow friction states resulting from various mechanisms, including the presence of intermediate lubricious
substances or incommensurate interfaces. In this context, structural lubricity can be considered as a subset of superlubricity.

prolonged exposure, this monolayer can develop into a nanometer-thick
multilayer film [10], as indicated by an oscillatory density profile re-
sulting from the liquid’s wavenumber-dependent compressibility [11].
The anisotropic behavior of confined liquids, characterized by high in-
plane molecular ordering, enables a load-bearing ability to a certain
degree while still allowing molecular diffusion [11–13]. Interestingly,
the presence of such an adsorption layer does not necessarily impede
superlubricity1 [14–16], with friction only mildly increasing alongside
observations of rejuvenation, aging, and friction switches [16]. This
suggests that earlier nano-manipulation experiments may have over-
looked the existence of these layers, as contamination is unlikely to
be fully eliminated, even under nominal ultra-high vacuum conditions.
Unlike the constant velocity gradient typical of Couette flow, where
molecules must overcome energy barriers due to steric hindrances, the
shear plane in the boundary lubrication regime is located at hetero-
junctions with the lowest shear strength, exhibiting solid-like behavior.
Consequently, when sliding occurs over such a viscoelastic medium, the
frictional dependence on sliding speed is expected to be sub-linear [17].

Building on our previous studies [6,18], we focus on highly oriented
pyrolytic graphite (HOPG) due to its superior performance as a solid
lubricant. The aim is to examine the extent to which superlubricity is
maintained in the presence of linear alkanes, specifically 𝑛-hexadecane
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Fig. 1. Snapshots of (a) a representative sliding model system, showing a gold island sliding on a HOPG substrate coated with a monolayer of 𝑛-hexadecane molecules, and (b) a
single-molecule-on-graphene model used for force field development.
(HEX), as a representative adsorption contaminant. To replicate the
experimentally observed morphology of parallel stripes of HEX, with
their longitudinal axes aligned parallel to the zigzag direction of HOPG,
we reparameterized the interatomic interaction between HOPG and
HEX based on density-functional theory (DFT) calculations. To vali-
date this new parameter set, we calculated binding and desorption
energies and compared them with experimental measurements. We
then investigate how topography influences molecular in-plane order-
ing during liquid confinement. Finally, we study energy dissipation
both in area-filling buried interfaces and at contact lines within the
boundary lubrication regime. This study provides fundamental insights
into the molecular mechanisms of friction and energy dissipation in the
presence of adsorbed contaminants, which is critical for advancing the
understanding of superlubricity under realistic conditions. Our findings
may have practical implications for the design of advanced lubricants
and coatings.

2. Methodology

Molecular desorption, liquid confinement, and boundary shearing
are investigated using molecular dynamics (MD) simulations. The
model systems consist of Au(111) and graphite (0001) (Gr) as solid
surfaces, with 𝑛-hexadecane (HEX) as the adsorbent. It is important to
note that graphite in ambient conditions is typically contaminated by a
complex mixture of airborne molecules, including both low- and high-
molecular-weight hydrocarbons, as demonstrated in prior experimental
studies [19–21]. Nevertheless, this simplified model provides valuable
insights into the fundamental mechanisms of superlubricity in the
presence of adsorbed organic layers. A representative sliding model
is shown in Fig. 1a. Detailed geometric parameters and operational
conditions for each system are provided in the relevant sections to
ensure clarity and reproducibility. The interactions within the system
are described using the following potentials: the EAM [22] for Au, the
AIREBO potential [23] for Gr, and the L-OPLS force field [24,25] for
HEX. Cross-interactions are modeled using Morse [26] and Lennard-
Jones [27] potentials for Au-Gr and Au-HEX interactions, respectively.
The interaction between Gr and HEX has been reparameterized based
on a single-molecule-on-graphene model, as depicted in Fig. 1b, with
further details discussed in the Results section.

Unless stated otherwise, the system temperature is maintained at
300 K using a Langevin thermostat with a damping factor of 0.1 ps.
During sliding simulations, the thermostat is applied only along the
𝑦-axis (perpendicular to the sliding direction) to avoid interference
with the dynamics of the sliding process. A simulation timestep of
1 fs is used for all cases. All MD simulations are carried out using
the open-source code LAMMPS [28]. To ensure statistical reliability, a
time autocorrelation function (ACF) analysis is conducted to determine
the optimal data output frequency. Mean values and standard errors
are calculated based on uncorrelated data sets extracted from the
simulations.
2 
3. Results and discussion

3.1. Interfacial potential development

3.1.1. Interfacial potential model and parameterization
The interfacial interaction between graphite (Gr) and 𝑛-hexadecane

(HEX) is described using the Buckingham potential [29], formulated as:

𝐸int = 𝐴e−𝑟∕𝜌 − 𝐶
𝑟6
, (1)

where 𝐴, 𝜌, and 𝐶 are fitting parameters optimized through force
matching (FM). This potential provides a more precise representation
of short-range repulsive interactions with an exponential form, derived
from the interpenetration of closed electron shells, making it more
suitable for modeling boundary shearing [30,31]. Reparameterizing
these potential parameters, rather than relying on mixing rules [32,33]
for the non-bonded Lennard-Jones (LJ) parameters from the OPLS force
field, is crucial because the latter, designed for bulk phase properties,
fails to accurately capture the interfacial interactions, leading to a
significant underestimation of the energy corrugation barrier. Two sets
of parameters for CGr − CHEX and CGr − HHEX were determined by
reproducing DFT-calculated static molecular forces (𝑓 ) and binding
energy (𝛥𝐸, defined in Eq. (5)) using a single-molecule-on-graphene
model system. Sixteen configurations (𝑁conf = 16) were considered, en-
compassing a range of both in-plane and out-of-plane relative positions
between the two substances.

3.1.2. DFT calculations
First-principles DFT calculations were performed using the Gaussian

and plane-waves methodology [34,35] within the Quickstep module of
the open-source software CP2K [36,37]. A plane-wave cutoff of 900
Hartree was applied to achieve a force convergence tolerance of 10−5

atomic units (a.u.). 𝜅-point sampling was employed along with periodic
boundary conditions in all three dimensions. To minimize empirical
influences, a van der Waals density functional (vdW-DF) [38] was
used, combining exchange at the generalized-gradient approximation
(GGA) level, correlation at the local density approximation (LDA) level,
and a non-local correction for van der Waals interactions. Carbon and
hydrogen atoms were described using a triple-𝜁 Gaussian basis set [39],
paired with Goedecker-Teter-Hutter (GTH) pseudopotentials [40,41].
The results closely align with those obtained using other widely-used
methods, such as Perdew–Burke–Ernzerhof (PBE) [42] with Grimme’s
DFT-D3 [43] corrections for dispersion interactions.

3.1.3. Force matching and optimization via simulated annealing
In FM, the discrepancy between DFT and force-field (FF) calcula-

tions was quantified using a penalty function 𝜒2, defined as:

𝜒2 = 1
∑𝐷
𝛼=1 𝜔𝛼𝜒

2
𝛼

∑𝐷 , (2)

𝐷

𝛼=1 𝜔𝛼
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Table 1
Optimized Buckingham parameters for Gr-HEX interactions.
𝑖 − 𝑗 𝐴𝑖𝑗 (eV) 𝜌𝑖𝑗 (Å) 𝐶𝑖𝑗 (eV⋅Å6)

C𝐺 𝑟 − 𝐶𝐻 𝐸 𝑋 1.75 0.09 57.13
C𝐺 𝑟 −𝐻𝐻 𝐸 𝑋 132.66 0.34 0.00

where 𝐷 (𝐷 = 4) represents the dimensionality including three force
omponents plus energy, and 𝜔 (with 𝜔𝑓𝑥 = 𝜔𝑓𝑦 = 5 ×𝜔𝑓𝑧 = 0.1 ×𝜔𝛥𝐸 =
.0) denotes the weighing factors2 determined based on their respective
alue spans. The term 𝜒2

𝛼 is defined as:

𝜒2
𝛼 = 1

𝑁conf

𝑁conf
∑

𝑖=1

(𝜓FF
𝑖,𝛼 − 𝜓DFT

𝑖,𝛼 )2

(|𝜓DFT
𝑖,𝛼 | + 𝛥)2

, (3)

where 𝛥 = max𝑖,𝛼(|𝜓DFT
𝑖,𝛼 |) serves as a denominator adjustment to

mitigate the impact of small values on fitting stability, and 𝜓 = {𝑓 , 𝛥𝐸}
represents the physical properties being compared. The minimization of
𝜒2 was executed using Monte Carlo-based simulated annealing [44].
The optimization process involved 1 cycle with 500 iterations per
cycle. The temperature schedule was dynamically adjusted using the
equation:

t emp = 0.001 × [1 − cos( 2𝜋 × 𝑖it er
𝑛it er

)] × cos(
𝜋 × 𝑖cy c
2𝑛cy c

), (4)

where 𝑖it er and 𝑖cy c denote the iteration and cycle indices, respectively.
The acceptance criterion was determined by the Metropolis algorithm,
with an ideal acceptance ratio of 0.4. Convergence was achieved when
𝜒2 ≤ 10−3, where 𝜒2 = 0 indicates perfect agreement between FF and

FT calculations. These conditions ensure a thorough exploration of the
parameter space, balancing convergence speed and accuracy.

3.1.4. Evaluation of fitting accuracy and model limitations
Fig. 2 compares the results from DFT and FF calculations, showing

hat the newly parameterized Buckingham potential (red solid circles)
utperforms others in accurately reproducing both molecular forces and
nergies. The corresponding potential parameters are listed in Table 1.

Notably, the out-of-plane forces (𝑓𝑧) estimated with the mixed OPLS-
LJ potential were significantly underestimated (blue open circles in
Fig. 2c), especially in the repulsive regime. As shown in Fig. 2d and
upported by our previous study [45], the normal force component
nfluences the energy barrier, thereby affecting lateral motion. Predic-
ions based on the AIREBO potential (black open circles) are notably
ess accurate in this context.

Reproducing collective properties like energy differences and molec-
ular forces is relatively straightforward compared to reproducing per-
atom forces, which require much complex functional forms that we
were unable to identify. Specifically, we recognize our limitations in
developing bond-order many-body potentials, including parameterizing
the embedded-atom method (EAM) [46] and Steele [47] potentials,
to account for possible many-body effects resulting from CH/𝜋 inter-
ctions [48] that induce electron density changes upon approach. At
his stage, we disregard the electrostatic interaction between Gr and
EX, assuming the graphene sheet is electronically neutral. We did
ot pursue machine-learning techniques, despite their promise, as the

results might not align with established physical principles. Although
mperfections exist, our approach achieves the initial objective of de-

veloping simple yet accurate means for modeling interfacial dynamics
on a large scale with minimal computational cost.

2 The weighing factors are introduced to balance the contributions of
ifferent physical properties (e.g., force components and energy) to the fitting
rocess. They account for differences in the value spans of these properties,
nsuring that no single property dominates the fitting due to its larger

magnitude. For example, a smaller weighing factor is applied to 𝐹𝑧 compared
2
o 𝐹𝑥 to equalize their contributions to the penalty function 𝜒 .

3 
Fig. 2. Comparison between DFT- and force field (FF)-calculated molecular forces (𝑓 )
long the (a) 𝑥−, (b) 𝑦−, and (c) 𝑧−direction, and (d) binding energy (𝛥𝐸). When
𝜓 = {𝑓 , 𝛥𝐸}]FF ≡ 𝜓DFT, the data points align precisely with the dashed lines. The

Lennard-Jones (LJ) parameters were obtained using mixing rules on the all-atom L-OPLS
parameters. The legend ‘‘BUCK’’ refers to the Buckingham potential. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

3.2. Physisorption of HEX on Gr

3.2.1. Binding energy and coverage density: Definitions and formulation
To validate the fitting parameters, we compared the binding ener-

ies (𝛥𝐸) required to dissociate a single HEX molecule from a Gr sub-
trate with experimental data [49,50]. These energies were determined
ased on two equilibrium energy states, formulated as:

𝛥𝐸 = ⟨𝐸bound⟩ − ⟨𝐸sub + 𝐸des
HEX⟩ (5)

Here, 𝐸bound represents the potential energy of the system when the
target molecule is adsorbed on Gr, while 𝐸sub and 𝐸des

HEX correspond to
the potential energies of the substrate (including any remaining HEX
molecules) and the desorbed molecule in isolation, respectively. The
notation ⟨⟩ denotes a time average taken over a minimum duration
of 10 ns. The coverage density (𝛤 ) is determined by calculating the
total in-plane occupation of HEX molecules, denoted as 𝑚𝐴single

HEX , where
the projected area of a single HEX molecule (𝐴single

HEX ) is approximately
105 Å2 [51]. Here, 𝑚 represents the total number of molecules, which
ranges from 1 to 30, corresponding to a 𝛤 varying from 0.03 to 0.77
monolayers (ML).

3.2.2. Static binding energy and molecular arrangement
The MD-predicted binding energy for a single-molecule system (𝑚 =

1) is 1.08 eV, closely matching the value of 1.11 eV obtained from
FT calculations [52], where the influence of thermal effects appears

o be negligible. As additional molecules aggregate in close proximity
𝑚 > 1), they arrange themselves in an orderly fashion, forming
tripes with an average intermolecular spacing (𝛥𝑙) of approximately
.5 Å, as examples illustrated in Fig. 3(a) and (b). These adsorbed

molecules adopt straight, all-𝑡𝑟𝑎𝑛𝑠 configurations, favoring an orienta-
ion along the zigzag direction of the graphite substrate, which aligns
ith experimental observations [53]. Such a structural arrangement is

energetically favorable, given that the periodicity along the graphene
armchair direction is 4.26 Å, in close agreement with 𝛥𝑙.

Histograms showing the molecular orientation during dynamic equi-
librium for two representative systems are presented in Fig. 3(c), where
the orientation vectors are determined as the end-to-end vector of
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Fig. 3. Snapshots of model systems at equilibrium at 300 K with coverage densities of (a) 𝛤 = 0.18 and (b) 𝛤 = 0.59. The molecules align along the zigzag direction of graphene,
maintaining an average intermolecular spacing of 4.5 Å. (c) Histograms showing the distribution of angles (𝜃) between the longitudinal orientation of the molecules and the 𝑥-axis
during equlibration.
Fig. 4. Binding energy (𝛥𝐸) of HEX on Gr as a function of coverage density (𝛤 ). The
blue dashed line represents a DFT calculation [52] from the same setup. The value is
extrapolated using the relation: 𝛥𝐸(𝑁C) = −0.067𝑁C − 0.04 eV, where 𝑁C denotes the
number of backbone carbons. The black dashed line indicates the desorption energy
(𝛥𝐸des) derived from the relationship 𝛥𝐸des = −29 + 42𝑁0.5, based on temperature-
programmed desorption (TPD) experiments [50]. Error bars are omitted as they are
smaller than the symbol size. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

each molecule along the longitudinal direction. An increase in binding
energy of approximately 0.5 eV is observed as the number of molecules
𝑚 increases from one to numerous, as shown in Fig. 4. Beyond this
point, 𝛥𝐸 remains constant as 𝛤 further increases, regardless of the
initial desorption position of the target molecule. This suggests that
the binding energies obtained here correspond to the desorption of a
molecule from the domain edges, which are preferred sites due to the
low desorption energy barrier caused by structural asymmetry.

3.2.3. Dynamic desorption and energy barrier analysis
The binding energies presented in Fig. 4 (red solid circles) are con-

sistent with the MD-modeled energy barriers obtained from continuous
pulling of a single molecule from an adsorption state to an isolated
state along the surface normal while maintaining a constant center-
of-mass (COM) displacement rate of 0.05 m/s. During this process, no
reattachment of detached fragments is observed, owing to the high per-
sistence length of these short-chain molecules. The correlation between
free energy and the number of detached fragments suggests minimal
configurational changes between 𝑡𝑟𝑎𝑛𝑠 and 𝑔 𝑎𝑢𝑐 ℎ𝑒 states. These values
are also in agreement with the desorption barrier (𝛥𝐸des) extracted from
temperature-programmed desorption (TPD) experiments (represented
by the black dashed line in Fig. 4), where the linearly interpolated
peak desorption temperature (𝑇𝑝) is approximately 308 K [49,50], close
to the 300 K used in MD simulations. Our simulation results support
the experimentally observed first-order desorption process, where the
4 
Fig. 5. Density profiles (𝜌) of HEX films on graphite (Gr, red) and gold (Au(111), black)
substrates along the surface normal. The simulation cell has an in-plane dimension of
11.5 × 11.6 nm2. The surface of the substrate is set at 𝑑 = 0 nm for both materials. The
HEX films exhibit a characteristic density oscillation periodicity (𝜆) of approximately
0.43 nm in both cases. The number of molecules in the first monolayer is 𝑚 = 117 on
Au and 128 on Gr. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

desorption barrier is independent of coverage density, indicating rel-
atively weak and short-ranged intermolecular interactions among the
molecules. According to DFT calculations, the presence of oligomers on
graphene could cause deviations in the electronic structure of graphene
from the Fermi level observed in pristine graphene, resulting in an
energy gap of up to 6 meV [52].

3.3. Nanoscale confinement and shearing

3.3.1. Solvation forces
When liquids are confined within nanoscale slits, they often form

layered structures [54,55] as molecules self-organize with significant
in-plane order due to the perturbative effect of solid surfaces. A solid
surface can induce in-plane molecular ordering that extends through
several molecular layers, manifesting in oscillatory density profiles
that decay with distance from the solid–liquid interface. The in-plane
ordering of HEX on Gr is notably more pronounced than on a Au(111)
surface, as shown in Fig. 5. Specifically, the peak density of the HEX
layer in immanent contact with Gr is nearly 2.5 times that on a Au(111)
surface and 6.2 times that in a bulk phase. This structured, densely
packed, anisotropic arrangement of molecules across neighboring lay-
ers can withstand substantial normal loads on the order of 100 MPa
without necessitating a phase transformation from liquid to solid [11].
Additionally, the prolonged relaxation time observed in confined liq-
uids, which is inversely related to shear viscosity, leads to noticeable
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Fig. 6. (a) Normal stress (𝜎𝑧𝑧) during a compression of a HEX film by a cylindrical Au(111) indenter with a radius of 3.7 nm. A snapshot of the simulation model during
compression is shown in (b). The uppermost substrate surface is set at 𝑑 = 0 nm, with in-plane dimensions of 11.5 × 11.6 nm2. The indenter moves at a constant loading rate of
𝑣𝑧 = 0.2 m∕s. The inset of (a) shows the first stress peak (𝜎1p𝑧𝑧 ) as a function of the confining rate.
Fig. 7. Shear stress (𝜏) between two sliding slabs with an intermediate HEX film
composed of either one (blue) or six (red) monolayers. The top and bottom ticks
indicate the material types and lattice orientations aligned with the sliding direction of
the respective slabs. The in-plane dimensions of the simulation cell are 6.4 × 6.4 nm2,
ensuring that the lattice difference-induced in-plane strain is less than 1% as an artifact.
Atoms in the outermost layers of the solids are constrained to zero stress. The top slab
slides at a constant speed of 10 m/s under only an adhesive load. Shear stresses in the
Au-HEX-Gr cases are from REF [16]. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

hysteresis in stress relaxation [12], underscoring the complex dynamics
at play in nano-confined liquid systems.

As a tip progressively approaches a substrate surface, the layer-
by-layer squeezing out caused by in-plane molecular ordering leads
to oscillatory solvation forces, with their magnitude influenced by
the loading rate. As shown in Fig. 6, the peak normal stresses (𝜎p𝑧𝑧)
during nominally steady-state compression (𝑣𝑧 = 0.2 m∕s) increase
exponentially as the confining distance (𝑑) decreases, with a wave-
length comparable to the interlayer distance. The slightly negative
stresses at the valleys correspond to the transition where molecular
layers are expelled from 𝑛 to 𝑛 − 1. Our results suggest that pushing
the last layer of molecules (at 𝑑 < 0.9 nm) outside the contact in-
terface to achieve solid–solid contact requires substantial effort and
may even be impossible, especially when the tips are blunt, resulting
in a large aspect ratio. The heterogeneity of liquids under nanoscale
confinement and the resulting stress anisotropy arise naturally from the
liquid’s wavelength-dependent compressibility, which aligns with bulk-
liquid density autocorrelation functions (ACF) [56,57], rather than
the specific nature of the solid surfaces. However, detailed molecular
arrangements are associated with surface topography; thus, 𝜎𝑧𝑧 on
Gr is notably higher due to the orientation-dependent higher Gr-HEX
commensurability, which induces a higher corrugation barrier, making
lateral displacement more difficult.
5 
3.4. Shear stress

3.4.1. Shear stress in confined liquid films: Lattice effects and superlubricity
Shear stresses (𝜏), calculated as the ratio of lateral force (𝐹 ) to the

apparent contact area (𝐴), are evaluated when a Au(111) slab slides
against a HEX film situated atop a Gr substrate under an adhesive
load. This loading condition is commonly employed in nanoisland ma-
nipulation experiments conducted in contact mode [14,16,45]. With a
monolayer of HEX (𝛤 ≈ 0.8), shear stresses exhibit a strong correlation
with the lattice orientation of the confining solids. Specifically, as illus-
trated by the two leftmost blue bars in Fig. 7, 𝜏 is approximately five
times higher when the gold’s [112] direction vector aligns parallel to
graphene’s armchair direction (the sliding direction) compared to when
its orthogonal vector, [110], aligns in the same direction. Note that the
stresses reported in Fig. 7 are from area-filling contacts, which exclude
the energy dissipation at the contact lines [6] or due to spontaneous
cluster rotation [18].

In the presence of a single monolayer of HEX molecules, the
orientation-dependent shear stresses exhibit solid-like behavior, with
the HEX monolayer effectively mimicking the graphene lattice. The no-
table lattice congruency between Au(111) and Gr(0001), as depicted in
Fig. 8b, facilitates the formation of Moiré patterns [6], which, with ex-
tended superlattice wavelengths, promote longer-range instabilities at
small lattice mismatches characterized by an elevated stress–strain gra-
dient. Although the presence of a HEX monolayer amplifies 𝜏 by nearly
a hundredfold compared to gold sliding directly against graphite [6], it
does not cause a breakdown of superlubricity. One reason is that this
modeled large friction discrepancy would be significantly reduced at
experimentally3 realistic sliding speeds, which are typically nine orders
of magnitude lower, due to different friction-velocity dependence in the
presence and absence of intermediate contaminants (discussed next).
Additionally, the much larger contact area of nanoislands, on the order
of 103 ∼ 105 nm2 in experiments, will mitigate the effects of energy
dissipation at contact lines caused by structural discontinuities [6] or
molecular plowing [58].

In contrast, the orientation effect is not discernible in the Au-HEX-
Au systems, as shown by the two rightmost blue bars in Fig. 7. This can
be attributed to HEX’s low binding energy to Au(111) [59], which fails
to foster the same degree of molecular ordering observed on graphite,
even when the two solid slabs are commensurate, as evidenced by the
less pronounced density peaks in Fig. 5. The orientation effect also di-
minishes as the HEX film thickness increases from one to six molecular
layers, where viscous damping becomes increasingly dominant due to

3 Refers specifically to nanomanipulation experiments [14,16] conducted
with AFM
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Fig. 8. Illustration of lattice structures and orientations of the solid counterfaces. The text above each sub-panel indicates the bottom and top slabs, respectively, along with their
lattice orientations, positioned on the left and right of the ∥ sign. Solid and hollow square symbols represent Au atoms from two neighboring atomic layers. The sliding direction
is along the +𝑥 axis.
Fig. 9. (a) Velocity-dependent shear stress (𝜏𝑥𝑧) during the sliding of a gold island on graphite (0001) at varying coverage densities (𝛤 ) ranging from zero to one. The gold island
has a cylindrical shape with a radius of 2.8 nm and a thickness of 1.0 nm. The in-plane dimensions of the HOPG are 11.5 × 7.4 nm2. The island slides along the armchair direction
of HOPG under an adhesive load, with its (111) surface parallel to the sliding plane. The rotational degrees of freedom of the island are allowed. Snapshots of the model systems
are shown in (b). The dashed lines represent fitting with a power-law function, where 𝑛 denotes the power-law exponent. The last data point in blue (at 50 m/s) is excluded from
the fitting. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
the decay of in-plane molecular ordering with distance from the solid
surfaces. As a result, the reduced interlayer lattice congruency renders
the solid’s lattice orientation insignificant, leading to comparable shear
stresses (shown by the red bars in Fig. 7) between systems with low and
high commensurability. However, shear stresses arising from elastic
instability continue to surpass those from viscous stresses under con-
ditions equivalent to shearing a bulk liquid in a Couette flow [18]. In
the latter case, although molecules align along the streaming direction
according to their anisotropic radius of gyration [18], their spatially-
resolved density remains evenly distributed normal to the sliding plane
rather than being oscillatory.

3.4.2. Sliding of gold nanoislands on contaminated HOPG: Speed and
coverage effects

With a finite geometry, contributions from both inside and outside
the contact are taken into account. Interestingly, as shown in Fig. 9a,
shear stresses exhibit different dependence on sliding speed depending
on the coverage density. In the absence of contaminants (dry contact,
𝛤 = 0), the stresses (black symbols) are the lowest, with damping being
Coulombic, as indicated by the power-law exponent 𝑛 being nearly zero.
When HOPG is lightly contaminated, meaning the island remains in
direct contact with HOPG but with HEX molecules in close proximity
(𝛤 = 0.5), the shear stresses (blue symbols) are the highest, mainly
due to the energy dissipated at the leading edge as HEX molecules
are displaced, overcoming the accumulated corrugation barrier. At
low speeds, molecules have sufficient time to refill the sliding-induced
vacancies at the trailing edge, while at high speeds, they cannot quickly
flow back to the sliding trace due to hysteresis, leading to a quasi-
Stokesian dependence (𝑛 = 0.67). In an extreme case, this can result
in a drop in shear stress (at 𝑣 = 50 m∕s) during reciprocal sliding
𝑥

6 
when molecules cannot return in time at the leading edge. When
a nearly full monolayer of contaminants forms such that the island
floats on it, the shear stresses (red symbols) remain low and exhibit
a weak dependence on sliding speed, consistent with experimental
observations [60]. This behavior indicates that the monolayer is in a
solid-like state, with closely packed and aligned molecules, persisting
superlubricity or, alternatively, quasi-structural lubricity.

4. Conclusions

This study advances the understanding of structural lubricity by
focusing on the impact of surface contamination [14,15,61], an un-
derexplored area despite its significance in tribological systems. We
specifically investigated the influence of airborne adsorbates on the
lubricity of graphite (Gr) under ambient conditions, using 𝑛-hexadecane
(HEX) as a model contaminant. To achieve a more accurate represen-
tation of atomistic interactions, a novel model was developed based on
DFT-calculated molecular forces and binding energies, which improves
the accuracy over conventional mixing rules [24]. Molecular dynamics
simulations with this reparameterized potential successfully replicated
desorption energies derived from temperature-programmed desorption
experiments [50], confirming the robustness of the model and offering
a more accurate depiction of surface interactions than prior approaches.

Our simulations revealed that HEX molecules adopt straight, all-
𝑡𝑟𝑎𝑛𝑠 configurations aligned with the zigzag direction of Gr, consis-
tent with experimental observations [53]. This molecular arrangement
forms a highly ordered, anisotropic structure where the HEX film un-
dergoes a discontinuous, layer-by-layer expulsion under compression.
Notably, the last monolayer exhibits solid-like behavior, with shear
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stresses strongly dependent on the sliding orientation, a phenomenon
bsent on Au(111) surfaces. The lattice congruency between HEX and

Gr provides novel insights into how atomic-scale surface interactions
govern lubrication behavior. As the film thickness increases to several
nanometers, the anisotropic effects of the monolayer diminish, marking
a transition to a more homogeneous lubrication regime.

In comparison to existing literature, this work bridges the gap
etween molecular-scale simulations and practical engineering appli-
ations by elucidating the transition from Coulomb-like to Stokesian
ehavior on account of adsorbate coverage. These findings, supported
y cutting-edge experiments [60], offer fresh insights for the design

of protective coatings with enhanced lubrication properties, which
could significantly impact the development of advanced materials in
ribological systems. Future work should focus on extending these
olecular insights to more complex material systems and surface con-

ditions, while direct experimental validation of the simulation results
will be crucial to further solidify the findings and their application to
real-world scenarios.
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