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ABSTRACT: The mechanochemical reaction between copper
and dimethyl disulfide is studied under well-controlled
conditions in ultrahigh vacuum (UHV). Reaction is initiated
by fast S−S bond scission to form adsorbed methyl thiolate
species, and the reaction kinetics are reproduced by two
subsequent elementary mechanochemical reaction steps,
namely a mechanochemical decomposition of methyl thiolate
to deposit sulfur on the surface and evolve small, gas-phase
hydrocarbons, and sliding-induced oxidation of the copper by
sulfur that regenerates vacant reaction sites. The steady-state
reaction kinetics are monitored in situ from the variation in the
friction force as the reaction proceeds and modeled using the
elementary-step reaction rate constants found for monolayer adsorbates. The analysis yields excellent agreement between the
experiment and the kinetic model, as well as correctly predicting the total amount of subsurface sulfur in the film measured using
Auger spectroscopy and the sulfur depth distribution measured by angle-resolved X-ray photoelectron spectroscopy.
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■ INTRODUCTION

While mechanochemical reactions have been known for
millennia,1 and were studied in the 19th century,2 there is
currently little understanding of their reaction pathways and the
effects that control them.3 Despite this lack of fundamental
understanding, a significant number of mechanochemical
synthetic methods have been developed empirically over the
past decades.4−16

Mechanochemical effects have been studied on the molecular
scale by exploiting the exquisite force sensitivity of atomic force
microscopy (AFM) to pull single molecules.17−25 While these
experiments provide detailed information on how forces
accelerate the rates of single-bond scission of a mechanically
active center (a mechanophore), they provide little information
on mechanochemical reaction pathways. This is addressed here
by studying a simple, model mechanochemical reaction
between dimethyl disulfide (DMDS) and copper to form gas-
phase hydrocarbons and copper sulfide under well-controlled
conditions induced by sliding on a planar copper substrate.
This approach has several advantages; the presence of the
surface allows well-defined forces to be applied to the anchored

mechanophore and enables the kinetics of the elementary-step
reactions to be followed.
Such sulfur-containing molecules are relevant to perhaps the

technologically and economically most important area of
mechanochemistry, the reaction of additives in lubricants,
known as tribochemistry. Such additives are crucial for
preventing wear, lowering friction, preventing oxidation, and
improving component lifetime.26 It could also be viewed as a
mechanocatalytic reaction in which surface chemistry and
mechanical forces conspire to induce a reaction that would not
occur in the absence of an external force.
Two distinct mechanically induced elementary reaction steps

are identified. The first is the mechanochemical S−CH3 bond
cleavage of adsorbed methyl thiolate species, analogous to the
single-molecule pulling experiments, except that, in this case,
reaction is induced by the lateral and normal forces exerted on
the mechanophore. Here, the methyl thiolate forms rapidly
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from DMDS on copper by thermal S−S bond scission.27 The
second is sliding-induced surface-to-bulk transport of the
resulting chemisorbed sulfur. This results in oxidation of the
copper by sulfur, and the regeneration of available copper
surface sites, thereby allowing the reaction to continue. The
following paper explores whether the elementary thermal and
mechanochemical reaction steps found for methyl thiolate
overlayers on copper can completely describe the steady-state
reaction between DMDS and copper.
The kinetics of the mechanochemical reaction are monitored

in situ from the evolution in friction force as a function of the
number of times that the surfaces is rubbed. A kinetic model,
incorporating the elementary mechanochemical reaction steps
described above, accurately reproduces the variation in friction
force as a function of the number of times the sample is rubbed,
as well as the total amount of sulfur in the bulk of the copper
and its depth distribution.
Identifying these elementary mechanochemical reaction

steps, and developing robust kinetic models will set the stage
for understanding and predicting more complex mechano-
chemical reactions and synthetic methods.

■ RESULTS
The mechanochemical reaction between DMDS and copper is
carried out on clean copper foils under controlled conditions in
an ultrahigh vacuum (UHV) chamber by rubbing the sample
with a tungsten carbide ball (using a normal load of 0.44 N with
a sliding speed of 4 × 10−3 m/s at a temperature of 290 K) in
the presence of DMDS. The reaction kinetics are monitored in
situ from the evolution in friction coefficient (μ, the ratio of the
lateral force to the normal force). The experiment was carried
out as follows. A clean copper sample was initially rubbed in
vacuo until μ decreased from its initial value of ∼0.8 to a
constant value of ∼0.5, generally after ∼50 to 70 passes, to
create a track ∼100 μm wide. Reaction was then initiated by
pressurizing the chamber with 5 × 10−8 Torr of DMDS (where
pressures are not corrected for the ionization gauge sensitivity)
while rubbing was continued while monitoring μ. Since the
friction coefficient had stabilized during initial rubbing of the
clean copper, subsequent changes in friction coefficient are due
to mechanochemical reactions taking place on the surface. The
results are displayed in Figure 1 where the first scan

corresponds to the time at which the chamber was pressurized
after completion of the run-in period. The line in Figure 1 is a
fit to the kinetic model and will be discussed in greater detail
below.
The friction coefficient initially decreases rapidly for ∼10

scans after introducing DMDS, then evolves at a much slower
rate as rubbing continues. Because the friction coefficient is
sensitive to the composition of the interface, this provides an in
situ measurement of the mechanochemical reactions kinetics.
The observation that μ evolves during the entire experiment
indicates that a continuous mechanochemical reaction is taking
place at the interface. As will be shown below, this is due to the
transport of sulfur into the subsurface region, and the
generation of surface reaction sites. Measurements of the
resulting bulk sulfur accumulation are described in the next
section.

Measurement of the Total Subsurface Sulfur. Bulk
sulfur is measured quantitatively by taking advantage of the
observation that subsurface sulfur is thermodynamically less
stable than adsorbed sulfur. Thus, heating a sulfur-containing
copper sample induces any subsurface sulfur to segregate to the
surface, allowing the total amount of sulfur that had penetrated
the subsurface region to be measured using Auger spectrosco-
py.28 However, because the surface is covered by sulfur-
containing adsorbates (adsorbed sulfur and methyl thiolate
species) after carrying out the mechanochemical reaction, they
are first carefully removed by Argon ion bombardment (∼120 s
with a beam energy of 3 keV, 1 μA/cm2). The point at which all
surface sulfur-containing species had been removed is
monitored by Auger spectroscopy by analyzing an unrubbed
region of the surface.28

Subsequent heating to ∼750 K causes any subsurface sulfur
to diffuse to the surface. The total amount of sulfur is measured
by Auger spectroscopy using a focused electron beam (∼30 μm
in diameter) by measuring the S(KLL)/Cu(LMM) Auger
intensity ratio at various points across the sample where sulfur
is detected. The integrated area of this curve is calibrated by
comparing with similar plots of the S(KLL)/Cu(LMM) Auger
intensity ratio causes by the removal of sulfur during sliding of a
saturated methyl thiolate overlayer, where all the sulfur is
mechanically removed from the rubbed region.28 The
experimental measurements of the total amount of subsurface
sulfur versus the number of times that sample was rubbed in the
presence of DMDS are shown in Figure 2(■). The solid line is
a theoretical prediction based on the kinetic model described in
the Discussion section.

Angle-Resolved Electron Spectroscopic Analyses of
Subsurface Sulfur. The subsurface sulfur depth distribution is
measured using angle-resolved X-ray photoelectron spectros-
copy (XPS). Since the depth sensitivity in XPS is primarily
dictated by the electron escape depth, and hence the electron
mean-free path, varying the electron detection angle provides a
nondestructive measure of the distribution of the subsurface
sulfur.
Ex-situ angle-resolved XPS measurements of a rubbed region

were made by transferring the sample from the UHV chamber
via a nitrogen-filled glovebag to the XPS chamber, and then by
removing any contaminant layer by Argon ion bombardment
(∼42 s with a beam energy of 1 keV over an area of 3 × 3
mm2). The resulting S 2p XPS spectra are displayed in Figure 3
as a function of emission angle, measured with respect to the
surface, for a sample that had been rubbed 160 times.
Corresponding spectra for samples that had been rubbed 40

Figure 1. Plot of the friction coefficient μ as a function of the number
of scans over a copper surface while sliding a tungsten carbide ball,
after initially stabilizing μ (for ∼70 scans), and then allowing the
sample to react with 5 × 10−8 Torr of DMDS under a normal load of
0.44 N at a sliding speed of 4 × 10−3 m/s at a sample temperature of
290 K. The results of the fit to the kinetic model are in red.
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and 80 times are shown in the Supporting Information (SI)
section (Figure S1). The peak positions remain constant for
different emission angles with a S 2p3/2 binding energy of 162.0
± 0.1 eV. The depth distribution is obtained from the angular
intensity variation by the maximum entropy method.29 The
results are shown in Figure S2, which confirm that sulfur has
penetrated the subsurface region of the copper substrate.
A Cu 2p3/2 signal is detected at ∼932.6 eV but cannot

distinguish between metallic Cu and Cu2S, while the Cu LMM
Auger signal can be used to distinguish the chemical states of
copper.30−32 Figure 4 displays an example of the Cu LMM
Auger signals after curve fitting (see SI for details) showing
contributions to the Auger signal collected at 20° (Figure 4(a))
and 70° (Figure 4(b)) emission angles.
Metallic copper is in blue; its relative intensity decreases with

emission angle consistent with sulfur penetrating the bulk since

the higher the emission angle, the lower the sampling depth. An
additional profile is fitted using the components of cuprous
sulfide but by allowing the peak positions to vary slightly. The
most intense peak for metallic copper (CuL3M45M45

1G) is
found at 918.6 eV kinetic energy (ref 32 and references
therein), while the additional signal has the most intense peak
at 917.1 ± 0.1 eV kinetic energy. For reference, the main Auger
feature for Cu2O is found at 916.8 ± 0.1 eV,32 Cu2S at 917.4,

33

and CuO at 917.8 ± 0.1 eV32 kinetic energies.

■ DISCUSSION
It is proposed that the mechanochemical reaction between
DMDS and copper proceeds via the follow elementary steps
(Illustrated schematically in the Graphical Abstract): (i) Rapid
dissociative adsorption of DMDS to form adsorbed methyl
thiolates (CH3−S(ads))27 to provide an anchored mechano-
phore, (ii) mechanochemical S−CH3 bond scission to evolve
gas-phase hydrocarbons (methane and C2 hydrocarbons)

34−38

and adsorbed sulfur, (iii) sliding-induced copper oxidation that
regenerates clean surface sites.28,35,38,39

The first-order elementary-step reaction rate constants have
been measured, both for step ii, methyl thiolate decomposition
(k1),

28,36,37 and step iii, shear-induced surface-to-bulk transport
(k2), under an identical load (0.44 N) and sliding speed (4
mm/s) at 290 K as for the experiments reported here. This
limits the number of adjustable parameters in the kinetic model.
In the absence of sliding, the thermal rate constants for both
processes are negligible and methyl thiolate species and
adsorbed sulfur are stable on the surface at 290 K; their rates
are both mechanochemically accelerated. The kinetics are
modeled in the following by assuming that mechanochemical
reactions only occur when the surface of the moving ball is in
contact with the substrate surface. The average time that a
point on the surface spends in the sliding contact is designated
tC. This allows the kinetics equations to be written as a function
of the number of passes over the surface p where the total reaction
time t in the contact is given by t = tCp. Since mechanical
reactions were carried out at identical loads and sliding speeds,
tC remains constant. This yields first-order rate constants for
overlayers of adsorbed thiolate species of k1tC = k1′ = 0.63 ±
0.03,38 and k2tC = k2′ = 2.5 ± 0.5.39 Note that these rate
constants for mechanochemical reactions of methyl thiolate
overlayers were measured under identical condition (normal
load, 0.44 N, sliding speed 4 mm/s at 290 K) as used in the
results presented here.
The pass-dependent coverage of the ith surface species is

designated Θi(p), where coverages are defined as the number of
adsorbed species ratioed to the maximum number that can be
accommodated, so that 0 ≤ Θ ≤ 1. To compare the results of
the kinetic model with in situ experimental data (Figure 1), it is
assumed that each (ith) adsorbate has an associated character-
istic friction coefficient μi, and that its contribution to the total
friction is proportional to its coverage, so that the evolution of
the friction coefficient as a function of the number of passes
μ(p) is written as follows:38

∑μ μ= Θp p( ) ( )
i

i i
(1)

Characteristic friction coefficients for a methyl thiolate-covered
(μth), sulfur-covered (μS) and a clean surface (μclean) are μth =
0.07 ± 0.02, μS = 0.39 ± 0.06, and μclean = 0.51 ± 0.05.38 The
possibility that the presence of sulfur in the subsurface can
modify the friction of the substrate is taken into account by

Figure 2. Plot of the total accumulated subsurface sulfur measured as a
function of the number scans in the presence of 5 × 10−8 Torr of
DMDS under a load of 0.44 N at a sliding speed of 4 mm/s at a
sample temperature of 290 K. The solid line is the amount of
subsurface sulfur calculated from the kinetic model and the subsurface
sulfur concentration is given in units of monolayers (ML) of sulfur.

Figure 3. A series of small-spot-size S 2p angle-resolved XPS spectra
inside the wear track after rubbing a clean copper sample after the
completion of a run-in period in the presence of a background
pressure of 5 × 10−8 Torr of dimethyl disulfide for 160 scans at a load
of 0.44 N, a sliding speed of 4 mm/s at a sample temperature of 290 K.
The spectra were collected at various emission angles, which are
indicated adjacent to the corresponding spectrum.
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including a characteristic friction coefficient for copper sites
with subsurface sulfur, μS(sub). This value is not available, and
will be used as an adjustable parameter.
The initial conditions for the simulation are set by assuming

that DMDS initially reacts with copper prior to the first pass of
the ball over the surface after exposure to DMDS to rapidly
produce an initial methyl thiolate coverage, Θth

0 . To help
estimate both Θth

0 and the change in methyl thiolate coverage
between each pass of the ball over the surface (see below),
methyl thiolate adsorption kinetics were measured from the
change in S(KLL)/Cu(LMM) Auger intensity ratio as a
function of DMDS exposure. The results are displayed in
Figure S3 as coverage (normalized to unity) versus exposure.
The kinetic equations for the elementary step reactions are

solved iteratively as a function of the number of passes to yield
values of the methyl thiolate coverage Θth(p), the sulfur
coverage ΘS(p), and the clean surface coverage, Θclean(p) where

Θ + Θ + Θ =p p p( ) ( ) ( ) 1th S clean (2)

Note that the clean surface coverage is taken to represent the
proportion of the surface at which DMDS can rapidly thermally
react to form methyl thiolate species. It is assumed in the model
that this can also occur on clean surface sites that contain sulfur
in the layer below, with coverage ΘS(sub)(p).
The calculation is started with an initial methyl thiolate

coverage, Θth
0 , taken as an adjustable parameter. The extent of

reaction during each pass is calculated as follows: (i) the
proportion of thiolate species that decomposes is calculated
using a first-order mechanochemical reaction with rate constant
k1′, (ii) ΘS is calculated by assuming that each decomposing
methyl thiolate species produces an adsorbed sulfur atom, (iii)
ΘS(sub) is obtained by assuming a first-order reaction with rate
constant k2′, and the total amount of subsurface sulfur is found
by summing this value for each sliding pass. Finally, Θclean is
found from eq 2.
During the mechanochemical reaction, the pin slides for ∼1s

and comes out of contact, moves to the beginning of the
rubbed region, and approaches the surface again to ensure that
the loads are identical for all scans. This typically takes ∼15 to
20 s, during which time a proportion P of the remaining clean
copper surface (with coverage Θclean) becomes covered by
methyl thiolate species, thus adding to any methyl thiolate
species already on the surface from the previous pass. This

defines the initial conditions for each pass and the extent of
reaction is calculated as a function of p using the reaction steps
described above.
The friction coefficient μ(p) is calculated from eq 1 as

follows:

μ μ μ μ μ= Θ + Θ + Θ − Θ + Θp p p p( ) ( ) ( ) ( ( ) )th th S S clean clean S(sub) S(sub) S(sub)

(3)

where the coverage of clean copper sites without any subsurface
sulfur is given by (Θclean(p) − ΘS(sub)).
The values of Θth

0 , ΘS(sub) and P are adjusted to produce the
best fit to the experiment measurement of friction coefficient as
a function of the number of passes in Figure 1. The fit is shown
as a solid line and yields P = 0.39 ± 0.02, Θth

0 = 0.23 ± 0.02 and
μS(sub) = 0.12 ± 0.02. The value of P is within the expected
range (see Figure S3). Note that the value of μS(sub) is
substantially lower than that for the clean surface (μclean = 0.51
± 0.05) implying that subsurface sulfur does modify the friction
of the copper.
The resulting evolution of the composition of the copper is

shown as a function of number of passes in Figure 5. This
reveals that the coverages of the adsorbed sulfur and methyl

Figure 4. Cu KLL Auger spectra obtained within the rubbed region for a sample that had been rubbed for 160 scans in 5 × 10−8 Torr of DMDS at
290 K and then ion bombarded for 42 s to remove the contaminant layer, collected at detection angles of (a) 20° and (b) 70° with respect to the
surface. Shown also are fitted Auger profiles.

Figure 5. Plots of the calculated coverages of adsorbed methyl thiolate,
sulfur, the clean surface and subsurface sulfur as a function of the
number of passes using parameters that gave the best fit to the friction
data (Figure 1).
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thiolates vary during the first few scans, but rapidly reach
steady-state values. This occurs when the number of methyl
thiolate species that adsorb on the surface between each pass
exactly balances those that mechanochemically decompose. As
sliding continues, the total amount of bulk sulfur (present as
S2−, Figure 2) increases (Figure 5), thereby causing ΘS(sub) to
continuously increase. Since the clean surface coverage
Θclean(p) remains constant, this indicates that the proportion
of clean surface sites that contain no subsurface sulfur deceases
during rubbing.
These observations rationalize the evolution in friction

coefficient with the number of passes (Figure 1); the rapid
initial decrease in friction coefficient is associated with the
adsorption of methyl thiolate species and the formation of
sulfur on the copper surface. Subsurface sulfur then starts to
accumulate, giving rise to the continued, slow decrease in
friction coefficient. Further details on the kinetic analysis are
provided in SI Section S2.
Subsurface Sulfur Concentration and Distribution.

The fit to the friction data depends only on three fitting
parameters, namely of Θth

0 , ΘS(sub), and P, where the values of
Θth

0 , and P are constrained. However, the kinetic model makes a
number of assumptions, in particular that methyl thiolate
species can react on surface copper sites modified by sulfur
below the surface. In order to further test the assumptions of
the kinetic model, measurements of both the total amount of
subsurface sulfur and its distribution within the sample are
compared with predictions of the model. Note that assuming
that methyl thiolate species formed only on clean sites without
subsurface sulfur would lead to less sulfur penetrating the bulk
of the sample.
The total amount of subsurface sulfur is calculated by

summing the sulfur that is transported into the bulk during
each cycle over all cycles (see SI Section S2). The prediction of
the kinetic model (Figure 2, solid line) are compared with the
experimental results (■), where the agreement is excellent,
thus providing further verification of the mechanochemical
reaction mechanism and the kinetic model.
The first-order kinetics of the sliding-induced transport of

sulfur into the subsurface region, used in the above analysis, is
equivalent to assuming that the distance that sulfur penetrates
the sample is proportional to the number of times that it is
rubbed.35,39 Thus, if the distance that the sulfur penetrates into
the bulk per pass is dp, then, for a sulfur-covered surface that has
been rubbed p times, surface sulfur penetrates a distance z = pdp
into the bulk. When the sample is continuously dosed with
DMDS, each sulfur overlayer will have been rubbed a different
number of times. For example, a sulfur overlayer that was
present during the first scan will have penetrated a distance pdp
into the sample, while an overlayer that was present during the
second scan will have penetrated a distance (p − 1)dp, and so
on. The resulting sulfur depth distribution is the sum of all
contributions arising from each scan and is illustrated
schematically in Figure S4. This gives a subsurface sulfur
concentration CS(p,z′) given by the following:

′ =
Θ

′ ′
− −

′
⎜ ⎟

⎛
⎝
⎜⎜ ⎛

⎝
⎞
⎠

⎛
⎝⎜

⎞
⎠⎟
⎞
⎠
⎟⎟C p z

k
p
z p z

( , )
( )

ln
1
2

1 1
S

S

2 (4)

where ′ =z z
dp
,38 and the derivation of eq 4 is described in

greater detail in SI Section S3. The solutions to eq 3 are plotted
in Figure 6 for p = 40 (■), 80 (●), and 160 (▲) passes,

where the concentration is plotted in units of monolayers of
sulfur (ML), and the depth, z, is ratioed to the electron mean
free path λ for S 2p electrons with a kinetic energy of ∼1320 eV
when using an Al Kα source.40 Thus, the deepest sulfur arises
from that present on the surface early in the experiment, while
the bulk sulfur closest to the surface is due to surface sulfur that
was present toward the end of the experiment. The results
indicate that the sulfur has penetrated a distance that is of the
order of the mean-free path of the emitted electrons; angle-
resolved XPS provides an ideal, nondestructive means of
measuring the depth profile. The variation in the intensity of
the S 2p XPS peak was calculated using the depth distributions
in Figure 6, by assuming that the signal originating from some
distance d in the sample at some emission angle Θ varies as

−
λ Θ( )exp d

cos
, where λ is the electron mean-free path. The

resulting calculated angular variations of the S 2p intensities are
shown in Figure 7 for samples that have been rubbed 40 (pink

Figure 6. Plot of the subsurface sulfur concentration as a function of
the total number of passes, 40 (black ■), 80 (red ●), and 160 (blue
▲), where the concentration is plotted in units of monolayers of sulfur
(ML), and the depth, z, is ratioed to the electron mean free path λ for
S 2p electrons with a kinetic energy of ∼1320 eV when using an Al Kα
source.

Figure 7. Plot of the integrated area of the S 2p XPS feature, taken
from the data shown in Figures 3 and S1 as a function of emission
angle measured with respect to the surface for a sample that had been
rubbed 40 (pink ▼), 80 (green ⧫), and 160 (blue ▲) times in 5 ×
10−8 Torr of DMDS with a load of 0.44 N at 4 mm/s. The lines
represent calculated variations in S 2p intensity as a function of
detection angle after rubbing as discussed in the text.
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▼), 80 (green ⧫) and 160 (blue ▲) times in the presence of
DMDS. Shown also plotted on this figure are the experimental
data obtained from the spectra shown in Figures 3 and S1 for
samples that had been rubbed 40 (▼), 80 (⧫), and 160 (▲)
times in 5 × 10−8 Torr of DMDS. The agreement between the
theory and experiment is excellent.
Nature of the Subsurface Sulfur. The S 2p XPS (Figures

3 and S1) indicate that the sulfur oxidation state corresponds to
a sulfide (S2−) for all detection angles. This implies that the
sulfur has the same oxidation state even though the Cu:S
stoichiometry varies as a function of depth and the number of
times that the surface has been rubbed (Figure 6).
The X-ray-induced Auger data (Figure 4) provide

information on the chemical state of the copper. Metallic
copper is evident from the major peak at 918.6 eV KE, and the
lower relative intensity of this profile for grazing detection
(Figure 4(b)) is in accord with the larger sulfur content near
the sample surface (Figure 6). The additional intensity in the
Auger spectra gives the best fit to a profile with the main peak
centered at 917.0 ± 0.1 eV KE. Unlike XPS chemical shifts, the
position of the main Auger feature does not vary monotonically
with copper oxidation state so that, for example, the main peak
for Cu2O is found at 916.7 eV,32 Cu2S at 917.4,33 and CuO at
918.7 eV KE. This does, however, indicate that a portion of the
copper is oxidized, but has not yet formed a stoichiometric
sulfide, suggesting the sulfide ions are uniformly distributed
throughout the surface region of the copper rather than
aggregating to form regions of stoichiometric sulfides.
The specific friction coefficient of the sample with subsurface

sulfur is ∼0.12, somewhat higher than the value of friction
coefficient for copper lubricated by DMDS dissolved in a poly
α-olefin, where the friction coefficient was ∼0.05.36 In this case,
the conditions were more severe than those for the UHV
experiments and may result in the formation of a complete
cuprous sulfide film. However, the friction coefficient of
cuprous sulfide has been found to depend on load and sliding
velocity,41 which may also account for differences between the
values.
The kinetic model focuses on the mechanochemical

processes occurring on the substrate in contact with a spherical
pin sliding on it. In principle, changes could also occur on the
pin itself during sliding. However, the pin is continually in
contact with the sliding interface, so that the surface of the pin
will react rapidly at the beginning of the scan to evolve to a
steady-state condition. Furthermore, the surface analyses of the
total amount of sulfur in the sample (Figure 2) and
measurements of the sulfur depth distribution (Figure 7)
suggest that any evolution in the state of the pin does not have
a significant influence on the kinetic model and friction.

■ CONCLUSIONS

This work identifies two elementary-step mechanochemical
processes, namely sliding-induced S−CH3 bond scission and
mechanochemical copper oxidation, and demonstrates that they
completely account for the experimental reaction kinetics and
the evolution in the amount of subsurface sulfur and its
distribution. It should also be mentioned that surface
temperatures can increase due to frictional heating to also
accelerate rates of chemical reactions, and have been found to
dominate film formation processes under severe condi-
tions.42−45 The temperature rise in these experiments was
negligible, allowing such effects to be excluded.

Mechanistic studies such as those presented here will enable
the physical origins of these elementary-step mechanochemical
processes to be understood. For example, mechanochemical
reactions induced by a sliding AFM tip have demonstrated that
the reaction rate increases approximately exponentially with
shear-stress46 or contact pressure.46,47 The underlying mecha-
nisms for both mechanochemical reactions induced by sliding
and single-molecule pulling experiments are identical. They are
described in the mechanochemistry community by the Bell
equation48 and its variants.49 In fact, the general physical
concepts that describe the way in which an external force
accelerates the rate of transition over an energy barrier were
first presented at the beginning of the last century by Prandtl50

and also used by Eyring to model fluid viscosity51 as well as
other mechanically induced processes.52 They have also been
used to describe nanoscale friction measured in the AFM53−55

by the so-called Prandtl-Tomlinson model.52,56 Molecular
simulations have been carried out for alkyl thiolate species on
coinage metal surfaces21,24,57−59 to probe the molecular
mechanisms occurring under normal and lateral stresses. Such
theoretical studies have suggested that shear of alkyl thiolate-
covered silver and gold can occur within the metal substrate
and can result in the evolution of metal-containing species, not
observed for a pin sliding over copper. Such studies are relevant
to understanding the molecular origin of elementary
mechanochemical reaction steps identified in this work.
The underpinnings of the surface-to-bulk transport processes

have been described using molecular-dynamics simulations60−62

and such processes and the resulting mechanically induced
structural changes are likely to be applicable to many
mechanochemical processes.

■ METHODS
Vacuum System. Mechanochemical measurements were carried

out in a stainless-steel UHV chamber operating at a base pressure of
∼2 × 10−10 Torr following bakeout, which has been described in detail
elsewhere.63 Briefly, the chamber was equipped with a UHV-
compatible tribometer, which simultaneously measures the normal
load, lateral force and contact resistance between the tip and substrate.
Previous work has demonstrated that the maximum interfacial
temperature rise for a copper sample under the experimental
conditions used (4 × 10−3 m/s sliding speed, 0.44 N normal load)
is much less than 1 K.34

All experiments were carried out by initially rubbing the tribopin
(made of tungsten carbide covered by a copper transfer film) of 1.27 ×
10−2 m in diameter against the clean copper sample until a constant
friction coefficient was obtained. The sample, which was held at ∼290
K for all experiments, was dosed with DMDS through a leak valve
connected to a dosing tube (with an internal diameter of 4 × 10−3 m)
directed toward the sample so that the pressure at the sample surface is
enhanced compared to the measured background pressure. The
chamber was also equipped with a single-pass cylindrical-mirror
analyzer (CMA) for Auger analysis, and an argon ion bombardment
source for sample cleaning and depth profiling. A high-resolution
electron gun with a beam energy of 5 keV, and a channeltron
secondary electron detector, were also incorporated into the system.
This allowed scanning electron microscopy (SEM) images and Auger
spectra of the rubbed regions to be collected. Finally, the chamber also
included a quadrupole mass spectrometer for leak checking, detecting
gas-phase products formed during rubbing and for gauging reactant
purity. The measurement procedures are described in greater detail in
the SI Section S1.

XPS Measurements. XPS measurements were made by removing
the samples from the UHV chamber in a nitrogen-filled glovebag and
storing them in a sealed container under nitrogen. Further
experimental details are provided in the SI Section S1.
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Materials. The copper samples (Alfa Aesar, 99.99% pure, 1 mm
thick) were polished to a mirror finish using 1 μm diamond paste and
then rinsed with deionized water and ultrasonically degreased in
acetone. Once in UHV, the copper foils were cleaned using a standard
procedure, which consisted of Argon ion bombardment (∼1 keV, ∼2
μA/cm2) and annealing cycles up to ∼600 K for 300 s. The cleanliness
of the samples was monitored using Auger spectroscopy.
The dimethyl disulfide (DMDS, Aldrich, 99.0% purity) was

transferred to glass bottles and attached to the gas-handling systems
of the vacuum chamber, where they were subjected to several freeze−
pump−thaw cycles. The purity of the compounds was monitored
using mass spectroscopy.

■ ASSOCIATED CONTENT
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XPS spectra collected after 40 and 80 rubbing cycles,
uptake curve of methyl thiolate species on the rubbed
region, kinetic analysis of the mechanochemical reaction,
and the subsurface sulfur distribution. Sulfur in-depth
distributions in the various scars obtained by applying the
MEM algorithm to the ARXPS data profile (PDF)
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