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Abstract 
Previous work proposed a model potential for the interaction between a contact and the outermost surface of an organic 
overlayer that could be integrated into a Prandtl–Tomlinson model to analyze the velocity and temperature dependences of 
the friction force. The potential consisted of a parabola that extended to some cut-off distance when the energy reached a 
value of E0

sld
 , which represents an activation barrier for the detachment of the tip from the molecular terminus. In addition to 

its simplicity, an advantage was that the potential also lent itself to being coupled to other degrees of freedom of the system. 
This feature was implemented by analyzing the friction of an interacting system between the tip-surface contact and a compli-
ant molecular chain to yield velocity, temperature and chain-length dependences of the friction force that agreed well with 
experimental measurements of self-assembled monolayers (SAMs). This approach is extended here to allow the potential 
between the SAM and the surface to result in a chemical reaction by cleaving the bond between the hydrocarbon chain and 
the anchoring group, thus further emphasizing the versatility of this approach. The theory predicts that the tribochemical 
reaction rate should decrease with increasing chain length, in agreement with experimental results. Similar trends are seen 
for alkyl species that are used to cap lubricant additives such as in zinc dialkyl dithiophosphate (ZDDP). Measurements of 
the velocity dependence of the reaction of methyl thiolate species on copper showed little variation in accord with a lack of 
velocity dependence of the friction force.
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1  Introduction

Adsorbed long-chain hydrocarbons such as fatty acids 
often act as friction modifiers by forming an adsorbed 
overlayer on the surface to decrease the interaction 
between the outer surface of the film and the counterface 

[1–4]. In these systems, the friction force is found to 
depend on the nature of the terminus of the hydrocarbon 
group, its surface orientation [5–7], and on the length of 
the hydrocarbon chain [1, 3, 4]. It has been convention-
ally proposed that this chain-length dependence is caused 
by an increase in the stiffness of the film due to the pres-
ence of intermolecular interactions. On the other hand, we 
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have analyzed the sliding friction of organic monolayers 
through a theoretical model that enabled the friction force 
to be described as a function of the hydrocarbon chain 
length that provided good agreement with experiment, 
without having to invoke intermolecular interactions [8]. 
This was accomplished by using a simplified, truncated 
parabola to mimic the tip-surface interaction potential, 
which was thus expected to be amenable to the develop-
ment of analytical models. The validity of the analytical 
models was then confirmed by Monte Carlo simulations 
[9, 10]. A proposed advantage of this approach was that 
the potential could be easily coupled to other degrees of 
freedom of the system to enable more complex systems 
to be studied. This feature was exploited to calculate the 
friction of adsorbed, long-chain hydrocarbons in which the 
sliding potential between the tip and surface was coupled 
to a potential due to molecular tilting [8].

However, tribochemical reactions within the adsorbed 
layer can take place at higher stresses, and sometimes form 
low-friction carbonaceous films [1, 3, 7, 11, 12], thereby 
acting as chemically reactive lubricant additives. In addi-
tion, many additives are functionalized by hydrocarbon 
groups to enable them to dissolve in the base oil, and since 
their removal has been implicated in their reaction to form 
tribofilms [13–16], studies of the tribochemistry of car-
boxylic acids on surfaces may be relevant to understanding 
how other additives operate.

Lubricant additives often react by mechanochemical 
processes [17–24] in which the potential energy surface 
for the reaction is modified to change its rate [25–29]. 
Carbonaceous overlayers on surfaces react by the molecu-
lar chains tilting towards the surface [30, 31] to eventu-
ally induce bond scission. In the case of adsorbed alkyl 
thiolates on copper, this reaction cleaves a C‒S bond to 
produce gas-phase hydrocarbons and sulfur [17, 21–24], 
but where shear also induces transport of sulfur into the 
subsurface region [28]. A similar tribochemical reaction 
occurs with carboxylates [32, 33], which form spontane-
ously on copper following exposure to carboxylic acids, 
except that the cleavage of the C‒COO bond eliminates 
carbon dioxide. No other side reactions were found for this 
initial decomposition step. This molecular tilting motion is 
similar to that used for the analysis of SAM friction [9], so 
that it is relatively straightforward to modify the friction 
model to incorporate a reactive tilting potential to enable 
surface-chemical processes to be described.

The analysis presented below shows how the reaction 
rates of adsorbed carboxylates depend on the chain-length 
and how the tribochemical reaction of a methyl thiolate 
overlayer depends on the sliding velocity. We note that the 
actual situation can be more complicated than addressed 
by these simple analyses. For example, it has been found 
that the shear-induced reactions of short-chain thiolates 

exhibit interesting phenomena in which some critical force 
is required to induce a reaction [34]. This effect is not 
included in the analysis below.

2 � Analysis of Tribochemical Reaction Rates

On one hand, the analysis can be carried out using potentials 
coupled to a constant-force sliding potential such as found 
in a conventional tribometer. In this case, a constant nor-
mal load and force is applied to the system as a constraint, 
and the counterface is slid at a constant velocity to induce a 
mechanochemical reaction. Here, the rate can be measured 
from the evolution of the friction force [17] due to a change 
in composition of the rubbed region [21, 35], or from the 
evolution of gas-phase products formed by sliding [30]. On 
the other hand, a reaction can also be induced by compliant 
sliding as in an atomic-force microscope (AFM) tip slid-
ing over the molecular layer adsorbed on the surface [32, 
36, 37]. Since there are few results available for the mecha-
nochemical decomposition of SAMs by a sliding AFM tip 
that could be used to test the resulting models, the analysis 
presented here is restricted to shear-induced reactions for 
constant-force sliding under a constant load. The effect of 
changing the normal force will be included later.

2.1 � Mechanochemistry Under Constant‑Force 
Sliding

Following previous analyses of the coupled sliding of self-
assembled monolayers on solid surfaces, and as depicted in 
Fig. 1 [8, 9], the sliding surface potential due to the interac-
tion of the tip with the surface is given by:

where x represents the displacement from the mini-
mum of a harmonic sliding potential with force constant 
ks = 2Eo

S
∕Δx‡

s

2 , where Δx‡
s
 is known as an activation length, 

in this case for sliding, and Eo
S
 is the height of the sliding 

potential when x = Δx‡
s
 . Since the tip can detach from the 

terminus of one adsorbate and subsequently attach to the 
next one, this is considered to be a reactive potential, in 
which the detachment (or sliding) energy barrier vanishes 
at a distance x = Δx‡

s
 , where Vs

(
Δx‡

s

)
= Eo

S
    [8].

On the other hand, the corresponding tilting potential of 
the self-assembled monolayer chain is given by:

(1)Vs(x) =
1

2
ksx

2 or Vs(x) = Eo
S

(
x

Δx
‡
s

)2

,
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1
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2

0
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where, for relatively small angles, the tilt of the SAM chain 
from the normal is � ≈ x0∕l , where l is the chain length, 
so that kt = kt

�
∕l2 (see Figure 1). By describing the system 

as two coupled harmonic springs, where the force balance 
gives ksx = ktx0 , we arrive to the following overall potential 
energy of the system under the influence of a constant lateral 
force FL:

or

where �s =
(
1 +

ks

kt

)
 . Note that the potential energy could 

be similarly written as VS

(
x0,FL

)
 , but leads to the same final 

results as for Eqn. (2). This potential shows how the energy 
provided by the external force, FL(x + x0) , is stored in the 
system to decrease the energy barrier required to slide 
(detach) from one adsorbate to attach to the next. The new 
adsorbate configuration induced by the force is found by 
minimizing the potential energy to give x

(
FL

)
=

�s

ks
FL . From 

the relationship between x and x0 given above, we can also 
write x0

(
FL

)
=

�s

kt
FL . By calculating the force-dependent 

initial- and transition-state energies, we can arrive at a slid-
ing energy barrier given by:

VS

(
x, x0,FL

)
=

1

2
ksx

2 − FL(x + x0)

(3)VS

(
x,FL

)
=

1

2
ksx

2 − FL�sx,

where F∗
s
=

ksΔx
‡
s

�s

 , which corresponds to a critical force at 
which the energy barrier due to sliding decreases to zero. 
Note that  Eq.   4  can be s implif ied to  give 
ES
act

(
FL

)
= E0

s

(
1 −

FL

F∗
s

)2

 , confirming that ES
act

(
FL

)
→ E0

s
 as 

FL → 0 , as it should.

2.2 � Modeling Chemical Reaction Rates

We now also consider the possibility of a chemical reaction 
being induced by the adsorbed molecule tilting. As indicated 
above, this motion initiates the reaction on the surface until 
a point is reached at which the orbitals in the adsorbed mol-
ecule can interact with those in the surface and weaken the 
bond between the hydrocarbon chain and the surface anchor-
ing group to ultimately induce bond scission. In the case of an 
anchored alkyl chain, the bond cleavage products can undergo 
a facile β-hydride elimination reaction to form a 1-alkene 
[38–40]. If the chain terminus contains an unsaturated termi-
nal group such that it can interact with the substrate, this limits 
the probability of it undergoing a hydride-elimination reaction, 
thereby allowing the hydrocarbon fragment to polymerize on 
the surface instead [36]. It is likely that analogous reactions 
occur for alkyl chains that are incorporated in lubricant addi-
tives to facilitate their solubility in the base lubricating oil [20].

This surface chemical reaction can be described by a 
parabolic reaction potential that also leads to bond cleavage 
(detachment) and the formation of reaction product(s), with 
some activation barrier ER

act
 [9]. Note that the present model 

differs from that used to describe the chain-length dependence 
of sliding friction, where the tilting potential was not allowed 
to undergo a chemical reaction [8]. This further illustrates 
the flexibility of this approach, which enables the effects of 
coupling between interacting processes to be modeled, where 
these processes can be designated as reactive or unreactive 
(i.e., only dissipative) ones. Thus, the potential due to a reac-
tion induced by tilting can be written as:

where again � ≈ x0∕l , so that kr = kr
�
∕l2 . It is expected that 

the value of kr
�
 depends only on the nature of the anchoring 

group and is thus likely to be relatively independent of the 
length of the carbonaceous chain. Similar to the analysis for 
the sliding potential, the energy barrier for reaction vanishes 
at a critical angle Δ�‡ , which occurs at a lateral displacement 
of the molecular terminus Δx‡

r
= Δ�‡l . It is assumed that the 

barrier for SAM decomposition occurs at similar values of 
Δ�‡ irrespective of the chain length. This is a reactive 

(4)ES
act

(
FL

)
=

�
2
s

2ks

(
F∗
s
− FL

)2
,

(5)Vr(�) =
1

2
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(
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1

2
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2

0
,

Fig. 1   Schematic depiction of the coupled adsorbate system used to 
analyze self-assembled monolayer friction and mechanochemistry
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potential so that, analogous to the sliding potential, the 
energy barrier for the reaction is given by ER

act
 . In this case, 

the potential in Eq. 2 can also be written as Vr
(

x0
)

= Eo
R

(

x0
Δx‡r

)2 , 
so that kr = 2Eo

R
∕Δx‡

r

2.
Given that the maximum of the reaction potential is 

located at x0 = Δx‡
r
 , then Emax

R
= Eo

R
 , while the minimum of 

the potential moves to x0(FL) under the influence of an 
applied lateral force FL to give: Emin

R
= Eo

R

(
�s

ktΔx
‡
r

)2

F2

L
 . This 

yields an equation for the force-dependent reaction energy 
barrier for SAM decomposition as:

In order to obtain the overall velocity and temperature 
dependences of the mechanochemical reaction rates, and 
since both processes (sliding and reaction) lead to detach-
ment, either between the tip and the molecular terminus 
(sliding), or from the molecule and the surface (reaction), 
we can conclude that:

where ks and kr are the rate constants for the transitions due 
to sliding and reaction, respectively, v is the sliding velocity, 
and Δx‡

s
 is the distance from the reactant to the transition 

state that controls the transit time from one site to the next 
[41, 42]. This analysis assumes that the energy required to 
transit the barrier is rapidly dissipated after the transition 
occurs. Furthermore, since they are thermally activated 
processes:

where As and Ar are pre-exponential factors for sliding and 
for the surface reaction, respectively. However, in general, 
the rate of the tip sliding over the surface ks is much larger 
than the reaction rate constant, kr , given that it generally 
takes multiple passes of a tip over the surface for the reaction 
to be completed. If the reaction rate constant were much 
faster than the sliding rate constant, the reverse would be 
true and the overlayer would be depleted very rapidly, which 
is usually not the case. Therefore, it can be assumed that 
Asexp

(
−

ES
act(FL)
kBT

)
≅

v

Δx‡
s

 , or ES
act

(
FL

)
= kBTln

(
v0

v

)
 , where 

v0 = AsΔx
‡
s
 . Substituting for ES

act

(
FL

)
 from Eq. 4 gives an 

equation for the velocity- and temperature-dependences of 
the sliding friction force as:

(6)ER
act

�
FL

�
= Eo

R

⎛
⎜⎜⎝
1 −

�
�s

ktΔx
‡
r

�2

F2

L

⎞
⎟⎟⎠
.

(7)ks + kr =
v

Δx
‡
s

,

(8)

ks = Asexp

(
−
ES
act

(
FL

)
kBT

)
and

kr = Arexp

(
−
ER
act

(
FL

)
kBT

)
,

As can be observed in Eq. 6, the term in brackets does not 
depend on the SAM chain length, which is included in F∗

s
 . 

Therefore, in order to evaluate the effect of chain length on 
friction, it is convenient to write: FL(T , v) = F∗

s
[1 − B(T , v)] , 

where B(T , v) =
√

kBT
E0
S
ln
(

v0
v

) . Furthermore, F∗
s (l) =

ksΔx‡s
(

1+ ks
kt�

l2
)

 , and 

has been shown to yield results that are in good agreement 
with the experimentally measured chain-length dependence 
of the friction force of carboxylate SAMs on copper [8]. We 
can now substitute the lateral force into Eq. 6 to obtain an 
equation for ER

act
(T , v.l) as:

Finally, substituting for F∗
s
 leads to:

Therefore, assuming that Δ�‡ and kt
�
 are identical for all 

molecular chain lengths yields a formula for the temperature, 
velocity and chain-length dependences of the decomposi-
tion activation energy for SAMs on surfaces. The validity of 
Eq. 8 is tested experimentally for the velocity-dependence of 
the mechanochemical reaction rate of methyl thiolate species 
on copper [17, 21–24] and for the chain length dependence 
of the reaction of carboxylates on copper [32, 34, 36].

3 � Experimental and Theoretical Methods

Experiments were carried out in UHV chambers operating 
at pressures of ~ 2.0 × 10–10 Torr after bakeout. Ball-on-
flat friction measurements were made in a UHV chamber, 
which has been described in detail elsewhere [43]. The 
chamber was equipped with a UHV-compatible tribom-
eter, which simultaneously measures normal loads, lat-
eral forces and the electrical contact resistance between 
the tip and substrate. Previous work has shown that the 
maximum interfacial temperature rise for a copper sam-
ple under these conditions is much less than 1 K [35]. 
The spherical pin (~ 1.27 × 10–2 m diameter) was made 
from tungsten carbide containing some cobalt binder, 
and could be cleaned by electron bombardment heating 
in vacuo or by argon ion bombardment; for the experi-
ments reported here, it was cleaned by heating. The pin 
was attached to an arm that has two strain gauges that 

(9)FL(T , v) = F∗
s

[
1 ±

√
kBT

E0

S

ln
(v0
v

)]

(10)ER
act
(T , v, l) = Eo

R

⎛
⎜⎜⎝
1 −

�
�s

ktΔx
‡
r

�2

F∗2
s
[1 − B(T , v)]2

⎞
⎟⎟⎠
.

(11)ER
act
(T , v, l) = Eo

R

⎛⎜⎜⎝
1 −

�
ksΔx

‡
s

kt
�
Δ�‡

�2

l2[1 − B(T , v)]2
⎞⎟⎟⎠
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enable the measurement of the lateral force as well as the 
normal load applied on the surface. The normal load is set 
and controlled by the LabView control software to a preset 
value. The arm was mounted to a rotatable Conflat flange 
to allow the pin to be rotated to face a cylindrical-mirror 
analyzer (CMA) to enable Auger analyses of both the pin 
surface and the copper sample [28].

The copper foil sample was prepared by mechanical pol-
ishing using sandpapers of decreasing grit size until no vis-
ible scratches were observed. This was followed by polishing 
using polycrystalline diamond paste until a visibly smooth 
surface was seen under a microscope. The sample was 
mounted to a UHV-compatible, precision x, y, z manipulator 
for measuring the elemental profiles across a rubbed region 
of the sample under UHV conditions. The copper foil sample 
was cleaned using a standard procedure consisting of cycles 
of Ar+ bombardment with subsequent annealing to 850 K for 
10 min. Ar+ bombardment was performed at a background 
gas pressure of ~ 5.0 × 10–5 Torr at a 1 kV potential, while 
maintaining a ~ 2 µA sample current.

The mechanochemical reaction rates were measured 
from the variation in the friction coefficient as a func-
tion of the number of rubbing cycles [17]. Assuming that 
the reaction occurs via first-order reaction kinetics, then 
the reactant coverage �R is given by �R(t) = �

0

R
exp(−krt) . 

However, if the time that the tip takes to pass over the 
surface is given by tP and the number of passes is p , then 
�R(p) = �

0

R
exp(−k

p
r p) , where kpr = krtP . The product cov-

erage is then given by �P = 1 − �R = 1 − �
0

R
exp(−k

p
r p) . If 

the reactant and the product have different friction coef-
ficients, �R and �P , then the resulting friction coefficient 
wil l  be  �(p) = �Rexp

(
−k

p
r p
)
+ �P

(
1 − exp(−k

p
r p)

)
 or 

�(p) = �P+(�R − �P)exp
(
−k

p
r p
)
 , which allows the reaction 

rate to be measured. The values of �R and �P are obtained by 
fitting to the experimental data, where �R varies from ~ 0.34 
to ~ 0.27 depending on the chain length as described previ-
ously [8], and �P is the final value close to that found for 
clean copper [35]. The DMDS (Aldrich, 99.0% purity), 
propionic acid (Sigma Aldrich, ≥ 90 purity), butanoic acid 
(Sigma Aldrich, ≥ 99.0 purity), pentanoic acid (Sigma 
Aldrich, ≥ 98.0 purity), hexanoic acid (Sigma Aldrich, ≥ 99% 
purity), heptanoic acid (Sigma Aldrich, ≥ 99.0% purity) and 
octanoic acid (Sigma Aldrich, ≥ 98.0% purity) were trans-
ferred to glass bottles and attached to the gas-handling sys-
tem of the vacuum chamber, where they were subjected to 
several freeze–pump–thaw cycles. Their purity was moni-
tored using mass spectroscopy.

4 � Results and Discussion

The sliding-induced reaction rates were measured from the 
evolution in the friction force as a function of the number of 
passes over the surface, where the friction evolves from that 
of the reactant to that of the product, and the intermediate 
friction is taken to scale with the relative coverages of the 
surface species. This enables in-situ tracking of the way the 
adsorbate coverages change as a function of time, allowing 
a surface reaction rate constant to be measured [17]. This 
approach will be used to test the validity of Eq. 8, which 
describes the chain-length- and velocity-dependences of 
shear-induced decomposition of adsorbed overlayers. The 
temperature-dependence was not measured because of the 
difficulty in correctly monitoring the temperature at a sliding 
solid–solid interface.

4.1 � Chain‑Length Dependence of Tribochemical 
Reaction Rates

The chain-length dependences of the rates of shear-induced 
decomposition of carboxylates on copper were measured 
using a series of carboxylic acids adsorbed on a clean copper 
substrate in UHV to create the corresponding carboxylate 
overlayers [32, 33, 36, 44–46] using a background pressure 
of ~ 10–7 Torr, which is much lower than the vapor pressure 
of the compounds. The structure and surface chemistry of 
carboxylates on copper have been studied using Auger and 
reflection–absorption infrared (RAIRS) spectroscopies in a 
previous work [8]. Specifically, in the Auger analyses, the 
peak-to-peak intensity ratios of carbon and oxygen KLL 
signals to the copper KLL signal are consistent with the 
carboxylate forming overlayers on copper with similar satu-
ration coverages. The infrared spectroscopy results reveal 
that the carboxylates bind to a copper surface in a bidentate 
configuration and the hydrocarbon chains extend upward to 
form a uniform overlayer. In RAIRS spectra, infrared peak 
shifts can be characteristic of the order and packing density. 
For example, heating the sample from 92 to 203 K causes the 
asymmetric methylene stretching peak to shift from 2020 to 
2016 cm−1 and the C‒H bending mode frequency to change 
from 1470 to 1463 cm−1, suggesting an increase in structural 
order.

The results are shown in Fig. 2 for measurements at a 
constant sliding speed, load and temperature. The data were 
fit to the exponential growth formulae derived in the Experi-
mental and Theoretical Methods section to obtain values of 
the rate constants per pass, kP . The fits to the results are also 
shown as red lines in Fig. 2, and the resulting plot of the rate 
constants as a function of the number of carbon atoms in the 
alkyl chain is shown in Fig. 3.



	 Tribology Letters           (2023) 71:86 

1 3

   86   Page 6 of 9

The energy barrier varies as a function of chain length as 
g i v e n  b y  E q .   8 ,  w h i c h  g i v e s 
ER
act(l) = Eo

R

(

1 −
(

ksΔx‡s
kt�Δ�‡

)2
l2[1 − B(T , v)]2

)

= Eo
R − K(T , v)l2  w h e r e 

K(T , v) = Eo
R

(

ksΔx‡s
kt�Δ�‡

)2
[1 − B(T , v)]2 . The reaction rate constant kr(l) 

is then given by kr(l) = ARexp
(
−ER

act
(l)∕kBT

)
 . Substituting 

gives kr(l) = kr
0
exp

(
K(T , v)l2∕kBT

)
 , where kr

0
 is the rate con-

stant for reaction at FL = 0 . It has been previously shown 
that the length of the chain can be written as 
l ∼ dcoo + dcc(n − 1) , where dcoo is the contribution from the 
carboxylate anchoring group, dcc is the projection of the car-
bon–carbon bond length along the chain, and n is the number 
of carbon atoms in the alkyl chain [8]. If dcoo ≅ dcc , then the 
length of the n-carbon chain is l ∼ dCCn . This gives an equa-
tion for the overall chain-length dependence of the reaction 
rate constant as a function of the number of carbon atoms in 
t h e  c h a i n  a s  kR(n) = kr

0
exp

(
P(T , v)n2

)
 ,  w h e r e 

P(T , v) = K(T , v)∕d2
CC
kBT . This equation is plotted in red on 

the data in Fig. 3, and leads to good agreement with the 
experimental data, with kR(n) = 0.035 ± 0.002 per pass, and 
P(T , v) = -6.4 ± 1.3 × 10–3 at a sliding speed of 4 mm/s and 
a temperature of 293 K. This suggests that longer chains are 
less reactive than shorter ones. Note that these results do not 
include shorter-chain carboxylates on copper because they 
show anomalous critical behavior [34]. Similar trends have 
been found for the reactivity of functional groups on zinc 
dialkyl dithiophosphate (ZDDP), in which oct-1-yl function-
alized ZDDP reacts more rapidly than ZDDP functionalized 
by dodec-1-yl groups [20], suggesting that similar chain-
length trends occur with functionalized lubricant additives 
as for self-assembled monolayer friction modifiers. Similar 

Fig. 2   Plot of friction coefficient versus number of scans measured in the UHV tribometer for carboxylate overlayers on copper, measured at a 
sliding speed of 4 mm/s with a normal load of 0.44 N for A propanoic, B butyric, C valeric, D heptanoic and E octanoic acid

Fig. 3   Plots of the tribochemical reaction rate of a series of carbox-
ylate adsorbed on a clean copper substrates measure un UHV as a 
function of the number of carbon atoms in the carboxylic acid
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effects have also been seen for the reactivity of ionic liquids 
[47].

4.2 � Velocity Dependence of Tribochemical Reaction 
Rates

The reaction rates of methyl thiolate species adsorbed on 
a copper substrate were measured as a function of sliding 
speed over two orders of magnitude, from 0.1 to 10 mm/s. 

As above, the variation in friction coefficient as a function 
of the number of scans is taken to represent the surface 
reaction kinetics and is used to test the above theoretical 
analysis. The fits to that data on Fig. 4 yield both the initial 
friction coefficient and the reaction rate as a function of 
the sliding velocity. In order to gain insights into the value 
of the parameter B(T , v) that controls the friction (Eq. 6), 
the friction force is shown plotted in Fig. 5 as a function 
of the sliding velocity. The reproducibility of the data is 
demonstrated by comparing with previous results from a 
different sample ( ) [17], which agrees well with the cur-
rent data. This shows that the friction coefficient at a con-
stant normal load of 0.44 N is ~ 0.08. This lack of variation 
with velocity indicates that B(T , v) ≪ 1 so that 
FL(T , v) ∼ F∗

s
 . In this case, from Eq. 8, the reaction activa-

t i o n  e n e r g y  b e c o m e s 
ER
act(T , v, l) = Eo

R

(

1 −
(

ksΔx‡s
kt�Δ�‡

)2
l2
)

= Eo
R − K(T , v)l2  . Now, as above, 

kR(v) = kr
0
exp

(
P(T , v)n2

)
 , where P(T , v) = K(T , v)∕d2

CC
kBT . 

Since the reaction rate is constant and n = 2 for a methyl 
thiolate overlayer, kR(v) = kr

0
exp(4P(T , v)) , and is inde-

pendent of the sliding velocity as shown in Fig. 6. How-
ever, since (P(T , v)) is small, the exponential will be close 
to unity, suggesting that kr

0
∼ 0.48. Thus, while variations 

in friction force with velocity have been measured using 
nanoscale contacts in an AFM [48–50], the larger sliding 
speeds and the contact conditions in macroscale contacts 
suggest that the parameter B(T , v) in Eq. 6 is less than unity 
and results in mechanochemical reaction rates that are 
independent of the sliding speed as also observed by oth-
ers [51].

Fig. 4   Plot of the evolution in friction for a saturated methyl thiolate 
overlayer on a clean copper substrate measured in UHV at a tempera-
ture of 298 K and a normal load of 0.44 N

Fig. 5   Plot of the friction coefficient versus ln(sliding speed) for a 
saturated methyl thiolate overlayer on a clean copper substrate (filled 
black square) measured in UHV at a temperature of 298  K and a 
normal load of 0.44 N. Shown for comparison is the result obtained 
using a sliding speed of 4 mm/s (filled red square) [17]

Fig. 6   Plot of the reaction rate constant versus ln(sliding speed) for 
the reaction of a saturated methyl thiolate overlayer on a clean copper 
substrate (filled black square) measured in UHV at a temperature of 
298 K and a normal load of 0.44 N
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5 � Conclusions

A coupled model has been developed using a reactive inter-
action potential that consists of a truncated parabola to 
describe the tribochemical reaction rates of adsorbed SAMs 
as a function of chain length and sliding speed. Similar mod-
els have been used to calculated the chain-length depend-
ence of sliding friction [8] by implementing the potential 
in a Prandtl–Tomlinson friction model both for constant-
force and compliant sliding as measured in an atomic-force 
microscope. Both models yielded good agreement with 
experimental results. This work illustrated how the model 
can be extended to systems with coupled potentials. The 
analysis in this paper extends these ideas to a coupled system 
in which the SAM-substrate potential is rendered reactive 
by using a truncated parabola in which the potential energy 
becomes constant at some critical distance with an energy 
that corresponds to the activation energy for the reaction. 
This model is analyzed only for constant-force sliding, for 
which there are available results with which to compare, to 
calculate velocity, temperature and chain-length dependence 
of tribochemical reaction rates. The theoretical results pro-
vide good agreement with experimental measurements for 
the chain-length dependence of the reactivity of carboxylate 
SAMs on copper and with the velocity dependence of the 
reaction rate of methyl thiolate overlayers on copper.
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