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 A B S T R A C T

Phosphorus-based lubricant additives protect metallic contacts under boundary lubrication by forming surface 
films that reduce wear and friction. However, the molecular mechanisms driving their friction-reducing effects 
remain unclear, especially for phosphate esters, whose molecular structure critically impacts tribological 
behaviour. Here, we employ machine learning–based molecular dynamics simulations to investigate the 
tribological performance of three representative phosphorus-based additives, Dibutyl Hydrogen Phosphite 
(DBHP), Octyl Acid Phosphate (OAP), and Methyl Polyethylene Glycol Phosphate (mPEG-P), confined between 
iron surfaces. DBHP exhibits the lowest friction and largest interfacial separation, combining strong surface 
reactivity with significant steric hindrance. In contrast, phosphate-based additives show higher friction due to 
limited steric protection and partial loss of surface coverage under extreme conditions. Systematic variation 
within the mPEG-P series reveals that increasing ester functionality and chain length reduces friction by 
enhancing steric separation, even when surface reactivity decreases. These results establish a mechanistic 
hierarchy in boundary lubrication, where chemical reactivity promotes film formation, while steric architecture 
primarily controls shear response. These findings provide atomistic guidelines for the rational design of 
phosphorus-based lubricant additives that balance reactive anchoring with optimized steric structures.
1. Introduction

Lubrication is a fundamental process that enables the reliable op-
eration of mechanical contacts, where friction and wear must be 
minimized to ensure long-term performance and durability. Among 
the different lubrication materials, oils containing specific chemical 
additives are the most widely employed in engineering and indus-
trial applications. These additives are essential components of lubri-
cant formulations, providing functionalities, such as anti-wear, anti-
oxidant, and anti-corrosive protection, that base oils alone cannot offer. 
When the liquid film becomes too thin to sustain the applied load, 
many sliding components operate under boundary or mixed lubrication 
regimes. In such conditions, direct asperity contacts can occur, and 
lubricant additives become the primary agents controlling friction and 
wear. These molecules adsorb onto the metallic surfaces and undergo 
mechanochemical reactions that generate protective tribofilms, pre-
venting metal-to-metal contact and reducing interfacial shear [1–3]. 
Designing advanced additives capable of efficiently performing these 
functions remains a central challenge in tribology.
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Among the wide range of lubricant additives, organic friction modi-
fiers are extensively employed in common engine oils to reduce friction 
and wear thanks to the formation of incompressible self assembled 
monolayer [4–6]. Within this class of lubricants, organophosphorus 
compounds, such as phosphate esters, phosphites, and combined phos-
phorus/sulphur species, have long been recognized as indispensable 
ingredients in boundary lubrication. Their remarkable anti-wear and 
extreme-pressure performance arises from their ability to form pro-
tective surface films that simultaneously minimize wear and adjust 
frictional properties [7,8]. The underlying tribochemical reactions are 
complex and typically yield a mixture of iron phosphates, polyphos-
phates, and phosphides, which together protect the interface and lower 
shear stresses under demanding conditions [9]. As a prerequisite to 
these processes, tribofilm formation is typically initiated by the adsorp-
tion of lubricant additives at the metal surface. In the present work, 
we focus on elucidating these early-stage adsorption mechanisms for 
phosphorus-based lubricant additives.
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Within this chemical family, phosphate esters represent a particu-
larly versatile class whose molecular architecture critically determines 
their tribological performance. Factors such as alkyl or aryl substitu-
tion, chain length, branching, and degree of esterification all influence 
how these compounds adsorb, react, and decompose under sliding 
conditions [10,11]. To unravel how molecular structure influences tri-
bological behaviour, three representative phosphorus-based additives 
are considered: Octyl Acid Phosphate (OAP), Dibutyl Hydrogen Phos-
phite (DBHP), and Methyl Polyethylene Glycol Phosphate (mPEG-P) 
whose structures are shown in Fig.  1. Each embodies a distinct struc-
tural motif and provides complementary insights into the molecular 
origins of lubricant performance.

OAP is a monoester phosphate with a relatively long alkyl chain, 
striking a balance between surface activity and hydrophobicity. Its 
asymmetric structure, comprising a single octyl group bound to the 
phosphate group and two acidic hydrogens, enhances both hydro-
gen bonding and surface reactivity, shaping its adsorption behaviour 
and the nature of the resulting tribofilm [7]. DBHP, in contrast, is 
a phosphite additive characterized by a trivalent phosphorus centre 
with a P = O double bond. This structural feature leads to distinct 
tribochemical pathways, as phosphites can transform into phosphorus-
rich species such as iron phosphides, which are particularly efficient in 
lowering interfacial shear [9]. mPEG-P, instead, integrates a phosphate 
ester headgroup with a polyethylene glycol (PEG) tail terminated by a 
methyl group, producing an amphiphilic molecule that combines hy-
drophilic PEG chains with hydrophobic termination [12]. Its synthesis 
typically involves phosphorylation of methyl-terminated PEG followed 
by hydrolysis or neutralization, yielding mixtures of mono-, di-, and tri-
esters with varying amphiphilicity. The degree of esterification governs 
the surface affinity: monoesters (RO–PO3H2) exhibit strong acidity and 
adsorption on metal oxides, diesters ((RO)2–PO2H) maintain surface 
activity with greater hydrophobicity, and triesters ((RO)3–PO) are more 
soluble in non-polar lubricants but less surface-reactive.

Despite extensive experimental research, a complete understanding 
of how molecular architecture controls the balance between reactivity, 
steric effects, and film-forming ability remains elusive. Computational 
methods, particularly molecular dynamics (MD), have become invalu-
able in exploring such molecular-scale mechanisms. Recent MD studies 
have shown that even subtle structural modifications can alter decom-
position kinetics and tribofilm composition. For example, branched 
alkyl substituents accelerate mechanochemical breakdown relative to 
linear analogues, with tri(s-butyl) phosphate decomposing faster than 
tri(n-butyl) phosphate owing to larger pre-exponential factors in stress-
temperature relationships [13]. Moreover, the substrate composition, 
like iron versus iron oxide, strongly affects reaction pathways and final 
tribofilm chemistry [10].

However, conventional classical MD is limited by its inability to cap-
ture bond-breaking and electronic effects with quantum accuracy. The 
recent emergence of machine-learning interatomic potentials (MLPs) 
bridges this gap, combining near-first-principles accuracy with the 
efficiency of classical MD. These approaches now allow systematic 
investigation of how chain length, esterification degree, and steric 
hindrance govern interfacial reactivity and frictional response under 
realistic tribological conditions [14,15].

In this work, we leverage these advances to perform a compara-
tive study of DBHP, OAP, and mPEG-P using machine-learning-based 
molecular dynamics simulations. By correlating molecular structure 
with frictional behaviour, interfacial separation, and surface chemistry, 
we aim to uncover the fundamental design principles governing the per-
formance of phosphorus-based lubricant additives. The insights gained 
from this study are expected to inform the rational development of 
next-generation lubricant formulations with improved performance and 
durability.
2 
2. Methods

2.1. Training machine learning interatomic potentials

To perform large scale molecular dynamics simulations of tribo-
logical systems while preserving high accuracy in the description of 
chemical bonding, it is necessary to develop machine learning inter-
atomic potentials (MLIPs) trained on DFT data. This task is inherently 
challenging, as it requires sampling a broad range of atomic config-
urations to capture the extreme conditions typically encountered by 
lubricant mixtures and tribological interfaces in sliding nano-contacts. 
The accuracy of a MLIP critically depends on the diversity and rep-
resentativeness of the underlying DFT dataset, making it paramount 
to include the most relevant conditions across a wide portion of the 
configurational space.

To address this issue, we adopted an active learning strategy us-
ing the Smart Configuration Sampling (SCS) framework developed by 
our group [16]. SCS enables efficient exploration of the configuration 
space by performing explorative molecular dynamics in tribological 
conditions using the evolving MLIP. This allows access to time scales 
significantly longer than those reachable by ab initio molecular dynam-
ics, enabling to sampling of rare events and highly strained reactive 
configurations. Through an iterative process, SCS expands the ab initio
dataset by identifying configurations associated with high model un-
certainty during the dynamics and computing their corresponding DFT 
energies and forces.

The active learning procedure led to the identification of 12136 ab 
initio configurations, which constitute the final dataset used to train the 
MLIP. The dataset was randomly divided into 95% training and 5% 
validation sets. It includes bulk iron structures, Fe(110) and Fe(210) 
surfaces, isolated molecules, adsorbed species, dissociated fragments, 
confined molecular layers between iron slabs, and sliding interfacial 
configurations sampled at different temperatures, normal loads (up 
to 10 GPa), and sliding velocities representative of the production 
simulations. This broad sampling ensures coverage of both equilibrium 
structures and highly strained reactive states relevant to tribological 
conditions. Iterative retraining within the SCS framework was con-
tinued until the validation error on forces reached convergence and 
remained stable in subsequent cycles. This strategy enhances the trans-
ferability of the MLIP to the shear and load regimes encountered in 
boundary lubrication simulations.

For the MLIP model we employed the DeePMD-kit [17] architecture, 
using the two-body embedding DeepPot-SE (se_e2_a) descriptor with 
[25, 50, 100] neurons, and a fitting net containing [120, 120, 120] 
neurons. Fig.  2 shows the model’s accuracy in predicting atomic forces 
on the whole dataset (whose systems are detailed in Section 2.3), 
achieving a root mean square error (RMSE) of 0.18 eV/Å. A detailed 
breakdown of the model accuracy for each subsystem included in the 
dataset is provided in Section 1 of the Supplementary Materials (SM). 
We further validated the MLIP against relevant physical quantities, 
including adsorption and dissociative adsorption energies of the dif-
ferent molecules on Fe(110) surfaces, obtaining excellent agreement 
with DFT results (see Section 2 of the SM). This level of accuracy is 
consistent with state-of-the-art MLIPs: recent benchmarks demonstrate 
that RMSEs of this magnitude enable accurate simulations of complex 
systems while maintaining computational efficiency [18]. Moreover, 
error analyses confirm that force RMSEs in the range of 0.15–0.4 eV/Å 
are widely considered acceptable for reliable predictive modelling [19].

2.2. Set up ab initio calculations

All the ab initio calculations were performed using spin-polarized 
DFT as implemented in the GPU-enabled version of the Quantum 
Espresso computational suite [20]. We adopted the same computa-
tional parameters for all the considered systems, following standard 
practice in MLIP development. To ensure these shared settings yielded 
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Fig. 1.  Ball-and-stick representation of the molecules studied in this work. From now on, white atoms represent H, grey C, yellow P and red O, respectively. In 
the lower panels, mPEG-P molecules with different number of esters and glycol units are shown. We modelled mPEG-P monoester with 4 glycol units (label A in 
red), mPEG-P diester with 4 glycol units (label B), mPEG-P triester with 4 glycol units (label C), mPEG-P monoester with 8 glycol units (label D), and mPEG-P 
diester with 8 glycol units (label E).
reliable results across the different active learning simulations, we 
used sufficiently large simulation cells to minimize discrepancies be-
tween systems. In particular, the general gradient approximation (GGA) 
within the Perdew–Burke–Ernzerhof (PBE) parametrization was used 
to describe the exchange and correlation functional. The projector–
augmented wave (PAW) was used to model the interaction between 
valence electrons and ions plus core electrons, whereas we employed 
the ultrasoft method for the Fe atoms to lower the cut-off threshold 
for the wave functions’ basis set. The energy (density) cutoff of the 
plane–wave expansion was set to 60 Ry (480 Ry), with a Gaussian 
smearing of 0.00735 Ry and a convergence threshold for the electronic 
self-consistent loop equal to 10−6 Ry, while we sampled the Brillouin 
zone with a 𝐤-spacing of 0.1 Å−1. To take into account van der Waals 
dispersive forces, we used the DFT-D3 approach developed by Grimme 
et al. [21].

2.3. Molecular systems and large-scale simulations set up

We investigated three molecules for our molecular dynamics simula-
tions, namely dibutyl hydrogen phosphite (DBHP), octyl acid phosphate 
(OAP) and methyl polyethylene glycol phosphate (mPEG-P) ester, as 
illustrated in Fig.  1. As discussed in the Introduction, lubricant formu-
lations typically contain a mixture of mono-, di-, and triester forms 
of mPEG-Ps, which were also included in our study (shown in Fig. 
1). The additives were confined between an asymmetric iron interface, 
composed of Fe(110) and Fe(211) surfaces, featuring a single asperity 
and an in-plane area of 20.93 nm × 4.87 nm, which is represented in 
Fig.  3. This setup, previously employed in tribological simulations [22], 
assures the modelling of a more realistic, non-flat contact interface.

To model extreme boundary lubrication conditions, we isolated 
the effect of lubricant additives by excluding the base oil from our 
simulations. In this regime, the external load is large enough to expel 
most of the liquid lubricant from the contact, leaving only absorbed 
molecular additives at the interface. This approach allows to focus on 
3 
Fig. 2. Parity plot for the DeePMD model evaluated on the complete dataset, 
comparing predicted atomic forces from the MLIP (y-axis) with reference DFT 
values. (x-axis). The colour scale indicates the density of data points, with 
warmer (cooler) colours representing higher (lower) counts of occurrences at 
specific force values. The overall RMSE is also reported in the plot.

the intrinsic tribochemical reactivity and steric effects of the additives 
under severe confinement.

We note that the absence of base oil represents a simplification of 
real lubricant formulations. Although solvent molecules can influence 
adsorption equilibria and reaction kinetics, ultimately the load-bearing 
and friction-reducing behaviour under extreme boundary lubrication 
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Fig. 3.  Ball-and-stick representation of the computational setup for the system 
containing DBHP molecules confined within the iron interface (represented in 
blue). The black solid line represents the adopted simulation cell size. The red 
solid box represents the top-most iron layer where the normal load and the 
sliding velocity are applied, while the bottom-most black solid box identifies 
the reference iron layer, with fixed atomic positions.

conditions is primarily governed by the adsorbed additive-derived in-
terfacial film. Therefore, the present simulations are intended to cap-
ture mechanistic trends and relative performance among additives, 
rather than reproduce absolute friction values under fully formulated 
lubricant conditions.

For each additive, preliminary calculations were performed to de-
termine the amount of additives necessary to prevent the interfacial 
cold welding and eliminate voids within the interface. The optimal 
total molecular mass was approximately 132,800 atomic mass units, 
corresponding to 688 molecules of DBHP, 632 of OAP and 461 of the 
monoester mPEG-P. This setup resulted in simulation cells containing 
approximately 100,000 atoms across all systems.

All the large-scale molecular dynamics simulations were carried out 
using the LAMMPS package [23] interfaced with DeePMD. We adopted 
a consistent simulation protocol across all system: the lubricant addi-
tives were initially placed randomly within the iron interface, followed 
by a system relaxation. The system was then linearly heated to the 
target temperature of 300 K using a timestep of 1 fs. After thermaliza-
tion, we configured the set up to model the non-equilibrium tribological 
interface under combined load and shear conditions. Specifically, we 
applied an NVT ensemble to the bulk iron layers and an NVE ensemble 
to the interfacial region. The bottommost layer of the lower iron 
surface was kept fixed, while a constant normal load of 1 GPa and 
a sliding velocity of 5 m/s were imposed on the topmost layer of 
the upper surface. Although higher than typical nominal macroscopic 
pressures, the applied value is representative of local asperity-level 
contact stresses that can transiently arise under extreme boundary 
lubrication conditions.

The imposed sliding velocity lies at the upper range of experimental 
values. However, such conditions are routinely adopted in molecu-
lar dynamics simulations to enable the observation of tribochemical 
reactions within the nanosecond time scales accessible to machine-
learning-based MD. Because the intrinsic atomic velocities associated 
with bond breaking and structural rearrangements are orders of magni-
tude higher than the externally imposed sliding speed, the latter mainly 
influences the frequency at which reactive events are sampled, without 
modifying the fundamental dissociation pathways.

The reported friction stress corresponds to the time average over 
the final 1 ns of the sliding trajectory. The associated uncertainty is 
given as the standard error (SE) of the average, computed accounting 
for temporal correlations in the force time series [24]. The integrated 
autocorrelation time, estimated from the normalized autocorrelation 
function, is approximately 0.1 ps, yielding an effective sample size of 
around 5000 statistically independent configurations. The resulting SE 
is approximately 0.0025 GPa.
4 
Fig. 4. Friction vs. distance for the systems containing mPEG-P monoester 
(n = 4), mPEG-P monoester (n = 8), OAP and DBHP. Error bars represent 
the standard error of the mean (SE), estimated accounting for temporal 
correlations (see Methods).

2.4. Number of bonds per molecule (NBM) definition

Due to the high number of dissociation events observed in our 
MD simulations, which is significantly larger than in our previous 
works [25–27], we introduced a descriptor called the number of bonds 
per molecule (NBM). This metric quantifies the average number of 
bonds for a specific type formed over time by a single molecule. For 
example, in the case of OAP, each molecule contains one phosphorus 
atom that forms four P–O bonds. The corresponding NBM for the P–O 
bond type is therefore 4, indicating that each molecule, on average, 
forms four of these bonds, as shown in Fig.  1. In more complex cases, 
like the O–H bond in the OAP or mPEG-P where multiple oxygen and 
atoms are present, the NBM is equal to 2, reflecting the two O–H bonds 
typically found in each molecule.

The NBM is computed by multiplying the coordination number (CN) 
of a given bond type by the number of atoms for a specific atomic type. 
The CN is calculated by integrating the pair radial distribution function 
𝑔(𝑟) up to the first minimum beyond the main peak, corresponding to 
the first coordination shell. It is defined mathematically as: 

𝐶𝑁 = 4𝜋 ∫

𝑟𝑚𝑖𝑛

0
𝜌 ⋅ 𝑔(𝑟) ⋅ 𝑟2𝑑𝑟 (1)

where 𝜌 is the atomic number density of the system, and 𝑟𝑚𝑖𝑛 is the 
position of the first minimum in the 𝑔(𝑟). This integration yields the 
average number of neighbouring atoms surrounding a reference atom 
within the first coordination shell. This approach allows to monitor 
the dissociation events of each bond type and to compare the distinct 
dissociative behaviours of the molecular additives under study. This 
descriptor provides a statistically averaged measure of coordination 
changes and is primarily intended to capture global trends in bond 
formation and dissociation across different systems. By construction, 
it does not resolve highly localized or rare reaction events occurring 
at specific atomic sites. Therefore, detailed mechanistic insights are 
obtained through direct inspection of the atomistic trajectories, while 
the NBM serves as a comparative metric to assess relative reactivity.

3. Results and discussion

3.1. Difference between phosphites and phosphates as friction modifiers

To elucidate the origin of the distinct tribological behaviour of 
phosphites and phosphates, we first analyze the relationship between 
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Fig. 5. Ball-and-stick representation of the iron asperity containing DBHP 
(upper panel), OAP (central) and mPEG-P monoester with 4 glycol units 
(lower) additives at the end of the sliding simulations (19.5 ns). The dimension 
of Fe atoms has been reduced to make more visible the interaction of the P-
based additives.

friction stress and interfacial separation during sliding. This comparison 
establishes a direct link between the macroscopic frictional response 
and nanoscale structure of the interfacial film, and has been suc-
cessfully used to investigate the tribological behaviour of different 
additives [15]. As shown in Fig.  4, the interface lubricated by DBHP 
exhibits the largest interfacial separation and lowest friction among the 
tested additives. This inverse trend between boundary film thickness 
and friction is consistent with prior observations that thicker tribofilms 
reduce shear [28]. Notably, DBHP maintains a significantly larger 
separation (around 11 Å), whereas OAP and mPEG-P cluster around 
8.5 Å. These results further confirm that phosphites and phosphates 
lead to markedly different frictional responses under identical sliding 
conditions [9].

To understand the structural origin of these differences, we examine 
the interfacial configurations at the end of sliding (Fig.  5). DBHP 
molecules adsorb uniformly across both the asperity tip and the counter 
surface, whereas OAP and mPEG-P predominantly adhere to the lower 
substrate. Additionally, the bulkier DBHP alkyl chains introduce greater 
steric hindrance compared to OAP and mPEG-P additives, further in-
creasing the interfacial separation and reducing direct asperity–asperity 
interactions. This structural effect suggests that steric architecture plays 
a significant role in controlling the mechanical response under sliding. 
This qualitative behaviour is supported by quantitative data: DBHP 
exhibits higher molecular and dissociative adsorption energies, as re-
ported in a recent study on phosphorus-based additives [29]. More 
generally, strong chemisorption of organophosphorus additives on iron 
substrates is well documented in the literature, with surface reactions 
yielding polyphosphate-rich films (phosphates) [13] or P-rich species 
(phosphites) [30].

In addition to molecule–surface bonding, friction-induced reac-
tions between additive molecules may contribute to the evolution 
and cohesion of the tribofilm. In the present simulations, limited 
formation of short phosphorus-containing species, including incipient 
polyphosphate-like fragments in the case of DBHP, was observed. 
However, these species remain localized and do not develop into an 
extended network within the simulated time scale. As a result, the 
dominant mechanisms governing shear response in our simulations 
are surface anchoring and steric hindrance rather than extensive inter-
molecular crosslinking. We note that the formation of more extended 
5 
Fig. 6. Friction vs. distance for the systems containing mPEG-P monoester 
with 4 (8) glycol units (label A (D) in Fig.  1), diester with 4 (8) glycol units 
(label B (E) in Fig.  1) and triester with 4 glycol units (label C in Fig.  1). Error 
bars represent the standard error of the mean (SE), estimated accounting for 
temporal correlations (see Methods).

polyphosphate networks may occur under different environmental 
conditions or longer time scales than those accessible in the present 
simulations. The interplay between intermolecular polymerization and 
shear strength therefore represents an important topic for further 
investigation.

To further clarify whether the observed differences arise solely 
from structural effects or also involve distinct chemical reactivity, we 
analyze the evolution of the normalized bond metrics (NBM) during 
sliding. Among the three additives, DBHP is the only one to exhibit 
significant P–O bond dissociation (−16% from the beginning to the 
end of the simulation). In contrast, both OAP and mPEG-P esters show 
substantial O–H bond dissociation (−50% for OAP and −35% for mPEG-
P), associated with deprotonation of the phosphate acid head group. 
All additives display an increase in O–Fe bond formation, albeit via 
different mechanisms. For DBHP, the increase (+71%) results from P–O 
dissociation, which exposes reactive oxygen atoms capable of bonding 
to iron. For OAP (+78%) and mPEG-P (+50%), O–Fe bonds increase 
primarily due to hydrogen release, leaving oxygen atoms available for 
surface coordination. These results confirm that DBHP exhibits distinct 
tribochemical reactivity compared to phosphate-based additives.

Taken together, the structural and chemical analyses indicate that 
steric effects and tribochemical reactivity operate at complementary 
but distinct levels. The enhanced reactivity of DBHP promotes strong 
chemisorption and the formation of a stable interfacial layer, ensuring 
robust surface anchoring. However, the pronounced friction reduction 
correlates more directly with the increased interfacial separation in-
duced by its bulky alkyl chains, which mitigate direct contact between 
opposing asperities and lower shear stress. Thus, while chemical reac-
tivity governs film formation and anchoring, steric architecture appears 
to play the dominant role in determining frictional performance under 
extreme boundary lubrication conditions.

3.2. Different number of ester groups and chain length in mPEG-P

To disentangle the respective roles of steric architecture and chem-
ical reactivity in friction reduction, we systematically analyze the 
mPEG-P series by varying the number of ester groups and the chain 
length. The resistive force (friction stress) and corresponding interfacial 
separation for each variant of mPEG-P in the last 1 ns of sliding are 
reported in Fig.  6. Two systematic trends emerge: for fixed chain 
length, increasing the number of ester groups (going from monoester 
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Fig. 7. H- dissociative adsorption energy mPEG-P (n = 1) mono-, di- and triester over a Fe(110) substrate.
to triester) leads to lower friction and larger interfacial separation. 
Similarly, for fixed number of ester groups, increasing the chain length 
results in increased separation and reduced friction. These results 
indicate that the molecular architecture has a direct impact on the 
mechanical response of the confined interface.

The observed trends point to a dominant steric contribution: larger 
numbers of hydrocarbon chains and longer backbones enhance steric 
hindrance, improving slipperiness and load carrying capacity. Notably, 
increasing the number of ester groups produces a pronounced friction 
decrease even when the corresponding increase in separation is moder-
ate, whereas increasing chain length mainly enlarges the interfacial dis-
tance with a comparatively smaller friction reduction. This behaviour is 
consistent with polymer-brush steric lubrication mechanisms, in which 
densely tethered chains resist compression, maintain separation, and 
shear at low stress, thereby lowering the friction coefficient under 
boundary/mixed lubrication regimes [31–33]. Moreover, increasing es-
ter functionality in base-oil esters has been shown to thicken adsorbed 
films and reduce friction [34], confirming that multi-ester architectures 
promote separation and lower shear.

Collectively, these findings establish a clear mechanistic hierarchy 
in phosphorus-based boundary lubrication: chemical reactivity enables 
surface anchoring, whereas steric architecture ultimately controls in-
terfacial separation and frictional response. These mechanistic insights 
suggest clear pathways for experimental validation. Post-mortem sur-
face analyses of tribological tests, for example by X-ray photoelec-
tron spectroscopy (XPS), could be used to characterize the chem-
ical composition of the resulting tribofilms, allowing direct assess-
ment of phosphite- versus phosphate-derived surface phases. In paral-
lel, controlled tribological experiments using additives with different 
ester functionality and chain length would enable direct compari-
son with the predicted steric trends, providing a one-to-one valida-
tion of the relationship between molecular architecture, interfacial 
separation, and frictional performance. Such combined experimental–
computational approaches could facilitate the rational design of next-
generation phosphorus-based lubricant formulations.

Interestingly, the systematic friction reduction contrasts with the 
adsorption behaviour of the mPEG-P molecules on the iron substrate. 
The evolution of the O–Fe NBM, used as a proxy for surface attachment, 
shows a sharper increase for monoesters (+50%) than for the diesters 
(+16%) and triesters (+8%). This result indicates that monoesters 
adhere more readily to the surface, despite exhibiting higher friction.

DFT calculations of O–H dissociative adsorption energies (Fig.  7) are 
consistent with this trend: mPEG-P mono- and diesters display signifi-
cantly stronger adsorption via hydroxyl dissociation (by a factor 4 and 
6 
3, respectively) compared to the triester, which lacks O–H groups. This 
behaviour aligns with established understanding that monoesters with 
acidic O–H groups typically enhance chemisorption on Fe/Fe-oxide 
more effectively than diesters/triesters [35].

Taken together, these results reveal that stronger surface reactivity 
does not necessarily translate into lower friction. Within the mPEG-P 
series, increasing steric bulk reduces friction even when the tendency 
for dissociative adsorption and chemisorption decreases. This confirms 
that chemical reactivity primarily governs film formation and sur-
face anchoring, whereas steric architecture plays the dominant role in 
controlling interfacial separation and shear response under boundary 
lubrication conditions.

The triester variant of mPEG-P with chain length n = 8 was not 
included in the comparison due to its large molecular size. First, its 
lateral dimensions approach the size of the simulation cell, potentially 
introducing periodic confinement artifacts. Second, maintaining a com-
parable total molecular mass would require too few molecules to ensure 
statistically meaningful results.

4. Conclusions

This work employed machine learning-based molecular dynamics 
to investigate the tribological behaviour of phosphorus-based lubricant 
additives (DBHP, OAP, and mPEG-P esters), under boundary lubri-
cation conditions, with particular attention to the role of molecular 
architecture.

DBHP exhibits the lowest friction and largest interfacial separation 
compared to OAP and mPEG-P monoesters, resulting from the com-
bined effect of enhanced steric hindrance and strong tribochemical re-
activity. However, the comparative analysis indicates that while chem-
ical reactivity promotes surface anchoring and film formation, steric 
architecture plays a dominant role in governing interfacial separation 
and shear response.

Within the mPEG-P series, friction decreases systematically with 
increasing esterification degree and chain length, despite a reduced 
tendency for dissociative adsorption. This trend further supports a 
steric-dominant lubrication mechanism under extreme confinement.

Overall, our findings highlight that under extreme confinement, 
steric hindrance and molecular architecture can outweigh surface re-
activity in determining lubricant performance. The combination of 
machine learning-based MD and bond-metric analysis provides atom-
istic insight into the balance between adsorption, decomposition, and 
steric effects. These results outline design guidelines for next-generation 
phosphorus-based additives, highlighting the importance of balancing 
reactive anchoring groups with sufficient steric bulk to achieve durable 
and low-friction interfaces.
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