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Abstract

Understanding the behaviour of surfactant molecules on iron oxide surfaces is im-

portant for many industrial applications. Molecular dynamics (MD) simulations of

such systems have been limited by the absence of a force-field (FF) which accurately

describes the molecule-surface interactions. In this study, interaction energies from den-

sity functional theory (DFT) + U calculations with a van der Waals functional are used

to parameterize a classical FF for MD simulations of amide surfactants on iron oxide

surfaces. The Original FF, which was derived using mixing rules and surface Lennard-

Jones (LJ) parameters developed for nonpolar molecules, were shown to significantly

underestimate the adsorption energy and overestimate the equilibrium adsorption dis-

tance compared to DFT. Conversely, the Optimized FF showed excellent agreement

with the interaction energies obtained from DFT calculations for a wide range of sur-

face coverages and molecular conformations near to and adsorbed on α-Fe2O3(0001).
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This was facilitated through the use of a Morse potential for strong chemisorption in-

teractions, modified LJ parameters for weaker physisorption interactions, and adjusted

partial charges for the electrostatic interactions. The Original FF and Optimized FF

were compared in classical nonequilibrium molecular dynamics (NEMD) simulations

of amide molecules confined between iron oxide surfaces. When the Optimized FF was

employed, the amide molecules were pulled closer to the surface and the orientation of

the headgroups was more similar to that observed in the DFT calculations compared to

the Original FF. The Optimized FF proposed here facilitates classical MD simulations

of anhydrous amide-iron oxide interfaces in which the interactions are representative

of accurate DFT calculations.

Introduction

An improved understanding of the behavior of surfactant molecules on iron oxide surfaces

would benefit a range of applications; from stabilizing iron oxide nanoparticles for use as

biomarkers and catalysts,1 to extracting iron ore for steel production,2 and to protecting

steel surfaces for corrosion inhibition.3 Another application where the surfactant-iron oxide

interface is of particular importance are friction modifier additives to lubricate steel sur-

faces.4 Friction modifiers are added to lubricants to reduce friction and wear in machine

components,4 increase the energy efficiency of engineering systems, and ultimately reduce

fuel consumption and CO2 emissions.5

Within this class of additives, organic friction modifiers (OFMs) are notable because

they are based solely on C, H, O, and N atoms and are not environmentally harmful. OFMs

are amphiphilic surfactant molecules that contain nonpolar aliphatic tailgroups attached to

polar headgroups.4 They adsorb to metal, metal oxide, ceramic, or carbon-based surfaces

through their polar headgroups, and can eventually form high coverage monolayers.6,7 These

monolayers prevent the direct contact of opposing sliding surfaces due to van der Waals

(vdW) forces between proximal nonpolar tailgroups.4
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The majority of engine components are made from steel, which forms iron oxide surfaces

when exposed to air.8 Therefore, a wide range of experiments have been used to investigate

the nanoscale structure of surfactant films on iron oxide surfaces;4 from polarized neutron

reflectometry (PNR)7 to the quartz crystal micro-balance (QCM).9 The nature and strength

of surfactant adsorption on iron oxide has also been investigated through FTIR,10,11 X-

ray photoelectron spectroscopy (XPS)10,12,13 and polarization modulation-infrared reflection

absorption spectroscopy (PM-IRRAS)13 experiments. Moreover, the friction of surfactant

films on iron oxide surfaces has been studied experimentally at both the nanoscale14 and the

macroscale.4,15

In addition to these experimental studies, classical molecular dynamics (MD) simula-

tions have given unique insights into the nanoscale behaviour of OFM additive films.16 For

example, Doig et al.17,18 and Ewen et al.19–21 have used MD simulations to investigate the

nanoscale structure and friction behavior of a range of OFM molecules on α-Fe2O3 surfaces.

The accuracy of all MD simulations is heavily dependent on the force field (FF) used to

describe the interatomic interactions.20,22,23 Significant effort has been devoted to parame-

terizing FFs to accurately reproduce the bulk thermodynamic properties of a wide range of

organic liquids.24–29 However, relatively fewer FFs have been parameterized to accurately

represent the interactions between organic molecules and solid surfaces.30 In MD simula-

tions, the interfacial vdW and electrostatic interactions are usually represented through

Lennard-Jones (LJ)31 and Coulomb potentials. For example, INTERFACE-FF32 provides

LJ and partial charge parameters as a transferable extension for the non-bonded interac-

tions between organic liquids (using OPLS,24 CHARMM,28 AMBER,27 etc.) and several

silicate, aluminate, metal, oxide, sulfate, and apatite surfaces; however, no parameters for

iron oxide were included. Similarly, CLAY-FF33 includes LJ and partial charge parameters

for many metal hydroxide, oxyhydroxide, and clay surfaces, including iron oxides. However,

these parameters were developed primarily to model water adsorption and the suitability of

ClayFF for interactions at the surfactant-iron oxide interface has not been tested. Previous
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MD simulations of surfactant-iron oxide systems9,17–21 have thus relied upon the use of mix-

ing rules from LJ and partial charge parameters that were developed for the adsorption of

n-alkanes.34,35

First principles calculations, such as density functional theory (DFT), can be used to

accurately determine the nature and strength of the interactions between molecules and

surfaces.36–40 Optimal parameters can be developed to match interaction energies, Eint,

obtained from accurate DFT calculations in so-called interface FFs.30 Interface FFs have

been developed to facilitate accurate classical MD simulations of several molecules on iron

oxide surfaces; for example, water41 n-alkanes,42 and refrigerants.43 However, no interface

FF has been developed for surfactant molecules on iron oxide surfaces.

Recent DFT calculations40 have provided crucial insights into the interactions between

surfactants (carboxylic acid, amide, mono-glyceride) and α-Fe2O3(0001) surfaces. Specifi-

cally, all of these surfactants were found to strongly chemisorb on the iron oxide surface.

The carboxylic acid and glyceride molecules readily dissociated through the formation of a

surface hydroxyl group, which would complicate the development of a classical FF for MD

simulations. Conversely, the amide remained intact, making it a simpler target molecule

for interface FF parameterization. In this study, an amide-iron oxide interface FF will be

parameterized to match Eint values obtained from previous40 and new DFT calculations of a

wide range of amide surface coverages and molecular conformations near to and adsorbed on

α-Fe2O3(0001). Starting from an Original FF using parameters from the literature,34 impor-

tant parameters will be modified, and some interactions overhauled, to maximize agreement

with the accurate DFT calculations.

The interface FF is expected to be useful for classical MD simulations of a wide range of

applications where amide-iron oxide interactions are important, such as; stabilizing nanopar-

ticles,1 extracting iron ore,2 corrosion inhibition,3 and lubrication.4 As a final validation, the

Optimized FF will be compared to the Original FF in large-scale NEMD simulations to in-

vestigate the structure, flow, and friction of amide films on iron oxide surfaces.19 Studying
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the nanoscale structure of the absorbed films shows that the orientation of the headgroup

changes and the molecules are drawn closer to the surface when the Optimized FF is em-

ployed. However, for the preformed films studied here, which cannot be squeezed out of the

contact, the flow and friction behaviour is only slightly affected, which validates previous

work which used the Original FF.17–21

Methodology

The methodology for the DFT calculations will be discussed first, followed by details of

the parameterization of the Optimized FF, and finally utilization of the Optimized FF in

large-scale NEMD simulations.

DFT calculations

Procedure

The procedure for the DFT + U calculations was outlined in one of our recent publications.40

Therefore, only the most important aspects of the methodology are given here, while full

details can be found in Ref.40

The VASP software44–46 was used with the projector augmented wave (PAW) method47

and spin polarization. For Fe, 8 electrons were treated as valance electrons, 6 for O, 4 for C,

7 for N, and 1 for H. A non-local correlation functional was employed which includes vdW

interactions; optB86b-vdW.48,49 This vdW functional has been shown to perform extremely

well in a wide range of molecular adsorption studies.36–39 The plane-wave expansion was cut

off at 550 eV and a Monkhorst-Pack k-points mesh of 4 x 4 x 1 was used for the slab systems.

A Hubbard U − J = 4 eV (in the Dudarev approach)50 was added to account for electronic

correlations in the Fe 3d orbitals. This U correction results in a band gap of 1.98 eV for α-

Fe2O3, which is within the experimentally observed range (1.9-2.2 eV).51 Periodic boundary

conditions are employed in the x- and y-directions52 while 15 Å of vacuum was added in
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the z-direction to prevent interactions between neighboring cells. A dipole correction was

also used in the z-direction.52

Figure 1: a) The surfactant molecule considered for the parameterization, hexanamide
(HAm). b) Top (left) and side (right) view of the single Fe-terminated slab to represent
the substrate for the adsorption calculations. O is shown in red and Fe in gray. In the left
panel the blue box indicates the unit cell. The black box in the right panel shows the layers
which are kept fixed. Visualized with VMD.53

A single Fe-terminated α-Fe2O3(0001) slab (shown in Fig. 1) was selected as a repre-

sentative model for the surface of steel. This has been shown by numerous theoretical and

experimental studies to be the most stable termination of α-Fe2O3 at room temperature.54

The α-Fe2O3(0001) surface42 as well as the α-Fe2O3(001̄2) surface43 have been used in recent

FF parameterization studies. In tribology experiments, it is possible that the outer layer of

α-Fe2O3(0001) will become hydroxylated55 due to water contamination of the lubricant.56

However, XPS experiments have shown that surface hydroxyls can be displaced by long-chain

carboxylic acids and amines on iron oxide surfaces.57 Indeed, FTIR and XPS experiments

of carboxylic acid OFMs indicated that a mixture of direct carboxylate-Fesurf bonding and

carboxylate-OHsurf H-bonding occurs at the α-Fe2O3-water interface.11 Moreover, XPS ex-
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periments of carboxylic acid10,13 and amine12 OFMs at the α-Fe2O3-oil interface showed

that carboxylate-Fesurf and dative Namine-Fesurf bonding are the dominant interactions in

these cases. These observations suggests that direct OFM-Fe bonding (via inner sphere

complexes58) predominate for OFM adsorption at the α-Fe2O3-oil interface. Previous DFT

calculations on α-Fe2O3(0001) surfaces have shown a similar adsorption energy for amide

OFMs and carboxylic acid OFMs,40 so direct OFM-Fesurf bonding can also be reasonably

expected. Thus, although the steel used experimentally will present a range of surfaces ter-

minations,8 the selected system should be sufficient to capture the key interactions governing

amide adsorption at oil-steel interfaces.

Amide headgroups were chosen since they are commercially relevant and do not read-

ily dissociate on α-Fe2O3(0001) surfaces.40 The tailgroups in most commercial OFMs are

aliphatic chains containing 12-20 carbon atoms, mainly because they are readily available

from natural fats, are soluble in most base oils, and significantly reduce friction.4 Using

molecules of this size would be prohibitively expensive from a computational perspective

given the large number of DFT calculations required during this study. Since the focus

here is the interaction of the headgroups with the surface, the saturated tailgroups are the

minimum length to ensure that the geometry and partial charges within the headgroups are

representative of molecules with longer tails. Tests in our previous DFT study40 indicated

that C6 groups are sufficient to achieve this, so the parameterization was performed for

hexanamide (HAm), as shown in Fig. 1.

Two surface coverages of HAm molecules were considered, which can be quantified by the

number of molecules per area of surface, Γ. Specifically, a low coverage (LC) of Γ ∼ 1 nm−2

and a high coverage (HC) of Γ ∼ 4 nm−2. Our previous DFT study showed that at HC, when

the molecules in the monolayer are closely packed, they tend to adsorb almost vertically due

vdW stabilization between neighboring tailgroups.40 Conversely, molecules prefer to adsorb

flat with the tailgroups almost parallel to the surface at LC.40 An accurate representation of

vdW forces is crucial to reproduce such behavior and tests in our previous study40 showed

7
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that the vdW interactions between two pentane molecules (models for the tailgroups) with

the optB86b-vdW functional48,49 were within 3% of the MP2-calculated values.59

In total, 29 different DFT configurations were employed in the training dataset for the

parameterization. The most stable relaxed structures for HAm at LC (flat), LC (vertical),

and HC were taken from Ref.40 These configurations and the corresponding values of the

adsorption energy, Eads, from DFT are shown in Fig. 2.

Figure 2: Side and top view of the most stable adsorption structures from Ref.40 Adsorption
energy, Eads = -60.4 kcal mol−1 for LC (flat), -48.9 kcal mol−1 for LC (vertical), and -51.7
kcal mol−1 for HC. Marked distances between atom pairs are in Å. Visualized with VMD.53

Relaxed adsorption configurations, which showed slightly weaker adsorption compared

to those included in Ref.,40 as shown in the SI (Fig. S1), were also included in the training

dataset to prevent overfitting.60,61 These relaxed adsorption structures were further supple-

mented by systems in which the molecules were translated and/or rotated to ensure extensive

sampling of the conformational phase space.30 Specifically, single-point DFT calculations

were performed with the HAm molecules translated in the direction perpendicular to the

surface (z-scan) by 1.0 Å to 3.6 Å.41,62–64 These calculations were performed on both the

LC (flat) and LC (vertical) systems, to ensure that the Eint-distance profiles are accurately

described by the Optimized FF for both cases. Single-point DFT calculations were also

8
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performed on tilted conformations as intermediates between the flat and vertical cases.62

Since n-alkanes are also frequently included in large-scale NEMD simulations of amide-

iron oxide systems,19 Eads was also calculated for n-hexane on α-Fe2O3(0001). In the most

stable n-hexane adsorption structure obtained by structural relaxation, Eads = -28.4 kcal

mol−1, as shown in the SI (Fig. S2). This represents relatively stronger adsorption than

observed in previous DFT calculations of n-butane on α-Fe2O3(0001) which used vdW cor-

rection methods42 rather than the vdW functional employed here.48,49 The n-hexane molecule

in the relaxed configuration was also translated in the z-direction to obtain a z-scan of Eint

for this system. Since the focus of this interface FF is the behaviour of surfactants on iron

oxide, the n-hexane results were used to ensure comparable performance to other FFs,33–35

rather than forming part of the parameterization; as shown in the SI.

Interaction energy

The molecule-surface Eint was calculated by:40

Eint = (Esys − Esurf −Nmol × Emol)/Nmol (1)

where Esys is the total energy of the adsorbed system, Esurf is the total energy of the α-

Fe2O3(0001) slab, Emol is the total energy of the gas-phase molecule and Nmol is the number

of HAm molecules in each cell. A negative value of Eint, therefore, indicates an energetically

favorable interaction with respect to the isolated molecules and surface.

Interface force-field parameterization

Original force-field

The use of accurate all-atom FFs is critical to accurately reproduce the viscosity of bulk

organic liquids20,22 as well as the structure and friction of adsorbed monolayers.20,65 Here,

we use the optimized potentials for liquid simulations all-atom (OPLS-AA) FF,24,25 which

9
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includes parameters for the N, O, C, and H atoms in the amide headgroups.19 For C and H

atoms in the tailgroups and n-hexadecane molecules, updated parameters from L-OPLS-AA

FF26 are employed. L-OPLS-AA is a refinement of OPLS-AA specifically for long-chain

alkanes, which significantly improves the agreement with experimental density and viscosity

values for such molecules.20 The bonded and non-bonded parameters for the interactions

between the amide and n-hexadecane molecules are not changed during the parameterization.

Thus, only non-bonded interfacial interactions between atoms in the amide molecules with

the iron oxide surface atoms are directly parameterized.41–43 In most FFs, such interactions

are described using the 12-6 LJ31 and Coulombic pair potentials:30,32

Enon−bonded = ELJ + EC =
∑
i,j>i

[
4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

+
Cqiqj
rij

]
(2)

where C is an energy-conversion constant, qi and qj are the partial charges of atoms i and j,

rij is the distance between atoms i and j, εij is the depth of the LJ potential well between

atoms i and j, σij is the distance at which the inter-particle LJ potential is zero. Each atom

type is assigned unique q, ε, and σ parameters.

As a starting point (Original FF), LJ and partial charge parameters for the Fesurf and

Osurf atoms (εFe = 2.5 × εO) were taken from the FF due to Berro et al.34 LJ interactions

between dissimilar atoms are obtained using geometric mean mixing rules; σij =
√
σiσj, εij =

√
εiεj, as specified for the OPLS-AA FF.24 The choice of this FF over ClayFF33 and the FF

due to Savio et al.35 is rationalized in the SI (Fig. S3). The LJ and partial charge parameters

in the Original FF were developed to model the interactions between n-hexadecane molecules

and Fe2O3 surfaces.34 They have also been applied in several large-scale MD simulations of

surfactant-iron oxide systems.9,17–21

Interface force-field optimization procedure

The atomic coordinates from the DFT calculations were transferred into LAMMPS66 where

the energy calculations for the Original FF and Optimized FF were performed. This was

10
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facilitated using the Materials and Processes Simulations (MAPS) platform from Scienomics

SARL. As for the DFT calculations, periodic boundary conditions were applied in x and y

directions, with 15 Åof vacuum added in the z direction. The DFT systems were replicated

three times in the x and y directions to prevent the molecules from interacting with their own

periodic images.43 A cutoff of 12 Å was used for the LJ interactions. A slab implementation

of the particle-particle particle-mesh algorithm with a relative force accuracy of 10−5 was

used for the electrostatic interactions.67 Bonded and non-bonded interactions between the

HAm molecules were described by the L-OPLS-AA FF.24–26

The Optimized FF parameters were obtained using a particle swarm algorithm.68 The use

of a minimization algorithm provides a more systematic and efficient method compared to

the trial-and-error approaches commonly used for interface FF parameterization.41,42 Quasi-

Newtonian algorithms, which have been used in other interface FF parameterization stud-

ies43 and have been implemented in some parameterization software packages61,69 were also

tested. However, such methods require accurate initial guesses since they are more suited to

finding local minima. Conversely, particle swarm optimization can locate global minima;68

a full description of this algorithm is given in the SI. The optimization was performed using

relative deviations in Eint to the DFT values, as opposed to absolute deviations to ensure

that geometries with lower Eint (and the lower associated absolute errors) were given equal

weight.30 Force-matching70,71 was also included in the optimization for the relaxed DFT

configurations, as described in the SI.

Initially, standard 12-6 LJ and partial charge parameters were optimized, but this ap-

proach proved insufficient to represent the strong interactions observed in the DFT calcu-

lations. An extensive analysis of different potential combinations is discussed in the SI.

Ultimately, a combination of 12-6 LJ, Coulombic, and the Morse potential for the chemiso-

prtion interactions provided an excellent match to the DFT-calculated Eint values for the

wide range of configurations considered.
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Morse interactions

The DFT calculations in Ref.40 showed that for HAm molecules on α-Fe2O3(0001) surfaces,

Eads ≈ −50 kcal mol−1. Strong interactions between the oxygen atoms (Oamide) and nitrogen

atoms (Namide) in the amide headgroups with the surface iron atoms (Fesurf ) as well as

between the headgroup hydrogen atoms (Hamide) and the surface oxygen atoms (Osurf ) were

observed. Fig. 3 shows that the Oamide-Fesurf , Namide-Fesurf , and Hamide-Osurf interactions

all involve charge transfer between the headgroup and the surface atoms, which is indicative

of chemisorption.40

Figure 3: Side and top view of the electron density difference plots for the most stable
low coverage (LC) and high coverage (HC) structures of HAm. Green represents regions of
charge density depletion, while yellow represents regions of accumulation. The isosurface
level is 0.003 e a−3

0 (where a0 is the Bohr radius).

The 12-6 LJ potential used in the majority of classical FFs is better suited to reproducing

weaker physisorption interactions.62,63 Indeed, tests in which the surface LJ parameters and

partial charges were modified from the Original FF showed only marginal improvement, as

shown in the SI (Fig. S4-5). Therefore, to significantly improve the agreement between the

Optimized FF and the DFT calculations, it was necessary to change the functional form

of the Oamide-Fesurf , Namide-Fesurf , and Hamide-Osurf interactions. Much better agreement

12
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between the Eads values from DFT calculations and the Optimized FF was obtained when

the Morse potential was fit for these interactions:

EMorseij = Dij

[
e−2αij(rij−r0ij) − 2e−αij(rij−r0ij)

]
(3)

where Dij is the well depth, r0ij is the equilibrium distance and αij determines the width

of the potential.72 The three tunable parameters allows the Morse potential to have both

a deep potential well to reproduce strong short-range binding, but also decay in a manner

consistent with the DFT calculations. This is not possible with LJ potentials which have a

fixed ∼ r−6 decay and only two tunable parameters.60 Moreover, the 1/r12 repulsion used in

LJ is used primarily for numerical convenience, while the exponential repulsion in the Morse

potential has more physical motivation.70 Indeed, the Morse potential has been shown to

more accurately reproduce Eads from DFT compared to LJ potentials for a wide range of

molecules on solid surfaces, for example; α-olefins (ethene to 1-decene) on Al(001) surfaces,70

1,4-bis(cyanophenyl)22,5-bis(decyloxy)-benzene on KCl(100),60 gases (H2, O2, N2, CO, H2O,

H2S) on alkali metal-doped carbon nanotubes,63 and water on Au(111).64 Of particular

relevance to this study, Morse interactions have also been used to accurately represent the

S-Au chemisorption interactions of thiol molecules on Au surfaces.73,74

Optimized FF parameters

In the Optimized FF, nine parameters were fitted to Morse potentials to represent the strong

Oamide-Fesurf , Namide-Fesurf , and Hamide-Osurf interactions. Since the interactions between

the remaining atom type pairs in the surface and HAm were of a physical rather than

chemical nature, they were simultaneously fitted with a 12-6 LJ potential. It was sufficient

to only change the surface LJ parameters and use geometric mean mixing rules for these

weaker interactions rather than fitting each atom pair individually,43 so this only added four

parameters to the fitting. Note that the LJ interactions are ignored for the Oamide-Fesurf ,

Namide-Fesurf , and Hamide-Osurf interactions in the Optimized FF. The partial charges of
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the Fesurf and Osurf atoms were also adjusted to maximize agreement with the Eads values

from the DFT calculations. A charge neutrality constraint was imposed on the surface (Fe:O

charge ratio = 3:2), so only one additional parameter was required to determine the Fesurf

and Osurf partial charges. In total, 14 parameters were included in the fitting procedure.

The final parameters for the Optimized FF are presented in Table 1. The parameters

are in general agreement with those developed previously for other molecular adsorption

systems. The Morse parameters for the Oamide-Fesurf and Namide-Fesurf are broadly similar

to those developed for S-Au interactions of thiol molecules on Au surfaces.73,74 Experimental

values of Eint are not available for amides; however, XPS experiments of amines showed that

dative Namine-Fesurf bonding dominates the interactions,12 while carboxylate-Fesurf bonding

did so for carboxylic acids.10,13 MP2 level calculations have shown that Eint ≈ 5 kcal mol−1

for amide-water H-bonds (when water is the H-bond acceptor),75 which is similar to the

Hamide-Osurf Morse parameters used here. The LJ and partial charge parameters are only

slightly changed from those used in the Original FF34 (see Table S1).

Table 1: Final LJ, Morse and partial charge parameters for Optimized FF

ε / kcal mol−1 σ / Å q / e
Surface LJ*
Fesurf 0.28 2.09 0.645
Osurf 0.25 2.41 −0.430

D / kcal mol−1 r0 / Å α / Å−1

Morse
Oamide-Fesurf 17.79 2.16 1.64
Namide-Fesurf 10.80 2.61 2.78
Hamide-Osurf 3.00 1.98 2.15

*Parameters for HAm remain unmodified from L-OPLS-AA,24–26 and the re-
maining LJ parameters are determined by geometric mean mixing rules.
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Large-scale NEMD simulations

Simulation set-up

As a final validation, the Optimized FF was tested in large-scale confined NEMD simula-

tions of amide films adsorbed on α-Fe2O3 surfaces, separated by a thin layer of n-hexadecane.

In previous simulations of similar systems,17–21 the molecule-surface interactions were repre-

sented by LJ and Coulomb potentials, with the α-Fe2O3 surface parameters taken from Berro

et al.34 In this section, this Original FF (Table S1) will be compared to the Optimized FF

(Table 1) in large-scale NEMD simulations. The L-OPLS-AA24–26 FF was used to represent

interactions between the amide and n-hexadecane molecules.

The simulation procedure is similar to that described in one of our previous studies.19

Therefore only the most important details are included here, while the full methodology can

be found in Ref.19 The systems consist of a thin layer of n-hexadecane lubricant confined

between amide films adsorbed on two α-Fe2O3(0001) slabs with x, y, z dimensions of 55, 55, 12

Å. Periodic boundary conditions were applied in the x and y directions, so the amide or n-

hexadecane molecules could not be squeezed out of the contact.76

The NEMD simulations were performed using LAMMPS,66 and the equations of motion

were integrated with the velocity Verlet algorithm with a time step of 1 fs. Fast-moving

bonds involving hydrogen atoms were constrained with the SHAKE algorithm.77 The α-

Fe2O3 slab atoms were restrained by harmonic bonds between atoms within 3 Å, with a

force constant of 130 kcal mol−1 Å−1.34

Stearamide (SAm), which has a C18 tailgroup rather than C6 tailgroup in HAm, was used

since it is more representative of commercial OFMs.4 SAm molecules were placed 3 Å from

both of the solid surfaces prior to energy minimization. This is similar to the use of preformed

Langmuir-Blodgett films in friction experiments.78 Three different surface coverages of SAm

were considered. A HC, where Γ = 4.32 nm−2 (close to the maximum theoretical value);79

a MC, where Γ = 2.88 nm−2 (∼ 2/3 maximum); and a LC, where Γ = 1.44 nm−2 (∼ 1/3
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maximum). 70 n-hexadecane molecules, equivalent to two molecular layers, were randomly

inserted between the SAm films. This has been shown in previous squeeze-out simulations

to be representative of the amount expected between OFM films under boundary lubrication

conditions at 0.5 GPa.19

Simulation Procedure

The large-scale NEMD simulations consisted of three phases; minimization, compression and

sliding. Starting with a density similar to that of liquid n-hexadecane (0.75 g cm−3), the

system was energy minimized. The system was then pressurized (0.5 GPa) and it was ther-

mostatted (300 K) in the directions perpendicular to the compression and shear directions.

Temperature was maintained with a Langevin thermostat with a relaxation constant of 0.1

ps.80 Pressure was applied by adding a constant force to atoms in the outermost layer of the

top slab, while keeping the outermost layer of atoms in the bottom slab fixed in the z direc-

tion. The systems were compressed for 500 ps, which was sufficient for the slab separation

to reach a constant average value.

A velocity of v = ±10 m s−1 was added to the outermost layer of atoms in each slab such

that vs = 20 m s−1. Four independent NEMD simulations were run for each coverage/FF

combination, with the top slab sliding in the x, −x, y and −y directions to account for

potential friction anisotropy.81 The sliding simulations were conducted for approximately 1

ns which was sufficient to reach a nonequilibrium steady state. Any heat generated during

the sliding was dissipated using a thermostat acting only on the middle 10 Å of the α-Fe2O3

slabs, applied only in the y-direction (perpendicular to both the sliding and compression).

This approach ensures that the dynamics of the confined liquids molecules is not unphysically

influenced under sliding conditions.82 Using this thermostatting method, the temperature

rise within the liquid region was negligible under the studied conditions.19
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Results and Discussion

Interface force-field parameterization

To assess the performance the Optimized FF, Eint was compared to the Original FF and

accurate DFT calculations using the optB86b-vdW functional48,49 for a wide range of config-

urations. Fig. 4 shows z-scans of Eint for LC (flat) (a) and LC (vertical) (b) HAm configura-

tions obtained using DFT calculations, the Original FF, and the Optimized FF. Comparisons

of z-scans of Eint to the DFT calculations for ClayFF33 and the FF due Savio et al.35 are

shown in the SI (Fig. S3). In the DFT calculations, adsorption is stronger for the LC

(flat) case (Eads = -60.0 kcal mol−1) compared to LC (vertical) (Eads = -48.4 kcal mol−1)

conformation owing to vdW interactions between the tailgroups and the surface atoms.40

Figure 4: z-Scans of Eint for the a) LC (flat) and b) LC (vertical) HAm configurations. Solid
gray line is spline interpolation to DFT data, dashed orange line is Original FF,34 dashed
blue line is Optimized FF.

Comparing the Original FF34 to the DFT calculations, when the HAm molecules are

≥ 2.5 Å from the surface and Eint is relatively weak, reasonable agreement is achieved for

both the LC (flat) and LC (vertical) conformations. However, as the HAm molecules are
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moved closer to the surface, the agreement with DFT becomes much poorer. Firstly, the

equilibrium adsorption distance, zeq ≈ 1.9 Å for the Original FF, which is ∼ 0.4 Å larger

than the 1.5 Å obtained using DFT. Moreover, Eads ≈ -20 kcal mol−1, which is much

lower than the value obtained from DFT, Eads ≈ -50 kcal mol−1. As is commonly observed

for LJ potentials,62,70,83 the repulsive energy at small molecule-surface separations is also

considerably overestimated.

Conversely, the Optimized FF shows excellent agreement with the z-scan of Eint from

the DFT calculations for both the LC (flat) and LC (vertical) HAm conformations. Note

that Fig. 4 also includes configurations ≤ 1.0 Å from the surface which were not included

in the training dataset. The repulsive energy for these configurations is overestimated as

a result of the unphysically steep repulsive term in the 12-6 LJ potential.62,70,83 However,

the overestimation for the Optimized FF is much less severe than for the Original FF. It

is noteworthy that the very high energy configurations are unlikely to be accessed in MD

simulations and therefore the accuracy of these energies is less important.62 Nevertheless, the

Optimized FF will correctly predict repulsive energies in order to avoid sampling unrealistic

configurations in the MD simulations. To match the DFT energies for the closest-ranged con-

figurations, Morse parameters would need to be fit for all of the non-bonded interactions;83

however, this would complicate the optimization procedure and would risk overfitting.60,61

Further improvements could perhaps be obtained by using a more computationally expensive

polarizable FF69 rather than the partial charge model employed here for the electrostatic

interactions.

Although it was not used in the parameterization, it was also ensured that z-scan for a

relaxed n-hexane molecule on α-Fe2O3(0001) was accurately reproduced with the Optimized

FF. For both the Original FF and Optimized FF, Eads for n-hexane on was underestimated

compared to that obtained from the DFT calculations, as shown in the SI (Fig. S6). To

improve agreement with the DFT calculations for n-hexane, εFe could be increased, similar

to the approach used by Savio et a.35 However, this would negatively influence the agreement
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of the Optimized FF with the DFT results for the HAm molecules, which was the main aim

of this study. Alternatively, improved agreement could be obtained by developing Morse

parameters for the interaction of C and H atoms in n-hexane with the surface atoms,83 but

this is beyond the scope of this current study.

Figure 5: Comparison of the interaction energy, Eint, from the Optimized FF and DFT
calculations for all of the configurations investigated. Solid line represents perfect fitting,
dashed lines represent the RMS error of 2.45 kcal mol−1.

A comparison between the Eint values obtained from the Optimized FF and the DFT

calculations for all of the configurations included in the parameterization is shown in Fig. 5.

The linear fit of these data has an R2 value of 0.98, representing a dramatic improvement

over the Original FF34 and other alternatives shown in the SI (Fig. S3-4). Overall, the

deviations between the FF and DFT energies amount to a root mean square (RMS) error

of only 2.5 kcal mol−1, which is an order of magnitude smaller than the strength of the

interactions. Thus, the performance of the Optimized FF compares favorably with interface

FFs developed for other molecule-surface combinations where direct comparisons between

Eint from the FF and DFT were conducted.43,62,64
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Large-scale NEMD simulations

In the final stage, the Optimized FF was compared to the Original FF34 in large-scale NEMD

simulations of amide films adsorbed on α-Fe2O3(0001) surfaces at 300 K. Fig. 6 shows number

density profiles for the SAm headgroup (amide C, O, H, N) atoms which give indications

regarding the orientation of the headgroups. Number density profiles shown for the top wall

moving in the +x direction, results for −x, +y, and −y are shown in the SI (Fig. S7-9).

Figure 6: Number density profiles for SAm and n-hexadecane atoms for the Original FF (top)
and optimized FF (bottom) under sliding conditions. Top wall moved in the +x direction.

Generally, the atomic number density peaks in Fig. 6 become more intense as the coverage

is increased from LC to HC for both the Original FF and the Optimized FF, which is

indicative of more ordered molecules. For the Original FF, there are two Hamide peaks in

Fig. 6 which have similar intensity to each other at LC, MC, and HC. The Original FF

also shows single Oamide and Namide peaks which are approximately equidistant from the

surface at all coverages considered. This is unsurprising since these atoms have similar LJ

parameters (σO = 2.96 Å, εO = 0.21 kcal mol−1, σN = 3.25 Å, εN = 0.17 kcal mol−1)24

which govern the interaction strength and distance with the surface atoms. Previous NEMD

studies with the Original FF19 have shown that the SAm tailgroups become more upright as
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the coverage is increased. However, these current results suggest that the headgroups remain

in a similar conformation as the coverage is increased.

The DFT calculations suggest that the headgroup conformation is actually rather sensi-

tive to surface coverage, as shown in Fig. 2. In the most stable (Eads = -60.4 kcal mol−1) LC

(flat) conformation, the two Hamide atoms are at a similar z-distance from the surface (within

0.2 Å). In this conformation, both of the Hamide atoms H-bond with Osurf atoms, as shown in

Fig. 3. In the LC (vertical) conformation, which has lower stability (Eads = -48.9 kcal mol−1),

two distinct Hamide-Osurf distances are observed (separated by ¿ 1.0 Å). In this case, only

one Hamide atom H-bonds with a Osurf atom and the vdW interactions between the tailgroup

atoms and the surface are much weaker.40 Two Hamide-Osurf distances (separated by ¿ 1.0

Å) are also observed at HC (Eads = -51.7 kcal mol−1); one Hamide atom H-bonds with a Osurf

atom, and the other which H-bonds with the Oamide atom in a neighbouring molecule, as

shown in Fig. 3. It is noteworthy that several almost isoenergetic conformations with slightly

different Hamide-Osurf distances were also observed in the DFT calculations; those included

in the paramterization are shown in the SI (Fig. S1). In Fig. 6, the separation between

the two Hamide peaks ∼ 1.0 Åat all coverages for the Original FF. Collectively, this suggests

that, when using the Original FF, the SAm headgroups adopt an intermediate conformation

between LC (vertical) and LC (flat) (Fig. 2) from DFT, irregardless of the surface coverage.

Fig. 6 shows that the headgroup conformations are rather different when using the Op-

timized FF, particularly at MC and HC. The headgroup C atom peak is ∼ 0.4 Å closer

to the surface at all coverages studied for the Optimized FF compared to the Original FF,

which corresponds to the shift in zeq shown in Fig. 4. At LC, there are two Hamide peaks

(separated by ∼ 1.0 Å) and single Oamide and Namide peaks, with the latter slightly (∼ 0.5 Å)

closer to the surface. This suggests an intermediate between the LC (flat) and LC (vertical)

conformations shown in Fig. 2 for the Optimized FF at LC, similar to the Original FF. Three

separate Hamide peaks are observed in Fig. 6 at MC and HC, the middle of which is the most

intense and the latter two are separated by ¿ 1.0 Å. There are also two Oamide and two
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Namide peaks, with the first Oamide peak closest to the surface, followed by the first Namide

peak. This suggests that two different headgroup conformations are present when using the

Optimized FF at MC and HC. One of these conformations is probably the most stable HC

system shown in Fig. 2 (Eads = -51.7 kcal mol−1) and the other the HC system shown in

the SI (Fig. S1), which is slightly less stable (Eads = -50.5 kcal mol−1). As the coverage

increases, there are larger steric interactions between neighboring SAm molecules, which

retards molecular rearrangement. Consequently, the SAm molecules are unable to rearrange

themselves to reach the lowest Eads conformations at MC and HC, and can become trapped

in geometries with slightly lower stability. In summary, the Optimized FF more faithfully

reproduces the relaxed DFT conformations shown in Fig. 2 and Fig. S1 in large-scale NEMD

simulations.

Fig. 7 shows atomic x-velocity profiles separated into 1.0 Å spatial bins in the z direction,

vx(z). These are overlaid with SAm and n-hexadecane mass density profiles from 0.05

Å spatial bins in z, ρ(z). Profiles for the top wall moving in the +x direction are shown in

Fig. 7, profiles for the top wall moving the −x, +y and −y directions are shown in the SI

(Fig. S10-12).
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Figure 7: Velocity profiles for atomic velocities along the x direction from 1.0 Å spatial bins
in z, vx(z). SAm and n-hexadecane mass density profiles from 0.05 Å spatial bins in z, ρ(z),
are overlaid. Top wall moved in the +x direction.

Fig. 7 suggests that, for all of the coverages studied, the structure and flow behaviour

remains broadly similar for the Original FF and the Optimized FF. The mass density profiles

show that the SAm films become thicker and show more layering with increasing coverage.

Generally, fewer peaks are apparent when using the Optimized FF compared to the Origi-

nal FF, suggesting less structured, more liquid-like films.19 The overlap between the SAm

and n-hexadecane peaks decreases with increasing coverage, indicating less interdigitation.

There is also slightly more interdigitation for the Optimized FF compared to the Original

FF. Increased interdigitation has been shown to lead to higher friction in previous NEMD

simulations of adsorbed surfactant films.19,84 Thus, purely from the mass density profiles,

friction is expected to decrease with increasing coverage and to be slightly higher for the

Optimized FF compared to the Original FF.

The velocity profiles indicate that the SAm headgroups move at the same velocity as the

wall to which they are adsorbed. The tailgroups move at the same velocity as the headgroups

until the outer region where they interdigitate with the n-hexadecane molecules, at which
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point they start to be sheared.19 At LC, n-hexadecane penetrates the entire film, so all but

the first strongly adsorbed layer, i.e. the central ∼ 15 Åis sheared. Interdigitation occurs ∼

10 Åinto the MC film and the 10 Åthick central region is sheared. At HC, negligible shear

occurs because slip planes form between the solid-like SAm films and the n-hexadecane

lubricant.19,21 At all coverages, the velocity profiles are essentially indistinguishable between

the Original FF and the Optimized FF, suggesting similar flow behaviour.

The friction behaviour was also compared between the Original FF and the Optimized

FF, as shown in Fig. 8. The friction coefficient was calculated using the Amontons-Coulomb

friction law under the high load approximation: FL/FN = µ + F0/FN ≈ µ, where FL and

FN are respectively the mean lateral (friction) force and normal force acting on the outer

layer of atoms in each slab, and F0 is the load-independent Derjaguin offset representing

adhesive surface forces. Previous NEMD simulations have confirmed the applicability of

this approximation for OFM films between atomically-smooth surfaces with a separating

lubricant layer.17–19 Points and error bars in Fig. 8 represent the mean and one standard

deviation between the steady state friction coefficient from simulations with the top wall

moving in the +x, −x, +y, −y directions. This was to improve statistics as well as to

account for potential friction anisotropy.81
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Figure 8: Change in the friction coefficient, µ, with surface coverage for the Original FF
compared to the Optimized FF. Circles and error bars represent the mean and one standard
deviation between the steady state friction coefficient with the top wall moved the +x, -x,
+y and -y directions.

For both the Original FF and the Optimized FF, the friction coefficient in Fig. 8 decreases

approximately linearly with increasing surface coverage. This is in general agreement with

previous NEMD simulations of surfactant-lubricated systems19,84 as well as atomic force

microscopy experiments.85,86 In macroscopic friction tests, surfactant concentration rather

than surface coverage is usually varied since this is much easier to measure and control.

However, in boundary friction experiments15 surfactant molecules with saturated tailgroups,

which have been shown to form higher coverage films than those containing Z-unsaturation,7

gave lower friction. Thus, the friction results in Fig. 8 are in qualitative agreement with

trends from nanoscopic85,86 and macroscopic15 friction experiments.

The friction coefficients in Fig. 8 are all somewhat higher compared to those reported in

Ref.,19 but these are not directly comparable since the system and conditions are different.

In Fig. 8, for all of the coverages studied, the mean friction coefficient is slightly higher for

the Optimized FF compared to the Original FF; however, the difference is only statistically

significant for the LC and MC cases. This is probably a consequence of the stronger amide-

surface binding which leads to more disordered films and increased interdigitation. The
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similarity between the FFs is perhaps unsurprising given that the OFM films are preformed

on the surfaces (similar to Langmuir-Blodgett experiments)78 and periodic in the lateral di-

rections, which prevents molecules being squeezed out.76 Since the molecules cannot leave the

contact, the stronger molecule-surface interactions only weakly affect the friction behaviour,

which is dominated by the tailgroup interdigitation.19,84 Therefore, these simulations with

the accurate Optimized FF validate the results of previous NEMD studies17–21 which used

the Original FF34 derived from mixing rules and parameters developed for n-alkane adsorp-

tion. However, much larger differences between Original FF and Optimized FF are expected

for other types of classical MD simulation. For example, the results of nanotribological

simulations in which the surfactant molecules can be squeezed out of the contact will be

more dependant upon the molecule-surface interaction strength.76,87 The molecule-surface

interaction strength will also affect simulations of surfactant adsorption from nonpolar sol-

vents.9,88 The Optimized FF developed here will facilitate MD simulations of amides on iron

oxide surfaces in which the molecule-surface interactions faithfully reproduce interactions

from accurate DFT calculations.

Unlike NEMD simulations of thiol monolayers adsorbed on gold surfaces,81 no systematic

difference in the friction coefficient between the different sliding directions (friction asym-

metry) was observed in these simulations. This is probably due to the thin lubricant layer

which separates the OFM films.19 However, the smaller error bars in Fig. 8 indicate that

there was less variation in the friction coefficient between the different sliding directions

when the Optimized FF was used compared to the Original FF, particularly at MC.

Conclusions

In this study, an Optimized FF was developed for MD simulations of the anhydrous interface

between the amide surfactants and iron oxide surfaces. DFT + U calculations using an accu-

rate vdW functional were performed on a wide range of HAm geometries on α-Fe2O3(0001)
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to ensure extensive sampling of the conformational phase space. The polar amide head-

groups strongly chemisorb on the surface and it was found that these interactions could not

be accurately represented with a standard LJ potential. Instead, a Morse potential was used

for the most strongly interacting molecule-surface atom pairs; Oamide-Fesurf , Namide-Fesurf ,

and Hamide-Osurf . Different optimization algorithms and constraints were tested, which ul-

timately yielded excellent agreement between the Optimized FF and the DFT calculations.

The Optimized FF was tested in large-scale NEMD simulations of a thin layer of n-

hexadecane lubricant confined between amide films with different coverages adsorbed on iron

oxide surfaces. The amide molecules were drawn closer to the surface and the orientation

of the headgroup was more similar to that observed in the DFT calculations when the

Optimized FF was employed. However, for the systems and conditions studied, the velocity

profiles and friction coefficient are very similar for the Original FF and the Optimized FF.

Since the molecules cannot be squeezed out of the contact, the stronger molecule-surface

interactions do not significantly affect the friction behaviour, which is dominated by the

tailgroup interdigitation. Therefore, these results validate the findings of previous NEMD

studies which used the Original FF derived from mixing rules and parameters developed for

n-alkane adsorption. The Optimized FF will facilitate MD simulations at the amide-iron

oxide interface in which the interactions are representative of those observed in accurate

DFT calculations.
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