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Abstract 
Phosphate esters have a wide range of industrial applications, for example in tribology where 

they are used as vapour phase lubricants and antiwear additives. An atomic-level 

understanding of phosphate ester tribofilm formation mechanisms is required to improve their 

tribological performance. A process of particular interest is the thermal decomposition of 

phosphate esters on steel surfaces, since this initiates polyphosphate film formation. In this 

study, reactive force field (ReaxFF) molecular dynamics (MD) simulations are used to study 

the thermal decomposition of phosphate esters with different substituents on several ferrous 

surfaces. The ReaxFF parameterisation was validated for a representative system using 

density functional theory (DFT) calculations. During the MD simulations on Fe3O4(001) and α-

Fe(110), chemisorption interactions between the phosphate esters and the surfaces occur 

even at room temperature, and the number of molecule-surface bonds increases as the 

temperature increases from 300 to 1000 K. Conversely, on hydroxylated, amorphous Fe3O4, 

most of the molecules are physisorbed and some desorption occurs at high temperature. 

Thermal decomposition rates were much higher on Fe3O4(001) and particularly α-Fe(110) 

compared to hydroxylated, amorphous Fe3O4. This suggests that water passivates ferrous 

surfaces and inhibits phosphate ester chemisorption, decomposition, and ultimately 

polyphosphate film formation. For the alkyl phosphates, thermal decomposition proceeds 

mainly through C-O and C-H cleavage on Fe3O4(001). Aryl phosphates show much higher 

thermal stability, and decomposition on Fe3O4(001) only occurs through P-O and C-H 
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cleavage, which require very high temperature. The onset temperature for C-O cleavage on 

Fe3O4(001) increases as: tertiary alkyl < secondary alkyl < primary linear alkyl ≈ primary 

branched alkyl < aryl. This order is consistent with experimental observations for the thermal 

stability of antiwear additives with similar substituents. The simulation results clarify a range 

of surface and substituent effects on the thermal decomposition of phosphate esters on steel 

that should be helpful for the design of new molecules with improved tribological performance. 

Introduction 
Rational design of lubricant additive molecules could increase the energy efficiency and 

reliability of engineering systems by reducing friction and wear inside machine components.1 

However, this requires a detailed understanding of the molecular-scale processes (adsorption, 

dissociation, and polymerisation) that drive tribological behaviour (friction and wear) at the 

macroscale.2 One important additive is zinc dialkyldithiophosphate (ZDDP), which remains 

ubiquitous in lubricant formulations to mitigate wear inside internal combustion engines.3 

However, ZDDP contains high levels of zinc, sulfur, and phosphorus, which are known to 

degrade exhaust aftertreatment devices.4 Consequently, zinc-free, low-sulphur, and low-

phosphorus alternatives to ZDDP have long been sought.5 Some promising examples include 

phosphate esters and thiophosphate esters.6 Alkyl phosphates, such as tri(n-butyl)phosphate 

(TNBP), are already used as additives in gear lubricants and industrial lubricants.7 Moreover, 

aryl phosphates, such as tri(m-cresyl) phosphate (TCP), are included in most aviation lubricant 

formulations.8 Both TNBP and TCP have also been used as vapour phase lubricants (VPLs) 

for tribological systems that operate at very high temperature (> 700 K).9 

TCP is the most widely studied phosphate ester antiwear additive.5 In 1940, Beeck et al.10 

suggested that the ability of TCP to reduce wear of steel surfaces originated from chemical 

polishing via the formation of iron phosphide. However, later work indicated that the major 

component of the tribofilms formed from TCP was iron phosphate, which acted as a protective 

layer rather than polishing the steel surfaces.11–13 It has also been shown that organic 

polyphosphates14 or iron polyphosphates15,16 are eventually formed from TCP inside 

tribological contacts and are ultimately responsible for its antiwear performance on steel 

surfaces.8 At high temperature, TCP can form relatively thick (60-100 nm) thermal films on 

steel surfaces,17 but thinner tribofilms are usually formed inside rubbing contacts.5 

The formation of iron phosphate/polyphosphate films requires decomposition of the phosphate 

ester molecules, more specifically removal of the alkyl or aryl substituents.6 Under the ultra-

high vacuum (UHV) conditions relevant to VPL, this proceeds via molecular adsorption, 

followed by C-O and/or P-O cleavage to facilitate the formation of a network of P-O bonds.15,16 

There are several hypotheses concerning the alkyl/aryl substituent removal mechanism from 
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phosphate ester antiwear additives on steel surfaces. These include that: (a) intact phosphate 

esters adsorb and then thermally decompose, (b) intact molecules adsorb and decompose by 

nucleophilic attack by other surface-adsorbed species (e.g., O2- or OH-), or (c) phosphate 

esters act as a reservoir for phosphoric acid which is formed by prior hydrolysis in base oil 

solution.8 There have been contradictory reports regarding the role of water on TCP antiwear 

performance; it was initially suggested that hydrolysed TCP shows lower wear than intact 

TCP,18 but subsequent studies have shown that the presence of water in TCP-containing 

lubricants increased wear.19 

The effects of different substituents on the tribological performance of phosphate esters on 

steel surfaces has also been investigated. Aryl phosphates are known to have higher thermal 

stability than alkyl phosphates;20 however, there have been conflicting reports of their relative 

antiwear performance on steel surfaces. While the use of additives with lower thermal stability 

could ensure that protective tribofilms are formed on sliding surfaces more quickly, this could 

also result in rapid depletion of the additive, particularly under severe conditions.21 In their 

pure form, aryl phosphates have shown improved wear resistance compared to alkyl 

phosphates under extreme pressure (EP) conditions;22 however, the opposite trend has been 

reported when they are dissolved in a base oil.23,24 There is some disagreement in the literature 

regarding the dominant bond breaking processes during the thermal decomposition of 

phosphate esters at high temperature (>700 K) on ferrous surfaces. Some studies have 

suggested that alkyl phosphates (e.g., TNBP) decompose mainly via C-O bond cleavage,25,26 

while others have suggested that P-O cleavage dominates.27 For aryl phosphates (e.g., TCP), 

it is widely agreed that P-O cleavage dominates.25,26 

Molecular dynamics (MD) simulations and density functional theory (DFT) calculations have 

also given unique insights into the decomposition mechanisms of phosphate esters.28 For 

example, static DFT calculations have been used to study the adsorption and dissociation of 

TCP on iron surfaces.29 The calculations showed that the mechanisms (a), (b), and (c) 

described above all have at least one exothermic reaction pathway.29 In addition to static 

calculations, ab initio molecular dynamics (AIMD) simulations have also been used to 

investigate the dissociation of tri(methyl)phosphate,30 tri(methyl)phosphite,31 and tri(n-

butyl)phosphite32 confined between iron surfaces where load and sliding are applied. The 

AIMD simulations have given insight into the dissociation pathways of organophosphorus 

molecules inside tribological contacts. However, the high computational expense of AIMD 

simulations means that studies are limited in terms of the accessible length and time scales. 

Alternatively, empirical approaches such as classical MD simulations using many-body, bond 

order potentials can be applied. One popular example is the Reactive Force Field (ReaxFF),33 

which is several orders of magnitude more computationally efficient than ab initio 
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approaches.34 ReaxFF requires careful parameterisation to reproduce quantities calculated 

using ab initio methods for a representative training set to ensure accuracy. This 

parameterisation process has now been conducted for an extensive range of systems and 

conditions, and in many cases provides accuracy close to that obtained using ab initio 

methods.35 For the study of phosphate esters, a ReaxFF parameterisation has recently been 

developed for C/H/O/Fe/P-containing systems.36 It has been applied to study the thermal 

decomposition of TCP on hydroxylated, amorphous iron oxide surfaces.36,37 

In this study, the thermal decomposition of phosphate esters on ferrous surfaces is 

investigated using a combination of ReaxFF MD simulations and DFT calculations. In the MD 

simulations, phosphate esters with a wide range of alkyl and aryl substituents are compared 

on nascent and passivated ferrous surfaces. DFT calculations are used to verify the ReaxFF 

parameterisation for a representative molecule-surface combination. The observed 

differences between the various surfaces and molecules with different substituents have 

important implications for the design of new phosphate ester molecules for use as VPLs and 

antiwear additives. 
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Methodology 

System Setup 
Phosphate triesters with five different substituents were compared: (i) primary linear alkyl, tri(n-

butyl)phosphate, TNBP; (ii) primary branched alkyl, tri(i-butyl)phosphate (TIBP); (iii) 

secondary alkyl, tri(s-butyl)phosphate (TSBP); (iv) tertiary alkyl, tri(t-butyl)phosphate (TTBP); 

and (v) aryl, tri(m-cresyl)phosphate (TCP). The molecular structures of the five phosphate 

esters considered are shown in Fig. 1. 

 

 

Figure 1. Molecular structures of phosphate esters considered: TNBP (primary linear alkyl), 

TIBP (primary branched alkyl), TSBP (secondary alkyl), TTBP (tertiary alkyl), and TCP (aryl). 

Oxygen atoms in P-O bonds are labelled O1, while those in P=O bonds are labelled O2. 

 

The most appropriate surface for MD simulations involving steel specimens for tribological 

systems is still debated. For example, FeO,38 Fe2O3,38,39 Fe3O4,38 and hydroxylated, 

amorphous Fe3O4
36,37

 have all been used to represent steel substrates in recent MD studies. 

This is primarily due to the plethora of passivating iron oxides and surface terminations which 

could be formed.40 In aqueous environments, X-ray photoelectron spectroscopy (XPS) 

experiments have shown that the outermost layer of carbon steels consists mostly of 

hydroxylated Fe2O3.41 Less is known about the surface oxides or hydroxides formed on the 

steels used in machine components lubricated by hydrocarbon-based fluids. Evans et al. 

performed XPS and transmission electron microscope (TEM) analysis of the wear tracks 
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formed during tribology experiments using bearing steel lubricated with a hydrocarbon base 

oil42 and P-containing additives dissolved in base oil.43 The XPS showed that FeO, Fe2O3, and 

Fe3O4 were all present at the surface, while TEM indicated that the surface was 

heterogeneous, consisting of local crystalline and amorphous regions.42,43 Tests under 

boundary lubrication conditions (where more substantial temperature rises are expected) 

contained more amorphous material compared to tests under mixed lubrication conditions.42,43 

Furthermore, lubricants can often become contaminated with water,44 which is likely to adsorb 

and dissociate on iron oxide surfaces, ultimately leading to hydroxyl formation.45 

MD simulations are generally limited to the nanometre length scales,28 so it is not feasible to 

investigate the heterogeneous surfaces observed experimentally.42,43 In this study, we 

compare behaviour on three particularly relevant substrates: (i) nascent α-Fe, which could be 

maintained under UHV conditions25,26 or exposed during rubbing in conventional tribology 

experiments;46 (ii) crystalline magnetite (Fe3O4), which has been observed on steel samples 

from tribology experiments;42,43 and (iii) amorphous magnetite with surface hydroxylation (a-

Fe3O4-OH), which could be formed due to large temperature rises42,43 and water 

contamination.45 We considered the α-Fe(110)47 and Fe3O4(001)40 planes since they show 

high thermodynamic stability. For Fe3O4(001), the so-called B-layer termination is chosen, 

which is stable under oxygen-rich conditions.48 The thermal decomposition of all of the 

phosphate esters (shown in Fig. 1) was investigated on Fe3O4(001). The primary linear alkyl 

(TNBP) and secondary alkyl (TSBP) molecules were also compared on α-Fe(110) and a-

Fe3O4-OH. 

All of the systems were constructed using the Materials and Processes Simulations (MAPS) 

platform from Scienomics SARL. The substrates had approximate dimensions of x = 5.0 nm, 

y = 5.0 nm, and z = 1.5 nm. 3.5 nm of vacuum was added above the substrate in the z-

direction. Sixteen phosphate ester molecules were added approximately 0.3 nm from the 

surface in the z-direction, corresponding to a surface coverage of 0.6 molecules nm-2. We are 

not aware of adsorption experiments for phosphate esters from non-aqueous solvents. 

However, adsorption experiments for n-butyl, i-butyl, and s-butyl ZDDPs on iron oxide from n-

hexadecane suggested a plateau coverage of approximately 0.5 molecules nm-2 for all of the 

butyl isomers.49 The alkyl phosphate systems (TNBP, TIBP, TSBP, TTBP) contain a total of 

192 C atoms, 432 H atoms, 64 O atoms, and 16 P atoms while the aryl phosphate system 

(TCP) contains 336 C atoms, 336 H atoms, 64 O atoms, and 16 P atoms (not including the 

surface atoms). To sample a wider configurational space, half of the phosphate ester 

molecules were initially orientated with O atoms in the P=O bonds pointed towards the surface, 

and half with them pointing away.36 Some representative systems for the thermal 

decomposition simulations are shown in Fig. 2. 
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Figure 2. Snapshots of representative systems TNBP on Fe3O4(001), α-Fe(110), and a-Fe3O4-

OH after energy minimisation and before equilibration. Visualised with OVITO:50 Fe atoms 

shown in orange, O in blue, P in red, C in black, and H in white. Atoms below the green line 

are frozen. The purple shaded area is a reflective boundary in the xy plane at the top of the 

simulation cell. Note that all of the molecules are intact at this stage, even though some appear 

to be broken due to the periodic boundary conditions in x and y directions. 

 

Simulation Details 
The large atomic/molecular massively parallel simulator (LAMMPS) software was used for the 

MD simulations.51 Velocity Verlet integration was used with a time step of 0.25 fs.36 The bottom 

atomic layer of the substrate was frozen, and periodic boundary conditions were applied in the 

x and y directions. The temperature was controlled using a Nosp-Hoover thermostat52,53 with 

a damping parameter of 25 fs, which was applied to all non-frozen atoms. A reflective 

boundary was added in the xy plane at the top of the simulation cell (z = 5.0 nm) to prevent 

desorbed species from leaving the simulation cell (see Fig. 2).37 

Force Field 

All of the MD simulations used the same ReaxFF parameters for C/H/O/Fe/P interactions as 

were employed by Khajeh et al.36 ReaxFF is a bond order-based force field that was originally 

developed by van Duin et al.33 to study the dissociation and reactions of small hydrocarbon 

molecules. The version of ReaxFF implemented in LAMMPS uses the functional form which 

was outlined by Chenoweth et al.54 and was fully described by Aktulga et al.55 The general 

form of ReaxFF is given by:35 

Esystem = Ebond + Eover + Eangle + Etors + EvdW + ECoulomb + Especific                                  (2) 
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where Ebond is a continuous function of interatomic distance, describing the energy associated 

with bond formation (including σ, π, and π-π contributions). Eangle and Etors are the energies 

associated with three-body angle and four-body torsional angle strain respectively. Eover is an 

energy penalty to prevent over-coordination of atoms and is based on atomic valence rules. 

ECoulomb and EvdW represent the electrostatic and dispersive interactions between all atoms in 

the system, irrespective of their connectivity and bond order. Especific represents system-

specific terms required to capture properties particular to the system of interest, such as lone-

pairs, conjugation, and hydrogen bonding.35 The point charges on the atoms vary dynamically 

during the MD simulation and are calculated using the charge equilibration (Qeq) method.55–

57 

In the ReaxFF parameter file used in the current study (see Supporting Information), the 

Fe/P/O ReaxFF parameters were developed by Khajeh et al.36 The parameters for Fe/O/H 

were originally developed by Aryanpour et al.,58 Fe/C by Zou et al.,59 P/O/C/H by Verlackt et 

al.60, and C/H/O by Chenoweth et al.54 The ReaxFF parameters for Fe/O/H58 have been shown 

to accurately reproduce the experimental lattice parameters for α-Fe (within 1 %),59 α-Fe2O3 

(within 4 %),39 and Fe3O4 (within 3 %).58 They have also been shown to perform favourably 

compared to other many-body force fields in describing the mechanical properties of α-Fe.61 

MD simulations using ReaxFF have been successfully employed to study the thermal 

decomposition of a wide range of molecules; from hydrazines,62 to methylnaphthalene 

derivatives,63 and hydrocarbons adsorbed on nickel surfaces.64 The C/H/O/Fe parameters 

used in this study have also shown good agreement with experiment in MD simulations of 

heterogeneous catalysis, for example the methanation of the carbon monoxide by Fe(100)65, 

the dissociative adsorption of formaldehyde on Fe(100),66 and the oxidation of butane on 

Cr2O3 in the presence of FeS2.67 The ReaxFF parameter set has previously been applied to 

study the thermal decomposition of TCP on a-Fe3O4-OH surfaces36 as well as TCP 

interactions with nanodiamonds on the same surface.37 

DFT Validation 

The ReaxFF parameterisation was validated using ab initio methods for the adsorption of an 

intact TNBP molecule on α-Fe(110). The energy changes for C-O and P-O dissociation for 

this molecule-surface combination were also investigated. Spin-polarised DFT calculations 

were performed using the Vienna ab initio simulation program (VASP)68–70 with the projector 

augmented wave (PAW) pseudopotentials.71 Tests were performed with both the Perdew-

Burke-Ernzerhof (PBE) exchange-correlation functional72 and the optB86b-vdW nonlocal 

correlation functional,73 which explicitly treats van der Waals interactions. Unlike some 

previous molecular adsorption studies,74,75 similar adsorption energies were obtained with 

both functionals. The optB86b-vdW functional was used for the production calculations. The 
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plane-wave cutoff energy was set to 550 eV. The convergence criteria for the total energy in 

the self-consistent cycle was 10-6 eV, while for the ionic forces during geometry optimization 

it was 10-4 eV Å-1. The Monkhorst-Pack scheme76  was used for k-point sampling with a 3 × 2 

× 1 k-mesh for a supercell with an α-Fe(110) slab with dimensions of x = 1.2 nm, y = 1.7 nm, 

z = 2.4 nm. A single TNBP molecule was placed 0.3 nm above the slab, which corresponds 

to a similar surface coverage (0.5 nm-2) to the ReaxFF MD simulations. A dipole correction 

was added in the z-direction.77 1.5 nm of vacuum space was maintained above the Fe surface. 

The lattice constant and the bottom layer of Fe atoms was fixed at the bulk crystal structure 

during the geometry optimisation. 

The adsorption energy, ܧௗ௦, was calculated using the expression: 

ௗ௦ܧ = ௦௬௦ܧ − ௦ܧ) +  )          (1)ܧ

where ܧ௦௬௦ is the total energy of the adsorbed complex, ܧ௦ is the total energy of the fully 

relaxed substrate, and ܧ is the total energy of the relaxed isolated molecule. For the 

validation procedure, the ܧௗ௦ values of both intact and dissociated TNBP molecules adsorbed 

on α-Fe(110) were compared following geometry optimisation using either ReaxFF or DFT. 

The most stable intact and dissociated structures were identified through energy minimisation 

of ten starting structures with different molecule orientations using ReaxFF. The most stable 

structures were then geometry optimised using DFT. 

Nudged elastic band (NEB) calculations with the climbing image scheme78 were used to 

calculate the minimum energy path along the potential energy surface for C-O and P-O bond 

dissociation. The NEB calculations were performed in LAMMPS51 with the same ReaxFF 

parameters used in the MD simulations.36 The energies obtained from the NEB calculations 

using ReaxFF were compared to single-point DFT calculations of the same structures. 

a-Fe3O4-OH Surface Preparation 
The a-Fe3O4 surface was produced by annealing a slab of crystalline Fe3O4. The temperature 

was increased from 300 to 4000 K over 25 ps, held at 4000 K for 125 ps, and then quenched 

back to 300 K over 500 ps. Before amorphisation, the Fe coordination number was 4 (37 %) 

or 6 (63 %), as expected for Fe3O4. Following amorphisation, the majority of the Fe atoms had 

a coordination number of 4 (78 % in the bulk and 80 % on the surface), with the remaining Fe 

atoms having coordination numbers of 1 (0.2 % bulk, 3 % surface), 2 (3 % bulk, 8 % surface), 

3 (17 % bulk and 8 % surface), and 5 (1 % bulk, 0 % surface),36 which is indicative of an 

amorphous substrate. 

Finally, to hydroxylate the surface, 300 water molecules were placed over the a-Fe3O4 

substrate, and the temperature was increased to 700 K to accelerate hydroxylation. The 
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simulation was run for 500 ps, until the potential energy was stable. After this stage, any atoms 

from intact or dissociated water molecules that were not covalently bonded to the surface were 

removed.36 At the end of this process, the hydroxyl group density on the surface was 8.3 nm−2, 

which is within the experimentally observed range (7-20 nm−2) for Fe3O4.79 

MD Simulations 

Initially, the energy of each system was minimised using the conjugate gradient method, 

followed by equilibration for 0.2 ns at 300 K. Then, the temperature was linearly increased 

from 300 to 1000 K over 1.4 ns (heating rate of 0.5 K ps-1).37 The selected temperature range 

is representative of that experienced by phosphate esters when they are used as VPLs under 

UHV conditions9 and antiwear additives under EP conditions.80 Previous ReaxFF studies of 

hydrazine molecules showed that, as the heating rate was increased from 50 to 200 K ps-1, 

the onset temperature for decomposition increased from 1350 to 1690 K.62 Although the 

heating rate used here is relatively low by ReaxFF simulation standards, it is still several orders 

of magnitude higher than that applied experimentally (ca. 1 K s-1).25,27 Thus, the onset 

temperature for decomposition is expected to be somewhat higher in the current simulations 

compared to experiments. However, like previous studies of substituent effects with ReaxFF,63 

the trends between the different molecules and substrates are expected to be accurately 

represented. 

Chemical bonding information was output every 1.0 ps using a bond order cut-off of 0.3 to 

identify covalent bonds.36 It is important to note that the choice of bond order cut-off only 

affects the post-processing analysis and does not influence the ReaxFF energy or force 

calculations.62 The results shown below represent mean values between three independent 

simulations with the initial configurations of the phosphate ester molecules shifted by 0.5 nm 

in either the x or y direction.37 Chemical bonding was thus effectively monitored for 48 

molecules for each case, which is sufficient to capture multiple possible reactions.36 Videos of 

the thermal decomposition simulations for some representative systems, TNBP on 

Fe3O4(001), α-Fe(110), and a-Fe3O4-OH, are provided in the Supporting Information. 

Results and Discussion 

DFT Validation 
The geometry-optimised structures, adsorption energies, and interatomic distances using 

ReaxFF and DFT are shown in Fig. 3. It should be noted that, even using DFT, the value of 

 ௗ௦ is highly dependent on the choice of DFT functional.81 The ReaxFF parameters used inܧ

the current study were developed using the PBE functional.36 The DFT calculations used 

optB86b-vdW,73 which gave similar ܧௗ௦ values to PBE72 for the systems studied here. 
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Following geometry optimisation of an intact TNBP molecule adsorbed on α-Fe(100), ܧௗ௦ = -

2.6 eV with ReaxFF and ܧௗ௦ = -1.6 eV with DFT. The DFT adsorption energy is in close 

agreement (ܧௗ௦ = -1.9 eV) with previous calculations of an intact TCP molecule on α-Fe(110) 

using the PBE functional.29 The intact TNBP molecule is more strongly adsorbed using 

ReaxFF compared to DFT, as has been noted in previous comparisons of polar molecules on 

metal surfaces.82 Following, C-O dissociation, ܧௗ௦ = -3.8 eV with ReaxFF and ܧௗ௦ = -3.6 eV 

with DFT, while after P-O dissociation, ܧௗ௦ = -0.2 with ReaxFF and ܧௗ௦ = -1.4 eV with DFT. 

These observations indicate that, although the adsorption energy is generally overestimated 

compared to DFT, the ReaxFF parameterisation36 can describe the chemisorption interactions 

between phosphate esters (both intact and dissociated) and ferrous surfaces. Moreover, the 

energy differences between the intact and dissociated molecules are in good agreement, as 

shown in Fig. 4. 

 

Figure 3. Geometry optimised structures, adsorption energies, and interatomic distances (in 

Å) of an intact and dissociated TNBP molecules on α-Fe(100) using ReaxFF and DFT. 

Visualised with OVITO,50 atom colours are the same as in Fig. 2. 
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The initial intact and final dissociated structures following geometry optimisation with DFT (Fig. 

3) are quite similar. For the adsorbed intact TNBP molecule, two O atoms form O-Fe bonds 

with atoms in the α-Fe(100) surface. The O-Fe bond distance is 2.5 Å with ReaxFF and 2.1 Å 

with DFT for the O atom in the P=O bond, while for the O atom in the closest P-O bond it is 

3.7 Å with both ReaxFF and DFT. For the C-O dissociated molecule, the two O-Fe bond 

distances are both 2.5 Å with ReaxFF while they are 2.0 Å and 2.1 Å with DFT. C-O 

dissociation forms n-butyl radicals which adsorb in a bridge position on the surface, with C-Fe 

bond distances of 2.0 Å with ReaxFF and 2.2 Å with DFT. The conformation of the n-butyl 

radical and the molecule-surface bond distances are consistent with previous DFT 

calculations using iron carbide surfaces.83 For the P-O dissociated molecule, the O-Fe 

distance for the O atom in the closest P-O bond is 2.7 Å for ReaxFF and 2.0 Å for DFT. The 

O-Fe distance for the O atom in the alkoxy group formed by P-O dissociation is 2.2 Å with 

ReaxFF and 1.8 Å with DFT. In general, the phosphate groups are pulled closer to the surface 

in DFT, while the alkyl groups are closer with ReaxFF. 

Fig. 4 shows the structures and relative energies from the NEB calculations using ReaxFF for 

C-O cleavage (a) and P-O cleavage (b) within a TNBP molecule on α-Fe(100). Relative 

energies for the intact, transition state, and dissociated molecules from single-point DFT 

calculations (DFT-SP) are shown for comparison. Relative energies for the intact and 

dissociated structures following geometry optimisation with DFT (DFT-GO) are also shown. 

DFT-SP provides a direct comparison of the relative energies obtained using the same atom 

coordinates as ReaxFF, whereas DFT-GO shows relative energies when the atom 

coordinates are relaxed using DFT. The energies in Fig. 4 are relative to ܧௗ௦ for an intact 

TNBP molecule on the α-Fe(100) surface using the respective methods. For endothermic P-

O dissociation, the transition state is product-like so it is omitted for clarity. 
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Figure 4. Structures and relative energies from NEB calculations using ReaxFF for C-O 

cleavage (a) and P-O cleavage (b) in TNBP on α-Fe(100). DFT relative energies from single-

point calculations on the ReaxFF NEB structures (DFT-SP) and from geometry optimisation 

(DFT-GO). Energies are relative to Eads for the intact molecule using the respective methods. 

 

Fig. 4 shows that, with ReaxFF, C-O dissociation is exothermic with an energy benefit of -1.2 

eV and an activation energy barrier of 2.3 eV. Single-point DFT calculations of the initial intact, 

transition state, and final dissociated structures yield a smaller energy benefit of -0.3 eV, but 

a similar activation barrier of 2.4 eV. When the intact and dissociated structures are both 

geometry optimised with DFT, the energy benefit is -2.0 eV, which is larger than with ReaxFF. 

P-O cleavage is endothermic with both ReaxFF and single-point DFT calculations, with an 

similar energy penalty of 2.2 eV and 2.3 eV respectively. P-O dissociation is also endothermic 

in the geometry optimised DFT calculations, but with a much smaller energy penalty of 0.2 eV. 

The ReaxFF and DFT calculations both suggest that C-O cleavage is the primary thermal 

decomposition mechanism for alkyl phosphates on ferrous surfaces. The energy changes and 

barriers for further dissociation reactions in the alkyl phosphate molecules are expected to be 

similar to the first, as observed in previous DFT calculations of alkyl phosphites on α-Fe(110).31 

The general agreement between the DFT calculations and the ReaxFF parameterisation36 for 

the stable conformations, relative energies, and energy barriers for the major decomposition 

processes provides evidence that these reactions will be accurately represented in ReaxFF 

MD simulations. 

MD Simulations 
Following validation of the ReaxFF parametrisation with DFT, heating MD simulations were 

performed to study the thermal decomposition of the phosphate esters on ferrous surfaces. 

The number of bonds between the phosphate ester molecules and the surfaces, as well as 
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within the phosphate ester molecules, were monitored as the temperature was linearly 

increased from 300 to 1000 K over 1.4 ns (heating rate of 0.5 K ps-1). Fig. 5 compares the 

change in the number of bonds formed between the different phosphate ester molecules and 

the Fe3O4(001) surface during heating. The solid lines are rolling-averaged results (taken 

every 10 ps) between three independent simulations with different initial positions and the 

shaded areas represent one standard deviation. The temporal change in the bonding 

information is consistent between the independent simulations. 

Fig. 5 shows that, at room temperature, < 20 surface-molecule bonds are formed, suggesting 

that the phosphate esters are mostly physisorbed on Fe3O4(001). As the temperature is 

increased, many more bonds form between the molecules and the surface, indicating that the 

phosphate esters begin to chemisorb on Fe3O4(001). In general, the number of chemisorption 

interactions increases with increasing temperature and begins to asymptote at high 

temperature (> 900 K). These observations are consistent with quartz crystal microbalance 

(QCM) experiments of TCP under UHV conditions which indicated that the adsorbed amount 

of TCP on Fe a surface saturated at a value that increased with increasing temperature 

(between 200-500 K).84 The simulation results are also in agreement with temperature-

programmed desorption (TPD) and Auger electron spectroscopy (AES) experiments under 

UHV conditions which showed that TNBP molecules adsorb strongly on Fe3O4.27 

Most of the surface-molecule bonds formed in Fig. 5 originate from the alkyl and aryl groups, 

more specifically H-Osurf, C-Fe, and C-Osurf bonds. This observation suggests that hydroxyl, 

alkyl/aryl, and alkoxy/aryloxy groups were formed on the surface as the temperature was 

increased. The formation of these groups has been observed in TPD experiments for both 

TCP and TNBP on ferrous surfaces under UHV conditions.25,26 Chemisorption interactions 

between atoms in the phosphate group and the surface, for example O-Fe and P-Osurf, also 

occur at high temperature (> 600 K). The presence of these bonds confirms iron phosphate 

formation, as noted from experimental results.25,26 The number of molecule-surface 

chemisorption interactions is quite similar between the different phosphate esters studied. The 

adsorption of phosphate esters with these substituents has not been studied on ferrous 

surfaces. However, adsorption experiments of n-butyl, i-butyl, and s-butyl ZDDPs from n-

hexadecane showed similar adsorbed amounts on iron oxide for the different substituents,49 

which is consistent with the results in Fig. 5. All of the phosphate esters form a similar number 

of H-Osurf bonds, while aryl phosphates form more C-Fe bonds than alkyl phosphates. This 

observation can be rationalised through the higher total number of C atoms for the aryl 

phosphate systems (336) compared to the alkyl phosphates (192). Negligible P-Fe bond 

formation occurs during any of the simulations, confirming that iron phosphate,11–13 rather than 

iron phosphide10  is formed on ferrous surfaces from phosphate ester molecules.  
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Figure 5. Number of covalent bonds formed between TNBP, TIBP, TSBP, TTBP, TCP and 

the Fe3O4(001) surface. Each line represents the mean of three independent simulations and 

shaded areas represent one standard deviation. Insets show magnifications of the mean 

results in the second half of the simulation for the less commonly observed bonds. 

 

In addition to the molecule-surface bond formation, it is also interesting to study bond breaking 

within the phosphate ester molecules, since this initiates polyphosphate tribofilm formation.16 

Fig. 6 compares the percentage of intact C-H, C-O, and P-O bonds remaining within the 



16

phosphate ester molecules as the temperature is linearly increased from 300-1000 K on 

Fe3O4(001). The percentages are relative to the intact molecules after energy minimisation 

and equilibration. The total number of C-H, C-O, P-O, P=O, and C-C bonds remaining within 

the molecules during heating on Fe3O4(001) is shown in the Supporting Information (Fig. S1). 

Negligible C-C or P=O bond scission occurs for any of the phosphate esters on Fe3O4(001).  

 

Figure 6. Percentage of intact C-O, C-H, and P-O bonds for TNBP, TIBP, TSBP, TTBP, and 

TCP on the Fe3O4(001) surface. The percentages are relative to the intact molecules after 

energy minimisation. Solid lines are means of three independent simulations, shaded areas 

represent one standard deviation. 

 

Fig. 6 shows that C-H cleavage occurs for all of the phosphate esters, even at low 

temperatures. Dehydrogenation of the alkyl and aryl groups leads to the H-Osurf bond formation 

(hydroxylation) observed in Fig. 5. Iron oxides are known to be effective alkane 

dehydrogenation catalysts,85 and dehydrogenation has been observed experimentally for 

TNBP on Fe3O4 at low temperature (300 K) using TPD.27 Fig. 6 shows that both the onset 

temperatures for C-H cleavage and the rates of dehydrogenation are similar for all of the 

phosphate esters studied on Fe3O4(001). Dehydrogenation begins at relatively low 
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temperature (≈ 400 K), and 10-15 % of the C-H bonds are broken by the end of the heating 

simulations (1000 K) for all of the phosphate esters studied. 

Clear differences between the various phosphate esters are observed in terms of the onset 

temperature and rate of C-O cleavage in Fig 6. The tertiary phosphate (TTBP) has the lowest 

onset temperature (< 350 K) for C-O cleavage on Fe3O4(001), and approximately 40 % of the 

C-O bonds are broken by the end of the simulation (1000 K). For the secondary phosphate 

(TSBP), C-O cleavage begins at higher temperature (500 K) compared to TTBP; however, at 

high temperature (> 600 K), TSBP has a higher rate of C-O cleavage, and more of the C-O 

bonds (50 %) are broken by the end of the simulation. For both primary alkyl phosphates 

(TNBP and TIBP), C-O cleavage begins at approximately 600 K, and only 10 % of the C-O 

bonds are broken by the end of the simulation. Negligible C-O cleavage occurs during the 

TCP simulations on Fe3O4(001), even at very high temperature (1000 K). The differences 

between the different substituents can be rationalised based on the relative stability of the 

radicals formed by C-O dissociation. 

In the thermal decomposition simulations, P-O cleavage is much less prevalent than C-H and 

C-O cleavage for all of the alkyl phosphate esters studied, with < 5 % of the bonds broken at 

the end of the simulation. The P-O cleavage reactions which do occur proceed via nucleophilic 

substitution by surface O atoms. In general, primary alkyl phosphates (TNBP and TIBP) show 

more P-O cleavage compared to secondary alkyl (TSBP), tertiary alkyl (TTBP), and aryl (TCP) 

phosphates. This decrease in P-O cleavage is probably due to increased steric hindrance, 

which reduces the probability of nucleophilic attack.86 Although nucleophiles are present in the 

simulations in the form of O atoms in the phosphate ester molecules and the surface, these 

are relatively immobile on MD simulation timescales. 

Overall, Fig. 6 suggests that alkyl phosphate thermal decomposition proceeds mainly via C-O 

and C-H cleavage on Fe3O4(001), with some P-O cleavage occurring at high temperatures. 

For aryl phosphates, P-O and C-H cleavage are the only decomposition mechanisms that 

occur on Fe3O4(001). 

Fig. 7 shows snapshots of representative phosphate ester molecules (TNBP) which undergo 

C-O and P-O bond cleavage on Fe3O4(001) during the heating simulations. During C-O 

dissociation, the primary α-C radical is stabilised by bond formation with a surface Fe atom 

and, in this case, the phosphate radical forms a new O-H bond from a surface hydroxyl group 

formed from a separate dehydrogenation reaction. During P-O cleavage, an Osurf atom forms 

a bond with a P atom in the TNBP molecule, as expected for nucleophilic substitution. The 

resultant alkoxy group bonds to a surface Fe atom. 
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Figure 7. Snapshots showing a representative phosphate ester molecule (TNBP) on the 

Fe3O4(001) surface before (left) and after (right) C-O bond cleavage (top) and P-O bond 

cleavage (bottom). All of the atoms are translucent except those in a representative TNBP 

molecule in which dissociation occurs during the heating simulations. Visualised with OVITO,50 

atom colours are the same as in Fig. 2. 

 

In the absence of metal or metal oxide surfaces, alkyl phosphates typically thermally 

decompose above around 530 K, while aryl phosphates remain stable up to approximately 

640 K.20 TPD and AES experiments have shown that TNBP molecules begin to dissociate at 

room temperature on iron oxide surfaces27 and XPS experiments have indicated that TCP 

decomposes at higher temperature (400-500 K) on steel surfaces.87 The onset temperatures 

for thermal decomposition on Fe3O4(001) in Fig. 6 are thus approximately 100 K higher in the 

ReaxFF MD simulations than observed experimentally. This is probably a consequence of the 

much higher heating rate in the simulations (0.5 K ps-1) compared to the experiments (1 K s-

1),25,27 which has been shown previously to lead to overestimated decomposition 

temperatures.62 While the onset temperature for decomposition is overestimated in the 
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simulations, the relative trends between the different phosphate esters are in remarkable 

agreement with experimental observations for both phosphate esters and ZDDPs. In 

particular, aryl phosphates show a much higher onset temperature for decomposition 

compared to alkyl phosphates.20 Moreover, the onset temperature for C-O cleavage on 

Fe3O4(001) increases in the order: TTBP (tertiary alkyl) < TSBP (secondary alkyl) < TNBP 

(primary linear alkyl) ≈ TIBP (primary branched alkyl) < TCP (aryl). This order is mostly 

consistent with the thermal stability of ZDDPs with similar substituents in base oil solution.86 

In the glassware experiments, without ferrous surfaces, primary branched ZDDPs were found 

to be less thermally stable compared to primary linear ones. This was attributed to slower P-

O cleavage in the former due to increased steric hindrance.86 However, in the current ReaxFF 

MD study, the phosphate esters with these substituents showed similar decomposition rates 

on Fe3O4(001). This is because thermal decomposition proceeds mainly through C-O 

cleavage, which will not be retarded by steric effects. 

We also investigated the thermal decomposition of phosphate esters on non-passivated α-

Fe(110) and hydroxylated a-Fe3O4-OH surfaces. Fig. 8 compares the change in the number 

of bonds formed between primary linear (TNBP) and secondary (TSBP) alkyl phosphate ester 

molecules on α-Fe(110) and a-Fe3O4-OH. Many more surface-molecule bonds are formed on 

α-Fe(110) compared to Fe3O4(001) (Fig. 5). In particular, C-Fe, O1-Fe, and O2-Fe bonding 

begins at lower temperature and around twice as many bonds are formed by the end of the 

heating simulation. Previous AIMD simulations of tri(methyl)phosphate also suggested that 

O1-Fe and O2-Fe bond formation readily occurs on α-Fe(110).30 This observation suggests 

that, if nascent α-Fe is exposed during rubbing,46 it is quickly passivated by phosphate ester 

molecules.88 Since so many strong binding chemisorption interactions occur on α-Fe(110), 

fewer species are released into the gas phase compared to the other surfaces (see Supporting 

Information videos). 

Conversely, Fig. 8 indicates that very few chemisorption interactions occur between the a-

Fe3O4-OH surface and the alkyl phosphate esters, which is consistent with previous ReaxFF 

MD simulations for TCP.36,37  Similarly, experiments have shown that TCP physisorbs on inert 

gold surfaces and desorbs above 500 K, rather than decomposing and forming a film as it 

does on more reactive ferrous surfaces.87 Indeed, desorption of intact molecules is observed 

on a-Fe3O4-OH, but not the other ferrous surfaces studied here (see Supporting Information 

videos). This suggests that phosphate esters will only physisorb on regions of the surface that 

are hydroxylated and desorb at high temperature, rather than decomposing to initiate film 

formation. 
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Figure 8. Number of covalent bonds formed between TNBP/TSBP molecules and the α-

Fe(110)/a-Fe3O4-OH surfaces. Solid lines are means of three independent simulations, 

shaded areas represent one standard deviation. 

 

Fig. 9 compares the change in the percentage of intact C-O, C-H, and P-O bonds remaining 

for the different ferrous surfaces during the heating simulations. The total number of C-H, C-

O, P-O, P=O, and C-C bonds remaining within the molecules during heating on the different 

surfaces is shown in the Supporting Information (Fig. S2). For both primary linear (TNBP) and 

secondary (TSBP) alkyl phosphates, C-H cleavage occurs at room temperature on 

Fe3O4(001), at higher temperature (> 500 K) on α-Fe(110), and only at very high temperature 

(> 700 K) on a-Fe3O4-OH. This observation can be attributed to the fact that H-Osurf bond 

formation facilitates the formation of stable hydroxyl groups while C-Fe bonding stabilises the 

resultant alkene, as shown in Fig. 5. Although H-Fe bonding does occur on α-Fe(110) surfaces 

in Fig. 8, this requires higher temperatures, suggesting a larger activation energy. Since a-

Fe3O4-OH already contains surface hydroxyls, it is unsurprising that C-H dissociation requires 

very high temperatures. C-O cleavage begins at lower temperatures and more C-O bonds 

dissociate on α-Fe(110) compared to Fe3O4(001) and particularly a-Fe3O4-OH. Surface Fe 
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atoms are more accessible on α-Fe(110) to promote β-H elimination than on Fe3O4(001) and 

a-Fe3O4-OH. Fig. 8 also shows that, on α-Fe(110), C-O cleavage occurs at lower temperature 

(350 K) for TSBP compared to TNBP (400 K); however, the difference in onset temperature 

between the molecules is smaller than on Fe3O4(001). 

 

Figure 9. Percentage of intact C-O, C-H, and P-O bonds for TNBP and TSBP on the α-

Fe(110), Fe3O4(001), and a-Fe3O4-OH surfaces. The percentages are relative to the intact 

molecules after energy minimisation. Solid lines are means of three independent simulations, 

shaded areas represent one standard deviation. 

 

In Fig. 9, some P-O cleavage occurs on Fe3O4(001) and to a lesser extent a-Fe3O4-OH; 

however, no P-O bonds are broken on α-Fe(110). This observation confirms that P-O cleavage 

requires proximal nucleophiles (Osurf atoms) for the phosphate esters studied here. Since C-

O dissociation does not occur for aryl phosphates such as TCP (Fig. 6), accelerated P-O 

scission via nucleophilic substitution can explain their higher reactivity experimentally on iron 

oxide compared to iron surfaces.15 From these simulations, the opposite trend (higher 

reactivity on iron compared to iron oxide) is expected for alkyl phosphates that undergo C-O 

dissociation, although this has not yet been experimentally confirmed. 
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Compared to the other surfaces, only a very small number of bonds are broken within TNBP 

and TSBP on a-Fe3O4-OH. This observation suggests that phosphate esters form 

polyphosphate films much more slowly on regions of the surface that are hydroxylated. Indeed, 

tribology experiments have suggested that TCP tribofilm formation is hindered by the presence 

of water,19 which likely results in surface hydroxylation.79 Moreover, TCP is known to be an 

ineffective antiwear additive on inert oxide films such as aluminium, nickel, and chromium 

oxide.15  

For all of the alkyl phosphates and surfaces studied, the primary thermal decomposition 

mechanism is C-O bond cleavage on Fe3O4(001) (Fig. 6). This observation is in agreement 

with experiments for TNBP on α-Fe surfaces by Sung and Gellman.25,26 The current results do 

not support the conclusions of Gao et al.,27 who suggested that P-O cleavage was the primary 

decomposition mechanism for TNBP on Fe3O4. This postulation was based upon the fact that 

mostly 1-butanol, rather than 1-butene, was detected during heating in their TPD 

experiments.27 In the simulations on Fe3O4(001), both C-Fe and C-Osurf bonds are formed as 

the temperature is increased (see Fig. 5), suggesting that both alkyl and alkoxy groups are 

deposited on the surface following C-O cleavage. Furthermore, both gas phase alkene and 

alcohol molecules are released for all of the alkyl phosphates on Fe3O4(001) (see Supporting 

Information videos). These observations suggest that some of the alkene molecules formed 

during C-O cleavage are oxidised89 and hydrogenated before being released into the gas 

phase as alcohols. The Hsurf atoms required for this process are formed by separate 

dehydrogenation reactions of the phosphate ester alkyl chains.85 Therefore, the lack of gas 

phase alkenes detected by Gao et al.27 in their TPD experiments on Fe3O4 does not preclude 

C-O cleavage as the primary thermal decomposition mechanism of TNBP (and other alkyl 

phosphates) on Fe3O4. Conversely, Sung and Gellman.25,26 did observe gas phase alkenes 

for TNBP on α-Fe, since fewer Osurf atoms were available for oxidation to form alcohols. For 

the more thermally stable aryl phosphates (TCP), P-O and C-H cleavage are the only 

decomposition mechanism observed in the simulations, since C-O scission is disfavoured due 

to the low stability of benzyl radicals. The surface-adsorbed aryloxy groups formed through P-

O cleavage cannot undergo β-H elimination and are thus non-volatile. These observations are 

in agreement with the conclusions of Sung and Gellman.25,26 

Decomposition of antiwear additives is crucial to initiate film formation and ultimately wear 

mitigation. It has recently been shown that the initial removal of alkyl groups is the rate 

determining step for ZDDP tribofilm formation.90 Several researchers have attempted to link 

the thermal stability of antiwear additives with their tribological performance. For example, it 

has been suggested that pure aryl phosphates (with higher thermal stability20) yield improved 

antiwear performance compared to alkyl phosphates;22 however, the opposite trend has been 
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reported when they were dissolved in a base oil.23,24 Rowe and Dickert91 suggested that more 

thermally stable primary ZDDPs exhibited better antiwear performance compared to 

secondary ZDDPs at high temperature (420 K). However, Fujita et al.92 showed that ZDDPs 

with secondary alkyl groups form tribofilms more quickly compared to those with primary alkyl 

groups at moderate temperature (370 K). Furthermore, Topolovec-Miklozic et al.93 showed 

that this faster tribofilm formation for secondary ZDDPs could lead to improved antiwear 

performance compared to primary ZDDPs at moderate temperature (370 K). 

Most commercial lubricants contain a  mixture of primary and secondary ZDDPs94 to provide 

a ‘graded response’ over a wide range of conditions.95 Moreover, lubricants for spark ignition 

(gasoline) engines generally contain a higher proportion of secondary ZDDPs compared to 

those for compression ignition (diesel) engines, to provide tribofilms of sufficient thickness at 

their lower operating temperature.3 Molecular simulations could soon provide a molecular-

level understanding of additive decomposition and tribofilm formation to facilitate the rational 

design of new antiwear additives with optimised performance under the relevant operating 

conditions. 

It should also be noted that, for ZDDP, the films formed by thermal decomposition are 

significantly different from the tribofilms formed inside rubbing contacts.96 It is not yet clear 

whether this is due to a different formation mechanism or a subsequent stress-induced 

transformation.97 More generally, applied stresses can lead to rather different reaction 

pathways and products compared to those obtained thermally.98 Thus, an important 

progression in future studies might be to investigate the effect of applied stresses on the 

decomposition of phosphate esters on ferrous surfaces. 

Now that this ReaxFF parameterisation36 has been validated for thermal decomposition of a 

wide range of phosphate esters on different ferrous surfaces, it can be used to study the effect 

of applied stress on molecular decomposition and tribofilm formation in nonequilibrium 

molecular dynamics (NEMD) simulations.28 Indeed, NEMD simulations have recently been 

performed for a wide range of other systems using ReaxFF.99–101 It will also be useful to 

validate the results of the ReaxFF NEMD simulations against AIMD simulations. For example, 

Loehlé and Righi showed that the internal energy of phosphite esters with butyl chains 

increased more with pressure than those with methyl chains when confined between α-

Fe(110) surfaces, leading to a higher decomposition rate.32 AIMD simulations of 

tri(methyl)phosphate molecules confined between sliding α-Fe surfaces suggested that the 

applied stress resulted in dissociation of the P=O bond, which was suggested to be the initial 

step of tribofilm formation on α-Fe surfaces.30 Negligible P=O bond cleavage was observed in 
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the thermal decomposition ReaxFF MD simulations performed here (Fig. S1 and S2), so it will 

be interesting to investigate whether this occurs in NEMD simulations using ReaxFF. 

Conclusions 
The thermal decomposition of phosphate esters on ferrous surfaces has been studied using 

MD simulations with ReaxFF. The ReaxFF parameterisation was validated against DFT 

calculations for adsorption and dissociation of representative surface-molecule combinations. 

Following geometry optimisation, there was reasonable agreement between ReaxFF and DFT 

for the adsorption energy of intact and dissociated TNBP molecules on α-Fe(110). The relative 

energy of the intact, transition state, and dissociated structures obtained from NEB 

calculations using ReaxFF showed close agreement with single-point DFT calculations. With 

both ReaxFF and DFT, C-O cleavage was exothermic with a relatively small activation energy, 

while P-O cleavage was endothermic. 

The thermal decomposition of five phosphate esters with different substituents was then 

compared on three ferrous surfaces using ReaxFF MD simulations. In the MD simulations, the 

temperature was linearly increased from 300-1000 K over 1.4 ns. For alkyl phosphates on 

Fe3O4(001), thermal decomposition proceeds mostly through C-O cleavage (to form surface-

adsorbed alkyl groups) and C-H cleavage (to form surface hydroxyls). Some P-O cleavage 

also occurs through nucleophilic substitution at high temperature on Fe3O4(001), but this is a 

much rarer process. As expected based on previously reported experiments, alkyl phosphates 

decompose at lower temperatures compared to aryl phosphates, which only decompose 

through P-O and C-H dissociation. The onset temperature for C-O cleavage on Fe3O4(001) 

increases in the order; tertiary alkyl (TTBP) < secondary alkyl (TSBP) < primary linear alkyl 

(TNBP) ≈ primary branched alkyl (TSBP) < aryl (TCP). This order can be rationalised through 

the relative stability of the radicals formed through C-O dissociation. The order is also mostly 

consistent with experiments for the thermal stability of ZDDPs with similar substituents in base 

oil solution. 

On Fe3O4(001) and α-Fe(110) surfaces, chemisorption interactions between the molecules 

and the surface occur even at room temperature and the number of bonds increases at higher 

temperature. On these substrates, the early stages of iron phosphate formation are observed 

at high temperature, as expected from experiments. Conversely, on a-Fe3O4-OH, most of the 

molecules are only physisorbed, even at high temperature. Very few chemisorption 

interactions or dissociation events occur on a-Fe3O4-OH compared to the other surfaces, and 

desorption of intact molecules is observed at high temperature. These observations could 

account for the poor antiwear performance of phosphate esters on inert surfaces noted in 

tribology experiments. The rate of thermal decomposition is higher on Fe3O4(001), and 
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particularly α-Fe(110) compared to a-Fe3O4-OH. This decrease in rate suggests that water 

passivates ferrous surfaces and inhibits thermal decomposition and thus film formation of 

phosphate esters. The observed differences between the various surfaces and substituents 

have important implications for the design of new phosphate ester molecules for use as VPLs 

and antiwear additives. 
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Supporting Information 
Additional figures showing the change in the total number of bonds within the phosphate ester 

molecules during the heating simulations (Fig. S1 and Fig. S2). ReaxFF parameter file. Videos 

of some representative thermal decomposition simulations are also provided: TNBP on 

Fe3O4(001), TNBP on α-Fe(110), and TNBP on a-Fe3O4-OH. 
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