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Abstract
A theoretical study considering Density Fu.iciional Theory and classical

Molecular Dynamics simulations is reported on th:> stuuy of the behavior of model
poly-a-olefins base oils interacting with 2D Mc'> n onolayers. 2D materials offer a
promising route to enhance anti wear and frirtion reduction. Among them, MoS, show
a set of specially favourable properties. The: ow}zctive of the present work is to develop
a nanoscopic characterization to sho'v th 2 roots of the use of 2D MoS, monolayers as
additives that reduce friction and vear wich respect to plain lubricants. Three different
types of hydrocarbons are conside. >, including the most relevant features of these
oils: linear, star-like and braici.~d compounds. The reported results show a large
affinity of the three comnco.nds for the monolayer surface, leading to very efficient
adsorption guided by va,. der Waals interactions as well as by certain charge transfer
toward the hydrorark~n. The development of adsorbed layers on the surface leads to
changes in the base ni' properties although being concentrated in a region close to the
monolayer, with lower effects at larger distances. The presence of hydrocarbons with
very different geometries hinders highly ordered molecular packing beyond the layer
in direct contact with the surface. Nevertheless, the rearrangements on top of the
MoS, surface will lead to large changes in the base oil behavior for lubrication
purposes, enhancing tribological and anti-wear properties of MoS, nanosheet

additivated poly-a-olefins base oils.
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The reduction of friction and wear of machine parts is of great relevance not
only because of technological purposes but also from a sustainability viewpoint
considering that 20 % of the world's total energy consumption is used to overcome
friction [1]. The purpose of improving lubrication, and thus reducing energy losses,
may be fulfilled using new technologies for surface treatment, new materials and
lubricants. A suitable approach consists in the modification of traditional lubricant
base oils by the addition of nanoparticle additives, which have showed to improve the
tribological behavior of lubricants [2].

The use of Trivalent Metal Dichalcogenides (TI1Ds), especially MoS,, as
nanoadditives for base lubricant oils has been considered i *he literature [3,4]. Many
different geometries for TMDs nanoadditives have oc=n proposed starting from
nanosheets (hydrothermally synthesized [5] or elc-trochemically exfoliated [6]) to
complex structures like flower-like [7] or sphei:.-al 1.anoparticles [8], and advanced
structures like nano-MoS, quantum dots 2! MoS, nanoparticles have proved to
reduce friction and wear in concentrations bei.w 2 wt% for different types of base oils
[10]. In particular, two-dimensional vlo®, monolayers have proved to be successful
nanomaterials for improving, mo.'ifying and controlling base oil properties [11,12,6].
These 2D nanoadditives have slo'w 4 remarkable lubrication improvements; for 2D
hydrothermally synthesized No>, decreases up to 60% in the coefficient of friction
and 7% wear scar diameter \:ith low nanoadditives concentrations (0.05 wt%) [13]. for
2D electrochemically extc'iat2d MoS,, decreases up to 10% in the coefficient of friction
and 42% wear sce. w,th with the same low concentrations [6]. 2D MoS, nanosheets
have exhibited suitab'a dispersing ability in base oils [14] [6], with the friction and
wear reduction produced by the suitable nanomaterial penetration into the contact
areas, thus leading to the formation of thick tribofilms inside the wear tracks and the
prominent tribological performance of the two-dimensional MoS, nanosheets.

The probed performance of 2D MoS, monolayers as nanoadditives requires a
suitable characterization of the mechanism of base oil — nanosheets interactions to
show the changes in the lubricant properties in presence of the nanoparticles. This
understanding will allow to improve the lubricant formulations as a function of the
type and concentration of the additives, and it will show the nanoscopic basis of

lubrication mechanisms. Although the available experimental studies have partially



showed the properties of the oils + MoS, nanofluids, thus showing the changes in the
thermophysical properties of the oil in presence of the nanoadditives as well as
proposing possible lubrication mechanism [6, 15, 16] a detailed nanoscopic
characterization is still absent. For this purpose, molecular modelling studies are a
suitable tool for characterizing the nature and structure of the considered nanofluids,
providing nanoscopic details not reachable through most of the experimental
researches. Despite the relevance of molecular simulation studies, the available
literature is scarce. A previous study reported by our research group studied the
interaction of hydrocarbons (n-octane) with 2D MoS, mcnaolayers, thus showing an
impressive rearrangement of the fluid in the vicinity of th< . ~orolayer surface leading
to a quasi-smectic liquid crystal behavior which would vc on the roots of the base oil
modifications because of the nanoparticles presence 17). Although this previous study
probed the fundamentals of hydrocarbon — mor. lay: rs interactions, the composition
of base oils is far more complex, and thus ths ~tudy of complex hydrocarbon mixtures

is required to show the real behavior of M.S, i..onolayers in real lubricants.

Model

Poly-a-olefin (PAO) synthetic ubricants are largely relevant oils for the industry
[18], for example for synthet.c motor oil basestock [19], and thus their consideration
for the study of MoS, monclayers as additives is highly relevant. A model of PAO
synthetic lubricants was u.veioped by Kioupis et al. [20] for their molecular dynamics (MD)
simulations. They coi."idered three different isomers to represent the most relevant
molecular features o1 these base oils: i) n-octadecane (C18), to represent linear long n-
alkanes, ii) 7-butyl-tetradecane (C14_C4), used to model star-like components of the
oil with some degree of molecular branching, and jii) 4,5,6,7-tetraethyl-decane
(C10_4C2), to consider highly branched compounds in the oil (Figure 1). It should be
remarked that for base oil components, linear hydrocarbons although being largely
present are not very good lubricant agents because of their high pour points, thus the
introduction of branched hydrocarbons lower the oil pour points although increases
oils viscosity. Therefore, a balance between linear and branched compounds is

considered during base oils formulations. Previous theoretical studies have considered



the behavior or graphene 2D materials on PAOs lubricant oils [21], showing the
modifications of the oil by the presence of nanosheets and probing the suitability of 2D
nanomaterials for modifying PAOs base oils properties.

The required nanoscopic characterization of PAO — 2D MoS, nanofluids is
reported in this work by using a combined theoretical study using Density Functional
Theory (DFT) and classical MD simulations considering the three PAO components as
reported in Figure 1. DFT studies on the PAOs — monolayer surface interactions
provide structural and energy characterization of the interaction of the PAOs with the
surface, thus characterizing the main features of PAOs adsc rption and main features of
PAOs modification because of the monolayer presence r.-ther characterization, in
terms of size and time, is developed by using MD, in w:uc a mixture of the three PAO
components (x = 0.33, for the three PAOs, with x sta:ding for mole fraction) in contact
with the monolayer surface is analyzed. This mu *isci le approach provides a detailed
characterization of the main features of I':“ricants — 2D MoS, monolayers, thus
providing the characterization in terms «f Luse oil structural changes, adsorption,
interface behavior and systems ener sy. " he reported results will allow to advance in
the knowledge of 2D TMDs as adctives for improving oils performance, thus enhacing

lubrication processes.

Methods

SIESTA 3.2 parwn.7e (22] was used for DFT calculations. The theoretical level
combined generaliz.4 gradient approximation (GGA) with Perdew-Burke-Ernzerhof
(PBE) [23] functionai and norm-conserving pseudopotentials, with Troullier—Martins
parameterization [24]. Numerical double-z polarized (DZP) basis sets were considered.
The Grimme’s approach [25] was applied for including van der Waals dispersion
interactions. A 2D MoS, monolayer with 147 atoms and 22.1228 x 22.1228 A?
dimensions was used with 20 A vacuum layer on top of it. Single PAO molecules were
initially placed at 3 A on top of the monolayer and they were relaxed using the

conjugated gradient method (force convergence criterion of 0.04 eV-A™) with self-

consistent field equations solved to 1 - 10"*eV. 9 x 7 x 1 Monkhorst-Pack grid [26]



with a cut-off of 400 Ry was considered. The strength of PAOs adsorption on the

monolayer surface was quantified using the interaction energies, AE:

AE = Ecpyster — EMOSZ —Epao (1)
where Ecjyster, Emos, and Epyo are the energy for system formed by PAO - MoS,, for
the isolated MoS,, and for PAO isolated molecules, respectively.

MDynaMix v.5.2 package [27] was used to carry out classical MD simulations.
For MoS,, Sresht et al. [28] force field was considered, and it has showed to be suitable
for describing MoS, — hydrocarbon interactions [16]. The PAOs molecules were
described using OPLS-AA force field [29]. A MoS, monolay. composed of 756 atoms
(49.2 x 44.3 A% was placed in the xy plane. The systems ¢ nsic'ered for MD simulations
were i) pure PAO liquid layers (250 PAO molecule:) o top of MoS, monolayer,
considering pure C18, C14 C4 or C10_4C2 molecri'les, ii) a PAO liquid layer on top of
MoS; monolayer composed by a mixture of C18 + ~14_C4 + C10_4C2 (x = 0.33, with x
being mole fraction and 255 total molecuies;. All the systems have 250 A in the
direction perpendicular to the monelay~r surface, thus monolayer — PAO and
monolayer — vacuum interfaces are pios :nt in the simulated systems. Initial simulation
boxes were built using Packmol p.~gram [30]. Periodic boundary conditions in the
three space directions were consicer=d. MD simulations in the NVT ensemble at 293 K
for 50 ns were carried out. e systems temperature was controlled with the Nosé-
Hoover method. Ewald mc*hed was applied for Coulombic interactions (15 A cut-off).
Lennard-Jones contriF.io..> calculated with a 15 A cut-off, and Lorentz-Berthelot
mixing rules. Tuckei.mai—Berne double time step algorithm [31] (1 and 0.1 fs for long
and short time steps) was considered for solving the equations of motion. The Data

analysis s was carried out with VMD [32], TRAVIS [33] and VESTA [34] softwares.

Results and Discussion

DFT Results. The systems considered for DFT calculations involve single PAO
molecules placed on top of the MoS, monolayer, which were relaxed to infer the most
favorable configuration of interaction between the PAO and the surface, thus
providing the fundamentals of the mechanism(s) of adsorption. Results in Figure 2

show the lowest energy conformation of PAO + MoS, systems for C18, C14_C4 and



C10_4C2. The values reported for AE show large affinity for the monolayer surface for
the three considered PAOs following the ordering C18 > C14_C4 > C10_CA4C2. The
geometry (branching) of the PAO molecule has a large effect both on the strength of
the interaction with the MoS; surface as well as in the molecular arrangement on the
surface. In a previous study, the adsorption of n-octane molecule on MoS, was studied
by using DFT showing a AE = - 1.8 eV [16]. Results in Figure 2a for C18 show AE = -4.6
eV, which is 2.6 times larger than for n-octane, considering that C18 has 2.3 times C
atoms than n-octane, the increase in AE would correspond to the increase of
hydrocarbon — monolayer van der Waals contacts, which are the main components
guiding the adsorption on the surface. Likewise, the C18 tJ 5 'rtace distance (3.35 A) is
almost the same as for n-octane (3.2 A [16]), thus cun*rming the same interaction
mechanism for linear n-alkanes. The molecular oric “tation of C18 on the monolayer
surface, Figure 2a, confirms an almost perfect pa. “llel arrangement regarding the top S
atoms, which will increase van der Waals inte-zctions. Nevertheless, the van der Waals
like interactions are not the only relevant f2atu. e determining C18 interaction with the
surface, the calculated Hirshfeld ckrges show that C18 is partially charged upon
adsorption on the surface, whic,> will lead to C18 — surface relevant electrostatic
interactions. This effect is not df pr.. 42nt on the considered charge model, analogous
results were inferred using ttie v~ronoi method. The different terms contributing to
the total AE are reported n Figure 3. These results confirm that van der Waals
interactions, described ir, *his; work using Grimme’s method, have a prevailing role for
the C18 adsorptio’ boing a 36 % of the total AE. In fact, energy associated to van der
Waals interaction is t'.e only energy term with favorable monotonic contribution to
the adsorption while the other three terms show a more complex behavior. They are
favorable and unfavorable to adsorption, depending on the hydrocarbon geometry
and, as it will be shown later, the electronic density cloud. Furthermore, these results
agree with Fourier Transform Infrared spectroscopy that reveal that no new spectral
peaks or shifts are found for the additivated lubricants compared to the plain engine
base oil, indicating that no chemical bounds are formed [6].

The development of branching in PAOs changes the mechanism of interaction
with the surface, specially for high degree of branching. Results in Figure 2 for C14_C4

and C10_4C2 show that branching decreases AE, with the larger decreases with larger



degree of branching. Although C14_C4 and C10_4C2 still show remarkable affinities for
the monolayer surface, as confirmed by their AE values, these are lower than those for
C18 in spite of having the same number of C atoms. In the case of the star-like
C14_4CA4 structure, the molecule is still adsorbed in a slightly skewed orientation on
the surface showing large AE, but the distance to the surface increases in comparison
with C18 as well as the charge on the PAO, thus justifying the lower AE. Nevertheless,
the van der Waals contribution is still the main component of C14_C4 interaction with
the monolayer, with the other terms to the total AE also decreasing when compared
with C18, Figure 3. In the case of largely branched C10_4C2 PAO, the lower AE is
clearly justified by the molecular arrangement reportec n. Figure 2c. The C10_4C2
molecule adopts a non-parallel arrangement on the Mr.5; -urface, which decreases the
average molecular distance to the monolayer, thus < =creasing both the van der Waals
interactions as well as the surface to PAO charg. trasfer and weakening adsorption
ion the surface. Therefore, the PAOs adsorr+ a1 mechanism is largely dependent on
the degree of branching, with decreasing «tre..gsths of adsorption when the molecular
structure deviates from the linearity. " his effect would guide the behavior of lubricants
on the surface because branchcd and non—branched PAOs are included in the
formulations to improve performarc>

The adsorption of PAfs ¢.» the monolayers may lead to changes in molecular
properties and geometries 'ipon adsorption. The average carbon — carbon bond
distance is quantified for *h¢ three studied PAOs when adsorbed on the surface and
reported in Figure * 1 ~e wverage C-C distance for isolated PAOs (i.e. in gas phase, non-
adsorbed) is 1.53 A, th s results in Figure 4 show very minor changes upon adsorption,
a slight trend to increase C-C bond distance is inferred, especially for branched
compounds but the features of PAOs are maintained upon adsorption in spite of the
strong interaction with the MoS, surface. The PAOs — 2D MoS; interactions upon
adsorption may produce changes in the monolayer properties. This possible effect was
guantified by the Density of States (DOS) as reported in Figure 5. A first inspection of
DOS in Figure 5 show minor changes when comparing clean monolayer with those
including the adsorbed PAOs both for linear and branched hydrocarbons. The most
relevant features are maintained, with the only relevant change being produced by the

decrease in the band gap, especially when branched hydrocarbons are present. The



band gap calculated in this work for pristine 2D MoS; monolayer is 1.73 eV, which
agrees with theoretical values reported in the literature (1.66 [35] to 1.9 eV [36],
depending on the considered theoretical approach) and are also in suitable agreement
with experimental value (1.8 eV [34]). For C18 + MoS,, the band gap decreases to 1.47
eV, and for C14_C4 and C10_4C2 band gaps of 1.18 and 0.67 eV, respectively, are
obtained.

The changes in the band gap as well as the reported monolayer to PAO charge
transfer indicate that, apart of van der Waals like interactions, there should be
relevant interactions affecting the electronic density upcn PAOs adsorption. These
effects are analyzed in Figure 6 showing the electronic ucsiwy distribution along a
plane perpendicular to the monolayer surface. Restits ‘n Figures 6a and 6b show
electron density profiles along the H and C atoms of C18 molecule, perpendicular to
the monolayer surface. In the case of H atoms, Figure 6a, which are closer to the
surface than C ones (Figure 2a) there is a r!zar overlapping between the electronic
distributions on the surface and those corraspu.ding to the PAOs. The reported results
show that H atoms close to the su<fac2 are efficiently interacting through shared
electronic density regions, throu~h which the charge transfer toward the PAO is
produced, thus leading to the cne. s reported in Figure 2a. The electronic density
along a plane perpendicular to the surface through the C atoms show a minor
overlapping with the underi,ing monolayer, although some interaction is inferred it is
clear from Figures 6a an.' 65 that the interaction is mainly produced through the H
atoms. In the cas. o/ hre.nched molecules, Figure 6¢ for C14_C4, the arrangement of
PAO molecules, not <o perfectly planar as for linear C18, allows a more efficient
interaction through the C atoms, with an increase in the overlapping of electronic
density regions (Figures 6b and 6c), thus leading to charge transfer not only through
the H atoms but also through some of the C atoms. This will justify the large charge
transfer reported for C14_C4, Figure 2b, in spite of the lower molecular planarity on
the surface upon adsorption in comparison with C18. In the case of highly branched
C10_4C2, the low charge transfer, Figure 2c, show minor overlapping of electronic
density regions because of the non-planarity of PAO molecule upon adsorption. These
results for electron density evolution are confirmed in Figure 7 where the electronic

density in the middle of the region of monolayer — PAO interaction are reported.



Results for C18 and C14_C4_ show high electron density below each PAO molecule,
Figures 7a and 7b, thus showing overlapping and sharing of electronic clouds, whereas
low density is inferred for C10_4C2, Figure 7c

MD Results. The DFT results reported in the previous section show the main
features of PAO molecules interacting with MoS, monolayer surface. Nevertheless, the
behavior of MoS, monolayers as additives to PAO lubricant oils requires to consider
additional effect because of the presence of PAO liquid layers, which are not
considered in DFT calculations, and which can be reached through MD simulations. To
attain a systematic picture of the behavior of PAOs witl regard to the considered
surface, first PAO liquid layers composed by a single type u1 ?AO where put in contact
with the monolayer, and then simulations considering a + AU mixture (C18 + C14_C4 +
C10_4C2) was considered. In this way, particular ~ffects rising from each type of
molecule are inferred as well as well as adau.tionil effects by the simultaneous
presence of the three types of PAOs, i.r. vossible cooperativity, synergistic or
additional effects as present in the real ba<z2 o...

Molecular density profiles 2'onf, a plane perpendicular to the monolayer
surface are reported in Figure 8 fc. the three systems considering pure PAOs in contact
with 2D MoS,. Results in Figure 37 "tows a completely different behavior for C18 in
comparison with C14_C4 and C1lc_4C2. The distribution of C18 is characterized by the
presence of successive ads-rbed layers on top of the monolayer surface. The first
layer is the most clear,,; dafined with the number density peaks intensity being
damped with incroas.~e distance to the surface, but nine well defined consecutive
layers are inferred. Tk.s effect was previously reported for a shorter hydrocarbon, n-
octane [16], and it is a consequence of the large affinity of linear n-alkane molecules
for the MoS,; surface as well as for the arrangement of C18 molecules on top of the
surface, which allows efficient C18 - surface interactions as well as C18 — C18 ones.
Results in Figure 8b show the distribution of C18 on top of the monolayer, and
although the first layer is perfectly defined, additional layers are less defined,
especially when compared with previous results for n-octane, which showed a quasi-
smectic like behavior [16] not present for long C18 hydrocarbon. Therefore, a highly
structured fluid is inferred for C18 on top of the monolayer but the structuring is less

remarkable than for shorter hydrocarbons. The parallel orientation of C18 molecule
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with regard with the monolayer surface along the simulations is confirmed in Figure 9
using the angle distribution. In the case of branched C14_C4 and C10_4C2 a first
strongly adsorbed layer is inferred, Figures 8a, 8b and 8c, but further ordering is
limited to a second adsorbed layer without additional perturbation of the liquid.
Likewise, the orientation on the first layer is not prevailing parallel to the surface in
contrast with the C18 distribution. These results agree with DFT orientations reported
in the previous section and show the disrupting effect of branching in PAOs with
regard to the orientation on the surface and liquid rearrangements.

The strength of pure PAOs — monolayer interacti 'rs is quantified from MD
simulations, Figure 10. Larger, Ejner values for C18 are infe.rc 1 but efficient interaction
for C14_C4 and C10_4C2 are also reported. There/nre, although the parallel
arrangement of C18 on the surface allows largei van der Waals interactions, i.e.
stronger adsorption, in the case of branche ! h/drocarbons the less oriented
structuring do not avoid efficient interactior “:ith the surface, thus allowing efficient
adsorption although limited to the layers i*. diic.t contact with the surface.

Once the PAOs molecules -re adsorbed on the monolayer surface their
distribution is completely differei.* to those in bulk liquid phases. In the case of C18,
radial distribution functions, RCrs, ~igure 1la show that C18 molecules are closely
packed to neighbor molecu es. The arrangement reported in Figure 11b shows
localized domains with C18 .~olecules, with parallel arrangements to the surface, and
they are also adopting pora lel orientations between them, thus leading to efficient
C18 — C18 interac*.~n_ Thiis efficient self-aggregation of C18 molecules also favors the
stabilization of the ad.,orbed layers beyond the strong affinity for the surface. In the
case of branched compounds, RDFs do not show efficient self-aggregation on the
adsorbed layer, especially for C10_4C2. The branching of PAOs hinders efficient self-
interaction, leading to lower PAOs density, Figure 8a, and thus to less stable adsorbed
layers.

The larger interaction energy between the PAOs and the monolayer surface,
combined with the PAO — PAO self-interactions upon adsorption, especially for C18,
should modify the dynamic properties of the PAOs in comparison with those molecules
in the bulk liquid phases. Self-diffusion coefficients, D, were calculated from mean

square displacements, msd, and Einstein’s equation. Values reported in Figure 12 show
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lower diffusion rates for C18 in comparison with branched PAOs. Additionally, the
strong linear correlation between D values and Ej,., confirms that the stronger the
affinity of the PAOs for the surface the slower the molecular diffusion. Therefore, C18
showing the larger orientation on the surface because of its strong affinity leads to
lower D values when compared with branched PAOs. Nevertheless, considering that
branched PAOs have suitable affinity for the monolayer surface, their molecular
mobility is also low once they are adsorbed. These results confirm that the
modification of base oil properties would stand not only on the behavior of C18 (i.e.
linear compounds) but also on the branched ones.

Results in previous section considered the behuvicr of pure PAOs on the
monolayer surfaces, but the modelling or a realistic bace il was developed using a C18
+ C14_C4 + C10_4C2 mixture, with the same cor.'ent ror all the considered PAOs
(x=0.33). Number density profiles reported in Fig. ve 13 shows a first adsorbed layer in
contact with the surface with presence of the “*hree PAOs. The composition of this first
layer is slightly different to that for the bulk \quid phase, with an enrichment in C18
and mainly in C14_C4 and a lower co’ ten. for C10_4C2. Likewise, the ordering because
in the mixture is well extendec beyond the first layer, and although being less
remarkable than for neat C18 'hvu. ‘= that the simultaneous presence of the three
components leads to larger cisruntion of liquid structuring in comparison with pure
branched PAOs. Therefore. o ~ooperative effect is inferred which show that in the case
of real base oils the distontion of the oil structuring would be extended beyond the
region in close c7.nta-t 'vith MoS; nanosheets as well as indicating that branched
hydrocarbons are alse adsorbed on the surface despite of their lower affinity for the
monolayers. The interaction energies for the adsorbed mixture are reported in Figure
14. It should be remarked that larger values are obtained for C14_C4, which agrees
with the enrichment in this compound reported in Figure 13 for the first adsorbed
layer. Nevertheless, the three PAOs show strong interactions with the surface thus
confirming suitable adsorption. Additionally, results of Ejtr for PAO — PAO interactions
show that homo and heteroassociations are developed upon adsorption although
being weaker than PAO — monolayer ones. RDFs reported in Figure 15 show that C18
molecules maintain their trend to be self associated and the branching of C14_C4 and

C10_4C2 leads to less ordered self and heteoassociations upon mixture adsorption.
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Nevertheless, the suitability of each type of PAO to be or self-associated or to develop
heteroassociations with other types of PAOs allows efficient adsorption for all the
mixture components, no preferential PAO interaction seems to be developed and the
simultaneous presence of all the mixture component in the adsorbed layers confirm
that the studied model base oil interacts efficiently with the nanomaterial with large
modifications on the oil properties.

From the experimental point of view Guimarey et al. [6] have shown that
additivation of 2D MoS;, to a PAO based oil (commercial SAE 5W-30) decreases
kinematic viscosity (around a 6 % for different MoS, :cncentrations), decreases
coefficient of friction (10 % for 0.05 wt %) and decreas.s width (30 % of mean
reduction for different concentrations) and depth (4. % of mean reduction for
different concentrations) of wear scars obtained duing rotational friction tests. They
explain this good tribological behaviour beca.-e 1 efficient film formation and
polishing effect (roughness reduction of t-~ (ubricating surface by nanoparticle-
assisted abrasion). Our results suggest that i1..¢ only substantial absorption of PAOs
molecules but also the structuring of ‘he .iquid induced by the presence of 2D MoS, is
the key mechanism of tribofim formation and boundary regime lubrication

improvements.

Conclusions

The properties of sciected poly-a-olefins on 2D MoS, monolayers are studied
by using a combinc computational approach using Density Functional Theory and
classical molecular aynamics simulations to analyse the behaviour of base oils
modifications because of the nanomaterial presence for lubrication purposes. Studied
system comprise both pure poly-a-olefins and a mixture containing linear and
branched compounds to mimic the behaviour of real oils. The reported results show a
large affinity of the considered poly-a-olefins for the MoS, surface leading to large
modifications of the fluid structuring in the vicinity of the monolayers. Although larger
modifications are inferred for linear hydrocarbons, branched compounds are also
efficiently adsorbed on the monolayer surface. Likewise, the simultaneous presence of

branched and linear poly-a-olefins reinforces the adsorption on the surface, leading to

13



a cooperativity effect because of the simultaneous development of efficient
interactions with the surface and between the hydrocarbons. The reported results
provide a nanoscopic vision of the behaviour of MoS, monolayers confirming that large
modifications are produced in the base oils leading to layering in the vicinity of the
surfaces, which will favour lubrication upon adsorption of the oil on the nanomaterial

and suggesting an explanation of the experimentally observed results.
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Figure 1. Molecules considered in this work for the study of PAOs.
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Figure 2. DFT results for the adsorption of a single {C18 or C14_C4 or C10_4C2} molecule on 2D MoS,

surface. Interaction energy, AE, and the carbon to top sulphur layer distance (blue arrows and labels)
are reported. For the reported distances, the average values for all the PAOs carbon atoms are reported
with the corresponding standard deviation. Total charge on PAO molecules are reported (red labels)
according to Hirshfeld, gz, and Voronoi, gyor, methods.

Figure 3. Contributions to the total interaction energy of a single {C18 or C14_C4 or C10_4C2} molecule
on 2D MoS; surface. Contributions: kinetic (Pauli repulsion), exchange correlation, electrostatic (sum of
Hartree contribution plus ion-ion and ion- electron terms), and molecular mechanics (Grimme’s
contribution).

Figure 4. Evolution of average C-C bond distance, dc, along DFT geometry optimization for {C18 or
C14_C4 or C10_4C2} molecule on 2D MoS, surface. Average values are reported inside the panel.

Figure 5. Total density of states for {C18 or C14_C4 or C10_4C2} molect ie on 2D MoS; surface.

Figure 6. Electronic density for (a,b) C18 or (c) C14_C4 molecule on 20 n'"S,. Results are reported for a
plane perpendicular to the 2D MoS, surface through (a) H or (b,c) C ~tors. White arrows indicate the
region below the PAO interacting (green areas) with the S atoms i 1 the 2D MoS, surface.

Figure 7. Electronic density for (a) C18, (b) C14_C4 or (c) C10_"C2 molecule on 2D MoS,. Results are
reported for a plane (p;,) parallel to the 2D MoS, surface for a di-*ance in the middle between sulfur and
hydrogen atoms.

Figure 8. (a) Number density profiles, p, in the direct o', p rpendicular to the MoS, surface (d=0 stands
for the position of the top S atoms) for {C18 or +'14_.+ or C10_4C2} + 2D MoS, systems. Results in
panels b to d show snapshots after 100 ns of .viL sin..‘lations for the same systems as in panel a. Color
code in panels b to d: the first adsorbed .~ve is indicated in (blue) C18, (red) C14_C4 or (green)
C10_4C2; (cyan) molecules beyond the first adsc “hed layers. Only C atoms are plotted in panels b to d
for the sake of visibility.

Figure 9. Orientation of PAO molecules 'n VoS, surface quantified by the distribution of the reported
orientation angle, o, for {C18 or C14_C~ ~r C10_4C2} + 2D MoS, systems.

Figure 10. Intermolecular interacu."n energy, Eer, for PAO — MoS, interactions (sum of Lennard-Jones
and coulombic contributions) for . ~at PAOs. Neat stands for {C18 or C14_C4 or C10_4C2} + 2D MoS,.

Figure 11. (a) Center-of-n ass r. dial distribution functions, g(r), for PAO — PAO pairs in the first adsorbed
layer on MoS, surface n. {C.3 or C14_C4 or C10_4C2} + 2D MoS, systems. Results in panels b to d show
snapshots after 100 ns of N ID simulations for the same systems as in panel a showing PAO molecules in
the first adsorbed layer. Color code in panels b to d: the first adsorbed layer is indicated in (blue) C18,
(red) C14_C4 or (green) C10_4C2. Only C atoms are plotted in panels b to d for the sake of visibility.

Figure 12. Relationship between Intermolecular interaction energy, Ei..;, and self-diffusion coefficient,
D, of PAO molecules in the first adsorbed layer on MoS, surface. in {C18 or C14_C4 or C10_4C2} + 2D
MoS, systems. D values are calculated for diffusion on the MoS, surface from mean square
displacements and Einstein’s equation.

Figure 13. Number density profiles, p, in the direction perpendicular to the MoS, surface (d=0 stands for
the position of the top S atoms) for {(x=0.33) C18 + (x=0.33) C14_C4 + (x=0.33) C10_4C2} mixture (x
stand for mole fraction) + 2D MoS, systems. Values inside the figure show the mole fraction in the first
adsorbed layer (x;5;) for each component.

Figure 14. Intermolecular interaction energy, E.:r (Sum of Lennard-Jones and coulombic contributions),
for (full bars) PAO — MoS; interactions, (dashed bars) PAO — PAO homoassociations, and (black bars)
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PAO — PAQ heteroassociations for {(x=0.33) C18 + (x=0.33) C14_C4 + (x=0.33) C10_4C2} mixture (x stand
for mole fraction) + 2D MoS, systems.

Figure 15. Center-of-mass radial distribution functions, g(r), for PAO — PAO pairs in the first adsorbed
layer on MoS, surface for {(x=0.33) C18 + (x=0.33) C14_C4 + (x=0.33) C10_4C2} mixture (x stand for mole
fraction) + 2D MoS, systems. Results in panels a and b show values for homo and heteroassociations,
repectively.
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Highlights

e Poly-a-olefins lubricant oils

e Nanoadditives with 2D MoS..

e Adsorption of oils at the surface w*h layering and reordering.
e Cooperativity effect upon ardsc ntion.

e Oils rearrangements in the ¥ 1Ic ity of monolayers.
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