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Abstract

The structure and frictional properties of glycerol monooleate (GMO) in organic solvents,

with and without water impurity, confined and sheared between two mica surfaces are ex-

amined using molecular dynamics simulations. The structure of the fluid is characterized in

various ways, and the differences between systems with nonaggregated GMO and with pre-

formed GMO reverse micelles are examined. Preformed reverse micelles are metastable under

static conditions in all systems. In n-heptane under shear conditions, with or without water,

preformed GMO reverse micelles remain intact and adsorb on to one or other of the surfaces,

becoming surface micelles. In dry toluene, preformed reverse micelles break apart under shear,

while in the presence of water, the reverse micelles survive and become surface micelles. In

all systems under static and shear conditions, nonaggregated GMO adsorbs on to both surfaces

with roughly equal probability. Added water is strongly associated with the GMO, irrespective

of shear or the form of the added GMO. In all cases, with increasing shear rate, the GMO

molecules flatten on the surface, and the kinetic friction coefficient increases. Under low-shear

conditions, the friction is insensitive to the form of the GMO added, while the presence of

water is found to lead to a small reduction in friction. Under high-shear conditions, the pres-

ence of reverse micelles leads to a significant reduction in friction, while the presence of water

increases friction in n-heptane and decreases friction in toluene.
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1 Introduction

Transportation is one of the largest sectors of the modern economy, but still the effects of friction

continue to compromise fuel efficiency, low emissions, and engine lifetime. In order to reduce

friction, small concentrations (⇠ 1 wt%) of amphiphiles are typically added to a base oil. These

surfactant-like molecules are thought to adsorb preferentially on to inorganic surfaces to form a

protective layer, where they reduce friction and wear between moving parts, and hence improve

fuel economy, reduce emissions, and increase engine lifetime. To date, additive compounds have

been developed heuristically as a compromise between the complexity of the molecular chemistry

and the efficacy of the lubricant. There is a need to understand – from first principles – how lu-

bricants work, and how they might be optimized. Although lubricants are assessed in large-scale

engine tests, this does not offer a viable means of studying lubricants on the molecular scale in

situ. The critical areas of an engine – such as cam shafts – experience extremely high loads on

the order of GPa. Moreover, lubricants contain many chemical components carrying out a variety

of roles over and above reducing friction, and isolating the contribution from one component is

difficult. The appropriate first step is therefore to study model systems with smooth surfaces and

simple lubricant chemistries in order to establish the fundamental molecular-scale processes gov-

erning friction. On the experimental side, atomically smooth surfaces such as mica, graphite, and

simple metal oxides offer the opportunity to perform quantitative measurements of surfactant-film

structure and friction using, e.g., surface force balance (SFB) apparatus,1–4 polarized neutron re-

flectrometry, and sum-frequency spectroscopy.5,6 Neither experiments nor simulations can match

all of the experimentally relevant physical conditions in an engine: SFB measurements are limited

to low loads and low shear rates; and molecular simulations are limited to very high shear rates

and small system sizes. Nonetheless, results in all regimes and from all approaches can help to

develop a full description of lubrication and friction.
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Systematic experimental studies of friction have primarily focused on the boundary friction

regime of the Stribeck curve, that is to say under high loads and with low sliding velocities.7–11 In

this regime, friction is dominated by so-called asperity contacts, where surface features interlock

and exert strongly localized stresses. For the most part, experimental studies offer empirical rela-

tionships between chemical composition and observed frictional properties. Little can be learned

about the detailed microscopic mechanisms connecting molecular-scale structure and dynamics

and macroscopic friction, although there are direct measurements of molecular structure under

static conditions.5,6 Molecular dynamics (MD) simulations potentially offer unique insights on the

molecular-scale processes that can contribute to the measured friction. Despite ongoing attempts to

accelerate computer-simulation approaches,12 MD simulations are generally limited to the regime

of high sliding velocities. Under very high loads, asperity contacts can lead to deformation of the

surfaces,13,14 and avoiding such processes in engines is obviously a priority. The typical surface

roughness of engine parts is on the scale of hundreds of nm – much larger than what can be simu-

lated with MD – and so on the atomic scale, the contact zone can be approximated by two parallel

surfaces lubricated by a thin fluid layer. In this regime, the roles of the base oil and additives can

be explored relatively easily. The presence of a lubricant layer and the application of high sliding

velocities correspond to the hydrodynamic friction regime, which has been studied extensively us-

ing MD and molecular-mechanics techniques.15–17 Greenfield and Ohtari studied confined fluids

of friction-modifying additives in 1999,18 and more recently, Davidson et al. investigated surface

adsorption of organic friction modifiers.19 MD simulations have been used to study the fundamen-

tals of sliding friction using a variety of simplified molecular models.20–24 Sliding friction has been

studied using fully atomistic models under conditions of constant surface load or separation,25,26 or

constant chemical potential.27 The surface adsorption and friction of many chemistries have been

studied, such as fatty acids and amines,28–32 glycerin,33 polymers and hydrocarbons,34–36 zinc
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dithiodialkylphosphates,37 molybdenum sulfides,38,39 silanes,25 and a range of room-temperature

ionic liquids.40,41 The key advantages of simulation are that the structures of surfactants can be

examined under shear, and that the frictional properties can be calculated under conditions akin to

those at important points in the engine. The transient loads of engine components can be as high as

1 GPa. The local shear rates actually experienced by lubricants and friction modifiers are difficult

to estimate, because the surfaces are not atomically smooth; the separations between raised areas

on two surfaces can be significantly smaller than the average separation. Even if one reckoned on

a minimum surface-surface separation Lz ⇠ 10 nm, and an average sliding velocity vs ⇠ 10 m s�1,

the corresponding local shear rate could be as high as ġ = vs/Lz = 109 s�1 – immense in engi-

neering terms. The nonequilibrium dynamical properties of simple and complex fluids under such

conditions are of considerable inherent interest, and many simulation studies have been devoted to

this topic. For example, the shear viscosities of simple alkanes, either in bulk or confined between

surfaces, indicate shear thinning at high shear rates.42,43 Experiments and simulations have been

used to demonstrate that when strongly confined between mica surfaces, simple linear alkanes ex-

hibit much higher viscosities than in bulk, and undergo shear thinning at a much lower shear rates

than in bulk, related to solid-like ordering and the slowing down of rotational and translational

degrees of freedom.44,45

This paper is devoted to the study of the structure and frictional properties of GMO – a nonionic

surfactant widely used as a friction modifier in engine lubricants – dissolved in the simple solvents

n-heptane and toluene, and sheared between parallel mica surfaces. The solvents are convenient

models of the aliphatic and aromatic components of real base oils. They have approximately the

same molecular masses, and similar non-bonded interactions with other atoms, which allow a di-

rect investigation of the effects of solvent molecular architecture. Aside from its use as a friction

modifier in engine lubricants, GMO is also used as an emulsifier and antifoaming agent in the
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food industry, and as an excipient in pharmaceuticals. The molecular structure of GMO is shown

in Figure 1. The effects of GMO on friction have been studied extensively in systems includ-

ing diamond-like carbon,46–48 lubricant base stocks,49 and mixtures with phosphates.50 GMO is

known to self-assemble into normal and reverse micelles (RMs) in aqueous and nonaqueous me-

dia, respectively. The self-assembly of GMO and related molecules in hydrocarbons to form RMs

has been examined experimentally by Shrestha et al.51–54 The current authors investigated the for-

mation of GMO RMs in n-heptane and toluene using MD simulations and small-angle neutron

scattering (SANS), with good agreement being found between the two approaches.55 From that

work, it was determined that the typical radius of gyration of a RM is Rg ' 15 Å, and that the num-

ber of GMO molecules in a micelle depends on the solvent and the extent to which it penetrates

the RM; there are approximately 20 GMO molecules per RM in toluene, and 30 in n-heptane.

Figure 1: The molecular structures of (a) glycerol monooleate with selected atoms O, C9, and C18
labeled, (b) n-heptane, and (c) toluene.

The formation of GMO RMs in bulk organic liquids suggests that the intuitive picture of

friction-modifier additives adsorbing on to surfaces to form a protective layer may not always

be appropriate. It is therefore important to study the structures adopted by GMO molecules in a

lubricant confined between surfaces, and to explore to what extent the GMO and its self-assembled

structures modify the measured friction. In this work, mica is used as the model inorganic surface,

in order to provide results that could be compared to measurements in future SFB experiments. The

SFB apparatus was designed by Tabor and Winterton1 and developed for application to liquids by

Israelachvili and coworkers.2 The instrument consists of two smooth surfaces, one being attached
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to a cantilevered spring which allows the force between the surfaces to be measured. In addition

to the force, the distance can also be determined using optical interferometry. Subsequent devel-

opments of the technique have allowed the tribological properties of liquids between two surfaces

to be measured.3,4 Mica is often used in SFB measurements as it is possible to achieve atomically

smooth surfaces (with an RMS roughness of 1–2 Å). This is a boon from a simulation perspective

as surface asperities are difficult to represent explicitly. Despite recent advances in the field, the

problems of box size, periodic boundary conditions, and roughness still make surface asperities

challenging to describe using MD simulations. Earlier simulation studies of lubricated mica sur-

faces have focused on structure and dynamics in thin lubricant films,56 n-alkanol monolayers,57

and surfaces with other hydrophobic coatings.58

In this article, the structures of GMO adsorbed on mica are studied under static conditions, and

then compared and contrasted with those under shear. Shear rates are studied in the range 108–

1010 s�1. To make connections with previous work, the organic solvent (the ‘base oil’) is either

n-heptane or toluene. The article is organized as follows, Section 2 explains the computational

methodology used to generate the results presented in Section 3. Section 3.1 contains the results

under static conditions, while Section 3.2 gives the results under applied shear. Section 4 concludes

the article.

2 Simulation methods

All-atom MD simulations of GMO in either n-heptane or toluene, with or without water impurity,

and confined between parallel mica surfaces, were performed using LAMMPS.59,60 In all cases,

the equations of motion were integrated with the velocity-Verlet algorithm with a time step of 1 fs.

Long-range electrostatic interactions were handled using the Ewald particle-particle particle-mesh

method. Essential details are summarized below, and other information such as the parameters and
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validation of the force field are given in the Supporting Information.

The basic setup is illustrated in Figure 2. The single-layer mica unit-cell structure (5.1918 Å⇥

9.0153 Å⇥ 10.0228 Å) with stoichiometric aluminum defects was taken from the INTERFACE-

PCFF Force Field toolkit.61–64 The unit cell was tessellated by 10⇥6⇥1 to form a 52 Å⇥54 Å⇥

10 Å surface in the xy plane. Each mica surface was composed of 2520 atoms. All interatomic

interactions were calculated using the INTERFACE-PCFF force field;61–64 see the Supporting

Information for details. The surface was equilibrated under NPT conditions for 106 timesteps

of 1 fs to remove any structural defects that would otherwise cause the surface to warp. The

Nosé-Hoover barostat and thermostat were used to maintain the pressure at P = 1 atm and the

temperature at T = 298 K.

Initial fluid configurations with the same x and y dimensions as the surfaces, and with thick-

nesses in the range 45–85 Å, were generated using Packmol.65 The GMO was included either as a

preformed RM from a bulk system,55 or as nonaggregated molecules. Initial configurations were

then generated by merging together the configurations of two identical surfaces with the fluid layer

in between. System parameters are given in Table 1. The GMO concentration was fixed at around

10 wt%, at which RMs are known to form in bulk.55 If present, the number of water molecules is

the same as the number of GMO molecules, and this comes out to be around 0.5 wt%, which is a

typical value for engine lubricants.

The OPLS-AA force field was used in earlier work on GMO in bulk solution.55 In this work,

the INTERFACE-PCFF force field was used for the whole system, including the liquid layer.61–64

This is because the INTERFACE-PCFF force field is essential for describing the mica surfaces, and

it has been optimized for interactions between organic molecules and inorganic surfaces. More-

over, using an internally consistent force field is preferable to generating a hybridized one. To

validate the INTERFACE-PCFF force field against earlier work using the OPLS-AA force field,
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Figure 2: Simulation snapshots of (a)–(c) a preformed GMO RM in n-heptane (system H+RM) and
(d)–(f) nonaggregated GMO in n-heptane (system H). (a) System H+RM under static conditions.
(b) System H+RM under low shear ġ = 1.2⇥ 109 s�1. (c) System H+RM under high shear ġ =
2.5⇥ 1010 s�1. (d) System H under static conditions. (e) System H under low shear ġ = 1.2⇥
109 s�1. (f) System H under high shear ġ = 2.5⇥1010 s�1. In the mica surfaces, the atom colors
are: K (purple); Si (orange); Al (brown); O (red). The n-heptane molecules are shown as stick
models with C (blue) and H (white). The GMO molecules are shown as space-filling models with
C (grey), O (red), and H (white).
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Table 1: Details of the system compositions. NGMO is the number of GMO molecules. The solvent
is either n-heptane (H) or toluene (T). Ns is the number of solvent molecules. Nw is the number of
water (w) molecules. Na is the total number of atoms in the fluid and surfaces. RM (yes/no) shows
if a preformed reverse micelle is present. wt%(GMO) and wt%(w) are the weight percentages
of GMO and water, respectively. Each system is given a code, e.g., H means n-heptane with
nonaggregated GMO, and TW+RM means toluene with water and a preformed reverse micelle of
GMO.

System NGMO Solvent Ns Nw Na RM wt%(GMO) wt%(w)
H 30 H 961 0 24053 no 10.00 0.00

H+RM 30 H 961 0 24053 yes 10.00 0.00
HW 30 H 956 30 24028 no 9.99 0.50

HW+RM 30 H 956 30 24028 yes 9.99 0.50
T 20 T 696 0 11740 no 10.01 0.00

T+RM 20 T 696 0 11740 yes 10.01 0.00
TW 20 T 693 20 11755 no 10.86 0.55

TW+RM 20 T 693 20 11755 yes 10.86 0.55

and experiment, some tests were done on GMO in bulk solution, and on the pure solvents. The

bulk densities of n-heptane and toluene at P = 1 atm and T = 298 K are within 3% of experimental

values. With a GMO concentration of 10 wt%, RM formation was observed with both force fields,

and the RM dimensions (identified with those of an equivalent ellipsoid of uniform mass density

and with the same inertia tensor – see Section 3.1) were practically identical. The detailed results

are presented in the Supporting Information.

A constant temperature of T = 298 K was maintained with a Nosé-Hoover thermostat. Periodic

boundary conditions were applied in the x and y directions. A constant external force was applied

to the outermost surface atoms of the upper surface to allow the pressure of the system to be

controlled; the z coordinates of the outermost atoms of the lower surface were fixed in space.

Typically, an applied pressure of 1000 atm was chosen. The average surface-surface separations

under these conditions were Lz ' 70 Å in n-heptane and Lz ' 40 Å in toluene. From earlier work

on bulk GMO in n-heptane or toluene, it is known that the diameters of GMO RMs are in the range

10



25–30 Å.32 In addition, the xy two-dimensional radial distribution functions in similar systems

show that the positional correlations between atoms decay over distances of 10–15 Å. Therefore,

the dimensions of the fluid layer are just large enough to accommodate the anticipated structures

without strong interactions between periodic images and concomitant finite-size effects.

In simulations under static conditions, the system was equilibrated for 1 ns followed by a

production run of 5 ns. To apply shear, the outermost atoms of the lower and upper surfaces were

given a constant sliding velocity ±vs/2 in the x direction. The thermostat was applied only in the y

direction to ensure that the steady-state velocity profile vx(z) was not disturbed. Velocities of 2.00,

5.00, 6.25, 10.0, 20.0, 40.0 and 100 m s�1 were investigated, giving effective shear rates ġ = vs/Lz

in the range 108–1010 s�1. The system was equilibrated under static conditions for 1 ns, and then

under shear conditions until the velocity profile no longer varied with time and became linear near

the center of the fluid layer; this was typically achieved in less than 5 ns. A 5 ns production run

under shear conditions was then carried out.

The kinetic friction coefficient µ was calculated using the extended Amontons-Coulomb law

FL = F0 + µFN, where FL and FN are the average total lateral (friction) force and normal force

(load), respectively, acting on the outermost atoms of each surface, and F0 is the Derjaguin offset

representing the adhesive surface forces.30 In simulations of similar systems under comparable

physical conditions, the Derjaguin offset was F0/A ' �1 atm and with a relative error of more

than 100%.31,32 Since the applied load corresponds to a pressure of 1000 atm, the term µFN � F0,

and hence the kinetic friction coefficient can be approximated by µ ' FL/FN. This approximation

has been tested explicitly in simulations of similar systems, and found to be accurate.31,32

11



3 Results and discussion

Figure 2 shows some simulations snapshots of GMO in n-heptane under static conditions, and with

low and high shear rates. In Figure 2(a)–(c) the GMO was included as a RM (system H+RM). Un-

der static conditions, the RM remains suspended in the liquid, while under shear conditions, the

RM migrates to the surface and adsorbs, flattening in the process. In Figure 2(d)–(f) the nonag-

gregated GMO molecules adsorb on both surfaces with roughly equal probability. Detailed results

will be presented separately for static conditions (section 3.1) and shear conditions (section 3.2).

3.1 Simulations of GMO in n-heptane and toluene under static conditions

Systems were first studied under static conditions. The structure of the fluid layer was characterized

with mass-density profiles r(z), one each for GMO and solvent. Figures 3(a)-(d) and 4(a)-(d) show

the mass-density profiles in n-heptane and toluene, respectively. The abscissas cover the same

range on both sets of graphs for ease of comparison.

In dry solvents, the introduction of nonaggregated GMO molecules [system H – Figure 3(a)

– and system T – Figure 4(a)] results in adsorption on to each mica surface with roughly equal

probability. The GMO is seen to form a compact layer around 10 Å thick on each surface, and

the mass-density profiles for the solvents show significant layering. Preformed GMO RMs in dry

solvents [system H+RM – Figure 3(b) – and system T+RM – Figure 4(b)] remain intact and stay

largely desorbed from the surfaces. Occasionally, individual GMO molecules dissociated from the

RM and adsorbed on to the surfaces, but this is a reversible process.

The positions of added water molecules are dictated by the GMO. The mass-density profiles

for nonaggregated GMO in solvents with added water [system HW – Figure 3(c) – and system TW

– Figure 4(c)] show that, in these cases, the water adsorbs on to the surfaces along with the GMO,

although the distribution is very uneven in case of system TW. When the GMO is added in the
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form of a RM [system HW+RM – Figure 3(d) – and system TW+RM – Figure 4(d)] the water is

concentrated in the core of the RM.

The dimensions of the RMs have been calculated as outlined in earlier work.55 Briefly, the

inertia tensor of an RM can be calculated by including all GMO molecules belonging to the RM.

Then, the dimensions of the RM (a  b  c) are identified with the lengths of the semi-axes of

an ellipsoid of uniform mass density, equal mass, and with the same inertia tensor. The radius of

gyration Rg can be derived from these dimensions using the formula R2
g = (a2+b2+c2)/5. This is

a standard approach to characterize the dimensions of a nonspherical object, and it has been shown

to give values of Rg that are consistent with those measured in experiments using SANS.55 It has

also been shown that the interface between the RM and the surrounding solvent is diffuse, and

more so in toluene than in n-heptane.55 This was done by calculating radial mass-density profiles

of GMO and solvent with respect to the RM center of mass. A diffuse GMO-density profile was

incorporated in to the analysis of the SANS data, leading to the aforementioned experimental

determination of Rg. The overall consistency between these results shows that the values of a,

b, c, and Rg are useful measures of the RM dimensions, despite the RM being a relatively small,

molecular-scale object. The results of this analysis are shown in Table 2, along with those measured

earlier in simulations of bulk liquids (and corroborated by SANS measurements).55 There are no

systematic differences, except that in dry solvents, the major semi-axis (c axis) decreases upon

confinement, while the presence of water is correlated with an increase in c upon confinement.

The orientations of the GMO molecules were examined by calculating various geometrical

properties of three selected atoms in each molecule. These atoms are shown in Figure 1(a). Oxygen

O is the oxygen of the terminal hydroxyl group, furthest away from the nonpolar tail. Carbon C9

of the oleate moiety is the double-bonded carbon closest to the head group, and carbon C18 is the

carbon in the terminal methyl group. The probability distributions of these atoms are noisy due to
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Table 2: Comparison between the dimensions of GMO RMs in bulk liquids55 and in confined
liquids (this work). a  b  c are the lengths of the semi-axes of an equivalent ellipsoid of uniform
mass density, equal mass, and with the same inertia tensor, and Rg is the corresponding radius of
gyration.

System bulk confined
a/Å b/Å c/Å Rg a/Å b/Å c/Å Rg

H+RM 15.8 18.0 23.1 14.9 16.4 18.0 21.4 14.5
HW+RM 15.2 18.3 23.4 14.9 15.5 20.5 25.0 16.0

T+RM 16.6 20.1 24.7 16.1 13.7 16.3 23.0 14.0
TW+RM 16.0 18.0 20.1 14.0 12.4 16.3 22.9 13.7

the small numbers of GMO molecules: some examples are shown in the Supporting Information.

It is clearer to examine some simple statistics, such as the average distances of the atoms from the

surface, and the average angles subtended by the atoms and the surface.

The average distances h(O), h(C9), and h(C18) of the atoms from the nearest surface are shown

(as functions of shear rate) in Figure 5: the results under static conditions are indicated by horizon-

tal dashed lines. In the systems with nonaggregated GMO, which adsorbs on to the surfaces, the

O atom is closest to the polar surface, and the C18 atom is furthest away. The results for systems

T+RM and TW+RM, with preformed RMs and under static conditions, show the opposite order-

ing because the polar head groups of the GMO molecules are buried inside the desorbed RMs,

and the nonpolar tails are pointing outwards towards the surfaces. The same thing happens in sys-

tems H+RM and HW+RM, but the results are not shown because the average heights are off the

scale at z ' 25–29 Å. The average positions of the C18 atoms in the toluene systems are similar,

irrespective of whether the GMO was nonaggregated and adsorbed or in a preformed RM. This is

accidental: the wall separation (Lz ' 40 Å), the radius of gyration of a GMO RM (Rg ' 14 Å), and

the position of the RM just happen to give similar values of h(C18) as in the case of nonaggregated

GMO.

To get an idea of the orientation of adsorbed GMO molecules, the average angle between the
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the average atom heights under static conditions [except for systems H+RM (b) and HW+RM (d)
where the atom heights are near the center of the fluid layer at z ' 25–29 Å].
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vector joining atoms O and C9, and the surface (xy) plane, was calculated. q = 90� corresponds to

a molecule sitting upright on the surface, while q = 0� corresponds to a molecule sitting flat on the

surface. It only makes sense to calculate this property for systems with adsorbed, nonaggregated

GMO molecules; the results for systems H, HW, T, and TW are shown by the dashed lines in

Figure 6. These show that in systems H, HW, and TW, the GMO molecules are anchored on to the

surface in a slightly upright orientation (q ' 50–65�). In system T, the GMO molecules are flatter

on the surface (q ' 20�) which could be due to packing with neighboring planar toluene molecules

that are lying on the surface ‘face down’.

3.2 Simulations of GMO in n-heptane and toluene under shear conditions

Shear conditions were achieved by specifying a constant sliding velocity ±vs/2 in the x direction

for the surface atoms of the top and bottom surfaces, to achieve a relative sliding velocity of vs.

With a wall separation Lz, this corresponds to a nominal shear rate ġ = vs/Lz. Applied shear in

the xz plane sets up a velocity gradient vx(z). Velocity profiles for n-heptane and toluene systems

with a sliding velocity vs = 10 m s�1 are shown in Figure 7(a) and (b), respectively. In every case,

the velocity profile is linear in the middle of the fluid, and the effective shear rate ġeff is greater

than the nominal one. Near the walls (z ' ±Lz/2) there may be layers moving at or near the wall

velocity ±vs/2. These layers are due to molecules and/or RMs adsorbed on the walls. Mass-

density profiles under shear conditions in n-heptane and toluene are shown in Figures 3(e)-(h) and

4(e)-(h), respectively, and will be discussed in conjunction with the velocity profiles.

The velocity profiles can be analyzed to yield apparent ‘stick’ lengths at each surface, these

being approximately equal to the thicknesses of the adsorbed layers. A schematic diagram of the

fitting of the velocity profile is shown in Figure 7(c). In the linear regime, the velocity profile is
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with increasing shear rate. In (a), (c), (e), and (g) the dashed lines indicate the average angles
under static conditions.
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Figure 7: Velocity profiles for systems under shear conditions with sliding velocity vs = 10 m s�1.
(a) Systems in n-heptane with and without a preformed RM (H+RM and H, respectively). (b)
Systems in toluene with and without a preformed RM (T+RM and T, respectively). (c) Schematic
diagram of the fitting of the velocity profile: l� and l+ are the stick lengths at the z < 0 (‘lower’)
and z > 0 (‘upper’) surfaces, respectively.

fitted with the equation

vx(z) = ġeff(z� z0) (1)

where ġeff is the effective shear rate, and vx(z0) = 0. From the fitted parameters, the apparent stick

lengths at the z < 0 (‘lower’) surface (l�) and the z > 0 (‘upper’) surface (l+) are given by

l± =
1
2

✓
Lz �

vs

ġeff

◆
⌥ z0. (2)

The fits for all systems with vs = 10 s�1 are shown in Figure 7(a) and (b), and the fit parameters

are given in Table 3.

In n-heptane with nonaggregated GMO (systems H and HW) z0 is very close to the middle of

the layer, and l� and l+ are somewhat similar. The corresponding mass-density profiles in Figure

3(e) and (g) show that the GMO (and water, if present) are adsorbed on both surfaces with roughly
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equal probability. The thicknesses of the GMO layers are in the range 5–10 Å, which are in good

agreement with l±. When a GMO RM is added to n-heptane, z0 is almost 10 Å from the middle

of the layer. In system H+RM, the stick length at the lower surface is l� ' 16 Å. Figure 3(f)

shows that the GMO RM is adsorbed at the lower surface. In system HW+RM, the stick length at

the upper surface is l+ ' 15 Å, and Figure 3(h) shows the GMO and water to be adsorbed on the

upper surface. To summarize, in n-heptane under shear conditions, nonaggregated GMO adsorbs

on to both surfaces with roughly equal probability, while preformed GMO RMs stay intact and

adsorb on one surface.

Table 3: Simulation results under shear conditions. Lz is the average wall separation, ġeff is the
effective shear rate, and z0 is the position of zero velocity in simulations with sliding velocity
vs = 10 m s�1. l� and l+ are the corresponding stick lengths in the z  0 and z � 0 layers,
respectively [see Figure 7(c) for an illustration]. µ0 and ġ0 are fit parameters from eq 3 describing
the kinetic friction coefficient as a function of the nominal shear rate ġ = vs/Lz. (µ0/2ġ0) is the
slope of the initially linear increase in µ with ġ .

System Lz/Å ġeff/1010 s�1 z0/Å l�/Å l+/Å µ0 ġ0/1010 s�1 (µ0/2ġ0)/10�10 s
H 78.6 0.1559±0.0053 �2.11±0.37 5.10±1.1 9.32±1.1 0.113±0.018 0.88±0.19 0.064±0.017

H+RM 73.9 0.1617±0.0020 9.67±0.18 15.69±0.43 �3.64±0.43 0.073±0.017 0.55±0.20 0.066±0.028
HW 71.2 0.1759±0.0030 1.49±0.18 8.65±0.52 5.66±0.52 0.144±0.035 1.15±0.35 0.063±0.025

HW+RM 71.7 0.1703±0.0017 �8.22±0.14 �1.71±0.32 14.73±0.32 0.112±0.025 0.92±0.25 0.061±0.021
T 37.0 0.4325±0.0071 0.289±0.087 7.23±0.21 6.65±0.21 0.1125±0.0056 0.760±0.062 0.0741±0.0071

T+RM 39.1 0.3917±0.0064 0.389±0.091 7.16±0.23 6.39±0.23 0.0944±0.0083 0.626±0.094 0.075±0.013
TW 40.1 0.3999±0.0040 �0.284±0.062 7.25±0.14 7.82±0.14 0.0957±0.0091 0.71±0.11 0.068±0.012

TW+RM 40.2 0.343±0.017 4.87±0.40 10.39±0.84 0.66±0.84 0.0915±0.0046 0.711±0.059 0.0643±0.0062

The mass-density profiles in Figure 4(e) and (g) show that in toluene, nonaggregated GMO

molecules adsorb on both surfaces with roughly equal probability. Figure 4(f) shows that a pre-

formed GMO RM in toluene disintegrates under shear conditions. In all of these cases, therefore,

one should anticipate a velocity profile with z0 near to the middle of the layer, and with roughly

equal stick lengths at both surfaces. The results in Figure 7(b) and Table 3 bear this out. When

a GMO RM is added to toluene with water, though, the RM remains intact and adsorbs on to one

of the surfaces, along with the water. Figure 4(h) shows that the RM and water are attached to the

lower surface. The results in Figure 7(b) and Table 3 are in agreement, and confirm that the stick

length on the lower surface is l� ' 10 Å.
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The calculated friction coefficients µ against the nominal shear rate in n-heptane and toluene

are given in Figures 8(a) and 8(b), respectively. As has been observed in many situations, µ

increases sublinearly with increasing ġ under high-shear conditions. The precise relationship is

suspected to be logarithmic.66–71 As shown explicitly in earlier work,24,31 an Eyring-like hopping

picture leads to the following equation, which accommodates linear behavior at low shear, and

logarithmic behavior at high shear:

µ = µ0 ln

2

4 ġ
2ġ0

+

s

1+
✓

ġ
2ġ0

◆2
3

5. (3)

Here µ0 and ġ0 are fitting parameters. At low shear rates (ġ/2ġ0 ⌧ 1) µ ⇡ µ0ġ/2ġ0, while at high

shear rates (ġ/2ġ0 � 1) µ ⇡ µ0 ln(ġ/ġ0). Hence, there is a crossover from linear to logarithmic

behavior at ġ ⇠ ġ0. Figures 8(a) and (b) show results for n-heptane and toluene, respectively,

along with fits using eq 3. Figure 8(c) shows all of the results plotted as µ/µ0 against ġ/ġ0 (on

a logarithmic scale), along with the universal curve from eq 3. The fitted curve is found to give

an excellent description of the simulated data in every case. The fit parameters are given in Table

3. Note that the variations in the fit parameters are quite small, and moreover the statistical errors

are significant. Ideally, a rigorous statistical test would be applied to judge the significance of

the variations. This would require sets of independent simulations for each system, and for each

shear rate, but these are already demanding calculations, and therefore a proper statistical test is

not really feasible. Instead, the following discussion will refer to percentage differences between

parameters, indicating trends with structure and composition.

The low-shear behavior is conveniently expressed by the initial linear slope (µ0/2ġ0). This is

given in Table 3, and it is not very sensitive to whether the GMO is added as an RM or in nonag-

gregated form, with the percentage changes being not more than 4%. The addition of water leads
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Figure 8: Kinetic friction coefficients µ as a function of the nominal shear rate ġ = vs/Lz in (a)
n-heptane and (b) toluene. In (c) all of the data are shown on a universal plot of µ/µ0 against ġ/ġ0,
where µ0 and ġ0 are fit parameters in eq 3.

to a small but systematic decrease in friction in the low-shear regime. The percentage decreases in

(µ0/2ġ0) are �2% [systems H(W)], �8% [systems H(W)+RM], �9% [systems T(W)], and �15%

[systems T(W)+RM]. This could be due to the strongly adsorbed water layers – shown in Fig-

ures 3 and 4 – lubricating the surfaces. Very thin layers of water confined between mica surfaces

remain fluid due to their high rotational and translational mobilities,72 to be contrasted with the

behavior of alkanes which can show solid-like ordering.45,73 Phosphoric acid confined between

silica surfaces undergoes polymerization at high temperature, leading to the production of water, a

reduction in the number of hydrogen bonds between acid molecules, and a reduction in friction.74

The correlation between hydrogen bonding and friction has been observed in other systems: for

example, the friction between peptides and hydroxylated surfaces is proportional to the number of

hydrogen bonds, and statistical theories have been constructed to explain the observed behavior.75

Figure 8(a) and (b) show that at high shear rates, the systems with preformed RMs have lower

friction coefficients than those with nonaggregated GMO. This is reflected in the values of µ0
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in Table 3, which dictates the friction in the high-shear regime. The percentage decreases in µ0

are �35% [systems H(+RM)], �22% [systems HW(+RM)], �16% [systems T(+RM)], and �4%

[systems TW(+RM)]. The main difference between the systems in n-heptane is that nonaggregated

GMO forms layers on both surfaces while a preformed RM flattens on one surface only. This

suggests that one high surface-coverage layer of GMO reduces friction better than two sparse ones:

a sparse, strongly adsorbed layer of GMO cannot provide a soft interface between the solvent and

the hard surface to reduce friction. The systems in toluene do not show such a strong effect,

probably because there are fewer GMO molecules per surface, and consequently both types of film

are sparse. The addition of water increases the fitted values of µ0 in systems H(W) (+27%) and

H(W)+RM (+53%), while the opposite is true in systems T(W) (�16%) and T(W)+RM (�3%).

In the case of n-heptane, this could be due to the coordination of water and the polar head groups

of GMO at the mica surface, leading to the GMO films becoming more structured and rigid: the

density profiles in Figure 3(e)–(h) show that the water is always strongly correlated with the GMO.

In system TW, Figure 4(f) shows that most of the water is on one surface, while the GMO is

distributed between two, and so the single thick water layer could be the cause of the small drop in

friction as compared to system T. The difference in µ0 between systems TW and TW+RM is too

small to rationalize.

As an aside, simulations of pure solvents at shear rates of ġ ' 0.5⇥1010 s�1 and the same wall

separations yield practically identical friction coefficients to those with GMO, within the statistical

uncertainties (shown for the latter in Figure 8). Crucially, though, in the pure solvents, the lengths

l± are negative (l+ = l� ' �8 Å and �1 Å in n-heptane and toluene, respectively) meaning that

there are slip planes at the interfaces between the solvent and the hard surfaces, and ġeff < ġ . In the

systems with GMO, the surface-adsorbed molecules reduce the effective thickness of the solvent

layer, and enhance the effective shear rate (leading to the values of ġeff > ġ shown in Table 3) and
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yet the friction coefficients remain practically the same. This shows the friction-reducing effect

of the soft interface between GMO and solvent, which offsets the increase in friction that arises

from an increased effective shear rate. Figure 8 shows that at shear rates ġ ⇠ 1010 s�1, the friction

coefficient µ ' 0.06–0.08. Even at lower shear rates (ġ ⇠ 109 s�1) the friction coefficients of

stearic acid and oleic acid in squalane (µ ' 0.25)31 and hexadecylamine in dodecane (µ ' 0.08)32

are higher. At least one contributing factor here is that n-heptane and toluene have lower viscosities

than dodecane and squalane.

As under static conditions, the heights of selected atoms in the GMO molecule (O, C9, and C18)

are useful in characterizing the molecular conformations near the surfaces. The average heights

of these atoms as functions of nominal shear rate in both n-heptane and toluene are shown in

Figure 5. In all cases, the hydroxyl-group oxygen O is closest to the surface, followed by C9 and

then C18. In most cases, the heights decrease with increasing shear rate, showing how the GMO

molecules – either nonaggregated or in an RM – flatten on the surface. The extent of this decrease

appears greater in the toluene systems, although because the wall separations are smaller in these

cases, higher nominal and effective shear rates have been reached at the highest sliding velocities.

Another possible explanation is that toluene is less structured near the surfaces (compare Figures

3 and 4) meaning that the GMO molecules are freer to flatten in the shear flow. In toluene, the

methyl C9 and alkene C18 GMO atoms show reductions of up to 50% in the distance from the

surface under shear, compared to the hydroxyl O atom, which exhibits a reduction of less than

10%. In n-heptane, the atoms in a GMO RM generally have higher average heights than those in

nonaggregated GMO, showing that the inherent structure of the RM stops the atoms from coming

in close contact with the surface. It was shown in earlier work that n-heptane penetrates the RM

less than does toluene, and so the average GMO concentration in an RM should be higher.55 In all

systems, the presence of water results in greater average GMO-atom heights than the corresponding
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systems without water. This shows that water is preferentially adsorbed to the surface and shielded

from the hydrophobic solvent by the GMO surfactant. The mass-density profiles in Figures 3 and

4 show the same effects.

The change in conformation of the GMO molecules with increasing shear rate is examined

further with the angle q defined in Section 3.1. q is shown as a function of nominal shear rate

for each system in Figure 6. As expected, q decreases with increasing shear rate as the molecules

flatten on the surface. In n-heptane, the average angle is greater for systems with a GMO RM,

showing that the greater packing of the GMO molecules in this situation leads to them ‘sitting up’

more than the more disperse, nonaggregated GMO molecules. Comparing systems H and HW, the

average height of the C9 atoms increases by 2–3 Å upon addition of water [Figure 5(a) and (c)]

while the angle decreases by about 10� [Figure 6(a) and (c)] and should lead to the C9 atoms being

closer to the surface (h ⇠ sinq ). This isn’t a contradiction: the angle effect is very small because

sinq decreases by only 20%, and this is outweighed by the water-layer effect. As shown by the

analysis of atomic heights, the angles show that the GMO molecules in toluene flatten more than

in n-heptane, reflecting the higher shear rates and/or lower surface coverages.

The snapshots in Figure 2 and the mass-density profiles in Figures 3 and 4 show that GMO

RMs can be at least metastable under both static and shear conditions, and that they can adsorb

on to a surface. To investigate the stability of a surface RM, a significantly larger mica surface

was constructed with dimensions of 110⇥ 116Å, and the surface micelle of 30 GMO was placed

in the middle of this surface in n-heptane at 5 wt%. The system contained approximately 66000

atoms (as shown in the Table of Contents graphic) and was run under static conditions for 16 ns

over 32 processors on a beowulf cluster. Snapshots of the RM at the start and the end of the

simulation are shown in Figure 9. These show that the RM remains intact, although one GMO

molecule diffused from the surface micelle to the other surface during the simulation. It could
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be that forming a micelle from free GMO on a surface is beyond the simulation timescale, due

to a more rapid initial physisorption of GMO on the surface, or perhaps a different number of

molecules are needed to form a surface RM. Notwithstanding this, it is suggested that beyond

the critical micelle concentration (CMC, estimated to be ⇠ 0.1 wt%) surface RMs of GMO are

expected to survive under shear, whereas below the CMC, only limited aggregation will occur.

Figure 9: Simulation snapshots of a GMO RM on a surface at the start (a) and the end (b) of a
16 ns simulation.

4 Conclusions

In this work, MD simulations of GMO in n-heptane and toluene solvents confined between mica

surfaces were studied to elucidate structural and frictional properties. It was shown that under

static conditions, nonaggregated GMO molecules adsorb onto both mica surfaces with roughly

equal probability, while preformed GMO RMs remain desorbed. The presence of water does not

affect the structures of these systems significantly.
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Under shear conditions, all systems show strong adsorption of GMO onto the mica surfaces. A

preformed GMO RM in n-heptane (with or without water) adsorbs on to one surface and remains

intact. In dry toluene, preformed GMO RMs disintegrate and the molecules adsorb on to both

surfaces with roughly equal probability, while in the presence of water, the GMO RM remains

intact and adsorbs on to one surface. With increasing shear rate, the GMO molecules (whether

nonaggregated or in a RM) flatten on the surface.

At the lower shear rates simulated, the friction coefficient itself does not vary significantly be-

tween different systems. The initial linear slope of the friction coefficient, extracted from fitted

parameters, indicates that friction is reduced slightly by the presence of water, pointing to a lubri-

cating role for adsorbed water molecules. The slope is not very sensitive to whether GMO is added

in nonaggregated form or as a preformed RM.

At the higher shear rates simulated, the presence of a RM can have a significant effect on

friction. In n-heptane, a reduction in friction is correlated with the adsorption of GMO on a single

surface, as happens with the addition of a preformed RM; nonaggregated GMO adsorbs on both

surfaces with equal probabilities. A single thick layer of GMO appears to reduce friction more than

two thin ones. The situation is not so clear in toluene, probably because the surface coverages are

lower, and so both types of film are thin. The presence of water increases the high-shear friction in

n-heptane significantly, possibly due to a structuring effect of the GMO layer by water molecules

at the surface. Again, the situation in toluene is not very clear, but water appears to reduce the

friction slightly.

Overall, the effects of solvent, GMO aggregates, and water on friction are quite weak under

low-shear conditions, but water consistently reduces friction. Under high-shear conditions, the

presence of RMs consistently reduces friction, while the effects of added water depend on solvent

and GMO surface coverage. The spatial distribution of GMO on the surfaces could also affect
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chemical corrosion and wear. Detailed ab-initio MD simulations on the required lengthscales and

timescales to study corrosion and wear are not yet feasible.
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