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ABSTRACT: Organophosphorus compounds are common additives included in liquid lubricants 

for many applications, in particular automotive applications. Typically, organic phosphites 

function as friction-modifier whereas phosphates as anti-wear additives. While the antiwear 

action of phosphates is now well understood, the mechanism by which phosphites reduce friction 

is still not clear.  Here we study the tribochemistry of both phosphites and phosphates using gas 

phase lubrication (GPL) and elucidate the microscopic mechanisms that lead to better frictional 

properties of phosphites. In particular, by in situ spectroscopic analysis we show that the friction 

reduction is connected to the presence of iron phosphide, which is formed by tribochemical 

reactions involving phosphites. The functionality of elemental phosphorus in reducing friction of 

iron-based interfaces is elucidated by first principle calculations. In particular, we show that the 

work of separation and shear strength of iron dramatically decrease by increasing the phosphorus 

concentration at the interface. These results suggest that the functionality of phosphites as 

friction modifiers may be related to the amount of elemental phosphorus that they can release at 

the tribological interface.  

 

I. INTRODUCTION 

Organophosphorus compounds are important extreme pressure (EP) and anti-wear (AW) 

additives used in different industrial fields, especially automotive applications1,2. While 

phosphate esters additives were extensively investigated during the last decades3-9, few studies 

were devoted to phosphites compounds despite their increasing use in engine oils10-16, especially 

for gearbox components. Among the wide variety of phosphite additives used to improve the oil 

friction reduction performances, the most common ones are triallyl-phosphite, tributyl-phosphite, 
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dilauryl-phosphite, dioleyl-phosphite and triphenyl-phosphite. The chemical structure of these 

additives greatly influences the nature of formed tribofilm and its tribological performances. 

Riga and al.
16 showed that shorter phosphites chains give better anti-wear performances. This 

seems to be related to the formation of a tribofilm containing iron phosphide that was identified 

by Barcroft17 as Fe2P on rubbed surfaces lubricated by tricresyl-phosphate (TCP). The 

lubrication mechanism of TCP was attributed to a polishing action via the formation of an 

iron/iron phosphide eutectic.18 In a previous publication19, Philippon et al. evidenced clearly the 

formation of iron phosphide species from trimethyl-phosphite (TMPi) molecules and they 

detailed the reaction mechanism of TMPi on an iron surface. They also investigated the role of 

the freshly nascent surfaces obtained by friction in UHV on the decomposition of the TMPi 

molecules using gas phase lubrication (GPL) approach thanks to an environmentally controlled 

analytical tribometer (ECAT).20   The in situ chemical analysis clearly gave some evidence of the 

chemical dissociation of TMPi on iron surfaces under friction leading to the formation of iron 

phosphide compound which was fully characterized by focused ion beam/high resolution 

transmission microscopy (FIB/HRTEM).21 

 GPL is not a new concept in lubrication technology, but it is a well-known way to lubricate 

systems subject to high temperatures, as those present in cutting and working metal processes for 

example.22,23 It has been shown that GPL is able to simulate the boundary lubrication regime by 

bringing directly the molecules on the surface in contact24,25, thus avoiding the use of solvents for 

cleaning the rubbed surfaces prior to spectroscopic analyses and therefore reducing the risk of 

their contamination and/or denaturation. This is a huge advantage compared to standard liquid 

phase lubrication coupled with ex situ post mortem surface analyses. Using this approach, the 

effect of active nascent metallic surfaces on decomposition of adsorbed molecules was 
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highlighted20,26,27 and the importance of dangling bonds passivation to achieve low friction in 

carbon-based materials was evidenced.28,29  

Here, we performed GPL experiments coupled with in situ surface analyses to investigate the 

tribochemistry of different phosphorus-containing organic additives. We consider trimethyl 

phosphate (TMPa), trimethyl phosphite (TMPi) and dimethyl phosphite (DMPi), respectively. 

The latter exists in two different chemical equilibrium states, namely the phosphite and the 

phosphonate. These molecules present the same chemical groups as commercial organo-

phosphorus additives, but have shorter hydrocarbon chains. This allowed us to use them in the 

gas phase, without losing any information on tribological effects. The main functionality of the 

hydrocarbons groups is, in fact, to solubilize or micellize the additive molecules into the base oil. 

We found that phosphites reduce friction more efficiently than phosphates and their friction 

reduction property is directly related to the tribo-induced formation of iron phosphide. The 

measured friction coefficient decreases, in fact, as the amount of iron phosphide observed after 

the tribological experiment increases, TMPi presenting the lowest friction coefficient.  

To shed light into these experimental observations, we performed first principles calculations of 

the interfacial properties of adhesion and shear strength. The knowledge of these intrinsic 

properties of materials in contact is important to interpret their tribological behavior, in particular 

to provide a microscopic understanding on the functionality of lubricant additives. In boundary 

lubrication conditions, where hydrodynamic lubrication is no longer effective, the friction 

reduction and wear protection is provided by the tribofilm formed by the chemical additives 

reaction on the sliding surfaces. Indeed, these compounds react with the surfaces and modify 

their chemical composition, with consequent modifications of their adhesion and resistance to 

sliding. First-principle calculations based on density functional theory are able to provide an 
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accurate description of the surface chemistry and its effects on the surface-surface interactions, 

such accuracy is typically unattainable by classical force fields based on empirical 

parameterizations of the atomic interactions. However, the use of first-principle calculations in 

tribochemistry has been traditionally very scarce, despite their widespread use in surface and 

interface science. Here, we show that first-principle calculations can be successfully applied to 

study the effects of lubricant additives. In particular, we show that elemental phosphorus, 

released at the interface as product of tribochemical reactions involving phosphites, can highly 

reduce the adhesion between two iron surfaces. Moreover, the frictional forces that develop 

during sliding are much lower in the presence of interfacial phosphorus than oxygen at the same 

concentration. These results offer a possible explanation for the observed different tribological 

behavior of TMPi and TMPa and suggest an important, new conclusion for understanding the 

functionality of organophosphorus additives: a key feature to reduce friction might be related to 

the ability of the compound to release elemental phosphorus at the tribological interface. 

 

II. METHODOLOGY 

 Device and methods for GPL.  

ECAT is a specific apparatus home-built at Ecole Centrale de Lyon (ECL) and dedicated to 

GPL. It is composed of two independent parts: a UHV chamber dedicated to friction experiments 

under an environmentally controlled gas phase (named Environmentally Controlled Tribometer, 

ECT) and a second UHV chamber dedicated to surface analyses (XPS and Auger 

spectroscopies). The ECAT is schematically presented in figure 1. A reciprocating pin-on-flat 

machine with a movable hemispherical pin being connected to a brushless motor is located inside 
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ECT. The temperature of the friction contact can be controlled from -100°C to 600°C thanks to 

the flat holder equipped with a nitrogen cooling and a heating system. Both normal and 

tangential forces are accurately measured thanks to optical sensors. The ECT is able to measure 

both super-low friction (milli-range) and very high (above unity) friction coefficients. A pure gas 

or a gas mixture can be introduced inside the ECT by using 3 micro-leak valves and their 

pressure can be continuously varied from 10-9 hPa to 2000 hPa, (twice the atmospheric pressure), 

thanks to a membrane vacuum gauge. The tribometer is computer-controlled and the normal load 

is automatically adjusted when the gas pressure inside the ECT is changed. The pin-on-flat 

contact can be optically observed sideways by a low level SIT camera. The ECT is connected to 

the analysis chamber by a third intermediate UHV chamber allowing the transfer of the rubbed 

surfaces without any exposure to air.  
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Figure 1. Schematic view of the Environmentally Controlled Analytical Tribometer (ECAT) developed at 

ECL. The green part is the ECT, the orange part is an intermediate preparation chamber and the blue one 

is the XPS/AES analysis chamber.  

 

Heavy molecular weight compounds like triphenyl-phosphite and tricesyl-phosphate are used as 

additives in commercial lubricants because of the solubility in oil provided by the presence of 

long carbon chains in the molecule. However, it is difficult to evaporate these heavy molecular 

weight additives in a vacuum. Therefore smaller molecules, having the same chemical function, 

were used as phosphite/phosphate model molecules for GPL, namely TMPi, DMPi and TMPa 

having a purity of 99+% (>99%), provided by the Aldrich Chemical Co. These molecules were 

further purified by freeze pumping thaw cycles before being introduced into the ECT. Table 1 

provides the chemical formula, molecular weights and the saturating vapor pressures (SVP) at 

room temperature for these three compounds. The DMPi compound is interesting because it 

presents two chemical equilibrium states, the first one is the phosphite form in which the P atom 

is trivalent and the second one is the phosphonate form in which the P atom is pentavalent. GPL 

experiments in the presence of these compounds were carried out with AISI 52100 steel friction 

pairs (96.9Fe–1.04C–1.45Cr–0.35Mn–0.27Si (wt-%)). All samples were polished with a 

diamond solution and cleaned with n-heptane and 2-propanol ultrasonic baths, afterwards. The 

surface roughness obtained is varying between 20-25 nm in Ra. The hemispherical pin has a 

curvature radius of 8 mm. The both friction specimens, pin and flat, are brought into contact 

once the gas pressure reaches the required value inside the ECT (see Fig. 1) with a normal load 

of 3.5 N corresponding to a maximum Hertzian contact pressure of 0.52 GPa. The linear 

reciprocating motion was running during GPL experiments at ambient temperature (25°C) with a 

sliding speed of 0.5 mm s-1 and a track length of about 2 mm.  
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Table 1: Chemical formula, molecular weight and SVP at room temperature of TMPi, TMPa, and DMPi 

Model 
molecule 

Chemical formula Molecular 
weight (g.mol-1) 

SVP at room 
temperature (hPa) 

Trimethyl-
Phosphate 
(TMPa) 

  

140 

 

1,1 

Trimethyl-
Phosphite 
(TMPi) 

  

124 

 

22,6  

Dimethyl-
Phosphite 
(DMPi) 

 

 

 

Dimethyl-hydrogen  
dymethyl-phosphonate   phosphite  

 

110 

 

30 

 

 

Systems and methods of first principles calculations 

We performed spin-polarized density functional theory calculations, using the Perdew-Burke-

Ernzerhof (PBE) generalized gradient approximation for the exchange correlation functional.30 

The electronic wave-functions were expanded in plane waves and the ionic species were 

described by ultrasoft-pseudopotentials. Semi-core states (3s, 3p) of iron were considered as 

valence states. On the basis of test calculations, we used 30 Ry (240 Ry) cutoff for truncating the 

wave-function (charge density) expansion.  

We considered the Fe(110) surface since it is the most stable among densely packed iron 

surfaces.31 It is known that this surface does not reconstruct, but presents relaxation. The surface 
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was modeled by means of periodic supercells containing an iron slab and a vacuum region 20 Å 

thick. We considered three-layer thick slabs, which we tested against thicker slabs to represent a 

good compromise between calculation accuracy and computational efficiency. In particular, we 

studied P adsorption at the Fe(110) surface both by using three-layer and five-layer thick slabs 

and we found that the geometries obtained in the two cases are similar and the energy differences 

among different sites are preserved (they change by less than 4%). The supercell Brillouin zone 

was sampled by means of a Monkhorst-Pack grid equivalent to 8x8 in the surface unit cell.  

The interfaces were modeled by means of supercells having a vertical edge 28 Å long and 

containing two slabs in contact. The first interfacial property that we considered is the work of 

separation, W,   energy per unit area required to separate two 

surfaces from contact to an ideally infinite separation. In other words, W corresponds to the 

difference between the formation energy of two isolated surfaces and the formation energy of an 

interface:  W =  γ1 + γ2 – γ12. By definition of W it is assumed that the separated slabs 

have the same composition of the two slabs joint together to form the interface, therefore the 

work of separation can be calculated as a difference between total energies: W  =  (Ε1 + Ε2 – 

Ε12)/A, where A is the supercell in-plane size, Ε1 2  total   the 

supercell containing two slabs in contact and Ε1  (Ε2) is the total energy of the same supercell 

containing only the upper (lower) slab (both the two- and one-slab systems are considered in 

their optimized configuration, i.e., a relaxation process is carried out). The thickness of the 

vacuum region present in the supercell adopted in our calculation (about 22 Å (16 Å) in the case 

of one-(two-)slab system) is enough to isolate the system from its periodic replicas. 

We calculated  E12  different relative lateral positions of the two surfaces in contact. At 

each location the structural relaxation was carried out by keeping fixed the bottom layer of the 
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 10

lower slab and optimizing all the other degrees of freedom except for the (x, y) coordinates of the 

topmost layer of the upper slab. In this way, the distance between the two surfaces could reach 

its equilibrium value, zeq, at each fixed lateral position. By exploiting the system symmetries and 

interpolating, we constructed the potential energy surface (PES), E12(x, y, zeq), which describes 

the variation of the interfacial energy as a function of surface relative lateral position. The 

absolute minimum of the PES is considered to calculate the work of separation of each interface.  

The second interfacial quantity that we considered is the static friction force per unit area, τ. 

We calculated τ along selected symmetry directions from the derivatives of the PES profile along 

that directions.32  

 

III. RESULTS AND DISCUSSION 

Tribochemistry of organophosphorus compounds 

a. Friction results under GPL  

 For the GPL experiments, once the stabilization of the desired gas partial pressure in the 

ECT obtained, the friction experiment is started and the coefficient is measured for each 

reciprocating sliding cycles. The steady-state friction coefficient obtained after about 300 

passes duration is reported as a function of TMPi and TMPa gas pressures in Figure 2. Each 

experiment carried out at one desired pressure and corresponding to one specific track is 

repeated 3 times. Using the same flat and pin samples, several tests on different tracks are 

obtained by increasing progressively the gas pressure. This is made possible by translating the 

flat and turning the extremity of the pin, and this between each successive test. 

Page 10 of 28RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 11

 

Figure 2. Steady-state friction coefficient obtained under GPL at room temperature for steel/steel 

friction pair at various gas pressures of TMPi and TMPa. 

From Figure 2, we can see that friction is reduced durably with respect to UHV (µ > 1) when 

the gas pressure reaches the values of 10-2 hPa and 1 hPa for TMPi and TMPa, respectively. 

The reduction of the friction coefficient with the increase of gas pressure is a general trend that 

has been observed for many molecules.25 This is generally explained by the need to have a 

critical dynamic covering rate of the surface by the molecules in order to lubricate the contact 

efficiently between two successive passes. From Figure 2, a higher adsorption activity of TMPi 

on the iron surface is then demonstrated compared to TMPa. We can also observe that the 

steady-state friction value obtained for high gas pressure is close to that obtained in liquid 

phase lubrication with a traditional friction machine with similar tribological conditions. 

Figure 3 shows results obtained at longer friction experiments carried out with 1 hPa of TMPa 

and 1 hPa of TMPi.  It appears that the phosphite reduces friction more efficiently than the 

phosphate for a gas pressure close to the saturating vapor pressure. 
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Figure 3. Evolution of the friction coefficients obtained for steel/steel friction pair under GPL in the 

presence of 1 hPa of TMPi, 1 hPa of TMPa and 1hPa of DMPi versus number of cycles at room 

temperature.  

 

The friction coefficient obtained in the presence of 1 hPa of DMPi is also reported for 

comparison. The friction reaches a steady-state value of about 0.23 for TMPi, 0.34 for DMPi 

and 0.46 for TMPa. The values obtained for TMPi and TMPa are in good correlation with the 

steady-state friction coefficients obtained in liquid phase friction tests in the same conditions, 

i.e. 0.21 for TMPi and 0.37 for TMPa (see Figure 2). The wear tracks formed on the surface of 

the steel flats at the end of the experiments in the presence of TMPi and TMPa were observed 

by optical microscopy (Figure 4). A tribofilm was clearly evidenced for TMPi and a lot of 

debris is present around the track, especially at the extremities. For TMPa, the tribofilm was 

more difficult to observe because it seems optically transparent. However, the three gases seem 

to have similar good anti-wear properties because the width of the wear tracks on the steel flats 

and the diameter of the wear tracks on the hemispherical pins (not shown here) almost 
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correspond to the calculated initial Hertzian diameter, i.e. 114 µm. Indeed, the functionality of 

phosphites as friction modifiers appears to be the main difference in comparison with the 

phosphates-based additives. The different frictional behaviors of these phosphorus-based 

compounds can be related to the chemical nature of the formed tribofilms.  

 

Figure 4. Optical images of the wear tracks formed on the steel flats after the GPL experiments in the 

presence of 1 hPa of TMPi and 1 hPa of TMPa (see figure 3). The calculated Hertzian diameter is 

reported on each image for comparison. 

To check this assumption, in situ surface analyses were carried out inside and outside the wear 

tracks formed on the flats immediately after the friction experiments. This is made possible by 

transferring the steel flats from ECT to the analysis chamber thanks to the UHV intermediate 

preparation chamber (see Fig. 1). 

 

b. Friction reduction mechanism studied by in situ XPS analysis 

Chemical speciations of phosphorus and iron atoms were accurately identified thanks to XPS 

chemical shifts. Fortunately, ion etching that is usually used to remove carbon contamination in 

post-mortem analyses was not necessary here because the samples are never in contact with air in 

 

  
TMPi TMPa 

 

Hertzian diameter Hertzian diameter 

Wear debris 
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the ECAT. In situ XPS spectra for elements of interest (C1s, O1s, Fe2p3/2 and P2p) were 

recorded inside and outside the tribofilms formed with TMPi, DMPi and TMPa, respectively. 

Special attention was paid to the Fe2p3/2 and P2p spectra that provide essential information about 

the chemical nature of the tribofilm. An interesting feature was observed on the P2p photopeak 

as shown in Figure 5a): a new component at about 129 eV, which is present only after friction in 

the presence of TMPi and DMPi, but not with TMPa. It is attributed to phosphide chemical 

species according to XPS database.33 Moreover, it is stronger in the case of TMPi than with 

DMPi, as shown by the XPS quantifications presented in table 2. This is consistent with the dual 

chemical state of DMPi as discussed in the previous section. The second XPS peak observed 

inside the tribofilm has a higher binding energy of 133.6 eV for TMPi and 134,1 eV for TMPa. It 

is attributed to the adsorption of the inlet gaseous molecules on the surface of the tribofilm at the 

end of the friction experiment. Regarding the Fe2p3/2 spectra in Figure 5b, for TMPi and DMPi, 

the contribution at about 707 eV is very intense compared to iron oxide at 710.5 eV. Moreover, it 

is also really intense compared to the same contribution for TMPa-derived tribofilm. This can be 

explained by the presence of an iron phosphide compound that is commonly found at a similar 

energy, i.e. about 707.1 eV for TMPi and DMPi. However, it is really difficult to distinguish the 

metallic iron Fe2p3/2 peak at about 707 eV from an iron phosphide one, which is at about 707.1 

eV. Nonetheless, the good correlation between the Fe-P and P-Fe bonds quantifications for TMPi 

and DMPi and the small amount of this contribution for TMPa-derived tribofilm seems to 

confirm that it is iron phosphide.  The significant advantage of in situ analyses here is that the 

different signals are not likely to change and/or masked by an oxidization in air as in the case of 

ex situ surface analyses performed after friction experiments in liquid phase. This explained why 
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the iron phosphide contribution is clearly detected for TMPi and iron oxide contribution is 

particularly reduced. Therefore, iron phosphide is mainly generated during friction. 

 

 

Figure 5. High resolution XPS spectra recorded in situ on the tribofilms formed in the presence of 

TMPi, DMPi and TMPa at room temperature: a) P2p core level and b) Fe2p3/2 core level. 

 

Table 2: Determination of the chemical species and atomic quantifications by in situ XPS analyses. 
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Compound  Element Bond Energy (eV) Concentration (% at.) 

 

 

 

TMPi 

 

Inside 
Tribofilm 

P P-Fe 129,1 7 % 

P-O 133,6 14 % 

Fe Fe-P 707,1 7 % 

Fe-O 710,1 4 % 

 

Outside 
Tribofilm 

P P-Fe 129,1 0 % 

P-O 133,6 10 % 

Fe Fe-Fe 707 5.2 % 

Fe-O 710,1 7,6 % 

 

 

 

DMPi 

 

Inside 
Tribofilm 

P P-Fe 129,1 5,2 % 

P-O 133,6 13,8 % 

Fe Fe-P 707,1 5.1 % 

Fe-O 710,1 6.5 % 

 

Outside 
Tribofilm 

P P-Fe 129,1 0 % 

P-O 133,6 5,1 % 

Fe Fe-Fe 707 3.2 % 

Fe-O 710,1 8,5 % 

 

TMPa 

 

Inside 
Tribofilm 

P P-Fe 129 0 % 

P-O 134,1 2.5 % 

Fe Fe-Fe 707 0.7 % 

Fe-O 710,1 4.9 % 

 

The different tribological behaviors of TMPa and TMPi can be explained thanks to the 

chemical hardness theory described by Pearson34. Indeed, the hard and soft acid base (HSAB) 

principle (or chemical hardness concept) can be used to predict the preferential reactions 

between various chemical species. This principle was previously applied to tribological 
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processes in boundary lubrication35. This principle specifies that a hard base prefers to react with 

a hard acid to form ionic compounds whereas a soft base prefers to react with a soft acid to form 

more covalent species. Table 3 summarizes the different possible species encountered in this 

study and their classification following the chemical hardness model. According to the HSAB 

principle, the TMPa molecule (hard base) preferentially reacts with iron oxide (strong acid) 

whereas the TMPi and DMPi, in its phosphite chemical state, (soft bases) preferentially react 

with metallic iron (soft acid). Therefore, according to the prediction of chemical hardness, TMPa 

prefers to react with the iron oxide present in the contact rather than with nascent metallic iron 

that may appear during wear. 

Table 3: Classification on the basis of the HSAB principle of different species according to Pearson 34 

(the ones concerned by this study are in bold) 

 Acid Base 

Hard H+, Fe3+, R3C+  H2O, OH-, O2-, PO4
3- 

Borderline Fe2+, Cu2+  BO3
3-, N2 

Soft Fe0, Cu+, metal atoms I-, CO, R2S, (RO)3P 

 

To briefly summarize, our experimental data show that iron phosphide decreases more 

efficiently friction coefficient than iron phosphate. This result is corroborated by the behavior of 

the DMPi molecule having a dual character.  
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Effect of interfacial phosphorus on the adhesion and shear strength of iron interfaces by 

first principles calculations 

The combined GPL experiment and spectroscopic analysis described above revealed that the 

ability of the considered organophosphorus additives to reduce friction increases with the amount 

of iron phosphide formed during the tribological experiment. To shed light into this finding we 

performed a twofold analysis with the aim at elucidating i) the microscopic mechanisms that lead 

to iron-phosphide formation through phosphite decomposition, ii) the functionality of 

phosphorus in reducing friction of iron. Here we focus on second issue: we perform first 

principles calculations of the adhesion and shear strength of iron interfaces containing 

phosphorus in different concentrations and compare them to those of clean and oxygen-

terminated interfaces.  

It is well known that phosphorus segregates in iron and forms 2D chemisorbed overlayers36, but 

to our knowledge there is presently no information on their structure in the literature. We, then, 

identified the most favorable adsorption site for P at the Fe(110) surface by comparing the 

adatom energy at the high symmetry locations represented in Fig. 7a, namely on top (OT), short 

bridge (SB) and long bridge (LB). We found that the LB site, having the highest coordination, is 

the most stable adsorption location. The same result holds true for oxygen, in agreement with 

previous calculations.37,38  We, then, evaluated the effects of a coverage increase with respect to 

0.25 ML (corresponding to one atom per 2x2 cell), and found that it destabilizes the overlayers. 

In particular, the adsorption energy per atom increases by 6% for a coverage increase to 0.5 ML 

(realized by a c(2x2) periodicity) and by 21% at full coverage.  
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Fig. 6 Two-dimensional representation of the PESes obtained for the clean (a) and the P-containing iron 

interface (P atoms are in yellow) at relative concentration of 0.25 (b). A common energy scale is used for 

the potential corrugation. 

The interfaces were modelized by self-mating the optimized surfaces represented in Fig. 6 and 

the adhesion energy was calculated for different relative lateral positions, constructing in this 

way the PES for the sliding interface. In Fig. 6 we compare the PESes of the bare interface and 

that obtained including interstitial phosphorus at an interfacial coverage of 0.25. A common 

energy scale is used, the blue color indicates the PES minimum, which is taken as reference and 

the red color is for the PES maximum. It appears evident that the effect of interfacial P is to 

consistently reduce the potential corrugation and hence the frictional forces.  

A ball-stick representation of the optimized interface structures obtained for the PES minima is 

presented in Fig. 7, the corresponding work of separation, Wsep, and the distance between 

interfacial Fe layers, zeq, are reported in Tab. 4. The shear strength, τ, calculated along the 

minimum energy paths (MEPs) identified for the [-110] and [001] sliding directions, from now 

on referred to as x and y directions, are also reported in Tab. 4. The procedure adopted to derive 

τ τy is reported as supplementary information (SI) as well as the PESes calculated for 

all the considered interfaces.  
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As can be seen in Fig. 6a, the minima of the PES for the clean interface are located at LB 

positions, i.e., where a new layer would be positioned in the bcc structure of iron bulk. Two 

clean iron surfaces in contact undergo a cold sealing (Fig. 7a): the optimized interfacial 

separation corresponds to the interlayer distance in Fe bulk and the work of separation Wsep is 

equal to the energy required to form two Fe(110) surfaces and the shear strength τx,y ~10 GPa is 

typical of bulk iron.  

 

Fig. 7 Lateral view of the relaxed interface structures. The relative lateral position of the two mating 

surfaces corresponds to the absolute minimum of each PES.  

 

The situation is completely altered if the mating surfaces are P-terminated. At interfacial 

coverage θP = 0.25 (Fig. 7b) the distance between the interfacial Fe layers increases by 60% and 

the adhesion decreases by one order of magnitude with respect to the clean iron interface. A 

decreased adhesion gives rise to a smoother PES, as can be seen in Fig. 6b, and lower frictional 

forces: the shear stress decreases by 60%. Such consistent decrease of the shear strength is not 

observed in the case of O termination at the same coverage (Fig. 7e). A possible cause of this 

0.25% 0.5% 1.0% 0.25%
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result resides in fact that O adsorbs more closely to the iron surface than P (zO-zFe = 1.01 Å, zP-

zFe = 1.48 Å) and has a smaller atomic radius. Therefore, even if the amplitude of the potential 

modulation is similar in the two cases, its period is shorter in the case of oxygen, giving rise to a 

higher magnitude of forces, as illustrated in the SI. 

  In Fig. 7c,d it can be seen that by increasing the concentration of interfacial phosphorus to θP= 

0.5 and θP=1, the distance between the surfaces increases and chemical bonds are no longer 

present across the interface, the surfaces are hold together by electrostatic and polarization 

interactions. The disappearance of chemical bonds produces a considerable decrease in the 

adhesion and shear strength (last two rows of Tab. 4).  

 

Table 4: The work of separation, Wsep    , , , , equilibrium distance, zeq, separating the 

innermost Fe layers at the interface are reported for the PES absolute minimum. The shear strengths, τ, 

are calculated for the MEPs along the [-110] and [001] sliding directions 

Interfacial coverage Wsep    �<<<<<< <<q(Å) ττττx (GPa) ττττy (GPa) 

θ = 0θ = 0θ = 0θ = 0 4.8 2.0 10.1 10.1 

θθθθP = 0.25= 0.25= 0.25= 0.25    0.6 3.2 4.0 4.0 

θθθθP = 0.5= 0.5= 0.5= 0.5 0.3 4.3 3.3 2.1 

θθθθP = 1.0= 1.0= 1.0= 1.0 0.02 7.3 0.1 0.1 

θθθθO = 0.25= 0.25= 0.25= 0.25 0.4 2.8 9.2 6.4 
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In particular, in the case of two fully passivated surfaces in contact the short-range repulsion 

between interfacial P layers causes a decrease of adhesion and shear strength by two orders 

magnitude with respect to clean iron. 

 

IV. CONCLUSIONS 

We carried out experimental modeling of tribochemical reactions of different 

organophosphorus compounds by Gas Phase Lubrication. Selected gas molecules were used to 

simulate the chemical action of lubricant additives without providing any rheological 

contribution. Lubrication with TMPi and DMPi gases reduces friction more efficiently than the 

TMPa gas. This friction reduction is correlated with the formation iron phosphide in the tribofilm 

whereas TMPa-derived tribofilm is mainly composed of iron phosphate. DMPi molecules 

presenting two different chemical equilibrium states (phosphite and phosphonate) provide an 

intermediate friction behavior correlated with the formation of a tribofilm containing less iron 

phosphide in comparison with TMPi-derived tribofilm.  

The property of friction reduction related to iron phosphide formation is of particular interest 

because it points at the key role of elemental phosphorus in reducing the resistance to sliding of 

iron-base substrates. We confirmed this hypothesis by first principles calculations based on spin-

polarized density functional theory. The adhesion and shear strength of phosphorus-containing 

iron interfaces were compared with those of clean and oxygen-terminated ones. The results 

clearly revealed that phosphorus is very efficient in reducing the resistance to sliding of iron on 

iron. The same is not observed for interfacial oxygen at the same concentration. Therefore, a 

possible explanation for the observed different tribological behavior of TMPi and TMPa can be 

proposed. On one hand phosphites produce higher amount of phosphorus than phosphates at the 
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interface because the presence of oxygen has the drawback to limit the adsorption and 

dissociation of further incoming molecules. On the other hand, elemental phosphorus has been 

shown to dramatically reduce the resistance to sliding of native iron surfaces, which are exposed 

under tribological conditions. 
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