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Atomistic molecular dynamics simulations are used to study the self-assembly and friction of glycerol
monooleate mixed with oleic acid, glycerol, calcium oleate, or water in n-heptane and toluene solvents.
The aim is to determine how chemical degradation products of glycerol monooleate could lead to
changes in structural and frictional properties. In bulk solution, almost all mixtures studied contain self-
assembled reverse micelles. Under confinement between sheared mica surfaces, the reverse micelles
disintegrate, but the distribution of molecules between the surfaces and the centre of the fluid layer
depends sensitively on the chemical composition, with more polar mixtures showing stronger
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DOI: 10.1039/c8cp01785a adsorption. The measured kinetic friction coefficient is correlated with the extent of surface adsorption:

while degradation products lead to increases in the friction coefficient in most cases, all changes are
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1 Introduction

Lubricants are an important and widely used class of industrial
chemicals. In engine applications, they are usually composed of a
base oil (typically a mixture of C,,-C,, raffinate products) and
various additives such as viscosity modifiers, dispersants, deter-
gents, friction modifiers, and anti-wear compounds. One of the key
purposes of a lubricant is to reduce frictional forces between
moving parts of a machine, and so friction modifiers are crucial
components of modern lubricant formulations. In the classic
Bowden-Tabor model, friction modifiers are surfactant-type mole-
cules such as fatty acids that adsorb preferentially at the solid-oil
interface to form a monolayer or multilayers, and provide a soft
barrier between moving solid surfaces close to contact."
Glycerol monooleate (GMO) is a friction modifier that is
used extensively in the lubricant industry; its molecular structure is
shown in Fig. 1. It has been claimed* that GMO lubricates metal
surfaces by being hydrolysed to oleic acid (OIH) (also shown in
Fig. 1) which then adsorbs on to the surfaces and prevents metal-
metal contact as per the Bowden-Tabor picture.” This is reminis-
cent of an old model of steel surfaces being lubricated by fatty acids
produced through hydrolysis of esters by small amounts of water.?
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more pronounced when there is less surface adsorption.

In contrast, diamond-like carbon surfaces are lubricated by inter-
action with GMO in its original form.*’

GMO is a non-ionic surfactant, and when dissolved in non-
aqueous media, it is known to self-assemble into reverse
micelles (RMs), with the polar head groups in the interior of the
RM.®? In the original experimental work by Shrestha et al.®™*
the presence of RMs was determined by small-angle X-ray
scattering. In subsequent work by the current authors, the sizes
and structures of RMs were detailed by combining small-angle
neutron scattering (SANS) and molecular-dynamics (MD)
simulations.'> A GMO RM is typically around 15 A in radius,
and contains 20-30 molecules depending on solvent. Aromatic
solvents penetrate the RM more than aliphatic solvents, while
the RM size remains roughly constant, and so there are fewer
GMO molecules per RM in aromatic solvents. Small polar
molecules, such as water, ethanol, or acetic acid are absorbed
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Fig. 1 The molecular structures of glycerol monooleate (GMO), oleic acid
(OlH), and glycerol (Gly).
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into the interior of the RM.'> RM formation may play a role in
friction modification, if only as a competing mechanism for
the normal picture of adsorption at the solid-oil interface.
Recently, MD simulations have been used to examine the role
of GMO RMs in modifying the frictional forces between sheared
parallel mica surfaces."> With n-heptane as the base oil, pre-
formed GMO RMs remain intact under both static and shear
conditions, and lead to a slightly lower friction coefficient than
if the GMO molecules are adsorbed equally on both surfaces.
With toluene as the base oil, the RMs are less stable and are
seen to disintegrate on the application of shear. Added water at
low concentrations (1 wt%) leads to a reduction of friction
because of its own lubricating effect at the mica surface and/or
because it stabilises RMs at the surface.

GMO may be hydrolysed at engine temperatures to form
oleic acid and glycerol (shown in Fig. 1), and if oleic acid is not
as good a friction modifier as GMO, then this could lead to a
reduction in performance. The hydrolysis of GMO was studied
by Murgia et al.** who found that the product composition
depends strongly on the water content and external conditions.
Aqueous potassium permanganate oxidises GMO to glycerol-1-
o-nonanoic acid and nonanoic acid, although the necessary
conditions for such oxidations are unlikely to occur in engines.
In the context of frying food, the oxidation products of methyl
oleate (similar to GMO) have been studied using GC-FTIR and
GC-MS techniques at 180 °C."”> Here a huge range of carbonyl
compounds and alcohols is formed.

Returning to oleic acid, there will always be free metallic
cations such as Ca**, Fe?", or Pb>" dispersed in the lubricant,
arising either from calcium carbonate nanoparticle detergents,
or from the engine parts. This raises the possibility of forming
metal-oleate salts with stoichiometry M(oleate),. Oleic acid
could also undergo further degradation in the engine, with
oxidations to form epoxides, dihydroxystearic acids, and keto-
stearic acids being likely pathways."® These oxidation products
could subsequently break down to form smaller alcohols.

The range of possible products from hydrolysis of GMO, and
its subsequent breakdown, is bewildering. It would be impractical
to embark on a comprehensive study of the structural and
frictional properties of all possible degradation products. There-
fore, the focus of this work will be a comparative assessment of the
self-assembly and frictional properties of GMO, oleic acid, glycerol,
and calcium oleate (CaOl,), with and without added water. This
selection of compounds was made on the basis that fatty acids
have long been implicated in lubrication,” glycerol would be the
other product from the hydrolysis of GMO to form oleic acid, and
there is an abundant source of calcium in lubricant detergents.
This assessment will be carried out using atomistic MD simula-
tions of lubricants made up of a simple base oil (n-heptane or
toluene) containing friction modifiers, with and without added
water. The self-assembly of the additives will be studied in bulk
solutions, while the frictional properties will be assessed for the
fluid confined and sheared between parallel mica surfaces.

Atomistic molecular simulations have been used to study the
frictional properties of a very wide range of molecular systems,"”
including polymers and hydrocarbons,'®>* silanes,” fatty acids
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and amines,”*>> glycerin,*® glycerides,** zinc dialkyldithiophos-
phates,® molybdenum sulfides,***” room-temperature ionic
liquids,***® and carbon nanoparticles.*° In very recent work, Ewen
et al. carried out a comprehensive survey of various organic friction
modifiers adsorbed on iron oxide surfaces, and lubricated by a very
thin film of hexadecane.*' Using non-equilibrium MD simulations,
it was found that molecules with glyceride head groups reduce
friction more than those with amide or carboxylic head groups.

The self-assembly of GMO and its hydrolysis products in bulk
solution will be studied under ambient conditions, T'= 298 K and
P=1 atm. Under confinement between mica surfaces, the load will
be increased substantially to the equivalent of P = 1000 atm, and
the shear rate will be in the region of 10° s~ These numbers may
appear astronomically high, but the transient loads in engine
crankcases can be as high as 10 atm, and surface asperities
separated by 1 nm and moving at a relative velocity of 1 m s~ *
give a local shear rate of 10° s~"'. The choice of mica surfaces is
motivated by the possibility of testing the predictions of this work
with surface force apparatus, or in situ neutron or X-ray reflecto-
metry measurements, both of which require smooth surfaces.
Finally, the solutions will be considered in either n-heptane or
toluene to facilitate future SANS studies that rely on readily
available deuterated solvents.

The rest of the article is organised as follows. The model and
methods are described in Section 2, the results are presented in
Section 3, and Section 4 concludes the article.

2 Model and methods

Atomistic MD simulations were performed using the LAMMPS
software.*>** Self-assembly of friction modifiers in bulk solu-
tions was studied using equilibrium MD simulations in the
isothermal-isobaric (NPT) ensemble. Frictional properties were
calculated in non-equilibrium MD simulations under fixed load
and surface sliding speed. In all cases, initial configurations of
the fluids were generated using Packmol.****

All intramolecular and intermolecular interactions in bulk
solutions were described using the OPLS-AA force field*® and
the SPC/E water model. Cross interactions were computed
using the Lorentz-Berthelot rule. Solutions were equilibrated
in the canonical (NVT) ensemble for 0.5 ns at temperature
T =373 K and then for 0.5 ns at 7= 298 K. The simulation was
then switched to the NPT ensemble with pressure P = 1 atm,
and equilibrated for 5 ns, which was found to be sufficient for
completing any self-assembly processes. Finally, a production
run of 5 ns was carried out. The temperature and pressure were
controlled using the Nosé-Hoover thermostat/barostat.
Periodic boundary conditions were applied in all three directions,
and the long-range Coulombic interactions were handled using
the particle-particle particle-mesh implementation of the Ewald
sum with conducting boundary conditions. The equations of
motion were integrated using the velocity Verlet algorithm with
a timestep of 1 fs.

The compositions of the bulk solutions are given in Table 1.
In each case, the total content of additive (GMO, OlH, Gly,
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Table 1 Parameters and results for all systems. The first five columns give the numbers of glycerol monooleate (GMO), oleic acid (OlH), water (H,0),
glycerol (Gly), and calcium oleate (CaOl,) molecules in each system. ‘Solvent’ gives the solvent content in each system: 961H means 961 n-heptane
molecules; 697T means 697 toluene molecules. The GMO content is given by wt% GMO, and the total organic additive content is always 10 wt%. In the
systems with water, the water content is 1.0-1.2 wt%. N,om is the total number of atoms in the fluid. For the bulk solutions, p is the mass density, and
‘Structure’ gives a qualitative description of the state of the bulk solution at equilibrium: 1RM means one reverse micelle; 2D means two dimers; 1C means
a larger cluster, but not a reverse micelle. Ry is the radius of gyration of a reverse micelle in bulk solution. For the confined fluids, H, is the separation of
the mica surfaces, je is the shear rate in the centre of the fluid layer, 4 is the stick length, and u is the kinetic friction coefficient, all from non-equilibrium
MD simulations with a relative sliding velocity v; = 20 m s™*

GMO OIH H,0 Gly CaOl, Solvent wt% GMO Nyom p/kgm > Structure Ry /A HJA  §10°s™  MA

GMO and OIH in n-heptane

30 961H 10.0 24053 707 1RM 14.9(4) 73.8 3.27 6.3 0.0165(49)
23 7 914H 8.1 22895 687 2RM 14.3(7) 67.6 2.88 —0.9 0.0269(49)
15 15 861H 5.6 21588 687 None 63.8 3.22 0.8 0. 0282( 9)
7 23 808H 2.8 20281 686 1C 60.1 3.76 3.5 0.0299(49)
30 761H 0.0 19123 681 1RM, 2D 17.0(4) 59.3 3.53 1.3 0.0325(49)
GMO and OIH in toluene
20 697T 10.0 11755 831 1RM 16.1(4) 39.1 8.01 7.1 0.0416(47)
15 5 660T 7.9 11145 838 None 38.3 7.98 6.6  0.0381(49)
10 10 624T 5.6 10550 836 None 36.4 7.94 5.6 0.0409(49)
5 15 588T 3.0 9955 836 None 34.4 8.77 5.8 0. 0436(49)
20 552T 0.0 9360 826 None 32.6 9.37 5.6 0.0453(49)
GMO, OlH, and H,0 in n-heptane
30 60 952H  10.0 24026 711 1RM 14.9(4) 717 3.1 3.7 0.0195(49)
23 7 60 914H 8.0 23075 695 1RM, 1C 15.7(4) 67.8 3.35 4.0 0.0271(66)
15 15 60 861H 5.5 21768 692 2RM 14.4(5) 641  3.50 3.5 0.0290(65)
7 23 60 808H 2.7 20461 692 2RM, 1C 14.5(8) 60.4 3.69 3.1 0.0315(65)
30 60 800H 0.0 20200 690 1RM, 4C 15.1(6) 59.6 3.79 3.4 0.0304(69)
GMO, OIH, and H,O in toluene
20 40 690T  10.0 11770 840 1RM 14.0(4) 402  7.68 7.1 0.0372(49)
15 5 40 660T 7.8 11265 845 1RM 14.9(6) 33.2 8.99 5.5 0.0317(69)
10 10 40 624T 5.5 10670 844 1RM 15.0(5) 31.6 9.65 5.4 0.0328(68)
5 15 40 588T 2.9 10075 841 2RM, 1C  12.1(7) 30.0 10.0 5.0  0.0342(66)
20 40 575T 0.0 9825 838 1RM, 5C 12.2(4) 29.3 10.5 5.1 0.0337(69)
GMO, OlH, and Gly in n-heptane
30 961H 10.0 24053 707 1RM 14.9(4) 73.8 3.27 6.3 0.0165(49)
23 7 7 971H 7.6 24304 688 1RM, 1C 13.8(5) 71.6 2.87 1.0 0.0275(65)
15 15 15 984H 4.9 24627 688 1RM, 2C  11.8(3) 724  3.21 5.0 0.0262(47)
7 23 23 998H 2.2 24973 688 2RM, 1C 12.2(4) 73.4 3.21 5.5  0.0254(47)
30 30 1009H 0.0 25247 688 2RM, 1C 11(1) 75.3 3.44 8.6  0.0248(47)
GMO, OlH, and Gly in toluene
20 697T  10.0 11755 831 1RM 16.1(4) 39.1  8.01 7.1 0.0416(47)
15 5 5 705T 7.4 11890 835 1RM, 2C 14(1) 40.8 7.53 7.1 0.0379(65)
10 10 10 713T 4.9 12025 835 2RM, 1C 15(1) 41.2 7.44 7.2 0.0386(65)
5 15 15 722T 2.4 12175 837 2RM, 1C  12.9(7) 417  6.49 5.4  0.0371(65)
20 20 732T 0.0 12340 837 2RM, 1C 12.1(8) 42.2 6.56 5.9 0.0343(66)
GMO and CaOl, in n-heptane
30 961H 10.0 24053 707 1RM 14.9(4) 73.8 3.27 6.3 0.0165(49)
23 4 953H 7.7 23842 690 1RM 15.6(4) 68.0 3.02 0.9 0.0268(49)
15 7 888H 5.4 22148 688 1RM 15.8(5) 61.4  3.11 —1.5  0.0279(49)
7 11 820H 2.7 20492 692 2RM 12.7(4) 58.6 3.30 —1.0 0.0317(50)
15 812H 0.0 20281 731 2RM 10.9(5) 60.3 3.36 0.4  0.0292(50)
GMO and CaOl, in toluene
20 697T  10.0 11755 831 1RM 16.1(4) 39.1  8.01 7.1 0.0416(47)
15 3 699T 7.5 11781 832 1RM 13.7(4) 40.6 8.04 7.9  0.0402(50)
10 5 643T 5.4 10830 838 2RM 13.1(4) 37.4 6.56 3.5 0.0422(49)
5 7 586T 3.0 9864 834 2RM 12.3(9) 37.4  7.80 5.9  0.0413(50)
10 589T 0.0 9905 888 2RM 11.5(2) 34.4 7.34 3.6 0.0447(50)

CaOl,) is fixed at 10 wt%. This is higher than in bulk lubricant squeezed out, meaning that the local concentration of additive
formulations, but it is normal for experimental measurements could be a lot higher than in the bulk formulation.*”"*® The
(e.g. SANS) on bulk solutions.'” Moreover, under confinement numbers of organic additive molecules in n-heptane and
between moving engine parts, some of the base oil gets toluene are 30 and 20, respectively, equal to the aggregation
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numbers in RMs."? Mixtures were generated by substituting
GMO with other molecules, and then adjusting the number of
solvent molecules to give the desired total additive content of
10 wt%. In each case, the GMO content is close to either 0 wt%,
2.5 wt%, 5 wt%, or 10 wt%, and one or more hydrolysis
products make up the rest of the additive content. In cases
with 1 wt% added water, the total organic additive content is
still close to 10 wt%.

Simulations of the fluid confined by mica surfaces and under
shear conditions were carried out as detailed in earlier work."
Mica was described using the INTERFACE-PCFF toolkit from the
Heinz group.**~* For internal consistency, the INTERFACE-PCFF
force field was used for both the mica surfaces and the confined
fluid. As shown explicitly in ref. 13, the OPLS-AA and INTERFACE-
PCFF force fields give practically identical results for the bulk-
solution densities and sizes of self-assembled RMs. A 52 A x
54 A x 10 A surface of mica with stoichiometric aluminium defects
was produced by tiling 10 x 6 x 1 unit cells (each with dimensions
51918 A x 9.0153 A x 10.0228 A). One surface contained
2520 atoms. The surface was equilibrated under NPT conditions
for 1 ns to eliminate any structural defects or warping. Initial fluid
configurations of about 80 A in thickness and without preformed
RMs were then prepared as described above, and placed between
two mica surfaces. Simulations were carried out under a constant
external load in the z direction corresponding to a pressure of
1000 atm, by applying forces to the outermost atoms in the top
surface, and keeping fixed the z coordinates of the outermost
atoms in the bottom surface. Periodic boundary conditions were
applied in the x and y directions only. The confined-fluid systems
were first equilibrated under static conditions for 1 ns. Then, shear
conditions were applied by giving the top and bottom surfaces
equal and opposite constant velocities +v/2 in the x direction, so
that the relative sliding velocity is vs. A Nosé-Hoover thermostat
was applied only in the y direction (perpendicular to the shear
plane) so as not to disturb the fluid velocity profile v,(z). Simula-
tions were equilibrated until the velocity profile reached a steady
state, typically within 5 ns. Then a production run of 5 ns was
carried out, and the lateral frictional force (#;) and normal force
(Fn) on each surface were calculated. The extended Amontons-
Coulomb law is Fy, = F, + uFy where F, is the Derjaguin offset
representing adhesive forces between the surfaces, and u is the
kinetic friction coefficient. For the lubricated systems under con-
sideration here, and particularly at the very high loads applied,
UFy > Fy and hence the friction coefficient can be estimated from
a single simulation using the simple formula x4 ~ Fy/Fy. This has
been shown to be good approximation under the conditions
considered here.*®

3 Results

All of the key numerical results are collated in Table 1.

3.1 Self-assembly in bulk solution

The simulations of GMO and OIH in n-heptane show that RMs
can form when either component is in the majority, but that
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small or equivalent concentrations of OIH disrupt GMO RM
formation. Some end-of-run snapshots are shown in Fig. 2(a-e).
These images show that with 5.6 wt% GMO, although cluster-
ing is evident, the aggregates cannot be described as RMs,
while with an excess of GMO or OIH, well-defined aggregates
are formed. The presence of one or two micelles is recorded in
the ‘Structure’ column of Table 1 by 1RM or 2RM, respectively.
The presence of a large cluster is denoted by 1C, and if two
molecules are found to form a dimer, then this is denoted by
1D. These designations are determined by visual inspection of
the end-of-run snapshots. The average radius of gyration R, of
any RMs is also given in Table 1. This was computed using the
inertia tensor of the RM given by

(1)

@ o)

5.6 wt% GMO
4.4 wt% OIH

2.8 wt% GMO

Z.Z w

t% OIH

oo

(e ®
10.0 wt% OIH 9.4 wt% OIH
1.2 wt% H,0

Fig. 2 Simulation snapshots of various systems in n-heptane: (a) 10.0 wt%
GMO; (b) 8.1 wt% GMO and 1.9 wt% OIH; (c) 5.6 wt% GMO and 4.4 wt%
OlH; (d) 2.8 wt% GMO and 7.2 wt% OlH; (e) 10.0 wt% OlH; (f) 9.4 wt’% OlH
and 1.2 wt% H,O. n-Heptane is shown in stick representation, the additives
are shown in space-filling representation, additive oxygen atoms are
shown in red, and water oxygen atoms are shown in blue.
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where 7 is the number of atoms in the RM, m; is the mass of
atom 7, and r; is the distance of atom i from the RM centre of
mass. Diagonalising the inertia tensor gives three eigenvalues
I, > I, > I. which are the moments of inertia about the
principal axes of the RM. The radius of gyration is taken to
be that of an ellipsoid with equivalent mass, uniform mass
density, and inertia tensor as the RM, which in terms of the
principal moments of inertia is given by

1
RS = m(1a + 1+ 1) (2)

n
where M = )" m; is the total mass of the RM. This approach

i=1
was used in earlier work, and the results were in excellent
agreement with experimental measurements of R, using
SANS." In this work, and for all compositions, R, is in the
region of 11-17 A.

In toluene the effect of changing GMO to OIH is more
pronounced: a GMO solution forms a single RM, but the
addition of any OIH leads to the disappearance of the RM. In
earlier work, it was found that toluene penetrates into the GMO
RM far more than does n-heptane, leading to a larger RM
despite there being fewer GMO molecules.”” The simulation
results suggest that OIH is unable to stabilise a RM in a more
penetrating solvent.

The presence of approximately 1 wt% water in GMO and OIH
solutions leads to RM formation at all compositions, and a
small degree of clustering of molecules not incorporated in to
the RM. As an example, a snapshot from a system with 9.4 wt%
OIH and 1.2 wt% H,O in n-heptane is shown in Fig. 2(f). The
aggregation numbers of GMO RMs in n-heptane and toluene
are 30 and 20, respectively, but these are likely to change as
GMO is replaced with OIH. The procedure of adding or sub-
tracting additive molecules until there is just one complete RM
has not been carried out in this work, and so any excess additive
molecules are left to form small clusters. In n-heptane with
water, the sizes of the GMO, OIH, and mixed RMs are similar
(Rg = 14.4-15.7 A), while in toluene with water, an OIH RM
(Rg = 12.2 A) is significantly smaller than a mixed GMO/OIH RM
(Rg = 15.0 A). Note that R, is computed for the additive and
water combined, and so these observations are correlated with
the distributions of all species in the RMs. Fig. 3 shows the
local density profiles of GMO or OlH, water, and solvent as
functions of the radial distance from the centre of mass of the
RM. Comparing Fig. 3(a and b), the n-heptane density profile is
very similar in each case, and so the extent of the RM (including
both additive and water) is the same. Nonetheless, water is
more strongly localised in the OIH RM than in the GMO RM,
and with the OIH expelled from the centre to form a surfactant-
like corona. Comparing Fig. 3(c and d), both GMO and OIH
form a surfactant-like layer between the water core and the
toluene, but OIH has a lower mass than GMO and so the radius
of gyration of the equivalent ellipsoid is lower.

Essentially, OIH doesn’t have enough polar groups to fully
surround the water core, while GMO does. This means that water
is more exposed to solvent in an OIH RM than in a GMO RM.
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Fig. 3 Local density profiles of additive (GMO or OlH), solvent (n-heptane
or toluene), and water as a function of radial distance r from the centre of
mass of a RM: (@) GMO and water in n-heptane; (b) OlH and water in
n-heptane; (c) GMO and water in toluene; (d) OlH and water in toluene.

& ~ Lol SUNEL P . ZS A 501 2
Fig. 4 Simulation snapshots of the GMO and water system (left) and the
OlH and water system (right) in toluene. The toluene solvent is shown in
stick representation, the oxygen atoms of the additives are shown in red,
and the water molecules are shown in blue.

This is illustrated in Fig. 4 which shows the solvent in stick
representation, the head-group oxygen atoms in GMO and OIH,
and the water molecules. The water core in the GMO RM is almost
completely coordinated by the polar atoms of the glycerol and
oleate moieties, while the water core of the OIH RM is highly
exposed to the toluene.

When GMO is hydrolysed, both OIH and Gly are produced.
In all proportions, and in both n-heptane and toluene, mixtures
of GMO, OlH, and Gly form RMs, with R, of the pure-GMO RMs
being slightly larger than the rest. Mixtures of GMO and CaOl,
also form RMs in both n-heptane and toluene. GMO alone
forms single RMs, but CaOl, alone forms two smaller RMs. Due
to the low dielectric constants of the solvents, charge separa-
tion is unfavourable and the Ca®* ions are strongly coordinated
by the anionic head groups of the oleate ions, which leads to
smaller RMs.

To summarise, OIH forms mixed micelles with GMO when
there is another polar species present, be it water or Gly.
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Without the polar species present, OIH will form micellar
structures in n-heptane but not in toluene. CaOl, and GMO
form mixed micelles, but increasing the CaOl, content leads to
more and smaller RMs.

3.2 Structure and friction under confinement and shear

The structure, velocity profile, and friction coefficient of the
confined fluid under shear are now discussed. The structure of
the confined fluid can be characterised with the mass-density
profile, p(z), for each component. Results for GMO in n-heptane
and toluene sheared at 10 m s~ ' were reported in ref. 13.
Fig. 5(a and b) shows p(z) for GMO in n-heptane and toluene
sheared at 20 m s~ *. The essential point is that in both solvents,
the GMO becomes strongly associated with the surfaces, and
the concentration is practically zero in the middle of the fluid
layer. The density oscillations for the solvent are caused by
layering of the molecules near the mica surfaces, with the
period corresponding to the width of the molecular layers.
For n-heptane, this is comparable to the diameters of the CH,
and CH; groups, because the molecules very close to the
surfaces are aligned in a parallel orientation. This behaviour
has been seen with many long-chain hydrocarbon solvents
confined between hard surfaces.’*?3° For toluene, the
peaks are broader because there is no strong orientational
ordering of the molecules near the surfaces, and so the layer
width corresponds to an average molecular diameter. In addi-
tion, the extent of layering in toluene is less than in n-heptane,
reflecting less positional and orientational ordering of the
less elongated molecules. In earlier work, it was shown that
the application of shear generally causes surface-adsorbed
additive molecules to tilt, while the overall mass-density pro-
files change remarkably little.*>*° Self-assembled structures,
such as RMs, may remain intact, migrate to a surface, or
disintegrate entirely."® Here the emphasis is on the distribution
of additives within the confined fluid under shear, and its
connection with the measured velocity profiles and friction
coefficients. [The velocity profiles in Fig. 5(c and d) are dis-
cussed separately below.]

Some examples of mass-density profiles for mixtures are
shown in Fig. 6 for systems with roughly 5 wt% GMO in
n-heptane. Clearly, the main difference from the pure-GMO
solutions is that there are additive structures in the middle of
the fluid layer. GMO and OIH alone [Fig. 6(a)] form adsorbed
layers on both surfaces, and a clustered structure in the middle
of the fluid layer. Added water [Fig. 6(b)] is distributed between
the surfaces and the centre of the GMO/OIH cluster in the
middle of the fluid layer. The surface-adsorbed water forms a
film between mica and GMO/OIH; this was also observed in
ref. 13. Surface-adsorbed water remains fluid due to its high
translational and rotational mobilities, and so it represents an
ultrathin lubricating layer.>*** Added Gly [Fig. 6(c)] remains
closely associated with the GMO and OIH, but the non-
adsorbed additives are not strongly localised in the centre of
the fluid layer. Added CaOl, [Fig. 6(d)] also remains associated
with the GMO, but there is a clear distinction between surface-
adsorbed and fully solvated molecules.
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Fig. 5 Local density profiles and velocity profiles for GMO in n-heptane [a
and c] and toluene [b and d]: (a) p(z) for GMO in n-heptane; (b) p(z) for
GMO in toluene; (c) v,(z) for GMO in n-heptane; (d) v,(z) for GMO in
toluene. z is the distance from the middle of the fluid layer. In (c and d), the
MD simulation results are shown as unfilled circles, fits to eqn (3) as solid
black lines, vsz/H, as red dashed lines, and A, as green dotted lines.
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Fig. 6 Local density profiles of all species in n-heptane solutions confined
between sheared mica surfaces: (a) 5.6 wt% GMO, 4.4 wt% OIH; (b) 5.5 wt%
GMO, 4.5 wt% OlH, 1.1 wt% H,O; (c) 4.9 wt% GMO, 5.1 wt% OIH/Gly;
(d) 5.4 wt% GMO, 4.3 wt% CaOly. z is the distance from the middle of the
fluid layer. Note that the density profiles of all species except n-heptane
have been multiplied by 5 for clarity.

Replacing GMO with OIH means that the additive becomes
less polar, and less strongly adsorbed at the solid-fluid inter-
face. This is apparent from Fig. 6(a) which shows a higher mass
density of OIH than GMO near the centre of fluid layer, and
slightly lower mass density at the surfaces. Adding water to
GMO and OIH gives the hydration layer at the surfaces
[Fig. 6(b)] and substituting GMO with OIH and Gly leads to
quite strong adsorption of all species at the surfaces, as shown
in Fig. 6(c). Although water and Gly are strongly adsorbed to the
surfaces, the overall concentrations of additive molecules are
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not high enough for competitive adsorption effects to be
observed; the evidence for this is that GMO, OIH, water, and
Gly peaks in the mass-density profiles coincide near the sur-
faces and in the middle of the fluid layer. Fig. 6(d) shows that
substituting GMO with CaOl, leads to less adsorption at the
interfaces and more of the additive remaining in the centre of
the fluid layer.

The distribution of adsorbed additives between the two
surfaces is not exactly even, but this is natural given the small
total numbers of molecules. In Fig. 6(b and c), the oscillations
in the n-heptane mass-density profiles are less pronounced
near the surfaces with stronger additive adsorption. This can
be described as a ‘softening’ or ‘blurring’ of the interface
between the surface and the solvent. Some interesting struc-
tures were observed in the confined fluid layers under shear,
but not in bulk solutions. Fig. 7 shows some ring-like aggre-
gates that were observed with 10 wt% OIH in n-heptane, and
with 2.4 wt% GMO and 7.6 wt% OIH/Gly in toluene. These
aggregates cannot be described as RMs, but there is still a high
degree of structural organisation. Fig. 7(b) also shows that the
Gly is strongly adsorbed on to the surface from toluene, while
in n-heptane, some is still associated with the other additives in
the fluid layer [Fig. 6(c)]. More snapshots from confined-fluid
simulations are presented in the ESL{ The snapshots show a
complex mixture of surface-adsorbed and self-assembled struc-
tures, but the ring-like aggregates shown in Fig. 7 are unusual.

The distribution of molecules in the fluid layer under shear
can also be discerned from the velocity profiles, v,(z). All results
are shown in Fig. 5(c and d), Fig. 8 and the ESL7 In each case,
the linear velocity profile near the centre of the fluid layer is
fitted with the equation

Vx(z) = q}ei“f(z - ZO) (3)

where 7.¢ is the effective shear rate in the centre of the fluid
layer, and z, is the position where the velocity is zero, which

() (b)
10 wt% OIH 2.4 wt% GMO + 7.6 wt% OIH/Gly
n-heptane toluene

Fig. 7 Snapshots of ring-like aggregates in confined-fluid layers: (a) 10 wt%
OMH in n-heptane; (b) 2.4 wt% GMO and 7.6 wt% OIH/Gly in toluene. OIH is
shown with red oxygen atoms and orange tails, GMO with purple oxygen
atoms and silver tails, Gly with orange atoms, and the mica surfaces with grey
atoms. The solvent is omitted.
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Fig. 8 Velocity profiles for various fluids confined between parallel mica
surfaces and sheared at ve = 20 m s~ (a) 8.1 wt% GMO and 1.9 wt% OlH in
n-heptane; (b) 7.8 wt% GMO, 2.1 wt% OlH, and 1.1 wt% H,O in toluene;
(c) 7.4 wt% GMO and 2.6 wt% OlH/Gly in toluene; (d) 7.5 wt% GMO and
2.5 wt% CaOl, in toluene. The MD simulation results are shown as unfilled
circles, fits to eqgn (3) as solid black lines, vsz/H, as red dashed lines, and /..
as green dotted lines.

does not necessarily coincide with the centre of the fluid layer if
there are more molecules adsorbed on one surface than the
other. In the absence of any stick or slip at the solid-fluid
boundary, the shear rate is simply y = vs/H,. If molecules are
adsorbed on to the walls, then the effective fluid-layer thickness
is reduced, and j.¢ > 7. The thickness of the adsorbed layer on
each wall can be identified with a ‘stick length’ /.., which is the
distance between a wall at z = +H,/2 and the nearby position
where the fitted linear velocity profile reaches +v/2.

. H. v
Vet (7 — Ay — ZO) = +ES (4)

. H: Vs
Yer\| —5 H A TR0 = (5)

/+ and A_ are the stick lengths at the upper (+) and lower (—)
walls, given by

he e %(H o ) . (6)

The average stick length is 2 = (Ay + 1.)/2 = (H, — V/yerr)/2.
Essentially, 4 gives a rough estimate of the thickness of the
adsorbed layers that move with the same velocities as the walls.

Results for GMO in n-heptane and toluene sheared at
10 m s~ " were reported in ref. 13. Fig. 5(c and d) shows v,(2)
for GMO in n-heptane and toluene sheared at 20 m s~ *. The
figures show the fitted velocity profile from eqn (3), the no-stick
case v,(z) = vg2/H,, and the values of .. Table 1 gives the
average stick length 4, as well as the average wall separation H,,
and the fitted shear rate ¢ The values of the stick lengths are
in good agreement with the widths of the adsorbed-layer peaks
in Fig. 5(a and b).
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Some velocity profiles in mixtures are shown in Fig. 8, and
the corresponding fit parameters are given in Table 1. In almost
all cases, 4 > 0 meaning that there are adsorbed layers on the
surfaces. Exceptions include the case of GMO with a small
amount of OIH in n-heptane [see Fig. 8(a)] but the magnitude of
A is so small that there is hardly any slip at the solid-fluid
boundary.

Table 1 shows the kinetic friction coefficient p for each
system, calculated with a relative wall sliding velocity of vs =
20 m s '. In general, the friction coefficients in toluene are
higher than those in the corresponding n-heptane systems,
but this is mainly due to the smaller wall separation, and
hence higher shear rate. In ref. 13 it was shown that for
equivalent shear rates, the friction coefficients are very similar.
The main focus here is on the changes in friction coefficient
resulting from converting GMO in to hydrolysis products.
Hence, Fig. 9 and 10 show the relative changes in u from the
system with 10 wt% GMO (u;0) in n-heptane and toluene,
respectively:

Aw_w )
Mo Ho
The results for n-heptane (Fig. 9) show that in all cases,
converting GMO to other species leads to a sizeable increase in
friction coefficient, and even as much as doubling the value. To
some extent this is due to the fact that systems have been
studied with equal numbers of additive molecules at a fixed
weight percentage: replacing GMO with smaller molecules
means removing some solvent molecules, which leads to a
reduction in the wall separation H,, and an increase in both the
nominal shear rate 7 and the fitted shear rate .4 Indeed, the
kinetic friction coefficient does increase with §, but the depen-
dence is actually logarithmic and hence sub-linear.’*?***>” The
data in Table 1 show that, in the n-heptane systems, the relative
decrease in wall separation and relative increase in shear rate are
much smaller than the relative increase in friction coefficient.

This journal is © the Owner Societies 2018

View Article Online

PCCP
20T T T T T T T T T
O OH
O OIHH,0
& OIH/GI
101- g A CaOl, Y T
N I [e]
~ A
~ (0] A o
o (o]
= L
3. -10f -
gt } i
20} % i
_ 1 . 1 . 1 . 1 1
30 0.0 2.5 5.0 7.5 10.0

GMO content / wt%

Fig. 10 Relative changes in the kinetic friction coefficients for systems in
toluene compared to the friction coefficient for 10 wt’% GMO: GMO and
OlH (black circles); GMO, OlH, and H,O (red squares); GMO and OlH/Gly
(green diamonds); GMO and CaOl, (blue triangles).

For example, in the GMO/OIH system, } increases by 24% but u
increases by 97%. Note that in the GMO/OIH/Gly system, GMO is
substituted by OIH and Gly which have very similar total mass, and
so the wall separation and shear rate hardly change at all, but the
friction coefficient still increases by 50-70%. Comparing the
results for GMO/OIH and GMO/OIH/H,0 in Fig. 9 shows that, in
general, added water reduces the friction coefficient. This could be
due to the fluidity of the surface-hydration layer described
above.”*** Roughly speaking, the results for GMO/OIH/H,O and
GMO/OIH/Gly are quite similar, as are the results for GMO/OIH
and GMO/CaOl,, but the error bars are quite large and make any
more detailed discussion difficult.

The results for toluene are shown in Fig. 10. Firstly, the
changes in friction coefficient on substituting GMO are much
less pronounced than in n-heptane. This is probably a conse-
quence of there being fewer additive molecules in the toluene
systems than in the n-heptane systems, and hence a lower
effective surface coverage of the mica walls. Recall that the
numbers of additive molecules are fixed by the number of GMO
molecules required to form a RM in bulk solution. Moreover,
the wall separation is much lower with toluene than with
n-heptane, the separation between adsorbed and solvated addi-
tive molecules is blurred, and the extent of structural variations
with different additive molecules is reduced. Secondly, while
OIH and CaOl, lead to small increases in u, OIH/H,O and
OlH/Gly lead to small decreases. Although this is very different
from the situation in n-heptane, where substituting GMO
always leads an increase in y, it does indicate a general trend
that OIH/H,O and OIH/Gly give lower friction coefficients than
do OIH and CaOl,.

Overall, substituting GMO with OIH and another polar
species such as Gly or water leads to lower friction coefficients
than substituting GMO with OIH only or CaOl,. Added water
probably reduces friction by forming a fluid hydrating layer at
the solid-fluid interface,”*"* while the rest of the trends are
correlated with the distribution of molecules between the
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solid—fluid interface and the middle of the fluid layer. As
discussed in connection with Fig. 6, GMO/OIH/H,0 has the
hydration layer and GMO/OIH/Gly shows strongly adsorbed
additive layers, while GMO/OIH and GMO/CaOl, have substan-
tial numbers of additive molecules in the centre of the fluid
layer. These observations are backed up by the values of the
stick lengths, 4, reported in Table 1. For example, looking at the
systems with approximately 5 wt% GMO in n-heptane, the stick
lengths increase in the order GMO/CaOl, (—1.5 A) < GMO/OIH
(0.8 A) < GMO/OIH/H,O (3.5 A) < GMO/OIH/Gly (5.0 A).
Overall, then, friction seems to be correlated with the total
polarity of the additives, and the propensity of those molecules
to adsorb at the surfaces and provide an intermediate layer
between the inorganic surface and the solvent.

As discussed in Section 1, there is some support for the idea
that GMO (and other molecules containing ester groups) are
hydrolysed to form fatty acids which are the surface-active
species that lubricate surfaces,» but this is by no means
proven. The results presented here show that, in fact, hydrolysis
products can lead to increases in the friction coefficient as
compared to that of unhydrolysed GMO.

4 Conclusions

MD simulations have been used to examine self-assembly and
friction in bulk and confined solutions of additives in non-
aqueous solvents. The main focus was to examine how the
structure and lubricating properties of the solutions change
when GMO is replaced by its hydrolysis products and other
species, namely OlH, Gly, and CaOl,, and when water is added.
The main structural motif in the bulk solutions is a RM, which
can be formed by mixtures of the additives. Under confinement
and with shear applied, the distribution of molecules between
the solid-fluid interface and the fluid itself varies depending on
the overall polarity of the additives: mixtures of GMO, OlH, and
Gly, and GMO, OIH, and water, show stronger adsorption on to
the surfaces, as measured directly by mass-density profiles and
from the stick lengths under Couette flow. The frictional
properties are correlated with the extent of surface adsorption:
while in most cases, substituting GMO with other molecules
leads to an increase in friction coefficient, the increase is
greater when there is less surface adsorption. Overall, this
study provides a mechanism for why lubricants may degrade
over time: it is possible that the hydrolysis of friction modifiers
leads to the formation of species that adsorb less well on
surfaces, and hence give a reduced softening or blurring of
the solid-fluid interface. The results presented here are for
mica surfaces, which are convenient for surface experiments
(e.g., using surface force apparatus or reflectometry techni-
ques), but not representative of the surfaces in engines. In real
applications, some important differences might be anticipated.
For instance, iron-oxide surfaces could be more representative
of engine parts, but fatty acids may chemisorb on to such
surfaces rather than physisorb. This could profoundly affect the
balance between adsorption at the surface and self-assembly in

17656 | Phys. Chem. Chem. Phys., 2018, 20, 17648-17657

View Article Online

Paper

the fluid. Future work should therefore address both idealised
systems that can be studied in detail in experiments, and more
realistic systems that capture the complexity and surface chemistry
that occurs in applications.
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