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chemical reaction mechanisms:
insights into tribofilm formation from hydrocarbon
adsorbates coupled with tribochemical substrate
wear†

Yu-Sheng Li, a Fakhrul H. Bhuiyan, b Jongcheol Lee, a Ashlie Martini b

and Seong H. Kim *a

Tribochemical reactions, chemical processes that occur by frictional shear at sliding interfaces, lead to

tribofilm formation or substrate wear that directly affect the efficiency of machinery. Here, we report

tribofilm growth through tribopolymerization and tribochemical wear of a silica surface due to reactions

with organic precursors methylcyclopentane, cyclohexane, cyclohexene, and a-pinene. The activation

volume determined from the stress dependence of reaction yield is correlated to the chemical reactivity

of the precursor molecules. The molecules with higher tribochemical reactivity exhibited smaller

activation volume, implying that less mechanical energy was required to initiate tribochemical reactions.

Nudged elastic band calculations for the hypothetical pathways for the observed tribochemical reactions

suggested that the smaller activation volume could be related to smaller thermal activation energy at the

rate-limiting step. The tribofilm formation yield was found to increase with load whereas the load

dependence of tribochemical wear was negligible. The environment dependence of the sliding

processes was also analyzed. Results showed that, compared to a dry N2 environment, the

tribopolymerization reaction yield increased in dry air but decreased in N2 with 40% relative humidity,

while the wear rate remained unchanged. This finding suggested that during sliding, the reactive sites

exposed at the worn surface could be re-oxidized by even trace amounts of oxygen or water vapor in

the environment. This analysis of tribofilm yield and substrate wear in various environments showed that

ambient gas can change the tribochemical reactivities of the reactant, which leads to different load

dependencies of tribopolymerization and tribochemical wear.
1. Introduction

Mechanochemistry is the subeld of chemistry investigating or
utilizing chemical reactions that are facilitated by mechanical
stress in milling, grinding, stretching, compressing, and
shearing processes. Unlike conventional chemical reactions
that rely on thermal activation or catalysis, mechanochemistry
involves mechanical energy as the primary driving force to
initiate or facilitate chemical reactions. Mechanochemistry can
offer several advantages over solution-based chemistry.1,2 For
example, ball-milling process can be an efficient and solvent-
free synthetic route at room temperature, while the same reac-
tion in solution in a conventional reactor may require high
temperatures.3 Twin screw extrusion has been demonstrated to
aterials Research Institute, Pennsylvania
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iversity of California, Merced, CA 95343,

tion (ESI) available. See DOI:

28–341
be an efficient process for large-scale organic synthesis by
enabling continuous reactions without solvent, providing
products with high conversion yields and minimal post-
synthesis purication.4 Tribolms containing polymeric
species can be formed from adsorbate molecules or additives
under frictional shear conditions, which can provide lubrica-
tion effect and reduce wear of the substrate.5–8 Chemical reac-
tions that are driven by interfacial friction are specically called
tribochemical reactions. Such reactions are ubiquitous in
lubrication systems in industrial machineries and polishing
processes.9

Tribochemical reactions have been investigated using
various experimental and computation methods which include
macroscale tribometers, atomic force microscopy (AFM), and
molecular dynamics simulations. Studies using tribometers
have shown that tribochemical polymerization, i.e., formation
of tribopolymers, is sensitive to the applied frictional force,10,11

surface chemistry,12,13 environmental gas,14,15 and the presence
of various additives in base oil.16,17 Using AFM, the growth of
tribolms from lubricant additives in single-asperity sliding
© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanocontacts followed an exponential dependence on the
applied compressive stress or temperature.18 Molecular
dynamics simulations have been widely employed to gain
atomic insights into underlying reaction pathways.19–22

From those studies, it is now clear that shear stress of fric-
tion plays a key role in driving tribochemical reaction,11,23–26 but
it is still unclear how the mechanical energy of interfacial shear
is transferred or channeled into the reaction coordinate. The
most extensively used model to describe the energetics of tri-
obochemical reactions is the Bell model (also called the stress-
assisted thermal activation model).27,28 In this model, reaction
kinetics is expressed as:

k ¼ A exp

�
� Ea � Em

kBT

�
(1)

where k is the reaction rate constant or reaction yield, A is the
pre-exponential factor, Ea is the thermal activation energy (cal)
in the absence of mechanical action, Em is the mechanical
energy (cal), is the Boltzmann constant (3.3 × 10−24 cal K−1),
and T is the absolute temperature (K) of the system. If a certain
fraction of the applied Em is channeled into a hypothetical
reaction coordinate, it can increase the reaction rate by lowering
the effective activation energy barrier. The reduction in energy
barrier could result from either a decrease in transition state
energy or an increase in reactant energy state; in either case, the
net effect is the reduction of energy barrier so that the thermal
energy of the system (oen ambient temperature) is sufficient to
drive chemical reactions that would not occur otherwise.29 The
Em term can be viewed as the work done to the system by the
shearing force or stress and can be expressed as:10,30

Em = FDx* = sDV* (2)

where F is the force (N), Dx* is the activation length (m), s is the
shear stress (N m−2), and DV* is the activation volume (m3). In
macro-scale experiments, it is not feasible to control the force
applied to a specic molecule. Instead, it is more practical to
measure the average friction force applied per unit area.
Combining eqn (2) and (1) gives:

k ¼ A exp

�
� Ea � sDV*

kBT

�
(3)

In eqn (3), the activation volume governs how sensitive the
reaction kinetics is to the applied shear stress in terms of
reducing the overall energy barrier, thus driving the tri-
bochemical reactions that might be not thermally accessible.

Activation volume can be readily calculated from the slope of
the semi-log plot of reaction rate constant (k) versus shear stress
(s) assuming that the temperature change during friction is
negligible:15

ln k ¼
�
ln A� Ea

kBT

�
þ s

�
DV*

kBT

�
(4)

However, despite the ease of estimation, interpreting the
physical meaning of the activation volume is not straightfor-
ward. It has been proposed to be the change in molecular
© 2024 The Author(s). Published by the Royal Society of Chemistry
volume between the reactant state and transition state during
tribochemical reactions,22,31–33 the physical volume of the reac-
tant,24,34,35 or a hypothetical parameter that quanties the
sensitivity of a tribological system to mechanical forces.11,32

Understanding the physical meaning of the activation volume is
crucial for gaining insight into the mechanisms underlying
tribochemical reactions and for facilitating the development of
a new tribological system.36

One approach to study the underlying reaction mechanisms
of tribochemistry is to investigate the yield of tribolms
remaining on the substrate under varying shear stress condi-
tions. In the chemical process of tribolm formation, the tri-
bochemical wear of substrate could occur
simultaneously.15,25,26,37,38 This type of surface wear is different
from abrasive or adhesive wear. The involvement of surface
atoms from the substrate as a key reaction step in the formation
of tribolms through tribochemical reactions of organic
precursors has been shown in several studies.25,26,37 This process
can lead to changes in chemical states of surface atoms or even
surface wear within the sliding interface. Wear of metal surfaces
was reported to occur concurrently with the formation of tri-
bolms in several lubricant additive studies using a macroscale
tribometer.15,37–39 However, the correlation between yield of tri-
bolms and wear volume of the substrate appeared to be quite
complicated. The tribochemical reactivity of organic reactants
was found to vary depending on the substrate being rubbed and
the ambient gas environments, while the wear rate of the
substrate remained relatively constant.15,39 In some studies, less
wear of a steel substrates was observed when more carbon-
containing oligomeric lms were formed from liquid lubri-
cants in the boundary lubrication regime using a macroscale
tribometer at substrate.12,40,41 It was suggested that the forma-
tion of tribolms at the sliding interfaces can prevent direct
contact between the two surfaces, thereby reducing wear. In
contrast, other studies reported a larger wear volume of a metal
substrate when more tribolms were present in a macroscale
tribotest due to higher tribochemical wear.13,42,43 In vapor phase
lubrication (VPL) with n-pentanol where the tribolm formation
was not observed at all, frictional wear was almost completely
suppressed.44,45 Analyzing the correlation between surface wear
volume and tribolm reaction yield as a function of shear stress
is therefore important not only for better comprehending the
role of surface atoms in tribochemistry but also for gaining
deeper insight into the fundamental processes of
tribochemistry.

In this study, we aimed to elucidate two aspects of tri-
bochemistry: (i) the correlation between DV* and the molecular
structures of organic model compounds in tribopolymerization
reactions on a model surface (silica) and (ii) the interplay
between the tribopolymerization and tribochemical wear. The
model compounds chosen for the study were methyl-
cyclopentane, cyclohexane, cyclohexene, and a-pinene, which
were supplied to the sliding interface through adsorption from
the gas phase. These were chosen to evaluate the relative
importance of three factors: (i) internal molecular strain, (ii)
presence of unsaturated bonds, (iii) equilibrium dimensions
(size). To conrm the role of internal ring strain energy,
RSC Mechanochem., 2024, 1, 328–341 | 329
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methylcyclopentane and cyclohexane were selected in this
study. The estimated strain energies of cyclohexane, cyclo-
hexene, and cyclopentane are 0.8 kcal mol−1, 1.3 kcal mol−1,
and 7.4 kcal mol−1, respectively.46 The methyl group on cyclo-
pentane would not change the strain energy by much.47 Cyclo-
hexane and cyclohexene were chosen to not only study the effect
of internal ring strain energy but also the presence of unsatu-
rated bonds on tribochemical reactivity. a-Pinene has a four-
membered ring and a six-membered ring with unsaturated
bond. The four-member ring of cyclobutane has a strain energy
of about 25 kcal mol−1.48 The comparison of a-pinene with
cyclic hydrocarbons reveals that molecular size can affect tri-
bochemical reactivity as well.

The activation volume was deduced from the slope of the
semi-log plot of reaction yield versus shear stress using the Bell
model, and the tribochemical reactivity was inferred from the
intercept (eqn (4)). These analyses were complemented by
nudged elastic band (NEB) calculations within the framework of
a reactive empirical potential to calculate the activation energy
barrier for selected reaction pathways. To study the role of the
substrate wear in tribopolymerization of adsorbates, the wear
rate of the silica surface was measured over varying shear stress
conditions and in three different environmental conditions (dry
N2, dry air, and humid N2). Putting all these results together, we
found the interplay among various parameters such as DV*,
environmental gas, molecular structure, and surface chemistry.
This suggested that a full mechanistic understanding may not
be obtained by studying the effect of a single parameter.

2. Methods
2.1 Experimental

All tribotests were carried out using a custom-built ball-on-at
tribometer with the capability to control the vapor environ-
ment. In this study, a silicon wafer with thermally grown oxide
layers was used as the substrate, and the counter surface was
a sodium borosilicate sphere (Thermo Fisher Scientic) with
a diameter of 3 mm. The root-mean-square surface roughness
of the ball was estimated to be ∼4 nm aer removal of the ball
curvature.49 A new ball surface was used in each experiment. A
silicon (100) wafer (Wafer World, Inc. (West Palm Beach, FL,
USA)) was cleaned with RCA-1 solution (water : H2O2 : NH4OH =

5 : 1 : 1) at 75–80 °C for 20 minutes to remove organic and
inorganic contaminants followed by rinsing with deionized
water. Aer cleaning, the silicon wafer was heated in a tube
furnace at 450 °C for 15 hours in dry N2 and then cooled to room
temperate at 1 °C/min. The thickness of the resulting oxide layer
was determined to be 5–7 nm from ellipsometry analysis.49,50

The water contact angle of the thermally-treated silica was 42 ±

1°, while the RCA-1 cleaned surface had a contact angle of less
than 5° (Fig. S1 in the ESI†). Hereaer, the silicon wafer
prepared in this way is called dehydroxylated silica.

Before the tribotest, the dehydroxylated silica substrate and
the counter surface were rinsed with acetone and ethanol, fol-
lowed by deionized water, and subjected to UV/O3 treatment for
20 minutes.51 The gas ow with the saturation vapor pressure
(Psat) of a-pinene (98%; Sigma-Aldrich), methylcyclopentane
330 | RSC Mechanochem., 2024, 1, 328–341
(97%; Sigma-Aldrich), cyclohexane ($99%; Sigma-Aldrich),
cyclohexene (99%; Thermo Fisher Scientic), and n-pentanol
(99%; sher scientic) were generated by owing dry N2 into
a ask lled with those chemicals at room temperature. Note that
the dry N2 gas used in this study contained ∼500 ppm of oxygen
and ∼10 ppm of water (based on the purity and dew point
provided by vendor). Partial pressures of the organic vapors
relative to its saturated vapor pressure (P/Psat) were controlled at
30% by mixing the N2 stream saturated with organic vapor with
the dry N2 stream at a specic ratio calculated for each precursor
to be tested. Details of the tribotest set-up were discussed previ-
ously.15 A constant load was applied to the counter surface and the
substrate was reciprocated at a speed of 3.2 mm s−1. The applied
load ranged from 50 g to 300 g, which corresponded to an average
Hertzian contact pressure varying from 0.23 to 0.42 GPa. The
substrate was reciprocated at a stroke length of 2.3 mm. In this
condition, the maximum ash temperature rise was calculated to
be less than 5 °C.52 The shear stress was calculated as the average
contact pressure multiplied by the measured friction coefficient.53

The friction coefficient data and friction loops are provided in the
ESI (Fig. S2 and S3).†

Tribo-products formed and remained inside and around the
sliding tracks were analyzed with atomic force microscopy
(AFM; Digital Instruments MultiMode scanning probe micro-
scope). The tapping mode imaging method was used to collect
the 3D topographic images of tribopolymers at various
segments of sliding tracks (covering both ends of the sliding
track and one place in the middle of the track). Tapping mode
AFM tips were purchased from Bruker (TESPA-V2), and the
spring constant of cantilever was calibrated to be 50 ± 2 N m−1

using the Sader method.54 The reaction yield was calculated by
adding up the volumes above reference plane from multiple
AFM images. It was assumed that the unimaged area of the
track has the same amount of tribolm calculated from the
image in the middle. The total volume calculated along the
entire sliding tract was then divided by the sliding area and time
to get the normalized yield. The wear volume of the substrate
was estimated from the images taken by optical prolometry
(Zygo NewView 7300) aer rinsing off the tribopolymers with
acetone, ethanol, and deionized water. Detailed information
regarding the calculation of reaction yield and wear volume can
be found in a previous study.15

The photothermal AFM-IR analysis was conducted in the
spectral range of 800–1800 cm−1 using a Bruker IconIR system
in contact mode. In this mode, a gold-coated AFM probe (PR-U-
CnIR; k = 0.2 N m−1; resonant frequency = 13 kHz) maintained
contact with the surface across the sample scan while it was
illuminated by IR pulses (MIRcatTM). The IR pulse frequency
was modulated at a contact resonance frequency which was
determined for each sample (for example, ∼696 kHz for cyclo-
hexene and ∼732 kHz for cyclohexane), and the signal was
detected at the same frequency. Areas of 15 mm × 10 mm were
scanned with 64 pixels per line at a scan rate of 0.4 Hz at two
locations of each sliding track – the pile-up region at the end
and the side region in the middle with small islands. The AFM-
IR imaging was done for the tribopolymers formed from
cyclohexene and cyclohexane.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2 Computational

The nudged elastic band (NEB) method in LAMMPS55 was used to
calculate the energy barriers for the key steps associated with
cyclohexane and cyclohexene oligomerization reactions.56–58 The
oligomerization reactions were observed in reactive molecular
dynamics (MD) simulations in a previous study, where the
simulation system consisted of 50 precursor molecules (cyclo-
hexane or cyclohexene) between two silica slabs.59 The precursor
molecules in the reactive MD simulations were compressed at
2 GPa normal stress and then sheared between the two silica slabs
at 300 K to induce oligomerization reactions, mimicking the ball-
on-at tribometer experiments and described in detail in previous
papers.25,59,60 The normal stresses used in the simulations are
standard in the literature and such normal stress values are
routinely used in reactive MD simulations to accelerate reaction
kinetics.19,22,60–63 However, the magnitude of the stress in the
dynamic simulations did not affect the NEB calculations directly
since the initial (reactant state) and the nal (product state)
replicas were energy minimized and structurally optimized via
LAMMPS before performing the NEB calculations.

The initial and nal images for the NEB calculations were
taken from the dynamic simulations by deleting all non-
relevant atoms that did not participate directly in the reac-
tions. The initial congurations of the intermediate replicas
were automatically generated by the NEB method through
a linear interpolation of the atomic coordinates based on the
initial and the nal replicas. The minimum energy path for the
reaction was then calculated by the NEB method by optimizing
the replicas along the reaction path.

The replicas were connected by virtual springs parallel to the
transition path to ensure equal spacing between the replicas.
Another virtual spring perpendicular to the transition path was
applied to maintain a straight path for transition. The total force
acting on each replica was then calculated by combining all the
force components acting parallel and perpendicular to the
tangent to a replica on the reaction path. The force components
included the gradient of the atomic interaction perpendicular to
the tangent, the spring force along the tangent, and the perpen-
dicular component of the spring force regulated by a switching
function.57,64 The total force acting on the replicas was minimized
through damped dynamics until a force criterion of 0.1 eV Å−1

was met for the saddle point to calculate the minimum energy
path.56,64,65 These calculations used the climbing imagemethod to
prevent the replica with the highest energy from slipping down
along the reaction path and to force the replica to climb upwards
to maximize its energy.66 All NEB calculations were performed
using a ReaxFF forceeld previously developed to model the
interactions amongH, C, O, and Si atoms to study themechanical
properties of a two-phase solid–liquid polymer system in
water.67,68
3. Results and discussion

Fig. 1 displays the height proles taken at the le end and in the
middle of the sliding track, before and aer rinsing off the tribo-
products. The tribo-products were mostly accumulated at the
© 2024 The Author(s). Published by the Royal Society of Chemistry
end or periphery of the sliding track. There were relatively few
tribo-products remaining inside the sliding track, which means
that they were pushed to both ends of the reciprocating motion
by the counter-surface during the tribotesting. Aer the removal
of the tribo-products, the height prole along the same sliding
track shows that the wear of the substrate occurred during the
tribolm formation. The substrate wear amount is considerably
smaller than the volume of tribo-products. Note that the wear of
the ball and the volume of tribolm adhered to the ball were
negligible compared to the wear of the substrate and the yield
on the substrate.15 In the previous tribotesting of silica in
a vapor phase lubrication condition with chemically inert
precursor molecules (such as pentanol vapor), neither abrasive
nor adhesive wear was observed in a mechanical load condition
similar to the one used in this study.45 Thus, the observed wear
in this system must originate from tribochemical reactions
involving the surface atoms of the substrate in the process of
producing tribolms from the adsorbed molecules. In the
following, the shear stress dependence of the normalized tri-
bolm yield and the tribochemical wear volume will be dis-
cussed separately.
3.1 Activation volume associated with tribolm formation
from adsorbed organic precursors

In Fig. 2, the normalized tribolm yields measured in four
precursor vapor environments are plotted on a log scale against
the shear stress which was calculated by multiplying the contract
stress with the friction coefficient.53 From the change in slope of
the data on the semi-log plot, two different stress dependence
regimes can be identied – linear dependence on shear stress at
#0.091 GPa and deviation from this linearity with different
slopes at s $ 0.091 GPa. The difference in the slope might
indicate a non-linear distortion of the potential energy prole
along the reaction coordinate,69,70 or an onset of competition
with a new reaction pathway at high shear stress conditions.70

Exploring the exact mechanism of the difference between low
and high-stress regimes is beyond the scope of this study. The
reason we only use the rst four shear stress data points in the
ttedmodel is to leave room for the possibility that the nonlinear
effect of force on PES may become signicant at the high stress
condition. In fact, including all the data points in the linear
tting does not change the conclusions or trends found in the
results (Fig. S4 in the ESI†). Additionally, the highest load applied
in this study reached the capacity limit of our load cell, pre-
venting us from increasing the load further to evaluate possible
nonlinear behavior at high stress. In the reactive MD simula-
tions, a linear trend was still observed up to the contact pressure
of 4 GPa.60 For the linear regime at s # 0.091 GPa, the activation
volume and intercept for each precursor were obtained for each
precursor, which are summarized in Table 1, along with the
volume per molecule (Vm) of four precursors. Interestingly,
cyclohexene and a-pinene exhibited signicantly smaller DV*
than cyclohexane and methylcyclopentane. Since the reaction
condition was identical for all four cases, the higher yield can be
interpreted as a higher tribochemical reactivity. Here, the tri-
bochemical reactivity refers to the combination of the pre-
RSC Mechanochem., 2024, 1, 328–341 | 331

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3mr00036b


Fig. 1 The height profile of the sliding track before and after rinsing off the tribo-products. Arrows in the AFM or 3D-profilometry images mark
the locations where line profiles were taken. The wear depth at different locations was less than 4 nm, while the height of tribo-products piled up
at the end and middle of the sliding tracks was hundreds of nanometers high. Therefore, to show the height profile of the tribo-products clearly,
the y-scale wasmultiplied by 40 in the bottom panel. The tribotesting conditionwas P/Psat= 30% cyclohexene vapor in N2 and 600 reciprocating
sliding cycles with a load of 0.15 N applied to the counter-surface.

Fig. 2 Semi-log plot of the normalized yield vs. shear stress for the
tribopolymers produced from cyclohexene, a-pinene, methyl-
cyclopentane, and cyclohexane vapor in N2. The solid lines and dashed
lines represent linear regression of the data points at shear stress
#0.091 GPa and $0.091 GPa respectively. Error bars indicate the
standard error of the mean of the reaction yield calculated from 3–4
different sliding tracks.

Table 1 Activation volume (DV*) calculated from the slope of the
linear fits in Fig. 2 and intercept of the linear fits. Vm is the volume per
molecule calculated from its liquid density. The ratio of DV* to Vm is
also shown

DV* (Å3) Vm (Å3)
DV*

Vm Intercept

Cyclohexene 11.7 � 1.2 168.2 0.07 � 0.01 −24.6 � 0.2
a-Pinene 13.8 � 0.4 263.8 0.05 � 0.01 −25.1 � 0.2
Methyl-cyclopentane 39.2 � 0.8 186.2 0.21 � 0.01 −25.9 � 0.2
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exponential factor A and the energy barrier Ea, solely Ea, or cor-
responding to the reaction yield at the same shear stress. This
correlation suggested that the reactants with higher tribochem-
ical reactivity tend to have smaller DV*.

Between the two precursors with high reactivities, cyclo-
hexene had DV* about ∼15% smaller than a-pinene, while the
332 | RSC Mechanochem., 2024, 1, 328–341
molecular volume (Vm) calculated from the molar volume in the
liquid state is ∼36% smaller for cyclohexene than a-pinene.
Between the two precursors with low activities, DV* of methyl-
cyclopentane was ∼16% smaller than that of cyclohexane,
although Vm of methylcyclopentane is ∼3% larger than that of
cyclohexane. These comparisons indicate that DV* is not
a function of the size of molecule in the equilibrium state. If the
DV* is assumed to represent themolecular deformation from its
equilibrium structure, then the DV*/Vm ratio could be viewed as
a measure of deformation needed to lower the effective activa-
tion barrier of the rate-determining step along the tribochem-
ical reaction pathway. The two highly reactive precursors had
a DV*/Vm ratio equal to or less than 0.07, while those with lower
reactivities exhibited a ratio larger than 0.20.

From the semi-log plot in Fig. 2, it is also noted that the
molecules with higher tribochemical reactivities (cyclohexene
and a-pinene) have smaller negative intercepts at zero shear
stress than those with lower reactivities (methylcyclopentane
and cyclohexane). In the Bell model (eqn (4)), the intercept of
Cyclohexane 46.5 � 1.6 181.2 0.26 � 0.01 −26.2 � 0.1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the semi-log plot contains the thermal activation energy (−Ea)
term for the reaction observed in the tribological experiment.
Note that, since the log of normalized reaction yield was used in
the analysis of the experimental data with the Bell model,
instead of the reaction rate constant, the intercept value cannot
be converted to the activation energy in the unit of cal mol−1.
Calculating the reaction rate constant is not straightforward.
This difficulty arises from the fact that the contact diameter
(∼100 mm) is much smaller than the length of the sliding track
(∼2300 mm); thus, the reaction at a given location of the track
occurs intermittently. During the period when the counter-
surface is not in contact at a given location of the sliding
track between two reciprocating slides, intermediate species at
that location may desorb into the gas phase or further reactions
may occur with molecules impinging from the gas phase. In
some studies, the pre-exponential factor was assumed to be 1013

or 1014 s−1,8,10,69,71,72 which is a reasonable approximation only
for the rst-order unimolecular reactions.10,73 Although the
reaction order of tribopolymerization reactions is not known or
could not be determined, it is not expected to be rst
order.13,74,75 All these details make it difficult (if not impossible)
to accurately determine the reaction rate constant and reliably
convert the experimentally-determined intercept value to the
effective energy barrier.36 Even if such a conversion was
possible, reactions that occur in tribochemical conditions are
not readily observable under thermal reaction conditions. Thus,
it is difficult to compare mechanochemical reaction parameters
with those of the same reaction occurring in the absence of
mechanical activation.

Nonetheless, if the pre-exponential factor term (A) is
assumed to be similar or comparable for the four molecules
studied here,32,69 the smaller magnitude of the negative inter-
cept in the semi-log plot could be interpreted as a smaller
thermal activation energy (Ea). Then, it is noted that the
decreasing order of Ea is the same as the decreasing order of
DV*. Similar trends have been observed when comparing the
tribopolymerization of a-pinene on different substrates, tribo-
polymerization of a-pinene, pinane, and n-decane on stainless
steel and the Diels–Alder cycloaddition reaction with different
dienophiles.13,32,74 The activation volume calculated from the
slope of semi-log plot of normalized yield against contact
pressure on highly reactive surfaces (CuO, NiO and Cr2O3) was
smaller than that on low reactive surface (SiO2). Additionally,
the absolute value of intercept of the high-yield substrate was
smaller than the low-yield substrate, indicating that Ea of the
tribopolymerization of a-pinene was smaller on CuO, NiO and
Cr2O3 than on SiO2.

13 When comparing the tribopolymerization
of a-pinene, pinane, and n-decane on stainless steel, a-pinene
exhibited the highest tribopolymerization yield (smallest Ea)
and the smallest activation volume.74 Though a similar trend
was shown in this previous study, they did not discuss this trend
at all (only the effect of ring strain energy on DV* was dis-
cussed).74 In the study on the force-activated Diels–Alder
cycloaddition reaction with different dienophiles, it was found
that the reactions with larger activation energy (Ea) were more
sensitive to mechanochemical activation as indicated by larger
activation volume DV*.32 This correlation could mean that less
© 2024 The Author(s). Published by the Royal Society of Chemistry
assistance from mechanical energy is needed to initiate tri-
bochemical reactions for molecules that have a smaller activa-
tion barrier. If DV* is associated with the molecular
deformation,22,31–33 this trend means that the molecule with
a smaller activation barrier can undergo tribochemical reac-
tions even at small deformation from the equilibrium geometry
or structure, as observed in our previous work.74

In the homologous series of cyclic saturated hydrocarbons,
the ve-membered ring compound has a slightly higher ring
strain than the six-membered ring.46,76 Maybe, the slightly
smaller DV* and negative intercept values for methyl-
cyclopentane than cyclohexane could be attributed to the
difference in ring strain energies (0.8 kcal mol−1 for cyclo-
hexane; 7.4 kcal mol−1 for cyclopentane.)46,47 Despite a slightly
larger ring strain energy in methylcyclopentane compared to
cyclohexene (1.4 kcal mol−1), the tribochemical reactivity of
methylcyclopentane was found to be lower than that of cyclo-
hexene. This nding suggests that ring strain energy is not the
only parameter governing the tribochemical reactivity of
a reactant, especially when comparing a cycloalkene to a cyclo-
alkane. The higher reactivity of cyclohexene (indicated by
smaller Ea) and lower sensitivity to stress (indicated by smaller
DV*) than cycloalkane can be attributed to the fact that they
follow different reaction pathways and thus their activation
energy barriers are different.25,59 a-Pinene has both the C]C
double bond in the six-membered ring and the four-membered
ring with even larger ring strain, but its tribochemical reactivity
was found to be slightly smaller than that of cyclohexene.
Currently, we do not have any denitive explanation. A specu-
lative hypothesis is the role of entropy in the activation process.
a-Pinene consists of 10 carbon molecules, while cyclohexene
has only 6 carbon atoms. Thus, a-pinene would have more
degrees of freedom in stress-induced deformation than cyclo-
hexene. If so, the assumption of “similar” pre-exponential factor
used to interpret the magnitude of the negative intercept may
need to be modied as least for the a-pinene case.32,77,78 Another
possible reason is that the methyl group near the unsaturated
bond (or the two methyl groups near the four-membered ring)
hindered the access of double bond to react with the surface.25

The comparison of a-pinene with cyclohexene provides a new
insight that was not obvious in the previous studies comparing
homologous series with the same number of carbon atoms74 –
not only the ring structure and unsaturated bond could alter
reactivities, but also molecular size and the accessibility of
reactive sites to the surface could have an impact.25,32 This
suggests that the accessibility to reactive site or physical
hindrance also affects DV* and Ea.
3.2 NEB calculation of activation energy involved in
tribolm formation

To gain molecular-level insight into the trends observed in the
experiments, we have carried out NEB calculations to quantify
the activation energy barrier of the rate-determining step
involved in the tribochemical reactions. In our previous studies,
we used reactive MD simulations to capture the shear-activated
oligomerization reaction pathways for all four molecules.25,59
RSC Mechanochem., 2024, 1, 328–341 | 333
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Cyclohexane and methylcyclopentane followed a similar
pathway, which began with the hydrogen elimination of an
intact precursor molecule, while cyclohexene and a-pinene
followed another similar pathway, which started with oxidative
chemisorption of an intact molecule at the double bond. Hence,
it is reasonable to assume that the rate-limiting steps for
methylcyclopentane and cyclohexane tribopolymerization are
similar. The same assumption can be applied to a-pinene and
cyclohexene. Here, NEB calculations were performed for cyclo-
hexane and cyclohexene only. This choice was based on the
categorization of the four molecules into two groups in Table 1:
one group with high yield and low DV* (a-pinene and cyclo-
hexene), and the other with low yield and high DV* (methyl-
cyclopentane and cyclohexane). Since cyclohexene and
cyclohexane have similar chemical structures in terms of atom
number and ring structure, they were chosen for comparative
study of these two groups.

Previously, reactive MD simulations of cyclohexane and
cyclohexene captured the reaction pathways for oligomeriza-
tion.59 Although only oligomers were observed in MD simula-
tions, MD can still provide the potential energies of various
reaction steps involved in tribopolymerization because poly-
mers are produced by repeating the same steps involved in the
oligomerization reaction. Simulations showed that tribo-
oligomerization of cyclohexane starts with hydrogen elimina-
tion from the precursor molecule by the surface oxygen in the
chemisorption step followed by association reaction of this
chemisorbed species with another incoming molecule.43 In
contrast, cyclohexene undergoes oxidative chemisorption at the
C]C double bond rst and then the addition of another
molecule to the surface oxygen that is already covalently bonded
to the previous cyclohexene molecule.25,59 Following the identi-
cation of these reaction steps, NEB calculations were per-
formed to quantify the thermal activation energy in the
hydrogen elimination (for cyclohexane) and oxidative chemi-
sorption (for cyclohexene) followed by the association reaction
step to (1) determine the rate-limiting step, and (2) compare the
Fig. 3 NEB-calculated minimum energy paths for representative (a) H-e
predicted energy barrier for H-elimination of a cyclohexane molecule w
less than 1 kcal mol−1. The insets show the initial and the final states of

334 | RSC Mechanochem., 2024, 1, 328–341
activation energy barriers of the rate-limiting steps in tri-
bochemical reactions of the representative molecules of the
high-yield and low-yield groups.

The NEB-calculated minimum-energy paths and associated
energy barriers involved in the tribochemical processes of
cyclohexane and cyclohexene are shown in Fig. 3 and 4. Fig. 3a
and (b) correspond to (i) hydrogen elimination needed prior to
initial chemisorption and (ii) association reaction of the
chemisorbed species, respectively.43 The NEB calculations
showed that the rate-limiting step is the hydrogen-elimination
with an activation energy of 90.6 kcal mol−1. The second step
involving the association of the chemisorbed species with
another molecule appears to be an energetically downhill
process without a signicant barrier. The oxidative chemisorp-
tion of the cyclohexane molecule (Fig. 3b insets) with an
undercoordinated carbon molecule aer H-elimination had
a low energy barrier like the oligomerization step and thus is
not shown here as a key step.

In the case of cyclohexene, the oxidative chemisorption
(Fig. 4a) appeared to occur without any signicant energy
barrier (less than 1 kcal mol−1), and the association reaction of
the chemisorbed species with incoming molecule (Fig. 4a) was
found to be an activated process with a barrier of 36.7 kcal
mol−1. Therefore, the rate-limiting step in the cyclohexene tri-
bopolymerization must be the association reaction. The NEB-
calculated energy barrier for oxidative chemisorption of cyclo-
hexene was less than 1 kcal mol−1, which is lower than the
previous DFT calculation results (1.6 kcal mol−1 to
13.2 kcal mol−1) for similar reaction steps in epoxidation or
hydroxylation of cyclohexene.79–81 This could be due to the
differences in the reactants and the reaction mechanisms
involved in this study compared to the previous DFT calcula-
tions, and the approximations involved in parameterizing
reactive force elds. Nevertheless, the NEB calculations revealed
a stark difference between the reactivity of the two precursor
molecules and showed that the rate-limiting step of cyclohexene
oligomerization has a thermal activation energy that is ∼2.5
limination and (b) oligomerization reactions of cyclohexane. The NEB-
as 90.6 kcal mol−1 whereas the energy barrier for oligomerization was
the chemical species during the NEB calculations.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 NEB-calculated minimum energy paths for representative (a) oxidative chemisorption and (b) oligomerization reactions of cyclohexene.
The NEB-predicted energy barrier for oxidative chemisorption of cyclohexene was less than 1 kcal mol−1 whereas the energy barrier for olig-
omerization was 36.7 kcal mol−1. The insets show the initial and the final states of the chemical species during the NEB calculations.
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times lower than the rate-limiting step of cyclohexane
oligomerization.

Although quantitative comparison of the NEB calculation
results with the experimentally determined DV* and the nega-
tive intercept is not possible, a qualitative comparison could
still provide valuable insight. First, the large difference in the
negative intercept magnitude could be explained by the nding
that different reactions are involved in the rate-limiting step.
Second, the large difference in activation barriers (Ea) of these
rate-limiting steps may explain the large difference in DV*. The
hydrogen elimination step of cyclohexane by the surface oxygen
has much higher Ea (H-elimination; Fig. 3a) than the associa-
tion step of cyclohexene to the chemisorbed species (oligo-
merization; Fig. 4b) and thus more assistance from Em (=sDV*)
is required for the cyclohexane tribopolymerization to occur
under the same shear stress, which supports the larger DV*
found for cyclohexane than for cyclohexene. In other words,
cyclohexane has higher sensitivity to stress. Although the NEB
calculations were done for the dimerization only, we think the
subsequent reactions forming polymers will exhibit similar
trends. The reaction pathways for cyclohexene and cyclohexane
oligomerization mentioned earlier remained consistent up to
hexamers, as observed in the reactive MD simulations. Since no
other energy or heat source is available in the experiments, the
reactionmechanisms identied from the simulations should be
relevant to longer polymer chains.
3.3 Chemical and mechanical properties of tribolm

The exact chemical composition or molecular weight distribu-
tion of the tribopolymers produced could not be determined
because the amount of tribolm inside and around the sliding
track was too small for chemical analysis. Nonetheless, the
chemical differences between the tribopolymer formed from
cyclohexene and cyclohexane could be assessed using AFM-
based analyses. Fig. 5 compares the photothermal AFM-IR
analysis results of the tribolms formed from cyclohexene
and cyclohexane, representative ones from the high-yield and
© 2024 The Author(s). Published by the Royal Society of Chemistry
low-yield groups. The tribopolymers in the pile-up region at the
end of the sliding track exhibited an absorption peak at
1712 cm−1, characteristic of the C]O group, and a broad bands
with peaks in the 1000–1100 cm−1 region, which could be
attributed to the C–O stretching modes.82–84 The Si–O stretch of
the silica layer can also give a broad absorption band in the
1000–1100 cm−1 region in AFM-IR;85 but the contribution from
the substrate was found to be negligible. The 1040 cm−1 signal
in the bare substrate region (regions marked with in Fig. 5)
wasmuch smaller than the intensity in the tribolm region. The
presence of these oxygenated species is consistent with previous
elemental analysis results.15,33 Since the precursor molecules
did not contain oxygen, these oxygen species in the tribolm
must originate from the surface oxygen. In fact, our previous
MD simulations showed the involvement of surface oxygen
species in the oxidative chemisorption and/or subsequent
association reactions.25,59 This aspect will be elaborated further
in the next section where the tribochemical wear of the
substrate is discussed.

The difference in the band shape of the 800–1200 cm−1

region could be due to the difference in the tribochemical
reaction mechanisms of cyclohexene and cyclohexane.
However, the spectral resolution was not good enough to resolve
the heterogeneous polymeric species in the triobolm, making
further interpretation not possible. Nonetheless, it is noted
that, in Fig. 5, the peak at 1590 cm−1 is clearly discernible in the
AFM-IR spectrum of the tribolm from cyclohexene, while it is
absent in the cyclohexane tribolm spectrum. This peak can be
attributed to the stretch mode of C]C bonds.83,84 This may
imply that not all cyclohexene molecules are activated through
the oxidative chemisorption or association reaction at the C]C
bond sites. In fact, our previous MD simulation study found
that not all C]C participate in the initial oxidative chemi-
sorption.25,59 Therefore, it is likely that some fraction of C]C
double bonds remain unreacted (or re-formed) and is detected
in the AFM-IR spectra of the nal product.

Inside the sliding tracks (regions marked with ③ in Fig. 5b
and d), the tribopolymer signal was found to be very weak or not
RSC Mechanochem., 2024, 1, 328–341 | 335
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Fig. 5 AFM-IR spectra of tribopolymers formed in (a) and (b) cyclohexene and (c) and (d) cyclohexane environments, accumulated at the end and
in the middle of sliding tracks, were acquired. The location for each AFM-IR spectrum collected was marked as on the 3D
height map. The height and IR mappings at 1040 cm−1 and 1712 cm−1 were shown at the left. The scanned areas (15 mm × 10 mm) were marked
with a red box in each optical image.
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larger than the detection limit of the contact-mode AFM-IR
analysis. The contact mode of AFM-IR does not have sufficient
surface sensitivity to detect ultra-thin layer of tribopolymer. As
an alternative means to check if some tribolm remained in the
middle of the sliding track, we compared the adhesion behavior
by collecting the amplitude-distance curve in the tapping-mode
AFM analysis. The cantilever oscillation amplitude was
measured as the tip approached and retracted from the surface.
When the adhesion force between the tip and the sample
becomes larger than the oscillating force of the cantilever, then
the oscillation amplitude drops to zero. During the tip retrac-
tion, the cantilever oscillation recovers from zero to the free-
standing value when the cantilever pull-off force becomes
larger than the tip-sample adhesion force.86,87

Fig. 6 displays the amplitude-distance curves measured on
the bare surface, the pile-up region of the tribolm, and the
region inside the sliding track without tribopolymer. At the end
of the sliding track, the hysteresis between snap-in and pull-out
of the AFM tip is much larger at the location with a thick layer of
tribopolymers compared to the silica substrate region. This
large hysteresis indicates that the tribopolymers exhibit more
viscoelastic behavior compared to silica, requiring a longer pull-
off distance to separate the tip from the surface during the
retraction.82,88 Thus, the tribolm appears quite compliant.

To get more quantitative comparison, the experiments with
the contact-mode force–distance curve were conducted at two
locations marked as② at the pile-up at the track end and at the
track side. The results of these experiments are presented in
Fig. S6 in the ESI.† The elastic modulus of tribopolymers was
estimated by analyzing the compression curve using a JKR
336 | RSC Mechanochem., 2024, 1, 328–341
model;29 the triboproducts piled up at the end of the track
showed an elastic modulus of about 105–130 MPa, the ones
pushed to the side of the track exhibited about 283–305 MPa.
The products at the end of the track showed more hysteresis
between loading and unloading cycles than the ones at the side
of the track; but we could not tell if this is due to the difference
in the amount or the genuine property. In any case, both
exhibited viscoelastic behavior.

For the side region of the sliding track, three locations were
analyzed: silica substrate, thick islands with tribopolymers, and
the inside region of the track. The hysteresis in the amplitude-
distance curve inside the track (locations ③ in the right panels
of Fig. 6a and b) is observed to be signicantly smaller than the
thick pile-up regions at the end of the sliding track but slightly
larger than on the silica substrate. This suggested that a small
amount of tribopolymer remained inside the sliding track. For
the region inside the sliding track, there was too little tribo-
polymer present to condently perform force-separation
measurements.

3.4 Tribochemical wear of substrate during tribolm
formation

The previous elemental analysis of tribopolymers14,26,89,90 and
the AFM-IR analysis of this study (Fig. 5) indicated that tribo-
products produced from oxygen-free hydrocarbon precursors
contain oxygenated functional groups. One possible mecha-
nism suggested by reactive MD simulations is the transfer of
surface oxygen species to the reaction product.25,59 If the oxygen
atoms from the substrate were the only source of oxygen species
in the tribopolymers, an increase in the tribopolymerization
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Amplitude-distance curves were measured at both the end and side of the wear track on tribo-product from (a) cyclohexene and (b)
cyclohexane using AFM in tapping mode. The measurement locations are marked on the height map.
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yield would result in an increase in the wear volume of the
surface as well. However, the load dependence of the wear rate
did not follow this expectation.

Fig. 7a shows the line proles of the wear track in the
substrate surface aer 600 reciprocating cycles in different
organic vapor conditions. The 3D prolometry images of each
wear track and the locations where height proles were taken
Fig. 7 (a) Wear profiles taken on the surface after tribotests in different
Results for three shear stresses are shown here and the others are in ES
tribotests in different vapor environments. Tribotests without organic p
environments were added to compare wear volume with and without b

© 2024 The Author(s). Published by the Royal Society of Chemistry
are provided in the ESI.† Fig. 7b compares the wear rate of the
dehydroxylated silica surface at various shear stresses in ve
vapor environments. Here, the n-pentanol data are included to
show that there is no wear of the substrate in the absence of
tribolm formation under the same mechanical load condition
used in this study.44,45 Thus, the wear of substrate found aer
removal of the tribolmmust be due to tribochemical processes
organic precursors at shear stresses ranging from 0.057–0.103 GPa.
I as Fig. S5.† (b) Wear rate as a function of shear stress calculated after
recursors conducted in relative humidity of 30% in N2 and pure N2

oundary lubrication. Error bars are from three multiple measurements.

RSC Mechanochem., 2024, 1, 328–341 | 337
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Fig. 8 The normalized tribopolymerization yield produced in cyclohexene vapor in N2, air, and RH40 at shear stress s = 0.091 GPa, along with
the wear rate of the substrate after sliding in different environments. Optical images and AFM images of the sliding tracks after tribotest in
cyclohexene in dry N2, dry air, and N2 with relative humidity of 40% were in the ESI as Fig. S7.† Error bars represent the standard deviations from
three multiple measurements, and the p-value from the Student's t-test between each group is shown.
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associated with the formation of tribolms, not due to
mechanical wear. In the absence of vapor phase lubrication or
tribopolymerization, there was substantial wear of the substrate
in the same mechanical condition (as shown in Fig. 7b).

Comparing the different organic precursors, the wear tracks
found aer removal of tribopolymers formed from cyclohexene
and a-pinene were deeper and wider compared to those formed
in cyclohexane and methylcyclopentane conditions. This could
be attributed to the different reaction pathways associated with
the highly reactive group (cyclohexene and a-pinene under-
going oxidative chemisorption rst) and the less reactive group
(cyclohexane and methylcyclopentane undergoing hydrogen
elimination rst), as discussed in Fig. 3 and 4.59

For all precursors, the load dependence of the wear rate was
negligible, except for the lowest shear stress case (s = 0.057
GPa). In the lowest shear stress condition tested here, the effi-
cacy of spreading or pushing tribopolymer products from the
sliding region might have been lower than other cases. Setting
aside this outlier case, it was quite surprising to see no stress
dependence of wear, while the tribopolymerization yield
increased exponentially with the applied shear stress (Fig. 2).

To understand these trends, we conducted a mass balance
analysis for oxygen. The amount of oxygen consumed from the
surface over 600 reciprocating cycles could be estimated from
the wear volume (Fig. 7b) and the stoichiometry and density of
silicon dioxide.91 The amount of oxygen incorporated into the
tribopolymer could be estimated from the total volume of the
338 | RSC Mechanochem., 2024, 1, 328–341
tribolm (Fig. 2) and the atomic percentage of oxygen deter-
mined from elemental analysis (∼6%) from the previous
study.15,92 Then, it can be seen that, at s = 0.073 GPa, only 60%
of the oxygen incorporated into the cyclohexene tribopolymer
comes from the surface wear, and at s= 0.103 GPa, this fraction
decreases to 40%.

This analysis suggested that there should be another source
of oxygen involved in the tribological experiment in dry N2. One
possible source could be a trace amount of impurity in the dry
N2 gas.93 Based on the purity of the dry N2 gas used in this study,
the partial pressure of O2 and H2O were estimated to be ∼40
mTorr and ∼8 mTorr, respectively, in the gas stream continu-
ously owing at ambient pressure (760 torr). A simple kinetics
theory predicts that the bombardment rate of these O2 and H2O
molecules onto the surface is 1018–1019 collisions per cm2. If the
atomic density of the silica surface is ∼1014 per cm2, then we
can see that the single atomic site is being bombarded by O2

and H2O molecules 104–105 times per second. If the reaction
probability of O2 or the sticking probability of H2O is 10−3–

10−2,94,95 it would take a fraction of second to form a full
monolayer on the substrate surface; this time is shorter than the
exposure time of the surface to the environment between
consecutive sliding cycles. If so, the reactive oxygen sites at the
sliding interface may get replenished by the O2 and H2O
molecules impinging from the gas phase.

To test this hypothesis, we conducted tribopolymerization
tests of cyclohexene in dry air (152 torr of O2) and measured the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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product yield and the wear volume. Comparing the yield of
tribopolymers produced in dry N2 with 40 mTorr of O2, the
tribopolymer yield was increased while the wear volume was
relatively unchanged (Fig. 8). This supports the hypothesis that
ambient O2 participates in tribochemical reactions through re-
population of the oxygen vacancy site produced by the transfer
of surface oxygen to the tribopolymer. Another possible control
experiment that could be done would be the tribotest at a lower
partial pressure of O2. But it was practically difficult to do due to
the limitation in the purity of the carrier gas or precursor liquid
that can be obtained.

In the control experiment conducted in N2 with 40% RH (9.6
torr of H2O), the tribopolymerization yield of cyclohexene was
decreased as compared to the dry N2 condition, while the wear
volume was about the same. In our previous study, we have
shown that the tribopolymerization yield on the fully-
hydroxylated silica surface was lower than that on the dehy-
droxylated surface.15,49,96 So, seeing the reduced tribopolymeri-
zation yield at higher H2O partial pressure further corroborates
the hypothesis that the surface sites exposed by friction react
with not only the precursor molecules, but also other oxidative
reactants co-present in the carrier gas. In the case of humid
environments, H2O molecules impinging from the gas phase
can hydroxylate the oxygen vacancy site produced by the
transfer of surface oxygen to the tribopolymer, which leads to
a lower tribopolymerization activity in the subsequent sliding
cycle.

These ndings indicate that tribochemical reactivities are
affected by not only the chemical structure of the reactant, but
also the chemical composition of the ambient (carrier) gas. The
latter affects the reactivity of the surface exposed by friction or
sweeping off the product by the counter-surface. This explains
why the chemical compositions and elastic modulus of the tri-
bopolymers produced from the same precursor can vary
depending on the composition of the carrier gas.96 That is
because the chemistry of the reactive surface site can vary
depending on the environmental condition. In the literature,
some studies reported that oxygen or water in air suppressed
the formation of tribolm from organic precursors leading to
increased surface wear,14,15,97–100 while other papers reported the
presence of oxygen or water in environment could increase the
reaction yield of vapor reactants with negligible impacts on
wear.15,96,101 These studies reporting contrary effects must mean
that the role of oxygen and water in the surrounding environ-
ment vary depending on the type of tribolm formation
reactions.
4. Conclusions

In this study, the correlation between activation volume (DV*),
thermal activation energy (Ea), and molecular structures of
organic precursors in tribopolymerization, as well as the role of
oxygen and water in the surrounding environment are eluci-
dated. The key ndings are summarized as follows:

(1) The activation volume DV* determined from the load
dependence of tribolm formation does not correlate with the
© 2024 The Author(s). Published by the Royal Society of Chemistry
volume of reactant molecule in its thermodynamic equilibrium
state.

(2) Saturated species (cyclohexane and methylcyclopentane)
have lower tribochemical reactivity but higher sensitivity to
stress and larger DV* than unsaturated species (cyclohexene
and a-pinene) as observed in macroscale tribological
experiments.

(3) The magnitude of DV* observed in experiments for
cyclohexane and cyclohexene appears to negatively correlate
with the magnitude of the thermal activation energy (Ea)
calculated from ReaxFF-based NEB calculations of the reaction
pathway that would occur in the absence of mechanical stress.
Similar trends were observed on force-activated Diels–Alder
reactions on anthracene monolayers32 and the tribopolymeri-
zation of a-pinene, pinane, and n-decane on 440C stainless steel
substrate.33

(4) In the tribopolymerization of cyclohexane, the rate-
limiting step was the hydrogen elimination of an intact
precursor activated by a surface siloxane. For cyclohexene tri-
bopolymerization, the rate-limiting step was the association
reaction of the chemisorbed species with incoming molecules.

(5) The tribochemical wear of substrate can occur concur-
rently with the tribolm formation if the surface atoms of the
substrate are involved in the reaction mechanism and
consumed in the formation of the nal product. Nonetheless,
the tribochemical wear yield may not correlate with the tribo-
lm yield if reactive surface sites are reproduced and replen-
ished via reactions with ambient gases.
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