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Abstract

The structural and frictional properties of 10 wt% solutions of the amphiphilic
molecules glycerol monooleate (GMO) and polyisobutylsuccinimide-polyamine (PIBSA-
PAM) in squalane are studied using molecular dynamics simulations in bulk and under
confinement between iron-oxide surfaces. GMO is a friction modifier, PIBSA-PAM is
a dispersant, and squalane is a good model for typical base oils. A range of liquid com-
positions and applied pressures is explored and the formation and stability of reverse
micelles is determined under quiescent and shear conditions. Micellization is observed
mainly in systems with a high GMO content, but PIBSA-PAM may also form small
aggregates on its own. In the confined systems under both static and shear conditions,
some surfactant molecules adsorb onto the surfaces, with the rest of the molecules form-
ing micelles or aggregates. Shearing the liquid layer under high pressure causes almost
all of the micelles and aggregates to break, except in systems with around 7.5 wt%
GMO and 2.5 wt% PIBSA-PAM. The presence of micelles and adsorbed surfactants is
found to be correlated with a low kinetic friction coefficient, and hence there is an op-
timum composition range for friction reduction. This work highlights the importance

of cooperative interactions between lubricant additives.
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1 Introduction

Lubrication is essential in the automotive industry, as it enhances the performance and life-
time of engines, and reduces fuel consumption and environmental impacts. The properties of
lubricants are controlled by additives which are designed for various purposes and comprise
approximately 20 wt% of the liquid, with the remaining 80 wt% being the base oil. Ex-
amples of additive types include antiwear agents, friction modifiers, dispersants, detergents,
viscosity modifiers, antioxidants, corrosion inhibitors, and extreme-pressure additives. Many
of these additives are surface-active agents, or surfactants, which are essentially compounds
that adsorb at the interfaces between polar surfaces and the non-polar base oil. In this work,
the interplay between micellization, adsorption, and friction at the solid-liquid interface will
be investigated for two types of lubricant additives, a friction modifier and a dispersant. In
the classical picture of friction modification, surfactant-type molecules adsorb on inorganic
surfaces in contact with base oil, providing monolayer coverage, and a deformable barrier
between two such surfaces close to contact. ! Dispersants are molecules that solubilize com-
bustion products such as soot, sludge, and other contaminants that would otherwise form
deposits on moving parts of the engine and trigger wear and corrosion. By preventing ag-
gregation, any soot-induced viscosity effects are minimized, deposition and oxidation are
reduced, and therefore localized heating is avoided.*5

Although a lot is known about the performance of each type of molecule in isolation, less
is known about the cooperative and/or antagonistic molecular-scale interactions between
them. This is the focus of the current work. There are four fundamental processes that
involve surfactant compounds: micellization; dissolution of the surfactants; solubilization by
surfactants; and interfacial processes.* Typically, these compounds consist of one or more

oleophilic hydrocarbon tails and a polar head group or connecting unit. When dispersed in



non-polar media, the attractive interactions between the polar groups, and packing of the
non-polar tails, dictate the size and shape of the resulting reverse micelle. The polar groups
also attract contaminants and enclose them in the micelles, thus preventing deposition onto
surfaces. The micelles are then carried away by the oil until they are removed by a filter.
Adsorption at solid-liquid interfaces, driven by the polar groups, is also an important process
which controls friction and wear. Therefore, it is important to understand the competition
between micellization and adsorption of amphiphilic molecules, and its tribological effects.
The interactions between different additives increase the complexity of the problem, but
given that lubricant formulations may contain a dozen different additive types, it is essential
to start working towards a holistic view of what is a very complicated system.

Molecular dynamics (MD) simulations provide unique insights on the molecular-scale
structure and dynamics in complex fluids. Previous simulation work on lubrication has
focused primarily on a single type of additive in a simple model base oil, and has been

reviewed recently.® Examples include polymers and hydrocarbons, ™ silanes, !¢ fatty acids,

13,17-25 22,27

amines, amides, and esters glycerin,?® glycerides, zinc dialkyldithiophosphates, %

29,30 31,32

molybdenum sulfides, room-temperature ionic liquids, and carbon nanoparticles.3?
The additives studied in this work are glycerol monooleate (GMO, RMM = 356.55 g mol '),
a widely used friction modifier, and polyisobutylsuccinimide-polyamine (PIBSA-PAM, RMM =
549.89 g mol_l), which is an ashless, polymeric dispersant. The molecular structures are
shown in Figure 1 (a) and (b). GMO is known to form normal micelles in water® and
reverse micelles in non-aqueous solvents.?*3® The self-assembly of GMO in bulk solution
has been thoroughly investigated using MD simulations and small-angle neutron scatter-

ing by Bradley-Shaw et al.3® MD simulations have also been used to study the structure,

dynamics, and friction of GMO in simple organic solvents confined and sheared between



mica surfaces.*’ The effects of GMO hydrolysis on the self-assembly, adsorption, and fric-
tion have also been explored.*! As an ashless dispersant, PIBSA-PAM is not expected to
form compact micelles, but aggregates with a small aggregation number (n < 10) might
be observed;* in some PIBSA-based dispersants, this self-assembly competes with surface
adsorption at high concentrations.*? A single model compound, squalane (2,6,10,15,19,23-
hexamethyltetracosane, RMM = 422.83 g mol™!) is used to simulate the base oil of the
lubricant; the molecular structure is shown in Figure 1(c). Squalane is a branched hydro-
carbon with a long backbone, with physical and chemical properties that are close to those
of a typical engine lubricant base 0il.*? The simplicity of its structure and its physical sim-
ilarities with real base oils make squalane a good choice as a model compound. The GMO
and PIBSA-PAM additives may be referred to as ‘surfactants’ and the squalane as the ‘sol-
vent’. To study the effects of confinement and shear, the liquid is placed as a layer between
parallel iron-oxide (hematite, a-FesO3) surfaces. Iron oxide can be considered a reasonable
model of the oxidized surfaces of engine components, which are often made from steel. It is
convenient from an experimental point of view, as it can be used as a powder for adsorption
work, or sputtered onto substrates for reflectivity and surface-spectroscopy measurements.

Therefore, Fe,O3 is used in many experimental and computational studies of adsorption®* 48

and friction 1324

in oil-based systems.
The rest of this article is organized as follows. The simulation methods are summarized
in Section 2. The results are presented for bulk liquids (Section 3.1), confined liquids under

static conditions (Section 3.2), and confined liquids under shear conditions (Section 3.3).

Conclusions are presented in Section 4.
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Figure 1: The structures of the compounds used in this work: (a) polyisobutylsuccinimide-
polyamine (PIBSA-PAM), a dispersant; (b) glycerol monooleate (GMO), a friction modifier;
and (c) squalane, a branched hydrocarbon that simulates bulk oil.

2 Methods

Initially, systems with five different compositions were studied, with 10 wt% additive overall,
and GMO contents of 0.0, 2.5, 5.0, 7.5, and 10.0 wt%. Some additional simulations were done
at compositions of 6.25 wt% and 8.75 wt% GMO to check a hypothesis about the dependence
of friction coefficient on composition — see Section 3.3. The numbers of molecules, and other
details, are given in Table 1. The total additive content is higher than is found in bulk
lubricant formulations, but solvent ‘squeeze out’ from between surfaces can lead to higher
49,50

local concentrations of additive, particularly if the additive can adsorb onto the surfaces.

Therefore, in the simulations, a high concentration was used so that there was sufficient



surface coverage and/or aggregate content to cause more pronounced trends in the observed
friction, over and above the lubricating effect of the solvent itself. Moreover, it is convenient
experimentally to study bulk liquids with high additive content. For example, reverse-micelle
formation in 10 wt% solutions of GMO in n-heptane was studied using small-angle neutron
scattering, with the high additive concentration leading to better signal detection.?!

All-atom MD simulations were performed using LAMMPS. 5552 Interactions were taken
from the OPLS-AA forcefield.?*** This forcefield was used in earlier studies on GMO self-
assembly in C; hydrocarbons, and the agreement between the reverse-micelle sizes from MD
simulation (radius of gyration, R, = 15.5 A) and small-angle neutron scattering experiments
(R, = 16.6 A) was good. Some preliminary MD simulations of squalane at P = 1 atm
and T = 298.15 K gave a density of 840 kg m~3, just 4% higher than the experimental
value.?® The Ewald particle-particle particle-mesh method was used to compute the long-
range electrostatic interactions. The equations of motion were integrated using the velocity-
Verlet algorithm with a time step of 1 fs.

Bulk liquids were studied in a cubic simulation cell with periodic boundary conditions
applied in all three directions. The solvent and surfactants were placed in random config-
urations in a cubic box of side 100 A. First, NV E dynamics were run for 0.5 ns to relax
the molecules, and then the system was equilibrated in the NPT ensemble for 10 ns at
P =1 atm and T' = 298.15 K. The simulation was then switched to the NVT ensemble for
a production run of 100 ns under the same conditions. The temperature and pressure were
controlled with a Nosé-Hoover thermostat and barostat.

Confined liquids were studied between parallel (100) surfaces of iron (III) oxide, a-Fe;Og
(hematite).”® Each slab consisted of 2400 atoms, with lateral (zy) dimensions of 55.09 A x

50.38 A and thickness () of 8.61 A. The surface interactions were calculated with Lennard-



Table 1: Composition and structural characterization of systems at P = 1 atm. Npp is the
number of PIBSA-PAM molecules in the system, Ng is the number of GMO molecules in the
system, Ny, is the number of squalane molecules in the system, and N,iom is the total number
of atoms in the liquid layer. The composition and radius of gyration R, of each micelle is
given under static conditions in bulk at T" = 298.15 K. G,,PP,, means a single aggregate
containing m GMO molecules and n PIBSA-PAM molecules. Note that with 10 wt% GMO,
there were two aggregates.

wt%(PP) wt%(G) Npp Ng Ngq Natom aggregate Rg/A
10.00 0.00 30 0 350 35260 none
7.50 2.50 23 12 350 35326 none

5.00 5.00 15 23 350 35225 G4PP5 27.5(2)

3.75 6.25 11 29 350 35207 GgPP; 21.7(2)

2.50 7.50 8 35 350 35291 GgPPsy 22.4(5)

1.25 8.75 4 40 350 35208 G17PPy 27.0(2)

0.00 10.00 0 46 350 35190 Gis 15.1(2)

G 19.2(4)

Jones and Coulomb potentials, as developed by Berro et al.?® Although these types of force
fields are strictly limited to describing physisorption, good agreement between experiments
can be found, even for organic acids?® and bases.?! To prevent the surface from warping while
maintaining flexibility and allowing thermostatting, harmonic bonds were inserted between
neighboring atoms within 3 A of one another with a force constant of 130 kcal mol ™! A_Q,
as used by Berro et al.?® Periodic boundary conditions were applied in the zy directions
only, and the corresponding box lengths were held constant and commensurate with the
slab dimensions. Fixed-load conditions were simulated by maintaining constant forces in
the z direction on the outermost layers of atoms in the iron-oxide slabs, equivalent to a
desired pressure. Shear conditions were simulated by moving the slabs with equal and
opposite sliding velocities in the x direction, given by i%vs, where vy = 0.5, 1, 2, 5, 10, and
20 m s~!. The temperature was controlled by applying a Nosé-Hoover thermostat in the

y direction only, so as not to disrupt the velocity profile in the xz plane. The simulation



protocol was as follows. First, the surfactants and solvent were randomly mixed in various
ratios in a cuboidal box and then confined between the two iron-oxide slabs at a surface
separation of at least H = 110 A, with z = 0 and z = H being defined as the positions
of the innermost layers of iron atoms in the slabs. Then a fixed load corresponding to
P =1 atm was applied, and constant-temperature dynamics at 7" = 313 K were run for
100 ns to equilibrate the system. This length of run was chosen to ensure that the liquid mass
density and the surface separation H had plateaued, and that any self-assembly processes
had reached completion; this usually takes no longer than 25 ns.?® Some runs were also
carried out at P = 10® atm and 10* atm. Finally, the temperature and pressure were raised
to T' = 353 K and P = 10% atm, respectively, and the iron-oxide slabs were given constant
sliding velocities j:%vs to simulate the high-temperature, high-pressure, and shear conditions
typically found in engines. Some runs were also carried out at P = 10* atm. A steady state
was established under shear conditions over about 10 ns (shear accelerates the approach to
the steady state) and then a production run of 60 ns was carried out. Mass-density profiles,
the shear rate 4 = vs/H, the velocity profile v,(2), and the kinetic friction coefficient p were
calculated and averaged over the production run. The friction coefficient was calculated
using the extended Amontons-Coulomb law F}, = Fy + pFy, where F, and Fy are the
average total lateral and normal forces acting on the sliding walls, respectively, and Fj is
the Derjaguin offset that represents adhesive surface forces. At high pressure, Fy > Fp, and
hence the kinetic friction coefficient can be calculated using pu =~ Fy,/Fx to good precision. 2!
F1, and Fy were calculated, respectively, as the averages of the x and z components of the
vector sum of all forces acting on the surface atoms due to the liquid layer. These quantities
underwent large fluctuations, and the instantaneous values could be positive or negative.

The average values of FI, and F were used to calculate u, and the error bar was computed



by propagating the standard errors s = o/y/n based on one standard deviation o, where n
is the number of independent readings. The instantaneous forces were computed every 50 fs
over the production run, which typically took about 7 days on 96 cores using the BP HPC

facility.

3 Results and discussion

3.1 Self-assembly in the bulk liquid

Figure 2 shows snapshots of five systems with GMO contents ranging from 0.0 wt% to
10.0 wt%. The GMO and PIBSA-PAM molecules are colored differently. As a general rule,
the degree of association between additive molecules increases with increasing GMO content.
PIBSA-PAM, by itself, forms small, short-lived clusters, while pure GMO is well known to
form reverse micelles.?*' Nonetheless, with 2.5 wt% PIBSA-PAM and 7.5 wt% GMO,
there is evidence of significant mixed clusters. Where possible, aggregates were identified by
visualizing the generated trajectories using VMD software®” during the production run, and
the number of molecules of each additive, and the radius of gyration R,, were determined.
R, was calculated by finding the dimensions of a uniformly dense ellipsoid with the same

mass and inertia tensor of an aggregate. The inertia tensor is given by

where m; and r; are, respectively, the mass and position vector of atom ¢, and n is the number
of atoms in the aggregate. Diagonalizing I yields the eigenvalues I, > I, > I.., these being

the moments of inertia of the aggregate. The corresponding eigenvectors are the principal
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axes. The radius of gyration of a uniformly dense ellipsoid with the same principal axes is

given by
I, +1,+ 1.
S e A 2
2M (2)

R,
where M = "  m; is the total mass of the aggregate. R, was calculated and averaged
during the production run where there is no change in the number of molecules involved. The
compositions and radii of gyration of the aggregates identified in the bulk-liquid simulations
are reported in Table 1. With 2.5 wt% PIBSA-PAM and 7.5 wt% GMO, a cluster contains
around 8 molecules of GMO and 2 molecules of PIBSA-PAM, and it is very diffuse, hence
the large value of R,. With 10.0 wt% GMO, the aggregate is a compact and well-defined

reverse micelle containing about 12 molecules.

10% PIBSA-PAM

10% GMO

LA

(b) (c) (d) (e)

Figure 2: Snapshots for five systems at P = 1 atm and 7' = 298.15 K: (a) 10.0 wt% PIBSA-
PAM; (b) 7.5 wt% PIBSA-PAM and 2.5 wt% GMO; (c) 5.0 wt% PIBSA-PAM and 5.0 wt%
GMO; (d) 2.5 wt% PIBSA-PAM and 7.5 wt% GMO; (e) 10.0 wt% GMO. Four periodic
replicas of the central simulation cell are shown. The PIBSA-PAM molecules are represented
as green chains, with the nitrogen atoms highlighted as blue spheres, and the GMO molecules
are represented as gray chains, with oxygens atoms highlighted as red spheres.

Figure 3 shows a large aggregate from the simulation with 2.5 wt% PIBSA-PAM and
7.5 wt% GMO. Figure 3(a) shows the atoms in space-filling representation, and this highlights
the extent to which the non-polar tails on both types of additive molecule shield the polar
head groups from the solvent. To show the polar core of the aggregate, Figure 3(b) shows the

molecules in a ball-and-stick representation, with the electronegative N and O atoms shown

11



as spheres, and the tails as sticks. This shows the extent of clustering of the solvophobic,
polar head groups within the aggregate, which underlines why self-assembly can compete

with physisorption on surfaces.

(b)

Figure 3: Snapshot of a large aggregate from the simulation with 2.5 wt% PIBSA-PAM
and 7.5 wt% GMO. (a) Space-filling representation. The atoms are shown according to the
standard CPK scheme: hydrogen is white; carbon is black; nitrogen is blue; and oxygen is
red. (b) Ball-and-stick representation. The PIBSA-PAM molecules are represented as green
chains, with the nitrogen atoms highlighted as blue spheres, and the GMO molecules are
represented as gray chains, with oxygens atoms highlighted as red spheres.

3.2 Self-assembly under confinement and static conditions

The structures of the same five systems confined between two iron-oxide slabs, at pressure
P = 1 atm and a higher temperature of 313 K, are illustrated in Figure 4. For each
system, a snapshot and the average mass-density profiles p(z) are shown. With 5 wt% GMO,
there is adsorption of both additives, with a few molecules in the liquid layer. With higher
GMO content, there is both adsorption and self-assembly of the GMO, with any PIBSA-
PAM associated primarily in the GMO aggregate. The snapshots indicate that the larger
aggregates are not strongly adsorbed onto the surfaces. This is understandable, because the
non-polar moieties of the additives are on the outside of the aggregates, they will not have

a strong attraction to the iron-oxide surfaces, and they have more conformational freedom
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when surrounded by liquid.

10% PIBSA-PAM 7.5% PIBSA-PAM & 2.5% GMO 5% PIBSA-PAM & 5% GMO 2.5% PIBSA-PAM & 7.5% GMO 10% GMO

20 40 60, 80 100 120 020 40 60, 80 100 120 “% 30 40 60 80 100 120 4 :
z/A z/ A /A z/ A

(b) (c) (d) (e)

Figure 4: Snapshots and density profiles for systems confined between iron-oxide slabs at
P =1 atm and T" = 313 K: (a) 10.0 wt% PIBSA-PAM; (b) 7.5 wt% PIBSA-PAM and
2.5 wt% GMO; (c) 5.0 wt% PIBSA-PAM and 5.0 wt% GMO; (d) 2.5 wt% PIBSA-PAM and
7.5 wt% GMO; (e) 10.0 wt% GMO. Two periodic replicas are shown. In the snapshots, the
PIBSA-PAM molecules are represented as green chains, with the nitrogen atoms highlighted
as blue spheres, and the GMO molecules are represented as gray chains, with oxygens atoms
highlighted as red spheres. In the density profiles, the black lines are for squalane, the blue
lines are for PIBSA-PAM, and the red lines are for GMO.

The mass-density profiles are shown separately for PIBSA-PAM, GMO, and squalane as
a function of ‘height’ z, with z = 0 at the bottom of the liquid layer, and z = H at the
top of the liquid layer. Firstly, the squalane shows considerable layering near the iron-oxide
surfaces, with the peaks separated by a distance corresponding to the diameters of CH, CHa,
and CHj groups. This is typical for any liquid — atomic or molecular — near a hard surface.
Secondly, the density profiles for PIBSA-PAM and GMO clearly show the coexistence of
adsorbed and solvated/self-assembled molecules. The profiles confirm that self-assembly is
significant when the GMO content is high, but that there is a degree of surface adsorption

in all cases. Finally, note that the self-assembly is maximized in the system with 7.5 wt%
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GMO. Some tests were done at higher pressures of P = 103 and 10* atm, but there was no

change in the adsorption and self-assembly under static conditions.

3.3 Self assembly under confinement and shear conditions

Figure 5 shows results for systems confined and sheared between iron-oxide slabs with relative
sliding velocity vs = 10 m s~ !, and at pressure P = 10% atm and temperature 7" = 353 K.
The most significant structural changes on increasing the pressure, temperature, and shear
are that with 7.5 wt% GMO, the combined PIBSA-PAM/GMO aggregate remains mainly
intact, while with 10 wt% GMO, the aggregates have either disintegrated or adsorbed onto
the surfaces, but overall the adsorption has increased. At all of the other compositions, the
changes are minimal. The mass-density profiles help quantify these changes. For instance,
with 10 wt% GMO, the distinct peaks in the liquid layer seen under static conditions [Figure
4(e)] are much reduced under shear conditions, and the GMO peaks near the iron-oxide
surfaces increase on shear.

Figure 5 also shows velocity profiles, v,(z). In the ideal case of a fluid showing no
slip or stick near the walls, the velocity profile would be perfectly linear and described by
ve(2) = (2 — z9), where 4 = vs/H is the shear rate, and zy = H/2 is the midpoint of the
fluid layer. In reality, adsorption and self-assembly of the additive molecules, as well as the
layering of the solvent near the surfaces, significantly disrupt the velocity profiles. Figure 5
shows both the measured and the ideal velocity profiles. In each case, the measured velocity
profile does show linear behavior away from the surfaces, and this portion of the profile can

be fitted with an equation

V2(2) = et (2 — 20) (3)
where J.¢ is an effective shear rate. From this kind of fit, it is possible to define a stick or

14
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vX(z) /ms

Figure 5: Snapshots, mass-density profiles, and velocity profiles for systems confined and
sheared between iron-oxide slabs with relative sliding speed v, = 10 m s7!, and at P =
10% atm and 7' = 353 K: (a) 10.0 wt% PIBSA-PAM; (b) 7.5 wt% PIBSA-PAM and 2.5 wt%
GMO; (c) 5.0 wt% PIBSA-PAM and 5.0 wt% GMO; (d) 2.5 wt% PIBSA-PAM and 7.5 wt%
GMO; (e) 10.0 wt% GMO. Two periodic replicas are shown. In the snapshots, the PIBSA-
PAM molecules are represented as green chains, with the nitrogen atoms highlighted as
blue spheres, and the GMO molecules are represented as gray chains, with oxygens atoms
highlighted as red spheres. In the density profiles, the black lines are for squalane, the
blue lines are for PIBSA-PAM, and the red lines are for GMO. In the velocity profiles, the
black lines are the simulation results, the green lines are the ideal, no-slip/stick profiles
[v:(2) = vs(2/H — 1/2)], and the dashed lines are the sliding velocities +vg/2.
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slip length describing the velocity profile near the surfaces, by determining the value of z
where the extrapolated linear portion of the velocity profile would equal the sliding speed of

the wall.

1

va(22) = e (22 — 20) = £505 (4)

From this condition, the differences between 2z, and the surfaces (at z = 0 and H) can be

identified with stick/slip lengths Ay at the top and bottom surfaces.

Vs

Ao = 2 —H= —H 5

+ Z4 Z%HﬂLZO (5)
Vs

A= 00—z = 6

TR R

In the ideal case, Yo = ¥ = vs/H and zy = H/2, and so AL = 0. If there is slip at the
solid-liquid interface, then . < 7, and AL > 0. If there is a layer of the liquid that adsorbs
at the solid surface, then 4.¢ > 4, and Ay < 0. Hence A. should give a simple indication of
how the liquid adsorbs at the solid surface and modifies the velocity profile. Figure 5 shows
linear fits along with the measured and ideal velocity profiles. In all cases, Y. > % meaning
that there is adsorption, and hence stick, at the solid-liquid interface. The apparent stick
lengths are reported in Table 2, along with the average liquid-layer thickness H, the ideal
and fitted shear rates 4 and ~.g, respectively, and the position 2z, where v, = 0. In all cases,
2o is close to the center of the liquid layer. The average stick length is (A; +A_)/2 ~ —12 A,
and the asymmetry is due to random adsorption on the surfaces, and the average position
of any aggregates, during the simulation run; there is no physical reason why one surface
should show more adsorption than the other.

The kinetic friction coefficient was measured as a function of shear rate 7. Values of

1

p at a sliding velocity of v, = 10 m s™! (corresponding to % ~ 1 x 10 s71) are given in

16
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Table 2, and all values are plotted as a function of 4 in Figure 6(a). Note that, in the
first set of simulations, systems with 0.0, 2.5, 5.0, 7.5, and 10.0 wt% GMO were considered.
Of these at the highest shear rate, the system with 7.5 wt% GMO has the lowest friction
coefficient, and the system with 10 wt% GMO has the highest friction coefficient. The
ordering of other compositions is less straightforward, and so Figure 6(b) shows the friction

1 as a function of composition. The data at the original set

coefficients for vy, = 10 m s~
of compositions indicate that the friction coefficient shows a minimum for a composition of
7.5 wt% GMO. To test this hypothesis, an extra set of simulations was carried out with
6.25 and 8.75 wt% GMO to try and bracket the optimum composition for minimizing the
friction coefficient. The results are shown in Figures 6(a) and (b). These additional results
follow the hypothesized trend, showing that u has a (shallow) minimum centered at around
7.5 wt% GMO.

The snapshots and respective density and velocity profiles of the two new systems with
6.25 and 8.75 wt% GMO are shown in Figure 7. The extra simulations confirm that strong
aggregation is correlated with low friction. Due to the proximity of the values and the
large error bars in u, it can be concluded that friction is indeed minimized in the systems
containing 6.25-8.25 wt% GMO.

A comment is due about the magnitude of the shear rates. In engineering terms, 10 s—!
is an immense shear rate. If two smooth surfaces separated by one micron are sheared at
1 m s7!, then the shear rate is 10° s~!. But molecular additives control friction and wear at
asperity contacts. The thickness of an adsorbed layer of molecules is on the order of 10 A;
this can be seen in Figures 4 and 5. For other surfactants that form monolayers, such as

stearic acid, oleic acid, and hexadecylamine, the adsorbed-layer thickness is in the region of

15-20 A.20-2144 The liquid layers can be on the order of nanometers thick — here about 100 A
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Frictional properties of systems confined and sheared between iron-oxide slabs

at T = 353 K. (a) Friction coefficients u against shear rate % for systems at P = 10° atm.

The points are from simulations and the curves are fits using Equation (7).

(b) Friction

coefficient at sliding velocity vy = 10 m s™* (¥ ~ 1 x 10 s71) as a function of composition for
systems at P = 10 atm (black circles) and P = 10* atm (red squares). The lines are Akima
splines. (c¢) Universal plot of friction coefficient against shear rate, according to Equation
(7), with the fit parameters given in Table 3 for systems at P = 10® atm. (d) Initial linear
slope j10/2%o as a function of composition for systems at P = 10? atm. The line is an Akima

spline.
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Figure 7: Snapshots, mass-density profiles, and velocity profiles for the additional systems,
3.75 wt% PIBSA-PAM and 6.25 wt% GMO (top), and 1.25 wt% PIBSA-PAM and 8.75 wt%
GMO (bottom), under confinement and the following conditions: (a) and (d) P = 1 atm,
T = 313 K, and static conditions; (b) and (e) P = 10% atm, T = 353 K, and v, = 10 m s7;
(c) and (f) P = 10" atm, T' = 353 K, and v; = 10 m s™'. Two periodic replicas are shown. In
the snapshots, the PIBSA-PAM molecules are represented as green chains, with the nitrogen
atoms highlighted as blue spheres, and the GMO molecules are represented as gray chains,
with oxygens atoms highlighted as red spheres. In the density profiles, the black lines are for
squalane, the blue lines are for PIBSA-PAM, and the red lines are for GMO. In the velocity
profiles, the black lines are the simulation results, the green lines are the ideal, no-slip/stick
profiles [v,(2) = v5(z/H — 1/2)], and the dashgd lines are the sliding velocities £v/2.



— and so the local shear rates can be much higher than one would estimate from engineering
parameters.
Figure 6(a) shows that at high shear rates, the friction coefficient increases logarithmically

with shear rate, 13-20:40,41,58-65

and this can be described by a very simple theory, which treats
the response of the liquid to a shear force in the framework of an Eyring-like, thermally

activated hopping theory. The resulting equation for the friction coefficient is?°

: o\ 2
/‘)/ r‘y
— 1l I 1 s
W= fipIn (2%)+ +(2%> (7)

where po and g are fitting parameters. At very low shear rates, ¥ < 4o, 1 = po¥/2%,
meaning that p increases linearly. At very high shear rates, ¥ > 4o, © = poln (¥/%),
showing the logarithmic dependence. Therefore, 4y is essentially a characteristic shear rate
separating the linear and logarithmic regimes. The fits to the simulation data shown in
Figure 6(a) are excellent, and the fit parameters are given in Table 3. Figure 6(c) shows a
universal, log-linear plot of u/u as a function of 4/49, and the collapse of the data onto
the universal curve is excellent. Another measure of friction is the initial, low-shear linear
slope, given by py/290. This parameter is reported in Table 3 and plotted as a function
of composition in Figure 6(d). As the plot shows, the data support the claim that the
low-shear friction coefficient is minimized for a system containing both PIBSA-PAM and
GMO. Various functions can be fitted to these data to yield the apparent minimum. Figures
6(b) and (d) show interpolations from an Akima spline fit.®® There is no reason why the
minima in the two plots should coincide with one another, as they are each representing
different things, but any case, the friction coefficient is minimized when there is a mixture

of additives, and there is an excess of GMO (7-8 wt% GMO and 2-3 wt% PIBSA-PAM).
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Note that although the estimated errors in p and /2% are quite large, the results from all
of these completely independent runs lie on smooth curves, which gives us confidence in the
trends. Although the changes in friction with composition may seem small, being around
10-20%, this would be extremely significant in terms of the global impact of engines; in
the UK alone, a 10% increase in fuel economy would decrease fuel consumption by about 4

million liters per day,” and decrease CO, emissions by about 0.1 Gt per year.%

Table 3: Fit parameters from Equation (7) for systems confined and sheared between iron-
oxide slabs at P = 10® atm and T = 353 K. The figures in brackets are the estimated
uncertainties in the final digits.

wt% GMO Ho 0/107 57 (10/270)/107" s
0.00 0.087(05) 0.165(21) 0.264(37)
2.50 0.098(06) 0.220(24) 0.223(28)
5.00 0.096(08) 0.229(36) 0.210(37)
6.25 0.085(08) 0.205(36) 0.207(41)
7.50 0.087(12) 0.202(54) 0.215(65)
8.75 0.086(04) 0.215(36) 0.200(35)
10.00 0.110(03) 0.230(11) 0.239(13)

The minimum in the friction coefficient at around 7-8 wt% GMO is correlated with the
presence of self-assembled aggregates and a slightly higher average surface separation H; see
Table 2. For a given sliding velocity, a higher value of H would lead to a lower value of the
shear rate, but the changes are insufficient to explain the drop in friction. The results in
Table 2 show that H varies by less than 1%, and hence if shear rate were the primary factor,
the friction coefficient would also vary by less than 1%, in both the linear and logarithmic
regimes.

It therefore appears that low friction is connected primarily with there being self-assembled
aggregates and some adsorption onto the surfaces. Referring back to Figure 5, there is very

little self-assembly when the GMO content is low (less than 5 wt%), clearly defined aggregates
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in the system with 7.5 wt% GMO, and mainly surface adsorption in the system with 10 wt%
GMO, even though the adsorbed GMO forms a surface micelle or hemi-micelle. The essential
structural feature for friction reduction is therefore that the additive has self-assembled but
has not strongly adsorbed on the surfaces.

To explore this correlation a little further, some simulations were done at a higher load
corresponding to a pressure P = 10* atm, and with a single sliding velocity vy = 10 m s~
Figure 8 shows snapshots, density profiles, and velocity profiles for systems with five different
compositions. The load is now so high that the squalane is close to the point where it no
longer acts as a hydrostatic medium, at least under quiescent conditions. Experimentally
determined correlations show that at P = 103 and 10* atm and 298.15 K, the shear viscosity
is 7 ~ 0.2 and 10 Pa s, respectively.®® As a result, it is difficult to ensure that the system
has reached a steady non-equilibrium state. With that caveat in mind, the results are
consistent with those obtained at lower pressure. The system with 7.5 wt% GMO still shows
some structuring, but it is no longer in the form of well-defined reverse micelles. Instead, the
additives have formed a dense layer due to the extreme pressure and shear. Roughly speaking,
the structures of the liquids with other compositions look qualitatively in line with those
at lower pressure, and overall, there is less structural variation across the full composition
range. Whether the additive molecules are adsorbed or not, they show some orientational
ordering along the shear-flow direction. This is caused by the high shear stresses mediated
by the solvent, forcing the surfactant molecules to align with the flow. The mass-density
and velocity profiles show some interesting effects. With PIBSA-PAM only, the additive
molecules appear to form layers within the liquid, giving peaks in the mass-density profile.
The velocity profile shows considerable stick at the solid surfaces. With 2.5 wt% GMO,

the layering and boundary stick are a bit less pronounced. With 5.0 wt% GMO and above,
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the velocity profiles are irregular, showing that there is more stick on one surface than the
other. The system with 10 wt% GMO is an extreme example, where the additive forms an
extended structure emanating from the bottom surface, and that is where the amount of
stick is greatest. These observations are borne out by the stick lengths, which are presented
in Table 2. The friction coefficients are given in Table 2 and plotted in Figure 6(b). The
variation of p with composition at 10* atm is slightly less pronounced than at 10® atm,
mirroring the greater similarity between the steady-state structures in the liquid layers. For
a given composition, the friction coefficient does not change dramatically on increasing the

pressure, which is broadly in line with the Amontons-Coulomb law.

4 Conclusions

In this work, MD simulations were performed to explore the properties and interactions of
two common lubricant additives, GMO and PIBSA-PAM, in squalane, both as a bulk liquid,
and as a liquid layer confined between iron-oxide surfaces. Lubricant formulations typically
contain a dozen or so different components, and while in-depth scientific work may focus
on each additive in isolation, it is also important to understand the interactions and any
cooperativity between different additives. As a start in that direction, this work was focused
on two very important types of lubricant additive. GMO is a widely used friction modifier,
and PIBSA-PAM is a common dispersant of soot etc. In all systems, the total concentration
of additive in squalane was 10 wt%.

The structural and frictional properties of the compounds in squalane were thoroughly
studied. In the bulk liquid at ambient pressure and temperature, the surfactants form aggre-
gates when the GMO is at a concentration of 7.5 wt% or higher. At all other compositions,

there is no evidence of self-assembly. Very similar behavior is observed when the liquid is con-
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Figure 8: Snapshots, mass-density profiles, and velocity profiles for systems confined and
sheared between iron-oxide slabs with relative sliding speed vs = 10 m s™!, and at P =
10* atm and 7' = 353 K: (a) 10.0 wt% PIBSA-PAM; (b) 7.5 wt% PIBSA-PAM and 2.5 wt%
GMO; (c) 5.0 wt% PIBSA-PAM and 5.0 wt% GMO; (d) 2.5 wt% PIBSA-PAM and 7.5 wt%
GMO; (e) 10.0 wt% GMO. Two periodic replicas are shown. In the snapshots, The PIBSA-
PAM molecules are represented as green chains, with the nitrogen atoms highlighted as
blue spheres, and the GMO molecules are represented as gray chains, with oxygens atoms
highlighted as red spheres. In the density profiles, the black lines are for squalane, the
blue lines are for PIBSA-PAM, and the red lines are for GMO. In the velocity profiles, the
black lines are the simulation results, the green lines are the ideal, no-slip/stick profiles
[v:(2) = vs(2/H — 1/2)], and the dashed lines are the sliding velocities tvg/2.
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fined between two iron-oxide surfaces, and held under near-ambient conditions, except that
there is some adsorption at the solid-liquid interface. To simulate the conditions found in en-
gines, the system was then put under loads equivalent to 10® or 10* atm, heated to a realistic
operating temperature of 353 K, and subjected to shear. In systems at 10® atm and where
there was no self-assembly, such as at low GMO content, molecules simply remained either
fully solvated or adsorbed on the surfaces. With 7.5 wt% GMO, large aggregates remained
intact, while with 10.0 wt% GMO, aggregates partially disintegrated and/or adsorbed on a
surface. The kinetic friction was observed to be lowest when there was a slight excess of
GMO. The optimum composition is in the region of 7-8 wt% GMO and 2-3 wt% PIBSA-
PAM, where both the friction coefficient at high shear, and the low-shear linear slope in
friction coefficient, are minimized. This composition range is precisely where self-assembled
structures are robust to the application of shear. At 10* atm, the variation in friction co-
efficient is much less pronounced, mirroring the relatively weak variations in steady-state
structure in the liquid layer under shear, and the disintegration of self-assembled structures.

In the medium-term, internal combustion engines will be designed around low-viscosity
base oils, in order to improve fuel efficiency. The qualitative phenomena reported herein are
expected to occur in lighter hydrocarbon solvents; self-assembly of lubricant additives, and
strong correlations with friction, have also been predicted in solvents such as n-heptane and
toluene. 3! For a given shear rate, the shear stresses are lower in a lower-viscosity solvent,
and hence the effects on additive self-assembly and aggregate break-up would be shifted to
higher shear rates. But for applications in engines, this may not have any material effect,
because the shear rates studied here are so high. Therefore, the current work on additive
interactions, self-assembly, adsorption, and friction may well apply to future generations of

base oils. This exploratory study shows that cooperative interactions may be significant, and

26



therefore should be considered when designing complex lubricant formulations containing

many interacting components.
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