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Abstract A number of recent experiments have demon-
strated that normal and shear stresses are able to accelerate
the rates of chemical reactions of adsorbates on surfaces,
yielding an approximately exponential increase in reaction
rate with force. It seems that such mechanochemical reac-
tions play a central role in tribochemistry and the conse-
quent formation of anti-wear or friction-reducing films from
lubricant additives. It is thus appropriate to summarize the
theories that can be used to analyse such tribochemical data.
The models have a strong parallel with those used to analyse
sliding friction, the Prandtl/Tomlinson model. It is found
that the force-dependent activation barrier for chemical
reactions varies as Ey(F) = Ey + AF + BF?. The linear
variation in activation barrier with force, the so-called Bell
equation, and the quadratic dependence, the so-called
Hammond effect, are analysed using model reaction energy
profiles, which reveal a dependence of the parameters A and
B on the shape of the energy profile. The influence of
contact pressure and sliding velocity is also discussed. The
above models assume that the normal and shear stresses are
coplanar with the thermal reaction coordinate for the tri-
bochemical processes, and the effects of this not being the
case are also discussed. Finally, the existing results of tri-
bochemical reactions of oxygen-functionalized graphene
and zinc dialkyl dithiophosphates are also analysed using
these models.
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1 Introduction

Modern lubricants are generally quite complex and incor-
porate a wide range of compounds including antioxidants,
detergents, corrosion inhibitors, anti-foaming agents and
viscosity index improvers, as well as those that react at the
sliding interface to form friction- or wear-reducing films
[1]. Friction- and wear-reducing additives often contain
elements such as sulphur, phosphorus or halogens [2] that
react at the sliding interface to form a “tribofilm”. The
interfacial chemistry often differs considerably from the
thermal chemistry, and various effects have been invoked
to rationalize the differences including the presence of
local “flash temperatures” [3], the emission of electrons
during sliding [4] or high contact pressures [5]. While the
high interfacial temperature induced by sliding is respon-
sible for tribofilm formation, in particular in the so-called
extreme-pressure regime [6, 7], it is becoming increasingly
clear that a direct mechanochemical coupling of an exter-
nal force that accelerates the reaction rate [8—16] plays an
important role in tribochemistry. This idea has proven
challenging to verify because of the difficulty in designing
experiments in which other effects, such as the high local,
transient energy input that occurs when asperities at the
interface slide over each other, do not contribute. This
energy input is characterized by a flash temperature, but
may not be a temperature in the true thermodynamic
meaning since the interface during sliding need not nec-
essarily be in thermal equilibrium [17]. In addition, it is
often challenging to accurately calculate flash temperatures
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[18-20] making it difficult to establish whether local fric-
tional heating, or some other effect, is responsible for tri-
bochemical behaviour.

However, recent experiments under conditions where
the interfacial temperature rise was carefully controlled
have provided compelling evidence that direct mechanical
coupling of the external force to the surface chemical
reaction is responsible for, at least some, tribochemistry.
For example, recent atomic force microscopy (AFM)
experiments, in which the contact conditions are suffi-
ciently mild that the above effects can be excluded, have
demonstrated that interfacial shear and pressure can
accelerate the rate of tribofilm formation from zinc dialkyl
dithiophosphate (ZDDP), [21] one of the oldest anti-wear
oil additives [22]. This was recently confirmed at a more
macroscopic scale by carrying out experiments with
ZDDP dissolved in high-internal-friction base oils that
sustained high shear forces, but prevented direct solid—
solid contact [23]. This paper also pointed out that
invoking shear effects could potentially explain some
enigmas surrounding anti-wear film formation from
ZDDP. It has also been shown that interfacial shear can
induce adsorbate decomposition [24-26] and demon-
strated that the reaction rate increases approximately
exponentially with shear stress [21, 23, 24]. It is thus
appropriate to discuss the theoretical basis for analytical
models for stress-assisted surface chemical reaction
kinetics and their difficulties and limitations and to pro-
vide approaches for extracting parameters from mea-
surements of tribochemical reaction rates as a function of
shear stress and/or contact pressure that will provide
stringent tests of such models. It is noted that recent
nanoscale wear experiments have shown similar expo-
nential increases in wear rate with shear stress [27], so
that such wear processes could be viewed as a type of
chemical reaction. However, since the exact transforma-
tion occurring during these processes is not well defined,
they will be excluded from the following discussion.

2 Background

The existence of a potential energy surface is central to
analysing chemical reaction kinetics and dynamics. This
describes the potential energy (arising by virtue of the
positions of the atoms) of a system of atoms as a function
of the positions r; of the i™ atom, V(r;), due to the various
types of interactions, ionic, chemical bonding, van der
Waals etc., between them. It is often referred to as a Born—
Oppenheimer potential energy surface since its calculation
is based on the Born—Oppenheimer approximation; this
essentially assumes that electrons, which are very much
lighter than nuclei, can move almost instantaneously in
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response to the much slower nuclear motion. This
approximation allows the nuclear and electronic motions to
be calculated separately.

Local minima in this multi-dimensional potential energy
surface correspond to locally stable configurations, where
the atomic coordinates at these local minima describe the
structure of the system. Local dynamics, such as molecular
vibrations are analysed by considering the forces acting on
the atoms, which is calculated from the gradient of the
potential (F = —VV) and by solving the equations of
motion. This is often carried out for complex atomic sys-
tems by solving the classical Newton’s laws of motion for a
parameterized potential energy surface for relatively small
deviations from the minima using so-called molecular
dynamics (MD) simulations [28].

The average energy of the atoms increases in proportion
to the absolute temperature 7, with a distribution of ener-
gies given by the Boltzmann distribution. In this case, the
probability of an atom having an energy between E and

E + dE, P(E)dE is given by P(E)dENexp(—kBLT)dE,

where kg is the Boltzmann constant. Thus, as the temper-
ature T increases, the proportion of the system that has
sufficient energy to surmount an energy barrier between
one minimum in the potential energy surface and another,
known as the activation energy, E,y, increases. This
probability is proportional to:

f;[ exp(f kBLT) dE exp<f ,‘(‘%T‘) Because of the expo-

nential dependence on the height of the activation energy
barrier, the transition from one to another energy minimum
will occur with the highest probability via the lowest
energy pathway between the two. This enables this com-
plex, multi-dimensional problem to be significantly sim-
plified by considering only the lowest-energy pathways and
ignoring all the rest. Thus, the problem can be analysed by
just considering the potential energy profile along these
lower-energy pathways, by plotting the free energy versus
the so-called reaction coordinate, which describes how the
positions of the atoms evolve as the system energy changes
from the initial energy minimum, passes over the lowest
energy maxima (which are saddle points), to the final
states. In practice, the rates of thermal reactions do not
depend critically on the shape of the energy profiles,
merely the height of the energy barrier relative to the initial
state. This is not the case for mechanically induced
reactions.

Within this simplified model, the rate at which the
system transits the energy barrier is proportional to

exp(f fB“T‘) and rates of chemical reactions have been

found to quite accurately follow this so-called Arrhenius
behaviour [29]. The configuration of the atoms in the
system at the peak of the energy barrier, known as the
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transition state, is called the activate complex, and reac-
tion kinetics can be analysed in detail by this model
(known as transition-state theory), proposed by Eyring
[30]. Here, statistical thermodynamics is used to calculate
an equilibrium constant between the initial and transition
state, and thereby calculate the transition-state population
by assuming that it is in equilibrium with the initial state
[31]. The rate of product formation is then taken to be
proportional to the population in the transition state. This,
in principle, allows the pre-exponential factor, A in front

of the Arrhenius term, exp(— f;‘cr‘), to be calculated, but

this is often challenging. The value of the activation
energy, however, can be calculated using quantum theory
[32, 33].

In transition-state theory, the initial (reactant) state is
invariably at a local energy minimum, so that the local
potential energy surface has a positive curvature, while the
transition state is a saddle point, which has negative cur-
vature in a direction along the reaction coordinate, but can
have positive curvatures perpendicular to it. As will be
seen later, this can have implications for the tribochemical
behaviour.

The effect of an external force is to influence and, in
general, decrease the height of the activation barrier. This
has the effect of increasing the rate of thermally activated
transitions over this barrier with a consequent increase in
the reaction rate; the reaction is still thermally activated
and depends on temperature. The physical concept behind
describing the influence of an external force on lowering
the activation barrier is straightforward; the external force
can effectively push the system from its initial energy
minimum towards the activation barrier so that the energy
barrier is reduced by the amount of work done on the
system. In the case of constant-force sliding, this work is
F - r, where F is the force and r is the distance moved. In
the case of compliant sliding, for example, by an AFM tip,

the work is 1/zk(X — x)%, where X is the position of the
cantilever with force constant k, and x the tip position. In
the following, we shall focus on the most commonly used
constant-force sliding.

In this case, the direction of the force exerted on the
system relative to the potential energy surface can have a
profound effect. Experimentally, this force can be applied
in tension, where one end of the chemical system is
anchored, while the other end is pulled. This can either be a
bulk sample or a single molecule, and this regime is a
major focus of mechanochemistry [16, 34-38]. Alterna-
tively, the external force can be applied at a surface and
consists of normal and shear forces. This method of
applying forces to induce tribochemistry is the focus on
this paper, although the general principles apply equally
well to both regimes.

While, as emphasized above, the tribochemical beha-
viour depends on the way in which the applied force is
aligned with respect to the potential energy surface, it is
common to use models in which the force is taken to act
within the plane that defines the reaction coordinate. This
has the advantage of being conceptually simple since plots
of activation energy are well understood for thermal reac-
tions. It is also the approach taken in most models to
describe sliding friction, which essentially pose an identical
problem as that faced in understanding tribochemistry, that
of calculating how an external force increases the rate of
the transition from one stable or metastable state to another
over an activation barrier [39]. In the case of sliding fric-
tion, the initial and final states are identical and only energy
is dissipated, while in tribochemical reactions (and
nanoscale wear) the initial (reactant) and final (product)
states differ. The first section will therefore discuss models
in which the forces lie within the reaction coordinate plane
and will lead to the most commonly used Bell model [40]
and its variants [41].

The next section of this paper will discuss more general
models that do not insist that the forces be aligned within
the plane of the reaction coordinate and explores the
influence that this could have on the tribochemical prop-
erties. The following section briefly explores the ways in
which changes in the contact, for example the interpene-
tration of adsorbates, can affect the tribochemical reactiv-
ity, and the last section will analyse currently available
experimental results considering the above discussions.

3 One-Dimensional Tribochemical Models
with Forces Aligned Along the Plane
of the Reaction Coordinate

3.1 A Rigid-Potential Model: The Bell Equation

The simplest model for calculating the rate constant k(F)
under the influence of a shear force vector F is the Bell
model [40], which has also been called the Bell-Evans (B—
E) or the Bell-Evans—Zhurkov models. This model imag-
ines a reactant state at x = O, with the transition state

located a distance A)_ci from it along the reaction coordinate

defined as the x axis. Axi, the magnitude of Aﬂ, is referred
to as the activation length. The B-E model assumes that the
shape of the potential energy curve from the reactant to the
transition state to the product is not influenced by the
external force. Consequently, the work carried out on the
system lowers the height of the activation barrier E,. by an

amount F - Aﬂ. If F is the magnitude of the component of
the force along x, this yields an effective activation energy

under the influence of the applied force of Eyey — F Axi. If
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the force F is aligned within the plane of the reaction

coordinate, then F - Agi — FAxE. It is also assumed that
the pre-exponential factor A is not unduly influenced by the
external force, so that the rate constant for the rate of the
forward reaction from an initial state at x = 0O is:

Epet — FAxi>

T (1)

k(F) = A exp (—

Note that the rate of the reverse reaction, from the
product to the initial reactant state, is also influenced by the
external force. Here, however, the effect of the external
force is to increase this barrier. Thus, the combination of
the forward and reverse rates is proportional to

sinh (E‘f) and this equation has been used by Eyring to

model viscosity [39, 42, 43]. In the following, it is assumed
that the product of the shear-induced reaction is much more
stable than the reactant, so that the rate of the reverse
reaction is negligible. The thermal rate constant ky for the

reaction is given by A exp(— ,ﬁ;‘}‘), so that the B-E equa-

tion becomes:

K(F) = ko exp (L‘xi . 2)

ksT
This predicts an exponential increase in the reaction rate
with applied force as found experimentally [23, 24]. It is
more usual to measure the influence of shear stress on
reaction rate, k(o) where 0 = F/A;, and A, is the area of
the reactant on which the shear stress acts. In this case, the
B-E equation becomes:

cAVE

aArA)ci
=) G)

k(U) = k() exXp kBiT

= ko exp

where AVi is often referred to as the activation volume,
originally coined for solution-phase reactions [44] and
dislocation motion [45-49]. The value of A, is often
difficult to determine precisely since it depends in detail
on the contact conditions, the number of reactant mole-
cules on the surface and the way in which the force is
exerted.

3.2 Second-Order Effects: The Influence of Shape
of the Energy Profile on Reaction Kinetics

Unlike transition-state theory, in which the reaction rate
depends primarily on the height of the activation barrier, an
external force can influence the shape of the reaction
potential to give second-order (F?) effects. This can be
illustrated by expanding the initial- and transition-state
energy profiles to second order in position, thus modelling
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them by parabolas in a similar way as used by Evans and
Polanyi [44] and in Marcus theory [50]. This perturbation
approach is only applicable to relative low applied forces,
but it does allow some general insights into the effect of
potential shape on tribochemical reactions to be obtained
and is known as the extended-Bell model [41].

In the following, energies are referenced to the initial
(reactant) state, taken to be at the origin of the reaction

coordinate, x = 0. The initial-state potential can be
expanded to second order in x as Vi(x) = ;721,
the (positive) curvature of the initial-state potential along

where y; is

the reaction coordinate; y; = W, and is the inverse of
a2 o

the force constant. A similar Taylor series expansion is
carried out for the transition state. As noted above, the
transition state is a local maximum along the reaction
coordinate, although, in general, it is a saddle point. This

(x—Axi)z
yields Vr(x) = Epe + 5
where yr is the value of the (negative) curvature at the

transition state, given by yp = W [41]. As above, the

for the transition state,

Ax
effect of an imposed force F is calculated from the turning
points of the initial- and transition-state potentials by
adding a potential due to a force along the direction of the
reaction coordinate; —Fx. The initial-state local potential
energy profile becomes Vi(x, F) = 2*—;1 — Fx and reveals that

the initial-state minimum shifts with force to a higher value
along the reaction coordinate to give Xpmin = +Fjy;. Simi-
larly, because of the negative curvature of the transition
state, the effect of an external force is to move it to lower

values of the reaction coordinate. X = Axi + Fyr; the
external force modifies the shape of the potential in addi-
tion to lowering the barrier. Since the initial and transition
states along the reaction coordinate have positive and
negative curvatures, respectively, in such a one-dimen-
sional model, the initial and transition states will always
move towards each other under the influence of an external
force. However, since the transition state is, in general, a
saddle point, the direction of the force relative to the
reaction coordinate can change the way in which the
position of the transition state moves; these effects will be
discussed in Sect. 4.

The resulting activation barrier under the influence of
the external force is now given by:

L
Eact(F) = Eact — FAx +7(%I - XT) (4)

The first two-terms are identical to those for a rigid
potential (the B-E model, Eq. 1), while the second-order
terms are due to a modification of the shape of the potential
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under the influence of an external force. This can again be
written in terms of the shear stress as:

02Ar2

Eacl(o') = Ept — O'ArAx:Iz +

(= x1)- (5)

Thus, a quadratic term is expected in the shear-stress
dependence of the activation energy E,. (o), and hence on
In(k(g)). This results in the value of the activation length
decreasing with increase shear stress, so that the second-
order term is always positive, as in Eq. 5 because the initial
and transition state move closer to each other as the shear
stress increases. This is referred to as the Hammond effect
[51, 52].

In addition, as noted above, such a Taylor series
expansion only allows the effect of relatively low forces to
be explored because it only describes the shape of the
energy profile near the turning points. This can be
addressed by selecting a continuous function of x that has
an initial minimum and a transition state with
adjustable curvatures and is discussed in the next section.

3.3 More Complete Analysis of the Influence
of Shape of the Energy Profile on Reaction
Kinetics

An alternative approach is to use a continuous function of x
which allows the curvatures of the initial and transition
states to be varied in a systematic way, for example, using
the Remoissenet—Peyrard (R—P) potential [53]:

Eau(l — r)2 1 —cos (ﬁ)

LR ©
<1—|—r2+2rcos<”x>>
At

where E, is the barrier height, Axt is the position of its
maximum and |r| <1. Positive values of r yield a sharp
transition state and negative values a sharp initial state,
where the initial- and transition-state curvatures depend on
the value of r and are given by:

2AxB 14\ 202 (1 7\ -
=——|——] an =——(—] .
2 Eum \1—r Xr Ewm® \1+r

V(x,r) =

The influence of an external force is described by sub-
tracting Fx from the right-hand side of Eq. (6) to give:

1 —cos| &
Eoi(1 — r)2 % <Axi>

2 (1+r2—|—2rcos<’”§£>>
Ax

— Fx

V(x,r,F) =

1 18
1.0 16 _ ) [ ]
14] Initial state displacement n
0.8 4 §1.2{ versus force ]
0.6
L 041 Fax ‘[E,,
W 02 0
= . ——0.05
L 007 —o0.1
Z 02l —03
. —05
049 RP Potential 1.0
064 r=08
-0.8 T T T T T T 1

— + + +
0.0 0.2 0.4 0.6 0.8 1.0 1.2

xIAXH

Fig. 1 Shape of the R-P potential for r = 0.8, at different forces
F. Shown as an inset is the change in the position of the initial
minimum with F

This equation is shown plotted in Fig. 1 for various

values of F, where the activation barrier E,.; and A)c:t are
normalized to unity, for a relatively high value of r = 0.8.
The position of the sharp transition state only changes very
slightly with a change in F in accord with the extended-
Bell model described above (Sect. 3.2), while the mini-
mum of the much shallower initial state moves rapidly with
increasing values of F' from x = 0 to close to the position
of the transition state (see inset to Fig. 1).

3.3.1 Approximate Solutions for the Force-Dependent
Energy Barrier for the R—P Potential

Equations of the type shown in Eq. 8 are not generally
analytically soluble even for simple sinusoidal potentials
[39, 54, 55]. However, the general behaviour is that the
activation barrier E,.(F) decreases from an initial value of
E. as the force increases. Approximate solutions can be
obtained for two regimes [54]. First, solutions can be found
for low forces by carrying out Taylor series expansions of
the potential around the maximum and minimum. Second,
Prandtl also showed that E,.(F) tends to zero at a suffi-
ciently high force, generally designated, F*, and that the
activation barrier asymptotically approaches zero as

(F*—F )3/Z [39, 54]. Note that this function can be also fit
to a quadratic equation and is therefore mathematically
equivalent to the extended-Bell model. Both approaches
are illustrated in the following for the R—P potential
(Eq. 8).

The value of F* is first calculated for the R—P potential.
The first derivative of the modified R-P potential (Eq. 8) is
given by:

@ Springer
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(1 + r)’sin <"—*i)
Ax
2
Axt <2r cos ("}) +(1+ r2)>
Ax

©)

which is set to zero to define the turning points at a force F.
The force reaches the critical value of F* at a distance x*
when the second derivative of the potential equals zero:

Lovl (1-r) y
E,: Ox r‘F_ 2

1 8*v

(- ) (1 +r)? (4r sin (Axi) + 2r cos (Axi> + (1477 cos(ﬁ))

identical irrespective of whether the initial or the transition-
state potential is sharp.

In order to confirm this result, the value of F* was
obtained numerically by increasing the value of F until the
barrier had decreased to zero. As shown in Fig. 2, the
numerical and analytical solutions are in excellent agree-
ment. These results also emphasize that the shape of the
potential has a strong influence on tribochemical reactions.

We now obtain the solution at low values of F. This is
obtained by carrying out Taylor series expansions of Eq. 9

to second order in F about _i = 0 for the minimum and
Ax

o

3
Ax2 <2r cos (”—xi) +(1+ r2)>
Ax

=0. (10)

The solution is given by

4r sin? (K) + 2r cos? (ﬂ> + (1 + rz)cos<nx ) =0
Axt Axi At

2

. Substituting for sin

cos(ﬁ) as:
2r cos? (Z;) — (147 COS(Z;) +4r = 0. (11)

This can easily be solved to yield:

gives a quadratic equation in

cos(nx;> :(1+r)— (1 +7r2)"+32r2 12)

4r ’
dsin( =) =
an sm( i)

F* is obtained by substitution into:
n(1 +r)* sin ("—E)
= (13)

X 5
Axt (Zr cos (”—xi> +(1+ r2))
Ax

from Eq.9. Now, from Eq. 12, cos< iR +r> =

—cos(ﬁ,—r) and sin (A;F,-i-r) —smA( P r).

Substituting into Eq. 13 shows that % is the same for

1 — cos? <l) . The resulting value of
Axk

(-
Eacl 2

positive and negative values of r, so that the solution is

@ Springer

_i =1 for the maximum to obtain equations for Xmi,(F)
Ax

and xmax (F). The resulting values are then substituted into
Eq. 8 to obtain the corresponding energies at the minimum
and maximum, Ey;,(r, F) and Ep.x (r, F) as a function of F
to yield the height of the barrier E,((F) = Ema(r, F) —

Emin(r, F) to second order to yield:

Eq (F) Ept —

L)

FAxt

20
18] Plotof F'Ax Y/E_ versus r
164

5 141 m  Numerical Solution

" 12 ] Analytical Solution

Fig. 2 Plot of the numerical solution of F. Axt /Eo versus r (filled
square) for a R—P potential compared with the analytical solution
from Eq. 13 (red line) (Color figure online)



Tribol Lett (2017) 65:48

Page 7 of 16 48

1.2
1-04\\/ = =01
- m r=03
" 0.8 r=05
w’ m =07
L 06
ur
0.4 4
"
n
0.2 "o
u
'-.,.. .
0.0 4 T T T 1
2 3 4 5

(FAx '/E

act)

Fig. 3 Plot of the numerically determined activation barrier for an R-P
potential under the influence of a force, F, E,q(F) normalized to the
height of the barrier in the absence of an external force (E,y) as a

function of the normalized external force, F’ Axi /Eae, for r = 0.1 (black
square), r = 0.3 (red square), r = 0.4 (green square), and r = 0.7 (blue
square). The solid lines show the results of a second-order expansion in
F, corresponding to the extended-Bell model (Color figure online)

There are several points to note about this result. First,
as found for F*, the variation in activation energy with
force is symmetrical in r; that is E,((F,+r) = Ey(F, —r)
so that the behaviour is identical for a sharp initial state and
shallow transition state, and vice versa. Second, this for-
mula is exactly that which would have been obtained from
the extended-Bell model (Eq. 4) by substituting the cur-
vature for the initial and final states (Eq. 7). Finally, the
Taylor series expansion of E,.(F) to only second order
means that the activation energy decreases with increasing
F, but the reaches a minimum, and then starts to increase
again. This is illustrated in Fig. 3 where numerical mea-

surements of E,.(F)/E, are shown plotted versus <%)

for different values of r (as solid squares). The solid lines in
the corresponding color show the variation predicted by
Eq. 14. This reveals that the initial decrease in activation
barrier at low forces is relatively well reproduced for low
values of r (r = 0.1 (black square), r = 0.3 (red square)),
less well for r = 0.5 (green square), but not at all well
reproduced for r = 0.7 (dark blue square). This is further
illustrated in Fig. 4 which plots the relative energy
decrease AE,(F)/E, at the minimum in the extended-
Bell model (Eq. 14) as a function of r. Significant
decreases in energy barrier are reproduced only for low
values of r. This is a direct consequence of the shape of the
potential. In the case of a sharp transition state and shallow
initial state, the position of the energy minimum rapidly
increases giving an initial, somewhat nonlinear dependence
of energy barrier on F. As this minimum moves closer to
the transition state, it changes position only slowly

Plot of relative decrease in

1.0 |
a E.alF)versusr

0.8

0.6

AEact/Eacl( F)
u

0.4

0.2

0.0 - " mam
T T T T -1
1.

0.0 0.2 0.4 0.6 0.8

0

Fig. 4 Plot of the maximum relative decrease in force-induced
activation barrier as a function of r for a second-order expansion of
the R—P potential

resulting in a relatively constant value of the energy min-
imum at some value oc(r)Axi, where « becomes close to
unity. The energy minimum decreases as —aAxtF , while

the energy maximum decreases as —AXIF to produce a
relatively slow variation in the height of the activation
barrier with force, resulting in large F* values for large
values of r in the R—P potential (Fig. 2). This indicates that
while the solution obtained by a Taylor series expansion of
the potential yields a good approximation to the correct
solution for small values of » (when the potential is close to
sinusoidal in shape), it is a worse approximation at higher
r values. This is addressed in the next section by obtaining
numerical solutions to Eq. 8.

3.3.2 Numerical Solutions for the Force-Dependent
Energy Barrier for the R—P Potential

Based on the above discussion, the general form of the
change in energy barrier as a function of F can to a good
approximation be written as:

(ray

Eacl(F) = Eat — o‘(r>FAxi +ﬁ(r)T

(15)

The values of «(r) and f(r) are determined by numeri-
cally solving Eq. 8. It is found that fits to Eq. 15 become
less good as E,.(F) approaches zero, particularly for larger
values of r. Consequently, numerical fits are carried out for
barrier height reductions of <40% since this is the range of
barrier reductions most likely to be found in experiment (see
Sect. 7), and results in better fits to Eq. 15. The resulting fits
are displayed in Fig. 5. They show that quadratic fits are
reasonable for » <0.7, but fail to accurately capture the
initial nonlinear decrease at low forces and the subsequent
approximately linear behaviour at high forces, for larger
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Fig. 5 Plot of the numerically determined activation barriers under
the influence of a force, F, E,(F) normalized to the height of the
barrier in the absence of an external force (E,) as a function of the

normalized external force, FAxi/Eacl, for r = 0.1 (black square),
r= 0.2 (red square), r = 0.3 (green square), r = 0.4 (dark blue
square), r = 0.5 (light blue square), r = 0.6 (violet square), r = 0.7
(vellow square), r = 0.8 (red square) and r = 0.9 (green square).
The solid lines show the results of a quadratic fit to the data. The
horizontal lines indicate the energy range for which the tribochemical
ZDDP film formation rates were measured [21] (Color figure online)

values of r. The results also emphasize the influence of
potential shape on tribochemical reactivity, where larger
values of r require an amount of external work to be carried
out on the system that is greater than the overall activation
barrier for the thermal reaction. This is in accord with the
results shown in Fig. 2, where the value of F* increases with
increasing values of r. These results indicate that the shape
of the potential energy curve strongly influences the tribo-
chemical stability of the reactant. For example, the simple
Bell model predicts that the stress-induced barrier should

decrease to zero at F* = Axi /Eact. In general, the Ham-
mond effect requires larger forces to reduce the activation
barrier by some amount, and this effect becomes more
pronounced as the value of r increases, implying that a
reactant with a sharp initial or transition state will be more
stable under shear than one with more similar curvatures in
the initial and transitions states, for the same barrier heights
and activation lengths.

The use of this equation to analyse the existing tribo-
chemical experiments will be discussed in greater detail in
Sect. 7. The resulting values of a(r) and S(r) are shown
plotted as a function of r in Fig. 6. The value of o deviates
from the value of -1 expected for the Bell and extended-
Bell models, decreasing to zero as the value of r ap-
proaches unity. Similarly, the value of f is reasonably close
to the prediction of the extended-Bell model only for
r values <0.2, reaches a maximum at r ~ 0.4, and then
decreases asymptotically to zero as r tends to unity. It
should be noted that the values of a and f become less

@ Springer

- 0.4
0.0
-0.2 ./é\ L 03
& s
-0.4 .
= = F02 &
S -0.6 = OL(I') ]
—@— B(r) from fit
— B(r) from Extended L o1
0.8 -Bell model \ :
.\ F
-1.0-= -———'/'/ ®—ol 00

T T T T T T T T T T T T T T T T T T T T T
00 01 02 03 04 05 06 0.7 08 09 10
r

Fig. 6 Plot of the coefficients of the linear («(r)) and quadratic (3(r))
terms derived from a fit to the numerical solutions to the R-P
potentials shown in Fig. 5, displayed as a function of r. Shown also as
a solid line are the calculated values of f(r) from the extended-Bell
model

precise at higher r values because the quadratic fits are less
good for these potentials (Fig. 5). Finally, as noted above,
identical results are obtained for positive and negative
values of r, that is E,o(F, +r) = Ey(F, —7).

In summary, at low forces, the main effect is to lower the

transition-state energy by an amount F X Axi, as in the B-E
model. However, the external force also shifts the positions
of both the initial and transition states, thereby leading to
deviations from the B-E model as discussed in Sect. 3.2.
The barrier E,(F,r) can be obtained numerically from
plots such as those shown in Figs. 5 and 6. The results
deviate from the rigid-potential B-E equation and also have
an F? dependence. For relatively low values of r (<0.2), the
results are quite well reproduced by carrying out a Taylor
series expansion of the R-P about the energy maxima and
minima (Eq. 14). However, the sharper potentials cause this
approximation to be less valid for higher r values.

4 Influence of the Direction of the Applied Force
on Tribochemistry

In the preceding sections, the effect of an external shear
force was analysed by considering forces that lie within the
plane of the reaction coordinate, which describes the
lowest-energy pathway from the initial, reactant state to the
final product. However, different behaviour can occur
when the forces are not collinear with the reaction coor-
dinate plane, including the so-called anti-Hammond and
catch-bond behavior, and this has recently been nicely
illustrated using a model potential energy surface [38]. No
such effects have yet been observed in tribochemical
reactions, although there is some evidence for the existence
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of the Hammond effect (see Sect. 7). Whether such effects
do occur will depend on how rigidly the adsorbates are
bound to the surface, for example, whether they can rotate
azimuthally under the influence of a force. Furthermore,
many molecules will be present within the contact, even in
nanoscale AFM experiments, which will result in a range
of orientations of the shear force with respect to the reac-
tion coordinate. Understanding such effects will require a
detailed knowledge of the structure of the reactant.

In the situation analysed in the previous sections, when
the applied shear force is collinear with the reaction coor-
dinate, the curvature of the transition state is always negative
thus causing the position of the transition state to move
towards the initial (reactant) state, while the reactant state
always moves towards the transition state, giving rise to a
positive second-order terms (see Sects. 3.2, 3.3), known as
the Hammond effect. However, the potential energy surface
around the transition state forms a saddle point so that, for
example, in the case of a force applied with a significant
component perpendicular to the reaction coordinate, the
curvature of the transition state will be positive, causing a
second-order effect in which the transition state moves away
from the initial state (hence the nomenclature anti-Ham-
mond effect [56]). If the transition-state curvature is such
that it moves more rapidly with force than the initial state,
this can result in negative values of f§ in Eq. 15.

An unusual effect can also arise in which the reaction
rate can initially decrease and then increase with force.
This essentially arises when the applied force has a large
component in a direction opposite to the vector between
the initial and transition states, resulting in an initial
increase in the energy barrier, eventually decreasing at
higher forces, in a behaviour known as a catch-bond
[57, 58].

It is not clear as to the extent such mechanisms apply to
the shear-induced tribochemistry of adsorbates on surfaces
since the amount of experimental data to date on such
systems is sparse. The results that are discussed in Sect. 7
appear to show either Bell-like behaviour or evidence for
the Hammond effect. However, as recently pointed out,
[38] such effects are often difficult to establish experi-
mentally. In particular, the curvatures of plots of In(rate) or
activation barrier versus shear stress are difficult to discern
within the experimental error.

5 Effect of Contact Pressure

5.1 Background

The above analyses explore the influence of shear forces on
increasing tribochemical reaction rates. However, shear

stresses invariably occur under the influence of a normal
load. For example, it has been found that the height of the
sliding potential in the Prandtl-Tomlinson model [55, 59]
changes with applied load. It was inherently assumed in the
tribochemical models discussed above that the motion from
the initial to the transition state is exclusively parallel to the
shear stress. It is, however, likely that the trajectory is
accompanied by a vertical motion. In this case, the work
carried out on the system becomes F X x + Fy X z, where

F1 and Fy are the lateral and normal forces where the ratio
FLo_
=

dinate will, in general, include both lateral and vertical
motions as the reaction proceeds from the initial to the
transition state so that, in the context of a model in which
these forces lie within the plane of the reaction coordinate,
the potential is given by V = V(x,z). However, the varia-
tion in z coordinate depends on the values of x; z = z(x), so
that V = V(x,z(x)). In this case, the combined potential is
written as:

u (the friction coefficient). Thus, the reaction coor-

V(x,F) =V(x,z(x)) — F(x + %) (16)

Thus, within the simple Bell model formalism that
neglects the effects of potential shape on the activation
barrier (see Eq. 2), this gives:

F Axi + Z(Mi>

u

—kex Fszff
kaT TR\ T )

(17)

where Angf is an effective activation length. This will
produce larger effects than just considering the lateral
motion alone, but requires a detailed knowledge of the
reaction pathway to allow the relationship between the
lateral and vertical motions to be described. However,
while the tribochemical reaction pathways have, in most
cases, not yet been clearly defined, the relatively few
tribochemical systems studied to this point appear to
involve molecular decomposition. For example, the shear-
induced reaction of alkyl thiolate species involves the
adsorbate tilting (so includes both lateral and vertical
motion), resulting in C—S bond scission [25]. Similarly,
the tribochemistry of oxygenated graphene involves car-
bon—oxygen bond scission [24], while it is likely that the
formation of anti-wear films from ZDDP is initiated by
removal of the alkyl groups. Consequently, a simple
model is developed in the next section to illustrate such
shear- and pressure-induced effects for molecular
decomposition.

k(F) = koexp
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5.2 Shear and Normal Stress Effects
on Decomposition of a Rigid Molecular System

We will use a simple model in which a rigid adsorbate of
length d is initially oriented at some polar angle 6, and an
azimuthal angle ¢, with respect to the surface normal. It is
supposed that an increase in the tilt angle 0 towards the
surface leads to some reaction where the lateral distance of

the molecule from the initial to the transition state is Axt.
In this case, a lateral motion of the molecular terminus by
an amount Ax is accompanied by a motion by a distance Az
towards the surface. In addition, an adsorbed molecule may
be able to rotate relatively freely azimuthally about a
normal to the surface (taken to be the z direction), so that a
shear force is likely to initially orient the molecule such
that the force is directed from the initial towards the
transition state, thus warranting the use of a one-dimen-
sional model in this case. Hindered rotation will give more
complex behaviour, which will depend on the height of the
barrier to azimuthal rotation compared to the activation
barrier and the orientation of the molecule with respect to
the shear force, which might produce effects such as those
described in Sect. 4.

As indicated in Sect. 5.1, the analysis requires that Az be
obtained as a function of Ax, and this will be done by
assuming that the molecule behaves as a rigid rod. If the
initial x coordinate of the molecular terminus is xy, which
moves to a position x in the reaction coordinate plane when
a force is applied, then x3+z3 =x*>+2>=d> The
molecular terminus then moves downwards (in the nega-
tive z direction) by an amount Az = zp — z and laterally by
Ax = x — x9. A straightforward manipulation of these
equations gives:

Az = tan0yAx (18)

in the limit of Ax < d. Substituting into Eq. 17 gives:

K(F) = ko exp (FAxi (1 +tar;0°)>, (19)

ksT
so that Axeiff = At (14 “’“‘# . This indicates that an ini-
tially tilted molecule will have a larger effective value of

Axt due to the additional work done on the system by the
normal force.

6 Effect of Sliding Velocity: Force Distributions
Within Contact
Up to this point, there have been no experiments to study

the effect of the way in which the force is coupled into the
tribochemical reaction and the resulting effect of sliding

@ Springer

velocity on the rates. The atom in the contact that exerts the
force to induce the chemical reaction has been referred to
as a “pilot atom” [60]. Nevertheless, it is worth exploring
how sliding speed might influence the rates of tribochem-
ical reactions. Within a simple Prandtl-Tomlinson frame-
work, the friction force depends on the sliding velocity.
This can be analysed in a straightforward way for constant-
force sliding with a sinusoidal potential of height Eg and
periodicity a [39], which is found to depend on the force
as:

Fa Eg[F\*
B(F) =B -5+ 5 (1) (20)

for F < F*, where F* = ”TE“ Note that the form of this
equation is analogous to that for the extended-Bell model
(Eq. 4) since similar concepts are used to derive both.
Ignoring second-order terms for simplicity gives:

Es(F) gEr%. (21)

Here, the value of Es is different from the reaction
activation energy E,., where the former value describes the
interaction between the contacting molecules on the sur-
face and the way in which the force is exerted.

However, it may be that the adsorbed molecules at the
contacting interface can also interpenetrate giving rise to a
time-dependent evolution of the energy barrier for sliding.
Such changes in the contact are generally described using
rate-state theory, which postulates a time-dependent
change in the state of the system that influences effects
such as stick—slip behaviour. This is modelled in the fol-
lowing by assuming that the contact evolves over time such
that the sliding barrier is Es and slowly varies such that
Es(t) = Es + AEs(t), where AEs(¢) is a single-valued,

monotonically increasing function of ¢  where
AEg(t = 0) = 0. In this case:

Fa
Es(F,t) = Es + AEs(1) — > (22)

Following Eyring [39, 42], it is argued that the value of
the constant force F' adjusts to yield an average time to
transit the energy barrier equal to ¢, where v is the sliding
velocity, to give:

V= ap exp(_ %) (23)

where P is a pre-exponential factor for transition over the
barrier (analogous to the reaction pre-exponential factor
A (Eq. 1)). The values for a reaction and sliding over a
barrier may be quite different. This gives:

Es(F,1) = kgT In (?) . (24)
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The time for the contact to evolve during sliding is ~ ¢

so that equating Eqs. (22) and (24) gives:

F. aP
——a_kBTln< )
2 v

to yield: F =2+ 2kBTln( ) %AES (%) The form of
AEs(t) will depend on the kinetic process at the interface
that leads to an increase in barrier and could be due to the
plastic deformation of asperities, the slow formation of
chemical bonds (i.e. Carpick [61]), or an adjustment of the
interfacial structure. A suitable function that has the

Es + AEs (%) (25)

required properties is AE, (1) ~AE ln<1 +ti) where 7, is

a
; _> ,
1.y

which is identical to the steady-state solution of the rate-
state formalism. In the case of a simple Bell model (Eq. 2),
this yields:

some characteristic time. This gives:

2F*  2kgT 2
== 4B 1n(i) +—AEln(1
T a aP a

(26)

Ink(v) = Inkg
Axck
kT

()27 2aen(s)
(27)

assuming that ;% > 1. Consequently, this suggests that Ink
(or Ey) depends logamhmlcally on the sliding velocity, but
can either increase or decrease depending on the value of
AE compared to kg7 and suggests an alternative strategy
for probing shear-induced tribochemical reactions.

However, a wide range of local contacts are likely to
occur between the interacting molecules at the interface
to give a distribution of forces [25]. In the case of cal-
culations of the friction force (Eq. 27), the parameters
will reflect some average of all contacts. However, in
tribochemical reactions, the highest forces will have a
larger influence on the reaction rates than the lower ones
so that, in such cases, it may also be necessary to know
what the force distribution is to correctly model the
behaviour [25].

7 Analysis of Experimental Tribochemical
Kinetics

7.1 Summary of Results

The above analyses reveal the potential complexities of
shear-induced reactions on surfaces and that a molecular-
level description of these phenomena will require under-
standing the structure and dynamical properties of the
reactant. One of the central issues in relating the influence

of a shear force on enhancing surface chemical reaction
rates is to define the forces that act on an individual
molecule. This will depend on the number of molecules in
the contact and the way in which the force is exerted on
each molecule, and whether there is a distribution of forces
[25, 62]. An additional key issue is the way in which the
external force is aligned with respect to the reactive
potential energy surface and, in particular, whether it is
collinear with the lowest energy pathway, that is, in the
plane of the reaction coordinate. This is turn will depend on
whether the reactant or a particular portion of the reactant
can reorient so that the plane of the reaction coordinate
contains the shear direction. In such cases, perhaps the
most promising avenue is to explore molecules that mimic
the rigid adsorbates anchored to the surface at one end (as
discussed in Sect. 5.2), that can azimuthally rotate so that
the adsorbate initially aligns with the shear direction, so
that load and shear combine to induce molecular tilt
towards a reaction transition state. Adsorbates that are not
able to reorient in this way may well show the unusual
effects (discussed in Sect. 4).

Finally, sliding-induced (both shear and load) reaction
rate constants depend on the shape of the energy profile.
This requires much more information on the details of the
reaction energy profile than do thermally induced reactions
that depend primarily on the height of the energy barrier
(the activation energy).

Nevertheless, it is worth discussing the way in which
currently available experimental data can be analysed to
provide information on the nature of the reaction energy
profile, the height of the energy barrier, and some infor-
mation on an effective activation length. In general, any
tribochemical kinetic data will consist of a measurement of
an effective reaction rate constant as a function of either
normal load, lateral force or, under ideal circumstances, a
shear stress. In the case of experiments where rates are
measured as a function of lateral force, the above analyses
(Eq. 15) indicate that the activation barrier E,.(F) depends
quadratically on F:

(rach)

Ea(F) = Euee = or)F Al + B(r)

where szff is used to indicate that the evolution from the
initial to the transition state can involve both vertical and
lateral motions in the plane (see Sect. 5) and may depend
on velocity (see Sect. 6).

Since the force acting on each adsorbate is not known, it
will, for simplicity, be assumed that the forces are uni-
formly distributed over the contact. In addition, the reac-
tion rate is either generally measured as a function of the
shear stress ¢ or the contact pressure P, where § = u, the
friction coefficient. Following the discussion in Sect. 3.1,

(28)
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we write F = gA;, where A, is the area on the surface
occupied by each reactant. Now Eq. 28 becomes:

(GAVEH) ’

Ea(6) = Euc + 2(r)aAVE + B(r) ,
EaC[

(29)

where AV}ff = ArAxfff, is an effective activation volume.
An analogous equation written as a function of P is:

(.UP Aveiff) 2

Eua(P) = Eu + o)AV + (r)

(30)

The activation energy in the absence of a force provides
information on the thermal reaction rate for the tribo-
chemical process and can be directly compared with the
rate constant for the thermal reaction. Alternatively, if the
tribochemical reaction is carried out as a function of tem-
perature, a customary Arrhenius plot of In(ko) versus 1/T
will yield an activation energy directly from the slope and
can be compared with the activation energy for the thermal
reaction. Agreement between the two values will imply
that the shear-induced reaction proceeds via the lowest
energy pathway and suggest that the shear force is aligned
approximately along the reaction coordinate.

In principle, the analysis of the results of tribochemical
reaction rates involves fitting Eqgs. 29 or 30 to the experi-
mental data of k(o) or k(P), where the rate constant

k(o(P))=A exp(— %) and thus requires a value of

the pre-exponential factor A. This value is often not known,
unless the experiments were carried out as a function of
temperature, although a  “standard” value of
]% ~ 103 57!, where & is Planck’s constant, is often
assumed for first-order reactions, based on the assumption
that the partition functions in the initial and transition states
are identical. In addition, tribochemical experiments are
carried out for systems that have sufficiently large thermal
barriers that the reaction rate in the absence of an external
force is negligible. This implies that sufficiently large
stresses must be applied to be able to observe any reaction
so that initial changes in reaction rate with low forces will
be difficult to measure. This may be an issue for potentials
with sharp initial or transitions states (large |r|) where there
is an initial nonlinear variation of E,(F), that then
becomes linear (Fig. 5). However, in general for systems
that display a Hammond effect, the results are taken to

follow:

Eqyi(0) :Eacl+AJ+BUZa ( 1 2 (31)
AV; )
Eﬂ: . Thus, £ =

and can initially be used to estimate values of r. A

where A = oc(r)AVj;ff and B = f(r)

B(r)
\12 <r> EZ\C[

plot of B(r)/a?(r) is shown as a function of r in Fig. 7,
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Fig. 7 Plot of the value of (r)/a?(r) versus r obtained from the data
shown in Fig. 6

where the values are taken from the plot shown in Fig. 6.
Again, the lack of good quadratic fits for large r values
(Fig. 5) suggests that the results for larger values of r will
be less reliable. The resulting value of r can then be used to

estimate AVeiff.
7.2 Analysis of Existing Tribochemical Data

In the following, these ideas are applied to analysing the
existing (currently rather scant) experimental data for
which shear-induced effects have been unequivocally
identified and the rates measured either as a function of
shear stress [23, 24] or contact pressure [21]. The rate of
decomposition of adsorbates on oxygenated graphene has
been measured using an AFM, where the kinetics were
followed by measuring the change in friction force as a
function of time [24]. The shear-induced film formation
from zinc dialkyl dithiophosphate (ZDDP) was studied
either by using an AFM [21] or by exerting a shear force
using a viscous fluid [23], where the reaction rates were
measured directly from the rate of film growth.

7.3 Application to Shear-Induced Reaction
of Oxygenated Graphene

The rate of shear-induced decomposition of adsorbates
formed by oxidation of graphene was studied as a function
of shear stress by AFM. Here, the kinetics were followed
by measuring the change in friction force during rubbing
[24]. In order to compare with the above analyses, rather
than plot the stress-induced reaction rate directly versus
shear stress, the rate constants are converted to an activa-
tion energy E,. (o) by assuming a typical pre-exponential
factor of A = 10" s™'. The results are displayed in Fig. 8.
This plot emphasizes the difficulty with analysing
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Fig. 8 Plot of change in activation barrier E,(g) versus ¢ for the
shear-induced decomposition of adsorbed species on oxidized
graphene measured during sliding by an AFM. The line is a fit to
the data for a numerical solution of the R—P potential with r = 0.8.
Reprinted by permission from Macmillan Publishers Ltd, [24]

tribochemical kinetics using the models outlined above.
The data points show a systematic curvature, consistent
with the existence of a Hammond effect described above.
However, the difficulty of accurately measuring the contact
area leads to large uncertainties in the measured values of
shear stress. Nevertheless, the scatter of the data is much
lower than indicated by the error bars so that the data will
be analysed by using Eq. 31 (Eu(0) = Eqt + A + Ba?).

A fit to the data in Fig. 8 yields: E,(0)=
69.9+0.9 — (19 £ 3)o + (7 £ 2)0>. The thermal activa-
tion barrier £, = 69.9 0.9 kJ/mol, is in good agreement
with the value of 0.73 &+ 0.06 eV (70 + 6 kJ/mol)
obtained by Felts et al. [24], suggesting that the typical
value of pre-exponential factor used above is reasonable.

Substituting these values gives fz((rr)) = 2.0 £ 0.6. The
results in Fig. 7 indicate that this corresponds to a value of
r greater than ~ 0.5, which is the region for which the fit
is the least reliable. The results do, nevertheless, suggest
that either the initial or transition state for the mechanically

induced reaction is relatively sharp. In order to provide a

more accurate estimate of Aijff, the experimental data we
fit to numerical solutions for the R-P potential for various

values of r > 0.5 while adjusting the value of AVEH. This

yielded the best fits for r= 08 0.1 with AVE =
54+2x107% m3, and the fit is shown as a solid line in
Fig. 8. The reaction energy profile is predicted to be similar
in shape to that shown in Fig. 1. A; can be estimated using
a carbon—carbon distance of 0.142 nm on graphene [63]
and by taking an oxygen content of 10.9% (® = 0.109),
which yields A, ~ 2.3 x 107" m?. This leads to a

physically reasonable value of szff =224 09 A, com-
pared to the height of the tribochemically removed layer

of ~ 3.7 A. The relatively large value of Ax;fff compared
to the length of the bond suggests that pressure effects, as
discussed in Sect. 5.2, contribute to the tribochemical
decomposition of adsorbates. The results also indicate that
the reaction is occurring because of a strong Hammond
effect that causes the initial state of the reactant to move
rapidly towards the transitions state (see Fig. ).

7.4 Application to Shear-Induced Reaction of ZDDP

The shear-induced rate of film growth from zinc dialkyl
dithiophosphate (ZDDP) has recently been measured in
two completely different ways, first as a function of
contact pressure P using AFM [21] and as a function of
shear stress using a high-viscosity fluid to avoid direct
contact between the two surfaces, which was separated by
a fluid film [23].

In the case of the AFM experiments, the film growth
activation energy was measured separately by varying the
sample temperature to yield a value of 71 £ 9 kJ/mol. The
value of E,.(P), obtained by using a standard pre-expo-
nential factor of 1 x 10" s™" is plotted versus the contact
pressure P in Fig. 9a. The activation barrier decreases
rapidly up to a contact pressure of ~5 GPa to a value of
~53 kJ/mol, but decreases more slowly thereafter. This
behaviour has been ascribed either to the onset of wear that
limits the film growth rate [21] or to the influence of the
formation of pads on the mechanical properties of the
growing film [23]. The initial variation in activation energy
with contact pressure is relatively linear. However, as
noted previously, tribochemical kinetic measurements must
be made for reactants that have a negligible reaction rate at
the temperature at which the experiment is performed, but
the increase in the stress-induced reaction rate (and the
associated decrease in activation energy) must be suffi-
ciently large for it to be measured during the experimental
timescale. This can make it difficult to measure the reaction
kinetics at low stresses. This is illustrated in Fig. 5, where
the horizontal lines indicate the range of values of
E,t(F)/Ey corresponding to the linear region in Fig. 9a.
Clearly, the variation in energy barrier versus shear stress
or contact pressure over this limited range will appear
linear. A linear fit to the plot of E,,(P) versus P in Fig. 9a
yields: Ey(P) = 71.44+0.9 — (3.6 £ 0.2)P. The resulting
value of E,, of ~ 71 kJ/mol is close to that found above
(71 £ 9 kJ/mol). This implies that r is less than ~ 0.7,
otherwise a linear extrapolation from the limited energy
range to zero contact pressure would yield a lower acti-
vation barrier in Fig. 5. However, this does emphasize the
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Fig. 9 Plot of change in activation barrier for tribofilms formation
from ZDDP showing (a): a plot of E,(P) versus P for the shear-
induced film formation from ZDDP measured during sliding by an
AFM (From [21]. Reprinted with permission from AAAS) and (b): a
plot of E, (o) versus o for the shear-induced film formation from
ZDDP in a fluid film (adapted from [23])

importance of carrying out experiments over as wide a
range of contact conditions as possible and of the potential
difficulties of relating tribochemical results to thermal
reaction data.

Equation 30 shows that the slope of a plot of E,.(P)

versus P is equal to o(r) uPAVétff, which from the linear fit to
the data in Fig. 9a is equal to 3.6 £ 0.2. The corresponding

2
(;LPAVEH>
quadratic term in Eq. 30, f(r) ~—%—— would then be 0.05

for f(r) ~ 0.25 (Fig. 6). A quadratic fit to the data in

Fig. 9a gives a value of coefficient of the P?> term of
0.15 % 0.36 and is therefore approximately zero, consistent
with the predicted value. In this case, the results obey the

Bell model so that a(r)uAVj}f =6.1403x 107" m’.

Taking u ~ 0.1 gives oc(r)AV;t =6.14+03x 107% m’.
a(r) =08 +02 for 0<r<0.7 (Fig.6), giving

AVE =842 %1072 m’.

@ Springer

Analogous results were also obtained for films formed
from ZDDP by shear in a high-viscosity fluid [23], where
the results are displayed in Fig. 9b, plotted on the same
scale as the AFM results in Fig. 9a (with the shear stress in
GPa). The data were collected over a relatively narrow
range of shear stresses compared to the load range acces-
sible in the AFM experiment so that any second-order
effects are impossible to discern. However, since the data
in Fig. 9a show an almost linear variation in stress-induced
activation barrier with shear stress, a similar linear fit gives
E,(0) =56 £4 — (118 £ 20)g. The reaction activation
energy is, in this case, lower than that found for the
AFM data. Applying the above analysis gives

AVE = AAF =20+403 x 10% m®, and s thus
2.5 + 1.0 times higher than for the AFM data. Based on
the fact that the experiments were carried out using com-
pletely different experimental approaches, and a friction

coefficient was estimated to calculate the value of AV}ff
from the AFM measurements, the agreement is satisfac-
tory. In addition, the exact nature of the ZDDP used in each
experiment was not specified, so that differences in the
nature of the side chain could influence the behavior and
the way in which the shear stress was applied in the two
experiments was completely different.

8 Conclusions

This paper analyses the effects of shear stress and normal
load on the rates of tribochemical reactions of adsorbates
on surfaces and explores the way in which the energy
profiles are influenced by the imposition of external forces
and the way that this reduces the activation energies of
stress-induced chemical reactions. It is shown that the
force-dependent energy barrier varies approximately as
Ey(F) = Ey + AF + BF?, where the parameters A and
B depend on the shape of the energy profile, and formulae
for these parameters are derived using a model R-P
potential for the energy profile. The effect of sliding
velocity on tribochemical reaction rates is also discussed.

These ideas are used to analyse existing experimental
results previously published in the literature to illustrate
how they can be used to provide insights into the shape of
the potential energy surface and to estimate experiment
values of A and B. The above analyses assume, for sim-
plicity, that the force is aligned along the reaction coordi-
nate for the thermal pathway. However, this may well not
be the case, and possible effects arising from the force and
reaction coordinate not being aligned are also discussed.
Finally, the exact nature of the reaction pathways for sys-
tems that have hitherto been studied are not well defined.
Progress in fundamentally understanding the way in which
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shear and normal stresses influence chemical reaction rates
will come from studying well-defined model systems. This
will allow the shape of the energy barrier to be calculated
using first-principles DFT calculations and thus allow
stringent comparisons to be made between experimentally
measured rates and theory.
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