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Abstract

Fatty amines and their derivatives are employed as organic friction modifiers (OFM) in lubri-
cant oils in order to mitigate the negative effects of friction and wear, both induced by the mov-
ing and rubbing components of an internal combustion engine that are subjected to boundary
lubrication conditions (i.e., high contact pressure and low sliding velocity). In addition to their
tribological performance, these additives exhibit the benefit of being compatible with exhaust
aftertreatment systems that equip the current light-duty vehicles, owing to their sulfur- and
phosphorus-free chemical composition. For these reasons, we have developed a computa-
tional protocol, composed of equilibrium and non-equilibrium (classical) molecular dynam-
ics simulations, in order to gain a deeper understanding into their mechanisms of action at
nanoscale, and in particular into their diffusion, adsorption and friction behaviors. In this con-
text, the influence of different molecular structure factors — related to lubricant constituents
— on OFM working performance were investigated. The obtained results have shown that:
(i) Diffusion — OFM diffusivity is substantially affected by the base oil structure and chemistry
(e.g., polarity and molar mass), where solvents with relatively larger and higher polar groups
tend to slow down their diffusive rate; besides, the OFM dynamics in liquid phase is also im-
pacted by their own composition, where the molecules with relatively smaller and less polar
structure are the most mobile additives. (ii) Adsorption — primary alkyl amines do chemisorb
onto iron-oxide substrates, thereby forming molecular films whose packing order and thick-
ness increase with increasing surface coverage. (iii) Friction — adsorbed layers containing
primary amines with linear, saturated, C;g hydrocarbon tails are able to reduce friction in a
single-asperity, boundary nano-contact model, where their efficiency is dependent on their
molecular ordering under confinement and shear; in addition, the organic films allowing the
formation of well-defined slippage interface(s) with little molecular interdigitation are more
prone to diminish the sliding resistance of solid substrates in relative motion. Therefore, those
findings are expected to foster the exploration and development of computational simulation
approaches, as a complement of experimental techniques, to investigate the fundamental phe-

nomena present in tribological-relevant engineering systems.

Keywords: organic friction modifiers, fatty amines, iron oxide surfaces, boundary lubrication

regime, classical molecular dynamics, diffusion, adsorption, friction.






Résumé

Les amines grasses sont présentes dans la formulation de lubrifiants automobiles, en tant que
modificateurs de frottement organiques (MFO), afin d’atténuer les effets négatifs entrainés
par le frottement et I'usure induits au sein des pieces sujettes aux conditions limites (c’est-
a-dire, sous haute pression et basse vitesse de glissement). Outre leurs propriétés de lubrifi-
cation, ces additifs présentent ’avantage d’étre compatibles avec les systemes de dépollution
des gaz d’échappement, puisque leur composition organique est exempte d’éléments nocifs,
tels que le soufre, le phosphore et certains métaux. Ainsi, un protocole de calcul de simula-
tion en dynamique moléculaire classique a été mis en place et utilisé pour étudier, a I’échelle
moléculaire, les propriétés des surfactants. En particulier, trois mécanismes d’action ont été
considérés, a savoir : leur diffusion dans un milieu liquide, leur adsorption sur des substrats
solides, et leur comportement en frottement. Dans ce contexte, différents facteurs associés a
la structure des constituants des lubrifiants ont été analysés, notamment leur effet sur la per-
formance des MFO. Les simulations révelent que : (i) Diffusion — le coefficient de diffusion
des composés aminés sont considérablement impactées par les caractéristiques de I'huile de
base (exemple : leur polarité et masse moléculaire), sachant que les modeles de solvant les
plus polaires et les plus lourds provoquent le ralentissement du flux diffusif des MFO ; par
ailleurs, la structure des additifs jouent également un réle dans leur diffusion, ot les molécules
les plus petites et les moins polaires s’averent relativement les plus mobiles. (ii) Adsorption —
les amines primaires réagissent chimiquement avec une surface d’oxyde de fer, en formant des
monocouches auto-assemblées, dont I'organisation et 'épaisseur augmentent avec leur taux
de recouvrement. (iii) Frottement — les films adsorbés contenant d’amines constituées d’'une
chaine hydrocarbonée Cg linéaire et saturée sont capables de réduire le frottement d'un sys-
teme modele représentant un nano-contact en régime limite ; en plus, leur efficacité dépend
de la microstructure développée par les amines adsorbées sur les substrats sous compression
et cisaillement ; d’ailleurs, les films permettant la formation de(s) plan(s) de glissement bien
défini(s) entre les molécules organiques confinées sont davantage disposés a diminuer la ré-
sistance de glissement. Par conséquent, ces études ont permis de confirmer I'intérét de I'ap-
port d'une approche numérique complémentaire aux techniques expérimentales dans le but

de comprendre les phénomenes élémentaires des systemes tribologiques.

Mots-clés : amines, oxyde de fer, dynamique moléculaire, diffusion, adsorption, frottement.
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1

Introduction

1.1 Context

It is undeniable that automobiles offer diverse benefits in terms of mobility for people, and
as a practical option to deliver goods and services considered essential in our modern lives.
However, they impose adverse costs to society, harming the air quality in urban areas and con-
tributing to global climate change, which has been associated with anthropogenic greenhouse

gas (GHG) emissions. '~

As a matter of fact, conventional vehicles equipped with internal combustion engines (ICE)
generate several tailpipe pollutants as byproducts of the petroleum-based fuel combustion,
such as carbon dioxide (CO», a GHG), nitrogen oxides (NOy) and particulates.” In addition,
the mechanical moving parts composing these engines induce unwanted friction, which leads
in turn to energy dissipation — usually in the form of heat —, thereby reducing powertrain

efficiency, increasing fuel consumption, and raising exhaust gas emissions.” ™’

To illustrate that issue, it is worth noting that, in the European Union (EU), passenger cars,
light-commercial and heavy-duty vehicles equipped with ICE technology are responsible for
the largest portion of CO, emissions produced by the transport sector, which approximately

represent 23% of the total amount of GHG emitted in these countries.®~ '’ Besides, CO, emis-
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sions from activities related to the transportation sector have recorded a significant increase
at the European level since 1990, as can be seen from figure 1.1.° Despite a recent reduction
in test-cycle emissions for new vehicles, the observed increase in CO, emissions comes from a
growth in vehicle fleet and in number of kilometers driven, from a shift toward larger vehicles,

as well as from a widening gap between test-cycle findings and real-world emissions.®

140%

100%)

Transport

120%

100%

80%

60%

40% LS

.y
20% b
.
& -gox
~ 959

Greenhouse gas emissions EU28 by sector (1990

0%
1900 2000 2010 2020 2030 2040 2050

Figure 1.1 - GHG emissions in the EU by activity sector, including an aspirational target
range (dashed lines) representing the EU’s goals for reducing emission levels by 2050,
from all sources and by 85-95% compared to 1990 baseline.” '

Therefore, there is an urgent need to reduce the carbon footprint of road transport.'” In
that perspective, governments worldwide have recently adopted or strengthened GHG emis-
sions and fuel economy standards in order to reduce fossil fuel consumption and limit the
amount of CO, emitted by new vehicles (cf. figure 1.2, p. 3).'>'® For instance, the European
Commission (EC) set in 2013 a second mandatory regulation' that establishes an average CO,
emission target of 95 g/km for new passenger cars, which must be met by 2021.” ' More re-
cently, in 2018, the EC has updated its transport GHG regulation, targeting a further ambitious
decrease in CO, emissions of light vehicles by 15% by 2030, and by 37.5% by 2050.'%''° In
the United States, current fuel economy regulation? for passenger vehicles and light trucks re-
quires, by 2025, a performance of 54.5 miles per gallon of gasoline, or equivalently,® a CO,

emission target of 99 g/km.* '’

IRegulation (EC) n° 333/2014. A summary of the mentioned legislation can be found in the indicated reference. '*

2 Corporate average fuel economy standards (CAFE), regulated by the National Highway Traffic Safety Administra-
tion (NHTSA), which works in collaboration with the U.S. Environmental Protection Agency (EPA), responsible for
the measurement control of vehicle fuel efficiency in the USA.

3The reduction of CO, emissions implies a reduction in fuel consumption, as they are effectively proportional. '
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Figure 1.2 - Historical fleet CO, emissions performance and current standards
(gCO2 /km normalized to New European Driving Cycle, NEDC) for passenger cars.
Notice that NEDC is the old European testing procedure used to measure vehicles’ fuel
consumption and CO, emissions. It was replaced in 2017 by a new test methodology
named World-Harmonized Light-duty vehicle Test Procedure (WLTP), which better
represents everyday driving profiles, and consequently, real-world CO, emissions. '’
Further information can be found on: http://wltpfacts.eu/.

In order to comply with these stringent vehicle efficiency regulations, automotive related
industries have been seeking innovative solutions to improve ICE performance, to promote fuel
economy, and eventually, to minimize tailpipe emissions.? In that way, vehicle manufacturers
have redesigned powertrain hardware (e.g., downsizing of engine components combined with
turbocharging, addition of fuel direct injection, cam-profile switching, and variable valve-lift
and timing), adopted load-reduction solutions (e.g., lightweighting, improved aerodynamics,
and lower tyre rolling resistance) and developed off-cycle® technologies (e.g., engine idle stop,
powertrain-warm up, and electric heater circulation pump), among other technological inno-

vations, %+ 1819

Besides, engine lubricants have become an essential component for the successful devel-
opment and application of these emerging fuel-efficient technologies.”’~ *° Indeed, with mod-
ern engines getting smaller and power output densities going up, lubricants must ensure over-
all vehicle protection and operability in much more complex and severe conditions. Also, it is

expected that lubricants offer a greater contribution to fuel economy by means of lower vis-

4For information, electric, fuel cell electric, hydrogen and all hybrid vehicle technologies were not targeted and
treated in this work.

5 Off-cycle technologies comprise design features or equipments that improve fuel efficiency but whose effects
cannot be directly measured through laboratory-based test procedures used to certify new vehicles against fuel-
economy and GHC emission requirements. '®
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cosity base oils (BO) blended with an optimized balance of suitable additives, such as viscosity
index improvers (VII), friction modifiers (FM) and anti-wear (AW) agents, among others.® The
FM and AW additives are specially adapted to maintain a reliable operation in boundary lu-
brication (BL) regime, where the lubricating film thickness between the two opposing surfaces
is lower than their root-mean-square roughness (cf. figure 1.3).°”"" In these circumstances,
there is not enough liquid lubricant within the rubbing surfaces and their asperities can come

into direct contact, which may lead to higher friction, wear and even adhesion. 6,31

Friction coefficient (p)
L
7
|
i
E

Mixed : Hydrodynamic
lubrication lubrication

Boundary
lubrication

———
Hersey number (nv/p)

Figure 1.3 - Stribeck curve describing the evolution of the friction coefficient (1) as a
function of the Hersey number (nv/ p; where 7 is the lubrication viscosity, v is the surface
velocity and p is the normal load), along with the different lubrication modes:
hydrodynamic (HL), mixed (ML) and boundary regimes (BL).”” %’ Actually, when Hersey
number is high, the opposing surfaces are separated by a sufficiently thick liquid film and
low friction and wear are achieved, defining the hydrodynamic regime. When the Hersey
number is small, the lubrication mode changes to boundary regime: the surfaces come
into contact with each other and high friction and wear are observed. A mixed lubrication
regime is an intermediate mode between hydrodynamic and boundary regimes.
(figure adapted from the indicated reference) **

For these reasons, advanced lubricant formulations must be tailored to obtain an improved
oil robustness, to effectively control wear, deposits and oxidation, as well as to provide higher
fuel economy throughout the oil change interval, all while being compatible with exhaust gas
treatment systems.” Concerning the additives required for these higher performance engine
oils, there are four main classes of materials used as friction modifiers: (oil-soluble) organo-

molybdenum compounds, organic friction modifiers (OFM), functionalized polymers and dis-

6with respect to the chemical composition of a fully formulated engine lubricant, it contains between 80% and
95% of a (mineral or synthetic) base stock, and the remainder is represented by an additive package, comprising
tribo-improvers (e.g., extreme pressure agent, anti-wear agent, friction modifier), maintainers (e.g., anti-oxidant,
detergent, corrosion inhibitor, dispersant, anti-foam agent, demulsifier), and rheo-improvers (e.g., pour point de-
pressant, viscosity modifier). 27-29

7All of those performance requirements are addressed by the new generation engine oil specifications, such as the
ACEA 2016 oil sequence and the forthcoming ILSAC GF-6. For detailed information on these lubricant standards,
the interested reader is referred to some specific references.??~ 26

4
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persed nanoparticles. > ** Nevertheless, this PhD thesis has focused exclusively on OFM addi-
tives, which have regained interest in recent years as a promising candidate to meet new gen-
eration lubricant specifications, particularly for criteria related to fuel economy improvement,
engine protection and compatibility with aftertreatment systems. ©°’»31 33~ 66 Eor additional
information about the other mentioned FM classes, comprehensive reviews are available in

33, 34

recent literature.

Actually, OFM are surfactant compounds having predominately organic elements, namely
carbon, hydrogen, nitrogen and oxygen atoms.”" Their amphiphilic molecular structure com-
prises a long nonpolar hydrocarbon tail functionalized — at one end of their backbone chain
— with one or more polar groups possessing affinity for metal surfaces.”* Commercial OFM
typically have a straight alkyl chain — whether saturated or unsaturated — containing from 12
to 20 carbon atoms (C12-Cyp), which ensures their solubility within the lubricant BO.**°" Inci-
dentally, it is known from the specialized literature that the hydrocarbon tail must have at least
14 carbons in order to yield a low and stable friction coefficient.®” °® Moreover, possible polar
heads include carboxyl, hydroxyl, ester, amine, carboxyamide and their derivatives, as well as
other functional groups.® ' ** Therefore, since their chemical composition does not exhibit
any sulfur, phosphorus or metal atom, these additives are compatible with catalytic converters

present in modern post-combustion control devices.

In practice, OFM are surface-active molecules adapted to act under BL conditions, by form-
ing a thin low-shear-strength film, adsorbed on the sliding surfaces, thereby reducing friction
and preventing their rubbing asperities from a direct contact, which may eventually lead to

damaging wear (cf. figure 1.4).%" %% 3

van der Waals forces adhesive hydrogen

between OFM tails — or electron
exchange bonding

/ between OFM polar
dipole-dipole interactions o1 head and surface

between OFM polar heads atoms

Figure 1.4 - Schematic illustration of a model lubricated contact describing highly
orientated, close-packed monolayers of OFM molecules adsorbed on rubbing substrates.
The polar head groups are represented by circles and nonpolar tail groups are
represented by lines. (figure adapted from the indicated reference) >’
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The prevalent lubrication models proposed in the literature to explain the friction-reducing
properties of OFM rely on the hypothesis that these additives adsorb and self-assemble on sur-
faces to form vertically oriented, close-packed monolayers® (cf. figure 1.4, p. 5), especially when

27,28,33,34,60,70-72 In fact adsorption
)

their alkyl tail structure permits a linear configuration.
occurs through physical and/or chemical interactions between the OFM polar group and the
solid substrate.®""** Then, as aresult of the attractive forces between the anchored head groups
and between proximal hydrocarbon chains, the molecules align themselves and form multi-
molecular clusters, covering the surface with an incompressible protective film.”® In particular,
the interchain van der Waals (vdW) bonding confers strength and robustness to the adsorbed

monolayers that support the applied load, while the opposing alkyl tails provide a plane of low

shear strength, which eventually mitigates friction during rubbing processes.**

It is thus important to highlight that the effectiveness of OFM additives strongly depends
on their molecular structure and chemistry, which define their ability to form an adsorbed and
close-packed film on the engine component surfaces. Besides, their friction and wear con-
trol behavior observed at macroscopic scale is driven and governed by molecular-level events.
Therefore, an in-depth understanding of the mechanisms occurring at the liquid/substrate in-
terface and involving the different lubricant constituents is needed to point out innovative ways

of enhancing their low friction and fuel-economy properties.

In this context, Total Marketing & Services and LTDS® laboratory have been working to-
gether in order to better understand the OFM mechanisms of action, through computational
and experimental techniques. The major target is to discern the key structural factors and
performance indicators likely to improve their tribological behavior, and to identify structure-
property relationships between them. Beyond that, the long-term industrial objective is to
develop predictive tools, based on a molecular engineering approach, allowing the design of
novel and more efficient additives to be done, which are capable of meeting the needs of the
evolving automotive industry and environmental legislation. To achieve these ambitious aims,
it is thus crucial to elucidate the links existing between OFM molecular structure and their
friction-reducing properties. That is why molecular-level simulations are employed to supple-
ment conventional experiments (e.g., surface analyses and friction tests), as well as to obtain

insights from the nanoscale behavior of lubricant constituents.

8Even though multilayer OFM films have also been observed in macroscopic experiments, %9 their role in
lubrication still remains a subject of debate and they are not considered in our computational studies.
9LIDS: Laboratoire de Tribologie et Dynamique des Systémes (Ecully, France).
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In previous works of Dr. Sophie Loehlé and Dr. Christine Matta (2011-2014),°% % %556 fatty
acids containing a straight C;g aliphatic tail group were studied by means of molecular simula-
tions (e.g., tight-binding quantum chemical molecular dynamics, TBQC-MD) and experimen-
tal techniques (e.g., X-ray photoelectron spectroscopy, XPS; polarization modulation-infrared
reflection-adsorption spectroscopy, PM-IRRAS; tribo-tests). Their adsorption mechanisms on
ferrous surfaces, along with their tribological properties, were investigated as a function of
unsaturation degree of their hydrocarbon chain, considering saturated, mono- and diunsat-
urated molecules (cf. figure 1.5). The employed coupling methods have confirmed that these
fatty acids do react with iron-based surfaces, mainly under sliding conditions, forming strongly
bonded monolayers that adeptly control friction and wear.”® The obtained results have also

shown that the unsaturation present in the nonpolar tail leads to steric effects that inhibit the

46,56

organization of close-packed films, decreasing their lubricating efficiency.

(b) (©

Figure 1.5 — C,g fatty acids: (a) stearic acid (C13Hs02); (b) cis-9-oleic acid (C1gH3402);
(c) cis-9-cis-12-linoleic acid (C1gH3205). Note that the double carbon bonds are indicated
by blue arrows. (figures retrieved from the indicated reference) *!

Atomic color code: white - hydrogen, gray - carbon, red - oxygen.

In the framework of this PhD thesis, research efforts were concentrated on other OFM
structural factors and chemistry, notably on nitrogen-containing molecules, such as the satu-
rated C;g primary amine showed in figure 1.6. In the next section, the chief aims of the current
work are described, as well as the methodology used to carry out the simulation studies cov-

ered in this manuscript.

Figure 1.6 — Fatty amine investigated in this thesis as OFM model (C;sH39N).
For information, the molecular images depicted in this manuscript were rendered using
visualization tools such as OVITO™® and VMD. "
Atomic color code: white - hydrogen, gray - carbon, blue - nitrogen.
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1.2 Aims of the work and methodology

The main objective of this thesis was to establish a simulation protocol enabling the in-
vestigation and screening of OFM additives at the atomic scale. In particular, the simulations
must cover and represent different (isolated) aspects of their mechanisms of action, namely:
(i) molecular diffusion within the bulk of a liquid BO; (ii) structural organization of an OFM-
based self-assembled monolayer (SAM) adsorbed on a ferrous substrate; (iii) friction-reducing
behavior of a thin lubricating layer, containing OFM and BO molecules, subjected to confine-
ment and shear. To do so, the Cyg primary amine (C;gHsgN; cf. figure 1.6, p. 7) was selected as

the additive model for the development and the validation of those computational procedures.

Different molecular simulation methods and interaction potentials were evaluated during
the first part of this PhD project, in order to select the most relevant technique(s) and force
field(s) able to address the considered OFM mechanisms (i.e., diffusion, adsorption and friction
processes). As a result of that preliminary assessment, classical molecular dynamics (MD) was
chosen and then used to set up the desired protocol employed in the simulation studies that
are described hereafter. Further details about MD method are provided in chapter 2 (cf. § 2.2,
p. 23), along with the description of the interatomic potentials selected to mimic the lubricant
and substrate interactions. Besides, since classical MD cannot represent the electronic struc-
ture of a molecule and thus cannot provide reactivity information, supplementary calculations
based on the density functional theory (DFT) "> were employed to investigate the adsorption
mechanism of fatty amines at the quantum level (cf. chapter 4, § 4.1.1, p. 67). The ab initio
analysis was carried out by Dr. Manuel Cobidn (member of LTDS laboratory and co-advisor of
this thesis), and its results were used to derive an interfacial potential adapted to reproduce the

interactions between the investigated OFM and the surface models.

Furthermore, it is important to stress that particular care was taken to obtain a reliable set
of MD simulations that provides a reasonable balance between the atomic-level description of
the modeled systems, the accuracy related to their calculations, and the computing resources
required to perform the numerical studies. Because of the inherent limitations imposed by
the computational methods, in terms of time and length scales that can be simulated in prac-
tice, these "computer experiments" were designed taking into account relatively ideal condi-
tions (e.g., OFM-based SAM adsorbed on flat and smooth surfaces; high shear rates), small
system models (e.g., dimensions less than 1 ym) and short periods of time (e.g., duration of a

few nanoseconds).
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Therefore, in proposing this simulation protocol, there is no ambition to accurately de-
scribe all of the complex, macroscopic tribological phenomena occurring in real engineering
systems (e.g., an ICE). Instead, we have rather aligned our simulation models with the well-
controlled conditions that characterize the nanoscale experiments used to probe interfacial
materials employed in boundary lubrication (e.g., XPS and atomic/lateral force microscopy,

AFM/LFM).

It should also be noted that, simultaneously with this simulation-based PhD thesis, Dr. Toni
Massoud (postdoctoral researcher), Dr. Franck Dahlem (associate professor in ECL) and other
LTDS members have performed a series of experimental studies related to the adsorption and
the lubricating properties of different fatty amines in steel-steel sliding contacts, using differ-
ent techniques such as friction tribo-tests, in-situ XPS and liquid cell scanning force microscopy
(SFM)."! Their valuable results have guided the simulation models adopted in our numerical

studies and they will be described later.

In what follows, the three MD simulation studies composing this work are outlined, cov-
ering the diffusion, adsorption and friction-reducing behavior of OFM, and mainly focusing on

the action mechanisms of an amine-based molecule (C;gH3gN).

ADSORPTION

Action
mechanisms of
DIFFUSION amine-based FM

FRICTION

Figure 1.7 - OFM simulation studies covered in this manuscript.
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1.2.1 Diffusion study

Thorough research has been undertaken to investigate the adsorption and tribological per-
formance of OFM as a function of their molecular structure (e.g., head group chemistry; hydro-
carbon tail length, branching and unsaturation), the nature and roughness of the solid sub-
strate, as well as a function of other important variables (temperature, pressure, shear rate,
etc.). For comparative purposes and owing to methodology concerns, most of these funda-
mental academic studies have explored each of these factors in isolation and under controlled
conditions, and also considering, for example, lubricant models consisting in a binary solution
of a single OFM dissolved in a given solvent. However, commercial engine oils are formulated
with an additive package containing several polar molecules (e.g., anti-oxidants, dispersants,
detergents) and surface-active compounds (e.g., extreme pressure and AW agents, corrosion
inhibitors and other FM), which may compete with OFM for metal surfaces, directly affecting
the development of their protective BL film.”” "% 7" Yet, there seem to be fewer studies ad-

dressing the interaction and/or competition between OFM and other lubricant additives.

Relationship between competitive adsorption and diffusive behavior of OFM

Campen et al.®’ have investigated the competitive adsorption of OFM, and also their film
removal and regeneration under shear, by determining the boundary friction of an additive
(OFM A), before and after the addition of other compound into the solution (OFM B). It was
found that, after adding the second OFM, the friction coefficient changes with the number of

passes made over the surface. A schematic illustration of that experience is given in figure 1.8.°"

shear
——

o

Figure 1.8 — Langmuir-type model used to describe the composition of the BL film
during competitive adsorption: (a) initial monolayer film containing OFM A; (b) shear
removal; (c¢) competitive adsorption between OFM A and B; (d) regenerated film
containing both additives. (figure adapted from the indicated reference) *

10
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Actually, that experimental study sheds light on the dynamic behavior of an OFM film
(i.e., formation, removal and regeneration during the sliding friction test), whose composition
evolves with time, as a consequence of the competition among the numerous additives for the

surface adsorption sites.

Besides, it has been shown that competitive adsorption may lead to a negative impact on
the overall lubrication performance for mixed additive systems. Indeed, Loehlé et al.*5 have
observed an antagonistic effect for the mixtures of saturated and unsaturated C;g fatty acids
(stearic, oleic and linoleic acids, cf. figure 1.5, p. 7) blended in a synthetic poly-alpha-olefin
BO (PAO 4). Their friction-reducing efficiency were tested on iron oxide surfaces under mixed
boundary regime, and with different temperatures (323, 373 and 423 K).’° Among these three
studied OFM models, the single stearic acid — which is the saturated molecule — has shown
the best tribological performance at 423 K, with a low friction coefficient and no visible wear. 46

However, that lubricating behavior was inhibited in the presence of unsaturated molecules

(i.e., oleic and linoleic acids), in particular at the highest probed temperature.*°

To understand that antagonistic effect, MD simulations were then performed to evaluate
the diffusion coefficient of the three fatty acids in a bulk liquid model of PAO 4. The obtained
results showed that unsaturated molecules diffuse faster than the saturated one, for all of the
studied temperatures, and they also indicate that the molecular diffusivity increases with tem-
perature.’® Thus, it has been suggested that, in mixtures of saturated and unsaturated acids,
the unsaturated molecules reach the surface first and block it from saturated ones, to the detri-
ment of low friction.®*“® Most importantly, these results have pointed out the fact that the
additive which exhibits the best friction-reducing effect may not necessarily be the one that

reaches the surface first. %"

Therefore, diffusive and competitive behaviors must not be overlooked on the performance
evaluation of candidates for lubricating additives. In particular, the diffusion coefficient seems
to be a suitable parameter to provide insights into the kinetic behavior of OFM within the bulk

oil, and to help the interpretation of experimental data related to mixed additive systems.

11
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Study of OFM diffusivity

Based on these findings, we have integrated in our MD simulation protocol a procedure
to determine the OFM diffusivity in a given BO. Since it has been demonstrated that unsatu-

rated fatty acids diffuse faster than saturated ones, *°

we further explored the link between the
molecular structure and the diffusion coefficient, by investigating different features related not
only to the OFM architecture (aside from the unsaturation degree present in their tail group),
but also concerning the BO chemistry. In fact, the aim of this diffusion study was to better
understand the influence of different structural parameters on OFM liquid dynamics, in an at-
tempt to identify possible ways to enhance their diffusion rate, since we have assumed that a
faster molecule is likely to have a greater advantage during the adsorption process in presence

of other competing additives. That information might thus be useful for the design of OFM,

intended to be incorporated into a fully formulated lubricant.

In practice, we have calculated the diffusion coefficient of various surfactant molecules,
representing the OFM additives, and in different BO models, in order to compare them with

each other and then to discern the effect of the following factors:

* OFM head group chemistry: other than the C;g primary amine, molecules containing
different functional groups were selected, such as carboxyl, hydroxyl, primary carboxy-
lamide and an alkyl group. In fact, the alkane molecule was utilized as a reference model

of a Cyg tail without a polar terminal group.
* Concerning amine-based molecules, three additional parameters were investigated:

— Number and nature of hydrogen substituents associated to nitrogen atom: secondary

and tertiary amines, with alkyl and ethoxylated groups (molecules with a C,g tail);
— Hydrocarbon tail length: primary amines with Cg, Cy2, C;g and Cy4 chains.

* BO polarity nature: molecules with different degrees of polarity were chosen to represent
a nonpolar and a polar BO, being used as solvent model in the diffusivity calculation of

all previously mentioned OFM models.

Moreover, we specify that only the structural characteristics associated with the lubricant
constituents were varied and investigated in this study, and the physical conditions of temper-
ature and pressure were maintained constants at 373 K and 1 atm, respectively. In addition,
it should be indicated that all molecules considered here are described in the next chapter

(cf. § 2.1, p. 18), and the diffusion study is fully detailed in chapter 3 (cf. p. 35).

12
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1.2.2 Adsorption study

Following the track of additives dissolved within a lubricant solution, OFM diffuse into the
base oil and they are then attracted by the polar surfaces of the thermal engine. To be effec-
tive in boundary contacts, they need to adsorb onto the lubricated components and form low-
shear-strength films that keep the rubbing parts separated from each other. As a consequence,
the friction-reducing properties of these adsorbed OFM films depend on the nature and the
strength of their interfacial interactions with the solid substrates, as well as on the resulting film

structure and density, which are directly linked to their molecular surface coverage'® (I').”"""

Regarding our simulation protocol, and particularly the adsorption process of amine-based
FM, it is not possible to elucidate their interaction nature with ferrous surfaces through classi-
cal MD simulations. Accordingly, the adsorption mechanism of primary amines on iron oxide
substrates (e.g., on hematite: a-Fe,03) was studied using DFT calculations and XPS measure-
ments. The results obtained from these alternative techniques have suggested a chemisorption
mechanism for the considered OFM model. Further details are given in chapter 4, cf. § 4.1,
p. 66). Then, the adsorption energy (E,q4;) related specifically to the (primary) amine-hematite
interaction was determined by DFT and used, as an energetic reference, to parameterize an
interfacial MD potential required to describe the dynamic behavior of amine layers adsorbed
on ferric oxide substrates. Lastly, a series of MD simulations was performed to investigate the
structure and molecular organization of different SAM models, as a function of their surface

coverage (cf. figure 1.9). This adsorption study is covered in chapter 4 (cf. p. 65).

L3
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Figure 1.9 —- MD simulation snapshots representing the structure of ideal monolayers,
made up of Cyg primary amines adsorbed on an a-Fe,O3 slab. Atomic color code:
coral - iron, red - oxygen, white - hydrogen, gray - carbon, blue - nitrogen.

10The surface coverage, T, is a quantitative indicator reflecting the density of adsorbed OFM films, being quantified
as the number of OFM head groups per area of surface (possible I' units: mol x m~2 and nm~2).°’
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1.2.3 Friction study

After addressing the diffusion, the adsorption and the molecular assembly processes of
OFM additives, a large-scale MD simulation was finally established to study their frictional be-
havior and response under ideal mechanical operating conditions. This simulation aims to
mimic a model friction experiment at nanoscale, enabling the calculation of a "computational
friction coefficient" (u*), which reflects the links between the OFM structure and their lubricat-
ing property, as a function of a specific range of tribological conditions (e.g., applied normal

load, molecular surface coverage, sliding velocity, etc.).

In fact, the systems investigated in the so-called confined shearing simulations are model
contacts that basically represent single and smooth surface asperities, composed of two oppos-
ing and sliding hematite slabs, each one being covered by an adsorbed SAM of a given molec-
ular density and formed by C;g primary amines (cf. figure 1.10). Some models also contain an
intermediate BO-layer, confined between the opposing OFM films (cf. figure 1.10b). Besides,
all systems are kept compressed by a high contact pressure and under a specific shear rate, in
order to assess the OFM ability to lower the induced friction forces. The complete study is re-

ported in chapter 5 (cf. p. 97).

)

(a) Contact with SAM/SAM interface (b) Contact with SAM/BO/SAM interface

Figure 1.10 — Representative examples of the simulated systems used to model ideal
nano-contacts formed by hematite slabs separated by adsorbed amine-based SAM
(T = 3.6 nm2), with an interface: (a) without confined BO molecules;

(b) including a thin BO layer. Atomic color code: coral - iron, red - oxygen,
white - hydrogen, gray - carbon, blue - nitrogen.
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To sum up, table 1.1 outlines the key features of the computational studies carried out to

investigate the working mechanisms of an amine-based OFM model.

Table 1.1 — MD simulation protocol

Study Investigation on

Diffusion coefficient (cf. chapter 3, p. 35), as a function of:

» BO polarity
Diffusion e OFM polar head chemistry
« hydrogen substituents (nature and number)
« hydrocarbon tail length
SAM structure: film density & molecular organization
Adsorption (cf. chapter 4, p. 65), as a function of:
« surface coverage
Friction coefficient (cf. chapter 5, p. 97), as a function of:
Friction * SAM surface coverage

« interfacial film composition: presence (or not) of a BO-layer
« sliding velocity

The remainder of this manuscript is organized as follows: chapter 2 provides a brief review

of the materials and the computational method used in this work (cf. p. 17); chapters 3, 4 and 5

describe the simulation studies related to OFM diffusion, absorption and friction-reducing be-

haviors, respectively (cf. p. 35, 65 and 97, respectively); and ultimately, the main achievements

of this doctoral project, as well as its perspectives, are summarized in chapter 6 (cf. p. 143).
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Materials and Methods

For the successful development of lubricant additives that enhance engine efficiency and im-
prove fuel economy;, it is essential to obtain a better understanding of the microscopic phenom-
ena governing their macroscopic properties. In this context, molecular dynamics simulations
were used to investigate the OFM behavior at nanoscale, and to potentially gain insights into

their action mechanisms that would be difficult to obtain experimentally.

The current chapter specifies the lubricant and substrate models considered in our com-
putational studies (cf. § 2.1, p. 18), and it also provides a few basic principles of the MD method

and some details of the employed classical force fields (cf. § 2.2, p. 23).
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2.1 Materials

2.1.1 Lubricant model

For the diffusion study, an engine oil was defined as a binary solution comprising a single
OFM (i.e., the solute, whose concentration is fixed at 1 wt.%) and a given BO (i.e., the solvent).
Based on the broad expertise in both lubricant composition and additive chemistry of our in-
dustrial partner, two molecules with different degrees of polarity were selected to model a non-
polar BO, representing the oils of the group IV! (poly-alpha-olefin model, PAO), and a polar BO
characterizing the polyethers of group V (poly-alkylene glycol model, PAG). Both molecules are

illustrated in figure 2.1.

(b) PAG model™ (Cp9HgyOp)

Figure 2.1 — Molecular structure of BO models used to represent synthetic oils
with a kinematic viscosity of 4 mm?-s™! at 373 K (PAO 4 and PAG 4).
Atomic color code: gray - carbon, white - hydrogen and red - oxygen.

*) Notice that the PAG molecule illustrated here corresponds to a general
structure of polyalkylene glycols, since the one used in our simulations cannot be
displayed in this manuscript because of confidential reasons. However, the indicated
molecular formula corresponds to the real molecule used to model the PAG base oil.

Concerning the OFM models, eleven amphiphilic saturated molecules were chosen to rep-
resent these additives in our MD simulations, in particular for the calculation of their diffusion
coefficient. Also, a linear alkane was considered as a reference model of a molecule without
polar head group. Their structures are shown in figure 2.2 (cf. p. 19) and supplementary infor-

mation is given in table 2.1 (cf. p. 20).

1 According to API base oil categories (e.g., groups I - V).?? For further information: http://www.api.org/.
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e a

(a) C¢ primary amine [n-hexylamine; CgH;5N]

(b) C;2 primary amine [n-dodecylamine; Ci12H27N]

(1) Cyg alkane [n-octadecane; Ci1gHsg]

Figure 2.2 — Molecular structure of the investigated OFM models.
Atomic color code: gray - carbon, white - hydrogen, blue - nitrogen, red: oxygen.

19



2. Materials and Methods

Table 2.1 — Molecular data related to OFM and BO models

Molecular Hydrocarbon Polar head Molecular Molar mass

ID tail length functional group  formula (g/mol)
OFM-A Ceg amine CeHi5N 101.19
OFM-B Ci2 amine Ci2Ho7N 185.36
OFM-C Cis amine C1sH3oN 269.52
OFM-D Cog amine CoqHs51N 353.68
OFM-E Cis amine Ci9gH41N 283.54
OFM-F Cig amine CooHysN 297.57
OFM-G Cis amine CooH43NO 313.57
OFM-H Cis amine Coo2Hy7NO> 357.62
OFM-I Cis alcohol Ci1gHsg0 270.50
OFM-J Cis acid C18H3602 284.48
OFM-K Cis amide C15H37NO 283.50
OFM-L Cis alkane ) CisHsg 254.50
BO-PAO - - C3oHg2 422.83
BO-PAG - - Co9HeoOg 504.79

*) The C;4 alkane does not have any polar group and it is not employed as a FM addi-
tive. Even though, this compound was chosen as a nonpolar molecule in order to allow
comparisons with surfactant molecules to be drawn (e.g., OFM-A, I, K and K), possibly
unveiling the effect of head group chemistry on OFM diffusivity.

As explained in the introduction, octadecylamine (OFM C, cf. table 2.1) was used as an OFM
model in all of the three MD studies composing our simulation protocol. The other molecules
were only employed in the diffusion study, in order to evaluate the influence of a certain num-

ber of molecular parameters on OFM diffusivity, namely:

e effect of hydrocarbon tail group: models A, B, C & D (primary amines with Cg, C12, Ci3

and Cy4 chains, respectively);

o effect of number and nature of hydrogen substituents associated to nitrogen atom: models

C,E, E G & H (primary, secondary and tertiary amines with a C;g tail);

* effect of head group chemistry: models C, I, J, K & L (primary amine, alcohol, carboxylic

acid, primary amide and alkane with a Cyg tail, respectively).

Note that the methyl (CHs-) and ethoxyl (C,H50-) groups were considered as the hydrogen
substituents in the composition of the C,3 secondary and tertiary amines. These molecules are

termed here as alkyl and ethoxylated amines, respectively.
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2.1.2 Surface model

The chemical composition of a native oxide layer on a steel surface was experimentally
studied by Olla et al.,”® using angle-resolved XPS measurements. As results, intermixed layers
of different compounds were found throughout the substrate, with a depth profile ranging from
iron hydroxide (FeOOH) to iron oxides [Fe(Ill) and Fe(I)], before reaching a bulk of pure iron.
Therefore, depending on the severity levels prevailing in a tribological contact, we can expect
different compositions of the rubbing surfaces, such as iron oxides for mild conditions, and

pure iron for more severe ones.

Concerning the substrate model required to mimic the components of a mechanical sys-
tem in the adsorption and friction studies, a hematite surface (a-Fe,O3) was chosen to repre-
sent an oxidized steel surface, which is a material of important academic and industrial inter-
est, 21 40,47, 52,55=58,64,65,79-82 Bagides, a more comprehensive understanding of the OFM ac-
tion mechanism as a function of the surface chemistry would be an interesting research target
of future MD simulations, but it is beyond the scope of this PhD thesis. Additionally, a (0 11 2)
slab of this ferric oxide was utilized (cf. figure 2.3), since this surface plane is the most thermo-

dynamically stable orientation exhibiting both iron- and oxygen-terminations in the outermost

atomic layer. %"

Figure 2.3 - Side views of an a-iron(I1I) oxide (0 1 1 2) slab, which represents
a surface of (3 x 3) unit cells, with an DFT-optimized geometry.
Atomic color code: coral - iron and red - oxygen.
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Actually, this structure was especially taken account to study the adsorption mechanism
of a primary amine on hematite via DFT calculation (cf. § 4.1, p. 66), because both Fe and O
atoms are accessible as adsorption site centers to a potential interaction with the molecular
amino group of the OFM models (cf. figure 2.3, p. 21). By doing that, no particular interaction
involving the model OFM molecule and the substrate was favored, and the ab initio analysis
was thus able to reveal the real nature of their interaction without any steric effect bias condi-

tion.

Moreover, the a-Fe,O3 geometry configuration employed in our MD simulations was ob-
tained from the mentioned DFT calculations. For information, the methodology used to relax
the surface model from the bulk structure can be found elsewhere.?’ In fact, special care was
taken in order to ensure an accurate description of the electronic and magnetic properties of
the hematite. The dimensions (xyz) of the unit simulation cell representing the relaxed surface
slab is approximately of 10 A x 11 A x 10 A, which corresponds to three elementary Fe,O3 lay-
ers (cf. figure 2.3, p. 21), where each one contains 40 atoms: 16 Fe and 24 O, with a Fe/O ratio

remaining at 2:3.
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2.2 Computational method

Owing to the advances of computing power and numerical algorithms, molecular dynam-
ics simulations have emerged as a powerful tool to complement the traditional divisions of
experimental and theoretical sciences, including the tribology field. In this section, we have no
intention to extensively explain this technique, nor do we attempt to provide a comprehensive
review of the MD-based research done to investigate tribological systems, since such informa-

#9759 and other scientific publications.” ?°~% In the

tion is available in excellent textbooks
interest of brevity, we thus highlight only the key aspects of this method that are relevant to the
simulation protocol employed in the current work. Besides, further computational details are

given in each simulation study presented in the following chapters.

2.2.1 Brief outline of MD method

Molecular dynamics simulations describe the temporal evolution of a many-body system,

comprising N interacting atoms, by integrating the classical equations of motion that are based

on Newton’s second law: "
ri g ) 2.1)
m;-—— = Fij(ry,...,r .
2 dt2 [ACH | N
or,
dV,‘ F ( ) dl‘,‘ (2 2)
m;-—— = F;(ry,...,TN); — =V .
i At i1 N At i
where, m;, r; and v; are the mass, position and velocity of the i™ atom (withi = 1,..., N),

respectively, and F; is the net force acting on that atom i, being expressed as: ’

ou(ry,...,ryn)
Fi(ry,...,tn) = —————— 2.3)
6r,~
in which, the potential energy function U describes the atomic interactions that govern the

physics and the properties of the simulated system.

In MD, these interactions are usually defined by classical force fields, whose parameters are
derived from empirical data and/or quantum mechanical methods (e.g., DFT).%?":9% There-
fore, it is worth emphasizing that the reliability of the MD simulation results depends consid-
erably upon the accuracy of the force fields used to model the investigated systems, under the
conditions of interest. Concerning the force fields employed in our studies, their functional

form and parameters are described in § 2.2.2 (cf. p. 26).
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With regard to the simulated system size, only (relatively) small samples of atoms are cur-
rently accessible by MD, which generally range from thousands to hundreds of thousands of
atoms, representing nanometer-sized systems.” *> 91 Nevertheless, periodic boundary condi-
tions (PBC) are usually applied to overcome that (intrinsic) size limitation, and also to minimize
the edge effects induced by the use of a finite simulated system (i.e., the so-called simulation
box or cell).® Actually, PBC create an infinite lattice of periodically replicated cells that fill all
space, according to the spacial dimensions chosen to be covered by these boundary conditions
(e.g., x, yand/or z directions, cf. figure 2.4).% Indeed, if a molecule leaves the cell though one
boundary;, it is reintroduced with the same velocity at the same point of departure through the
opposite face of the cell.”® Therefore, this strategy allows MD simulations to study bulk and

confined systems in a computationally efficient approach.

i P A4 v
g W ¥

Sg ‘?ﬁ .I F4 | é n )
~ Ss £ l!" »X \)3 f‘\ SS
]

,,.f
o~

p

SR,

-V [fized in 2}

Figure 2.4 — Schematics representing simulated cells of bulk (left) and confined (right)
fluid systems under shearing conditions. Note that translucent regions show the periodic
images of the simulation cell from the imposed PBC. For the bulk fluid (left), PBC is
applied in all dimensions, whereas for the confined system (right), only x and y directions
are covered. (figure retrieved and adapted from the indicated reference) **

Once the geometry of the system and the boundary conditions are specified, the force fields
are defined, and the initial position and velocity of each atom are assigned, numerical integra-
tion can be carried out.’®“' In our MD simulations, we used the velocity Verlet algorithm to
integrate the equations of motion (cf. equations 2.1-2.3).%® This algorithm uses the position
and the velocity of each atom i at time ¢ — r;(¢) and v;(#) — to predict the same respective

variables at time (¢ + Af):%°

F; (1) 2
n(E+AD = 10 + V(D) AL+ At (2.4)

i

Fi(t+A0) + Fi(0)

vi(t+At) = v;(t) +
2-ml~

(2.5)
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where At is the time step used for integration, which depends on the largest vibrational fre-
quency associated with the chemical functional groups found within the system.®"'?! Besides,
since the treatment of time is iterative, a smaller time step yields a more exact solution, thereby
ensuring that the total energy remains constant, on average, for the simulation of equilibrium
processes (i.e., when any external force or constraint is imposed on the system).?> Consider-
ing these factors, a At value of a femtosecond was used in our work (i.e., 1 fs = 10715g). Asa
consequence, the simulation runs were limited to nanosecond timescales (< 20 ns), which cor-
respond to billions of time steps. In addition, it must be specified that the classical MD code
LAMMPS™ (version: November 17" 2016) was employed to perform all of the simulations re-

ported hereafter.

Therefore, by repeatedly solving the equations of motion, the trajectories of each interact-
ing atom can be obtained, and then linked to thermodynamic, structural and transport proper-

2 5 Q .
83,85,91 For instance,

ties of the simulated system using the principles of statistical mechanics.
the temperature can be calculated from the ensemble average kinetic energy, which is derived

from the atomic momenta generated at every simulation time step. **

Furthermore, it should be noted that it is also possible to numerically adjust the system
temperature and/or pressure — by means of a thermostat and/or a barostat, respectively — in
order to reproduce the desired physical conditions of equilibrium and non-equilibrium pro-
cesses.””~% In our case, different temperature and pressure control methods were applied
in order to equilibrate the systems investigated within the diffusion and adsorption studies,
which are described, respectively, by a (bulk) liquid OFM/BO mixture and an OFM-based SAM
adsorbed on an a-Fe,03 slab. For the confined shearing simulations of the friction study, in
which two opposing adsorbed SAM are confined between hematite substrates and subjected

to a given shear rate, a thermostat was used to prevent a potential rise in internal energy of the

system, and thus in its temperature, which is induced by the applied (external) sliding force.
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2.2.2 Classical MD force fields

A force field provides the energy functions and the associated parameter sets used to com-
pute the interatomic forces required in a MD simulation.” The general form of the total po-
tential energy is typically expressed as a sum of individual terms, which correspond to covalent

and noncovalent contributions (Upgnded and Unonbonded, respectively), as follows:

Utotal = ZUbonded + ZUnonbonded (2.6)

In our work, bonded interactions consist of bond stretching, angle bending and torsion
interactions, which are related to the intramolecular (covalent) forces prevailing in OFM and
BO molecules, while nonbonded interactions concern vdW and electrostatic forces and are as-
sociated with all atoms of the modeled systems (hematite solid surface and liquid organic

molecules).

In the following, the employed interatomic potentials are detailed according to the nature
of the concerned materials, whose interactions were described by individual energetic contri-
butions, referred to here as UPricat (for the lubricant molecules), US"™€ (for the a-Fe;03
slabs), and Unterface (for the interfacial OFM-substrate interactions). In this specific frame-

work, the total potential energy is alternatively defined as:

Uiotal = Ulubricant + Usurface + Uinterface .7

2.2.2.1 Lubricant molecules

The atomic interactions involving OFM and BO molecules were modeled with OPLS all
atom potentials (OPLS-AA), which are especially adapted to reproduce the thermodynamic
properties of organic compounds in liquid state. '"’~ '°° Actually, we have chosen a force field
that describes explicitly all carbon and hydrogen atoms because recent MD simulations per-
formed by Ewen et al.”® have shown that an all-atom representation, compared to an united-
atom one, is essential to provide an accurate flow and friction behaviors for lubricant con-
stituents subjected to confinement.'’” Then, the original OPLS-AA parameterization'’® was

selected, since it contains the parameters of all chemical functional groups found in our sys-

tems.
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In practice, U'"Pricat jg defined by the OPLS-AA functional form expressed as: "’

ghbtieant — S e r—re )2+ Y kg (0—0e9)% +

bonds angles

V1 Vg V3 V4
—-(1+cos¢) + > (1-cos2¢) + ER (1+cos3¢) + > (1-cos4¢)| +

dihedrals

qi-q; oij\'* (0ij\°
ZZ{ +4€ij'[(_ == | fij
i j>i U Tij Tij Tij

(2.8)

in which, the intramolecular bond stretching and angle bending energies are represented

by harmonic terms — where the subscript "eq" denotes the equilibrium bond length r and
angle  —, and k are their force constants.'"”’ Additionally, the torsion term is expressed by a
truncated Fourier series that sums over all dihedral angles ¢, and where V) _, are the Fourier co-
efficients. Besides, the energy associated with nonbonded interactions are defined by the sums
over Coulomb and Lennard-Jones (L]) 12-6 potential terms, covering pairwise interactions be-
tween the atomic sites — denoted i and j —, which are separated by a distance r; j, and where
g; indicates the partial atomic charge of atom i in Coulomb potential. The L] length and energy
parameters for each ij pair (o;; and ¢; j, respectively) are obtained from a geometric combining
rule (i.e, 0;j=,/0;;-0jj and €;; = \/€;; € ). Finally, it must be noted that the nonbonded en-
ergy term is computed using a scaling factor, termed as f;, for all intramolecular interactions
between atoms separated by more than two bonds. For convention f;; = 1.0, except for in-

tramolecular "1-4 interactions" (i.e., for atoms that are forth neighbors in the molecule), when
fi j= 0.5.

Regarding the parameters of the OPLS-AA force field, tables 2.2 — 2.5 (cf. p. 28 — 30) pro-
vide a compilation of all values used to described the nonbonded and bonded interactions of
the modeled OFM and BO molecules.? Moreover, in order to access the accuracy of this inter-
atomic potential in reproducing the liquid properties of our systems, we calculated the (bulk)
liquid density of the pure BO models (PAO and PAG) at different temperatures, as the first step
of our diffusion study — more details are given in chapter 3, § 3.2, p. 40). In this context, the
obtained results were favorably compared with experimental data (cf. table 3.4, p. 51), and the

original OPLS-AA force field was then integrated in our MD simulation protocol.

2For information, this data set was collected from the indicated reference. 108
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Table 2.2 — Parameters for nonbonded interactions (Coulomb and LJ potentials)

Flement Atomtypei Chemical Function/Group o;; €;; Charge q;
H HC alkane H-C 2.50 0.030 0.060
H HC diol & triol H—- COH 2.50 0.030 0.060
H HC alkyl ether H— COR 2.50 0.030 0.030
H HC acyl H-C—-COX 2.42 0.015 0.060
H H amine RN H, 0.00 0.000 0.360
H H amine RyNH 0.00 0.000 0.380
H H amide —-CO - NH, 0.00 0.000 0.380
H HO alcohol -OH 0.00 0.000 0.418
H HO carboxylic acid ~-COOH 0.00 0.000 0.450
C CT alkane CH3— 3.50 0.066 -0.180
C CT alkane —CH,— 3.50 0.066 -0.120
C CT alkane > CH- 3.50 0.066 -0.006
C CT amine CHs — NHR 3.50 0.066 0.020
C CT amine CH3z — NRy 3.50 0.066 0.030
C CT amine RCH, — NH, 3.50 0.066 0.060
C CT amine RCH, - NHR 3.50 0.066 0.080
C CT amine RCH> — NR» 3.50 0.066 0.090
C CT alcohol CH30H & RCH,OH 3.50 0.066 0.145
C CT alcohol R,CHOH 3.50 0.066 0.205
C CT ethyl ether —-CH, — OR 3.50 0.066 0.140
C CT isopropyl ether > CHOR 3.50 0.066 0.170
C C carboxylic acid -COOH 3.75 0.105 0.520
C C amide C =0 3.75 0.105 0.500
N NT amine RN H, 3.30 0.170 -0.900
N NT amine RyNH 3.30 0.170 -0.780
N NT amine R3 N 3.30 0.170 -0.630
N N amide —-CO - NH, 3.25 0.170 -0.760
(0] OH alcohol -OH 3.12 0.170 -0.683
0] OH carboxylic acid —-OH 3.00 0.170 -0.530
0] (O] dialkyl ether —O— 2.90 0.140 -0.400
0] 0] carboxylic acid C =0 2.96 0.210 -0.440
(0] 0] amide C =0 2.96 0.210 -0.500

Parameter o;; is expressed in A, e;; in kcal- mol™', and q; ine (elementary charge).
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Table 2.3 — Bond stretching parameters

Bond r  k; (kcal -mol™!-A72) r., (A)
HC-CT 340.0 1.090
H-NT 434.0 1.010
HO-OH 553.0 0.945
CT-CT 268.0 1.529
CT-C 317.0 1.522
CT-NT 382.0 1.448
CT-0OH 320.0 1.410
CT-0S§ 320.0 1.410
C-0 570.0 1.229
C-0OH 450.0 1.364
C-N 490.0 1.335
N-H 434.0 1.010

Table 2.4 — Angle bending parameters

Angle 0 ke (kcal -mol ! -rad™?) 6., (deg)

HC-CT-HC 33.00 107.80
HC-CT-CT 37.50 110.70
CT-CT-CT 58.35 112.70
HC-CT-NT 35.00 109.50
CT-CTr-NT 56.20 109.47
CT-NT-CT 51.80 107.20
CIr-NT-H 35.00 109.50
H-NT-H 43.60 106.40
HC-CT-0OH 35.00 109.50
CT-CT-0OH 50.00 109.50
CT-OH-HO 55.00 108.50
HC-CT-0S 35.00 109.50
CT-CT-0S 50.00 109.50
CT-0S-CT 60.00 109.50
HC-CT-C 35.00 109.50
Cr-Ccr-cC 63.00 111.10
Cr-Cc-0 80.00 120.40
C-OH-HO 35.00 113.00
O-C-0OH 80.00 121.00
Cr-Cc-N 70.00 116.60

C-N-H 35.00 119.80
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Table 2.5 — Torsional parameters (Fourier coefficients, kcal - mol ™)

Dihedral Angle (P Vl V2 Vg V4

HC-CT-CT-HC 0.000 0.000 0.300 0.000
HC-CT-CT-CT 0.000 0.000 0.300 0.000
CT-CT-CT-CT 1300 -0.050 0.200 0.000
HC-CT-CT-0OH 0.000 0.000 0.468 0.000
CT-CT-CT-0OH -1.552 0.000 0.000 0.000
HC-CT-OH-HO 0.000 0.000 0.352 0.000
CT-CT-OH-HO -0.35 -0.174 0.492 0.000
HC-CT-CT-0S 0.000 0.000 0.468 0.000
CT-CT-CT-0S 1300 -0.050 0.200 0.000
OH-CT-CT-0S 4.319 0.000 0.000 0.000
HC-CT-0S-CT -0.521 -2.018 1.996 0.000
CT-CT-0S-CT 0.650 -0.250 0.670 0.000
OS-CT-CT-0S -0.550 0.000 0.000 0.000
HC-CT-CT-NT -1.013 -0.709 0.473 0.000
CT-CT-CT-NT 2392 -0.674 0.550 0.000
OH-CT-CT-NT 8.000 0.000 0.000 0.000
HC-CT-NT-H 0.000 0.000 0.400 0.000
HC-CT-NT-CT 0.000 0.000 0.560 0.000
CT-CT-NT-H -0.190 -0.417 0.418 0.000
CT-CT-NT-CT 0416 -0.128 0.695 0.000
HC-CT-CT-C 0.000 0.000 -0.100 0.000
CT-CT-CT-C -2.060 -0.313 0.315 0.000
HC-CT-C-0 0.000 0.000 0.000 0.000
CT-CT-C-0 0.000 0.000 0.000 0.000
HC-CT-C-0OH 0.000 0.000 0.000 0.000
CT-CT-C-0OH 0.000 1.412 0.000 0.000
CT-C-0OH-HO 1.500 5.500 0.000 0.000
O-C-0OH-HO 0.000 5.000 0.000 0.000
HC-CT-C-N 0.000 0.000 0.000 0.000
CT-CT-C-N 1.173  0.189 -1.200 0.000
CT-C-N-H 0.000 4.900 0.000 0.000
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2.2.2.2 Hematite substrate

The interactions prevailing in an a-Fe, O3 slab — a crystalline iono-covalent solid — was
represented in the current work by the force field developed by Guillot et al.''"''! to describe
natural silicates made up of the geologically most abundant oxide components, which include
the hematite structure. Thus, the interionic potential energy related to our ferric oxide surface
model US"2¢€ js defined as a sum of a Coulomb and a Buckingham-type potentials, which
respectively model the electrostatic and vdW interactions between the ions i and j:

surface _ ZZ q4i-4gj + Bij,e_rij/Pij _ & (2.9)

6
i j>i\ Tij Tij

where r;; is their relative distance, g; is the charge associated with ion i, and B;;, C;; and p;;
are the energy and length parameters describing the repulsive and dispersive forces, respec-
tively.''” Besides, the pairwise parameter values are listed in table 2.6, and the ionic charges

are qF63+ = 1.4175 e and do>- = —0.0945 e. 110,111

Table 2.6 — Pairwise parameters of Coulomb-Buckingham potential

Iontypei Iontypej B;j(kcal-mol™) p;;(A) C;j (A® kcal -mol™?)

0% 0% 208 074.373 0.265 1 962.298
0% Fe3* 184 954.990 0.190 0.0
Fe3* Fe3* 0.0 0.0 0.0

Note that only the ion pairs O - O and O - Fe are covered by the short-range Buckingham
potential, whereas Fe - Fe interactions are exclusily described by Coulombic repulsive in-
teractions.”!” The parameters listed above were retrieved from the indicated reference. '’

For information, the choice of the Coulomb-Buckingham force field was validated for our
substrate model based on the results of a MD calculation of the mechanical properties of an
a-Fe,03 crystal.® The agreement observed between the MD results and some reference data
available in literature ''* have shown that this force field is effectively adapted to describe the
considered iron oxide and its deformation under the high pressures applied in our simulations.
However, that preliminary assessment simulation is not described in this manuscript for con-

venience.

3The computational procedure used to calculate the elastic constant tensor of the hematite crystal, and partic-
ularly its bulk elastic modulus, was adapted from a MD simulation example provided with LAMMPS package (ex-
amples/ELASTIC), which was developed by Aidan Thompson, being available at https://github.com/lammps/
lammps/blob/master/examples/ELASTIC/ (accessed: 20 June 2018).
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2.2.2.3 OFM-surface interface

Finally, the last contribution to the total potential energy describing our systems concerns
the interactions occurring at the interface of the solid substrate and the OFM molecules form-
ing the protective boundary film, U™terface  Actually, in the adsorption and friction studies,
amine-based SAM are adsorbed on a-Fe;O3 (0 1 1 2) slabs, with different molecular surface
coverages (I'). In these simulations, the interactions between the (primary) amine head groups
and the iron oxide surface were represented by a sum of Coulomb and LJ (12-6) potential terms

over all interacting sites i and j:

o 12 \6
rintertace _ Zz{q‘ U 4 e [(?) - (ﬂ) ]} (2.10)

i j>i U Tij ij Tij

The pairwise L] parameters required in our MD simulations to describe these interfacial
interactions were fitted to reproduce both adsorption energy (E,qs) and N-Fe equilibrium dis-
tance (dn.re) determined from DFT calculations (for full details, cf. chapter 4, § 4.1.3, p. 72).
The fitted values of ¢;; and €;; are reported in table 2.7. Regarding the electrostatic interac-
tions, the charges g; and g; correspond to the same values used to compute glubricant apq

ysurace (cf table 2.2 and § 2.2.2.2, respectively).

Table 2.7 — Pairwise parameters of L] 12-6 potential for the amine-surface interface

Iontypei Atom type j oijA) €;j (keal - mol!)

0%~ CT 4.21 0.145
0>~ HC 3.4 0.096
0%~ NT 2.5 0.35
0>~ H 3.4 0.0

Fe3t CT 4.02 0.772
Fed* HC 3.20 0.434
Fe3* NT 2.40 0.0

Fe?* H 3.20 0.16

The atom and ion types referred to here are the same used in
table 2.2 and 2.6, respectively. As a reminder, CT corresponds
to carbon atoms present in CHs-, -CH»-, >CH- and RCH,-NH,
groups; HC indicates the hydrogen atoms associated with H-C
alkane groups, whereas H represents those composing the amine
group (RNH,); lastly, NT describes the nitrogen atom of the primary
amine molecule.
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To conclude this chapter, we draw attention to the fact that more information about the MD
simulation procedures will be provided in each of the following studies related to the working

mechanisms of OFM additives, namely:
e diffusion in chapter 3 (cf. § 3.2, p. 40);
e adsorptionin chapter 4 (cf. § 4.2, p. 74);

e frictionin chapter 5 (cf. § 5.2, p. 102).
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3

Diffusion

Before adsorbing on an engine component and forming then a protective film, OFM molecules
need to diffuse through the bulk oil and reach the lubricated contact surfaces. In addition, OFM
have to spread faster than all other surfactant additives dissolved within the formulated lubri-
cant in order to avoid competition for the surface adsorption sites (cf. § 1.2.1, p. 10). For these
reasons, molecular diffusion cannot be disregarded in the performance evaluation of OFM,
since their presence on the rubbing surfaces may be affected by their diffusive behavior and
rate. Therefore, MD simulations were used to shed light on molecular interactions between

lubricant oil and OFM, particularly to get insights into their dynamics in liquid phase.

This chapter is organized as follows: first, a concise review on computational methods that
are usually used to determine diffusion coefficients is presented (cf. § 3.1, p. 36). Then, the
simulation protocol employed to calculate the OFM diffusivities is detailed (cf. § 3.2, p. 40),

followed by a description of the obtained results (cf. § 3.3, p. 51).
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3.1 Background and literature review

In the current work, molecular diffusion — also termed in literature as intra, self or tracer
diffusion'*~ 'Y — refers to the translational movement of individual molecules, in a single
or multicomponent solution, which is induced by the random thermal motion, the so-called
Brownian movement.! This phenomenon is presented in a wide range of natural and indus-
trial processes, and the knowledge of their diffusive transport properties is thus crucial for the
design of a diverse number of practical applications, and specially for those where diffusion is

arate-limiting step. ' 1% 119, 127132

Several theoretical approaches have been developed to predict dynamic transport prop-
erties in liquids, particularly the diffusion coefficient (9), which is interchangeably termed as
diffusivity.'*" 132~ 135 Most of the models reported in literature are derived from the kinetic,
hydrodynamic and free volume theories, as well as from statistical mechanics.''* '20» 131, 135= 138
Also, diffusion coefficients can be obtained via experiments like tracer-based techniques, nu-
clear magnetic resonance (NMR) and neutron scattering measurements. 113, 117,131,139, 140 How-
ever, these experimental methods often present high cost and technical difficulties when com-
plex systems are involved (e.g.,, multicomponent solutions with polyatomic molecules, haz-

ardous substances, challenging thermodynamic conditions, etc.). % 127, 132, 138,139, 141 =143

In this context, computational methods derived from statistical mechanics, and in particu-
lar from MD simulations, have been used as a low time- and resources-consuming alternative

to determine diffusivities in single and multicomponent solutions, ' %> 121, 127,132, 142

Regard-
ing the MD method, there are basically two conventional techniques available, based on either
equilibrium (EMD) or non-equilibrium (NEMD) algorithms.''* 19,134 144,145 1n NEMD, the
simulated system is perturbed away from equilibrium by an external driving force, or a bound-
ary or nonuniform initial condition, in order to create a mass flux within the system and then
calculate the associated diffusion coefficient. !> 1“1 14° In contrast, EMD does not require any
imposed perturbation and the diffusivities are computed from the molecular motion of a sys-
tem at equilibrium. !> '*! Because of the similarity of NEMD simulations to physical experi-

ments, this method has been treated as the most intuitive approach to obtain transport prop-

erties.''? 1" Nevertheless, EMD methods offer the advantage of calculating multiple system

IThere is also another diffusion process named inter-diffusion — likewise known as bulk, collective, mutual or
transport diffusion —, which describes the collective movement of molecules, resulting from a driving force, such
as a concentration or a chemical potential gradient. ' 115 120 However, this process was not considered here. For
detailed information on inter-diffusion process, the interested reader is referred to appendix A (cf. p. 1), and also to
some specific publications, ! 14~ 126
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properties in a single simulation without the need for exceptionally large driving forces.' > '*"

In addition to that, it must be pointed out that diffusion coefficients in liquids are func-
tion of temperature, pressure and composition.'*’ 1 1%? In our case, we are interested only in
a single thermodynamic state, namely a binary mixture of dilute OFM (1 wt.%) in a given BO,
at 373 Kand 1 atm (cf. § 2.1, p. 18). In the following, we thus focus attention on the prevalent
EMD-based models commonly used to determine liquid diffusivities at uniform temperature

and pressure conditions.
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EMD methods to determine molecular diffusivity, ©:

In practice, the diffusion coefficient of a component i in its pure fluid state (denoted by
@?) or in a binary mixture of components i and j (denoted by ©; ;) can be computed by ana-
lyzing the mean-squared displacement (MSD) of each molecule according to Einstein relation
(cf. equation 3.1), or equivalently, from the velocity autocorrelation function (VACF) stated by

Green-Kubo expression (cf. equation 3.2): %% 8% 119, 141, 144

1 . 1 N; ,
0= 6-N; rrlzl—r»%o m-At <§1[rl’i(t+m'At)_rli(t)] > 3.1

D= foo dt’<%[vl (0t + 1] ) (3.2)
3-N; Jo =1 it !

where Nj is the total number of molecules of component i, m is the number of time steps, At is
the time step, r; ;(¢) and v; ;(£) are respectively the position and velocity vectors of the center-
of-mass of the I molecule of type i at time ¢ (both obtained from EMD simulations), and the

angle brackets (---) denote an ensemble average. ''? %% 140

Since equations 3.1 and 3.2 are valid for a compound iin single-component fluids (@? =9)
as well as in mixtures i/j (D;, j = 9), the numerical values of diffusivity will differ in this two
possible cases.'** ¢ Besides, since diffusion coefficient in a mixture is itself composition-
dependent, its value lies between its respective infinite dilution limits.'*® For example, for a
binary mixture:

gf}zﬂo <D, < Qf,lzal
where x; is the mole fraction for component 7, and the subscripts I and 2 indicate the diffusing

solute and solvent molecules, respectively.

Moreover, MSD and VACF approaches have extensively been employed to calculate diffu-
sion coefficients in previous works, in which ® has widely been used to calibrate/assess the
accuracy of molecular mechanical force fields, to interpret experimental data, as well as to bet-
ter understand fluid dynamics and microscopic structure. '/ 127 131, 132, 134, 139, 141 = 143, 146 = 160
However, it should be mentioned that experimental and computational data on diffusivity of
organic surfactant molecules applied as friction modifiers are scarce. To the best of our knowl-
edge, diffusion coefficients of the regarded amine-based FM, BO and their resultant binary
mixtures have not been studied and reported before, either by means of experiments or from

molecular simulations. Therefore, by addressing this lack of empirical data, our work have in-

tended to provide useful information for the design of more efficient additives.
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After concisely reviewing the theoretical background for computing diffusivities, we re-
mind that our purpose with this work does not rely on estimating a diffusion coefficient that
accurately describes the mass flux occurring within a fully formulated lubricant employed in
real engines (e.g., ICE). As a matter of fact, the mass transfer processes involving lubricant addi-
tives in real-world applications are more complex, and they require a thorough modeling and
investigation. Our study was actually an initial step to integrate a molecular diffusion analysis
into the computational performance evaluation of OFM. Therefore, our primary aim here was
to gain insights into interactions between additives and the lubricant oil, and to understand

how chemical structure affects their liquid-state dynamics, but in relatively ideal conditions.

To that end, the MSD method was chosen because of its simplicity in computing ® orum,5o
from the data collected from EMD simulations. Then, we have investigated the effect of differ-
ent molecular structural parameters on diffusive behavior and rate of OFM and BO molecules,
namely the BO polarity and the OFM polar head chemistry, as well as the hydrocarbon chain
length (cf. table 3.1). For the compounds containing amine-based polar heads, we have also
varied the number and nature of the hydrogen substituents associated to nitrogen atom — numi-
ber: primary, secondary and tertiary amines; nature: alkyl and ethoxylated groups — to assess
their influence on diffusivity. The computational methodology used to conduct this study and

the corresponding diffusivity results are detailed in the following sections.

Table 3.1 — Molecular parameters investigated in the diffusion study

Components Structural factors

Solvent (BO) Polarity (nonpolar: PAO & polar: PAG; cf. § 3.3.1)

Polar head chemistry (alkane, alcohol, acid, amine & amide; cf. § 3.3.2.1)
Parameters concerning exclusively amine-based FM:
Solute (OFM) Number of hydrogen substituents (1°, 2° & 3° amines; cf. § 3.3.2.2)
Nature of hydrogen substituents (alkyl & ethoxylated amines; cf. § 3.3.2.2)
Hydrocarbon tail length (chains with 6, 12, 18 & 24 carbons; cf. § 3.3.2.3)
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3.2 Computational details

As mentioned earlier, the diffusion coefficients of OFM additives in a model BO were ob-
tained using Einstein formalism. This method requires the generation of long-time trajectories
via EMD simulations, and more specifically from a NVE? ensemble simulation, termed here as
the productionrun. After the trajectory sampling phase, ®orm, o is calculated from the slope of
MSD values, averaged over multiple trajectories of individual molecules as a function of time,

within the diffusional regime: % %4 141, 147

14,
DormBO = 5 }LI{; T (Ar”) (3.3)

To obtain the required molecular data, simulation cells representing the mixtures were ini-
tially designed (cf. § 3.2.1, p. 42), and then equilibrated at the desired pressure and temperature
conditions. For both equilibration and production runs (cf. § 3.2.2 and § 3.2.3, p. 45 and 47, re-
spectively), MD simulations were performed using the original OPLS-AA force field (cf. § 2.2.2,
p. 26). Short-range nonbonded interactions were truncated at 15 A, and analytical tail cor-
rections® were used to estimate the long-range contributions of vdW interactions to energy
and pressure. Electrostatic interactions were calculated applying the particle-particle particle-
mesh (PPPM) solver,'®' with a desired relative error in forces of 1 x 1076, Besides, conven-
tional periodic boundary conditions were used in all dimensions of the cubic simulation cells,

and the standard velocity-Verlet algorithm® was applied to integrate Newton’s equations of

motion with a time step of 1 fs, employing LAMMPS package. *°

Before going further on the description of this computational protocol, it is worth men-
tioning that there are generally four major factors impacting the accuracy of ®orm,po esti-
mated from a MSD-time profile obtained via EMD simulations: the employed force field, the
simulated system size, the trajectory sampling procedure and the data post-treatment analy-

. 131,134, 142,151, 158, 162

Sis. So, it is important to make a clear statement on how these factors

were addressed and then integrated in our work.

Firstly, it is well known that the models and the parameters of the applied molecular po-
tentials do dictate the strength and the anisotropy of the intermolecular interactions involved
within the simulated systems, and by consequence, their thermodynamic and transport prop-

91,131, 13

erties. 4,148 For example, the density of a dilute solution is mainly governed by the

solvent-solvent interactions, and specifically by their vdW and electrostatic interactions.”® Thus,

2 NVE ensemble: constant number of particles, constant volume and constant energy.
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the L] and Coulomb potentials — which both describe these nonbonded interactions — affect
not only the density and dynamics of the solvent but also the solute diffusivity, since an un-
derestimated bulk density might result in an easier movement of the diffusing molecules, or
conversely, an overestimated density might hinder the molecular motion. !’ '** Regarding
the OPLS-AA potentials, it has been reported in previous works that the original force field can
overestimate the density of linear long-chain alkanes at ambient conditions, owing to an over-
prediction of the melting point temperature, which ends up yielding unrealistic phase transi-

s, 08 147, 155=195, 158 1q Jight of these findings, we have first determined the density and dif-

tion
fusivity of our pure BO models (ppo(T) & @%O(T)), in order to assess the ability of the original
OPLS-AA potentials in reproducing their liquid properties under the desired physical condi-
tions. The obtained results are detailed later (cf. § 3.3.1, p. 51). Based on a comparison of the
simulated densities with experimental data at different temperatures, we have indeed verified
that the chosen force field provides numerical results that are in a very good agreement with
experiments, specially at 373 K (cf. table 3.4, p. 51). Neither crystallization nor liquid-to-gel
phase transition was observed during those test simulations. Therefore, the original OPLS-AA
force field was validated, and then employed to model the molecular interactions of organic

compounds throughout our investigation on action mechanisms of OFM, particularly in the

current ®opMm,po study.

Secondly, it has been proved that diffusion coefficient is sensitive to the simulated sys-

tem size, mainly because of the numerical treatment of long-range interactions under periodic

85, 1

boundary conditions. **’ '°% In fact, it has been found that regularly ® increases with increasing

131, 134, 141, 142, 151, 158, 162—

system size. 167" Accordingly, some analytical expressions have been

proposed in the literature to correct diffusivities obtained with finite systems (D"8¢), and thus

98,165,167 These corrections are useful

to estimate infinite-system extrapolated values (D).
when results from different simulations are compared, and more importantly, for comparison
between simulations and experiments. ! 1°% However, they require supplementary informa-
tion about the solution constituent properties (e.g., dynamic/shear viscosity of the solvent, 1),
which may lead to additional computational efforts and error propagation. For practical rea-

sons, considering the multiplicity of binary mixtures investigated in this study, no additional

correction of the system size was applied here. Although ®orm po values presented hereafter

PBC

OFM’BO), we still believe

are indeed coefficients calculated from a finite periodic system (i.e., ©
they are a suitable reference to express and to quantify the effect of molecular structure on

the diffusive properties of lubricant components. Nevertheless, in order to obtain comparable
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®orm,Bo values between the different systems, the simulation cells were designed with a simi-
lar number of solute and solvent molecules. In addition, each system was composed with more
than twenty thousand atoms, as an attempt to mitigate the dependence on system-size of the

calculated coefficients (cf. § 3.2.1, p. 42).

Finally, the molecular trajectory sampling procedure and the MSD averaging technique were
also found to have a relevant impact on the accuracy associated to the calculated diffusivities.
Actually, if the linear relation of the MSD-time profile does not hold, as it is expected in equa-
tion 3.3 (cf. p. 40), the predicted D orm o can be false. '*! So, extended simulation durations are
required to achieve a linearity between MSD values and the simulation time, % 131, 146, 147, 154
Provided that long enough trajectories are sampled from the MD simulations, a MSD aver-
aging over all diffusing molecules at multiple time origins can be applied for computational
efficiency purposes, yielding enhanced statistical results (cf. § 3.2.4, p. 49).'%* %l Besides,
an average over several Dopy o estimates obtained from independent simulations can also
be implemented to improve statistical accuracy (cf. § 3.2.2, p. 45). '3 141, 144,160 Gonsidering
these numerical strategies, we initially performed a series of preliminary simulations to define
and to optimize their required parameters (e.g., number of simulations, trajectory time length,
sampling interval, etc.), as well as the final MSD averaging technique, in order to establish an
effective computational protocol likely to generate statistically reliable values of diffusivities.

Therefore, the obtained simulation protocol is detailed in the following paragraphs.

3.2.1 System modeling

The input models were designed assuming that:

e the lubricant is represented by a dilute binary mixture of BO and OFM molecules, in

which the solute concentration is approximately equal to 1 wt.%;

¢ the equilibrium thermodynamic state of interest implies a liquid solution, where all OFM
are miscible in both BO, and the system temperature is higher than both OFM and BO

melting point temperatures;
* electroneutrality is ensured for all molecules.

In total, twenty-six systems were investigated, comprising two models of pure BO — used
to calculate pgo(7) and ’Dgo(T) — and twenty-four models of OFM/BO mixtures — utilised to

compute Dopm o. For every system, a large cubic simulation cell of edge length equal to 125 A
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was built using Moltemplate package.®

Then, the solvent and solute molecules were placed
uniformly inside the simulation cells. An example of the designed systems is illustrated in fig-
ure 3.1. For information, the number of molecules used in each case are specified in tables 3.2

and 3.3, as a function of the concerned BO (cf. p. 44).

s

Figure 3.1 — Schematic illustration of an initial configuration that represents a solution
containing C;g primary amine and PAO. The solute molecules are surrounded in orange.
(NBo =254 and Nopm = 4 molecules; R = 23 600 atoms)

After constructing the simulated cells, every system model was equilibrated through a se-

ries of NVT* and NPT° ensemble MD simulations (cf. § 3.2.2, p. 45), in which the Nosé-Hoover

thermostat and barostat”® " were employed to control the temperature and pressure, * using

damping constants of 0.1 and 1.0 ps, respectively. 6

3 Moltemplate package was used to build the input files used by LAMMPS (ht tp://www.moltemplate.org/).

4NVT ensemble: constant number of particles, constant volume and constant temperature.

SNPT ensemble: constant number of particles, constant pressure and constant temperature.

8For information, in the Nosé-Hoover thermostatting approach,’® °” a Hamiltonian with an extra degree of free-
dom for a heat reservoir is introduced in the algorithm, in conjunction with the MD equations of motion, in or-
der to control the temperature of the simulated system. Besides, the Nosé-Hoover thermostat can be proven to
generate the NVT ensemble under equilibrium conditions.®® Concerning the pressure control, the Nosé-Hoover
barostat, ?® 97 which continuously alters the unit cell vectors and by consequence the cell volume, can be used to
sample the NPT ensemble. %
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Table 3.2 — Details of simulation cells with PAO as solvent model

Structural factor OFM molecule Norm Nprao  Hiotal
Pure solvent - 0 220 20240
Cig alkane 4 240 22304

Polar Ci5 alcohol 4 255 23688
head Cig acid 4 269 24972
chemistry Cig primary amine 4 254 23600
C1g primary amide 4 268 24884

Cig primary amine 4 254 23600

Hydrogen C1s secondary alkyl-amine 4 268 24900
atom C3 tertiary alkyl-amine 4 281 26108
substituents C1s secondary ethoxylated-amine 3 222 20619
Cig tertiary ethoxylated-amine 3 253 23492

Ce primary amine 11 263 24438

Hydrocarbon Cy2 primary amine 6 263 24436
tail length Cig primary amine 4 254 23600
Co4 primary amine 3 250 23228

Norm and Npo indicate the number of OFM and BO molecules (PAO or PAG), respectively, which
were placed into each simulation box during the design phase. Additionally, Ny, refers to the
total number of atoms representing the solution (i.e., solute and solvent atoms).

Table 3.3 — Details of simulation cells with PAG as solvent model

Structural factor OFM molecule Norm Npag  Tiotal
Pure solvent - 0 220 20900
Cis alkane 4 201 19319

Polar Cyg alcohol 4 214 20558
head Cig acid 4 225 21599
chemistry Cig primary amine 4 213 20467
C1g primary amide 4 224 21508

Ci1g primary amine 4 213 20467

Hydrogen Cig secondary alkyl-amine 4 224 21524
atom Cg tertiary alkyl-amine 4 235 22581
substituents C1g secondary ethoxylated-amine 4 248 23820
Cg tertiary ethoxylated-amine 3 212 20356

Ce primary amine 11 220 21142

Hydrocarbon Cy2 primary amine 6 220 21140
tail length C1g primary amine 4 213 20467
Cy4 primary amine 3 210 20178
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3.2.2 Equilibration

The equilibration phase was carried out in several stages, following a protocol inspired by

procedures applied in earlier published works, °% 141, 147, 155

Considering the size of the simulation cell and the distance between molecules in the initial
configurations (cf. figure 3.1, p. 43), the system models correspond to a gas rather than a liquid
phase. Despite of this fact, they were firstly energy-minimized to remove any possible overlap
between the represented molecules. Then, every model was submitted to a conventional NVT
ensemble simulation at high temperature (773 K) to rapidly disorder the artificial molecular
arrangement obtained during the system design. For information, the initial atomic velocities

were assigned following a Maxwell-Boltzmann distribution.

After 2 ns (2 000 000 time steps of 1 fs), the molecules get random orientations and each
simulation box was contracted from an edge length of 125 Atoaround 60 A (AV/Vy = —50 %),
in order to reduce its large initial dimensions, and to obtain a more representative volume of the
liquid state. This process was gradually done by means of several sequential volume reduction

runs (AV/V = -2.5 %), coupled with intermediate energy minimizations.

The compression stage was followed by a 3 ns NVT ensemble simulation (3 000 000 time
steps), to bring the temperature of the contracted system into the desired value of 373 K. Ad-
ditional replicated simulations were performed for the pure BO models in order to obtain their

equilibrated systems also at 323 and 423 K.”

The subsequent equilibration step was a relaxation in the NPT ensemble, for 6 ns (6 000 000
time steps), and with the following physical conditions: pressure = 1 atm; equilibrium temper-
atures, Teq = 323, 373 & 423 K for pure solvents, and 373 K for binary mixtures. For each
system, the equilibrium liquid density predicted by the chosen force field was computed using
the system volume averaged over the final 4 ns, when there was only negligible change in the

simulation box.

After that first relaxation, the dimensions of the simulation cell that corresponds to the
equilibrium density were fixed, and then the total linear momentum was set to zero in order to
inhibit the effect of the flow that was probably created during the previous NPT run. Finally,
a last relaxation process in NVT ensemble was performed at T, for a period of 2 ns (2 000 000

time steps).

"The analysis of the liquid densities p g (T) reproduced by original OPLS-AA force field have taken into account
three equilibrium temperatures, Teq: 323, 373 and 423 K.
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In summary, the equilibration procedure applied in this study has used long-time MD sim-
ulations® (13 ns, in total) in order to ensure that any phase transition of the BO matrix would
not occur under the thermodynamic states of interest. Besides, the final thirty equilibrated
systems are represented by cubic boxes with an edge length ranging from 54 to 64 A (for an ex-

ample, cf. figure 3.2).

(a) (b)

Figure 3.2 — Examples of equilibrated systems at 373 K:
solution model of C;g primary amine in: (a) PAO & (b) PAG.
Atomic color code: white - hydrogen, gray - carbon, blue - nitrogen, red - oxygen.

In order to estimate the uncertainty related to the computational method utilised to obtain
®, we decided to run five independent production runs, and to calculate their statistics from
this set of simulations (i.e., mean and standard deviation). To do that, each one of the five pro-
duction runs requires a different initial configuration of each system, but the equilibration pro-
cess previously described provides only a single equilibrated structure (cf. § 3.2.2, p. 45). Thus,
four other independent configurations (referred to as #2, #3, #4 & #5) were obtained via se-
quential heat-cooling cycles (cf. figure 3.3, p. 47), and derived from the first equilibrated model
(#1).

8For information, equilibration simulations were performed on a 16-cores processor (Dell C6320; Intel Xeon E5-
2640 v3 2.60GHz) during 15 days, on average.

46



3. Diffusion

NVT-ensemble simulation: T,, > 1273K > T,,

!

NVE ensemble MD simulation for molecular trajectory sampling

Figure 3.3 — Schematic illustration of the heating-cooling cycles, used to generate the
four additional equilibrated structures (for each investigated system model), which were
used as input configurations for the production simulations and trajectory sampling.

A heat-cooling cycle consists in increasing the temperature of a precedent equilibrated
configuration, from T4 to 1273 K, in order to quickly reorient the molecular structure and
obtain a new independent configuration, after decreasing the temperature from 1 273 K to the
desired T4. Indeed, each initial equilibrated structure was heated up assigning the velocities
of the molecules according to a Maxwell-Boltzmann distribution at 1 473 K, and then running
a 2ns NVT ensemble simulation (2 000 000 time steps of 1 fs) at 1273 K. All other parame-
ters concerning these NVT runs are identical to those performed during the first equilibration
phase (cf. § 3.2.2, p. 45). After that, every system was cooled back to the targeted T, for a pe-
riod of 4 ns (4 000 000 time steps). Then, the total momentum was zeroed and each system was
further equilibrated maintaining the temperature constant at T, for more 2 ns (2 000 000 time
steps). In the end, each equilibrated configuration was used both to run a production simula-
tion, as well as to run a new heat-cooling cycle. In total, four cycles were performed to obtain
the five replicated production runs needed to estimate the statistics related to the calculated

diffusivities.

3.2.3 Production

Once the equilibrated systems were obtained, production simulations were performed in
order to sample the molecular trajectories required to determine the MSD averages ((Ar?)) and
then, the diffusion coefficients (@%O & ®orpm,Bo). This production phase was carried out in a

NVE ensemble, without the application of any artificial thermostat in order to avoid introduc-
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ing perturbations into the system dynamics. As a matter of fact, the temperature control in a
NVT ensemble simulation is conducted by scaling the molecular velocities, which may nega-

tively affect the molecular motion, and ultimately, the diffusivitiy estimates.'*’

Each production simulation was run for 20.25 ns? (20 250 000 time steps of 1fs). Judg-
ing from the quite steady evolution of temperature and total energy with time (for an exam-
ple, cf. figure 3.4), every system reaches equilibrium during the first 0.25 ns (or equivalently,
250 ps). Therefore, the unfolded positions (r; ; (#)) of the center-of-mass of all regarded diffus-
ing molecules were stored every 100 time steps (0.1 ps), during the final 20 ns, resulting in a

total of 200 000 configurations per molecule and per production run.

Temperature (K)

0 250 500 750 1000

Simulation time - # (x 10-12s)

(a) Temperature

50370 -

50350 -

50330 -

50310

50290 -

Total energy (kcal /mol)

50270 A

50250

0 250 500 750 1000

Simulation time -  (x 1012 s)

(b) Total energy

Figure 3.4 — Time evolution of: (a) temperature and (b) total energy, during the first 1 ns
of the production simulation for a solution of C;g primary amine in PAO.
(Related statistics: temperature = 374.6 + 1.4 K & total energy = 50311 + 4 kcal-mol™!)

9For information, each production simulation required approximately 20 days of computing time.
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3.2.4 MSD analysis

After the molecular data sampling, the mean-squared displacements were calculated and
averaged, not only over all diffusing molecules but also over multiple calculations based on
different time origins. In fact, the position samples were overlapped following a numerical

strategy that provides extra MSD results, in order to improve their statistical accuracy. **" '*!

In practice, a single MSD value (Ar%T ) describes the position deviation of the center-of-

mass of the ™ molecule of type i, with respect to a fixed origin (7 ), at time % 14!

Ar?,r,, = [r,i(tn+1) - rl,i(Tn)]z (3.4)

Considering an overlapped data approach, the global trajectory generated in a production
run is divided into multiple parts or blocks of equal time length (cf. figure 3.5). These blocks are
obtained by shifting the reference position along each trajectory according to an evenly spaced
time interval. As a result, each block associated with a specific origin provides molecular posi-
tions for an individual calculation of Arirn. Therefore, an average over all individual values is
needed. In order to achieve that, MSD is first averaged over all molecules of type i present in
): 141

the simulation cell (IV;

1 N
(Ar?y, = F-Zmﬁ,n (3.5)
Lol=1

Then, the final MSD average is taken over all overlapping blocks of equal time length (N; ):

N;,
ort) = — Y ), (3.6)
Tn n=1

T, time interval

-
P LT

EEEmE e e E--
im

To T T; T T .
1 z 3 €. " time

Figure 3.5 - Use of overlapped data to determine the final (Ar?): molecular positions

obtained at any instant contribute to several MSD calculations. Trajectory blocks are
shown as shaded lines, with dashed lines marking the different time origins (z,,).%*

Finally, the averaged MSD is plotted against the simulation time and the diffusion coeffi-
cient (@%O or Dorm,Bo) is estimated from the slope of the linear region of the MSD-time profile,

as predicted by Einstein relation (cf. equation 3.3, p. 40).
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In our case, each production run has provided a trajectory containing 200 000 positions
for each molecule. In total, 2 000 time origins (N;,) were taken as reference, every 5 000 times
steps (1, time interval = 5 ps). Thus, each trajectory was divided in 2 000 overlapping blocks,
each one containing a maximum number of 100 000 positions, which represents a maximal
time length of 10 ns. As a reminder, the total number of diffusing molecules present in each
system (IV;) are listed in tables 3.2 and 3.3 (cf. p. 44). Besides, some examples of MSD-time

profiles obtained from the explained averaging technique are given in figure 3.6.

900

800 1 « PAO
700
600
500 |
400 |

300 A

200 A

R2=10.9992
100

Averaged MSD - < Ar? > (x 1071 cm?)

Simulation time - £ (x 109 s)

(a)

3500

3000 4 « Primary amine in PAO

« Primary amine in PAG
2500 A

2000
R2=0.9979
1500

1000 R2=0.9981

500 A

Averaged MSD - < Ar2 > (x 1016 cm?)

0 1 2 3 4 5 6 7 8 9 10

Simulation time - f (x 109 s)

(b)

Figure 3.6 — MSD-time profiles determined from a trajectory sampled during a
production run at T,; =373 K: (a) pure BO models, PAO (moss green) & PAG (ruby);
(b) solution of Cig primary amine in PAO (light blue) and in PAG (dark blue).

Indeed, a high linearity between the averaged MSD and the simulation time was achieved
for the investigated systems, as it is indicated by the values of the correlation coefficient square
R?, which were calculated via a least-square fitting of (Ar?) data. These results suggest that the
trajectory sampling and the MSD averaging procedures employed in this work effectively offer

a suitable methodology for estimating diffusion coefficients involving OFM and BO molecules.
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3.3 Results and discussion

The current study aims to better understand the effect of the molecular structure on in-
teractions involving lubricant components in a liquid solution, and particularly on their diffu-
sive behavior expressed by the diffusion coefficient. This section reports the results obtained
through the foregoing computational protocol, focusing first on properties of the pure BO —
when lubricant model fluids are free of any additive —, and then on those of OFM/BO mix-
tures. For each system model, the reported diffusivity and its associated uncertainty are the
mean and the standard deviation, ® and osp, respectively, which were obtained from the five

2

independent production runs. Besides, D is expressed in 1075 cm?-s~! and osp is represented

by error bars in the depicted histograms.

3.3.1 Pure BO properties

Since density is the most significant thermodynamic property of the regarded BO whose
experimental data was available, we have considered this property as reference to evaluate the
force field chosen to describe the interactions between organic compounds in our work. As dis-
cussed earlier, it is important to accurately reproduce the solvent density through the molec-
ular simulations, because the ensuing prediction of the solute diffusivity strongly depends on
31,1

the potential energy models (cf. § 3.2, p. 40).'°% 13132 In this context, the simulated and ex-

perimental BO densities are compared below, as a function of the equilibrium temperature.

Table 3.4 - Density of model base oils (kg-m3) at Teq and 1 atm

Baseoil Teq Experimental ppo @ Simulated ppo ® Deviation
323K 792 793 0.2 %
PAO 373K 760 756 0.5%
423 K 728 721 1.0 %
323K 895 894 0.1 %
PAG 373K 859 853 0.7 %
423 K 822 813 1.1 %

@ Experimental data was provided by Total Marketing & Services (Solaize,
France). ® Simulated density values correspond to the averaged density calculated
after the NPT ensemble run, during the equilibration phase (cf. § 3.2.2, p. 45).
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As can be seen from table 3.4 (cf. p. 51), the simulated densities substantially agree with
experiments, for both BO and for all of the probed temperatures. In addition, no transition
phase was detected in any MD simulation. Those results thus indicate that intermolecular in-
teractions defining the BO liquid-state are accurately reproduced by the original OPLS-AA force
field. Therefore, the following analyses of diffusion coefficient have relied on the assumption
that the chosen force field is indeed suitable to correctly model the interactions prevailing in

dilute mixtures made up of the considered OFM and BO model molecules.

Furthermore, the BO diffusivities @%O(T ) were computed to gain a preliminary under-

standing of the neat solvent dynamics in different temperatures (cf. figure 3.7), and also as

an attempt to evaluate the computational protocol employed here to estimate ©.

DO (% 106 cm?/s)
[

0.2

323K 373 K 423K
Temperature, T, (K)
mPAO BPAG

Figure 3.7 — Results of @go for the pure BO models (PAO in moss green and PAG in ruby),
as a function of equilibrium temperature.

Regarding the accuracy of these results, the calculated coefficients have been found to
be consistent with the diffusivities that are typically reported for liquids, ''*'*° which are
around 107° cm?-s™!. The obtained values are somewhat lower than those measured for the
most studied solvents (e.g., water, hexane, benzene, etc.), 113 mainly because of the relatively
higher molecular size (or weight) of the investigated BO (molar mass, M: Mpao = 422.83 g/mol
& Mpac = 504.79 g~mol_1). Indeed, a mass dependence is indirectly observed for the diffu-
sion rate of compounds exhibiting comparable chemical structure. %> 143, 156, 157, 168= 172 Thjg
correlation implies that, at a given and constant temperature, the relatively smaller molecules

have a higher kinetic energy, which increases their thermal motion and eventually their diffu-
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sivity. For that reason, it expected that, for example, PAO (C3oHgy) diffuses with a lower rate

than a shorter alkane like hexane (CgHj4).

Unfortunately, it was not possible to directly compare the calculated coefficients with ex-
perimental measurements, because of the lack of such data for the studied BO. Nevertheless,
experimental diffusivities determined in similar physical conditions were found in the litera-

ture for n-triacontane and squalane, which are isomers of PAO (cf. figure 3.8). 170,172 Their co-

efficient are reproduced in table 3.5, in order to allow a comparison with the calculated ’Dgfg ¢
to be drawn.
PO PPN N N\ J
y . N N ]
J
(a) n-Triacontane (b) Squalane (c) PAO

Figure 3.8 — Schematic structure of C3oHg, isomers: (a) n-triacontane ; (b) Squalane
(2,6,10,15,19,23-hexamethyl-tetracosane); (c) PAO (9-methyl-11-octyl-henicosane).
These three medium-size alkanes have an equal molar mass but different molecular
structures: n-triacontane is linear; squalane has a quasi-linear hydrocarbon chain, with
six methyl branches symmetrically placed along a Cy4 backbone and finally; PAOis
branched, with a methyl and an octyl groups branched at a C,; backbone.

Table 3.5 — Diffusion coefficient of pure C39Hg, isomers (10~ cm?-s71)

Isomer Method DO @ T P Reference

n-Triacontane Experimental ® 39@) 376K 0.99atm Vardag et al. 170

Squalane Experimental © 2.6(3) 372K 1.0atm Mondello eral.'”

PAO MD simulation 15(4) 373K 1.0atm -

@ The number in parentheses indicates the statistical uncertainty in the last given digit, re-
lated to the method of measurement or calculation of the diffusion coefficients. ® Pulsed-field
gradient (PFG) NMR, combined with Fourier transform. © PFG spin-echo NMR.

Despite the fact that no system-size correction was used in our simulation study, we ob-
serve that the PAO diffusivity is in a fairly good agreement with those measured for its isomers.
At least, their values are in the same order of magnitude, and more importantly, the effect of

molecular branching on alkane dynamics was qualitatively described, which imposes that, for
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similar size molecules, those with a branched structure usually move slower than the linear
ones.' """ 17? So, PAO molecules may diffuse in a lower rate than its isomers, as predicted by our

simulations.

Concerning the diffusive behavior of PAO and PAG described in figure 3.7 (cf. p. 52), we
can discern a clear difference between their diffusivities at any temperature (@10J G < @gAO).
That dissimilarity cannot be explained solely on the basis of their molar mass (Mpag > Mpao),
but also in terms of their chemical structure, which defines the intermolecular forces governing
their properties. Actually, PAO is a nonpolar compound and PAG possesses several polar func-
tional groups (e.g., ether and hydroxyl), which have the ability to form hydrogen bonds. Indeed,
the forces that hold together PAG molecules at the liquid state are stronger and more attractive
than the ones encountered in a PAO solution. Thus, the spread of polar molecules through ran-
dom thermal motion is, to a certain extent, slowed down by the resultant molecular cohesion,

which eventually reduces their diffusion coefficient. That is why ’DgAO are higher than ’Dg AG*

It is also interesting to notice that the temperature dependence of BO diffusivities is rather
well represented by an Arrhenius-type equation in the relatively small considered range of tem-
perature (cf. figure 3.9). In fact, Arrhenius equation for molecular diffusion can be expressed

173

as:

D0 = Dy ex (_Ea) (3.7
BO — 0 p ka *

where 9 is the diffusion prefactor, E“ is the diffusional energy barrier, k; is the Boltzmann

constant, and T is the absolute temperature. '

-10

-1 e PAO
12 | e PAG

13

i

e RZ = 0.9742

In (9%)
I~

15

-16 R =0.9899

-18

2 3 4
1000/ T,,

Figure 3.9 — Plot of Arrhenius-type fit of @%O data (PAOin moss green, and PAG in ruby).
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From a least-square fitting of the obtained ZD%O values, we calculated the energy barrier

(Ej,) related to the diffusion of each BO model, yielding E = 7.8 + 0.3 kcal-mol~! and

a
PAO

Ea

pag = 10.5+0.6 kcal-mol~1.1% In our case, E“ can be interpreted as a deformation energy, re-

quired to create a configurational space within the fluid medium, and enabling the thermally-
induced molecular displacement to occur.'* Thus, the obtained values of Ej, confirm the
previously mentioned difference in diffusive behavior between PAO and PAG, indicating that a
PAG molecule demands more energy to move, probably due to its need for "breaking" the sur-
rounding hydrogen-bonding network, in comparison to the thermal motion of a PAO molecule

in its own nonpolar matrix.

Therefore, the results obtained for the pure BO have provided useful information about
the solvent liquid properties, and they constitute an important reference point to study the dy-
namics of OFM/BO mixtures, which was the next step of our investigation (cf. § 3.3.2). They
have also suggested that the computational protocol used here to determine the diffusion co-
efficient is sufficiently accurate and effective to discern the influence of chemical structure on

diffusive properties of lubricant components.

3.3.2 OFM/BO mixture properties

The liquid densities obtained for the binary solutions are presented in appendix B (cf. p. V).
In the following, ®opMm o results are reported according to the investigated structural factor
(cf. table 3.1, p. 39). First, we studied the effect of OFM polar head for a given hydrocarbon
chain (Cy3 tail), starting with an analysis of different chemical functional groups (cf. § 3.3.2.1,
p. 56), and then focusing on characteristics of amine-based additives (i.e., number and nature
of hydrogen substituents; cf. § 3.3.2.2, p. 60). Afterwards, the influence of OFM tail length is
described for a fixed primary amine polar head (cf. § 3.3.2.3, p. 62). Finally, the influence of BO

polarity is addressed in each analysis related to OFM structure.

10For a comparative purpose, note that the energy barrier for squalane — determined from PFG NMR measure-
ments performed by Mondello et al.,'’! — is approximately 6.23 kcal-mol~!.
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3.3.2.1 Effect of head group chemistry

35
2.8

3.2
25
2.2
1.6
1.0 0.8

PAOPAG

@L} (x 10-6cm2/s)

PAOPAG PAO PAG PAO PAG PAO PAG

W Alkane 0O Alcool MAcid BAmine B Amide

(a) D;j data arranged by "head group chemistry" ordering

PAO PAG

W Alkane OAlcool BAcid BAmine B Amide
(b) ©j; data arranged by "BO polarity" ordering

Figure 3.10 - ©; ; for liquid solutions of an OFM (i; 1 wt.%)
in a BO (j: PAO - bars on left — or PAG - bars on right) at 373 K.

Additive models are constituted with a Cy3 tail and a terminal group of a specific
chemical function (groups: alkyl in green, hydroxyl in yellow, carboxyl in red, primary
amine in blue, primary carboxamide in purple). Note that the alkane molecule is not an
OFM model, but it is used here to assess the influence of additive head chemistry on

diffusive behavior. For a comparison purpose, the mean value of pure BO diffusivities are

indicated by dashed lines (99, = 1.5+ 0.4 and D%, =0.7£0.1 x 107% cm*:s™").

First of all, it can be seen from results described in figure 3.10a a significant difference be-
tween the diffusivities of the investigated additive chemistries, which considerably depends
on the solvent polarity. Actually, the alkane molecule and all studied OFM models (alcohol,

carboxylic acid, primary amine and amide) diffuse faster in the nonpolar BO than in the polar
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3. Diffusion

one. According to the Brownian motion, molecules move randomly because of their frequent
collisions, where resultant molecular diffusion is enhanced by thermal energy. '*' Considering
that the thermal energy comes from collisions between all of the solution components, when
solvent molecules move faster more solute/solvent collisions occur and then, more thermal
energy is generated to propel the solute molecules. In our mixtures, given that PAO propa-

g A0 CD(}), AG at a specific temperature), OFM thus exhibit

gates relatively faster than PAG (i.e., ©
a boosted diffusion rate within PAO, in comparison with the one determined in a PAG-based

solution.

That effect of solvent polarity on solute diffusive behavior can be confirmed by the ex-
perimental diffusivities determined by Park et al.,'*? who have studied the diffusion process
of methyl yellow (MY: C14H;5N3, 4-dimethylaminoazobenzene), in several n-alkanes and n-
alcohols solvents. Their main results are summarized in figure 3.11, which also presents a

schematic structure of a MY molecule (cf. bottom left-hand corner in figure 3.11).

1 o n-Alkane
o n-Alcohol

D,y (cmz/ s)

00 1000
Molecular Weight

Figure 3.11 — MY diffusivity (Dysy) in n-alkanes and n-alcohols (plotted according to
solvent molecular weight), obtained by forced Rayleigh scattering (FRS) at 318 K.
For information, the n-alkanes studied were n-octane (CgHig), n-decane (Cy9Hy2),
n-dodecane (Cy2Hyg), n-tetradecane (Cy4Hsp), n-hexadecane (C;6Hsq), n-octadecane
(C1gHsg), n-eicosane (CygHyo), n-docosane (CapHyg), n-octacosane (CogHsg),
n-pentacontane (CsoHjo2), polyethylene (My : 4 000). The n-alcohols were ethanol
(C2H50H), 1-propanol (C3H;OH), 1-butanol (C4HgOH), 1-hexanol (C¢H,30H), 1-octanol
(CgH;170H), 1-decanol (C19H2; OH), 1-dodecanol (C12H,50H), 1-tetradecanol
(C14H290H), 1-hexadecanol (C1¢H330H), 1-octadecanol (C1gH370H), 1-docosanol
(C22Hy50H), and 1-hexacosanol (CygHs30H).

(figure retrieved from the original paper) '*

As can be observed, Dy values are higher in the nonpolar solvents (alkanes) than in the

polar ones (alcohols), certainly as a result of the resistance to motion induced by the strong in-
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3. Diffusion

termolecular forces existing between the polar compounds, and particular involving the solute
molecules, which also contain polar functional groups (i.e., azo/diimide and tertiary amino
groups). In addition, their study highlights the impact of the molecular weight of the solvent on
the solute diffusivity, showing that MY diffusion coefficient decreases with increasing solvent
mass, regardless of the considered solvent chemistry. To sum-up, we can generally conclude
that a slower solvent leads to a slower solute, provided that both compounds exhibit compara-

ble molecular weight.

The DormM, Bo results also suggest that the head group chemistry of OFM affects their dif-
fusive behavior, but to different extents, depending on the solvent polarity (cf. figure 3.10b,
p- 56). We observe that the investigated polar heads (hydroxyl, carboxyl, primary amine and
carboxyamide) do slow down the OFM motion in both BO, making their molecules "stickier" in
comparison with an alkyl group, which is the nonpolar terminal group used here as reference.
Indeed, each one of the four studied polar end groups possesses a hydrogen atom attached to
an electronegative element (e.g., nitrogen or oxygen atoms), thereby being able to make hydro-
gen bonds with solute and/or polar solvent molecules (cf. figure 3.12). That attractive inter-
action most likely explains the observed relative decrease in OFM diffusion rate, especially in

PAG-based solutions.

.. oo ‘o*

- 0 . - =

o. . bTm
< "H ,u_\o.'H —N(H. R), )'E‘N(H,n).‘, Y
Hydroxyl Carboxyl Amine Carboxyamide Ether

Figure 3.12 - Polar functional groups present in the composition of the lubricant
components investigated in the present simulation study (i.e., OFM & BO models).
(Reference [online]: masterorganicchemistry.files.wordpress. com)

However, since statistical uncertainties (osp) related to © are rather scattered (cf. figure
3.10, p. 56), it is not possible to establish a rigorous ranking of the OFM diffusivities as a func-
tion of their polar head chemistry, and that mainly for those determined in PAO solutions. Nev-
ertheless, the mean values of ®gp, po still provide some interesting trends about the solute/-
solvent and solute/solute interactions with the OFM/BO mixtures. For example, the relatively
high diffusion coefficient of the primary amine in PAG seems to indicate that its polar head
may have a weaker bonding network compared to the other OFM chemistries (i.e., alcohol,
acid and primary amide). Additionally, each one of the acid and primary amide molecules has

two electronegative atoms, which may strengthen their solute/solvent interactions and then
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hinder their motion in a PAG matrix. For a PAO-based solution, the relatively low diffusivity ob-
served for the acid and the primary amide may result from a self-association process, which is
an usual phenomenon related to surfactant compounds. > %4 77 118,127, 140, 143, 148, 174 = 177 The
formation of clusters/aggregates of these additives (e.g, dimers, reverse micelles, etc.) — most
likely due to attractive solute/solute interactions — can be confirmed by an analysis of the ra-

dial distribution functions (RDF - g, ,(r)), obtained for the OFM/PAO mixtures (cf. figure

3.13).%% In the figure below, it is important to note that 8p,p axis length varies depending on

OFM functional group.
45 45
0 0-0 (alcohol) “© N-N (amine)
35 35
30 30
z 5 £ 5
® ®
15 15
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5 5
0 0
0 5 10 15 20 25 0 5 10 15 20 25
r(A) r(A)
(a) Alcohol (b) Amine
400 400
350 0- O (acid) 350 N -N (amide)
300 300
250 250
% 200 %, 200
150 150
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0 0
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r(A) r(A)
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Figure 3.13 - Radial distribution functions g, ,(r) between the most negative charged
atom (p) of each polar, in PAO-based solutions: (a) hydroxyl (go0); (b) primary amine
(gn,N); (€) carboxyl (g0,0; where the oxygen atom belongs to the hydroxyl
group); (d) primary carboxylamide (gn,N)-

Actually, g, (r) provides the spherically averaged distribution of interatomic distance be-
tween the pair groups p-p, shedding light on the local microstructure of the regarded liquid
solutions. In our PAO solutions, the analyses of the pair RDF indicate that the OFM molecules
do interact with each other during their molecular diffusion, given that at least a sharp main
peak can be identified in a short nearest-neighbor distance from the polar head (< 4 A), for
all additive models. Yet, based on a comparison in terms of the peak heights of the four po-
lar chemistries, it seems that the acid and the primary amide tend to form more "time stable"
clusters compared to those of alcohol and primary amine, which explains their diminished

molecular diffusion rate.
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3. Diffusion

3.3.2.2 Effect of number and nature of hydrogen substituents

After studying different polar head chemistries, we focused on the diffusive behavior of the
amine-based FM, extending the investigation to the structures of their hydrogen substituents,
notably their number and chemical nature. Thus, figure 3.14 shows the diffusion coefficients of

Cig secondary and tertiary amines, with alkyl and ethoxyl groups, in PAO and PAG.

4
30 2.9
o 2.5
Py
E 22
o 20
S 1.7
x
5 12
—
PAOPAG  PAO PAG PAO PAG PAOPAG  PAOPAG

NAl EA2 QA3 BE2 @ODE3

(a) D;j data arranged by "amine-type head group" ordering

4

25

@q (x 10-6 cm?/s)

PAO PAG

BAl ©A2 DOA3 mBE2 QOE3
(b) ®;; data arranged by "BO polarity" ordering

Figure 3.14 -9, ; for liquid solutions of an amine-based FM (j; 1 wt.%)
in a BO (j: PAO - bars on left — or PAG - bars on right) at 373 K.

OFM are constituted with a C;g tail and an amine polar head: the number of hydrogen
substituents are expressed in the legend (I: primary, 2: secondary and 3: tertiary) and
their nature are indicated by different colors (alkyl— Ain light blue, ethoxyl - E in orange).
For a comparison purpose, the mean value of pure BO diffusivities are indicated by

dashed lines (’E)%AO =15+04 and ’DgAG =0.7+0.1 x 1078 cm?-s71).
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Concerning the BO polarity effect, all amine molecules diffuse faster in the nonpolar sol-
vent, as the first results for the primary amine have already pointed out (cf. figure 3.10a, p. 56).
Besides, we can observe that the diffusion rate is less sensitive to the structure of the amine

polar head in a PAO compared to that in a PAG solution.

Despite the wider scattered results (cf. figure 3.14, p. 60), ©® mean values seem to indi-
cate that amine diffusivity decreases with increasing number and polarity of the hydrogen sub-
stituents:

° Qtertiary < Qsecondary < Dprimary;

* Dethoxyl < Dalkyl (note that for the ethoxylated substituents, which contain a hydroxyl

group, another electronegative atom is added to the OFM molecular structure).

Thus, we can conclude that a broader (or heavier) and more polar substituent group renders

the amine molecule slower, from a relative point of view.
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3.3.2.3 Effect of hydrocarbon chain length

Lastly, the influence of the alkyl tail length was studied, and the diffusivity of primary
amines (Dpo, o1) containing 6, 12 and 24 carbon atoms were also calculated. Their values are

presented in figure 3.15, along with those of the already mentioned C;g primary amine.
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Figure 3.15-9;, j for liquid solutions of an amine-based FM (i; 1 wt.%)
in a BO (j; PAO - bars on left — or PAG - bars on right) at 373 K.
OFM are constituted with a primary amine polar head and a hydrocarbon tail of a given
length, which is indicated in the legend: chains with Cg, Cy2, C1g and Coq.
For a comparison purpose, the mean value of pure BO diffusivities are indicated by

dashed lines (’E)%AO =15+04 and ’DgAG =0.7+0.1 x 1078 cm?-s71).
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As one would expected, the molecular diffusion rate of the investigated primary amines
is enhanced by the reduction of their hydrocarbon chain, which is equivalent to a decrease in
their molecular weight (cf. figure 3.16). In short, relatively smaller (or lighter) molecules diffuse

faster in both nonpolar and polar BO, i.e., Dcs.a1 > Dci2-a1 > Dcig-a1 > Dc4-Al-
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Figure 3.16 — Plot of ©4; po as a function of amine molecular weights.
Da1,pao are represented in light blue and D43 pag in dark blue.

Moreover, we can observe that the effect of the tail length on 4 po greatly differs as a func-
tion of the BO polarity, being intensified in the nonpolar solvent. That effect is clear highlighted
by the different slopes of the linear relation between ®a; o and OFM molecular weight, as a
function of the BO (cf. figure 3.16). For instance, the difference in terms of diffusivity between

Cs and Cy4 amines is twice greater in PAO than in a PAG solution.
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3.4 Summary

The diffusion study covered in this chapter is based on analyses of OFM/BO diffusivities
calculated from averaged MSD-time profiles, which were in turn obtained from EMD simu-
lations. The computational procedure established in our work seems to provide a suitable
framework for elucidating how the chemical structure related to BO and OFM molecules af-
fects their liquid-state dynamics. In particular, this study has permitted the validation of the

original OPLS-AA force field as a proper interaction model to investigate organic compounds.

Moreover, our results have indicated that the OFM diffusion coefficient is greatly controlled
by the BO features (i.e., polarity and mass), but it is also impacted, to a lesser extent, by their
own molecular structure (i.e., polar head chemistry and alkyl tail length). Briefly, it has been
shown that strong intermolecular interactions involving the polar functional groups, as well as
the increase in molecular weight, indeed act to impede and slow down their thermal-induced
motion. Therefore, in order to improve the diffusion rate of OFM, and possibly their compet-
itive ability for adsorption , we can conclude that it is better to use a nonpolar BO (e.g., PAO)
and a surfactant molecule that has the smallest possible structure, with a terminal polar group
exhibiting a relatively low polarity.

However, the additive diffusivity must be in balance with other required attributes, such as
its adsorption activity (or chemical reactivity) with solid surfaces, and also its oil solubility. ' "®
In fact, an effective OFM must have a head group that interacts sufficiently strongly with the
engineering parts, and also a long enough aliphatic tail to ensure its solubility in the BO and
to form close-packed structures that protect and separate the rubbing surfaces.”’> % 42 60, 179
Considering this set of performance indicators along with the obtained values of ®orm, pao,
the molecules of Cg primary amine (CigH3gN, octadecylamine) and PAO were selected as the

lubricant constituent models for the following computational studies treating the adsorptive

and frictional behaviors of OFM additives (cf. chapters 4 and 5, p. 65 and 97, respectively).
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After investigating the molecular diffusion of OFM within the lubricant solution, we turned at-
tention toward their activity at the interface with engine components. These surface-acting
additives adsorb spontaneously on solid substrates, forming ordered monolayers capable of
reducing the negative effects induced by friction and wear. Therefore, OFM effectiveness is
strictly linked to phenomena related to their adsorption and self-assembly processes. Besides,
considering that classical MD cannot describe electronic structure, alternative methods are
thus necessary to better understand the adsorption mechanism of fatty amines on ferrous sur-

faces.

In this context, quantum-level calculations were carried out to obtain the interaction infor-
mation needed to parameterize an interfacial force field required in our MD protocol. Once the
yinterface harameters were determined, a series of equilibrium MD simulations were performed
in order to analyse the molecular organization of adsorbed amine monolayers, as a function of
their surface coverage. The objectives were twofold: firstly, to validate the fitted potential, and
secondly, to select the most relevant SAM densities used to design the subsequent friction sim-
ulations, and finally to investigate their lubricating behavior. Thus, the present chapter first
reports the preliminary DFT and XPS analyses, probing amine adsorption mechanism, as well
as the parameterization of the amine-hematite potential (cf. § 4.1, p. 66), and then, the struc-

tural study of the model adsorbed films is fully described (cf. § 4.2, p. 74).
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4.1 Amine adsorption mechanism on iron oxide

The friction-reducing properties of OFM in a boundary contact arise from their ability
to adsorb on solid substrates and to form organized thin films that are difficult to compress
and easy to be sheared off (cf. figure 1.4, p. 5).%" 3?4180 By consequence, adsorption pro-
cess is a key step in their lubricating action, which is in turn influenced by the amount of
the adsorbed additives, by the structure of the resulting molecular layer, and in particular, by
the nature and strength of the interactions involving OFM functional groups and sliding sur-

faces.*0 9= 57,65, 77,181,182 Thege interfacial interactions can actually be of chemical or phys-
ical nature, where a physisorption concerns intermolecular forces such as vdW and hydro-
gen bonding, and a chemisorption implies a chemical reaction, where valence electrons are
shared by the adsorbate and the surface.”’>*"" %> Hence, a chemically adsorbed OFM exhibits a
stronger binding interaction with the substrate compared to the one involving a physically ad-
sorbed additive, which may be beneficial for protecting OFM film against the rubbing effects,

thereby extending the engine durability. > > %

Concerning the interactions between aliphatic primary amines and iron-based surfaces,
different adsorption mechanisms have been reported in the literature, as a function of the sub-
strate nature.’" *% 183, 184 Some works suggest a chemisorption through the nitrogen lone pair

45,183, 184 whereas other studies pointed

electrons from the amine molecule and the iron oxides,
out a physisorption mechanism via hydrogen bonding between the amino polar head and hy-
droxyl terminal groups present on an iron hydroxide surface.”” °° Incidentally, those findings
highlight the fact that the adsorption process of a given surfactant-type molecule is greatly
affected by the chemical nature of the substrate.”’ Besides, one can expect that multiple ad-
sorption mechanisms coexist in real automotive engines since their steel component parts pos-
sess a heterogeneous microstructure and usually, they are covered by various iron oxides/hy-
droxides in addition to carbon contamination, depending on the considered environment (e.g.,
presence of ambient oxygen and water) and on the rubbing/wear conditions.”” *! 7 1% How-

ever, as previously explained (cf. § 2.1.2, p. 21), we were specifically interested in studying the

adsorption mechanism of primary alkyl amines on a model ferric oxide surface (a-Fe,03).

To that end, DFT and XPS analyses were initially carried out by the members of LTDS in
order to elucidate the binding mechanism prevailing in that system, and to possibly confirm
the chemical adsorption found in literature. The obtained results are described in paragraphs

4.1.1 and 4.1.2 (cf. p. 67 and 71, respectively). Then, based on the adsorption energy and on the
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geometry configuration determined from DFT, an interfacial potential U™'face was derived
to reproduce the (primary) amine-hematite interaction by means of classical MD simulations

(cf. §4.1.3, p. 72).

4.1.1 DFT calculations

As an ab initio quantum mechanical method, density functional theory is able to describe
the electronic properties of matter, and consequently, to predict chemical reactivity. ”*» '*° This
method was thus employed to determine the adsorption structure and the corresponding bind-

ing energy (Baqs) of a primary amine on an a-Fe,O3 (0 11 2) slab.

Because of their high computational cost, DFT calculations describe static states and in-
clude system models limited to a few number of atoms.®!'?* For these reasons and assum-

ing that the OFM polar head is the anchoring group that directly interacts with the solid sur-

faces,”” %> %! a single amine molecule containing a shorter alkyl tail was adopted to simplify the

investigated system. This hypothesis is supported by previous computational works, ** %> 147
which have suggested that surfactant-surface interaction mechanism is not significantly sen-
sitive either to the structure or to the length of the molecular tail group. Thus, a relaxed Cs pri-
mary amine (CsHy3N; 19 atoms) was employed here as input for the geometry optimizations,
being vertically placed on the top of a hematite slab (120 atoms; cf. unit surface cell described in

§ 2.1.2, p. 21), with the aliphatic chain standing upright and the amino group oriented towards

the substrate, as illustrated in figure 4.1.
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VP, P®

O"%e e
Figure 4.1 - Side view of the initial configuration used to study the adsorption of a

CsH13N molecule upon the a-Fe,03 (0 11 2) slab via DFT. For information, the vacuum
spacing in the z direction was fixed at 10 A in order to avoid interaction between the
repeated periodic simulation cells. Atomic color code: coral - iron, red - oxygen,
white - hydrogen, gray - carbon, blue - nitrogen.
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All computations were performed using VASP program (version 5.3.5), 1%~ 19

which pro-
duces an iterative solution of the Kohn-Sham equations within a plane-wave basis for a system
with periodic boundary conditions.®” '%* The performed calculations were spin-polarized and
the exchange-correlation energy was determined with the generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerhof (PBE) functional.'”> '%° In particular, the GGA+U method,
such that formulated by Dudarev et al.,'”” was employed to correct the strong correlation of
iron 3d-electrons (U = 5.0 eV). Besides, a cutoff energy value of 500 eV was used for the
plane-wave expansion, and a convergence criterion of 10> eV on the total energy was applied
in the self-consistency cycle. During the relaxation phase, the atoms in the outermost layer of
the hematite surface and the ones composing the adsorbate (i.e., the C5; amine molecule) were

allowed to displace until residual forces reached 0.08 eV/A, while the atoms in the remaining

two layers of the surface were kept fixed.

Furthermore, different vertical adsorption configurations were investigated — with the Cs
hydrocarbon chain initially oriented perpendicular to the a-Fe,O3 slab — by varying the ad-
sorption sites and the adsorbate-surface distance, and subsequently computing the total po-
tential energy of the system in equilibrium . Then, the adsorption energy was calculated using

the following expression for the amine-hematite interaction, Eaqs: '

Eadgs = Ecomplex - (Eadsorbate + Esurface) 4.1)

in which, Ecomplex is the energy of the optimized configuration associated to the adsorbed
amine on the iron oxide surface, whereas E,gsorbate and Egurface refer to the energy of the re-
laxed configurations representing the isolated amine in gas phase and the bare hematite slab,
respectively. It is important to note that a negative adsorption energy implies an exothermic ad-
sorption process, and a relatively stronger interaction of the surfactant molecule on the oxidized

surface in comparison with their separated states. '’

From the results obtained for all of the analyzed upright configurations, the most energet-
ically favorable and stable structure indicates that the nitrogen atom of the amine molecule
adsorbs closely to the top site of a surface iron atom, with a resulting N-Fe equilibrium dis-
tance of dy.pe = 2.16 A (cf. figure 4.2, p. 69). In this configuration, the concerned iron is pulled
outwards from its relaxed lattice position, by approximately 0.2 A, in order to maximize its in-
teraction with the adsorbate. Besides, the hydrogen atoms of the amino group are oriented
away from the iron and towards the surrounding oxygens of the upper oxide layer, and the alkyl

tail is tilted by most 45°, with respect to the surface normal.
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(a) xy plane (b) xz plane (c) yz plane

Figure 4.2 — Top (a) and side views (b, c) of the most stable adsorption geometry of a
primary Cs alkyl amine (upright position) on an a-Fe, O3 surface. Afomic color code:
coral - iron, red - oxygen, white - hydrogen, gray - carbon, blue - nitrogen.

The corresponding adsorption energy calculated for that configuration is -17.48 kcal-mol ™
(or equivalently, E;qs = —0.76 eV), which can be considered as a relatively strong binding en-
ergy typical of chemical adsorptions (|Echemisorption| > 910 kcal-mol™1). 3128, 199,200 More-
over, in view of better characterizing the nature of the detected N-Fe bonding interaction, it is
useful to analyze the charge redistribution occurring at the system interface, by comparing the
electronic charge density (p) of the adsorbed configuration with the ones of the amine and the
hematite reference states (Qcomplex» Qadsorbate aNd Qsurface) 194,201 In this regard, figure 4.3 shows
the charge density difference (Ap) defined as Ap = Pcomplex — (Qadsorbate + qurface), where the

blue and yellow isosurfaces respectively depict the regions of electron accumulation and elec-

tron depletion induced by the adsorption process.

(a) Accumulation of charge (b) Deficit of charge

Figure 4.3 — Charge density difference (Ap) of the primary Cs alkyl amine on a-Fe;03
(0 11 2)slab with dy.re = 2.16 A. The isosurface levels used to represent the electronic
accumulation and depletion regions (in blue and in yellow, respectively) are
1.8 x 107° e-A3 and —0.7 x 107 e-A~3, respectively. Note that the boundaries of the
simulation box are not represented here. Atomic color code: pink - iron, red - oxygen,
white - hydrogen, light blue - carbon, dark blue - nitrogen.
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The Ap representation clearly reveals a significant charge rearrangement involving the main
interacting species (cf. figure 4.3, p. 69). For example, charge deficit regions are observed
around the nitrogen atom (cf. figure 4.3b), while a region of accumulation charge surrounds
the concerned surface iron (cf. figure 4.3a). Most importantly, it shows the formation of a N-Fe
chemical bond, which is indicated by the accumulation region of electron density that arises at
the adsorbate-substrate interface, specifically situated in the middle of the axis extending from
the iron to the nitrogen atom (cf. blue elliptical isosurface, located between the amine head

group and the a-Fe, O3 slab, in figure 4.3a).

Besides, the observed chemical reaction is most likely due to the transfer of electronic
charge from the nitrogen to the iron — through its lone pair electrons —, and predominantly
forming a covalent bond, such as the results found in previous works.*>**? Besides, the Hir-
shelfd charge’” g™, calculated for the nitrogen atom, allows the supposed charge transfer to
be validated, since ql{]{ = -0.224 e (before adsorption) and ql{]{ = -0.162 e (after adsorption),

confirming its electronic density depletion caused by the resulting adsorption process.

Therefore, the chemisorption of a short aliphatic primary amine on a hematite substrate
was verified by DFT, where the obtained structure of minimum adsorption energy gives a N-Fe
bond length of dy.re = 2.16 A and a binding energy equal to E,qs = -17.48 kcal-mol~!. These
values were useful to derive an interfacial interaction potential U interface g itable to describe,
through classical MD simulations, the adsorption of larger and denser systems like, for exam-

ple, self-assembled monolayers composed of multiple C;g primary amines (cf. § 4.1.3, p. 72).
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4.1.2 XPS analysis

Simultaneously with the quantum chemical computations, supplementary adsorption ex-
periments were performed considering a system under gas phase (i.e., without any solvent), in
order to be as close as possible to the physical conditions applied in the foregoing DFT study.
So, C;g primary amines was adsorbed onto an iron oxide surface within a vacuum chamber, fol-
lowed by an in-situ X-ray photoelectron spectroscopy analysis. The obtained result from this ex-
periment is compared with the one determined earlier for the pure octadecylamine powder in
the figure below (cf. figures 4.4b and 4.4a, respectively). For clarity purposes, the experimental

protocol and the complete XPS spectra of both systems are detailed in appendix C (cf. p. VII).
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Figure 4.4 — Schematic of the main contributions of the N 1s spectra
obtained from in-situ XPS analyses of the amine powder (top spectrum)
and the adsorbed amine on the oxidized substrate (bottom spectrum).

The figure above shows the simplified N 1s spectra obtained from the amine powder (peak
at399 + 0.1 eV), as well as from from the amine adsorbed on the oxidized surface (peak at 399.7
+ 0.1 eV). In each case, the N 1s spectrum was fitted with a single main contribution that was
assigned to C-N bond. As can be seen, the peak for the adsorbed molecule was shifted by 0.7 eV
to a higher binding energy, in comparison to the reference system (i.e., the amine powder). That
important shift indicates a strong interaction between the investigated amines and substrate,
which can be explained by the formation of N-Fe bonds via the electron density donation from
the nitrogens, by means of their lone pair electrons, to the iron-based surface.

This result is thus in agreement with the earlier DFT analysis (cf. § 4.1.1, p. 67), and also

45, 183

with the other experiments reported in literature, 5181 thereby demonstrating that pri-

mary alkyl amines do chemisorb onto an iron oxide substrate.
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4.1.3 Parameterization of an interfacial MD potential

After assessing the chemical nature and the strength associated with the adsorption pro-
cess between primary alyphatic amines and a ferric oxide surface, we focused on obtaining
an interfacial force field capable of reproducing their relatively strong interaction within the
framework of large-scale MD simulations. Besides, it is worthwhile to remember here that our
ultimately aim consisted in establishing a "computational tribotest" that enables us to inves-
tigate nanoscale sliding contacts. So, the friction simulations had to be designed in order to
mimic the dynamic and lubricating properties of OFM-based SAM under different tribological

conditions.

Considering these aspects, we chose to express the amine-hematite interactions by means
of a pairwise atomic potential composed of nonbonded contributions, which is defined by the
sum of Lennard-Jones 12-6 and Coulomb intermolecular models, representing the potential en-
ergy involved in their vdW and electrostatic interactions, respectively (cf. yinterface qefined by
equation 2.10 in § 2.2.2.3, p. 32). In spite of the fact that N-Fe bonds are created within the
investigated system, nonbonded potentials were preferred to bonded models, because they the-
oretically allow an amine molecule to adsorb, to desorb and to dynamically migrate over the
surface during the course of a MD simulation, provided that a proper set of parameters per-
mits an effective description of the concerned interfacial interactions. Conversely, a classical
intramolecular potential — modeling covalent bonds — cannot describe the dynamic behavior
of adsorbed films in MD simulations, because it cannot reproduce the formation and breaking
of chemical bonds, or in other words, the chemisorption and desorption of lubricant additives
that might occur within boundary contacts in mechanical operation. That is why the L] and

Coulomb potentials were chosen to define our UM™ace force field.

Therefore, UMterface parameters were adjusted to reproduce both adsorption energy and
equilibrium configuration obtained from the aforementioned DFT analysis (cf. § 4.1.1, p. 68),

81, 82,204 Moreover
)

using a trial-and-error approach similarly applied in other published works.
in order to be consistent with all of the other MD potentials used to represent our systems —
glubricant apq gsurface (of  equations 2.8 and 2.9, p. 27 and 31, respectively) —, the values of
the atomic/ionic charges used to determine the electrostatic interactions at the SAM/substrate
interface were kept the same as those present in OPLS-AA force field !¢ (y'ubricant) ‘anq in

the interionic potential developed by Guillot et al.''"'!" (Us"fac€; cf. charges indicated in

§ 2.2.2.3, p. 32). Consequently, only the interfacial L] pairwise parameters, €;; and o0;;, were
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derived from the results of the preliminary ab initio calculations. As a reminder, €;; and o;;
respectively correspond to the well-depth energy and the equilibrium distance where the L]

term has its minimum energy value between each atom pair ij."’

In practice, the fitting of L] parameters was carried out based on the calculation of the
adsorption energy Eggs’ involving a Cs primary amine in contact with a hematite slab, where
Elavgg is similarly defined as in equation 4.1 (cf. § 4.1.1, p. 68), but using the potential ener-
gies Ecomplexs Eadsorbate and Egyrface determined from the three MD force fields employed in our
computational protocol (cf. ylubricant gysurface o q gyinterface jn § 2 2 2 p. 26). To do so, the con-
figuration of the system considered in this parameterization process correspond to the DFT
optimized geometry related to the adsorption model depicted in figure 4.2 (cf. p. 69, in which

dn.re = 2.16 A), but with a cell box containing a vacuum space in z direction of 100 A.

Besides, all static calculations were performed with LAMMPS code.” Short-range non-
bonded interactions were cut-off at 5 A, and electrostatic interactions were calculated applying
161

a slab implementation of the PPPM algorithm. '°"»?%> Periodic boundary conditions were ap-

plied only in x and y directions. Then, by tuning the LJ parameters of U™fac€ potential, the

EMD

ads Was repeatedly computed until a quantitative agreement with the adsorption energy de-

termined from DFT was achieved, given that EDTT = -17.48 kcal-mol .

After many iterative trials, a set of parameters comprising the €;; and o; j values of eight dif-

ferent atomic pairs was selected for a calculated adsorption energy of EMP = -16.72 kcal-mol !,
ads

which represents a relative deviation of 4%, compared to the DFT-derived data. As a reminder,

the fitted pairwise parameters are listed in the table 2.7 of chapter 2 (cf. § 2.2.2, p. 26).

Despite both simplified adsorption model and parameterization procedure used here to es-
tablish the required U™ we have considered that this MD interfacial potential can ensure
the molecular anchoring of aliphatic primary amines on iron adsorption sites of a hematite
substrate, via their polar head group and with a proper attractive interaction strength. We have
thereby assumed that the obtained U™ can indeed reproduce the dynamic evolution of

adsorbed films made up of multiple and larger OFM molecules, such as Cyg primary amines.

Accordingly, a series of equilibrium MD simulations was performed in order to investigate
the molecular organization of amine-based SAM, as a function of their surface coverage, being
this study an effective way of evaluating the reliability of the fitted interfacial L] parameters.

That structural investigation is presented in the next section (cf. § 4.2, p. 74).
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4.2 MD study of adsorbed amine-based SAM

Other than the OFM adsorption onto solid substrates, their ensuing aggregation and self-
organization into well-arranged molecular clusters are essential processes to effectively mod-
ify the chemistry and the shear stress of the interface formed between two opposing surfaces
under BL conditions.”” 2% 3476, 77,206,207 por instance, in a recent study made by Koshima
et al.,"* the control-friction performance of binary PAO-based solutions containing a wide
range of OFM models were correlated with the vibrational spectral characteristics' of their self-
assembled films on ferrous substrates, suggesting that the surfactant molecules that form an
ordered adlayer on the rubbed surfaces exhibit a superior friction-reducing efficiency. There-

fore, it is valuable to further explore how the morphology (e.g., molecular packing, density,

orientation, etc.) of these adsorbed OFM films affects their tribological properties.

As a matter of fact, although the head group dictates the initial driving force for the addi-
tive adsorption, it is the hydrocarbon tail that provides the stabilization required to form in-
terfacial, low-shear-strenght films between rubbing surfaces, which reduce their experienced
friction and prevent them from a direct solid-solid contact, 534 35,53,60,208,209 Then it has
been assumed that the adsorbed molecules align themselves parallel to each other in an up-
right configuration, covering the surface with a self-assembled monolayer (cf. SAM model, as

207,210,211 The integrity of the resulting protective film is derived

shown in figure 4.5),27, 77,206,
from the lateral vdW interactions occurring between the methylene groups of neighbouring
alky chains, which promote the collective molecular packing and contribute to the appearance
of a well-defined slippage plane between the opposing moving boundaries.® **°* 7 Besides,
these cohesive interactions also strengthen the mechanical robustness of the OFM adlayer, in

order to support the normal load applied to the sliding contact.”” **

Intermolecular contact
and load support

Figure 4.5 — Boundary contact model, composed of solid surfaces coated with
OFM-based self-assembled monolayers. (figure adapted from the indicated reference) >’

IKoshima et al. have used a surface-sensitive experimental technique, the sum frequency generation (SFG) spec-
troscopy, to analyze the molecular structures of the investigated additives adsorbed on metal surfaces. **
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Several ex-situ and in-situ experimental techniques have been employed to probe the for-
mation and the molecular organisation of organic thin films — and notably OFM-based SAM —
adsorbed on solid substrates, whether within or not within rubbing contacts.>* 215212 Thege
include scanning force microscopy (SFM: AFM/LEM), !> 5% 5% 2132235 syrface force apparatus

,39,234=237 quartz crystal microbalance (QCM), % 1Y neutron reflectometry*>» 182, 185,238
(SFA),”

42,45,239—

and other surface-specific vibrational spectroscopies. 41 By means of these methods,
it has been possible to reveal/confirm some interesting general facts about OFM assembly pro-

cess, such as:

* Adsorbed surfactant additives do form ordered and closed-packed clusters, in which the
molecules are vertically oriented and rather tilted from the surface normal, thereby ag-
gregating in irregular shaped islands — with diameters varying from nanometers to mi-

crometers — dispersed on a range of rubbed or not rubbed substrates, % 3%, 41,50, 53,54, 231

* The kinetic rate of OFM adsorption, as well as the resulting molecular surface coverage
(or packing density), depend on and particularly increase with the additive bulk-solution

concentration. 5% 53,54, 60,185

¢ The natural formation of an adsorbed OFM monolayer from liquid solutions can be a rel-
atively slow process (e.g., timing periods up to several hours). !> 39,20, 53,54, 61,182,207, 242
However, their molecular arrangement may be improved/accelerated by external factors,

. . Sl a0 9 1a e
as well as by the operating conditions (e.g., shear, load and temperature). 6,31,39,77,173,182

* Long alkyl tail groups increase the thickness of the adsorbed films and the lateral inter-

adsorbate interactions. %% 2% 77, 218,219,229

e Straight molecular structures enhance the packing order and density of OFM adlayers.
For instance, linear saturated hydrocarbon chains are preferred rather than the branched

and unsaturated ones, &+ 34 38,39, 41,44,50,61,77,181, 182

As an example of these experimental studies, it is worth noting that in-situ liquid cell SFM
analyses were carried out by the LTDS team, during our project, in order to investigate the mor-
phology of self-assembled films formed by octadecylamine molecules (C;gH39N) in a solution
of PAO 42 and adsorbed on different surfaces, namely an atomically-smooth mica and an iron
coated silicon substrate.> The experimental protocol used to perfom these scanning probe

measurements is described in appendix D (cf. p. XIII).

2The octadecylamine concentration in PAO 4 used was of 1 x 1073 M.
3The root-mean-square roughness (RMS) of the iron layer deposited on the silicon surface was of ca. 0.7 nm.
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As a preliminary experiment, a surface of air-cleaved mica immersed into the studied solu-
tion was imaged using a SFM contact mode. After just a few minutes of scanning, the first topo-
graphical images indicated the formation of rounded clusters, with diameters of approximately
500 nm. Then, after four hours, a successive number of scans of the same area showed the ag-
gregation and growth of octadecylamine islands, whose diameters achieved a steady value of
1 pym and a height of at least 1.3 nm (cf. figure 4.6), considering the employed experimental
conditions (for further details, cf. appendix D, p. XIII). From those final images, a molecular
coverage was estimated at around 48 - 63%, depending on the scanned area (50 um x 50 um).
Incidentally, these results were found to be in good agreement with previous in-situ AFM ex-
periments of octadecylamine adsorption on a mica surface immersed in binary solutions of

dodecane and hexadecane.”*

164
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Figure 4.6 — In-situ contact mode AFM topographical image, with a scan size of
3 x3 ,urnz (AZ = 2.5 nm), obtained from a mica sample immersed in a PAO 4 solution
containing 10~ M octadecylamine.

Later, in a second series of experiments, a silicon substrate coated with an iron layer, and
thus containing a native iron oxide layer, was imaged using lateral forces scanning (LEM). In
fact, it was very difficult to monitor via standard AFM topographical images the formation of
amine islands for this specific system, owing to the significant roughness of the investigated
ferrous surface (cf. figure 4.7a, p. 77). Thus, by recording the lateral force images during the
trace and the retrace scanning, it was possible to detect relatively small areas exhibiting an im-
portant variation of frictional forces (cf. green circled areas, identified and numerated in figures
4.7b and 4.7c, p. 77). Besides, the cross-section profiles along the green lines of the correspond-
ing LFM images also illustrate these force variations (cf. figures 4.7e and 4.7f, p. 77). Therefore,
the observed areas — where a reversal contrast was noted between the trace and retrace scans

— were attributed to the formation of small islands of adsorbed amine molecules, whose diam-
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eters were estimated to be less than 25-30 nm. Concerning their height, it was difficult to pre-
cisely measure it because of the considered surface roughness. Yet, based on the cross-section
height profile, measured along the green line in figure 4.7a, one can estimate the height of the

octadecylamine islands to amount between 0.9 and 1.5 nm, considering the probed conditions.

Frictien jm'f
Friction (mv}

10 30 3 8 N M N B 0 W 0 B W 4 = OB M W W W M W H W OB W M B
Dintance [nm) Disamnca {nm) Dintance fnm|

d e f

Figure 4.7 — In-situ contact mode AFM/LFM images, with a scan size of 1 x 1 pmz,
obtained from an iron sample immersed in PAO 4 solution containing 10~ M
octadecylamine: (a) AFM topographical image, AZ = 2 nm; (b) lateral force image,
obtained in the forward direction (trace), AV = 25 mV; (c) lateral force image, obtained in
the backward direction (retrace), AV = 25 mV. Then, figures (d), (e) and (f) correspond to
the cross-section profiles of figures (a), (b) and (c), respectively.

Complementing the experimental work, computational tools like MD simulations have ex-
tensively been applied in recent years to study the molecular structure of organic assemblies
on solids surfaces, providing useful information at atomic-scale that will long be unavailable
from experiments. **» 0: 47, 52,55, 57, 63, 86, 88,91, 210, 211, 243=257 However, since the adsorption of
surfactants from a liquid solution and using realistic additive concentrations can be a relatively
slow process®'» 39, 93,94, 182,207 (of OFM diffusivities described in chapter 3, p. 56-63), the MD
simulations reproducing the OFM self-assembly and the film formation — through an all-atom
force fields and using very small time steps, which are required to accurately model the molec-
ular motion — are still unattainable.*"' % Nevertheless, given that experimental analyses have
demonstrated that these additives do form close-packed films, % % #1> 53, 54,61,231 the MD sim-

ulations so far have generally been constructed with pre-formed monolayers — the so-called
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self-assembled monolayer models, SAM % *7»52:55=59 _ by placing the ordered OFM molecules
with their head group close to the substrate at the beginning of the simulation.*"' % This sys-
tem is actually similar to the Langmuir-Blodgett experimental approach, which is usually used

to quickly form surfactant films with a controllable packing density over solid surfaces. %% 14239

Considering then that an "OFM film-forming simulation" still represents a technical chal-
lenge to the MD method, in terms of affordable time and length scales, we decided to investi-
gate the morphology of equilibrated SAM composed of Cy3 primary amines directly adsorbed
on a hematite slab, without integrating any BO molecule (i.e., a simulation under "gas phase"
and without a liquid solvent model). Besides, our chief motivations here were to evaluate the
fitted UMterface potential, and to select the most relevant molecular packing densities associ-
ated with the adsorbed films, in order to design their confined shearing simulations (cf. § 5.2,

p- 102). This structural study is fully described in the following paragraphs.
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4.2.1 Computational details

EMD simulations were performed to shed more light on the microscopic structure of ad-
sorbed octadecylamine films, over a broad range of surface coverages and at a fixed temperature
of 373 K. Thus, by varying the OFM density in the adlayer composition, a wide variety of struc-
tural information were obtained, including their collective molecular tilt angle and thickness,
their mass-density, and their atomic-height probability profiles. In addition, the N-Fe interac-
tions were particularly monitored via a two-dimensional spacial position distribution, in order
to verify the U™terface ahjlity to reproduce the dynamic behavior of adsorbed molecular clusters

onto ferric iron oxide.

4.2.1.1 System modeling

For the design of the input systems, some assumptions were made with the intention of

obtaining low time- and resources-demanding calculations, namely:

e An (1 x 1) unit cell of the a-Fe,O3 (0 1 1 2) slab was used as the solid substrate model
(120 atoms in total; cf. figure 2.3, p. 21), constituting a simulation box with dimensions
approximately equal to 10 A x 11 A x 120 A, which corresponds to a superficial area
of around 112 A? (plane xy). Also, it should be noted that the uppermost layer of the
hematite surface exhibits eight iron atoms likely to equivalently act as adsorption site

centers for the amino compounds (cf. figure 4.8, p. 80).

e The C;3H37NH, molecules composing the investigated adlayers were considered to be
in their protonated form (i.e., electrically neutral structure, which should be favored in a

low-polarity medium)“">°* and with an initial upright and straight configuration.

¢ The pre-formed SAM geometry was employed, and particularly at higher molecular den-
sities. The individual amines were initially positioned with their polar groups pointing
toward the substrate, and with their alkyl chains parallel to each other and perpendicular
to the hematite slab, where the distance between the nitrogen atoms and the xy plane
formed by the upper surface oxygens is less than 4 A (cf. an example of adsorbed mono-

layer depicted in figure 4.9, p. 81).
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Figure 4.8 — Top view of the a-Fe,03 (0 11 2) surface (xy plane).
The black dashed circles indicate the eight iron atoms present in the outermost atomic
layer of the investigated hematite substrate model.
Atomic color code: coral - iron and red - oxygen.

Moreover, assuming that an octadecylamine can interact solely with one surface iron atom
(and vice versa), a total number of eight simulation cells were constructed covering the entire
range of possible molecular densities for our surface orientation model, the a-Fe;O3 (0 11 2)
slab. About that, table 4.1 describes all of the investigated systems, listing the number of OFM
additives considered in each simulation box and its respective surface coverage, where I' is
expressed in the different units (e.g, mol-m~2 and nm™2). In addition, figure 4.9 gives an ex-
ample of the initial configuration of the system containing two molecules (I';) adsorbed on the

hematite substrate (cf. p. 81).

Table 4.1 — Details of simulation cells employed in the adsorbed amine SAM study

Simulation Number of Coverage Surface coverage — I’
cell ID molecules  ratio ¥ (mol-m™2) (nm™2)
I 1 12.5 % 1.5 x1076 0.9
Iy 2 25 % 3.0 x1076 1.8
I's 3 37.5% 45 x1076 2.7
Iy 4 50 % 5.9 x1076 3.6
I's 5 62.5 % 7.4 x1076 4.5
T'e 6 75 % 8.9 x1076 5.4
Iy 7 87.5% 1.0 x107° 6.3
I's 8 100 % 1.2 x107° 7.2

) The coverage ratio is calculated as the number of amine molecules present into
each simulation cell divided by the total number of iron atoms present in the upper-
most layer of the (0 11 2) a-Fey QO3 slab, which amount to eight atoms. This parameter
is expressed in percentage (%), and it reflects the fraction of potential adsorption sites
occupied by the model OFM.
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Figure 4.9 - Side view of the initial film model composed of two C;3H39N molecules
adsorbed on a-Fe; O3 slab, which represents a coverage of
I, = 3x107%mol-m™2 = 1.8 A~2. Note that the boundaries of the simulation cell are not
represented here, but the cell dimensions are equal to 10 A x 11 A x 120 A. Aromic color
code: coral - iron, red - oxygen, white - hydrogen, gray - carbon, blue - nitrogen.

4.2.1.2 Equilibration

In order to equilibrate the MD simulation cells at the investigated temperature (373 K),
and to simultaneously allow the adsorption and ensuing self-organization of the different OFM
molecules onto the iron oxide substrate to be achieved, each system (I'; — I'g) was first energy-
minimized* using our three interatomic potentials, U surface pylubricant ) q gyinterface (of § 2.2 2
p. 26), by means of the LAMMPS simulator.”” The short-range nonbonded interactions were
cut-off at 5 A, and the electrostatic interactions were evaluated applying a slab implementation
of the PPPM algorithm, 161,205 in which the desired relative error in forces was set to 1 x 107,

Besides, periodic boundary conditions were imposed to xy plane.

Then, the initial atomic velocities were assigned according to the Maxwell-Boltzmann dis-
tribution for a target temperature of 373 K, followed by a 3 ns NVT ensemble calculation® (which
represents 3 000 000 time steps of 1 fs), also at 373 K. The Nosé-Hoover thermostat”® was em-
ployed to control the temperature of all amine molecules and the two topmost Fe, O3 layers
of the hematite slab (cf. figure 4.9), using a damping constant equal to 100 fs. The remaining

bottom Fe, O3 layer was kept fixed to simulate the oxide crystal bulk.

After that first equilibration step, an annealing process of each periodic SAM/surface sys-
tem was conducted, comprising four stages of NVT ensemble runs, each one lasting 3 ns. In

fact, this heating-cooling cycle consisted in increasing the system temperature from 373 K to

4The quadratic line search algorithm was used to perform the energy minimization of all initial configurations.
5As a reminder, the velocity Verlet integration algorithm ®> was employed to solve Newton’s equation of motion.
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473 K during 3 ns, then maintaining the temperature constant for 3 ns, followed by a decreasing
of the temperature back to 373 K during 3 ns, and finally equilibrating the system at 373 K, for
more 3 ns. The objective of this process was to confer enough thermal energy to the adsorbed
octadecylamine molecule, in order to promote/facilitate their structural rearrangement, and
maybe even their migration over the surface — through consecutive desorption and readsorp-
tion steps —, with the final perspective of obtaining a lower-energy molecular organization,
where the film height is augmented and the packing density within the SAM is incresead, being

these later configurations favored by the interchain vdW interactions.”*

4.2.1.3 Production

Once the systems reached thermal equilibrium, they were later subjected to a NVE ensem-
ble simulation, without thermostatting, for 3 ns (3 000 000 time steps of 1 fs). This final simu-
lation was established to generate the trajectory data, and in particular the positions of each
atom composing the amine molecules, needed to determine the structural average functions

used to analyse the morphology of Cig primary amine adlayers as a function of their surface

coverage.’

The obtained results are presented in detail in § 4.2.2 (cf. p. 83), but figure 4.10 already gives
a glimpse into the effect of molecular density on the collective order of the adsorbed amine

monolayers.
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Figure 4.10 — Snapshots of the final production simulations, showing the SAM/surface
structure of the eight investigated surface coverages (side view, xz plane).
The characteristics of each simulation cell I'; _g is detailed in table 4.1 (cf. p. 80).

8For information, the equilibration and production simulations were both performed on a 16-cores processor
(Dell C6320; Intel Xeon E5-2640 v3 2.60GHz), during (total) time periods varying from 3 to 5 days, depending on
the represented OFM surface coverage (cf. table 4.1, p. 80).
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4.2.2 Results and discussion

The structure of (pre-formed) amine-based monolayers were studied at 373 K, for a large
array of surface coverages, via EMD simulations, employing an interfacial force field specifi-
cally adjusted to reproduce quantum-level energetic data obtained from the octadecylamine/-
hematite interaction. Actually, the atomic-scale information provided by these simulations
were used to gain insights into OFM packing arrangement over the solid substrate model, which

considerably affects their boundary lubricating action.

Thus, complementing the production simulation snapshots such that displayed in figure
4.10 (cf. p. 82), the morphology and self-organization of the eight SAM/surface systems (I';_g)

were investigated by analysing their:

e amino-group mapping location upon the ferric oxide surface, given by the projection of

the N and Fe atomic coordinates into the interfacial xy plane (cf. figure 4.11, p. 84);

* average N-Cy tilt angle, 0, defined as the angle between the vector extending from the
nitrogen to the carbon situated halfway up in the alkyl chain (Cg) and the surface normal

(cf. figure 4.12, p. 85);
* atomic mass-density profiles of the adsorbed octadecylamines, p(z) (cf. figure 4.13, p. 86);

* atomic position probability profiles, p(z), for the nitrogen atoms (N), the carbons present
in the intermediary methylenes (—CH»— or C) and terminal methyl groups (—CHs, C;3 or

CT; cf. figure 4.14, p. 87);

* adsorbed monolayer thickness, L, taken to be the average height from the surface, h(z),
associated to the terminal carbon atom of all represented amine molecules, (cf. weighted
arithmetic means, and their respective standard deviation, calculated from pIC_TBT(z) dis-
tributions and listed in table 4.2, p. 85).

It is important to specify that some of these structural properties are expressed as func-
tion of the distance from the surface (in z direction), which is represented through the plane
formed by the outermost oxygen atoms of the a-Fe;O3 (0 11 2) slab, where it was placed the
vertical system origin (i.e.,, z = 0). In addition, the time-averaged values of these properties
were calculated based on the data set obtained from all of 3 000 000 time steps constituting the

production simulation (cf. § 4.2.1.3, p. 82).
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Figure 4.11 — Amino-group mapping location above the hematite surface for all
investigated coverages. The different regions describe the projection of the x and y
position coordinates (in A), for the nitrogen and outermost iron atoms into the interfacial
xy plane (in blue and coral, respectively), throughout the production simulation (3 ns).
Actually, these schematics represent a simplified top view of the I'; _g systems.
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Figure 4.12 — Average N-Cg tilt angle of the adsorbed octadecylamines (6 in degrees),
as a function of the surface coverage, (I' in nm~2).

Note thata 8 = 0° means that OFM molecules are pointing straight upwards,
whereas a @ = 90° indicates that they are lying flat on the surface.

Table 4.2 — Thickness of the C;g primary amine films, L

Simulation Coverage r Thickness
cell ID ratio (nm2) &)
I'y 12.5% 0.9 3.6+0.2
[P 25 % 1.8 82+0.8
I3 37.5% 2.7 13.9+1.9
Ty 50 % 3.6 16.7 + 0.6
I's 62.5% 4.5 209+1.2
Ts 75 % 5.4 23.3+0.7
I'7 87.5% 6.3 24.8+0.6
I's 100 % 7.2 253+0.1
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Figure 4.13 — Atomic mass density profiles in z, p(z), of the adsorbed octadecylamines,
as a function of the surface coverage (where p is expressed in g-cm™3).
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Figure 4.14 — Atomic position probability profiles in z, p(z),
for the nitrogens (N, in blue), and the carbon atoms in intermediate methylenes (C, in
gray) and terminal tail groups (CTT, in black), as a function of the surface coverage, T'.
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4. Adsorption

First of all, regarding the interaction between the amino head groups and the iron oxide
surface, there are clear indications that all C;3 primary amine molecules effectively adsorb on
the substrate, in the course of the equilibrium simulations carried out at 373 K. No evidence of
partial or complete desorption was found, and this despite the performed annealing process,

during which the systems were heated up to a maximum temperature of 423 K.

In fact, one can observe from figure 4.10 that all nitrogen atoms are closely positioned onto
the surface (cf. blue regions, p. 82), holding the OFM molecules firmly tied to the solid slab,
regardless of the considered surface coverage. That fact is likewise corroborated by the sharp
peaks shown by the N atoms in p;_g(z) profiles, at short distances from the surface that range

from 1.6 to 2.1 A (cf. peaks in blue, in figure 4.14, p. 87).

Furthermore, by examining the figure 4.11 (cf. p. 84), which provides a "time-evolution rep-
resentative top view" of the N and Fe atoms located at the SAM/substrate interface, it should be
mentioned that the nitrogens are predominantly anchored near to the topmost surface irons,
whose crystalline lattice structure probably dictate the in-layer ordering of the amine-based
films. This long-range organization is consistent with other observations made in previous ex-

perimental and computational works.% "

Therefore, these outcomes have favorably suggested that the fitted U™te"face potential is in-
deed capable of reproducing the adsorption behavior of the octadecylamine/hematite system,

as well as their N-Fe strong binding interaction, through dynamic simulations.
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4. Adsorption

Concerning the effect of the surface coverage on OFM assembly, the post-processing results
imply that the structure of the amine-adlayer changes substantially with its molecular density,

and particularly for ratio coverages less or equal to 50%, which represent the I'y-I's systems.

Actually, for the simulation cell containing the lowest coverage (I} = 0.9 A2 = 12.5%), the
modeled octadecylamine molecule lies flat to the surface (cf. figure 4.15b), so that its terminal
carbon is at a distance of around 3.6 A, while N atom is at 1.8 A (cf. CTT and N profiles in p; (z)
distributions, as shown in figure 4.14a, p. 87). In addition, 8; =~ 82° and its p; (z) profile exhibits

only a major broad peak at 3.4 A (cf. figure 4.13a, p. 86).

It is also interesting to notice in figure 4.11a that the nitrogen coordinates evolve consider-
ably around the ferrous adsorption site centers, during the production simulation (cf. p. 84).
Since the surface coverage is quite low for this case (I'; = 1.5 x 1075 mol-m™2), there is still
enough volume available for the molecule to diffuse over the substrate (cf. figure 4.15a). Nev-
ertheless, the adsorbed film may not be sufficiently thick either to claim an important reducing-

friction effect or to effectively separate the opposing sliding surfaces (L; = 3.6 + 0.2 A).

T

L2
200

(a) Top view (xy plane) (b) Side view (yz plane)

Figure 4.15 — Snapshots of I'; cell at the end of the production simulation.
Note that the boundaries of the simulation box are not represented here. Atomic color
code: coral - iron, red - oxygen, white - hydrogen, gray - carbon, blue - nitrogen.
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4. Adsorption

At a coverage of 25% (I', = 1.8 A72), the direct "free volume" above the hematite decreases
(cf. figure 4.16a) and, by consequence, the two represented molecules do begin closely assem-
bling in a thin film (L, = 8.2 + 0.8 A), in which the hydrocarbon tails are slightly straightened
upward (0, = 60°% cf. CTIT p»(z) profile, shown in figure 4.14b, p. 87), and the amino head
groups are stably fixed to specific surface sites (cf. N coordinates, depicted in figure 4.11b,

p- 84).

However, considering their relatively low density (I'> = 3.0 x 1076 mol-m™2), the molecules
are still poorly organized, with their hydrocarbon backbone mostly orientate parallel to the
surface, since this configuration is favored by the OFM-tail/surface vdW interactions.®” As a
matter of fact, it seems that the octadecylamines are bent in a shape similar to an "elongated
S", with two different parts of their alkyl chain lying parallel to the surface (cf. figure 4.16b). As
results, the obtained molecular arrangement leads somewhat to a layering of the adsorbed ad-
ditives, which is explicitly indicated by the several peaks in p,(z) distribution (cf. figure 4.13b,
p. 86), and also by the two intense peaks of the methylene p»(z) profile at 3.5 and 7.6 A (cf. fig-
ure 4.14b, p. 87).

(a) Top view (xy plane) (b) Side view (yz plane)

Figure 4.16 — Snapshots of I', cell at the end of the production simulation.
Note that the boundaries of the simulation box are not represented here. Atomic color
code: coral - iron, red - oxygen, white - hydrogen, gray - carbon, blue - nitrogen.
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As the molecular density was further increased for the I's cell I's = 4.5 x 1075 mol-m™2),
the steric interactions between the three adjacent amines were proportionally enhanced, forc-
ing their hydrocarbon chains into more upright positions, thereby expanding the resulting
monolayer thickness (L3 = 13.9 + 1.9 A). Besides, the amino groups are strongly anchored
to the surface, according to a triangular arrangement that also contributes to vertically orien-

tate the OFM additives (cf. N coordinates shown in figure 4.11c, p. 84).

Considering that the surface coverage is still not so high at I's = 37.5%, the packing con-
traints and the cohesive vdW interactions arising within the film are not strong enough to hin-
der the lateral movement of the C;3 hydrocarbon tails (cf. figure 4.17b). Then, these alkyl
groups still exhibit a significant conformational freedom to swing and to bend, keeping the
disordered, entropically favoured, non-linear configurations.”’ That fact is highlighted by the
scattered averaged N-Cg tilt angle adopted by the three molecules, 85 = 45 + 16°, as well as by

the wider peak of the terminal carbons in p3(z) profile (cf. figure 4.14c, p. 87).

Additionally, it is worth comparing p»(z) and p3(z) distributions against each other (cf. fig-
ures 4.13b and 4.13c, respectively; p. 86), being p3(z) a more disordered and amorphous film
than p»(z), in spite of the greater coverage for the I'; system, which eventually presents a liquid-

like structure.>” >

3833
(a) Top view (xy plane)

(b) Side view (yz plane)

Figure 4.17 — Snapshots of I'; cell at the end of the production simulation.
Note that the boundaries of the simulation box are not represented here. Afomic color
code: coral - iron, red - oxygen, white - hydrogen, gray - carbon, blue - nitrogen.
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Once the OFM ratio coverage achieved 50% (I'y = 3.6 A=2, cf. figure 4.18), and even for
greater values of I, such as those related to I's — I'g systems (I's_g = 4.5, 5.4, 6.3 and 7.2 A2
respectively; cf. figures 4.19a-h, p. 93), the octadecylamine molecules are tightly aggregated on
the hematite surface, forming densely packed and highly ordered monolayers (cf. regular and
intense peaks in p4_g(z) profiles, described in figures 4.13d-h, p. 86), with the head groups
strongly bound to the substrate (cf. figures 4.11d-h, p. 84), and the alkyl tails pointing away
from the surface, predominantly in vertical positions (cf. CTT peaks at heights over 16 A in
p4—g(z) distributions, shown in figures 4.14d-h, p. 87). For instance, their collective molecular

inclination range from 0, = 34 + 2°to Og = 4 £ 1° (cf. figure 4.12, p. 85).

In addition, amine-based OFM films get thicker with increasing surface coverage, owing
to the stronger packing constraints prevailing within a more densely organized layer (cf. Ly_g
values listed in table 4.2, p. 85). Indeed, excluded-volume intermolecular interactions favour
an ordered arrangement of the molecules in extended linear conformations, since these con-
figurations efficiently fill the space , eventually increasing the film thickness and enhacing its
stability, which is also strengthened by the maximized vdW forces arising between the hydro-

carbon chains 6,47,52,65,91, 182

Besides, one can observe that the average tilt angles and adlayer thicknesses for the I's, I's,
I'; and I'g cells do not exhibit relatively striking dissimilarities (cf. figure 4.12 and table 4.2, re-
spectively, p. 85). Moreover, based on the sharp and well-defined peaks featured by p4(z) and
ps(z) profiles (cf. figures 4.13d and 4.13h, p. 86), it is interesting to note that I'y and I's cover-
ages especially yield a condensed layering, which can be compared to a solid-like structure for

the I'; film and a rigid crystalline phase for the I's SAM. % > 77

(b) Side view (yz plane)

(a) Top view (xy plane)

Figure 4.18 — Snapshots of I'y cell at the end of the production simulation.
Note that the boundaries of the simulation box are not represented here. Aromic color
code: coral - iron, red - oxygen, white - hydrogen, gray - carbon, blue - nitrogen.
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232
SeFolede
(f) I'7 — Side view (yz plane)

(g) I's — Top view (xy plane) (h) I's — Side view (yz plane)

Figure 4.19 — Snapshots of I's—T'g cells at the end of the production simulation.
Note that the boundaries of the simulation boxes are not represented here. Afomic color
code: coral - iron, red - oxygen, white - hydrogen, gray - carbon, blue - nitrogen.
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4. Adsorption

Furthermore, the obtained simulation results enabled us to consolidate the overall obser-
vation treating the assembly and the organization processes of amphiphilic compounds, which
were particularly pointed out earlier by macroscopic experiments (cf. p. 75). Then, since our
core motivation was to discern relationship(s) existing between the surfactant film morphol-
ogy and their lubricating properties, we selected the most suitable structures to design the
computer test allowing the investigation of OFM-based SAM under confinement and shear-
ing conditions to be conducted. Incidentally, three simulated coverages have stood out from
our findings, namely: I'> , T's and I'y, which were later referred to as I'ow, ['medium, [high self-

assembled monolayers (cf. figure 4.20).

N
»{"f ‘

3 A
o0 a0 oo

l_‘low 1_‘medium Ij]]igh

Figure 4.20 — Snapshots of the amine-films representing the surface coverages chosen to

be probed in the confined shearing simulations (side view, xz plane).

For information, I'jg, = 1.8 nm~2, I'medium = 2.7 nm~?, Thigh = 3.6 nm™2.

Note that the boundaries of the simulation boxes are not represented herein. Atfomic
color code: coral - iron, red - oxygen, white - hydrogen, gray - carbon, blue - nitrogen.

That choice was made considering not only the large range of structural characteristics rep-
resented by these specific films, but also based on the prior SFM measurements performed on
a silicon substrate coated with a native iron oxide (cf. figure 4.7, p. 77). Indeed, the height of
octadecylamine islands was empirically estimated to be between 9 and 15 A for this system,
which corresponds to the molecular thicknesses covered by T'iow, ['medium, Thigh SAM (cf. table
4.2, p. 85). Nevertheless, it must be stressed that in-situ liquid cell SFM experiments gener-
ally estimate a thinner thickness from organic films, owing to additional compression effect
induced by the presence of a solvent, as well as by the use of a scanning tip cantilever. Besides,
it is worthwhile to mention that the retained surface coverages are also in accordance with I'

47,52,57

values applied in other research works.
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4.3 Summary

A better understanding of the surface activity exhibited by surfactant additives and their
microstructure developed over solid substrate is vital for determining the boundary lubrication
role of organic friction modifiers. In this context, the presented adsorption study contributes
experimental and computational information on the interaction mechanism and the layering

morphology of Cyg primary amine molecules adsorbed on an iron oxide surface.

In short, first-principle DFT calculations were employed to confirm the chemisorption of
alkyl amines on hematite, providing enough data — about the N-Fe chemical bond — required
to derive a classical MD potential able to reproduce their pairwise interaction, U™€rface Then,
by using this interfacial force field, a series of EMD simulations were conducted to investi-
gate the effect of the packing density on the structure of amine-based SAM, adsorbed onto an
a-Fey 03 substrate. Other than the validation of the fitted interatomic potential, the simulated

octadecylamine films have shown that their packing order and their adlayer thickness increase

with increasing surface coverage. Lastly, three surface coverages were selected — FIS?WM = 25%,
rSAM 37 50% and TP = 50% — to be used as SAM models for the confined shearing
medium high

simulations that compose the following friction study (cf. chapter 5, p. 97).
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OFM are employed to minimize the energy losses induced by friction, as well as to mitigate
detrimental effects of the ensuing wear. Besides, friction and wear phenomena especially arise
within engineering systems subjected to BL conditions (i.e., high pressure and low sliding ve-
locity).”” In practice, these additives form thin, densely packed layers over the engine com-
ponents, which are difficult to compress but easy to shear off at the interface formed by the
opposing aliphatic tails (cf. figure 1.4, p. 5).?>?!” Indeed, the repulsion between the contact-
ing methyl and methylene groups contribute to decreasing the shear stresses at the rubbing
interface, thereby diminishing the friction forces and then, the resistance of the moving parts
to slide over another.”” Also, it is interesting to note that the repulsion between OFM films

occurs notably due to vdW and/or electrostatic forces.”’» % >

This chapter finally concerns the OFM tribological behavior, and notably those of Cyg pri-
mary amine, under confinement and shear. In fact, it describes a NEMD simulation established
to mimic a computer tribometer experiment at nanoscale, in order to explore the influence of
several parameters (e.g., interfacial film composition, SAM packing density, and sliding veloc-
ity) on the computational friction coefficient, u". Thus, the following sections cover a brief out-
line of previous experimental studies dealing with amine-based FM (cf. § 5.1, p. 98), as well as
the description of computational procedure, the obtained results, and the discussion about the

probed friction properties (cf. § 5.2, 5.3 and 5.4, p. 102, 117 and 127, respectively).
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5.1 Experimental background

5.1.1 Literature review on experiments with amine-based FM

Nitrogen-containing compounds have long held a prominent place within the engine oil

. . . . 1 e 34 . 202. 258 — 265 .
industry, since they have largely been employed as corrosion/rust inhibitors, ** 292 258~ 265 frjc-

. . a0 49 AE 4G E0 B9 EA R1 928 927 949 96K IRT Sra_ o
tion modlﬁers, 6, 30,42, 45,49, 50,52, 54,61, 236, 237, 242, 266, 267 268—271

and dispersants, among other

28,33

functional additives. In particular, numerous patents have so far documented the em-

ployment of amine-based additives into commercial lubricant formulations.”’*~ %

As tribo-improvers, linear molecules containing amino groups have been previously stud-
ied in order to examine their tribological performance at boundary and mixed lubrication

6,49, 50,52, 54, 236,

regimes. 242,286 For example, it was found that octadecylamine can indeed re-
duce friction, but above a critical concentration (e.g., between 1078 and 10~ M), depending
on the probed temperature.”®® In addition, the degree of unsaturation related to their hydro-
carbon tails seem also to affect their friction-control behavior. Actually, Campen et al.”* have

shown that a saturated C;g primary amine (i.e., octadecylamine — C;gH37;NH>) gives lower fric-

tion than its mono-unsaturated counterpart (i.e., oleylamine — C1gHs5NH>).

However, fatty amines and their derivatives have been found to yield an inferior perfor-
mance, compared to additives possessing oxygen-based polar groups, such as fatty acids, alkyl

42,52,50,287—- 289 For example Ko-
)

esters, acylglycerols (or glycerides), and even fatty amides. ®"
shima et al.”” have investigated the friction-reducing efficiency of binary PAO-based solutions
containing different OFM models on ferrous substrates.! Their results have shown that the
reduction in friction was approximately equal to 23% for oleylamine (C;3H37N), whereas oley-
lamide (C13H35NO0), glycerol monooleate (C»1H4204), oleic acid (C13H3402) and stearic acid
(C18H3602) exhibited a decrease of 33%, 35%, 45% and 54%, respectively. That fact is proba-
bly due to the lower binding energies of amino functional groups, in comparison with those
of molecules containing carbonyl and carboxyl groups. Indeed, a stronger strength of the in-
terfacial surfactant-substrate interaction allows OFM molecules to better struggle against the
severe boundary operating conditions, thereby ensuring protection for the rubbing surfaces
and eventually, mitigating the overall dynamic friction effects.”” ??»?*% Nevertheless, it must

be noticed that carboxylic acids exhibit a significant corrosive action on metallic surfaces, and

also that primary amines may hinder the film-forming behavior of anti-wear tribofilms (in cer-

IKoshima et al. have used reciprocating friction tests at 373 K and under a load of 50 N, along with PAO solutions
with 1 wt.% OFM.*? Besides, the reduction of the measured friction coefficient was calculated using the reference
value determined for a system lubricated by a free-additive BO solution, which is: pppo = 0.197.
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5. Friction

tain conditions), as well as it may promote the degradation of elastomers.**

Furthermore, synergetic and boosting effects between amine-FM and inorganic-based ad-
ditives, such as zinc dialkyldithiophosphates (ZDDP — AW agents) 4% 01,242,270,289=297 anq
molybdenum dithiocarbamates (MoDTC - friction modifiers),”" “’® have also been referred to
in the literature. For example, it has been observed that amines can change the composition,
the morphology and/or the thickness of a ZDDP-derived tribofilm, whose beneficial effects im-
pacting its final anti-wear performance depend on their amine/ZDDP molar ratio.®' Yet, the

various mechanisms likely to govern their interactions still remain unclear and open to debate.

In the following paragraph, experimental results from a series of tribological tests concern-
ing the friction-reducing efficiency of different amines are summarized. They were carried out

by Dr. Toni Massoud, within the framework of our project.
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5.1.2 Tribological behavior of C;3 amines in PAO

The boundary lubrication performance of four fatty amines — each one containing a Cyg,
linear and saturated hydrocarbon tail — was investigated in a steel-steel sliding contact, by
means of a reciprocating ball-on-flat tribometer (OFM models: C, E, F and H; cf. table 2.1,
p. 20).°" The surfactants were blended at a concentration of 1 w.t.% to a PAO 4 base oil, and
tested at 373 K, under a load of 2 N, which is equivalent to a maximum Hertzian pressure of ap-
proximately 504 MPa."! For clarity purposes, the experimental protocol is fully detailed in ap-

pendix E (cf. p. XV), and the obtained results of friction coefficient are listed below (cf. table 5.1).

Table 5.1 - Steady-state boundary friction coefficient (u)

Amine ID® Formula u® Reduction®
additive-free — — 0.134 + 0.004 —
octadecylamine (1°) OFM-C CigHsgN 0.078 + 0.002 42%
n-methyl-1-octadecylamine (2°) OFM-E CigH41N 0.085 + 0.001 37%
n,n-dimethyl-1-octadecylamine (3°) OFM-F CooHysN 0.094 + 0.010 30%
2,2’-(octadecylimino)diethanol (3°) OFM-H Cy2Hy47NO, 0.079 + 0.001 41%

@ The molecular IDs used herein correspond to the same nomenclature referred to in table 2.1 (cf. p. 20).
® The displayed values represent the mean and standard deviation calculated over the last 4 600 cycles,
from a total of 9 600, which were performed with a stroke length of 3mm. © The reduction in the friction
coefficient produced by each OFM model is expressed in %, and it was calculated taking into account the
reference value measured for a system lubricated by an additive-free PAO solution (u = 0.134 + 0.004).

As one can observe, i results indicates that all tested amines were able to reduce the av-

erage friction coefficient, from 0.134 to values between 0.078 and 0.094 (cf. table 5.1), which

30, 48, 291, 29

are in good agreement with previous published data. Y Besides, primary alkyl amine

(OFM-C) showed the best tribological performance, whose obtained friction reduction amounts

to approximately 42%. "'

Those measurements have also revealed that the presence of methyl groups as hydrogen
substituents — notably in the secondary and tertiary alkyl amines (OFM-E & F) — leads to an
increase in the friction coefficient, relative to the one of octadecylamine, likely due to their

2

relatively lower binding energies, © since:

ads ads ads
E\3” < Ey, < Ej;° suchthat ppao,a1 < Hpao,A2 < HPAO, A3

2For more information on the adsorption energies (Eads) of alkyl amines on iron-oxide, the interested reader is
referred to appendix F (cf. XIX), which describes their values determined from DFT calculations.
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and also, due to their likely lower surface coverages, which are a direct result of the steric effect

brought on by their relatively larger terminal groups. °!

In addition, it is worthwhile noting that, despite its two ethoxyl groups associated to the
nitrogen atom that may inhibit the formation of highly dense SAM, the tertiary ethoxylated
amine (OFM-H) shows a similar frictional behavior related to that of primary alkyl amine (cf.
table 5.1, p. 100). That is probably owing to a superior molecular cohesion and robustness of
the adsorbed films constituted of 2,2’-(octadecylimino)diethanol molecules, in comparison to
those containing octadecylamines, which are probably caused by a hydrogen-bonding inter-
action network formed between the hydroxyl groups present in their ethoxylated polar head

(cf. figure 2.2h, p. 19).% 70!

After briefly reviewing the effective tribological behavior of some amine-based FM at macro

scale, which has been observed through experimental techniques, our computational study
treating the OFM lubricating properties at molecular level is addressed in the next sections

(cf. §5.2,5.3and 5.4, p. 102, 117 and 127, respectively).
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5.2 Computational details

Anon-equilibrium molecular dynamics (NEMD) simulation — termed hereafter as the con-
fined shearing simulation — was developed in order to establish a model computer-based ex-
periment that mimics a boundary friction contact. Besides, our computational protocol was

inspired by other procedures applied in previous published works. */» %%, 7= 59, 64,82, 107,300, 301

Actually, confined NEMD simulations have progressively proved a valuable tool with which
to investigate the structure and the tribological properties of thin films of a wide range of fluids,
on numerous surface chemistries and under different lubrication conditions (e.g., BL, ML & HL

regimes). 37,57-59,64,79,81, 82,88,91,107,176- 179, 204, 210, 212, 215, 232, 246 — 249, 252, 253, 266, 300— 36

9 Im-
portant advantages of those simulations include the fact that atomic-scale effects can directly
be discerned, such those associated with microstructure dynamics (e.g., density and viscosity
inhomogeneities, phase transitions), as well as with tribological phenomena (e.g., stick-slip,
boundary slip and shear localization).>” % 340: 370,371 Another asset exhibited by the NEMD
technique is the fact that the friction behavior of a given system emerges naturally from sim-
ulation, rather than being parameterized into the employed model. 107 Nevertheless, it must
be remembered that the simulated microstructures, as well as their tribological properties, are

still dependent on the accuracy of the used classical force fields, describing the interatomic

interactions prevailing within the system of interest.

For a further overview on the historical evolution of confined NEMD simulations, and es-
pecially on those applied to Tribology, the interested reader is referred to more detailed reviews

) . . 2 an o 2R 27 2
available in the literature, 53 86, 87,369,372-374

Concerning the current friction study, the nanoscale contact investigated within our con-
fined shearing simulations consists in a single-asperity model composed of two opposing iron
oxyde surfaces in relative motion, which are involved in a continuous and dynamic, rubbing
process (cf. figure 5.1, p. 103). In addition, each surface is covered by an adsorbed SAM com-

T SAM

posed of C1g primary amines — with a specific surface coverage, —, which are separated

or not by an intermediate PAO layer, whose density is referred to as p™°.
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K
G

Figure 5.1 — Examples of model nano-contacts formed by hematite slabs and adsorbed

amine-SAM, with: (i) SAM/SAM interface, without confined PAO molecules (on the left);

(if) SAM/PAO/SAM interface, including a thin BO layer (on the right). Atomic color code:
coral - iron, red - oxygen, white - hydrogen, gray - carbon, blue - nitrogen.

In practice, the solid substrates are compressed one against another by an external nor-
mal force or load (Fy), which is associated with a normal pressure (P;), since Fy acts on a
given superficial contact area (A). In our NEMD simulations, this constant force is applied on
the outermost Fe; O3 layer of each slab (cf. the below referred to "rigid layer", in figure 5.2),
along z direction and perpendicular to hematite surfaces, which are in turn placed parallel to
xy plane (cf. figure 5.1). Besides, Fy is high enough to ensure that OFM films are kept confined
to length scales of a few nanometers, thereby setting up a boundary-lubricated nanotribologi-

cal system.”>?

Counterface Sliding direction
— {Shaar)

E
§
|1, T
. & g e _ } Interface

bonding ragion
Frea region
e =—==1 Thermostated
o 2 region
Rigid Layer

Figure 5.2 — Schematic diagram of a typical NEMD simulation of tribological
experiment. (figure adapted from the indicated reference) *
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Moreover, the separating distance between the opposing rubbed substrates (hi™) depends
also on the composition and on the density of the interfacial film present between both sub-
strates (cf. figure 5.1, p. 103). In our case, this organic third-body occasionally comprises
BO model molecules, but it is predominantly formed by the adsorbed surfactant monolayers,
whose inherent shear strength is lower than that exhibited by the bare iron oxide surfaces. This
fact actually explains their functional usage as friction modifiers into liquid engine lubricants.
For information, the systems that do not have any BO molecule in their interfacial film were
called as the nano-contact models with a SAM/SAM interface, whose density was referred to as

PAO

Py - By contrast, the systems with intermediate PAO layers are named as the nano-contact

models with SAM/PAO/SAM interfaces, which can possess two different densities: either pﬁ‘:‘ig or

PAO
P thick*

Furthermore, the moving parts of real engineering systems are sheared off according to
a given shear rate (y). Indeed, their motion is induced by an externally applied driving force
— termed here as the lateral force (F1) —, which confers a specific sliding velocity (v®) on the
moving components (cf. figure 5.2, p. 103).63:375,376 However, it must be noticed that, in our
NEMD simulations, the sliding motion is originated through the movement of the solid surface
boundaries — along x direction and in relatively opposite orientations (cf. figure 5.5, p. 114) —
by imposing a constant sliding velocity to a given portion of iron and oxygen atoms constituting
the outermost layer of both Fe, O3 slabs (cf. "rigid layer" in figure 5.2).%% **¢ Actually, it is not an
external force that is computationally applied to the solid substrate models, but it is an atomic

sliding velocity that is virtually imposed to a particular part of the system.

Hence, the magnitude of the resultant friction force (Fr) experienced by each hematite slab
corresponds to the total driving force required to maintain that targeted sliding velocity. In

short, Fr is equal to the mentioned lateral force, but it points in the opposite direction:
Fp = - F (5.1)

where the average value of Fp, force can computationally be determined by means of the nu-
merical outcome obtained from a specific technical operation called fix setforce,> which is ap-
plied to the surface subset termed as "rigid layer" (cf. figure 5.5, p. 114), during the production

simulation timestepping in order to define a fixed and constant v3..

3The programming command fix set force is available in the numerical solver LAMMPS (version: November 17th
2016). For further information on this command, the interested reader is referred to the following link [online] :
https://lammps.sandia.gov/doc/fix_setforce.html (accessed January 10th 2019).
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In addition, it has been assumed that the lateral forces, and consequently the frictional
forces, are proportional to the intrinsic sliding resistance developed by the rubbing hematite
surfaces. In particular, this resistance may reflect the influence of the dynamics and interfacial
structure featured within the lubricated nano-contact (e.g., K™, [SAM pPAO) ag wells as the ef-
fect of the operating conditions (e.g., total temperature, P, v5). Therefore, we have considered
as OFM performance indicator the dimensionless ratio between the aforementioned Fr and Fy

forces, which was named hereafter as the computational friction coefficient, |1:

U = — (5.2)

As a matter of fact, u” was inspired by the first extension of the second Amontons-Coulomb

P
77,

kinetic friction law,””">"® which states that the friction force is directly proportional to the

applied normal load, at moderate constant sliding velocities.*’"*>* Besides, it is interesting to

recognize the existence in the literature of other extensions of that kinetic friction law, which

303,379=381 into the total lateral force model, the load-independent Der-

includes a second term
jaguin offset™** (Fy), and even a third term, the Bowden-Tabor friction term”® (v - Aqsp(Fn)) —
where 7 is the shear strength, and A,sp (Fy) the asperity contact area —, being both additional

353

terms related to adhesion-controled friction processes.*

Nevertheless, the suggested computational friction coefficient (1) has been taken as the

reference lubricating descriptor in our simulation study since:

* our nano-contact model — containing a single asperity composed of atomically-smooth
surfaces — is lubricated by a relatively thin organic film that cannot be squeezed out of

the represented contact zone; thus presupposing that no direct contact between the iron

SAM

PAO).
low ’

oxide slabs would be allowed to occur (even at I" and p 5

¢ only the dynamic friction process is emulated in the confined shearing simulations (i.e.,

no static friction process is considered into the calculation of the proposed coefficient);

* asingle and constant value of contact pressure was investigated (P, = 500 MPa), which
means that the ratio denominator depicted in equation 5.2 is maintained fixed (Fy); thus,
any variation measured in p" is a direct response of the lubricating properties related to
the investigated system (and at the considered operating conditions), which are embod-

ied by the Fy, forces, and then, by Fr;

¢ high sliding velocities were applied to solid substrates during the performed NEMD sim-

ulations (v$, > 1.0m-s™);
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e the breaking and reforming of chemical bonds can not be described by means of the

classical MD force fields used in this work (guPricant gysurface gyinterface. of § 2 2 2 p. 26);

thereby implying that no adhesion across the interface of the represented subsets was prone to
be reproduced in such system, where a subset is defined as a single Fe, O3 slab coated with an

octadecylamine SAM (cf. 5.5, p. 114).

Additionally, it is worth noting that some previous classical MD-based works have also used
a similar definition of friction coefficient,*’°%57:58 in comparison with p* (cf. equation 5.2),

based on the extended Amontons-Coulomb kinetic friction law?>°3

subjected to a high load
approximation (i.e., when Fy >> 0):

L I LA

Fx Fx Fx u=pu (5.3)
In fact, equation 5.3 clearly shows that, for relatively large values of contact loads (Fy), both
Derjaguin offset and Bowden-Tabor friction terms become negligible in comparison with the
kinetic friction coefficient (1), which can thus be simply calculated as the ratio between F, and
Fy. Besides, the validity of such approximation (cf. equation 5.3) has been confirmed through
confined NEMD simulations earlier performed by Ewen et al.,”’ using SAM models of stearic
acid (C;gH3602) and glycerol monooleate (C21H4204).°" Indeed, they have used these two test

cases to ensure that the linear fit of Fy as a function of Fy gives an insignificant value of Fy,

which indicates that the modeled OFM additives induce a low adhesion frictional contact.

Before describing the computational protocol developed to obtain the confined shearing
simulations, it must also be highlighted some interesting aspects concerning certain limita-
tions of the MD method. Actually, even if our modeled systems are intended to describe a BL
contact (cf. 5.1, p. 103), it is still not possible to efficiently reproduce within a NEMD simula-
tion the sliding velocities used to characterize this regime in macroscopic experiments, such
as the ones applied in the friction tests described in section 5.1.2 (e.g., v* = 8x 103 m-s;

cf. experimental conditions detailed in figure E.1b, appendix E, p. XVI).°!

Therefore, in order to obtain a computational tribometer experiment exhibiting accessi-
ble system sizes and timescales through NEMD simulations, the investigated sliding velocities
were greater than 1.0 m- sL. However, a (virtual) thermostatting technique had thus to be em-
ployed, in order to control the large local temperature rises induced by such operating con-

ditions within the established nanoscale model, as shown in figure 5.2 (cf. p. 103).°>% In-
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deed, a "thermostatted region" was set up to offset the relatively high shear rates used in our
NEMD simulations. Regarding this feature, the Langevin thermostat” was employed to dis-
sipate the heat generated during the production sliding simulations (cf. § 5.2.2, p. 114), as it
has been suggested by previous NEMD-based works >’ > 82, 107,304, 336,338 (fyrther details are
given in § 5.2.2, p. 114). Additionally, the "thermostatted region" was located in the middle of
each hematite slab, as an attempt to prevent possible adverse interference effects caused by
the applied thermostat in the interfacial dynamics of the confined organic molecules (i.e., oc-

tadecylamines and PAO; cf. figure 5.5, p. 114).%°

Moreover, it should be borne in mind that there has been no pretension in the current work
of directly and quantitatively comparing the u” results, obtained from NEMD simulations (cf.
tables 5.4, 5.5 and 5.6, p. 118), with the macroscale experimental results of u (cf. table 5.1,
p- 100). To do that, it would be necessary to obtain macroscopic tribological systems similar
to the idealized models and conditions utilised within our confined shearing simulations (cf.
figures 5.6, 5.7 and 5.8, p. 119), such as flat and smooth ferrous substrates, homogeneous and
uniform surfactant self-assembled monolayers, as well as high sliding velocities, with relatively

high confinement (i.e., small RiIm) and at controlled steady temperature.

Finally, the computational procedure established to assess the frictional behavior of OFM
additives is fully detailed in the next paragraphs (cf. § 5.2.1 and 5.2.2, p. 108 and 114, respec-
tively), followed by the sections describing and discussing the calculated p” results for systems

containing octadecylamine and PAO molecules (cf. 5.3 and 5.4, p. 117 and 127, respectively).
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5.2.1 System modeling and equilibration

In the current study, NEMD simulations were performed in order to gain molecular-scale

insights into the properties of octadecylamine films adsorbed on hematite surfaces, under con-

finement and shear, and in particular, to investigate the influence of some specific parameters

on the computational friction coefficient (i"). These parameters are related to :

e Interfacial organic film structure: surface coverage of amine-SAM (

SAM 1SAM SAM
rlow ’ Iﬂmedium & rhigh)’

PAO ,PAO & pPAO );
)

and intermediate PAO film density (04 ) 0110 & Ppick

* Operating conditions: sliding velocity (v$).

To achieve that objective, nine different configurational models were thus required. Then,

the (1 x 1) unit cell of each boundary-lubricated tribological system was designed according to

the following characteristics and assumptions:

108

* Ananoscale contact is intended to describe a single-asperity model, containing two op-

posing substrates that are referred to as the top and bottom surfaces/slabs. Both sub-
strates were placed — with their normal vector parallel to z direction — nearly to the
extremities of the simulation cell (cf. figure 5.3, p. 110), whose dimensions are approx-
imately equal to 10A x 11 A x 120 A (superficial contact area: Ay, ~ 112 A% distance

between the innermost Fe, O3 layers: Rilm =~ 80 A).

Each hematite (0 11 2) slab exhibits a thickness of approximately 18 A, which represents
five elementary Fe,O3 layers (cf. figure 5.1, p. 103). This a-iron(IIl) oxide model was
generated from the basic unit cell, obtained by DFT and described in § 2.1.2 (cf. figure
2.3, p. 21). Besides, each solid substrate is composed of 200 atoms (80 Fe & 120 O atoms).

Octadecylamines and poly-alpha-olefins were considered in their electrically neutral state,

which might be favored in a low-polarity medium.*" >

The C;3H37-NH> molecules were incorporated into the cell volume situated between
both ferrous surfaces, with their polar groups pointing toward the substrate, at a dis-
tance less than 4 A, measured between the nitrogen atoms and the plane formed by the
inner surface oxygens (cf. figure 5.3, p. 110). Additionally, their alkyl tails are initially

configurated parallel to each other, and perpendicular to the solid substrates.

The total number of primary alkyl amines introduced into each model cell were cho-

sen to match the surface coverages selected from the analyses explained in chapter 4
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(cf. §4.2.2 and figure 4.20, p. 83 and 94, respectively), which are: I'AM = 1.8 nm~2,
LA =27nm 4T ﬁ%hg = 3.6 nm™?, corresponding to 2, 3 and 4 molecules per unit

cell, respectively, or in other words, a coverage ratio amounting to 25%, 37.5% and 50%,

respectively.

Concerning the BO molecules, six geometry models were constructed with an interme-

diate PAO layer, which are those possessing a SAM/PAO/SAM interface (cf. figures 5.3b

PAO

and 5.3c, p. 110). For these systems, two different PAO film densities were utilized: p ;.-

PAO

and py o

which correspond to 1 and 2 PAO molecules, respectively. These mono and bi-
molecular PAO layers were taken into account based on the previous NEMD simulation
results that were recently obtained by Ewen et al..”’ Actually, they performed a prelim-
inary squeeze-out simulation in order to determine the lubricant film density — com-
posed in their case of hexadecane molecules, C;4H3s4 — that remains inside the contact
volume, under confinement by two hematite slabs coveraged of adsorbed OFM mono-
layers (simulation conditions: P, = 500 MPa and T = 300 K).°’ Their results showed
that the equilibrium lubricant thickness is independent of the OFM coverage, and it cor-
responds to approximately two horizontally oriented molecular layers.”’ For this rea-
son, we thus decided to explore the influence of p™© layer, in a range from 0 to 2 PAO

molecules (cf. figure 5.3, p. 110).

For that simulation cells comprising a SAM/PAO/SAM interface (pf}ﬁg & pfﬁ‘i(c)k), the BO
molecules were located, following a horizontal orientation, in the middle of each system,
according to a sandwich configuration between the amine molecules nearly placed to the

opposing top and bottom hematite slabs (cf. figures 5.3b and 5.3c, p. 110).

Lastly, it should be noted that the remaining three nano-contact models exhibiting a
SAM/SAM interface (pgAO) do not contain any PAO molecule into their nano-contact model

(cf. figure 5.3a, p. 110).
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e ozt euzed
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’_,-;‘:;"5
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(a) PPAO M) oo ©) Pypo

Figure 5.3 — Examples of initial configurations related to nano-contact models, depicted

for a fixed surface coverage (I}AM): (a) SAM/SAM interface (pf°); (b) SAM/PAO/SAM
interface (pF0); (c) SAM/PAO/SAM interface (p59,). Note that the unit cell dimensions
are approximately equal to 10 A x 11 A x 120 A. Aromic color code: coral - iron,

red - oxygen, white - hydrogen, gray - carbon, blue - nitrogen.
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Once the initial geometries of the nine required unit cells were built (cf. figure 5.3, p. 110),
their equilibration was undertaken in order to establish the desired nano-contact models, con-
sisting of a compressed couple of large hematite surfaces, coated by uniform octadecylamine
self-assembled monolayers, which are separated or not by intermediate PAO layer(s) (for an ex-
ample, cf. figure 5.5, p. 114). Therefore, an equilibration phase composed of four different steps

was performed in order to obtained those configurations:

e Step 1 - octadecylamine-SAM equilibration: following a preliminary energy minimiza-
tion? of each simulation cell, atomic velocities were assigned to all system atoms — ac-
cording to a Maxwell-Boltzmann distribution for a temperature of 373 K —, except to
those composing the BO molecules that were kept frozen, in order to assemble the amine
molecules into a SAM-type ordering (cf. figure 5.4a, p. 112); after, a 3 ns NVT ensemble
calculation® was performed (3 000 000 time steps of 1 fs), also at 373 K. Then, an anneal-
ing process was conducted in a similar way to that utilized to set up the SAM models
investigated in chapter 4 (cf. § 4.2.1.2, p. 81), but at an intermediary temperature of 473 K
and an ultimate temperature of 373 K. For information, this process totally lasted 12 ns,

containing four intermediary 3 ns NVT ensemble simulations.

e Step 2 - PAO-layer equilibration: after organizing the different amine-SAM, the same
simulation procedure used in step 1 was applied to the intermediate BO model films —
for the systems exhibiting a SAM/PAO/SAM interface (i.e., pPAO # 0) —, maintaining
in this turn the obtained SAM structures fixed (cf. figure 5.4b, p. 112). Thus, the PAO
molecules were thermally reoriented at the targeted temperature of 373 K, but with an

intermediary temperature of 673 K during the annealing process.

e Step 3 — unit cell pressurization: an external and constant normal force was applied
to both top and bottom a-Fe,03 (0 1 1 2) slabs, during a 3 ns NVT ensemble simula-
tion, in order to compress the system and obtain the model BL nano-contact (cf. figure
5.4c, p. 112). Besides, P, = 500 MPa, acting on the outermost surfaces composing the
hematite substrates (plane xy). In addition, the Langevin thermostat”’’ was used with
a time relaxation constant of 1.0 ps, in the directions perpendicular to the compression
(i.e., xand y directions) in order to allow the system to be equilibrated at 373 K (cf. figure

5.4d).

4The quadratic line search algorithmwas used to performed the energy minimization of all initial configurations.

5All the NVT ensemble simulations performed in the aforementioned steps 1 and 2 have used the Nosé-Hoover
thermostat”® to control the temperature of all mobile atoms, which are those that are not framed by a green box in
figure 5.4 (cf. p. 112), and using a damping constant equal to 0.1 ps.
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e Step 4 - extended cell pressurization: bigger simulation cells were constructed — by

multiplying each of the previous squeezed and equilibrated unit cell by five, in x and y

directions —, and submitted them to a further 1 ns NVT ensemble calculation at 373 K,

using the same conditions described in step 3. For information, each of the obtained

extended hematite slab exhibits 5 000 atoms and the dimensions of the final simulation

cell are approximately equal to 51 A x 55 A x 120 A, which represents a superficial con-

tact area of Ay, =~ 2796 A2, Besides, the total number of organic atoms composing each

of the nine simulation cells are listed in table 5.2 (cf. p. 113).

Rt Thgt¥ey

'.‘\

)
i

0%

xi
1
‘6

1%

i
3
1

(a) Step 1 (b) Step 2 (c) Step 3 (d) Step 3 (e) Step 4
(initial cell)  (initial cell) (initial cell) (final cell) (final cell)

Figure 5.4 — Schematics of the equilibration phase steps, showing their side views in xz
plane: (a) initial configuration used in step I - octadecylamine-SAM equilibration;

(b) initial configuration used in step 2— PAO-layer equilibration; (c) initial configuration
used in step 3— unit cell pressurization; (d) final configuration obtained from step 3 unit
cell pressurization; (e) initial configuration used in step 4 — extended cell pressurization,
with a (56 x 5) unitcell. For information, these examples particulary feature the
simulation cells with a SAM/PAO/SAM interface at F}Sl‘%“}’l[ and pPA0 . Note also that atoms
framed by green boxes were kept fixed during the concerned MD simulations (in x, y for
all steps, and in z dimensions only during steps 1 & 2). Afomic color code: coral - iron,

red - oxygen, white - hydrogen, gray - carbon, blue - nitrogen.
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Table 5.2 — Total number of organic atoms present into simulation cells, Norganic

Interface | | R rts:th
SAM/SAM (p£*©) 5800 8700 11 600
SAM/PAO/SAM (p§:0) 8100 11000 13900
SAM/PAO/SAM (p™A0 ) 10 400 13 300 16 200

thick

For clarity purposes, it should be noted that, in all of the four equilibration steps, the clas-

sical MD simulations were carried out using the three selected energy potentials: Us'face,

ylubricant o q yinterface (of §2.2.2, p. 26). Besides, the standard velocity-Verlet algorithm ®* was

applied to integrate Newton’s equations of motion with a time step of 1 fs, applying LAMMPS

program.”’” Moreover, short-range nonbonded interactions were cut-off at 15 A, and the elec-

trostatic interactions were evaluated employing a slab implementation of PPPM solver,

161, 205

with a desired relative error in forces of 1 x 107%. Also, periodic boundary conditions were only

imposed to xy plane.
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5.2.2 Confined shearing simulation (production)

After obtaining squeezed and thermally equilibrated systems — whose confined organic
film reached a (non-equilibrium) steady state, with a regular and stable thickness (hImy __ the
nine configurational models were then subjected to compression and shear, during the produc-

tion simulation phase. For illustration purposes, a schematic representation of the confined

shearing simulation is shown below.

' P, 0.5 x vg

T N ‘ Rigid region

W W,

oL e el s Thermostatted
:l..‘: ‘:.: ‘:.: ‘..:‘:.: ‘:q: P l..: .:.:‘: reg i on
Subset
TOP — 1SS 1S 519

PAO
film
z
Subset
Yy —
BOTTOM
0.5 x vg

Figure 5.5 — Example of the idealized boundary-lubricated nano-contact, which was
used as initial geometry in the confined shearing simulations. For information, this
configuration has specifically Flslli*gl\{f and pfA0 . Besides, note that the system contains
three different functional zones: (i) rigid region: set of atoms where the normal force and
a specific sliding velocity are imposed on (+ Fy ; and +(1/2)-v$, respectively), in
relatively opposite directions (composition: two Fe,O3 layers, in top & bottom slabs) ;
(ii) thermostatted region: set of atoms controlled by Langevin thermostat, applied only in
ydirection (composition: four Fe, O3 layers, in top & bottom slabs) ; (iii) free region: set
of atoms allowed to freely move according to the chosen MD force fields and the model
constraints of shear and external load (composition: four Fe, O3 layers, in top & bottom
slabs, and all organic atoms from octadecylamine and PAO molecules). Also, note that
the nano-contact model is composed of two subsets — either in fop or botfom position —
which individually represents a surface covered by a SAM, being lubricated (or not) by a
BO layer. Lastly, notice that simulation cell boundaries are not represented here, and
periodic boundary conditions were applied only in x and y directions. Atomic color code:
coral - iron, red - oxygen, white - hydrogen, gray - carbon, blue - nitrogen.
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This final NEMD simulation was established to generate the atomic trajectory data related
to the studied nano-contacts, and in particular the frictional forces arising on the iron and oxy-
gen atoms composing the "rigid region" of both top and bottom hematite slabs (cf. figure 5.5,
p- 114). These forces are a result of the resistance exhibited by the hematite surfaces to slide
over another, which is in turn impacted by the interfacial film structure separating them, as
well as by the applied operating conditions. Besides, that set of information is required to de-
termine the structural average functions used to probe the microstructure formed by adsorbed
octadecylamines and intermediate PAO molecules (whether present at SAM interface), and to
calculate the resultant computational friction coefficient, as a function of the investigated pa-
[SAM

rameters, namely: pPAO and v$, (cf. results in section § 5.3, p. 117).

As a matter of fact, the system is forced out of equilibrium by imposing an external field to
the solid substrates (e.g., a shear rate), while maintaining a constant load on both surfaces. In
practice, this was achieved by moving the concerned rigid atoms along the x direction, in order
to obtained a constant total sliding velocity, which was varied from 1 to 5, and 10 m-s~!. As one
can observe from figure 5.5, the "rigid regions" are in relative motion, with an individual sliding
velocity equal to [ + (1/2) - v for the top slab, and [ — (1/2) - v§] for the bottom one (cf. p. 114).
Accordingly, twenty-seven simulations were conducted in the current friction study, thereby

yielding twenty-seven different values of y1".

Concerning the duration of the confined shearing simulations, they are mainly dependent
upon the investigated v$ values. For information, table 5.3 lists some of these computational
details (cf. p. 116). Indeed, all simulations were conducted for a long enough time, in order
to produce a sufficient relative sliding distance for the a-Fe,03 slabs (e.g., d3 > 15nm).° In
addition, relatively long-time simulations were considered (i.e., for at least 6 ns), in an attempt
to minimize the dependency of the calculated u~ on the (single) initial configuration of each

system model.

Therefore, after having ensured that all model systems attained a sliding and thermal steady
state, the concerned normal and lateral forces were sampled, particularly to determine the
representative average values of Fy , and Fp, needed to eventually calculate u~ coefficients

(cf. equation 5.2, p. 105).

6For information, the equilibration and production simulations were both performed on a 16-cores processor
(Dell C6320; Intel Xeon E5-2640 v3 2.60GHz), during (total) time periods varying from approximately 36 to 76 days,
depending on the structure and composition of the organic interfacial film, as well as on the substrate sliding ve-
locity.
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Table 5.3 — Details of the production simulation

Sliding velocity Duration Sliding
vy (m-s Ly (ns) displacement, dj (nm)
1.0 15 15
5.0 9 45
10.0 6 60

Moreover, the basic computational characteristics related to the mentioned NEMD pro-

duction simulations were the same as those used in "step 4" of the precedent equilibration

phase (cf. § 5.2.1, p.113), except for the thermostatting approach. In this case, any heat in-

duced by the relatively high shear rates was dissipated using a Langevin thermostat”’ applied

to Fe and O atoms of the "thermostatted region", but solely in y direction (i.e., the direction

perpendicular to both compression and sliding movement). Besides, the time relaxation con-

stant employed to control the temperature was set to 1.0 ps.

Regarding the obtained results, there are firstly and globally presented in § 5.3 (cf. p. 117),

and then discussed in detail in § 5.4 (cf. p. 127).
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5.3 Results

The nanoscale structure and the lubricating properties of organic layers — containing ad-
sorbed octadecylamine films and intermediate PAO molecules — were investigated under rel-
atively high shear rates and pressure (P, = 500 MPa), for a rubbing contact equilibrated at
T =373 K (applied to "thermostatted region", cf. figure 5.5, p.114). In addition, the influence of
the SAM coverage (I'*M), the PAO layer density (p"°) and the substrate sliding velocity (v3)
on the proposed computational friction coefficient were studied through NEMD simulations,

using a classical DFT-based potential specifically derived to reproduce N-Fe interactions.

In this context, the following results were determined from the atomic information gen-
erated during the last 3 ns of the production phase (3 000 000 time steps), which represents
a non-equilibrium steady state of the confined shearing simulation (cf. § 5.2.2, p. 114). The
obtained results are:

ISAM pPAO and v$; cf. tables

* average computational friction coefficient, 11" (as function of
5.4-5.6,p.118);

* separating distance between the opposing rubbed substrates, h""™ (atv$. = 10m-s~!, as

function of I'*M and pPA°; cf. table 5.7, p. 119);

* confined interfacial film density, p™™, defined as the ratio between the total mass of or-
ganic components (OFM & BO models) and their volume occupied between opposing

a-Fe,03 slabs (at v$ = 10m-s~!, as function of I’*M and p™©; cf. table 5.8, p. 119);

* schematic snapshots describing the final configurations of the simulated nano-contacts
(atvs = 10m- s, asfunction of I'’*M and pPAO; cf. figures 5.6 - 5.8, p. 119 and 120);

* atomic mass-density profiles of the organic films (SAM & BO), p(z) (atv$, = 10m-s~}, as

function of I'*M and p™A9; cf. figures 5.9 - 5.11, p. 121 — 123, respectively);

* atomic position probability profiles related to the adsorbed amine monolayers, p>*™ (z),

for the nitrogen atoms (N), the carbons present in the intermediate methylenes (—CH,—

1

or C) and terminal methyl groups (-CHz or CTT; atv$ = 10m-s~!, as function of I'AM

and p™9; cf. figures 5.12 - 5.14, p. 124 — 126, respectively).

Note that p(z) and p>*M(z) structural analyses are expressed as function of the distance
from the surface (in z direction), which is in turn represented by a xy plane formed by the
innermost oxygen atoms of the bottom hematite substrate, where it was placed the vertical

system origin (i.e.,, z = 0; cf. figure 5.5, p. 114).
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Tribological behavior:

Table 5.4 - Computational friction coefficient (1*) at v =1 m-s’!

SAM SAM SAM
Interface I‘Ilow rmedium 1-‘high
SAM/SAM (p§*©) 0.13 0.21 0.43

SAM/PAO/SAM (p;0)  0.14 013 0.11

SAM/PAO/SAM (p{0)  0.09 0.0  0.07

Table 5.5 - Computational friction coefficient (1) at v$ =5m-s!

Interface IpAM psav Fﬁ’l‘gl‘l"l
SAM/SAM (p*©) 008 021 045
SAM/PAO/SAM (p{0)  0.16 018 0.1
SAM/PAO/SAM (p{0) 010 015  0.10

Table 5.6 — Computational friction coefficient (1) at vi =10 m s’

SAM SAM SAM
Interface Tiow  Tmedium  Thigh
SAM/SAM (p£*©) 009 026 047

SAM/PAO/SAM (p?20) 017 018  0.11

SAM/PAO/SAM (pFA%) .12 0.17

thick 0.11
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Structure of the confined interfacial organic films:’

Table 5.7 — Separating distance between the opposing hematite substrates, R (1)

SAM SAM SAM
Interface l-‘low medium l-‘high
SAM/SAM (p§*©) 19.0 £ 0.1 275+ 01 337 £ 0.4

SAM/PAO/SAM (p{0) 262 £ 0.1 347 + 0.1 413 £ 0.1

SAM/PAO/SAM (pgﬁgk) 32.7 + 0.1 413 + 0.1 48.0 + 0.2

Table 5.8 — Confined interfacial film density, pfi™ (kg-m3)

SAM SAM SAM
Interface I ow I edium L igh
SAM/SAM (p£*©) 929 £+9 920 £5 986 + 11

SAM/PAO/SAM (p{0) 903 + 4 912 + 3 958 + 30

SAM/PAO/SAM (pf20) 918 916 + 3 954 £ 3

H+
H+

(@ T ) I oim () [$AM

Figure 5.6 — Snapshots of nano-contacts with SAM/SAM interface (pgAO) as function of
the surface coverage. Afomic color code: coral - iron, red - oxygen,
white - hydrogen, gray - carbon, blue - nitrogen.

"The mean and standard deviation of hfl™ and pfim
production simulations carried out at v$ = 10 m-s~!.

were calculated from the atomic data obtained during the
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(a) FIS:VD/I (b) FSAM. (© l"SAM

Figure 5.7 — Snapshots of nano-contacts with SAM/PAO/SAM interface (pf}’:‘ig) as function
of the surface coverage. Atomic color code: coral - iron, red - oxygen,
white - hydrogen, gray - carbon, blue - nitrogen.
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Figure 5.8 — Snapshots of nano-contacts with SAM/PAO/SAM interface (pg’l*i(c)k) as function
of the surface coverage. Atomic color code: coral - iron, red - oxygen,

white - hydrogen, gray - carbon, blue - nitrogen.
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Figure 5.9 — Atomic mass-density profiles, p(z), of nano-contacts with SAM/PAO/SAM
interface (pgAO) as function of the surface coverage. Note that the vertical dashed line
approximately indicates the position of the innermost hematite surface of the top slab.
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interface (pf{l‘i?k) as function of the surface coverage. Note that the vertical dashed line
approximately indicates the position of the innermost hematite surface of the top slab.
Color code: gray - octadecylamine; moss green - PAO. 123



5. Friction

0.015 :
' —N
| —C
i —==CTT
0.010 -
) i
=¥ ]
0.005
0.000 ! ‘
0 10 20 30 40 50
z (A)
SAM
(@ I‘low
0.015 ‘
L —]N
E —C
| —CTT
0.010 5
= E
9 :
0.005
0.000 ‘
0 10 20 30 40 50
z (A)
SAM
(b) 1—‘medium
0.015 .
: —N
3 —C
| «=CTT
0010 | !
= |
= l
0.005 |
0.000 - ’
0 10 20 30 40 50
z (A)
SAM
(©) I'yigh

Figure 5.12 — Atomic position probability profiles in z, p>*™(z), of amine molecules in
nano-contacts with SAM/SAM interface (pgAO), as function of the surface coverage. Note
that the vertical dashed line approximately indicates the position of the innermost
hematite surface of the top slab. Color code: blue - nitrogens (N); gray - carbon atoms in
intermediate methylenes (C); black - terminal tail groups (CTT).
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Figure 5.13 — Atomic position probability profiles in z, p>*™(z), of amine molecules in
nano-contacts with SAM/PAO/SAM interface ( pPAO), as function of the surface coverage.
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Note that the vertical dashed line approximately indicates the position of the innermost
hematite surface of the top slab. Color code: blue - nitrogens (N); gray - carbon atoms in
intermediate methylenes (C); black - terminal tail groups (CTT).
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Figure 5.14 — Atomic position probability profiles in z, p>*™(z), of amine molecules in
nano-contacts with SAM/PAO/SAM interface (pﬁ‘;\i(c)k), as function of the surface coverage.
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hematite surface of the top slab. Color code: blue - nitrogens (N); gray - carbon atoms in

intermediate methylenes (C); black - terminal tail groups (CTT).
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5.4 Discussion

Before beginning a detailed analysis on the influence of the investigated parameters (I'AM,
o9 and v8) over the frictional behavior of our boundary lubricated model systems, it is im-

portant to remember and stress some intrinsic aspects associated with our friction study:

¢ the currently simulated nano-contacts have better be interpreted as computational study
cases — whose layouts were tailored following idealized structures and conditions —,

rather than an attempt to genuinely reproduce macroscopic tribological systems;

* no direct comparison, nor any data extrapolation has been made in the current work, in
order to link our nanoscale systems with complex phenomena occurring in a real internal

combustion engine;

¢ the trends and the conclusions drawn from the observed results are not chiefly intended
either to input or to validate any particular theoretical or phenomenological model sug-

gested in literature;

* ultimately, despite all technical care taken into account to establish a reliable confined
shearing simulation with the available computer resources, the obtained results are still
dependent on the employed MD interatomic potentials, on the assumptions made to
design the numerical procedures, as well as on the statistically limited sample of config-

urational models used to calculate each u value.

With this perspective in mind, the previously outlined computational results, and mainly

those related to u* (cf. §5.3, p. 117), are further discussed according to the following scheme:
* nano-contacts with SAM/SAM interface (p5'°; cf. § 5.4.1, p. 128);

* nano-contacts with SAM/PAO/SAM interface (pgﬁg & pgﬁ(gk) cf. §5.4.2, p. 134);
where the effects of the three investigated parameters were eventually discerned, namely:

« octadecylamine-SAM surface coverage, I'AM;

« presence of an intermediate PAO layer, p™%;

* sliding velocity, v5.

Additionally, it must be highlighted that this discussion is mainly based on the results obtained
from the NEMD simulations run at v$, = 10 m-s~!, which are those exhibiting the largest total

sliding displacement (d; = 60 nm).
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5.4.1 Contacts with SAM/SAM interface (p};'°)

The confined shearing simulations performed with structural geometries consisting only in
hematite substrates covered by octadecylamine-SAM, and without any lubricating PAO-layer,
are particularly discussed in this subsection. Their results are referred to as "SAM/SAM (p5*°)"
in tables 5.4-5.8 (cf. p. 118-119, respectively), and they are also described in figures 5.6, 5.9 and

5.12 (cf. p. 119, 121 and 124, respectively).

First of all, examining attentively the final snapshots for the nine simulated structures (cf.
figures 5.6-5.8, p. 119-120), it can be observed that the first system "SAM/SAM (pgAO ) at ng‘ujj‘/f !
is the only one presenting desorbed amine molecules within its nano-contact model (cf. figure
5.6a, p. 119). Nevertheless, it must be specified that this irregular configuration was obtained
from the equilibration phase, and it is not a result of the shear and pressure conditions that
were concurrently applied throughout the production simulation. In fact, during "step 1" of
the equilibration stage — when the amine molecules were freely relaxed within an unit cell in
order to obtain a stable SAM configuration (cf. § 5.2.1, p.111) —, one molecule placed nearly to
the bottom slab did not succeed to anchor its amino polar head at an adsorption site (i.e., on
an iron surface atom). By consequence, only a single amine molecule has effectively adsorbed
on the bottom surface — with its Cyg alkyl tail lying flat on the iron oxide substrate —, whereas
the other molecule has lain down over the mentioned adsorbed OFM molecule. Moreover, as
shown in figure 5.6a, two clear horizontal amine layers can be discerned over the bottom Fe,O3

slab. For the opposing top surface, both octadecylamines have conversely attained adsorption

during the preliminary simulations. Although this nano-contact does not exhibit both solid

- SAM, top-slab
rSAM,bottow slab =1/2-T op-slal ),

substrates covered with equal OFM surface coverages (i.e., I',
ow low

it was still used in a production simulation, and it was considered as a special study case, where
the adsorbed SAM with low densities are lubricated by a thin intermediary layer that contains

the same chemical compound that the one composing the surrounding OFM films.

In addition, it is interesting to note that, aside from the bottom subset of the nano-contact
with SAM/SAM interface (pgAO) at FlsgvM, all other amine molecules were kept adsorbed dur-
ing both equilibration and confined shearing simulations, and that despite the applied severe
conditions in the later cases (e.g., relatively high sliding velocity and contact load). Besides,
no boundary slip — also termed in literature as wall slip — was observed during any produc-

tion simulation. Therefore, the DFT-derived interaction potential obtained in this work has
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proved to be efficient in ensuring OFM adsorption on the employed substrate model (U terface,
cf§4.1.3, p. 72). Incidentally, that fact is evidenced by the intense, sharp peaks displayed by the
nitrogen atoms in the position probability profiles (cf. blue peaks of pI%AM(z), as shown in fig-

ures 5.12-5.14, p. 124-126).

With respect to the influence of I'SAM on SAM microstructures, one can observe that the
distance between iron oxide slabs increases with increasing OFM surface coverage (cf. table
5.7, p. 119). That corroborates the OFM ability to protect rubbing surfaces subjected to BL
conditions, from direct contact and against the ensuing wear effects. Besides, in order to better
notice the evolution of SAM structural organization, it is worth carefully comparing pS*M(z)

profiles in figures 5.9a-5.9c¢ (cf. p. 121).

Another similar rising trend with I'’**M can be identified for the computational friction co-
efficients (cf. tables 5.4-5.6, p. 118). Indeed, figure 5.15 illustrates how " evolves as a function

of "M particularly for the simulations conducted at v$, = 10 m/s.
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Figure 5.15 — Computational friction coefficient (u*) for the nano-contact with
SAM/SAM interface (pgAO), as a function of I'AM (SC), at vS = 10m/s.

The above histogram clearly sheds light on an important information, pointed out by our
NEMD simulations, that a relatively higher molecular ordering/packing of the adsorbed SAM,
which is brought about by a larger octadecylamine surface coverage, can induce a negative im-

pact on their friction-reducing performance:

* * * . SAM SAM SAM
/JFIS;\VIVVI < Hpsam < Hpsams where: 1_‘low < Ijmedium < I‘high

medium high
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As a matter of fact, at T’ ls(‘)“wM, a well-defined slip plan can be perceived between the top and
the bottom subsets composing this specific nano-contact (cf. figure 5.16, p. 130), and notably

at 9.8A (along z direction), in the concerned pSAM(z) (cf. figure 5.9a, p. 121).

Figure 5.16 — Snapshot of the nano-contact with SAM/SAM interface (pgAO) at FIS;?NM,

showing the resulting slippage plan — highlighted by a black dashed line —
arising during the simulated sliding process.

In spite of the fact that a relatively small amount of primary amines is effectively adsorbed
on the moving hematite slabs, their molecules assemble in a manner that yields relatively

closed-packed regions, which easily slide past each other. Apropos of that, it must be noted

film

that this specific system possesses a slightly higher average value of p™™, in comparison with

the one exhibited by the similar model at [SAM  (¢f, table 5.8, p. 119). This fact indicates that

medium

T SAM

medium’ since

confined amine-SAM at I'AM are more tightly, densely arranged that those at

FSAM < rSAM and hﬁlm < hﬁlm

low medium SAM SAM
low medium

(at pgAO). This structural disparity is additionally sup-
ported by the differences in number and height of the peaks shown in their atomic mass density

profiles (cf. p5*M(z) in figures 5.6a-5.6b, p. 119).

Furthermore, that slippage interface — that can also be clearly identified from the well-
separate peaks presented by the terminal methyl groups in figure 5.12a (cf. p(s‘:/}%[ (z) indi-
cated by a black curve, p. 124) — contributes to minimizing the sliding resistance of the mov-
ing subsets, to reducing the emerging frictional forces and eventually, to lowering its i In-
deed, the nano-contact with SAM/SAM interface at FIS:VIQ/I has then yielded the best lubricat-

1

ing performance for all systems described through our NEMD simulations at v§, = 10 m-s™:

' (TAM) = 0.09 (cf. table 5.6, p. 118).

130



5. Friction

At TSAM  “the confined SAM structure differs remarkably from that at IT'*M, and even
medium low

from the one observed at F}s]’.“\}/ll (cf. figure 5.6, p. 119). In this case, both top and bottom octade-

ig
cylamine monolayers are in an intimate interfacial interaction, thereby showing a substantial
molecular entanglement. Thus, no apparent slip interface can be found out either in figure 5.6b
or 5.9b (cf. p. 119 and 121, respectively), since a considerable interdigitated region is present
in the center of the nano-contact model, involving the opposing OFM hydrocarbon tails. That
can better be observed from the atomic position probability profile related to CHs end groups

(CTT), as shown in the figure below (cf. pf#}’[ (z) depicted by the black curvein figure 5.17, or in
figure 5.12b, p. 124).

0.015
=N —C —CTT

0.010 +
s
(=9

0.005 +

0 5 10 15 20 25 30
z(A)

Figure 5.17 — Atomic position probability profiles in z, p*M(z), of amine molecules in

nano-contacts with p5*? and TS2M. . Color code: blue - nitrogens (N); gray - carbon

atoms in intermediate methylenes (C); black - terminal tail groups (CTT).

It should be added that, owing to the relatively high sliding velocities intrinsically imposed
by the classical MD technique, the represented amine molecules do not have enough time to
freely rearrange and then, to adjust their molecular structures in order to accomodate fric-
tion through a transient relaxation process and/or via dilatancy effects.”*’ In fact, dynamic
phenomena like friction, and even adhesion, are dependent on the molecular relaxation time,
which defines the time needed for the interacting molecules — that are especially subjected
to confinement and/or sliding conditions — to disentangle and then rearrange in a conforma-

35,237,384— 387

tional fashion that produces low-shear-strength (interfacial) structures.

As a result, this molecular chain interdigitation ends up enhancing the lateral forces that
appear within the system, and consequently, it increases its computational friction coefficient:

p (@SAM s = 10m-s7) = 0.26.

medium’
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Finally, regarding the remaining contact with a SAM/SAM interface at l“}sl‘?l\l’l[, high frictional

g
forces do prevail in this system, such that: ' (v$ =10 m-s™!) = 0.47, in spite of the fact that a
visible and precise slip plane can be discerned between its bottom and top subsets, and with no
substantial SAM interdigitation (cf. sharp, separate black peaks of pé@rl\T’[(z), as shown in figure

5.12¢, p. 124).

In fact, as previously noted in chapter 4 (cf. § 4.2.2, p. 92), when the surface coverage ratio
related to an a-Fe;03 (0 1 1 2) slab reaches 50% of the total number of available adsorption
sites (i.e., F}S@{f = 3.6 nm2), solid-like monolayers are formed by the adsorbed octadecylamines
(cf. p5*M(z) in figure 5.9c, p. 121). Given that, and according to the results obtained during its
confined shearing simulation, these relatively rigid, condensed surfactant films do slide past

each other, following a saw-tooth pattern that is characteristic of a stick-slip friction behavior

(cf. figure 5.18).°%
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Figure 5.18 — Time evolution of z coordinate related to C atom of the terminal methyl
groups (CTT), which are present in amine molecules adsorbed on the top hematite

substrate, and composing the system with SAM/SAM interface (p}°) and Fﬁ{?gl\g.

This figure illustrates a short time interval of the production phase conducted at
VS = 10m- s~ (simulation time: between 2.5 and 3.0 ns).

Actually, stick-slip occurs when, instead of sliding over each other smoothly, the solid sur-
faces alternatively stick together and then slip past each other, in a periodic and oscillatory mo-
tion.>% This phenomenon has been widely observed and described in the literature, from both

experimental and computational investigative approaches, °0' = 303,305, 313,351,364, 374, 388 =400

In our particular case, this stick-slip friction response has indeed been found, despite the
presence of amine-based SAM with relatively high coverage at the interface between the hematite
surfaces. That is likely due to the important commensurability of the concerned SAM/SAM in-

terface, whose almost crystalline microstructure turns out to behave like an elastic solid. In
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fact, from a computational point of view, a substantial energy is required to exceed the massive
movement activation barrier, and to eventually overcome the stick interaction phase, thereby
promoting the atomically-collective slip motion of both top and bottom subsets, which exhibit
a highly organized interface (cf. figure 5.5, p. 114). That is why the simulated lateral forces,
and consequently the arising friction forces, are so (relatively) high in this analyzed nano-
contact model. However, it is assumed that the calculated computation friction coefficient,
p* (Fﬁfi\gf ;v =10m- s™1), is still lower than the one associated with a hypothetical contact

comprising only bare hematite surfaces. Nevertheless, this later p" (I3 *M; pPA©

;Pg ) was not deter-

mined in our simulation study.

In addition, it is interesting to point out that previous NEMD simulations of surfactant
monolayers in intimate contact have also shown high friction and a stick-slip behavior, ow-
ing to highly commensurable interfaces.*""**! However, it has been found that the presence
of a thin, separating layer of a BO lubricating model (e.g., hexadecane) is capable of maintain-
ing low friction.”” ! For this reason, models with an intermediate PAO layer, which is our BO

model in the current study, were included in our investigation. As already mentioned, two dif-

PAO
thin

Al

ferent densities of PAO film was probed: p: - and pfhigk. Besides, their results are interpreted

in the next subsection (cf. § 5.4.2, p. 134).

To conclude this part of the discussion, which was focused on results related to nano-
contacts with SAM/SAM interfaces, it is worthwhile to note that no particular proportional re-
lationship seems to exist between y and the simulated sliding velocities for the systems with
pgAO (cf. figure 5.19 showing " as a function of M at various v$). In fact, a similar evolution

of the computation friction coefficient was observed, regardless of the employed v3, value.
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Figure 5.19 — Computational friction coefficient (,u*) for the nano-contact with
SAM/SAM interface (pI;AO), as a function of T and v5..
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5.4.2 Contacts with SAM/PAQ/SAM interface (pg‘:i?l & pg‘;‘i(c’k)

After analyzing the influence on microstructure and lubricating properties of OFM cov-
erage, in organic films composed exclusively of C;g primary amines, the following discussion
brings light to the impact on tribological behavior of an additional BO-layer. Besides, it must
be noticed that these PAO films were confined between pre-formed, model amine monolay-
ers. By consequence, this initial configuration implies that homogeneous and uniform amine-
based SAM were obtained, where relatively little interpenetration between the different organic
molecules was effectively allowed to be achieved. At least, it was not possible to have any dis-

rupted and heterogeneous octadecylamine monolayer, with molecular vacancies where PAO

SAM

molecules would be able to directly interact with the simulated substrates, even at Flow .

PAO yn
thin

and "SAM/PAO/SAM (p%‘i? "in tables 5.4-5.8 (cf. p. 118-119, respectively), as well as in figures

Therefore, the results for those particular systems are referred to as "SAM/PAO/SAM (p

5.7, 5.10 and 5.13 for the thinner BO film (cf. p. 120, 122 and 125, respectively), and in figures
5.8, 5.11 and 5.14 for the thicker one (cf. p. 120, 123 and 126, respectively).

5.4.2.1 Effect of an intermediate PAO-layer

Based on an analysis of the representative snapshots shown in figures 5.7 and 5.8 (cf. p. 120),
one can effortlessly conclude that the thickness of the confined organic films increases with in-
creasing SAM coverage and PAO-layer density. The results of Afl™ and pfil™, listed in tables
5.7 and 5.8 (cf. p. 119), clearly support that expected trend, which is profitable for the rubbed

surfaces, since they are kept separated, thereby preventing possible detrimental wear effects.

It can also be observed that the intermediate PAO molecules organize themselves, between
amine-SAM, according to a compacted, horizontally-oriented structure. This is additionally
demonstrated by the atomic-density profiles obtained for the PAO layers, where distinguish-
able, regular peaks can be discerned in pB°(z) (cf. moss green curves, in figures 5.10 and 5.11,
p- 122 and 123, respectively).

PAO

Most importantly, it must be highlighted that this central lamellar film, at either py, -

or

PAO
Pihick’

separating both top and bottom subsets. Besides, the shear strengths of SAM/PAO/SAM in-

contribute to forming well-defined slippage planes between amine-monolayers, thus

r SAM

terfaces with )
medium

and Fﬁfi\gl[ are relatively lower than the ones exhibited by their equivalent

SAM/SAM nano-contacts (cf. i results in figures 5.20 and 5.21, p. 135, or in table 5.6, p. 118).
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Figure 5.20 — Computation friction coefficient (u*) for the nano-contact with
SAM/PAO/SAM interface and pﬁ’:‘ig, as a function of T (SC), at v$ = 10 m/s.
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Figure 5.21 — Computational friction coefficient (1*) for the nano-contact with
SAM/PAO/SAM interface and pFA0Q , as a function of TS* (SC), at v = 10 m/s.

Asit has already been described in precedent published works, " “°! the benefit of the pres-
ence of an intermediate BO film in the middle of a rubbing contact, was found in the current
simulations to be especially greater for the systems composed of commensurate films, such
as those with higher surface coverage. For example, a decrease in u , by approximately 77 %,
has been observed through the simple addition of either a thin or a thick PAO-layer between

the Fﬁ%l\lf monolayers: yi' (p5'0) =0.47 — ' (pf0/pfA%) = 0.11, at v§ = 10 m/s. Actually, in

these later cases (i.e., nano-contact with a SAM/PAO/SAM interface at Ftsl’i*gl\g), the BO molecules
particularly work as a perturbing factor of the intermolecular interactions between highly or-
dered SAM, alternatively providing a relatively smoother, "sliding-friendly" interface, whose

final computation friction coefficient is comparatively reduced.
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However, an important remark have to be made concerning the employed BO in our NEMD
simulations. In fact, the used PAO 4 model has a branched molecular architecture, as illus-
trated in figure 5.22. Although this lubricant oil might provide an optimal kinetic viscosity at
HL regime, its molecular structure is more prone to intimately entangle with other BO species
and/or OFM additives confined at a BL contact, in comparison with a linear hydrocarbon, and
maybe even a surfactant molecule containing a straight aliphatic tail like the octadecylamine

(cf. figures 5.6a and 5.7a, p. 119 and 120, respectively).

(a) (b)

Figure 5.22 — Schematics of PAO model structure (CgoHgz).

Indeed, the PAO-layers are likely to produce well-defined slip planes between OFM/SAM
interface, but it cannot eliminate all the sliding resistance that appears within the lubricated
contact due to their lateral molecular branches. That is why our first investigated system —
the nano-contact with a SAM/SAM interface at FIS?VIVV[ — yields a lower p” than those with an
equivalent SAM coverage but containing lubricating PAO molecules (pf}ﬁg & pf}ﬁ(gk). In this for-
mer especial study case (cf. 5.6a, p. 119), the slippage interfaces is defined between low-shear-
strength, linear, C1g primary amines that have not succeed to adsorb onto the hematite slabs

during the equilibration phase, and that eventually minimize the friction forces arising through

the production simulation.

Therefore, the calculated computational friction coefficients have been found to be also
controlled by the molecular interdigitation level exhibited by the different organic layers con-
fined within the nano-contact model. This factor was not particularly quantified in the current
analysis, but it can be captured by the overlapped area extension formed between the adjacent
OFM and BO atomic density profiles (i.e., the area below both interposed pSAM(z) and pBO(z)
curves, as shown in figures 5.10 and 5.11, cf. p. 122 and 123). Then, those overlapping regions
can particularly be used to rationalize the results of u~ observed for the systems with SAM/-

PAO/SAM at low and medium coverages (cf. an example given in figure 5.23, p. 137).
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From this point of view, the p5*M(z) and pB°(z) profiles exhibiting broader molecular over-
laps indeed show a deeper interdigitation, which accordingly leads to higher resulting fric-

tion forces and greater final u° values. Besides, these relatively "higher frictional, interdigi-

SAM

tated interfaces" are specially linked to systems with I 0.

which have more amorphous

structures and with lesser ordered layering, in comparison with either [AM or T }Slfi\g“}’ll. For ex-

PAO PAO and v§. = 10 m/s (cf. figures 5.10b

ample, ,u*(pthin) =0.18 and ,u*(pthick) =0.17, at I'SAM

medium

and 5.11b, p. 122 and 123). Concerning the difference between p” values obtained for SAM/-
PAO/SAM interfaces at Fls(ﬁy, with both thin and thick PAO-layers (0.17 and 0.12, respectively,
at v = 10 m/s), they can likewise be elucidated by the greater interdigitation established by
p(z) overlapped areas (cf. figure 5.23). Lastly, one can also observe that thin PAO-layers are
relatively more interdigitated with amine-SAM than the thick ones, thereby yielding greater "

results.

5.0
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—BO
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E 30 -
S~
0
= 20
Q.
1.0
0.0
0 5 10 15 20 25 30 35
z (&)
PAO *_
(a) Penin — K = 0.17
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—BO
4.0 A
E 3.0
S~
0
= 20
Q
1.0 A m
0.0
0 5 10 15 20 25 30 35
z (A)

(b) pii0, — 1" =0.12
Figure 5.23 — Atomic mass-density profiles, p(z), of the two simulated nano-contacts
with SAM/PAO/SAM interface at low surface coverage (T lséxmllv[) Note that overlapped areas
highlighted in pink indicate the observed molecular SAM/OFM interdigitation.
Color code: gray - octadecylamine; moss green - PAO.
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5. Friction

Finally, it is worthwhile to note that our outcomes are consistent with other compara-

57,301

ble NEMD simulation results previously published in literature. For example, Ewen et
al.”’ have examined the atomistic structure and friction properties of commercially relevant
OFM (e.g., acid, amide, and glyceride OFMs, with saturated and Z-unsaturated hydrocarbon
tail groups). Their assembled monolayers were adsorbed on iron oxide surfaces and lubricated

by a separating layer of hexadecane, being also simulated at various surface coverages and slid-

ing velocities. Their results have shown that:°’

* atlow and medium coverage (I7AM = 1.44nm™2and IAM. = 2.88 nm™2, respectively),
ow medium

OFM formed liquid-like and amorphous monolayers, respectively, which were signifi-

cantly interdigitated with the hexadecane lubricant, resulting in relatively high friction

coefficients (cf. figure 5.24, p. 139);

e at high coverage (F}Sl/ifgl\}/ll = 4.32 nm™?), solid-like monolayers were formed for all of the
OFM, which, during sliding, resulted in slip planes between well-defined OFM and hex-
adecane layers, yielding a marked reduction in the friction coefficient (cf. figure 5.24,

p. 139);

* OFM models, with saturated and Z-unsaturated hydrocarbon tails, were found to pro-

duce similar structure and friction behavior, when present at equal surface coverage;

* OFM with glyceride head groups yield significantly lower friction coefficients than amide

and particularly carboxylic acid head groups;

e the molecular tilt angle® (0) related to the simulated OFM monolayers appeared to be
independent of both polar head and tail group types, suggesting that once the molecules
were subjected to high pressure (P, = 500 MPa), all of the molecules packed in a similar
fashion regardless of the head group chemistry, or of the unsaturation degree related to

hydrocarbon tails;

* the friction arising in confined NEMD simulations has been found to be independent
of the orientation of the tilt angle, suggesting that a thin lubricant layer between the

OFM films is critical in maintaining the consistent low friction observed in other pre-

301

vious NEMD simulations”’' and boundary friction experiments. **

8 Tilt angle, 6, was defined as the angle between a vector from the carbonyl C atom to the C atom halfway up the
OFM chain (Cg) and the surface normal. 57
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5. Friction

0] (i) (i)

Figure 5.24 — Simulation snapshots of a representative OFM (stearic acid) of sliding at:
(i) high coverage, (ii) medium coverage, and (iii) low coverage, with P, = 500 MPa and
vS, = 10 m/s. Oxygen atoms are shown in red; head group hydrogen atoms, in white;

terminal carbon atoms, in yellow; the other tail group carbon atoms, in cyan; and iron
atoms, in pink. Hydrogen atoms in the tail groups are omitted for clarity. Periodic images

and boundaries are not shown here. (figure retrieved from the indicated reference) 57
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5. Friction

5.4.2.2 Effect of sliding velocity

Lastly, a comparative analysis of the calculated p" as a function of the three probed values
of v§ imposed to hematite slabs (e.g,, v§. = 1,5, 10 m-s~1)is providing in figure 5.25. The fitting
curves describe a linearly increase of the computational friction coefficient with the logarithm

of sliding velocity (cf. figure 5.25b), where the relative increasing gradients exhibited by u" are

FSAM, rSAM & FSAM).

dependent on the OFM surface coverage (( tow * L medium high
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Figure 5.25 — Computational friction coefficient (1) as a function of sliding velocity, for
the nano-contacts with SAM/PAO/SAM interface of different surface coverages (SC).

140



5. Friction

Indeed, this depicted trend is in accordance with a similar one, identified for the evolution
of the kinetic friction coefficient (1) as a function of the sliding velocity. It was observed via
NEMD simulations (simulated v$,: 1 -20 m- s™1),57 as well as through macroscopic experi-
ments (probed v : 5.62x 103 -3.16 x 107 m-s~1)***°! and from the stress-promoted thermal

activation theory. %

Actually, Ewen et al. have interpreted their fitting curves of "u vs. log(v3)" in the following
way: as two atoms approach in the interdigitated region, they experience a repulsive force.”” At
low values of v$, the molecules can adjust their geometry by thermally induced translation, ro-
tation and conformational changes in order to avoid increasing the repulsive force as the sur-
faces move past one another.””*!Y At high v$, thermal molecular adjustment alone becomes
too slow and must be increasingly augmented by shear-stress-promoted adjustments, so the

shear stress and thus the friction coefficient increase with sliding velocity. " 2

Furthermore, it must be added that stress-promoted thermal activation models, such as the

one observed in figure 5.25b, do yield a linear relationship between the logarithm of sliding ve-

locity and the friction coefficient.** 7> 173 180 In fact, at F}Sl’l.*gl\ﬁ and, to a relatively lesser extend
at l“lst?wM, the barriers to interfacial sliding motion are small because there is very little interdigi-

tation between the OFM monolayers and the intermediate PAO-film, inducing a low u*, which

SAM
medium’

is indeed weakly affected by v5. AtT the amorphous and lesser packed SAM are more
interdigitated with the BO model and their molecular rearrangement is relatively slow, owing to
the fact that molecules are closely spaced. This means that activation barriers are both higher
and more numerous for this latter case, leading to a high friction coefficient, which significantly

varies with the sliding velocity.”’
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5.5 Summary

In the last study of our classical MD-based protocol, simulations were performed in order
to shed light on structural and control-friction behavior of model OFM additives subjected to
confinement and shear, and at the following constant operating conditions: P, = 500 MPa
and T = 300 K. In particular, the established NEMD simulation procedure have applied com-
putationally feasible and reliably technical approaches to mimic a nano-scale BL system, com-
posed of iron oxide slabs covered by octadecylamine monolayers, which were in turn separated
or not by an intermediate, lamellar PAO-film. Moreover, it has allowed the investigation of the
suggested computational friction coefficient (u'; cf. equation 5.2, p. 105) as a function of the

surface coverage, the PAO-layer density and the sliding velocity.

In short, the obtained results have mainly shown that the effectiveness in reducing friction
forces within the model nano-contact, associated with the probed organic films, is not strictly
affected by the amount of adsorbed molecules on the rubbed substrates, but it relies on the

ability of:

* OFM polar head to (relatively) strongly adsorbed on moving surfaces, ensuring its adhe-

sion, even under severe sliding and compression conditions;
e OFM tail group to collectively assemble in a packed layering order;

 overall interfacial film to form well-defined slippage planes, with little molecular inter-

digitation.

142



6

Conclusion

In light of the fact that engine oils have progressively become thinner and that tribo-improvers
have thus become a key lubricant constituent to control friction and to ensure engine protec-
tion under BL regime, this PhD project was carried out in order to further explore classical MD
simulations as a probing tool of the lubricant additive performance. Additionally, the chief aim
is to aid the development of more efficient friction modifiers and full organic formulations,

which promote a greater reduction of CO, emissions generated by the thermal vehicles.

In this context, different EMD and NEMD simulations were developed to investigate the
diffusion, adsorption and friction-reducing behaviors of OFM additives, and in particular those
related to amine-based molecules. In the following, the different findings of our computational
studies are summarized (cf. § 6.1, p. 144), and some research perspectives are pointed out in

order to orient future work (cf. § 6.2, p. 147).
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6.1 Summary

Following the general guidelines set by the work conducted by Loehlé et al.*® °* °° —who
have coupled computational and experimental methods to investigate the adsorption and tri-
bological behavior of C;g fatty acids —, the numerical studies described in this manuscript
have likewise confirmed the scientific interest of using atomistic simulations as a complemen-
tary technique to study lubricant additives. Indeed, MD simulations contribute to discerning
the relationships between their molecular structure and their mechanisms of action, as well as

to rationalizing macroscale experiments.

Besides, to the best of our knowledge, our classical MD-based simulation protocol is the
first one to establish computational procedures integrating different performance indicators

ISAM and "), as well as treating both bulk liquid dynamics and liquid/solid in-

(e.8. DorM,B0;
terfacial behavior of surfactant additives, such as C;gHsgN, in particular under shear and con-

finement. Thus, the main outcomes of our work are briefly summarized in the next paragraphs.

Diffusion

Assuming that, in a multicomponent solution containing various surface-active agents, the
surfactant molecules diffusing with a relatively higher rate are more prone to competitively ad-
sorb on solid substrates, an EMD simulation was thus established to calculate the molecular
diffusivity of BO and OFM models. In this context, the intra-diffusion coefficient were deter-
mined based on Einstein formalism and notably, on the (time- and ensemble-averaged) MSD
method (cf. equations 3.1 and 3.3, p. 38 and 40, respectively), using the atomic information

generated during the mentioned simulation.

In this context, the influence of different structural factors on liquid-state dynamics of the
modeled lubricant constituents have been examined (cf. table 3.1, p. 39). The obtained diffu-
sion coefficients of OFM were found to be greatly sensitive to the BO features (e.g., polarity and
molar weight), and to lesser extent, to their own molecular structure (e.g., polar head chemistry

and alkyl tail length; cf. § 3.3, p. 51).

Besides, owing to their relatively superior diffusivities (@%AO and Da; pao, cf. figures 3.7
and 3.14, p. 52 and 60, respectively), the octadecylamine and the PAO were selected to represent
the binary solution model of a lubricant in the subsequent computational studies, which have

covered their absorptive and frictional behaviors (cf. chapters 4 and 5, p. 65 and 97).
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Moreover, this study have also allowed the validation of the original OPLS-AA force field "
as a pertinent energetic model, U"Pricant o reproduce intra- and inter-molecular interac-
tions related to the studied organic compounds (e.g., PAO, PAG, and C;s alkyl and ethoxy-
lated amines) at a temperature of 373 K. It has also be shown that, in a particular low-polarity
medium such that represented by a PAO-based solution, the probed OFM models can indeed
form aggregates (e.g., dimers), whose diffusivity is lower then those of the individual species

(cf. figure 3.13, p. 59).

Adsorption

Based on the results of a preliminary DFT-based study — carried out to discern the nature
and the strength associated with the adsorptive interaction involving octadecylamines and an
a-Fe;03 (0 11 2) surface (cf. § 4.1.1, p. 67) —, an interfacial pairwise potential was derived,
yinterface in order to reproduce the chemisorption energy (Eags) and the resulting equilibrium
distance (dn.re) between the concerned nitrogen and iron atoms through a classical MD simu-

lation (cf. § 4.1.3, p. 72).

Then, a series of EMD simulations were performed in order to validate the fitted force field,
as well as to investigate the molecular structure of amine-based self-assembled monolayers, as
a function of their surface coverage (I'SAM) ' The obtained results have successfully attested
the Uinterface ahility to model adsorbed octadecylamine films on a hematite substrate. Be-
sides, they have also shown that a strong layering, combined with a long-range ordering, are

indeed achieved when the amount of the model OFM increases over the investigated surface.

Therefore, three OFM coverages were chosen — TPAM = 1.8 nm™2, A = 2.7 nm™? and
SAM — 3.6 nm~2 — to compose the range of SAM models used in the OFM frictional study

high
(cf. chapter 5, p. 97).

Friction

A computer tribological test was set up through a confined shearing NEMD simulation, in
order to describe an idealized BL contact at nanoscale, composed of sliding hematite slabs
coated by pre-formed, octadecylamine-based SAM, which were separated or not by a PAO-
layer (cf. figure 5.5, p.114). Besides, the structural and frictional properties of the employed

OFM and BO models were assessed as a function of the SAM surface coverage, the intermediate
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PAO-layer density, and the substrate sliding velocity.

As results, the performed simulations have shown that the effectiveness of Cig primary
amines and PAO molecules in reducing adverse friction forces within the nano-contact model
is strongly related to their ability to form ordered, close-packed, confined organic films, which
exhibit well-defined slip planes, with little molecular interdigitation. In particular, these low-
shear-strength configurations seem to be specially promoted at high and low SAM coverages
(FﬁAM & TSAM) respectively), in presence of horizontally-oriented, intermediate films of PAO, or

igh low
maybe even containing octadecylamines, as well as at (relatively) slower sliding velocities.

146



6. Conclusion

6.2 Perspectives

Throughout the described PhD project, many aspects were covered by the different estab-
lished simulations, which are associated not only with the molecular structure of lubricant con-
stituents (e.g., range of BO polarity, OFM polar head chemistry, OFM tail length, SAM surface
coverage, presence of an intermediate BO-layer), but also regarding some important operating
conditions (e.g., range of sliding velocity; at a temperature of 300 K; under a contact pressure of

500 MPa; at a mass concentration of 1 wt.%).

However, most of these classical MD simulations were designed assuming idealized con-
ditions, as a first attempt to identified suitable indicators of the OFM working performance,
which are indeed computationally calculable in an efficient way, without ignoring the intrinsic
time- and length-scale limitations of the applied technique. Therefore, one of our main rec-
ommendations revolves around the configurational improvements on system models used as
input of the EMD/NEMD simulations, in order to take into account more realistic and complex
features, namely:

* commercial-relevant OFM additives (e.g., amine salts, acylglycerols, esters, tartrate and

) 33, 34,402, 403
’

citrate derivatives with multiple functional structures, including broader

polar groups and unsaturated hydrocarbon tails;

* multicomponent solutions containing different lubricant constituents, such as tribo- and
rheo-improvers along with maintainers additives, in order to gain insights into their ag-

gregate phenomena, and their synergistic/antagonistic interaction effects;”’

» other chemistries of solid substrates (e.g., iron(I) hydroxide, phosphate glass represent-
ing a ZDDP tribofilm),*" *1 198. 204 wiith rougher topography as already suggested in liter-

59, 300, 301, 353, 354, 357, 404

ature,’ instead of the usual single-asperity model with atomically-

smooth surface;

* adsorbed films exhibiting a heterogeneous composition, as well as a more irregular mor-
phology than a simple SAM model (e.g., various regions composed of vacancies, mono-
layers and multiple layers), in order to provide a more faithful representation of the pro-

tective additive films.

Another area of potential improvement is the fitting method employed to derived the inter-
facial MD force-field(s) required to reproduce the additive-substrate interactions. For instance,

a wider range of molecular configurations and chemistries can be used within the reference
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calculations, which can be performed by means of ab initio techniques. Besides, it can be in-
cluded in these calculations the lateral interactions between adsorbed molecules affecting the
stability of the adsorbed layer, as well as the solvent effects induced by the presence of a base oil.
Alternatively, it must be said that reactive force-fields can also be employed to probe adsorptive
and frictional properties of OFM additives, provided that their parameters are available for the

systems of interest, %% 86,405 =407

Moreover, in order to further validate the developed computational protocol, experimental
data could be obtained to set a comparative framework to our MD simulations. For exam-
ple, liquid-based experiments can supply molecular diffusion coefficients of binary solutions
containing amine and PAO molecules, such as those described in § 3.3.2 (cf. p. 55). Besides,
since MD simulations of surfactant film formation from solution is still computationally pro-
hibitive, it would be interesting to experimentally probe the friction behavior of a ternary so-
lution whose constituents possess different diffusivities (e.g., OFM-A/OFM-B/BO, like the one
studied by Loehlé et al;*° cf. § 1.2.1, p. 10). In fact, that experiment may help a qualitative
evaluation of the competitive adsorption effect on the lubricating action of different amine-
based OFM chemistries. Furthermore, that experimental information might potentially sup-
port our assumption related to the importance of the thermal-induced molecular diffusion for
the OFM adsorption onto solid surfaces in a context of a multicomponent mixture (i.e., a fully
formulated lubricant). Also, it would be useful to set up microscale tribological experiments
that perform under conditions and configurations as similar as possible to our classical MD
simulations, in order to obtain experimental friction coefficients that are comparable to the

suggested p* (cf. equation 5.1, p. 104).

Finally, we expect that the current work contributes to boosting the deployment of molecu-
lar computational tools to study, and maybe even, to design novel lubricant additives that foster
fuel economy and low-GHG emissions, in compliance with the principles of CO; neutrality and

the other usual operational and cost-effectiveness standards.
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Appendix A
Literature review on inter-diffusivity

In the current MD-based simulation work, we have considered the intra-diffusion coefficient as
a reference molecular descriptor in order to study the influence of difference structural factors,
related to some lubricant constituents (OFM and BO models), on their dynamics and diffusive
behavior within a liquid binary solution (cf. chapter 3, p. 35). However, it is also important to

point out the existence of other diffusive process, the inter-diffusion.''>~ 'Y

Whereas intra-diffusion defines the random translational movement of individual molec-
ular species in a single or multicomponent solution due to the random thermal motion, the
inter-diffusion' describes the collective movement of molecules resulting from a driving force,
such as a concentration or a chemical potential gradient. Besides, it shoud be highlighted that
it is the inter-diffusion process the effective responsible for the mass transfer phenomena oc-

curing in multicomponent systems. ''% 120

Therefore, a brief literature review on inter-diffusivity is given in this appendix for a binary
liquid solution, as a complement to that concerning the intra-diffusion coefficient (cf. § 3.1,

p. 38).

Inter-diffusivities

The most commonly advocated approaches to model inter-diffusion in liquids are the gen-
eralized Fick’s law and the Maxwell-Stefan theory (MS). ' 19, 120, 122126, 144,408 1n hoth methods,
an inter-diffusion coefficient relates a diffusive mass flux to a specific driving force, which is a
concentration gradient in Fick’s law (V¢;) and a gradient of chemical potential in MS theory

(V).

! Inter-diffusion is also known as bulk, collective, mutual or transport diffusion.
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Considering the molar-averaged reference velocity * u, the diffusive molar fluxes J; are ex-

pressed as: '*°
Ji=ci-(uj—u) =c-x;-(u;—uw) fori=1or2 (A.1)
in which,
u=xp-uy+x-up (A.2)
where u; is the ensemble-averaged velocity of a given component (u; = (v;)), c is the total

molar concentration, and x; is the mole fraction for component i.

In this reference frame, the Fick inter-diffusion coefficients (D11 & D, ) are defined by the

following constitutive relations obtained from the generalized Fick’s law:"'?> '**
]1 = —C'Dlyl -Vx1 (A.3)
Jo = —c- Dgyz -Vxo (A.4)

Since the net flux of the system is zero, J; + J» = 0, and x; + x» = 1 for a binary mixture,
thus Dy; = D,y = D.''?128.190 go, only a single Fick diffusivity D is required to describe
the diffusive mass transport in such case. Besides, D depends on concentration but not on the
magnitude of concentration gradient (i.e., the driving force), which is a quantity that can be

measured experimentally. ' %> 1%

Another inter-diffusion coefficient can be defined from MS theory. This model is based on
the assumption of an equilibrium between molecular friction and thermodynamic interaction,
which implies that any deviation from this equilibrium leads to a diffusive flux.'*® In fact, for
a non-electrolytic liquid mixture, the chemical potential gradient Vy; is considered to be the

. . o 1on TAR A08 AN
driving force d;, which can be expressed as: 127,128, 146, 408, 409

d = = “V(1,p) i (A.5)
R-T ’

where R is the molar gas constant and T the absolute temperature. Consequently, d is counter-

balanced by the molecular friction force, which is proportional to the mutual velocity between

146,

the solution components and their amount of mole fractions.'*®*’Y For example, for the so-

lute:

X1 X2
dy =

c(up —wy) (A.6)
12

2Indeed, a frame of reference is required to express diffusive fluxes. The molar-averaged reference was used here
to define Fick inter-diffusion coefficients, but other reference frames can alternatively be used (e.g., the volume-
averaged reference).' 1 1?0 168 However, note that MS diffusivities do not demand any reference frame, but only
Fick diffusivities depend on it. 1?6

II
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where D1, is the Maxwell-Stefan inter-diffusion coefficient. Actually, this coefficient has the
physical significance of an inverse drag coefficient describing the magnitude of friction be-

tween i-j components, ' 19, 146,408

MS diffusivities are symmetric (i.e., D12 = Dy; = D), and usually depend less strongly on
concentration than Fick diffusivities.''”» 'Y On the other hand, it is not possible to determine D
experimentally because chemical potential gradients cannot be measured directly. ' '*" How-
ever, the MS inter-diffusion coefficient can be computed from EMD simulations by calculating

Onsager coefficients A; j:'*"

X2 X1
D=—MAM1+—-N2—Aip— Ay (A.7)
X1 X2

where A; ; are obtained from MSD or VAF data (cf. equations A.8 and A.9, respectively), but

following a formalism based on the system correlation functions: ' %> 146
Ari= 2t gim L2 -<{%[r”(t+m-At)—rl,~(t)]}-{§ [rp (E+m-AD—1g ~(t)]}> (A.8)
J 6 m—oo N m-At = ’ k=1 . !
My = i [T ar ([ L] | S ]) A9)
“3.N o i o

Moreover, it must be highlighted that the driving force d; can be related to the mixture
composition as follows: '*% 1%

dy =T-Vx, (A.10)

in which, I is the so-called thermodynamic factor, defined by: ' 1> 121,127,128, 146,408

Olnyl)

F:1+x1'(
X1

=1+XZ'(

1
9 nyz) A.11)
T,

T,p 0 X2

P

where, v; is the activity coefficients of component i. The thermodynamic factor is usually ex-
tracted from experimental vapor-liquid equilibrium data or from excess enthalpy measure-
ments, but it can also be obtained from molecular simulations, like grand-canonical Monte

Carlo calculations. %!+ 127, 168

Furthermore, it is worth noting that MS approach accounts for thermodynamics and mass
transfer separately, and only the latter contribution is characterized by D.'?’ The thermody-
namic contribution is actually expressed by I', which is also useful to couple Fick and MS inter-

diffusivities as fOHOWS' 115,117,121, 127,128, 146, 408, 409

D=T-b (A.12)

III
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Hence, MS inter-diffusion coefficient can be transformed to Fick inter-diffusivity and vice versa,
provided that the thermodynamic factor is indeed known.'?’” Nevertheless, the large uncer-

tainty related to I calculation makes it difficult to obtain D from measurable D in practice. '*’

Equivalences between intra- (9 ) and inter-diffusivities (D &D):

In certain conditions, equivalence relations between the aforementioned diffusivities exist,

namely:

* in binary mixtures, the Fick inter-diffusion coefficient (D) of a component becomes equal
to its intra-diffusivity (D) in the limit of infinite dilution."'> ' 125145 For example, for
the solute:

x1—0 _ x1—0
D =97,

* since ideality is always approached in dilute solutions (i.e., the factor % — 1), the

limiting values of MS and Fick inter-diffusivities are equivalent (D and D, respectively),
along with the intra-diffusion coefficient () of the minor component, at each end of the
116

composition range:

I |

xn—0 _ x—0 _ x1—0
P10 = pUT0 = D1

Since our work have intended to gain insights into the interactions between additives and
lubricant oil models in order to and understand how chemical structure affects their liquid-
state dynamics in relatively ideal conditions, we ended up choosing the intra-diffusion process
as the framework of this study, along with the MSD-time profile to compute ® orpy o (cf. OFM

and BO intra-diffusivity results, as described in § 3.3, p. 51).



Appendix B
Simulated OFM/BO mixture densities

The averaged densities obtained after equilibration phase for the OFM/BO mixtures (porm,B0)
at T,y = 373 K (cf. diffusion study — chapter 3, p. 35) are provided hereafter, along with their
associated deviations, which were calculated in comparison to experimental pure BO densities

(pOBO), since OFM concentration is relatively low (1.0 wt.%), implying a dilute solution model.

Table B.1 - Simulated densities for mixtures with PAO as solvent model
P90 (Teq =373 K) = 760.0 kg/m®

Solute Simulated porm o (kg/m?) Deviation
Cig alkane 756.1 0.5%
Cig alcohol 757.0 0.4 %
Chg acid 757.0 0.4 %
C1g primary amine 756.5 0.5 %
C1g primary amide 757.3 04 %
Ce primary amine 756.0 0.5 %
Cy2 primary amine 756.4 0.5%
Cig primary amine 756.5 0.5%
Cy4 primary amine 756.6 0.5%
Cis secondary alkyl-amine 757.0 0.4 %
Ci tertiary alkyl-amine 757.0 04 %
C1g secondary ethoxylated-amine 757.0 0.4 %
Cg tertiary ethoxylated-amine 757.0 04 %




Table B.2 — Simulated densities for mixtures with PAG as solvent model
P9 (Teq = 373 K) = 859.0 kg/m3

Solute Simulated popm o (kg/ m?) Deviation
Cig alkane 851.8 0.8 %
Cig alcohol 852.3 0.8 %
Cis acid 853.2 0.7 %
Cig primary amine 852.6 0.8%
C1g primary amide 853.6 0.6 %
Ce primary amine 851.5 0.9 %
Cyo primary amine 851.9 0.8 %
Cig primary amine 852.6 0.8%
Cyo4 primary amine 852.4 0.8 %
C1g secondary alkyl-amine 852.0 0.8 %
Ch tertiary alkyl-amine 852.5 0.8%
C1g secondary ethoxylated-amine 852.2 0.8%

Cg tertiary ethoxylated-amine 853.4 0.7%




Appendix C
Adsorption experiments via
in-situ XPS

Adsorption experiments in gas phase of n-octadecylamine (C;gH39N) on native iron oxide were
carried out in LTDS with the ECAT apparatus (cf. figure C.1, p. VIII). After the adsorption pro-
cess, in-situ X-ray photoelectron spectrometry analyses were performed on the iron oxide sur-
face. The goal of this experimental study was to further investigate the adsorption mechanism
of octadecylamines on an iron oxide substrate (under gas phase), and also in order to comple-
ment the equivalent DFT study. The experimental protocol used in this procedures is described

in the following.

ECAT details

The "UHV 3 preparation chamber" of ECAT was used to carry out the adsorption experi-
ments (cf. figure C.1, p. VIII). After the introduction of the iron sample* in the UHV preparation
chamber , the sample was slightly etched with an Ar* ion gun (250 V) in order to remove con-
tamination present on surface. After, XPS analyses of this substrated were performed in order
to control the fact that adventitious carbon has been removed from the native iron oxide. For

that, the vacuum in the UHV preparation chamber was around 3 x 10~/ mbar at that step.

Then, the "cleaned" iron oxide sample was effectively exposed to octadecylamine vapor
within the UHV chamber. To do so, an introduction system, made of UHV tubes and valves, was
used and purged before introducing the amine vapor. The powder of octadecylamine (acquired

from Sigma-Aldrich) was stored in a reservoir and heated up to 423 K to be evaporated.” The

SUHV: Ultra-high vacuum.
“Iron deposited on silicium, and covered by a native iron oxide.
5 Octadecylamine melting temperature: 323 - 325 X, and boiling temperature: 622 K.
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sample was then exposed to octadecylamine vapor for a time period of 7 min. At that step, the
pressure in the chamber was varied from 3 to 9 x 10~ mbar. After exposure, the chamber was
pumped in order to get a pressure of 9 x 10~/ mbar, allowing the transfer of the sample to the

XPS chamber.
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He WY souree = Fure gasivapor iIntreduction system
Cremical manping * Resioml gas analysis
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Figure C.1 - Environmental Controlled Analytical Tribometer (ECAT),
developed at LTDS.
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XPS details

XPS analyses were carried out using PHI 5000 VersaProbe II spectrometer, equipped with a
monochromatic Al Ka source (1486.6 eV). The calibration of the binding energy scale was done
by using as a reference the Au 4f5/» and Au 4f;/,, with known binding energies at 84 and 87.7 eV,

respectively.

The emitted electrons were collected at a 45° take-off angle, with respect to the substrate
surface. A dual beam charge neutralization system was used to compensate the charging effect
(i.e., low energy electrons and Ar* ions). Besides, the aliphatic carbon binding energy was fixed

at 284.8 eV.

Then, survey spectrum and high resolution spectra were recorded using an X-ray beam
diameter equal to 50 um. Survey spectra were recorded with a pass energy of 187.85 eV and a
step size of 0.8 eV, while high resolution spectra were recorded with a pass energy of 23.5 eV

and a step size 0of 0.2 eV.

Finally, data processing was performed using the PHI Multipack software. The spectra were
fitted from the product of Gaussian and Lorentzian functions after subtracting a Shirley back-

ground. For information, only small variations in FWHM® of the peaks were permitted.

Results

The figure 4.4 presented in chapter 4 (cf. p. 71) gives a schematic representation of the
N 1s spectra main contributions obtained for the amine powder (peak at 399 + 0.1 eV), and for
the adsorbed amine on the oxidized substrate (peak at 399.7 + 0.1 eV). These peaks are both
attributed to C-N bonds, but they are shifted by 0.7 eV, at a higher binding energy for the ad-
sorbed molecule, in comparison with the standard molecule. As earlier discussed, this impor-
tant energetic shift for the adsorbed molecule indicates a strong interaction between amines
and the iron oxide surface. It could be explained by the formation of N-Fe bonds through the
donation of electron density from the nitrogen atoms — via their lone pair electrons — to the

irons present on the ferrous surface.

In what follows, the raw and fitted XPS data are reported in detail.

SFWHM: full widths at half-maximum.
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* Octadecylamine powder:

Figure C.2 shows the fitted N 1s spectrum obtained for the octadecylamine powder. A main
contribution has been found at 399 + 0.1 eV, and it is attributed to C-N bonds. A smaller con-
tribution at 400.9 + 0.1 eV can be also detected and assigned to a small N-C=0 contamination

of the compound sample.
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Figure C.2 — N Is peak for octadecylamine standard compound, observed from an XPS
experiment.

* Adsorbed octadecylamine on steel: adsorption experiments under gas phase in ECAT

apparatus, followed by in-situ XPS analysis:

The fitted N 1s spectrum of the adsorbed amine on native iron oxide is shown in figure C.3.
The main contributions (C-N bonds) is found at 399.7 + 0.1 eV and shifted by 0.7 eV to higher

binding energy compared to the standard molecule (cf. figure C.2).
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Figure C.3 — N 1s peak for octadecylamine compound adsorbed on iron oxide in ECAT
apparatus, followed by in-situ XPS experiments.
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As previously mentioned, this energy shift is an evidence of the formation of N-Fe bonds.
A smaller contribution at 396.1 £+ 0.1 eV was also found and it is attributed to the formation
of iron nitride. In fact, during the cleaning process of the steel sample, we slightly etched the
surface with Ar*. During this process, we removed the adventitious carbon, keeping the na-
tive iron oxide (checked by XPS), but it was not possible to avoid the appearance of iron metal
atoms at the surface. Actually, these iron atoms are considerably reactive with amines, thereby

forming iron nitride.

* Adsorbed octadecylamine on steel: XPS analyses performed in the wear track after a

tribotest under lubricated conditions:

XPS analyses were also performed in a wear track, after a reciprocating tribotest in a ball-
on-flat configuration. The tribotest was performed at 373 K, under a maximum Hertz pressure
of 500 MPa, and at a reciprocating speed of 8 mm/s. Besides, the octadecylamine was blended
in PAO 4 at 1 wt.%. After the tribotest, the steel sample (AISI 52100) was cleaned in n-heptane.
XPS was then performed in the wear track, yielding the fitted N 1s spectrum shown in figure
C.4. The same shift of 0.7 eV can be found comparing the standard and the adsorbed octade-
cylamine, which confirms the chemisorption of primary amine molecules on the iron oxide,
as it was observed in the first adsorption experiment, conducted under gas phase with ECAT

apparatus.
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Figure C.4 — Results (N 1s peak) of the XPS analyses carried out on in a wear track after a
lubricated tribotest with PAO 4 + 1 wt.% octadecylamine.






Appendix D
In-situ liquid cell SFM experiments

Samples

Muscovite mica substrates, acquired from Agar Scientific (RMS = 0.1 nm), were first used
as an atomically flat model surface. Then, iron coated silicon substrates, prepared in Néel Insti-
tute (RMS = 0.6 nm) were used in order to be more representative of the steel sample chemistry,

but exhibiting a lower RMS roughness.

SFM measurements

Scanning force microscopy measurements were carried out using either a tapping mode
(i.e., following an intermittent contact) or a contact mode, by means of a Veeco Dimension 3100

SPM and its Nanoscope V controller.

A soft contact mode was used for in-situ SFM measurements on smooth samples, which
were fully immersed in the lubricant (e.g., mica or iron layer deposited on silicone). The silicon
nitride cantilever-tip was an ArrowCONT with a nominal spring constant of 0.2 N/m. Even if
it may disturb the molecules, the contact mode was selected in order to probe the twist of the

cantilever at each point, where the height data was recorded.

In addition, it is important to specify that, on flat surface samples, the obtained lateral
signal reflects the change of friction coming from different surface properties. Actually, this
simultaneous mapping, treating both frictional forces and topography, does allow a better de-

tection of the additives present on a relatively rough surface.’

“For further information, the interested reader is referred to the indicated reference:
https://www.parksystems.com/index.php/park-spm-modes/91-standard-imaging-mode/
222-lateral-force-microscopy-1lfm.
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Appendix E
Boundary friction experiments

The current appendix covers the technical details related to the macroscopic BL experiments
— carried out with a ball-on-flat tribometer —, in order to assess the friction-reducing perfor-
mance of amine-based FM models. For information, the obtained results of friction coefficient

are listed in table 5.1 (cf. chapter 5, p. 100). 61

Samples

The ball and flat substrates used in the tribological tests are made up of AISI 52100 steel
(RMS = 10-15 nm), and they were purchased from CIMAP and PCS Instruments, respec-

tively.®’

Base oil and FM additives

The considered BO model was a poly-alpha-olefin (PAO 4) and the investigated OFM mod-
els have all a Cyg alkyl tail, but with different hydrogen atom substituents: number — primary,

secondary, tertiary amines; nature — alkyl and ethoxylated groups (cf. table E.1, p. XVI).°!

Tribological tests

Figure E.1 (cf. p. XVI) gives a schematic representation of the mentioned tribometer, as well

as some details of its operating conditions. "’

In practice, few drops of the binary lubricating solution (100 ul) were applied in each tribo-
test, which was run during 9 600 cycles and with a stroke length of 3 nm (cf. figure E.2, p. XVII),
at 373 K. The sliding speed was 8 mm/s and the normal load was 2 N, yielding a maximum
Hertzian pressure of 504 MPa. Besides, those experiments were repeated, at least three times,

for each tested OFM model.
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Table E.1 - Base oil and tribo-improvers additives probed in the friction study®'

Product Supplier Description

Physical properties at 373 K:
e Density: 759.6 kg-m™
PAO (BO) Total M&S » Kinematic viscosity: 4.0 mm?-s1
e Dynamic viscosity: 3.04 x 107 Pa-s
o Pressure-viscosity coefficient: 10.6 GPa™!

OFM-C Sigma Aldrich 1° amine; assay = 99%
OFM-E Sigma Aldrich 2° amine; assay = 98%
OFM-F AkzoNobel 3° amine; assay =~ 98%
OFM-H TCI Europe 3° amine; assay = 98%

The molecular IDs used here correspond to the same nomenclature referred to in table 2.1
(cf. chapter 2, p. 20), indicating the probed OFM models: n-octadecylamine, n-methyl-
1-octadecylamine, n,n-dimethyl-1-octadecylamine and 2,2’-(octadecylimino)diethanol
molecules, respectively.

Normal load
4 Tribological Test Conditions
Currenti Amplification
Lubri / i N
ubricant ct;r:ﬁzzlon FI'EqUEﬂC} (HZ) 133
Stroke length (mm) 3
Log(V/i)
Oscillation ’ glld].llg speed (_T]']].TIS) 8
Normal load (N) 2
Test duration (s) 7200

Radius of the ball (mm) 6.35

Maximum pressure (MPa) 504

Average pressure (MPa) 336

Temperature (°C) 100

(a) Tribometer (b) Experimental conditions

Figure E.1 - Details on friction tests: (a) the employed tribometer — in the reciprocating
sliding mode — in order to measure the evolution of friction coefficient as a function of
the number of cycles; (b) experimental conditions used in the friction tests.

(figure retrieved from the indicated reference) °!
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Figure E.2 — Example of the time evolution of the measured friction coefficient (y),
as a function of the number of cycles for a system lubricated by a solution
composed of PAO 4 and octadecylamine (1 wt.%), at 373 K.

(figure retrieved from the indicated reference) 61
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Appendix F
DFT calculations of adsorption energy

Although only the absorptive and frictional behaviors of primary amines have been covered
in this manuscript, the adsorption mechanism of other molecules have also been examined
through a DFT-based approach, within the framework of our project (cf. figure E1). Thus,
this appendix describes the results of the study on surfactant-surface interaction of different Cs

alkyl amines.

Method & Materials

In total, three molecules were investigated by means of DFT calculations, following the
computational protocol detailed in section 4.1.1 (p. 67). Their molecular structures differ in
the number of hydrogen substituents — represented by methyl groups (-CHs) — since a sec-
ondary and a tertiary amine were compared against a primary one. Additionaly, it must be
stressed that DFT calculations were carried out by Dr. Manuel Cobidn, using VASP program

(version 5.3.5). 186~ 193

Q
Q QQ
(a) Al - CGsH;1NH (b) A2 - CsH;;NHCH;3 (c) A3 - C5H;;N(CH3),

Figure E.1 — Schematic of Cs alkyl amines: (a) primary; (b) secondary; (c) tertiary. Atomic
color code: coral - iron, red - oxygen, white - hydrogen, gray - carbon, blue - nitrogen.
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Results & Discussion

According to the obtained results (cf. table E1), all of the probed amines do chemically react
with an a-Fe,03 (0 11 2) surface. Besides, as it may be reasonably expected, a decrease of the
adsorption energy along with an increase of the length of the formed N-Fe bond were observed

with increasing number of hydrogen substituents:
Al A2 A3
dnre < EnTre < EN‘re
ads ads ads
E)3” < Ej,” < Ep
Therefore, these DFT results seem to be in line with the influence of the head group polar-

ity, as well as with the steric effects related to the hydrogen substituents, on the strength of the

amine-hematite interaction.

Table E.1 — DFT calculation results

Cs alkyl Length of N-Fe bond, Adsorption energy, E2ds

amine dp-pe A) (kcal-mol ™) (eV)
1° 2.16 17.48 0.76
2° 2.17 16.60 0.72
3° 2.26 14.04 0.61
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