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ARTICLE INFO ABSTRACT

Keywords: To address the negative impacts of mineral oil-based lubricants on the environment and human health, eco-
Green lubricants friendly lubricants based on aqueous solutions are increasingly being explored as an alternative for several
Machine learning interaction potential tribological applications. The friction reduction properties of these lubricants crucially depends on the additives

Tribochemical reactions

Gallat included in liquid of lower viscosity than oil. Great efforts are presently devoted to the search of molecular
allates

compounds able to function in boundary lubrication conditions, where the extreme pressures and low speeds
make the liquid film become so thin that a direct contact between metal asperities can take place. Atomistic
simulations represent a powerful tool to design lubricant additives as they can open a window on the
sliding buried interface and unravel the mechanisms of function of candidate molecular compounds. However,
while classical molecular dynamics simulations relying on empirical or reactive force fields poorly describe
tribochemical reactions, the expensive cost of ab initio methods poses a big challenge when it comes to the
required large system sizes and long time scales. In this study, we show how a machine-learning interaction
potential derived from ab initio data can successfully be used to design lubricant additives. Considering
the case of gallates at iron interfaces, our simulations highlight two key molecular features necessary for
maintaining interfacial lubricity in boundary conditions: a strong anchoring of the molecules to the substrate, a
function that for gallates is smartly activated by tribochemical reactions, and the presence of inert hydrocarbon
tails that form a cushion that, thanks to Pauli repulsion, chemically isolates the covered substrate from
any reactive counter-surface. These findings, of general validity, provides useful insights for designing new,
environmental-friendly lubricants.

1. Introduction “Green” lubricants must be originated from renewable resources,
biodegradable and eco-friendly, while maintaining the inherent essen-

Despite strict control on the life cycle of traditional mineral oil- tial properties of reducing friction, wear, corrosion, and oxidation.
based lubricants used in industrial applications and in the automotive Aqueous-based lubricants are gaining increasing attention as sustain-
universe, some degree of contamination remains unavoidable. More- able alternatives to traditional mineral oil-based lubricants, thanks to
over, for several devices, like those with an open cutting system, their lower toxicity and environmental impact. However, to ensure
the lubricating oil is forcefully emitted into the environment dur- effective performance under boundary lubrication conditions, where
ing operations, with a severe impact on the environment and human direct contact between surfaces is more likely, the use of additives
health. Thus, the search for effective yet sustainable and eco-friendly is essential. These additives play a crucial role in enhancing the tri-
lubricants [1] has witnessed growing interests and “green lubricants” bological properties, of aqueous lubricants, helping to reduce friction

are being widely proposed, investigated and developed as the future and wear. They can form protective films on surfaces, preventing nano
generation of lubricants [2]. Traditional lubricants are derived mostly

from petroleum. A mandatory but only partial route to safeguarding the
environment lies in the application of best-practice recyclings, taking
advantage of re-refined base oils lower carbon footprints, that permit a
~ 70% reduction in CO, emission and a similar reduction in production
energy with respect to virgin base oils.

asperity adhesion, thereby ensuring optimal performance even under
high load and low-speed conditions. The selection and optimization
of these additives are therefore essential for maximizing the effective-
ness of aqueous lubricants in industrial and mechanical applications.
In this work we explore the mechanism of function of gallates as
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friction reduction additives for aqueous-based lubricants. Gallic acid
and its derivatives are being already widely used in pharmaceutical
industry, [3,4] cosmetic, [5] and food industry [6] for their natu-
ral anti-oxidation function [7,8].. More recently, gallate molecules,
introduced as an anti-oxidant agent in lubricant additives thanks to
their capability to neutralize free radicals, showed promising results
in reducing friction and wear [9-11]. However, in order to spread
the application of gallates as lubricant additives, further investigation
is needed to advance our understanding of the reduction mechanisms
which are responsible for lubricity and the role played by the long alkyl
chains that differentiate the gallate molecules between them and from
gallic acid.

Computer simulations have played a crucial role in advancing the
understanding of friction and wear reduction mechanisms in many
tribochemical systems [12,13]. For example, atomistic scale simula-
tions by ab initio molecular dynamics (AIMD) have been successfully
used to provide insights into local chemical events, particularly on the
formation and breaking of chemical bonds under harsh conditions in a
variety of tribochemical systems such as metals, [14] oxides, [15-18]
diamond, [19-21] silicates, [20,21] etc. At this scale, the sizes of the
systems are limited to hundreds of atoms while the simulation time is
within a scale of picoseconds. For lubricant additives such as fatty acids
that have similar molecular structures as gallates, [22,23] it has been
shown that these molecules tend to form a self-assembled monolayer
(SAM) on a substrate thanks to the attraction between the head groups
to the substrate [24]. The corresponding molecular dynamics (MD)
simulation systems are commonly modeled as SAMs confined between
substrates and described by empirical or reactive force fields (FF) [24-
28]. These atomistic simulation results have provided useful informa-
tion on the frictional dynamics of the systems, taking advantages of
large simulation scales with modest computational costs. However, a
satisfactory interpretation of atomic mechanisms of friction and wear
is challenged by the poor description of chemical events and the lack
of electron transfer information, leaving a big concern regarding the
understanding of tribochemical reactions and tribofilm formation.

Recent development of machine learning applied to material mod-
eling have opened a new era for atomistic simulations not only in
tribology but also in other fields of physics, chemistry, biology, and
materials. Machine learning interaction potentials (MLIP) inherited
the accuracy of the ab initio description while maintaining the same
efficiency as classical MD. The advantages of their adoption allow
scientists to perform advanced studies with both long simulation time
and large system sizes, of particular importance in the modeling of
complex systems such as surfaces, interfaces, [29-34] or tribological
systems [35-37]. In the present work a MLIP has been developed for a
tribochemical system consisting of a group of gallate molecules acting
as additives to form a lubricious tribofilm interacting between iron
substrates. The MLIP was trained on a dataset constructed by means of
density functional theory (DFT) and AIMD simulations in a sufficiently
wide range of conditions to make sure that the whole potential energy
surface of interest is well sampled. To this end an active learning
method was applied to ensure possible physical and chemical alter-
ations initiated under the tribological conditions in the systems are
encompassed in the training process. The obtained MLIP enables us to
perform large scale MD simulations with big models containing up to
10000 atoms in the nanosecond time scale of interest to investigate fric-
tional properties. The obtained results permit to meaningfully evaluate
the performance of these lubricant additives, rationalize the effect of
alkyl chain lengths on the frictional properties, and progress further in
the atomistic simulations of tribochemical processes.

In Section 2 we describe the computational setup of our calcu-
lations, in Section 3 we present the results from the computational
modeling which are further discussed in Section 4.
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2. Computational details
2.1. Density functional theory calculations

All ab initio calculations and AIMD simulations were performed
using spin-polarized density functional theory (DFT) implemented in
VASP package version 6.3.2 [38]. The projector-augmented wave (PAW)
method was used for the interaction between electrons and ions.
The exchange and correlation functional was described by the gen-
eral gradient approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) [39]. The convergence threshold was set at 10 eV for the elec-
tronic energy and 10-2 eV/A for the forces. Brillouin zone was sampled
at the gamma point and the plane-wave expansion of the electronic
wave function was truncated by setting the cutoff energy to 450 eV.
The van der Waals (vdW) dispersion interactions between aromatic
molecules were described by the DFT-D2 method of Grimme [40,41].

We considered as lubricant additives a group of four gallate
molecules obtained from the gallic acid (C;H4zO5) by substituting an H
atom by an alkyl chain. We considered propyl gallate (PG) butyl gallate
(BG) octyl gallate (OG) and lauryl gallate (LG) with corresponding alkyl
chains of C3H;, C,Hy, CgH;; and C,H,s, respectively. The molecules
were fully optimized before adding them on an Fe (110) surface within
a supercell of area (14.20 x 12.05 [o\) [2] with a thickness of four atomic
layers. It is worth mentioning that the iron surface is anticipated to be
exposed following the removal of surface oxide layers from metal-to-
metal contact at asperities [42,43]. The pristine surface is chemically
active, directly reacting with additive molecules. Consequently, the
iron surface was selected as the adsorption substrate to represent the
more severe contact conditions. The (110) surface of iron was chosen
because it is the most stable surface of iron [44]. During geometrical
optimization, the bottom layer of the iron substrate was kept frozen
to better represent the effect of a bulk substrate. A vacuum layer of
at least 13 A was added on top of the molecular layer (or of the
upper iron counter surface in interfacial systems) to effectively separate
the systems of interest from its replicas along the z-direction, thus
reducing unwanted effect due to the periodic boundary conditions. The
adsorption energy per molecule (E,4 /mo,) was calculated by Eq. (1):

1

(Eads/mol) =- (Etolal - (Esurf +nX Emol)) (1)
n

where E,

oral 1S the total energy of the surface interacting with the
adsorbed molecules, E,,, and E,, are the energies of the isolated
surface and the isolated molecule, respectively, n is the number of
gallate molecules adsorbed on the surface.

2.2. Data generation, MLIP training and validation

The initial training of the MLIP was started with the data generated
from trajectories of AIMD and ReaxFF MD simulations. Relatively short,
few picoseconds, AIMD simulations were performed for four kinds of
systems: the bulk Fe, the Fe (110) surface, the bulk molecular liquids,
and a system with 6 gallate molecules adsorbed on the Fe(110) surface
(Fe-6GL). The reference geometries are presented in Figure S1a—d of the
Supplementary Material, taking the case of BG as example. The systems
were equilibrated at various temperature from 300 K to 3000 K to dif-
ferentiate as much as possible the sampling of the configurations used
to populate the initial dataset for the training. To integrate tribological
effects, MD simulations under sliding conditions were performed for
the models of Figure Sle using Lammps [45] with the ReaxFF force
field [46]. The simulations were performed under a 1 GPa load at a
temperature of 300 K for 100 ps, sampling atomic configurations every
1 ps for the calculations of energies and forces by DFT.

The DeepMD-kit package [47], written using Python/C++ lan-
guages and interfaced with TensorFlow [48], was used to perform the
neural network training based on evaluation of atomic energies and
forces. In particular, the DeepPot- SE (Deep Potential-Smooth Edition)
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model [49] was used and to effectively improve the training dataset,
additional data was generated through an active learning approach
as proposed by Zhang et al.[50] The training model includes two
networks, the embedding network and the fitting network, see Fig. 1
of Zhang et al. [49] The size of the embedding network was set to
(25,50, 100), and the size of the fitting network was set to (240, 240, 240).
The cutoff radius was fixed to 6.0 A and the descriptors decayed
smoothly from 0.5 A to 7.0 A. The initial learning rate was set to 0.001
at the beginning of the training process to achieve a final value of
1 x 1078, The total numbers of training batches were 1 x 10° for the
training with the initial dataset and the iterations in the active learning
process and 1.5x10° for the final production training of the MLIP model.
At the end of the training process, the MLIP was validated against the
ab initio data using the validation set, which contained configurations
not included in the training data.

Three independent MLIP were first trained separately for BG, OG,
and LG. PG and BG molecules have very similar sizes, and indeed
the potential initially trained for BG also worked fine for the shorter
chain PG. The training and active learning processes are similar to
that in our previous work for BG [35]. After several iterations, the
exact number depending on the system, these potentials were able to
properly describe the dynamics of the systems under sliding conditions.
At this point, all the configurations were combined in a unique dataset,
separating the training data from the validation data, and the active
learning process was restarted, similarly to the procedure for separate
molecules, but with the inclusion of systems with PG molecules. The
active learning procedure was iterated for 5 generations, until a unique
MLIP was obtained to describe all gallate molecules interaction with
the Fe(110) surface. Further details about the training process and the
active learning approach followed to optimize the training datasets for
the applications in tribological conditions are presented in our previous
publication [35].

2.3. Molecular dynamics simulations with machine learning interaction
potentials

In tribological conditions the superficial oxides present on steel
based surface are likely to be removed with molecules easily coming
into direct contact with a pure iron surface, which significantly favor
molecule chemisorption [23,35] with respect to iron hydroxides/ox-
ides and it is expected that additives will play a beneficial role by
alleviating direct Fe-Fe contacts. Therefore, simulations are focused
on iron substrates sliding in the presence of the gallate molecules, in
particular to investigate the specific role of the alkyl chain length.
The Fe surface was selected as representative of the contact between
two asperities in boundary lubrication regime. Large-scale molecular
dynamics simulations were performed under sliding conditions using
the final version of the MLIP by Lammps [45] version integrated within
DeepMD-kit.

The simulation model is depicted in Fig. 1, containing one layer
of gallate molecules confined between two iron surfaces. Two separate
Nosé-Hoover thermostats, one for each of group of three inner layers
of the upper and of the lower iron slabs, were applied to maintain a
substrate temperature of 300 K. The unaltered Newton equations of
motion were employed to integrate the dynamics of the atoms within
the gallate layer, which is, therefore, only indirectly thermostatted
through the interactions with the substrate. The tribological simulations
were performed under five different loads ranging from 0.5 GPa to
2.5 GPa. Pressure was applied as external downward forces acting
individually on the topmost atoms of the upper iron slab, while position
constraining forces on the bottom-most atoms of the lower iron slab.
The sliding was imposed by constraining the relative velocity (v =
50 m/s) along the x-direction between the uppermost and the bottom-
most layer of iron atoms, i.e. the same atoms used to apply the external
load. Periodic boundary conditions were applied along the x and y
directions while in the z direction a vacuum layer of at least 30 A was
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Fig. 1. Simulation model of a monolayer of gallate molecules confined between two
Fe (110) substrates for MLIP simulations. Arrows represent the action of the applied
pressure and of the constant sliding velocity constraint on the topmost iron layer,
identified by the dashed cyan perimeter. The dashed orange perimeters identify the
two regions in which iron atoms are thermostatted (NVT label), while the green one
the atoms subjected only to MLIP forces (NVE label). Finally the bottom-most dashed
black perimeter identifies the reference iron layer, with fixed atomic positions.

added to the top of the model. This was sufficient to prevent the emer-
gence of unphysical configurations, especially while under imposed
sliding, addressing, also thanks to the careful active learning stages,
known shortcomings of ML-based methods in describing very short-
distance interactions [51]. The atomic configurations of the systems
were collected every 10 femtoseconds along the trajectories obtained
during the over 1 nanosecond simulation time span. Snapshots of the
iron-gallate systems during sliding simulations were visualized using
the OVITO visualization package [52].

3. Results
3.1. Adsorption of gallates on iron surface by ab initio calculations

The adsorption of gallate molecules onto the Fe(110) is driven by
two competing mechanisms [35]. The high affinity between carbon
and iron atoms favors the atomic configuration with the aromatic
ring of the molecule laying down, parallel to the surface, with the
formation of strong carbon-iron bridges (Fig. 2a—d), with an optimized
geometry in which the molecule is somewhat distorted but remains
intact. When the structural relaxation is started with the ring perpen-
dicular to the surface, other less stable, minima are obtained with
the molecule intact and undistorted and linked to the surface by the
formation of weaker bonds between two molecular oxygen and two
iron atoms (Fig. 2e-h). However, for this perpendicular adsorption
the energy gains are much smaller than the previous parallel adsorp-
tion case, i.e., E,;, = —0.81,-0.82,-0.82,-0.89 eV instead of E_;; =
—3.34,-3.90, —4.00, —4.59 eV for PG, BG, OG, and LG, respectively.

Much more stable parallel adsorptions are obtained when one also
considers the possibility for the molecules to chemisorb by breaking
the OH bonds and removing the two hydrogen atoms from the two
oxygen atoms close to the surface. In this case, shorter and much
stronger Fe-O bonds are formed, and the adsorption energies become
more comparable with the case of the parallel adsorption, E,;, =
—3.43,-3.45,-3.44,-3.52 eV (Fig. 2i-1). Indeed, the establishment of
Fe-O-C bridges on the iron surface after the removal of two hydrogen
atoms, is in good agreement with the XPS spectra measured experi-
mentally [53]. This suggests that the picture can be constructed from
the single molecule adsorption energies may not be so complete and
that other factors could play a role in favor of the perpendicular
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Fig. 2. Parallel (a-d), perpendicular (e-h), and dissociative (i-1) adsorption of one gallate molecule on Fe(110) surface.
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Fig. 3. Perpendicular adsorption of gallate molecules on Fe(110) surface: (a—c) top and side views of 2/4/6 molecules in a supercell. The hydrocarbon chains have been removed
from the top views for clarity, each aromatic ring represents a gallate molecule. LG was selected as a representative, (d) adsorption energies as a function of coverage density.

adsorption geometry. In particular, since the molecules in the parallel
adsorption configuration cover a much larger portion of the surface,
one can expect the perpendicular adsorption to gain importance at high
coverages with the molecules orderly packed to form a compact self-
assembled monolayer with the alkyl chains all lined up parallel to each
other [24,54].

To investigate the cooperative behavior of the gallate molecules the
adsorption energies have been calculated as a function of the number
of molecules perpendicularly adsorbed in the supercell, as shown in
Fig. 3a—c. The study was performed with intact molecules to give
them more freedom in the lateral displacements during the relaxation
procedure. In the relaxed configurations, the molecules adsorb undis-
torted maintaining an ordered disposition which maximizes favorable
vdW interactions between the alkyl chains and also the formation
of hydrogen bonds across the molecules. A close packed monolayer
structure is achieved when the Fe (110) surface of the supercell is
covered with 6 molecules. The positions of the basal oxygen atoms

are well in registry with the periodicity of the underlying lattice (Fig.
3c), resulting in the full coverage of the surface by a monolayer of
gallate molecules. The adsorption energy per molecule shows a clear
decreasing trend when the number of molecules per supercell increases,
(Fig. 3d) making the perpendicular adsorption more stable with energy
gains of ~0.5 eV for the shorter chains up to ~1 eV for the longer ones.
Considering that the same gain makes the dissociated perpendicular
chemisorption the lowest in energy for all the gallate molecules taken
into account. Thus we can conclude that DFT predicts the formation of
stable (self-assembled) monolayer (SAM) on the Fe (110) surface at full
coverage, with the gallate molecules strongly anchored to the surface
by the establishment of two strong Fe-O bonds per molecules.

3.2. Validation of the deep neural network potential

The energy and forces of the configurations put apart in the valida-
tion set and not included in the training datasets, have been compared
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Fig. 4. Energies (a—d) and forces (e-h) calculated from the validation data by MLIP-MD simulations and DFT calculation for the confined models of gallate systems. Histogram
distribution of the errors between MLIP prediction and DFT calculations for the energy (i) and for the forces (j).

with the energy and forces calculated by DFT. Results for each molecu-
lar system show a good agreement with the DFT values for both the
energies, Fig. 4a-d, and the forces, Fig. 4e-h. For the energies, Fig.
4i, the RMSEs distribute mostly in the range from —0.002 to 0.002
eV/atom, with average values of 1.03 x 1073, 0.85 x 1073, 1.22 x 1073,
and 1.09 x 1073 eV/atom, for PG, BG, OG and LG, respectively. The
RMSEs of forces, Fig. 4j, are 9.61 x 1072, 8.42 x 1072, 10.32 x 10~2 and
8.96 x 1072 eV/A for PG, BG, OG and LG, respectively. Such values
for the RMSEs are representatives of the typical accuracies that can be
reached for complex systems of surfaces and interfaces, as reported in
the literature, [30,31,35] and characterize a MLIP which is well capable
of reproducing the accuracy of DFT calculations, albeit at a much lower
computational cost.

3.3. Tribological properties from MLIP molecular dynamics simulations

MLIP molecular dynamics simulations were performed for systems
with one SAM of gallate molecules confined between two iron slabs
as depicted in Fig. 1. For each of the four molecular types (Fe-PG,
Fe-BG, Fe-OG, and Fe-LG), initial configurations were generated with
three number of molecules per unit area, p = 0.0468,0.0351, 0.0234 10\_2
in the system, corresponding to a coverage of 100%, 66%, and 50%
respectively. The full coverage systems were generated starting from
the atomic configurations with 6 gallate molecules in a supercell ob-
tained from the DFT structural optimizations. A MD supercell with a
size of 42.6 x 36.14 A’ containing 72 gallate molecules in the SAM
was constructed by a threefold replica of the DFT systems, with a total
number of 4824, 5040, 5904, and 6768 atoms for PG, BG, OG, and
LG, respectively. In all the systems there are always 1440 x 2 iron
atoms forming the two identical slabs. The initial configurations for the
intermediate 66.7% coverage was obtained by removing one third of
the molecules from the DFT atomic configurations and then performing
the same replica procedure, while the low 50% coverage was obtained
by removing every other molecule from the full coverage models. The
dynamics of each system was first integrated for a total period of 100 ps
with only the applied load and at a temperature T = 300 K, in order
to equilibrate the SAM confined between the two iron surfaces. At the

end of the equilibration, the constraints imposing the sliding velocity
v =50 m/s were switched on, and the system dynamics integrated for
a further 1 ns timespan.

For each system time averages were taken, on the final half nanosec-
ond of the dynamical trajectories under load and sliding, for the
frictional properties, i.e. the interfacial distance and the resistive force.
The Fe-Fe separation Az = z,, — z,; is defined as the difference between
the average vertical coordinate z, of the iron atoms in the bottom-most
layer of the upper slab and the average vertical coordinate z, of the iron
atoms in the uppermost layer of the lower slab. The resistive force F, is
calculated as the average force per unit area exerted by the constraints
on the iron atoms moving at the constant relative sliding velocity v in
the x direction.

The frictional properties of the Fe-gallate systems with different
chain lengths at different coverages are presented in Fig. 5 by plotting
the resistive force per unit area as a function of the Fe-Fe separation.
More details are given in (Figure S2) and (Table S1).

At the full coverage, the Fe-Fe separations are maintained at large
distances in all gallate systems. As the applied load increases, the
separation between the two iron substrates decreases with a more
significant reduction found in correspondence with the longer chains of
OG and LG. It is worth mentioning that the roughly estimated lengths
of the molecules as depicted in Figure S3 correlate well with the Fe-
Fe separations, which remain stable during all the sliding (Figure S4),
indicating the stability under the tribological conditions of the SAM
layers, as in the initial DFT relaxed vertical configuration.

A similar distance-applied load relationship was found for the lower
coverage systems. However, significant reductions in the Fe-Fe sepa-
rations compared to those of the 100% coverage were recorded, with
values much smaller than the length of the molecules and with a less
pronounced dependence of the Fe-Fe separation on the chain length
when the coverage density decreases. Overall, these results indicate
that, at these lower coverages, there appear to be conformational
changes relative to the initial SAM configuration, which can have a
substantial impact on the frictional performance.

At low applied loads (0.5 and 1.0 GPa), remarkably low friction was
obtained for all gallate molecules at full coverage. Such close similarity
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Fig. 5. Shear stress as a function of Fe-Fe separation in four gallate systems at different coverage densities: (a) 100%, (b) 66%, and (c) 50%. The insert in (a) details the shear
stress behavior at a smaller scale. Color assignment: PG (Black), BG (Red), OG (Green), and LG (Orange).

can be explained by a friction mechanism which is mostly controlled by
the Pauli repulsion between the upper iron substrate and the flat surface
formed by close-packed hydrocarbon tails of the gallates molecules,
regardless of the chain length [24,27]. As the applied load increases,
the friction force maintains a low value only for the two molecules with
the longest chains, OG and LG, while it goes up sharply starting from
1.5 GPa load for the molecules with the shorter chains, PG and BG.

At the lower coverages, friction remains consistently low for both
the systems with OG and LG molecules. This result confirms that the
molecules with the longer chains are very effective in reducing friction
in all conditions, even at low densities, but, on the other hand, they
indicate that another different mechanism concurs in providing the
ultra-low friction. The chain length effect is more pronounced when the
lubricant additives form a loosely packed monolayer. Indeed, at low
coverages extremely high friction was recorded for the systems with
PG and BG molecules, especially at 66% coverage, where the resistive
forces of PG and BG systems are much greater than for OG and LG,
regardless of the applied load value.

In order to understand the underlying microscopic mechanism a
closer study of the structure of the monolayer is needed to understand
what leads to the ultra-low friction of the long chain tribofilms and
the high friction of the short chain tribofilms at the different coverage
densities that is clearly exposed in Fig. 5a—c.

3.4. Friction reduction mechanisms

The snapshots of the Fe-gallate systems at full coverage are pre-
sented in Fig. 6a—d at the sliding time of 500 ps and 2 GPa, together
with the densities of each atomic species along the vertical direction
(Fig. 6e-h). For all systems, the SAM configuration is well conserved
during the sliding, and it is stabilized by the Fe—~O-C bridges as a result
of the H detachment from the Fe—OH bonds. It is well-known that iron
surface is highly catalytic [55] which can facilitate the spontaneous
dissociation of the OH bonds near the surface [56]. In Figure S5 the
dynamical behavior of the number of Fe-H/Fe-O/Fe-C bonds present
during the simulations is shown as a function of time. H, O and C
atoms are considered bonded to Fe if their distance from the iron
surface is less than 1.8, 2.3 and 2.3 A, respectively. In all cases, the
OH dissociation at Fe-OH bonds occurs immediately starting from the
thermalization process under load, indicating, consistently with the
DFT calculations, a more stable dissociative form than the molecular
adsorption. The formation of Fe-O bonds is also associated with the
adsorption of the detached hydrogen atoms onto the lower surface.
Under high (2 GPa) loads, diffusion of hydrogen atoms into the iron
lower substrate can be observed, as it is indicated by the presence of
the tail of the hydrogen density curves in the iron region (Fig. 6e-h). It
is worth mentioning that the OH bond dissociation results in multiple
Fe—O-C bonds that play a crucial role to maintain the adhesion between
the SAM and the surface, thus keeping the SAM attached to the surface
under shearing conditions [54]. Indeed no decrease of the large number

of Fe-O bonds is observed during sliding at the lower iron surface.
On the other hand, some presence of Fe-C bonds at the lower iron
surface can be seen in Figure S5 due to the tilting under load of few
gallate molecules, that brings their aromatic rings closer to the surface.
However, the tightly packed configurations at high coverage promote
hydrogen bonding and vdW interactions across the molecules. These
interchain interactions keep the gallate molecules stand vertically and
stabilize the SAM structures under harsh conditions. The hydrocarbon
tails remain intact in the studied range of loads.

In all systems, apart from rare exceptions, all molecules stand verti-
cally with the last three/four —-CH, groups of the alkyl chains flattened
by the concerted action of compression and sliding. This behavior is
featured by a sharp peak in the density profiles near the upper iron
substrate. In both the short-chain and the long-chain systems, these flat
layers are well-ordered (Figure S6) and evenly distributed, and can be
assumed to be responsible for load bearing and friction reduction. Bond
formation at the upper iron surface is almost absent, but for the short-
chain systems of PG and BG (Figure S5a, b) where some short-lived
Fe-O and Fe-C bonds can be formed. The flattening of the hydrocarbon
tails, however, also makes the distance between the highest oxygen
atom of the molecules and the upper surface shorter, particularly in the
short-chain systems PG and BG when the load increases. With the short
chain, the hydrocarbon tails are unable to maintain the oxygen far from
the iron atoms to avoid their strong interaction. The higher the load the
closer are Fe and O atoms. As a result, also oxygen atoms are present
in the flat hydrocarbon regions and chemical bonds can be formed
between this oxygen of the molecule and an interfacial iron atom (Fe,)
of the upper substrate. The possibility of formation of Fe,—O bonds is
indicated by a small peak in the oxygen density profile at ~14 A, with
a reduced Fe,-O distance of ~2.1 to 2.3 A (Fig. 6e). Thus, the high
friction found in the short-chain systems can be primarily associated
with the intermittent formation of the Fe,—O bonds across the interface.
This behavior, on the contrary, is not present for the OG and LG systems
thanks to large Fe —O distances guaranteed by the presence of the long
alkyl chains. Thus, the low friction of the Fe-gallate systems at high
coverage can be directly associated with the role played the alkyl chains
in the stable, well-ordered, SAM.

For the lower coverages, snapshots of the PG and OG configurations
at 2 GPa and the corresponding density profiles are shown in Fig. 7 as
representatives of the short- and long-chain systems. It is evident that
the reduction of the Fe-Fe separation shown in Fig. 5b—c is associated
with the loss of the vertical orientation of the gallate molecules at
low coverages (Fig. 7a—d) [57]. The aromatic rings fall parallel to and
adsorb on the Fe surface, filling the empty space left by the removal of
gallate molecules from the corresponding 100%-coverage system. The
formation of Fe—C bonds at the lower iron surfaces dominates the bond
formation in all systems, as it is clearly seen in Figure S7. Multiple
Fe—C chemical bonds are formed between carbon atoms of the aromatic
rings and the surface, similarly to the parallel adsorption configurations
obtained from the DFT optimization and shown in Fig. 2a—-d, leading
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to significant number of Fe-C bonds compared to that of Fe-O or Fe-H
bonds. In addition, larger distances are present between the molecular
chains and this ultimately results in the loss of hydrogen bonding and
reduced vdW attraction across molecules and, eventually, in the col-
lapse of the gallate SAM. The ordered SAM collapse creates a tribofilm
characterized by an adsorbed layer of the aromatic rings and by the
formation of Fe-C and Fe-O bonds at the interface, as it is indicated by
the first sharp peaks in the carbon and oxygen density profiles near the
iron lower substrate. The number of Fe-O and Fe-H bonds at the lower
surface quickly increases during thermalization under load (Figure S7)
to reach an equivalent value per molecule similarly to the full coverage
systems, meaning that O-H bond dissociation occurs at the Fe-OH
bonds. The higher number of carbon atoms and the sharper peaks near
the lower iron surface in the profiles of the half-coverage systems (Fig.
7g-h) compared to those of the 66% coverage demonstrate a complete
transformation of the aromatic ring orientations from the perpendicular
to the parallel adsorption in the 50% coverage systems. The adsorption
layer fully covers the iron surface and thus can still play the role of a
protective layer to prevent surface damage.

The flattening of the aromatic rings onto the surface is not so
effective, leaving vacant spaces, in the short-chain systems. Thus, a
small fraction of PG molecules can move towards the upper iron
surface, as shown in Figs. 7a and 7c. These molecules are adsorbed
on the upper surface by the bonding between iron atoms and C and
O of aromatic rings, as it is indicated by a small peak near the upper
surface in the density profiles of carbon and oxygen (Figs. 7e and 7g).

Bond formation at the upper surface can be found in PG systems for
Fe-C, Fe-O, and Fe-H bonds, as shown in Figures S7a-b. Overall, this
leads to the creation of tribofilms with a disordered structure and the
molecular layer at the sliding interface presenting a mix of hydrocarbon
tails and aromatic rings. As a results, a significant increase in friction
was found for the short-chain systems at low coverages. In contrast, in
the longer-chain systems, a conformational transformation occurs not
only for the aromatic ring orientations but also for the orientation of the
hydrocarbon tails. Particularly, under sliding condition, the alkyl chains
reorganize to form a packed hydrocarbon layer parallel to the upper
surface. Unlike the short-chain system PG, no chemical bonds form at
the upper iron surface (Figures S7c-d). Thus, in the long chain systems,
there are two well distinguished carbon layers along the z direction,
one for the aromatic ring and another for the hydrocarbon tails. These
features are highlighted by the two distinct sharp peaks in the carbon
density profiles in Fig. 7f, h, more pronounced in the half-coverage
system (Fig. 7f). This is due to the fact that in the 50%-coverage system,
on the iron surface the vacant space is larger and, with a distribution of
molecules more even and uniform, all the molecules have enough space
to undergo the upright-to-flat geometrical transformation (Figure S8).
In the 66% coverage system, the density profiles show that there are
carbon atoms present in the region between the peaks corresponding to
the ring and to the tail layers, implying that a portion of the molecules
remains upright. On the other hand, thanks to the larger sizes, the
longer alkyl chains can still fill up the vacant space left by the flattening
of the carbon rings, and prevent the migration of OG molecules towards
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Fig. 8. Two proposed mechanisms of friction reduction by gallate molecules: (a) the formation of a SAM and (b) the formation of double carbon layer.

the upper surface. More importantly, the parallel orientation of the
hydrocarbon tails creates a supportive layer for friction and loads,
where Pauli repulsion dominates resulting in extremely low friction for
these long-chain systems. This means that a uniform distribution of the
molecules plus sufficiently long chains to effectively fill space can still
be highly beneficial for friction even at lower concentrations, and that
the friction reduction mechanism here described can be used to tune
the frictional performance by modifying the coverage density as well
as the chain length of the lubricant additive.

4. Discussion

The frictional results summarized in Fig. 5 show that either at
high or low coverages, the longer alkyl chains of the OG and LG
molecules outperform the friction reduction property of the shorter PG
and BG counterparts, a result which is in good agreement with the
experiment showing that lower friction is obtained with longer chains
of gallate [53]. The behavior becomes more clear at lower coverage
densities. From the analyses of the molecular structures of the gallate
system under sliding conditions, we propose a twofold mechanisms
of friction reduction associated with low- and high- coverage systems
as depicted in Fig. 7. At the full coverage, the friction reduction
behavior can be explained by the fact that the molecular layers are
tightly packed. The breaking of OH bonds to form direct Fe-O-C
bridges together with the interchain interactions stabilize the SAM and
molecules remain upright throughout the sliding process (Fig. 6). As
a result, the low friction is controlled by the direct contact of the
tails of the tightly-packed hydrocarbon chains and the iron surface in
all systems [57]. This explains the magnitudes of the resistive forces
are relatively consistent with only a minor increase in the case of the
shorter chain lengths.

The frictional performance depends even in a more pronounced
way on the chain length when the tribofilms are loosely packed. While
OG and LG maintain low friction, PG and BG have extremely high
friction, particularly as the applied load increases. In addition, the
significant reduction in the Fe-Fe separation compared to the full-
coverage systems suggests that different mechanisms drives the high
friction of the short chains and the ultra-low friction of the long
chains. A first mechanism is based on the formation of a well-ordered
SAM layer in which the head groups are stabilized by the formation
of Fe-O-C chemical bonds as a result of OH bond dissociation and
the tail groups are the hydrocarbon chains playing the key role of

friction supportive layer (Fig. 8a). A second mechanism is related to the
formation of two distinct carbon layers in which one layer is composed
of aromatic rings, covering the surface and another layer is formed by
the alkyl chains oriented parallel to the surface (Fig. 8b). This creates
a flat layer of hydrocarbon chains near the upper iron surface, over
which the load is distributed more evenly and the Pauli repulsions
and weak vdW interactions dominate. Both mechanisms are promoted
by the tribochemical reactions between the iron surface and the head
groups of the gallate molecules that permit the formation of these stable
carbon layers and reduce friction thanks to the cushion region filled
with well-ordered hydrocarbon chains.

The effective elimination of chemical interactions between gallate
molecules and the counter iron surface, with the formation of a stable
well-ordered hydrocarbon layer, are the factors that play the friction
reducing role and are secured by the sufficiently long chain, i.e. those
of the OG and LG molecules that have been proven to provide better
frictional performances compared to BG and PG.

These simulations highlights the need of using a reliable potential
that can accurately describe friction-induced chemical reactions and
the importance of statistical large scale models with simulation long
enough to permit the systems to reach stationary condition, with a
timescale of several hundred picoseconds in the systems we studied that
it is not possible to explore with sufficient accuracy by ab initio molec-
ular dynamics. The present molecular dynamics simulations based on
machine learning interaction potentials achieve this goal with results
that not only show a good agreement with the experiment but also
permit to better understand the underlying atomistic mechanisms and,
thus, to give an interpretation of the frictional properties.

A parallel investigation was carried out taking the ReaxFF from
Shin et al. [46]. We report here as an example the results from the
simulation of the OG gallate systems at 1 GPa, performed with an
identical setup to that of the MLIP-MD simulations. A comparison of
the structural properties of the systems obtained with the ReaxFF and
the MLIP force fields is presented in Fig. 9. The analysis of the radial
distribution function (RDF) at 1 GPa shows that the DNN potential
predicts with DFT accuracy the chemical interactions at the interface,
with Fe-O and Fe-C peaks around 1.8-2.2 A, while ReaxFF fails to
describe chemical bonds that characterize the adsorption of gallates on
the iron- surface, which is one the critical factor that define the stability
of the SAM in the systems. The ReaxFF force field overestimates the
Fe-O bond distances, with an Fe-O peak at 3 A in the 100% coverage
system (Fig. 9a,d), while it underestimates the Fe-O bonds (~1.5 A) in
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the 66% and 50% coverage systems (Fig. 9b, c¢). Chemical interactions
can be found in the 66% and 50% coverage systems, but the bond
formation is mostly based on the non-bridging oxygen and one or two
carbon atoms of the aromatic rings with the iron atoms of the lower
surface (Fig. 9e, f), which is unlike what can be obtained with the DFT
optimizations, as shown in Fig. 2a—-d. The mechanisms suggested by
the reaxFF simulations lead to the displacement of some OG molecules
from the lower surface to the upper one, and are able to create only
a disordered lubricant layer, which is not as lubricious as the SAM,
with frictional property massively affected. Therefore, results from
simulations with empirical and reactive force fields should be taken
with due care. The interaction potential should be carefully trained and
validated for the specific system in order to obtain reliable statistical
results as well as to provide meaningful atomistic mechanisms and also
to be extended to other systems. Training specific machine learning
interaction potentials to describe the system under study do achieve
the required accuracy.

5. Conclusion

In this work, we have trained a MLIP based on ab initio data for
tribological systems consisting of iron slabs lubricated by eco-friendly
gallate molecules. The MLIP reproduces ab initio accuracy and enabled
us to simulate tribological conditions in the systems where chemical
reactions occur. We have performed large scale MLIP MD simulations
to investigate frictional properties and understand the atomistic mech-
anisms of friction reduction of the gallate lubricants. We found that
gallate molecules can organize to form a SAM on the iron surface
at high coverage density that behaves as a very effective lubricious
tribofilm. Under tribological condition, MLIP MD simulation results
show that longer gallate chains (OG and LG) are more effective than
shorter chains (PG and BG) in providing lower friction and larger
interfacial separation, in agreement with what is found experimentally.
The different performance of the shorter and longer gallate chains is
better distinguishable at lower coverage densities of 66 and 50%.

Notably, we identify two atomistic mechanisms associated with
friction reduction at high and low coverage densities. In particular, at
high coverage density, the hydrocarbon chains of the SAM formed from
upright adsorbed configurations of gallate molecules is responsible for

supporting the frictional activity in the systems. The SAM is stabilized
by the Fe-O-C bridges as a result of OH bond dissociation on the iron
surface. Hydrogen bonds across molecules also help to lower the energy
and to maintain the order of the hydrocarbon tails. The high friction
found in the shorter chain systems (PG and BG) is associated with the
formation of Fe-O chemical bonds across the interface at high applied
loads.

At low coverage density, more clearly visible in the half coverage
case, a double carbon layer is formed in the systems by the adsorption
of aromatic rings onto the lower surface and by the orientation of
the hydrocarbon chains parallel to the upper surface. The latter well-
ordered hydrocarbon layer plays a key role as a friction reduction
agent in the low coverage systems by forming a cushion were Pauli
repulsions and weak vdW attraction dominate the interactions at the
sliding interface. Meanwhile, the extremely high friction experienced
in the short chain systems is due to the disordered state in the gallate
layer under tribological conditions. These findings provide in-depth
understanding for the interpretation of the frictional performance of
gallate lubricants observed by experiments, and uncover key, general
mechanisms that can help in designing effective additives for green
lubricants.
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