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The growth of tribofilms from the mechanochemical decomposition of lubricant additives is crucial to
prevent wear of sliding metal surfaces. For some applications, such as electric vehicles and wind
turbines, lubricants can be exposed to electric fields, which may affect tribofilm growth. Experimental
tribometer results have shown conflicting results regarding antiwear tribofilm growth and wear under
external electric potentials. Moreover, the effect of electric fields on the mechanochemical
decomposition of lubricant additives remains unclear. Here, we use nonequilibrium molecular dynamics
(NEMD) simulations to study the mechanochemical growth of a polyphosphate tribofilm from trialkyl
phosphate molecules under external electrostatic fields. The decomposition rate of phosphate esters
increases exponentially with the applied stress and temperature. The electric field generally accelerates
the molecular decomposition, both by enhancing the interfacial stress and reducing the steric hindrance
for nucleophilic substitution. The Bell model is used to analyse the electro-, mechano- and
temperature-dependent decomposition process. Under weak electric fields, the activation energy for
molecular decomposition increases due to the competition between electric field- and shear-induced
deformations. For stronger fields, the activation energy decreases linearly with increased electric field
strength and this dominates over the shear-induced molecular rotation. The resultant non-monotonic
variation in the activation energy for molecular decomposition with electric field strength explains the
conflicting effects of electric potential on tribofilm growth observed experimentally. The activation

volume decreases linearly with increasing electric field strength, indicating a reduced dependence of the
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Accepted 2nd July 2025 decomposition on shear stress as the electric field dominates. Asymmetric tribofilm growth is observed

between surfaces with external electric fields, which is consistent with the experimental observations.
This study presents atomistic insights for the coupling of electro- and mechano-catalysis of an
industrially-important molecular decomposition process.
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Probably the most economically valuable application where
mechanochemistry plays a central role is anti-wear lubricant
additives,® such as zinc dialkyldithiophosphate (ZDDP). The
growth of protective tribofilms from ZDDP is accelerated by shear

Introduction

Mechanochemistry involves accelerating chemical reactions
with mechanical force.* It is playing an increasingly important

role in organic and materials synthesis as well as polymer
modifications and recycling." An emerging area in mechano-
chemical synthesis is combining mechanical forces with other
energy sources, such as electric fields.> Several studies have
suggested that the cooperation of the electric field with
mechanical force can reduce the activation barrier of chemical
reactions.>® Another prominent example is contact-electro-
catalysis, which utilizes electron transfer occurring at chemi-
cally inert solid-liquid interfaces to stimulate redox reactions.”
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stress.' This means that ZDDP tribofilms can be formed without
high temperatures, ensuring wear protection even in cold envi-
ronments.” For some applications, such as electric vehicles™ and
wind turbines,® lubricant additives can also be exposed to electric
fields. For dielectric materials, intense electric fields can be
generated just outside of the sliding contact due to the tri-
bocharging.™ Previous studies have shown contradictory results
regarding the effect of external electric fields on tribofilm growth
and wear.”»'® ZDDP films have been successfully be grown on
metal surfaces from a base oil at relatively low temperatures and
without rubbing by the application of large voltages across the
contact."” Voltage across a tricresyl phosphate (TCP)-lubricated
contact promoted tribofilm formation,” and using dilauryl
hydrogen phosphate greatly reduced friction.* It was found that
sliding under applied electric potentials, zinc organo-
dithiophosphate (ZDP) was more effective in forming a friction-
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and wear-reducing tribofilm, compared to the uncharged condi-
tion.”® ZDDP also showed a friction and wear reduction under
a positive oxidising potential, which was attributed to increased
disulfide formation.”® For sulphur-based additives, increased
wear has been noted at the anodic surface compared to the
cathodic surface, which was due to rapid corrosion.” For
phosphorus-based additives, however, wear was suppressed on
both anodic and cathodic surfaces.”” Thicker ZDDP tribofilms
have been noted when electric fields were applied across the
sliding contact.*® It was shown recently that the tribofilm growth
from ZDDP-containing base oils was suppressed by relatively low
electric potentials and more severe wear was observed at the
anodic surface.”* However, other recent studies using ZDDP re-
ported that the electric potential formed a tribofilm much thicker
than at open circuit potential.*®*® It is not clear what effects
applied electric potentials have on the molecular-scale processes
leading to tribofilm growth. Therefore, a detailed understanding
of the nanoscale mechanochemical behaviours of lubricants
additives in the presence of external electric field is urgently
required. This will help to explain the macroscale tribological
phenomena at electrified contacts, such as bearing failure under
electric current,'® reduced corrosive wear,”” and electric field-
altered tribofilm formation. Meanwhile, this helps us to under-
stand the effectiveness of current lubricant additives and expedite
the discovery of new molecules for modern machinery operated
under electric fields.

Nonequilibrium molecular dynamics (NEMD) simulations
have been widely employed to investigate the effect of both shear
stress>?® and electric fields® on chemical reactivity. However,
only a handful of studies have combined NEMD simulations with
both shear and electric fields applied. Probably the most studied
system with NEMD simulations using combined shear and elec-
tric fields is the electrotunable friction of ionic liquid (IL)
lubricants,**** as recently reviewed.*® Of particular interest for
this study, NEMD simulations with ReaxFF have recently been
used to investigate the tribochemical reactions between a phos-
phonium phosphate IL and iron surfaces under the combined
effects of applied shear and electric fields.** Other studies have
also looked at the effect of electric fields on the friction of other
systems in sliding NEMD simulations, including poly-a-olefin
base 0ils** and zwitterionic molecules.*®

In this study, we use NEMD simulations with ReaxFF*” to
investigate the effect of electric fields on the mechanochemical
decomposition of phosphate ester-based anti-wear additives.
We also study the influence of the electric field on tribofilm
growth and its chemical composition. This study provides
atomistic insights into electro-mechano-chemical reactions and
improves our understanding of tribological behaviours inside
electrified contacts. We anticipate that the methodology show-
cased here can be used to virtually screen lubricant additives for
applications where they are exposed to external electric fields,
such as electric vehicles and wind turbines.

Methods

A primary alkyl phosphate, tri-n-butyl phosphate (TNBP), was
selected for this study, as shown in Fig. 1a. Alkyl phosphates
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such as TNBP are used as additives in gear lubricants, industrial
lubricants, and transmission fluids.**** They have also been
employed in their pure form as high-temperature vapour phase
lubricants.** TNBP exhibits intermediate thermal stability and
reactivity between secondary alkyl and aryl phosphate esters.**
We have previously investigated the decomposition of TNBP
under shear*> and in the presence of electric fields.** Here, we
study the decomposition of TNBP molecules under the
combined effects of temperature, shear, and electric fields. We
use confining magnetite surfaces, mimicking the asperity-
asperity contacts occurring in tribology experiments.**

The confined system was constructed using the Materials
and Process Simulations (MAPS) platform developed by Sci-
enomics SARL. The a-Fe;0,(001) surfaces had dimensions of
5.0 nm in the x- and y-directions, and a thickness of 1.1 nm in
the z-direction. Periodic boundary conditions were used in the
x- and y-directions, and a fixed boundary was used in the z-
direction. Initially, the two surfaces were separated by 3.0 nm of
vacuum in the z-direction. 48 TNBP molecules were randomly
inserted between two iron oxide surfaces, resulting in a surface
coverage of 1 molecule per nm?. This is representative of the
monolayer adsorption of phosphate esters on ferrous surface,
as observed in experiments both from the vapour phase* and
from base oil solution.*®

Simulation details

All of the NEMD simulations were performed in the large
atomic/molecular massively parallel simulator (LAMMPS) soft-
ware.”” Velocity Verlet*® integration was employed with a time-
step of 0.25 fs. We use the version of ReaxFF*”*’ implemented
in LAMMPS,**** with the parameters from Khajeh et al. for C/H/
O/Fe/P systems.*® Dissociation and tribofilm growth of phos-
phate esters has been extensively studied using these ReaxFF
parameters.**~**33-%% The parameters have been validated for
single-molecule dissociation of TNBP against density functional
theory.*

The system was first energy minimized using the conjugate
gradient method. Then, the top surface was moved down at
a speed of 10 m s~ ' until reaching a liquid density of TNBP in
agreement with the experimental value (0.97 g cm™3).*® The
lowermost layer of atoms in the bottom surface was fixed. The
target pressure (P, = 1-3 GPa) was then applied to the upper
surface to compress the TNBP molecules, by adding a constant
normal force to the topmost layer of atoms in the upper surface.
The system was then equilibrated at 300 K for 0.1 ns under the
target normal pressure. A Langevin thermostat® with a damp-
ing coefficient of 25 fs was applied to the middle layer of atoms
in the surfaces to control the temperature. A representative
snapshot of the system after energy minimization and equili-
bration is presented in Fig. 1b. After equilibration, the
temperature was increased (7 = 550-750 K) and an electrostatic
field (e, = 0.10-1.00 V A™') and sliding velocity (v, = 10 m s
were applied simultaneously. During the NEMD simulations,
the pressure was maintained by fixing the z-direction separation
distance between the bottom and top wall at the end of the
equilibration process. The sliding velocity was imposed by
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Fig. 1 Molecular structure of the tributyl phosphate (TNBP) and the simulation system setup rendered with OVITO.>®

applying equal and opposite velocities (5 m s ') along the x-
direction to the outer layer of atoms in the two surfaces. These
production simulations under an electric field were performed
for 1.0 ns.

Modelling electric field interactions

As demonstrated in our previous study,” under electric fields,
the QTPIE method*® predicts more accurate charge distribution
profile and electric field induced polarization than the standard
QEq® charge equilibration method. Herein, we use the same
QTPIE implementation® for all the ReaxFF NEMD simulations,
which is now implemented in LAMMPS."

The QTPIE model adopts the idea of overlapping charge
distributions between neighbouring atoms, which effectively
shields the long-range charge transfer.>>**-** The atomic charges
are updated by minimizing the electrostatic energy, where the
effective electronegativity is used instead of the atomic elec-
tronegativity.>® Detailed mathematical derivations can be found
in our previous paper® and other related studies.®** With the
presence of an electric field, the effective electronegativity for
the ith atom is:

Z(X? -x + 7,-“?)&-,-
: -7 1)

ZSij’
7

Xeff,i =

where x{ and ; are the atomic electronegativities for i and j™
atom, ¢ is the electric field in units of V A~, and Sy is the
overlap integral of the atomic orbitals of i and ;™ atoms.*®
Similar to our previous study,” here we used the primitive
Gaussian-Type Orbitals (GTO) to calculate the overlap integral
S, with the exponential constants from Chen and Martinez.*
Since they have demonstrated the negligible absolute error
when using GTO compared to the more accurate Slater-Type
Orbitals (STO).*® More details about the validation and imple-
mentation of the QTPIE method can be found
elsewhere.>>*"
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In this study, a uniform electrostatic field was applied along
the positive z-direction (¢, = 0.10-1.00 VA~ '), as shown in Fig. 1.
This approach mimics tribology experiments in which an elec-
tric field is applied across a lubricated contact.®*® The
requirement for large electric field strengths is a common
limitation of NEMD simulations.? The strength of the electric
fields used in our NEMD simulations is somewhat higher than
those typically applied in nanoscale tribology experiments using
atomic force microscopy (~0.1 V A™)%® and macroscale trib-
ometer experiments under elastohydrodynamic lubrication
conditions (~0.02 V A™").7° However, for tribology experiments
under boundary lubrication conditions, where the lubricant
film thickness is normally on the angstrom scale,” electric field
strengths approaching those used in our NEMD simulations
can be realistically expected. The surface electric potential cor-
responding to the maximum electric field used here is approx-
imately 10.0 V, which has been widely adopted in electro-
mechano-chemical reactions, both in experiments®”> and
ReaxFF NEMD simulations.?**>7%7*

Reaction kinetics analysis

When subjected to external stress, phosphate esters and ZDDPs
decompose and form a polyphosphate tribofilm at moderately
elevated temperatures.>'**>»”>77 The molecular decomposition
and subsequent tribofilm growth has been widely modelled as
stress-augmented thermally activated (SATA) processes.”® In
a SATA process, the applied stress serves as the mechano-
chemical driving force for bond cleavage and affects the reac-
tion rate constant, k, as described by the Bell model:”
E, — A V*)

(2)

k:Aexp(f T
B

where k is the rate constant for the reaction, A is the pre-
exponential factor (or frequency factor), E, is the activation
energy, 7 is the shear stress, AV* is the stress activation volume,
kg is the Boltzmann constant, and T is the temperature. For
tribofilm growth from anti-wear additives, it has been

© 2025 The Author(s). Published by the Royal Society of Chemistry
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demonstrated that the shear stress, rather than the normal
stress, drives the mechanochemical reaction.'®**»”>77 OQur
previous MD simulations of high-temperature TNBP decom-
position without applied shear stress showed that external
electric fields decreased E, on iron oxide surfaces.” It is not
clear how the external electric field will affect the mechano-
chemical reaction and parameters in the Bell equation. The
formalism employed to study mechanochemistry can also be
applied to explore how external electric fields can catalyse and
control reactions.**®" Some studies have used Bell-like models
to describe the combined effects of electric fields and stress on
electro-mechano-chemical (or tribo-electro-chemical)
reactions.”>*

The rate-limiting step of polyphosphate tribofilm growth is
the initial removal of alkyl or aryl substituents, which has been
confirmed through NEMD simulations for phosphate esters*
and experiments for ZDDP.”*”” In this study, the reaction rate
constant was determined from the decay of the number of intact
TNBP molecules over the course of the simulation. Molecules
with any of their C-O, P-O, or C-C bonds broken were consid-
ered as non-intact. In the majority of cases, the C-O bond was
the first bond to break, followed by the P-O bond, which is
consistent with previous NEMD simulations of TNBP.** Atomic
trajectories and bonding information, using a bond order cut-
off of 0.3, were recorded every 1.0 ps.

Results and discussion

The shear stress, rather than the normal stress, has been shown
as the dominant driving force for the mechanochemical tribo-
film growth from antiwear lubricant additives lubricants.'®”>7”
Firstly, we compare the change in shear stress with normal
stress under different external electric fields, as shown in Fig. 2.
The steady-state shear stress and normal pressure were aver-
aged over both walls and time-averaging was performed over the
final 0.8 ns of the production run. At all the studied tempera-
tures, the shear stress increases linearly with the applied pres-
sure with a finite intercept, as described by the extended
Amontons-Coulomb friction equation:*

T=uo + 19 (3)

where 7 is the shear stress, u is the friction coefficient, ¢ is the
normal stress, and 7, is the Derjaguin offset. The Derjaguin
offset 7, can be related to the surface adhesion.®* The dotted line
in Fig. 2 is fitted to eqn (3) and u and 7, are extracted from the
slope and the intercept of the curve, respectively. The values of u
and 7, are summarized in Table S1.f At all applied normal
stresses, the shear stress decreases with increasing tempera-
ture, which leads to a negligible change in u, but a decrease in
To.

It is noteworthy that, when the electric field is applied, the
normal stress distribution between the two surfaces becomes
asymmetric, as observed in previous MD simulations.** At the
maximum applied electric field strength, 1 V A™", the normal
stress acting on the top wall increases by approximately 0.5 GPa
compared to the applied value, while the normal stress on the
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bottom wall decreases by 0.5 GPa. Thus, although the external
electric field changes the normal stress distribution between
the two surfaces, the average normal stress remains the same as
when no electric field is applied. Stiffening of the adsorbed
molecular layer has also been observed in hydrogen bond
networks formed by water under electric fields.*

The extended Amontons-Coulomb friction model holds with
the application of external electric fields. The shear stress
increases with increasing external electric field strength. A
clearer comparison between the shear stress under electric
fields and without the electric field is presented in the ESI
(Fig. S1).t The increment in shear stress due to the electric field
is more pronounced for lower normal stress. This is likely
because, when the normal stress is lower, the separation gap
between two sliding surfaces is larger, and the enhancement of
surface-lubricant interactions under the electric field is more
pronounced. This enhancement is less apparent when sub-
jected to higher loads, where the interactions were already more
frequent due to the smaller gap between two surfaces.

Snapshots of the TNBP molecules being sheared at 700 K and
2 GPa with electric fields are presented in Fig. 3. The through-
thickness number density profile for the various atoms in the
system was computed and averaged over the course of the
simulation. For the case without the electric field, the TNBP
molecules were equally reacting with both surfaces, as indicated
by the symmetric distribution around the middle of the gap.
Compared to our previous study under thermally activated
decomposition,® the peak density for all the atoms of TNBP
molecules were increased in this study. This is due to the
compression from the applied normal stress, leading to a nar-
rower separation gap. When exposed to an electric field, rear-
rangement of the TNBP molecules was observed, which is due to
the alignment of molecular dipoles with the electric field
direction.*® As a result, the polar head group including the P and
O atoms, were pushed towards the bottom surface with higher
electric potential. Conversely, the nonpolar hydrocarbon clus-
ters were mainly located near the top surface with lower electric
potential. This is consistent with the experimental observations
that the formation of polyphosphate tribofilm from ZDDP is
enhanced on the positively charged surface.” The spatial rear-
rangement of the TNBP molecules was more pronounced as the
electric field strength was increased. Similar behaviours were
also observed at other pressures, as shown in Fig. S3.1

When an electric field is applied, the TNBP molecules
experience a torque that aligns the molecular dipole with the
field.** When the sliding velocity is applied along the x-direc-
tion, an additional torque about the y-axis is generated. The
angular velocities along y-axis during sliding are shown in the
ESI (Fig. S2).1 As the normal (and shear) stress is increased, the
magnitude of the angular velocity w, is increased, indicating
enhanced rotational motions.* Similarly, w), increased in the
presence of an electric field and exhibited a broader
distribution.

Fig. 3 shows the significant overlap of TNBP carbon and
surface iron atoms, which catalyses the C-O bond dissociation
in the TNBP molecules.**' On the other hand, P-O cleavage in
TNBP by nucleophilic substitution is accelerated by the overlap

RSC Mechanochem., 2025, 2, 732-744 | 735
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Fig. 2 Variation in shear stress with normal stress under different temperatures and applied electric fields.

of phosphorus atoms in molecules and oxygen atoms in the iron
oxide surfaces.** Mechanochemical decomposition leads to the
formation of alkyl cations and phosphate anions, which deposit
onto the surfaces. As shown in Fig. 4, even without the electric
field, carbon and phosphorus atoms in TNBP molecules form
covalent bonds with the surfaces. As the electric field strength

increases, the number of carbon-surface, oxygen-surface and
phosphorus-surface bonds increases, indicating that there is
more TNBP decomposition on the catalytic surfaces.”
Enhanced surface bond formation under electric fields was also
observed in the system sheared at 700 K and 1 GPa, as shown in
the ESI (Fig. S4).1 Compared to Fig. 4 and S41 shows that higher

Atom types

Number density [A—3]

-

o
o
)

-8 -4 0 4 8 -8 -4

a 8

Z coordinate [A]

Fig. 3 Simulation snapshots of TNBP molecules confined between two FesO4 surfaces at 700 K and 2 GPa, under different electric field
strengths (top), corresponding through-thickness number density profiles for different atom types (bottom). For both figures, the electric field

was applied along the positive z direction as shown by the pink arrow.
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Fig.4 Number of covalent bonds formed between TNBP molecules and the FezO4 surfaces under different electric fields under 2 GPa at 700 K.

interfacial stress promotes tribofilm formation on both
unelectrified and electrified surfaces.

Phosphate esters decompose and form polyphosphate tri-
bofilms on the ferrous surfaces, which is responsible for their
anti-wear performance.” Nucleophilic substitution is a key
reaction pathway for the growth of polyphosphate,*-** through
replacing the P-O-R bonds by the P-O-P bonds in the phos-
phate esters. Here, we also compared the polymerization after
TNBP decomposition, as shown in Fig. 5. Sliding at 700 K and
2 GPa, in the reference case without an electric field (¢, = 0V
A™Y), phosphates primarily formed dimers, with a few forming
trimers, and the largest observed cluster was a tetramer. This is
similar to previous NEMD simulations with TCP on iron

surfaces.** The chain length of polyphosphate observed in our
simulations is consistent with the averaged chain length of 2.5
monomers found in tribological experiments using XPS
measurements.** This is also consistent with the cross-second
MD simulations.®® At lower normal stress, only monomers,
dimers, and a few trimers formed, as shown in the ESI (Fig. S5).1
This suggests that higher stress enhances polyphosphate
growth and increases the degree of polymerization. With an
electric field, the transformation from monomers to poly-
phosphates was accelerated. Moreover, longer polyphosphates
including pentamers and above were observed for ¢, = 0.5 VA™?,
and particularly 1 Vv A~ (Fig. 5). When exposed to an electric
field, phosphates undergo conformational changes that rotate

Er ot N g o .
G ek iy R e
3‘ oo .é‘ '% 4: "gx o o~ & . ]
5 ‘{ Fee o o = .é" . ..{ 3 :p:. L9 '§:
ﬁk. o ‘ﬁtg.,%.‘-%'#‘:ah ,. 1
0.0 V/A 0.5 V/A 1.0 V/A

§ —— Total

s

8 —— Tetramer

f& 101 = Pentamer

g

s s

% o] : r : H[ [T \_Irll . . | :

= 0.5 1.0 1.5 0.5 1.0 L5 0.5 1.0 1.5

Time (ns)

Fig. 5 Change in the number of polyphosphates with time at 700 K and 2 GPa, under different electric field strengths. Snapshots of the pol-
yphosphates were taken at the end of the calculation time (1.7 ns). P atoms were coloured in orange and O atoms in red. C and H atoms were

omitted for clearer illustration.
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the polar head and the nonpolar alkyl groups (Fig. 3). Since the
alkyl cations are pulled towards the opposite surfaces, the
electric field-induced dipole alignhment may reduce the steric
hindrance of the polar head (PO,*”) between neighbouring
TNBP molecules. Subsequently, nucleophilic substitution and
polymerization are favoured under the applied electric field.
Previous study has reported that long-chained polyphosphate
typically undergoes depolymerization during continuous
rubbing, due to the lack of stabilizing cations.* The remaining
highly-polymerized phosphates under electric fields observed
here, might be ascribed to the electrostatic stabilization of the
charged transition state and products of the dissociation reac-
tion, as reported in our previous study.*

The electro-mechano-chemical dissociation rate of TNBP
molecules under electric fields was investigated over a range of
electric field strengths, temperatures and stresses. Fig. 6a and
b show the decay in the number of intact phosphate molecules
with sliding time, at a fixed temperature (700 K) and fixed
pressure (2 GPa), respectively. The decay in the number of intact
molecules with time is fitted with an exponential function,
indicating a first-order reaction.*” A rate constant is extracted
from the exponential decay fits for each condition. Without the
electric field, the rate of TNBP decomposition increased with

—~
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increasing temperature and shear stress. These observations
are consistent with previous SATA experiments'®”> and NEMD
simulations.*>** The rate of TNBP decomposition generally
increases with electric field strength, which is consistent with
our previous MD simulations without compression or sliding.**
At the highest normal stress (3 GPa) studied here, the
enhancement of the rate constant due to electric fields is less
apparent than at lower stress. This is because under high
normal stress, the decomposition reaction is primarily deter-
mined by shear stress. Similarly, at the highest temperature
(750 K), the effect of the electric field on TNBP decomposition is
less prominent.

Mechanochemical parameters

Fig. 7 shows the combined dependence of mechanochemical
reaction rates, from the electric field, temperature and shear
stress. The rate constants were taken from Fig. 6 and the shear
stress values were from Fig. 2. All of the data at each electric
field strength was described using 3D fits to the Bell model™
(eqn (2)).*>** As the electric field strength increases, an increase
in the rate constants for TNBP decomposition was observed in
Fig. 7.

1 GPa 1.5 GPa 2 GPa 2.5 GPa 3 GPa
" b
o
S 40 > N ) )
8 ) p
Q@ AR i
§ h \
- 30 5 R\ T\
%] N kb
© () v
£ 0.0 VA N e S
5 20 0IVA  Ne ] LI ')
5 —— 0.25V/A = S N 0
AED 10{ — 05V/A - S &y, NS
S — 0.75V/A |
= — 10VA
0
02 04 06 08 1.0 02 04 06 08 1.0 02 04 06 08 1.0 02 04 06 08 10 02 04 06 08 1.0
Time (ns) Time (ns) Time (ns) Time (ns) Time (ns)
550 K 600 K 650 K 700 K 750 K
0 € L N
[} - = b
=S 40 - =) b
(9] ! 3
s 5 L AN
o N - N\ N
3 = N h
k= 0.0 V/A ] Y 5
w5 20 0.1V/A S LN
5 — 025V/A & NN N
-g 10{ — 0.5V/A o o 3
El — 0.75V/A S
= — 10VA
0
02 04 06 08 10 02 04 06 08 1.0 02 04 06 08 1.0 02 04 06 08 10 02 04 06 08 10
Time (ns) Time (ns) Time (ns) Time (ns) Time (ns)

Fig. 6 Change in the number of intact TNBP molecules under different electric field strengths, at (a) 700 K under different applied pressure, and
(b) 2 GPa under different temperatures. The dashed line represents the decay obtained from the MD simulations, while the solid line depicts the

fitted curve of the decay using an exponential function.
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The Bell model parameters: E,, In(4), and AV*, were calcu-
lated from the 3D fits, as summarized in Fig. 8 and Table S2.}
The activation volume, AV* describes the dependence of rate
constant on shear stress. From the 3D fits, the calculated AV*
was 56 & 5 A’ for system without an electric field. This value is
larger than our previous NEMD simulations of TNBP molecules
confined between sliding pure iron surfaces,*” which is 16 + 3
A3. Therefore, the larger AV* value suggests that TNBP mole-
cules sheared between iron oxide surfaces are more mecha-
nochemically susceptible than between iron surfaces. Both the
values fall in between the values of 4 A®> and 130 A%, as calculated
by Gosvami et al® and Zhang et al® for ZDDP tribofilm
formation in experiments and other molecular mechanochem-
ical systems.” The percentage of the AV* compared to the
molecular volume, Vy,,, in this study is 12%, using a molecular
volume V,,o; of 440 A® for the TNBP molecule.” This value is
consistent with the 7-17% deformation ratio reported for alkyl
substituent lubricants in previous studies.”>***

In the presence of an electric field, the activation volume
decreased linearly as the field strength was increased. For the
highest field strengths of 0.75 VA~ and 1 VA™', AV* plateaued
to a value of 37 A%, The decrease in AV* suggests a reduced
dependence of mechanochemical reactions on applied stress.
Considering the effect of molecular deformation in mechano-
chemical reactions,”* this may result from competing defor-
mation directions between shear motions and electric fields. As
illustrated in Fig. 3, the electric-induced polarization leads to
the separation of electronegative polar head from other atoms

© 2025 The Author(s). Published by the Royal Society of Chemistry

along z-direction. However, the shear motions was along the x-
axis, the molecules were stretched and deformed more in the x-
direction. Therefore, as the field increases, enhanced electric-
field induced polarization became more dominant for molec-
ular deformation compared to the shear-induced effects.

2D fits of the rate constants versus shear stress are shown in
the ESI (Fig. S6),7 and AV* was computed from the slope of each
line. In all cases, the activation volume AV* is positive, which
indicates that the rate determining step involves bond
cleavage.®® A decreasing trend in AV* was also observed as the
electric field increased, but with relatively large uncertainties
for the 2D fits compared to the 3D fits.

The 3D fits were also used to calculate the activation energy,
E,, and the pre-exponential factor, 4, as shown in Fig. 8 and
Table S2.7 The E, value is significantly lower than our previous
study (94 kJ] mol ")** and experiments (80 kJ mol *).>” This
underestimation of E, is due to the high sliding velocities
required by the NEMD simulations, which lead to relatively low
activation energies even when the shear stress is accounted for
in the Bell model.** E, generally decreases with increasing
electric field strength. A slight increase in E,, from 28 k] mol ™"
to 30 k] mol™', was observed from the no-field reference to
when an electric field of 0.25 V A~ was applied to the system.
Above 0.25 V A™* there is a linear decrease in E, with increasing
electric field strength. This observation is consistent with our
previous simulations without shear*® and has also been re-
ported in other electric field-assisted catalysis studies.”®*™'** A
previous experimental study also suggested that tribofilm

RSC Mechanochem., 2025, 2, 732-744 | 739
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growth was accelerated by the electric field due to a reduction in
E, for the ZDDP decomposition reaction,* although the value of
E, was not directly quantified. The decrease in E, is due to
dipole alignment and stretching of the labile C-O bonds by the
electric field.** A nonmonotonic variation in E, has also been
observed for mechanochemical reactions, whereby small forces
slightly increase E, and then stronger forces lead to large
decreases.'” At low electric field strengths, In(4) also increases
slightly (24 s™" to 25 s~') when moving from the no-field to
0.25 V A", Under a weak electric field (<0.25 V A™"), the
electric-field induced molecular deformation is small compared
to the shear-induced deformation. The weak electric field
results in a slight increase in E, and also an enhancement in
In(4), which leads to an overall increase in reactivity compared
to the no-field case. For stronger electric fields, In(A) drops
linearly with increasing field strength from 25 s™* (0.25 VA™) to
24 s (1 V A™"). The pre-exponential factor, 4, is sometimes
interpreted as the collision factor, quantifying the frequency of
molecule-molecule (or molecule-surface) collisions.* Thus, for
strong fields, the number of molecule-surface collisions leading
to C-O and P-O bond breaking reduces since the phosphate
headgroups are all pulled towards on of the surfaces. Electric
field-induced deformation dominates, leading to conforma-
tional constraints. The 2D Arrhenius fits of In(k) versus 1/T are
shown in the ESI (Fig. S7).1 These show the same trends as the
3D fits, but with increased uncertainty.

740 | RSC Mechanochem., 2025, 2, 732-744

The effective shear stress on the confined TNBP molecules
increases with electric field strength (Fig. 2), which enhances
the decomposition rate. The charged transition state and the
products of TNBP dissociation are also electrostatically stabi-
lized by the applied electric fields.***** Meanwhile, the electric
field-induced dipole alignment reduces the steric hindrance
from the alkyl tails during the nucleophilic substitution reac-
tions. Therefore, under strong electric fields, TNBP molecules
decompose and polymerize more quickly. The formation of
a thicker tribofilm when electric fields were applied has also
been observed in experiments.”® The rate-limiting step for
mechanochemical tribofilm growth is the initial molecular
decomposition.’®”*”” This suggests that the molecular driving
force for thicker tribofilm growth under strong electric fields is
the reduction in the activation energy E, for the mechano-
chemical decomposition. Under weak electric fields, there is
a small increase in E,, which could explain the slower tribofilm
growth and increased wear seen in recent experiments with low
electric potentials.*

Conclusions

In this study, we have used NEMD simulations with ReaxFF to
investigate the mechanochemical dissociation of a tri-
alkylphosphate, TNBP, inside the electrified contacts. The
electric field-induced polarization aligns the dipoles of the polar
TNBP molecules along the field direction, leading to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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asymmetric atomic distributions. The phosphate anions are
mainly deposited on the surface with higher electric potential
(anode), while the alkyl cations are located near the lower-
potential surface (cathode). The decomposed ions form cova-
lent bonds with the surface and react through nucleophilic
substitution to grow a polyphosphate tribofilm. In the presence
of an electric field, longer polyphosphates are observed and they
grow more quickly under electric fields compared to the no-field
case. The interfacial stress also increases somewhat with elec-
tric field strength. Electrostatic stabilization of charged ions
and reduced steric hindrance for nucleophilic substitution,
resulting in highly polymerized phosphates. A thicker poly-
phosphate film generally forms under electric fields, which
aligns with the thicker tribofilm observed on the anode in
previous experiments.

The reaction rate constant is generally higher in the presence
of an electric field and increases with the field strength. Ana-
lysing the rate constants using the Bell model shows that the
dependence of mechanochemical reactions on shear stress
reduces as a stronger electric field is applied, leading to smaller
activation volumes. Under mild electric fields (<0.25 V A™),
electric field-induced dipole alignment competes with shear-
induced axial rotation. This results in increased activation
energies and pre-exponential factors. When exposed to stronger
electric fields (> 0.25 V A™%), the activation energy and pre-
exponential factor decrease linearly as the field strength
increases. That is because the electric field-induced dipole
alignment becomes more significant, resulting in more
deformation-driven bond cleavage and polyphosphate forma-
tion. Our simulations help to explain conflicting experimental
results, where thicker tribofilms usually form and wear is
reduced under large electric potentials, while thinner films and
increased wear has been observed at small electric potentials
compared to the no-field case. This observation can be under-
stood by the non-monotonic variation in the activation energy
with electric field strength seen in our simulations.

Our findings provide detailed insights into the nanoscale
tribofilm growth mechanism of antiwear additives at electrified
interfaces, which is challenging to obtain from experiments.
The methodology showcased here could help the design of
lubricant additives for applications where they are exposed to
external electric fields, such as electric vehicles and wind
turbines. This study also paves the way for applying NEMD
simulations to study the effect of external electric fields on
mechanochemical synthesis in ball mills.
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