
Tribology International 195 (2024) 109649

A
0

Contents lists available at ScienceDirect

Tribology International

journal homepage: www.elsevier.com/locate/triboint

Full Length Article

Digging into the friction reduction mechanism of organic friction modifiers
on steel surfaces: Chains packing vs. molecule–metal interactions
Nicolò S. Villa a, Lucia Bonoldi b, Giulio Assanelli b, Marcello Notari b, Andrea Lucotti a,
Matteo Tommasini a,∗, Herma M. Cuppen c,∗, Daria R. Galimberti c,∗

a Dipartimento di Chimica, Materiali e Ingegneria Chimica ‘‘G. Natta’’, Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133, Milano, Italy
b Eni SpA, Research & Technological Innovation, Downstream R& D Centre, Via Felice Maritano 26, 90027, San Donato Milanese, Milano, Italy
c Institute for Molecules and Materials, Radboud University, Heyendaalseweg 135, 6525 AJ, Nijmegen, The Netherlands

A R T I C L E I N F O

Keywords:
Organic friction modifiers
Tribology
DFT
Molecular dynamics
Infrared reflection absorption spectroscopy —
IRRAS

A B S T R A C T

We present a study of five commercially available Organic Friction Modifiers (OFMs) that combines micro-
Infrared reflection absorption spectroscopy (IRRAS), classical MD, and DFT/DFT-MD computational methods.
We investigate the relation between the molecular structure of the OFMs and their temperature-dependent
friction performance. Classical dynamics simulations show that at low temperatures, the OFM molecules, ar-
ranged in self-assembled monolayers, undergo collective torsional motion during a friction event. This becomes
progressively easier as temperature increases, resulting in lower friction coefficients, until a temperature where
these collective motions cannot be maintained anymore, leading to an increase of the friction coefficient. Static
DFT calculations indicate that the strength of the packing between OFM molecules determines the friction
performance. The temperature at which the collective behavior fails coincides with the temperature at which
the packing-free energy is found to diminish.
1. Introduction

Friction modifiers are lubricant additives that have an essential role
in modern industry, as friction between metal – and in particular steel
surfaces – is one of the main causes of energy waste worldwide, from
industrial processes to common household appliances. It is estimated
that roughly 23% of the global energy consumption is wasted on
overcoming tribological phenomena [1,2]. Saving this energy would be
beneficial from both an economic and an environmental perspective.
Friction modifiers are added in complex lubricant blends for the pur-
pose of reducing friction between two sliding surfaces [3]. In recent
years, the toxicity and the negative environmental footprint of the
traditional steel friction modifiers, e.g., molybdenum dithiocarbamates
(MoDTCs) and zinc dithiophosphates (ZnDTPs), triggered the develop-
ment of alternative, greener, lubricant formulations that can maintain
efficient friction reduction while taking a lower toll on the environ-
ment. While ZnDTPs remain irreplaceable additives because of their
anti-wear properties, Organic Friction Modifiers (OFMs) are regarded as
the best candidates as friction-reducing additives due to their low-SAPS
(Sulphated Ash, Phosphorus, and Sulfur) content and ease of manu-
facture [4]. OFMs are amphiphilic molecules composed of an apolar
tail (usually an alkyl chain) and a polar head containing C, N, and O
atoms. The function of the headgroup is to guarantee stable adsorption
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on the steel surfaces of common automotive engine parts. OFMs adsorb
on the steel surface forming well-organized Self-Assembled Monolayers
(SAMs) that act as a separating layer between the surfaces and the main
bulk of the lubricant [2,5]. A wide array of experimental techniques [4–
16] have been applied to link the friction behavior of OFMs at different
working conditions (temperature, pressure, sliding speed) to molecular
structure information. However, due to the complexity of the phenom-
ena involved, experimental techniques alone cannot solve the riddle
and they need to be augmented with computational methodologies.
Computational techniques such as tight-binding calculations [4], Den-
sity Functional Theory (DFT) [12,17], Molecular Dynamics classical
simulations (MD) [18–26], and Non-Equilibrium Molecular Dynamics
(NEMD) [27,28] have been used to gain insights on the adsorption
properties and friction behavior of OFMs. Nevertheless, it is still unclear
which characteristics of the molecular structure of the OFMs determine
the friction-reducing properties at different temperatures, despite all
computational efforts. This missing information seriously hinders the
rational development of new, more efficient, and greener OFMs. Here
we propose an interdisciplinary study combining experimental tribo-
logical data, experimental IRRAS spectroscopy, static DFT calculations,
DFT-MD simulations, and classical MD simulations to elucidate the
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Fig. 1. Measured Stribeck Friction Coefficient (SCF) of OFMs plotted with respect to
temperature. Due to the reduced number of data points for PC21 at 393 K, we did not
include this data in the plot.

behavior of five OFMs adsorbed on the 𝛼-Fe2O3(0001) as a function
of temperature. The insights provided by this study help us understand
the role of the packing interactions between the OFM molecules in the
SAM that control their friction performances and can provide crucial
information for the molecular design of improved OFM additives.

2. Results & discussion

2.1. Experimental friction coefficients

To compare different temperatures and OFMs more easily, instead
of using the full Stribeck curves [29–32], we choose to use the Stribeck
Friction Coefficient (SFC) [33]. The Stribeck Friction Coefficient (SFC)
is the area under the Stribeck curve and is proportional to the energy
loss due to friction if 𝜂∕𝑃 is constant, where 𝜂 is the viscosity and 𝑃 the
normal load. In our experiments, the curves were obtained maintaining
a constant normal load of 30 N and 50% sliding/rolling ratio. The SFCs
reported here are obtained by integrating the friction curve between
0.004 m/s and 2 m/s on the logarithmic scale to prevent that the SFC
is dominated by the mixed regime. This corresponds to integrating the
boundary and mixed regimes only. In the boundary lubrication regime,
the tribofilm is very thin (order of nanometers), and we expect the
OFM to dominate the shape of the Stribeck curve [34]. The boundary-
mixed regimes SFC was measured at three temperatures: 45, 120, and
150 ◦C (318, 393, and 423 K), which are in the range of working
temperatures found in common automotive engines. Fig. 1 plots the
SFCs of the investigated OFMs at the three different temperatures (See
Section 4.2.1, for more details on the measurements). All OFMs show a
significant reduction of the friction coefficient between 318 K and 393
K. The coefficients at 423 K indicate a lowering in the slope or even
an increase in the fiction coefficient again. The latter means that there
is a minimum in the friction coefficient within the probed temperature
regime. OAm will only be an effective friction modifier at temperatures
below this minimum. Notice that for OA, around 423 K, the measured
data start to show strong fluctuations in the performance, indicating
that we are reaching the limit of the working region conditions also for
this OFM.

The behavior of the friction coefficient with the temperature (de-
crease → plateau → instability/increase) appears general for all the
OFMs from a qualitative point of view. The molecular structure how-
ever determines the exact critical temperature for deterioration of the
OFM performance and imposes strict conditions on the temperature
window where each OFM is effective. To design an OFM with the
ideal temperature window, it is hence important to (i) understand
the mechanism behind the deterioration behavior and (ii) determine
the molecular properties that set the critical temperature. To answer
the first point, we simulated the action of a piston, on a model OFM
2

tribofilm by classical atomistic MD simulation, to gain an atomistic
insight (See Section 4.3.3 for more details). To answer the second
point, we performed DFT simulations of the adsorbed configurations
of the OFMs on the surface of 𝛼-Fe2O3(0001) (see Section 4.3.2), and
evaluated their adsorption energies, separating the contributions of the
interaction of the OFM with the surface, and the packing interactions
between the OFM molecules in the SAM. Considering the experimental
conditions in which the SAM of OFMs is prepared, we expect to be in
the high coverage regime. Therefore, a surface density of one molecule
per unit cell was chosen for both the classical molecular dynamics and
DFT simulations. Once the surface is relaxed after the adsorption of
the molecules, this corresponds to a coverage of 4.5 nm−2 at the 0 K-
optimized DFT level and of 4.2 nm−2 at the 𝑁𝑝𝑇 molecular dynamics
classical force field level (see Tables S1 and S2 of the Supporting
Information for more details).

2.2. Behavior of the tribolayer with temperature

For our MD simulations, we chose to reduce the number of carbons
in the alkyl chain of OA to 6 carbon atoms (For the discussion of
the reasons for this choice see Section 4.3.1). Our model system then
consists of OA𝐶6 adsorbed in a bidentate bridging configuration on two
𝛼-Fe2O3(0001) slabs facing each other. The space between the two slabs
is filled with molecules of squalane to simulate the base lubricant oil.
The choice of the bidentate bridging adsorption geometry has been
suggested by our DFT data which show that after the adsorption,
a proton from the headgroup of the OFM transfers to the surface
(Fig. 2), with the exception of OAm𝐶6 in the monodentate configuration
and XTJ785𝐶6. The impact of the piston was simulated by applying
a velocity of ±0.5 m∕s to the hematite slabs in opposite directions,
yielding a total relative velocity of 1 m/s. To investigate the effect of
temperature, simulations were carried out at 300, 420, and 500 K. The
simulations were run for a total of 2.5 ns, and the sliding direction was
inverted two times: at 𝑡 = 0.5 ns, and at 𝑡 = 1.5 ns.

Three order parameters – 𝑂, 𝜃, and 𝑑 – are monitored during
the simulations, to have a more quantitative understanding of the
molecular changes. The parameter 𝑂 is a measure of the amount of
disorder in the positioning of the headgroups at the surface (i.e. the
presence of disordered domains). It is defined as the scalar product
between the vector 𝑣𝑖 connecting the two terminal oxygens of one
molecule’s headgroup and a similar vector 𝑣𝑗 for a nearest neighbor
molecule in the SAM

𝑂 = 𝑣𝑖 ⋅ 𝑣𝑗 (1)

We will typically plot this order parameter as a distribution. The
dihedral 𝜃 parameter describes the orientation of the molecules within
the SAM. It is defined as the dihedral angle 𝜃 = ̂𝑂1𝐶1𝐶2𝐶3 between one
terminal oxygen atom of the molecule and the third carbon of the alkyl
chain. After equilibration 𝜃 is distributed around two angles centered
at 𝜃 = −90◦and 90◦. To monitor the evolution of this parameter during
the simulation, we chose to plot the percentage of molecules with
𝜃 > 0◦(Fig. 4). Finally, the third parameter 𝑑 is the end-to-end distance
𝑑 = |𝐶1𝐶6| of the alkyl chain of the molecules. It describes the amount
of torsional deformation that occurs overall on the molecules. Fig. 3a
plots the distribution of 𝑂 for three different temperatures before and
after the sliding simulations. At both 300 K and 420 K, it shows a single
peak in the distribution around 𝑂 = 1, indicating that the heads of
the model OFM are well-ordered on the surface. The snapshot given
in Fig. 3b confirms that indeed the carboxylic heads are parallel to
each other. Even when stress is applied, this order remains almost
unchanged. The chains instead collectively react with the direction of
friction during tribological sliding. As can be seen from Fig. 4, at both
300 K and 420 K the chains first gradually align for 𝜃 < 0◦during the
first 0.5 ns. At this point, the motion is inverted and the alignment of
molecules also flips, until the motion is inverted again at the 1.5 ns
mark. This is in agreement with previous studies [27]. Meanwhile, the
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Fig. 2. Adsorption geometries after optimization of OA𝐶6 in the (a) monodentate and (b) bidentate bridging configurations; OAm𝐶6 in the (c) monodentate and (d) bidentate
bridging configuration; (e) XTJ785𝐶6 in its monodentate configuration; (f) GMO𝐶6 in the bidentate chelating configuration; (g) PC21𝐶6 in its bidentate chelating configuration.
Atoms are colored red for oxygen, orange for iron, blue for nitrogen, brown for carbon, and white for hydrogen.
Fig. 3. (a) Distribution of the parameter 𝑂 = 𝑣𝑖 ⋅ 𝑣𝑗 at 300 K (black), 420 K (blue), and 500 K (red). 2.5 ns MD evolution with 1 m/s relative sliding velocity (full lines), and
2 ns MD evolution, with no relative sliding velocity (dashed lines). On the right side of the panel: Snapshots (bottom view) of the 10 × 10 slab of OA𝐶6 adsorbed on hematite
after 2.5 ns classical MD run at (b) 420 K, and (c) 500 K. The hematite slab has been hidden from view for clarity purposes.
end-to-end distance decreases due to the formation of kinks along the
chain to allow the tilt (Fig. 5). When the direction of motion is inverted,
the molecules of the SAM quickly adjust. At 300 K, this effect is less
pronounced and the inversion occurs at a lower rate and with some
time delay effect. This is very evident when comparing the population
of 𝜃 > 0◦after 1.5 ns at 420 K with the same at 300 K. The end-to-end
distances are also not as affected at 300 K as at 420 K.

At 500 K, the situation completely changes. Already with zero
friction a new peak appears in the distribution 𝑂 = 𝑣𝑖 ⋅ 𝑣𝑗 closer to 0.
The film is fragmenting in ordered and disordered domains (Fig. 3c).

At the same time, the molecules of the SAM are less affected by
the sliding direction, as the distributions of the 𝜃 angle show strong
fluctuations during the constant sliding step, and hardly respond to
the change in the slide direction (Fig. 4). Instead, they continuously
flip between the two directions, as can be observed from the raw,
unsmoothed data. The end-to-end distances at 500 K with and without
the application of shear, are nearly unchanged, suggesting again the
independence of the SAM on the stress when reaching this temperature
(Fig. 5). With these data, we can provide a first interpretation of
the behavior of the friction modifier SAM with temperature. At low
temperatures, the SAM responds collectively to the applied shear stress
by changing the torsional angles of the molecules according to the
3

direction of friction (Figs. 4 and 5, black lines). The SAM thus finds a
more energetically favorable arrangement. This rearrangement is faster
and more efficient with increasing temperature, as long as it remains
below a critical temperature, resulting in less friction (Figs. 4 and 5,
blue lines). However, when a critical temperature is reached, the polar
heads of the molecules start to rotate individually (Fig. 3a, red line),
disorder domains are formed (Fig. 3c), and therefore, the collective
behavior is lost (Figs. 4 and 5, red lines). As a consequence, the friction
coefficient increases. Notice that this occurs at a temperature much
lower than the one required to detach the OFMs from the surface.
This picture is coherent with previous computational and experimental
studies on the effects of the surface coverage and sliding velocity on the
OFMs performance on different surfaces [27,35–40], showing that pro-
moting a well-organized and close-packed monolayer is instrumental
for a substantial decrease of the friction. In particular, only when the
surface coverage is high enough to form a compact solid-like monolayer
and clear slip planes between the OFMs and the lubricant are set-up,
the friction reduction properties of the OFMs are fully exploited.

2.3. Tilt mechanism and thermal disorder

The presence of a chain tilt mechanism has been proposed before on
the basis of both computational and experimental evidences [27,41–43]
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Fig. 4. Evolution in time of the dihedral angle 𝜃 of OA𝐶6 at 300 K, 420 K, and 500 K
after 2.5 ns MD run at 1 m/s relative sliding velocity. Inversions of motion are applied
at t = 0.5 ns and t = 1.5 ns (green dashed lines).

Fig. 5. Distribution of the end-to-end distance d of the alkyl chains of OA𝐶6 after
2.5 ns MD evolution at 300 K (black), 420 K (blue), and 500 K (red) (full lines). The
dashed lines represent the same distribution after 2 ns evolution with no relative sliding
velocity applied.

and it is confirmed here experimentally by micro-IRRAS spectroscopy.
IRRAS spectroscopy is only sensitive to the IR spectral component
polarized along the normal to the metal surface, i.e., only normal modes
with a transition dipole moment possessing a component perpendicular
to the surface are expected to appear in the spectrum. This makes
IRRAS spectroscopy particularly suitable to evaluate the relative orien-
tation of the OFM molecules with respect to the surface: if the molecule
tilts compared to the surface normal, the active components change and
the intensities in the IRRAS spectra are modulated. OA𝐶6 is used again
as a model system for all the OFMs in the discussion. The experimental
micro-IRRAS spectra of OA (Fig. 6a) show very broad bands, which can
be ascribed to the thermal disorder that occurs in the tribofilm already
at room temperature. This is confirmed by DFT-MD simulations (see
supplementary information — Section SI-4).

Still, the experimental IRRAS spectrum of OA presents clear marker
bands of a structural reorganization of the SAM due to the tribological
stress, as highlighted by the difference spectrum (Fig. 6b). In Ref. [12],
we already proposed that the increase of the relative intensity of the
𝛿CH2 scissoring peak at 1444 cm−1, and the decrease of the IRRAS
relative intensity of the C=O stretching at 1646 cm−1 observed in the
4

spectrum of the tribofilm after friction, is related to the tilt of the
molecule on the surface. This was based on the analysis of the normal
modes of the absorption spectra computed within the static harmonic
approximation. Here we corroborate this by deconvolution of the total
computed IR signal into its polarization components along specific
directions to take into account the IRRAS selection rules. In a first
approximation, the effect of a tilt of the molecule (chains and the polar
head together) of the OFM can be modeled by computing polarized
spectra at increasing tilt angles compared to the 𝑧-direction of our
simulation cell (z-polarized spectra for tilts from 0 to 30 degrees are
available in supplementary information — Section SI-3). Since the tilt
is only accounted for mathematically, the protocol does not include
the effect of the OFM head-surface interaction due to the tilt and the
presence of gauche defects (clearly indicated by the end-to-end distance
values obtained by the MDs, Fig. 5). Hence these spectra can only
give a qualitative indication based on relative intensity changes. The
change in relative intensity before and after friction observed in the
experimental micro-IRRAS spectra is perfectly consistent with tilting of
the SAM by 30◦(Fig. 6d). A similar agreement is found for the OAm𝐶6
and GMO𝐶6 tribofilms, as presented in the supplementary information
— Section SI-3. The spectra are calculated assuming a 1:1 monoden-
tate:bidentate ratio. This is based on the difference in the computed
electronic and free adsorption energies between the OA monodentate
and bidentate configurations, which is quite small compared to 𝑘𝑇 (see
Tables 3 and 6 of the S.I.).

2.4. Role of chain packing

As indicated by the previously discussed MD simulations, the fric-
tion performances of an OFM tribofilm are influenced by the presence
of collective behavior of the alkyl chains. These performances are
lost when surpassing a critical temperature, which suggests that the
tribolayer has become unstable. Next, we study the trend in stability be-
tween the different OFMs. DFT calculations of OAm𝐶6, OA𝐶6, GMO𝐶6,
XTJ785𝐶6, and PC21𝐶6 adsorbed on hematite were performed. The
computed electronic adsorption energies are consistent with chemisorp-
tion, spanning between −290 kJ/mol and −465 kJ/mol. These values
significantly differ from those reported by Gattinoni et al. [17], which
can be attributed to the very different computational setup (i.e., func-
tional, basis set, k-point grid, and optimization with or without lateral
relaxation of the surface after the adsorption). One consequence of
the different computational setups is that Gattinoni et al. were not
able to find a stable OA monodentate configuration at high coverage
conditions, while we found a monodentate configuration under these
conditions that is almost as stable as the bidentate one. As discussed
in Ref. [12], the experimental micro-IRRAS spectra show clear marker
bands of monodentate configuration at 1646 cm−1 (C=O stretching
band) and bidentate at 1524 cm−1 (COO− asymmetric stretching).
These are indicative of the presence of both monodentate OA and
bidentate in the experimental sample both before and after the friction
experiment. The similar stability of the mono/bidentate configurations
predicted by B3LYP agrees with the observation of clear IRRAS markers
for both structures. The adsorption energy can be decomposed into
two terms: the interaction of the OFM head with the surface (adhesion
energy) and the interaction with adjacent molecules in the tribolayer
(packing energy) (See Section 4.3.2 for the definition). The adhesion
energy is dominated by the geometric placement of the head on the
surface. The head-metal interactions are quite similar among the dif-
ferent molecules (Fig. 2) and their contribution does not follow a
specific pattern with respect to the total adsorption energy (Fig. 7a).
The packing energy, instead, follows almost the same trend as the
adsorption energy. The interactions between adjacent OFM molecules,
and consequently the shape of the SAM, can vary quite significantly
among the different OFMs. OA𝐶6, OAm𝐶6 and XTJ785𝐶6 chains interact
only by dispersion interactions. In contrast, GMO𝐶6 and PC21𝐶6 chains
also interact by hydrogen bonds (Fig. 2f,g). As expected, the higher the



Tribology International 195 (2024) 109649N.S. Villa et al.
Fig. 6. (a) Experimental micro-IRRAS spectra of OA adsorbed on steel before (black) and after (blue) the MTM test and (b) the difference spectrum. (c) Calculated polarized
spectra of all-trans OA𝐶6 adsorbed on hematite, with tilt angle 𝛼 = 0◦(black) and 20◦(blue) compared to the 𝑧-direction of our simulation cell (1:1 Monodentate–Bidentate ratio)
and (d) the difference spectrum. The calculated frequencies presented in (c) and (d) have been uniformly scaled by a factor of 0.98 to ease the comparison with the experiments.
Fig. 7. (a) Plotted DFT calculated electronic adsorption, packing, and adhesion energies for each of the OFMs investigated. (b) Gibbs’ free energies of packing calculated from the
DFT models of the OFMs investigated.
number of hydrogen bonds, the higher the packing energy in absolute
terms. Given these considerations, we expect that, if a relation between
friction coefficient and adsorption energy exists, it is related to the
packing energy component. However, to get at the complete picture,
one has to consider the effect of temperature on the stability of the
tribofilm. This can be assessed from the trend of the packing Gibbs
free energies, which accounts for both the enthalpy and entropy terms
(Fig. 7b). We expect packing disorder to become significant when
the packing Gibbs free energy diminishes, resulting in the loss of the
collective behavior of the SAM. We will refer to the temperature at
which the packing Gibbs free energy reaches zero as the ‘‘packing-
failure temperature’’. For OAm𝐶6, this occurs around 393 K, while for
OA𝐶6 this is above 423 K, which is consistent with the results of the MD
simulations. The packing-failure temperatures of XTJ785𝐶6, GMO𝐶6,
and PC21𝐶6 are all significantly higher, as the entropic component
increases the relative stability of the hydrogen-bonded SAMs compared
to the others. Our calculations of the free energy do not account for
5

anharmonicity and the presence of stress, which can shift the values
for the predicted packing failure temperatures. Still, we expect the
trend in packing failure temperature between the different OFMs to be
accurately predicted.

Finally, we can relate our theoretical results to the experimental
friction coefficient data for all OFMs investigated. To do that, we
compare the calculated packing energy to friction coefficients measured
at different temperatures. (Fig. 8). At lower temperatures (318 and
393 K), the friction performances of the OFMs are almost the same,
independent of the strength of the packing interactions. However, this
changes upon an increase in temperature. At 423 K, the friction coef-
ficient linearly decreases with packing energy (Correlation coefficient
= −0.70; Pearson’s r = 0.0001). For the three OFMs with high packing
energy, XTJ785, GMO, and PC21, the friction coefficient continues to
decrease with the temperature, suggesting that the packing failure tem-
perature has not been reached yet. However, the two OFMs with low
packing energy (OAm and OA) show a stabilization or even increase of
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Fig. 8. Measured friction coefficient for each of the MTM samples investigated plotted
with respect to the adsorption energy calculated from the DFT models. The color bands
indicate the 95% confidence interval.

the friction coefficient going from 393 to 423 K, suggesting that their
packing-failure temperature is either within the 393–423 K range or
close to it.

Our model surfaces are idealized and lack the irregularities (rough-
ness) of real surfaces, for instance, caused by humidity and the presence
of oxygen. These features could add contributions to the effects in-
vestigated in the present paper [44,45], and it will be interesting in
the future to consider these factors. Still, the experimental results can
already be completely explained by the trend in packing energy. The
prediction of the packing-failure temperatures from the calculations
of the packing Gibbs’ free energies are also in remarkable agreement.
This further strengthens our confidence in the validity of the molecular
mechanism that we have obtained from our combined computational
approaches in explaining the friction behavior of the tribofilms at the
molecular scale.

3. Conclusions

Our combined experimental and computational approach demon-
strates that the tribological performances of the OFMs on 𝛼-Fe2O3(0001)
are determined by both the adhesion interactions (interaction of the
OFMs polar head with the steel surface) and the packing interactions
among the apolar chains of the friction modifier. In particular, the latter
determines how steeply the friction coefficient drops with temperature,
as well as the critical temperature at which the friction modifier loses
its friction-reducing properties. Our MD simulations show that when
the tribofilms are sliding against each other the packing interactions
induce a collective and coherent torsion and tilt motion of the chains.
The tilt mechanism of the chains has been confirmed by micro-IRRAS
spectroscopy. Recently, it has been shown [26] that the better the
surface coverage and the lower the entropy losses of the OFMs dur-
ing film formation, the better the tribological performance. Here we
demonstrate a even more relevant role of entropy in determining
the OFMs performances. The collective motion of the OFM chains
is facilitated by the temperature increase, justifying the decrease of
the friction coefficient. However, this works only until the enthalpy
component of the free energy dominates the entropic one, thus keeping
the monolayer stable. When the entropy starts to dominate, the free
energy becomes positive, the monolayer becomes unstable, and an
ordered packing can no longer be maintained. As a result of the
formation of disordered domains of the SAM on the surface, the friction
performances start worsening. When this happens, the molecules of the
SAM are not moving collectively anymore, which contributes to the loss
of performance. The results collected in this study have the potential
to greatly benefit the design of OFMs with better friction performance.
Moreover, the computational approach we proposed could save a
dramatic amount of time and expenses that are currently injected into
the organic friction modifiers research and development.
6

4. Materials and methods

4.1. Materials

Commercial lubricant products are complex mixtures of additives,
including friction modifiers, embedded in a base lubricant oil. In our
study, squalane was used as the base oil. Squalane is the hydrogenated
derivative of squalene and it is used as a common reference model
for base oil in tribology applications [46]. We considered five Organic
friction Modifiers (OFM): Oleic Acid — OA, Oleic Amide — OAm,
Glycerol Monooleate — GMO (all purchased from Sigma Aldrich),
XTJ785 (Petronas lubricants), PC21 (developed at the DOWNSTREAM
lab at Eni S.p.A). The chemical structure of the base oil and the OFMs
are provided in Fig. 9.

4.2. Experimental methods

4.2.1. Friction coefficient measurements
To characterize the tribological properties of the material at con-

ditions representative of the ones of a lubricant oil inside a motor
engine [47], we have followed the following procedure to produce a
tribofilm for spectroscopic analysis: An AISI52100 steel mini-traction
machine (MTM) sample is sent for tribological measurement on a PCS
instruments MTM tribometer. The instrument mounts a chamber in
which the lubricant mix is contained. A ball of the same material as the
MTM sample is immersed in the lubricant mix and fixed on a rotating
axis. The lubricant mix is composed of 99% wt. of squalane and 1% wt.
of the selected OFM. The ball is then put in contact with the sample and
the instrument is turned on and the measurement starts. The friction
coefficient is measured as a function of entrainment speed, while
keeping the load, the sliding/rolling ratio, and the temperature constant
instead. In our experiments, the curves were obtained maintaining a
constant normal load of 30 N and 50% sliding/rolling ratio. The friction
curves are measured starting from high values of entrainment speed
(2 m/s in our case) up to very low ones (0.004 m/s). A representative
example of a friction coefficient curve recorded by the PCS tribometer
is reported in Section SI.7 of the Supporting Information. The variance
in the data points was investigated previously in the Eni laboratories
and was ascribed to the fact that when the lubricant mixture is made
by squalane (base oil) and the friction modifier only, the viscosity of
the base oil plays an important role in the friction performances at the
very start of the tribological measurement, increasing the variance of
the tribological results (is also to avoid this phenomenon that viscosity
modifiers are added in the commercial lubricant mix).

4.2.2. Micro-IRRAS spectra
A Bruker Hyperion Spectrometer mounting a micro-GIR (Grazing In-

cidence IR) objective was used to perform micro-IRRAS measurements.
The micro-GIR objective uses a set of mirror lenses to obtain a grazing-
angle reflection on a microscopic scale. For each OFM, the micro-IRRAS
spectra were recorded on the sample produced by the MTM measure-
ments, both inside and outside the wear track. The maximum size of the
area probed by the micro-IRRAS measurement is ≈160 μm × 160 μm,
which is well inside the width of the wear track etched on the MTM
sample during the tribological measurements (≈200 μm in width). The
spectra were recorded with 2048 scans and a resolution of 8 cm−1.

4.3. Theoretical methods

4.3.1. Computational model systems
Hematite: As a model system for the iron surface, we selected the

Fe-O3-Fe-R (0001) hematite surface (See supplementary information,
Section SI-1) [48]. This single-Fe terminated surface is shown to be the
most thermodynamically stable at room temperature by theoretical and
experimental studies [48,49] and it has been reported in the literature
to be the most common product of steel corrosion [50]. The structure
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Fig. 9. Chemical structures of the base reference oil squalane and the OFM molecules investigated in this study.
of the Fe2O3 (0001) plane is composed of alternated layers of oxygen
atoms and bilayers of iron atoms. Overall the slab is antiferromagnetic,
as the whole structure is a stack of alternated spin-up and spin-down
ferromagnetic layers.

OFMs: The alkyl chains of the OFM molecules have been modeled
by six carbon atoms, instead of the complete eighteen carbons of
the real molecules. This is a fair compromise between accuracy and
computational cost as it has been shown in the past that the structure
and electronic properties of the head groups of the kind of SAMs
discussed in this paper are not strongly affected by the alkyl chain
length [51].

We will refer to these model structures as OA𝐶6, OAm𝐶6, GMO𝐶6,
XTJ785𝐶6, and PC21𝐶6.

4.3.2. Static DFT
The structure, vibrational spectra, and energetics (electronic en-

ergy and free energy) of Self Assembly Monolayer(SAM) of OA𝐶6,
OAm𝐶6, GMO𝐶6, XTJ785𝐶6, and PC21𝐶6 adsorbed on iron have been
characterized by static periodic DFT calculations using the code CRYS-
TAL17 [52] in a high coverage regime: one molecule per unit cell
(see Tables S1 and S2 of the Supporting Information for more details).
The procedure used is the same already described in Ref. [12]. We
selected the B3LYP [53–55] functional together with a Gaussian-type
POB-DZVP basis set as a reasonable compromise between accuracy and
computational cost [56]. A correction for dispersion interactions was
included in the calculations through Grimme’s D3(BJ) correction [57–
59]. Two-dimensional periodic boundary conditions (slab model) were
applied along the surface. The antiferromagnetism of hematite has been
included in the CRYSTAL17 calculation by controlling the alpha and
beta spins population of the iron sites [60,61].

For all the systems discussed in this paper, we performed a full ge-
ometry relaxation of both the cell parameters and the atomic positions
for the isolated hematite slab (hem), the isolated molecule (mol), the
isolated SAM (SAM), and the SAM adsorbed at the hematite surface
(𝑆𝐴𝑀@ℎ𝑒𝑚). The adsorption energy is calculated as

𝛥𝐸ads =
𝐸SAM@hem −

(

𝐸hem −𝑁 ⋅ 𝐸mol
)

𝑁
(2)

where 𝑁 is the number of molecules per unit cell (one in our case). We
then calculated the packing energy of the SAM as

𝛥𝐸pack =
𝐸SAM −𝑁 ⋅ 𝐸mol

𝑁
(3)

and the contribution of the interaction between the OFM head and the
hematite surface as

𝛥𝐸adh = 𝛥𝐸ads − 𝛥𝐸pack (4)

The IR absorption spectra have been then computed on the opti-
mized structure in the double harmonic approximation. The selection
rules of IRRAS spectroscopy have been taken into account by projecting
7

the transition dipole moment on a unitary vector perpendicular to the
hematite surface and considering only this component in the IR activity.
Additionally, to have a qualitative idea of the effect of a tilt of OFMs on
the IRRAS spectra, we also considered the IRRAS spectrum generated
by the component of transition dipole moment projected on unitary
vectors tilted with an angle 0, 5, 10, 15, 20, 25 and 30 degrees from
the vertical position (see supplementary information — Section SI-3).
Finally, we have computed the Gibbs free energy of adsorption (𝛥𝐺ads)
for the system, to characterize the energetics ruling the stability of the
adsorbed film.

𝛥𝐺ads =
𝐺SAM@hem −

(

𝐺hem −𝑁 ⋅ 𝐺mol
)

𝑁
(5)

where 𝑁 is again the number of molecules per unit cell (one in our
case). Details on the calculation of each term can be found in the
Supplementary Information — Section SI-6.

4.3.3. Classical MD simulations
The classical FF molecular dynamics of OA𝐶6 were run with code

LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simula-
tor) [62]. Following the strategy described in Ref. [63], for the hematite
slab, we used a Buckingham potential with a Coulombic electrostatic
term. Intermolecular interactions were instead described by a Lennard-
Jones potential and a Coulombic electrostatic term. Finally, the L-OPLS-
AA [64,65]. FF has been chosen for the OFMs and base lubricant oil.
In Ref. [66], many non-reactive FFs have been benchmarked for the
description of OFMs (or in general of long hydrocarbons), and it was
found that L-OPLS-AA. [64,65] to be the one to be most consistent with
the experimental values for a wide variety of macroscopic quantities.
For the organic friction modifier, since the qualitative behavior of the
friction coefficient at increasing temperature appears to be independent
of the particular OFM (see Section 2.1), we have simulated OA𝐶6 in
its bidentate adsorption configuration on hematite. This is also due
to the choice of the description of the OFM-hematite interaction, as
the monodentate configuration would require the implementation of
a reactive force field. This decision is not expected to impact the
information gained by the simulations, for the aforementioned reasons.
Moreover, we are mainly interested in the dynamics of the alkyl chain
of the molecules, and the adsorption energies of the bidentate and
monodentate configurations of OA𝐶6 on hematite were found to be
equivalent [12]. The initial geometry for the MD simulations was
constructed using the VMD (Visual Molecular Dynamics) software [67].
The single-cell geometry from the CRYSTAL17 optimization was taken
as the starting block, and a 10 × 10 slab was generated. A first set
of simulations was run on the single 10 × 10 slab, to investigate the
effect of temperature on the tribofilm without any external tribological
force applied. The simulations were run at 300, 420, and 500 K, using
a Nosé–Hoover thermostat (𝑡thermo = 40 fs) and barostat (𝑡baro = 400 fs)
in the 𝑁𝑉 𝑇 ensemble.

After a first equilibration run of 1 ns, a production run of 2 ns was
performed with a timestep of 0.5 fs. A copy of the 10 × 10 initial
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slab was generated and placed on top of the first one mirroring it at
a distance of 60 Å. This formed a space between the two slabs, which
was filled with 75 molecules of squalane to simulate the base lubricant
oil. The system was then subjected to a pressure of 0.5 GPa at 300, 420,
and 500 K in separate simulations to squeeze the squalane between the
two layers and form a sandwich-like structure. These structures were
again equilibrated at the respective temperature for 0.5 ns.

The resulting systems were used as starting points for the simulation
of the tribological phenomena (i.e., the two slabs sliding on each other
in opposite directions). To simulate the action of an engine piston a
velocity is applied to the outermost hematite layers of the two slabs in
opposite directions of ±0.5 m∕s, for a total relative velocity of 1 m/s,

hich is in the range of velocities applied in the tribological MTM tests,
orresponding to the boundary-mixed lubrication region. To investigate
he effect of temperature, simulations were carried out at 300, 420, and
00 K. The pressure was kept at 0.5 GPa for the entire duration of the
imulations. This set of simulations was run for a total of 2.5 ns, and
he sliding direction was inverted two times: the first time at 𝑡 = 0.5 ns,

and then a second inversion at 𝑡 = 1.5 ns.

Associated content

Input files associated with the MD, DFT, and DFT-MD simulations
are available upon request.
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