
Shear-Driven Reactions of Organosulfur
Compounds on Ferrous Surfaces: A Molecular
Dynamics Study
Karen Mohammadtabar 

Department of Mechanical Engineering, University of California Merced
Stefan J Eder  (  stefan.eder@ac2t.at )

AC2T research GmbH
Nicole Dörr 

AC2T research GmbH
Ashlie Martini 

Department of Mechanical Engineering, University of California Merced

Research Article

Keywords: Mechanochemistry, Shear-Driven Reactions, Reactive Molecular Dynamics Simulation

Posted Date: June 9th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1741238/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1741238/v1
mailto:stefan.eder@ac2t.at
https://doi.org/10.21203/rs.3.rs-1741238/v1
https://creativecommons.org/licenses/by/4.0/


Shear-Driven Reactions of Organosulfur Compounds on Ferrous Surfaces:

A Molecular Dynamics Study

Karen Mohammadtabara, Stefan J. Ederb,c, Nicole Dörrb, Ashlie Martinia,∗
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Abstract

Chemical reactions in sliding contacts driven by the combined effects of heat, pressure, and shear underlie the function of

lubricant additives that protect surfaces from friction and wear. However, the interplay between thermal and mechanical

effects in driving these important reactions, as well as the roles of base oil molecules and the surface chemistry, are

not fully understood. In this study, reactive molecular dynamics simulations were used to investigate the reactions

between di-tert-butyl disulfide, a component of sulfurized isobutylene extreme pressure additive, and ferrous surfaces in

various temperature and stress conditions. Simulations were run with and without a model base oil, n-dodecane, and

on either Fe(100) or H-passivated Fe2O3 surfaces. Reaction yield increased with both temperature and pressure for all

three model systems. The presence of the base oil did not significantly affect the yield or reaction pathway, but the

pressure dependence of the yield was slightly lower because the base oil reduced the shear force on the surfaces. However,

replacing the ideal Fe(100) with H-passivated Fe2O3 surfaces led to reaction pathways involving the oxygen from the

surface and decreased the reaction yield. The rate-limiting step of the reaction for the three models was then analyzed

in the context of the Bell model. Although these observations were made for a specific chemical component of extreme

pressure additives, the approach demonstrated can be used for other additive chemistries as well as for interpreting

shear-driven reactions more generally within the framework of reactive molecular dynamics simulations.
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1. Introduction

Mechanical stress can couple with chemical reactions at

the molecular scale to lower the energy barrier that must

be overcome for reactions to occur. Such mechanochemi-

cal reactions have several potential advantages, including

higher yield and improved selectivity [1, 2, 3]. In addi-

tion to driving chemical reactions by lowering the energy

barrier, it has been reported that mechanical forces can

introduce new reaction pathways that are not accessible

thermally. Alternative pathways due to mechanical work

have been reported for synthesis of dibenzophenazine [4],

ring-opening of trans and cis isomers of a 1,2-disubstituted

benzocyclobutene [5, 6], and degradation of polymers [7].

Mechanochemistry is therefore highly relevant for chemi-

cal synthesis, for example as applied in ball milling, [1, 2]

where mechanical stress drives chemical reactions that cre-

ate products with desired properties.
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Another application where mechanically driven reac-

tions are ubiquitous is lubrication of moving mechanical

components in the field of tribology [8]. During opera-

tion, tribological systems frequently run in the boundary

lubrication regime. Under such conditions, surface-active

additives that are added to lubricant formulations, form

protective films, called tribofilms, on the contacting sur-

faces that facilitate relative motion with controlled fric-

tion and reduced wear. [9, 10]. While tribochemical reac-

tions are present in nearly all lubricated (and some non-

lubricated) mechanical systems, their fundamental mecha-

nisms are not fully understood because they occur between

two moving surfaces where direct experimental measure-

ment is challenging. However, understanding these mech-

anisms has the potential for significant impact, specifically

for optimizing tribofilm growth and more generally for en-

hancing our understanding of the pathways by which me-

chanical stress can drive chemical reactions.

Film formation occurs through adsorption and chemi-

cal reactions between additives and surfaces. These chem-

ical reactions are believed to be driven by the local heat-

ing and mechanical stress that are inherent to tribological

contacts. The study of these reactions is referred to as

tribochemistry [11, 8]. The amount by which reactions

leading to tribofilm formation are accelerated by mechan-

ical stress is determined by its effect on the energy barrier

for the reaction to proceed. For tribochemical reactions,

shear stress due to forces acting parallel to the sliding sur-

faces is particularly relevant. [12]

Experimentally, the effect of shear to accelerate chem-

ical reactions can be quantified by measuring the increase

in reaction rate or yield with increasing stress. Exam-

ples of this experimental approach are studies of bond

cleavage [13, 14, 15], polymerization, [16, 17, 18] and film

formation [19, 20]. Specifically relevant to lubricant ad-

ditives, recent studies have shown that tribofilm growth

rates increase with shear stress for zinc dialkyl dithiophos-

phate (ZDDP) on steel [21], iron [22], silicon [23], and

other non-ferrous surfaces [24], as well as for dimethyl

disulfide [25, 26], diethyl disulfide, and dimethyl trisulfide

on copper [27]. Such studies consistently show that shear

stress increases the reaction yield or enables reactions to

proceed at lower temperatures than observed for purely

thermally driven reactions.

Experimental studies of shear-driven reactions have been

complemented by simulation-based investigations that pro-

vide atomic-scale information about reactions and reac-

tion pathways. First, density functional theory (DFT)

calculations have been carried out to identify the path-

ways of shear-driven reactions, for example, reactions of

propanethiolate on gold [28] and methanethiolate on cop-

per [29]. DFT was also used to analyze the effect of shear

stress to accelerate the removal of alkoxy species from oxi-

dized iron [30] and the effect of normal stress on molecular

dissociation of organophosphorus additives on iron [31].

Reactive molecular dynamics (MD) simulations, i.e.,

MD simulations based on empirical models that capture

chemical reactions, have also been used to study shear-

driven reactions. Pathways of reactions between lubri-

cants and surfaces were investigated for water on SiO2 [32],

hexadecane-lubricated diamond sliding against W(100) [33],

di-tert-butyl disulfide on Fe(100) [34, 35], and phosphate

esters and inorganic alkali polyphosphates on iron oxide [18,

36]. Reactive MD simulations have quantified the amount

by which a reaction energy barrier is reduced by shear for

oligomerization during gas phase lubrication [18], film for-

mation from di-tert-butyl disulfide on Fe(100) [34], as well

as chemical mechanical polishing of Cu in hydrogen perox-

ide and glycine [37]. Nudged elastic band calculations with

a reactive potential have also been used to show how shear

stress can lower energy barriers at the molecular scale [38].

While the goals of experimental work and atomistic

simulations are often complementary, there are distinct

differences between the material in the models and physi-

cal systems. First, in practice, film forming additives are

typically used in very low concentrations in a lubricant for-

mulation, and most of the liquid present in an interface is

base oil. Previous studies have shown that hydrocarbon-

based oil can react chemically with various surfaces to cre-

ate thin films, even without additive.[39, 40, 41] Simula-

tions of a model base oil, hexadecane, have shown thin film

formation as well.[42, 43, 33] However, previous atomistic

simulations have not included both base oil and additives

to understand their interactions during film formation.

The surface with which additives react also plays an

important role in both determining reaction pathways, as

well as reaction rate. Most engineering components com-

prise ferrous materials, which are expected to have a thin

oxide layer. However, these oxides can be removed by
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wear such that the highly reactive metallic iron surface

is exposed. [44] It has been observed that the presence of

freshly exposed metal surfaces (due to wear) increases the

rate of the chemical reactions. [45] This implies that film

formation reactions will occur on both iron and iron oxide

during operation. For simplicity, many previous simula-

tions have used crystalline iron surfaces [34, 35, 46, 47, 48,

49]. Others modeled iron oxide, either amorphous or crys-

talline. [50, 51, 52, 53]. However, there has been no com-

parison of mechanically driven film formation reactions on

crystalline iron and iron oxide surfaces.

Previous computational studies have revealed the re-

action mechanisms for di-tert-butyl disulfide on Fe(100),

but if or how these mechanisms are relevant to more rep-

resentative conditions with base oil and a surface oxide is

not known. Here, the reactions of di-tert-butyl disulfide,

a component of sulfurized isobutylene extreme pressure

additive, [54, 55] confined and sheared between ferrous

surfaces were studied using reactive molecular dynamics

simulations at a range of temperature and pressure condi-

tions, with or without base oil molecules, either on Fe(100)

or H-passivated Fe2O3. The reaction pathways were an-

alyzed, and then the effects of heat and pressure on each

step in the pathway were quantified as the number of ob-

served reaction events in the simulation. The yield of the

rate-limiting step of the reaction was then fit to the classic

Bell model [56] to quantitatively compare the three cases.

The results provide a better understanding of reactions be-

tween di-tert-butyl-disulfide and ferrous surfaces, as well

as the effects of environment and operating conditions on

the film formation reactions of extreme pressure additives.

2. Experimental Section

Three model systems were created, as shown in Fig. 1.

The first model system, referred to subsequently as “Fe(100)

+ additive”, consisted of 54 di-tert-butyl disulfide molecules

confined between two Fe(100) slabs. The second model,

called “Fe(100) + additive + base oil”, incorporated n-

dodecane as a model base oil. It consisted of 25 di-tert-

butyl disulfide molecules randomly mixed with 25 n-dodecane

molecules (base oil) between two Fe(100) slabs. While

this ratio does not reflect the low concentration of ex-

treme pressure additives in bulk lubricant formulations,

it approximates the expected higher density of adsorp-

tion of these additives on surfaces. Lastly, in the third

model, called “Fe2O3 + additive”, we replaced the ideal

crystalline Fe surface of the first model with H-passivated

Fe2O3 slabs, with 54 di-tert-butyl disulfide molecules in

between. Simulations were performed using LAMMPS [57],

Python scripts were used for post-processing, and the vi-

sualization of the results was carried out with OVITO [58].

Figure 1: Side-view snapshots of the model systems (a) Fe(100) +
additive, (b) Fe(100) + additive + base oil, and (c) Fe2O3 + additive.
(d) Chemical structures of n-dodecane and di-tert-butyl disulfide. In
all figures, the surface Fe and O atoms are shown in brown and blue,
respectively. Di-tert-butyl disulfide atoms are shown in yellow (S),
dark gray (C), and white (H). Both H and C atoms in the n-dodecane
are shown in light gray to distinguish the base oil from the additive.

The structures of the di-tert-butyl disulfide and the n-

dodecane molecules were obtained from PubChem [59] and

duplicated using the Packmol [60] package. The Fe(100)

slabs were created in Virtual NanoLab [61]. For the Fe(100)

+ additive and Fe(100) + additive + base oil models, the

two Fe(100) slabs each had dimensions of 3.4×3.4×1.0 nm

(x×y×z) and were initially positioned 2.0 nm and 3.5 nm

apart, respectively. The H-passivated Fe2O3 slabs were

created by heating two cyrstalline Fe2O3 slabs to 4000 K

over 2.5 ps and then holding at that temperature for 125

ps. The model was then cooled from 4000 K to 300 K

over 500 ps. The passivation process was carried out by

placing 600 H atoms near the surface of each slab. The

simulation was run at 700 K for 500 ps (to speed up

the process) followed by cooling to 300 K over 250 ps at

which point the potential energy of the system had reached

steady state. Then, any H atom not bonded to the sur-

face was removed from the model. The dimensions of the

H-passivated Fe2O3 slabs were 3.6×3.6×2.5 nm. The sepa-
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ration between the two slabs after the initialization process

was 2.3 nm. For all models, periodic boundary conditions

were applied in the directions parallel to the plane of the

surfaces (x and y), and the boundaries were fixed in the

direction normal to the surfaces (z). The atoms approx-

imately 0.3 nm from the top and bottom of the models

were treated as rigid bodies.

Interatomic interactions, including chemical bonding/de-

bonding, were modeled using the ReaxFF potential [62] for

Fe/S/C/H/O interactions using a parameter set developed

by Shin et al. [63], with a time step of 0.25 fs. This force

field has been used to model oxidation of butane on Cr2O3

in the presence of FeS2 [63], reactions between H2SO4 and

Fe3C(100) at high temperatures, [64] and carburization

of iron nanoparticles in ethylene pyrolysis [65]. Further,

the accuracy of the force field for di-tert-butyl disulfide

on Fe(100) was evaluated previously by comparison of ad-

sorption energies calculated by ReaxFF to those obtained

from DFT [34, 66]. Thermostating of the model was per-

formed by controlling the temperature of the Fe (and O)

atoms in the middle layers of the Fe (H-passivated Fe2O3)

slabs using a Langevin thermostat with a damping time

constant of 25 fs. For simulations with relative motion of

the slabs, the component of the kinetic energy in the di-

rection of shear was excluded to remove the contribution

of the imposed motion from the calculation of temperature

used by the thermostat.

The simulations consisted of three stages – heat, load,

and sliding – each 2 ns in duration. First, during the

heating stage, the models were subjected only to heat

at constant temperatures ranging from 500 K to 700 K.

These temperatures were chosen both to accelerate the

reaction due to time limitations of a reactive molecular

dynamics simulation and to represent the flash tempera-

tures expected in sliding contacts [67]. Next, a constant

normal load was applied to the rigid part of the top slab

while the positions of the atoms in the bottom slab were

fixed, leading to contact pressures ranging from 0.50 GPa

to 1.50 GPa. This pressure range is consistent with contact

pressures in mechanical components with non-conformal

contacts. During the loading stage, the top slab was al-

lowed to move in the z-direction, which led to a reduction

of the gap between the slabs. The distance between the

slabs after loading was ≈1 nm, approximating the near-

contact conditions of boundary or mixed lubrication at

which extreme pressure additives operate in lubricated in-

terfaces. Finally, during the sliding stage, the top and the

bottom slabs were moved in opposite directions along the

x direction at a speed of ±5 m/s. The positions and bond

orders of the atoms were recorded every 2.50 ps, and a co-

valent bond was identified when the bond order exceeded

0.3. The sliding stage was run at all temperatures and

all pressures. The total number of temperature/pressure

combinations was 30, 15, and 6 for the Fe(100) + addi-

tive, Fe(100) + additive + base oil, and Fe2O3 + additive

models, respectively.

3. Results and Discussion

3.1. Reaction Pathways

Iron sulfide films are known to protect surfaces from

friction and wear in lubricated mechanical systems [68,

69, 70]. The initiation of these reactions is the reaction

between sulfur (S) in additives and surface iron (Fe). In a

previous simulation-based investigation of the reaction be-

tween di-tert-butyl disulfide and Fe(100), [35] it was shown

that this reaction occurs through three steps: S–S bond

cleavage, followed by Fe–S bond formation, and lastly dis-

sociation of the S–C bond. This pathway, here referred to

as path a and shown in Fig. 2a, was observed in all three

model systems studied here.

However, the presence of O and H in the H-passivated

Fe2O3 surfaces introduced other reaction pathways, shown

in Fig. 2b and 2c. These pathways both started with the

S–S dissociation step, like pathway a. In reaction pathway

b, the next step was chemisorption of the tert-butyl thiyl

radical followed by dissociation of the S–C bond, leaving

the S bonded to a surface O atom. In pathway c, the tert-

butyl thiyl radical bonded with an OH radical released

previously from the surface, then S–C bond dissociation

took place, and finally the remaining sulfur-containing rad-

ical bonded with Fe or O on the surface. Chemisorption

reactions in these pathways were equally likely (within

the uncertainty of the simulations) on the top and bot-

tom Fe(100)/Fe2O3 surfaces. For all three pathways, at

the end of the reaction, most of the tert-butyl radicals ei-

ther bonded to the surface or formed isobutylene. In very

few cases, tert-butyl radicals associated with other sulfur-

containing radicals to form larger intermediate species that

later decomposed. Analysis of the likelihood of chemisorp-
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Figure 2: Three distinct reaction pathways were observed in the simulations. In all three pathways, the reaction involved S–S cleavage, S–C
dissociation, and S chemisorption to the surface. The detailed steps in each pathway are described in the text.

tion showed that more tert-butyl radicals chemisorbed at

higher pressures and temperatures.

The three reaction pathways can be summarized as:

Pathway a:

S–S cleavage → S–Fe formation → S–C dissociation

Pathway b:

S–S cleavage → S–Fe/S–O formation → S–C dissociation

Pathway c:

S–S cleavage → S–C dissociation → S–Fe/S–O formation

This general reaction pathway is consistent with that

observed previously for dimethyl disulfide reacting on iron

foil. [67] Importantly, although the steps of the three path-

ways differ slightly from one another, they all lead to sul-

fur bonded to the surface, which can be assumed to be

the onset of formation of iron sulfide films that have been

observed in tribological experiments. [68, 69, 70]

3.2. Reaction yield

Reaction yield was quantified in the simulations as the

number of bonding/dissociation events calculated at the

end of the shear stage relative to the total number of

events possible given the number of di-tert-butyl disul-

fide molecules in each model system. This analysis was

performed separately for each of the three main steps in

the reaction: S–S cleavage, S–Fe/S–O formation, and S–C

dissociation.

The S–S dissociation was always the first step in the

reaction pathway. The yield for this reaction step from

all simulations is summarized in Fig. 3a, b, and c, where

yield is represented by color (dark corresponding to the

highest yield) as a function of temperature on the abscissa

and pressure on the ordinate axis. The heat map color

indicates the model, where red corresponds to the Fe(100)

+ additive model, green to the Fe(100) + additive + base

oil model, and blue to the Fe2O3 + additive system.

The heat maps show that this step of the reaction de-

pends on temperature and pressure differently for the three

model systems. For the Fe(100) + additive case, in Fig. 3a,

S–S dissociation increases with both temperature and pres-

sure. As shown in Figs. 3d and e, the effect of temperature

is more significant at the lower pressures, and the effect of

pressure is more significant at the lower temperatures.

In contrast, for the base oil containing model, the yield

at any pressure or temperature in Figs. 3b, e, and h is

above 90%. This indicates that nearly all of the possible

bonds were broken by the end of the simulation under any

condition, so temperature or pressure dependence could

not be observed.

Lastly, for the H-passivated Fe2O3 model, the effect of

temperature is more significant than the effect of pressure.
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Figure 3: Heat maps (a, b, and c) of reaction yield for S–S bond cleavage (number of bonds broken at the end of the shear stage of the
simulation) as a function of temperature and pressure. An increase in yield is shown by a color change from light (lowest) to dark (highest).
The maps are created from 30, 15, and 6 data points for the red, green, and blue plots, respectively. Yield for models Fe(100) + additive,
Fe(100) + additive + base oil, and Fe2O3 + additive are shown in red, green, and blue, respectively. 2D representations show the change
in yield as a function of temperature (d, e, and f) at two pressures (0.5 and 1.5 GPa) and as a function of pressure (g, h, and i) at two
temperatures (500 and 700 K).
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Figure 4: Heat maps of reaction yield for Fe–S (a and b) and Fe–S/O–S bond formation (c) as a function of temperature and pressure, and
corresponding 2D plots at representative pressures and temperatures. The figure format and number of data points are the same as in Fig. 3.
The heat map for the H-passivated Fe2O3 model had a smaller yield range than the plots of the other models.

As shown in Figs. 3c, f, and i, the yield of the S–S disso-

ciation step increases rapidly with the increase in temper-

ature from 500 to 700K, at any pressure. However, the

effect of pressure is not significant at any temperature.

Fig. 4 shows the reaction yield for the Fe–S or O–S

bond formation. The format of the sub-figures is the same

as Fig. 3a, d, and g. For the Fe(100) + additive case, in

Fig. 4, yield increases with pressure at all temperatures,

with the effect of pressure being larger at lower temper-

atures. The thermal effect depends on pressure. Specifi-

cally, at low pressure, yield increases with increasing tem-

perature, but the opposite is observed at high pressure. It

has been observed from the simulations that some of the

Fe–S bonds that form are subsequently broken by shear

force at high pressure, and this process is facilitated by

high temperature. The decrease is attributable to this

bond breakage.

In the Fe(100) + additive + base oil case, shown in

Figs. 4b, e, and h, like the S–S dissociation, nearly all pos-

sible Fe–S bonds are formed at any pressure or tempera-

ture. The maximum yield is reached for all cases except

the lowest temperature and pressure conditions.

For the H-passivated Fe2O3 model, shown in Figs. 4c,

f, and i, the reaction yield does not reach 100%. There is

generally more yield at the higher pressures and tempera-

tures, but yield does not increase significantly with either

pressure or temperature.

The final step we investigated was the dissociation of

the S–C bond. Our previous studies identified this as the

rate-limiting step of the reaction [34] and that its yield

increased with increasing temperature and pressure [35].

The results for the three models here are shown in Fig. 5.

For the Fe(100) + additive case (Figs. 5a, d, and g), like

in the previous two reaction steps discussed, yield increases

with both pressure and temperature. However, for the S–

C dissociation, the increase in yield with temperature is

more significant than pressure.

For the model with base oil, shown in Figs. 5b, e, and h,

this is the only reaction step that did not reach the max-

imum yield. Also, increasing the temperature increased

yield at all pressures (Fig. 5e), although the reaction step

did not appear to be accelerated by pressure (Fig. 5h).

Lastly, for the H-passivated Fe2O3 case, despite the

fact that the yield increased slightly with temperature,

very few reactions were observed under any set of con-

7



Figure 5: Heat maps of reaction yield for S–C dissociation as a function of temperature and pressure, and corresponding 2D plots at
representative pressures and temperatures. Figure format and number of data points are the same as in Fig. 3. The 2D plots have the same
range while the heat maps have different color ranges due to variation of the yield.

ditions. The effects of base oil and H-passivated oxide

surface on the reactions are discussed next.

3.3. Effect of base oil

Previous studies of film forming additives and base oil

have shown that a higher concentration of additive rela-

tive to the base oil results in faster film formation [71, 72,

73, 74], because base oil that is chemically or physically

adsorbed on the surface can limit access of the additives

to the surface. [71] This suggests that the simulations with

base oil present should have lower yield than those with-

out base oil. However, the analyses in the previous section

showed there was not much difference between the simu-

lations with and without base oil.

The first two steps of the reaction achieved nearly 100%

yield in both cases (Figs. 3 and 4). The third, rate-limiting

step did not reach 100%, but the yield was comparable

with and without the base oil (Fig 5). One reason that

lower yield was not observed in the base oil case is that

there were fewer di-tert-butyl disulfide molecules in the

simulation with base oil; this was done to ensure that

the model sizes would be approximately the same. Since

yield is reported as the ratio of broken bonds to the total

number of available bonds, the smaller number of additive

molecules in the model with base oil resulted in a higher

yield for the same number of broken bonds. Another dif-

ference between these simulations and experiments is the

concentration of the additive. In experimental studies, the

concentration of film forming additives is very low, typi-

cally less than 5 wt.%. [71] Due to the size-scale limitations

of a MD simulation, an approximately 50 wt.% ratio was

used here. As a result, there was very little base oil present

in the model, and it had a negligible effect on yield.

Although the yield of the S–C dissociation step was

similar for the cases with and without base oil, some differ-

ence in the effect of pressure was observed. For the model

without base oil, there is an increase in yield with pres-

sure in Figs. 5d and 5g. This pressure-dependence was

confirmed by running two more simulations at a higher

pressure (see Fig. S1). However, when base oil is present,

no increase in yield with pressure is observed in Figs. 5e

and 5h. Previous DFT calculations [29] and reactive MD

simulations [35] have shown that the S–C dissociation re-

action occurs through lateral displacement of the C atom

with respect to the S atom. Shear stress therefore drives

this step of the reaction by pushing the C atom along
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the reaction coordinate. In the simulations, the dodecane

molecules were weakly bonded with the Fe(100) surface,

but remained near the surface (≈ 0.2 nm) throughout the

simulations. Additionally, visualizations of the simulations

showed that there were often dodecane molecules in the

vicinity of the S–C bonds before dissociation. This sug-

gests that the presence of the base oil impedes the lateral

movement of the tert-butyl group, thereby minimizing the

effect of mechanical stress to drive the reaction step.

Lastly, our simulations showed that the dodecane molecules

became aligned with the direction of sliding during the

shear stage (see Fig. S2). This phenomenon has been

observed previously for dodecane molecules confined and

sheared between mica surfaces, and the alignment was

shown to lower friction. [75] The aligned dodecane molecules

reduced the shear force and, consequently, decreased the

pressure dependence of the reaction yield.

3.4. Effect of H-passivated oxide surface

Next, we analyzed the effect of the H-passivated oxide

surface on film formation. For all three steps of the reac-

tion, the yield was lower for the model with H-passivated

Fe2O3 than either of the models with the Fe(100) surface.

This difference can be attributed to several factors.

First, in the simulations with H-passivated Fe2O3, it

was observed that the O and H atoms were released from

the surface due to thermal as well as mechanical effects.

These elemental H and O, as well as OH groups, are highly

reactive and bonded with tert-butyl thiyl radicals (C4H9S),

the main decomposition product, to form various oxide

species (see Fig. 2). We also observed oxidation of di-

tert-butyl disulfide molecules to derivative oxide species.

Experimental studies have shown that when ZDDP is ox-

idized, the oxidation reaction products were ineffective as

anti-wear agents. [76, 77, 78] This suggests that oxidation

inhibited the ability of the additive to form protective films

on surfaces, consistent with the observations in our simu-

lations that the oxides formed from di-tert-butyl disulfide

and its moieties were less likely to proceed through any of

the reaction pathways.

Second, the chemical stability of the H-passivated Fe2O3

limits reactions with the surface. As seen in Fig. 4, the

yield of the chemisorption step of the reaction for the H-

passivated Fe2O3 is ≈50%, whereas it reaches nearly 100%

for the other two cases. Experimental studies of reactions

between disulfides and ferrous surfaces have shown that

reaction rates are lower on oxide surfaces. [79, 80, 81] The

H-passivated Fe2O3 surface was passivated with H in the

simulations, prior to introducing the additive molecules,

making it even more chemically stable. [82]

Lastly, Fig. 5 shows that the reaction yield of the rate-

limiting step was much lower for Fe2O3 + additive than for

the other two models. The models with Fe(100) proceed

through pathway a, where chemisorption occurs via Fe–

S bonding, whereas, in the H-passivated oxide model, S

could bond with either Fe or O on the surface. Previous

studies of a similar chemical system showed that more S–O

bonds (HSO− CH3 compared to HSO3 − CH3) increased

the S–C bond dissociation energy. [83, 84] Therefore, in

our simulations, the S–O bonding to the tert-butyl sulfide

moieties may have increased in S–C dissociation energy,

leading to lower reaction yield.

3.5. Bell model

The results above are presented in terms of pressure,

since load is the controllable/measurable parameter in an

experiment (or a simulation mimicking an experiment).

However, it is known that tribochemical reactions are driven

by shear stress rather than by pressure alone [9, 85, 86].

Therefore, the change in yield with pressure observed here

can be attributed to an increase in shear stress. The shear

stresses in the simulations were calculated as a time aver-

age of the lateral force on the rigid part of the bottom and

top Fe(100) (or H-passivated Fe2O3) slabs divided by the

surface area (area of the model system in the xy plane).

The yield of a reaction is exponentially related to the

height of the energy barrier that must be overcome for

that reaction to proceed. The height of the barrier can be

lowered by stress, leading to the classic Bell model [87]:

ry = A exp

(

−
E0 − τ ·∆V ∗

kBT

)

, (1)

where ry is the reaction yield, A is a pre-exponential factor,

kB is the Boltzmann constant, T is the temperature, E0 is

the energy barrier in the absence of stress (thermal acti-

vation energy), ∆V ∗ is the activation volume, and τ is the

shear stress. By taking the natural logarithm of Eq. (1),

a linear relationship between the natural logarithm of the

9



reaction yield and (kBT )
−1 is obtained, where the slope

corresponds to the reaction energy barrier:

ln(ry) = ln(A)−

(

E0

kBT

)

+

(

τ ·∆V ∗

kBT

)

(2)

This framework is generally applicable to reactions driven

by mechanical stress; for tribochemical reactions, it is used

to quantify the effect of shear stress [12].

The reaction yield for the rate-limiting step of the re-

action for each model system in Fig. 5 can be fit to Eq. (2).

The multi-parameter fit was optimized by minimizing the

mean of the squared differences between ln(ry) as calcu-

lated from the Bell model and ln(ry) as measured from our

simulations (see Fig. S3). Fit parameters were ln(A), E0,

and ∆V ∗. This fitting approach was previously used for

shear-driven reactions. [88, 89]

The first fit parameter, E0, was found to be 11.8 ±

1.5, 12.6 ± 2.8, and 10.2 ± 4.4 kcal/mol for the Fe(100)

+ additive, Fe(100) + additive + base oil, and Fe2O3 +

additive models, respectively. It has been reported that, if

the reaction rate or yield is used in Eq. (2), as done here,

the magnitudes of fit values for E0 cannot be directly cor-

related to thermal activation energy [12]. Further, it has

been shown that the availability of reaction sites is corre-

lated to barrier height [68], so the finite size of the models

here is expected to affect the fit value of E0. However, for

a series of systems that undergo similar chemical reactions,

the relative magnitudes of E0 obtained from linear fits are

meaningful [12]. Therefore, the fact that the differences

between the E0 values for the three cases are less than

the fit error indicates their thermal activation energies are

similar.

More differentiation between the three cases was ob-

served in the magnitude of the activation volume, which

was found to be ∆V ∗ = 2.10 ± 0.65, 0.21 ± 0.59, and

0.75 ± 0.54 Å3 for Fe(100) + additive, Fe(100) + additive

+ base oil, and Fe2O3 + additive, respectively. Although

the physical meaning of activation volume has been de-

bated, it is a measure of how susceptible a given reaction

is to mechanical activation. [12] Therefore, the larger ac-

tivation volume for the Fe(100) + additive case, with the

comparable activation energies for all three cases, indicates

that the S–C dissociation is most readily driven by shear

for Fe(100) + additive.

As mentioned above, S–C dissociation occurs through

lateral displacement of the C atom with respect to the S

atom [29, 35], a process that is facilitated by lateral force.

Shear can be transmitted from the walls to the molecules

either directly, as is the case in pathways a and b when the

tert-butyl sulfide is bonded to the surface, or indirectly by

the strain field within the liquid, as would occur in path-

way c. The latter case was demonstrated in a study of

ZDDP film formation where the experiment was performed

in full film lubrication, i.e., no surface-surface contact. [9].

The S–C dissociation is most readily activated by shear on

the Fe(100) surface and without base oil because the direc-

tion of shear is perfectly aligned with the reaction pathway

on the atomically smooth surface (unlike the H-passivated

Fe2O3 surface). Additionally, base oil is not present in the

Fe(100) + additive model to impede the transmission of

shear force from wall to reactant. Thus, compared to the

Fe(100) + additive case, the activation volume is smaller

with H-passivated Fe2O3 due to the lack of alignment of

shear force with the reaction pathway and is smaller with

base oil due to the interference of the base oil molecules in

the transmission of shear force to the reactants.

4. Conclusions

In summary, the reaction pathways of di-tert-butyl disul-

fide on ferrous surfaces were investigated using reactive

molecular dynamics simulations. The simulations were

designed to evaluate whether mechanisms identified pre-

viously for the additive on a crystalline iron surface are

relevant to more representative conditions with base oil

or a surface oxide. Specifically, models were developed to

simulate the additive in dodecane base oil and the additive

on H-passivated Fe2O3, as well as the additive on Fe(100)

for reference. Results showed that the reaction proceeded

through different pathways, depending on the availability

of O and H in the system. All reaction pathways consisted

of three main steps: S–S cleavage, S chemisorption, and S–

C dissociation. The reactions on Fe(100), with or without

the base oil, always started with S–S cleavage followed by

Fe–S bond formation and finally S–C dissociation, while

on the H-passivated Fe2O3 surface, Fe-S bond formation

and S-C dissociation occurred in either order after S–S

cleavage.

Next, the effects of pressure and temperature on yield

of the three steps of the reaction were quantified. The re-

10



sults showed that both temperature and pressure increased

the reaction yield, indicating that the reaction could be

driven thermally and mechanically. It was shown that the

yield of all steps on the Fe(100) surface was higher than

that of the model with the H-passivated Fe2O3 surface.

This was attributed to three factors, the chemical stabil-

ity of the H-passivated oxide surface, additive oxidation

reactions that hindered the additive decomposition and

chemisorption steps, and the increased S–C dissociation

energy that lowered the yield of the rate-limiting step of

the reaction.

Finally, the yield of the S–C dissociation step was in-

vestigated in the context of the Bell model. Fit values

of activation energy for the three models were within the

range of fit error, indicating that the presence of base oil

or H-passivated Fe2O3 surface did not significantly affect

the thermal activation energy. Additionally, the model

with tert-butyl sulfide moieties on the atomically smooth

Fe(100) surface in the absence of base oil had the largest

fit activation volume. The lower activation volume of the

other two models indicated that the ability of shear stress

to drive these reactions was lessened by the presence of

base oil or an H-passivated oxide surface.

The findings of this research are specifically relevant to

the field of tribology, since a better understanding of how

shear drives film formation reactions can potentially be

leveraged in design of more energy efficient and longer last-

ing mechanical systems. Further, our study demonstrates

an approach to predicting the pressure and temperature

dependence of reactions between additives and surfaces,

which is one of the important goals of tribochemistry, and

can be applied to other additives as well as other relevant

surfaces. This approach can be applied to quantify and

understand mechanochemical reactions that are relevant

to a wide range of current and potential applications.

Supporting Information

Pressure dependence of S–C bond dissociation for the

Fe(100) + additive model, dodecane molecule realignment,

Bell model fit plots.
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A. Martini. Reactive molecular dynamics simulations of thermal

film growth from di-tert-butyl disulfide on an Fe(100) surface.

Langmuir, 34:15681–15688, 2018.

[35] K. Mohammadtabar, S. J. Eder, N. Dörr, and A. Martini. Heat-
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