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Graphite is widely used as a solid lubricant due to its layered structure which enables ultra-low 

friction. However, the lubricity of graphite is affected by ambient conditions and previous studies 

have shown a sharp contrast between frictional behavior in vacuum or dry environments compared 

to humid air. Here we studied the effect of organic gaseous species in the environment, specifically 

comparing the adsorption of phenol and pentanol vapor. Atomic force microscopy experiments 

and reactive molecular dynamics simulations showed that friction was larger with phenol than 

pentanol. The simulation results were analyzed to test multiple hypotheses to explain the friction 

difference and it was found that mechanical force-driven chemical bonding between the tip and 

phenol molecules plays a critical role. Bonding increases the number of phenol molecules in the 

contact which increases adhesion as well as the number of atoms in registry with the topmost 

graphene layer that act as pinning sites to resist sliding. The findings of this research provide 

insight into how the chemistry of the operating environment can affect the frictional behavior of 

graphite and layered materials more generally. 

 

Keywords: Friction, Graphite, Organic Molecules, Atomic Force Microscopy, Reactive 

Molecular Dynamics Simulations 
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Introduction 

Graphite is used as a solid lubricant in many applications due to its excellent tribological 

performance. Ideally, graphite solid lubricants could function across a wide range of 

environmental conditions. Unfortunately, ultra-low friction is not an intrinsic property and many 

previous studies have shown that the lubricity of graphite is highly sensitive to the environment.1  

Macro and micro-scale measurements have shown that friction on graphite is relatively high in 

vacuum or dry nitrogen,2 3 but can be decreased significantly by the presence of gaseous species 

including water and oxygen. 2, 4 The same trends have been observed in nanoscale experiments 

based on atomic force microscopy (AFM)5-10 as well as atomic-scale simulations.5-7, 11 

Nanoscale studies have suggested multiple mechanisms for the environment-dependent friction of 

graphite. Most of these mechanisms are centered around the physical and chemical interactions 

between gas phase species in the environment and atomic-scale defects on the graphite surface.5, 

8-13 AFM and nanoindentation studies suggested that friction of graphite in dry conditions can 

increase due to interactions between the tip and defects on the graphite surface generated during 

sliding.9, 10  In this context, the role of water molecules is to neutralize dangling bonds and reduce 

covalent bond formation in the interface, thus decreasing the probability of wear and associated 

friction.9, 10 These experiments were supported by density functional theory (DFT) calculations, 

which showed that water molecules physisorb on the basal plane of graphite and chemisorb at 

point defects like vacancies. 11, 12 Further, lower friction achieved with a hydrophobic tip compared 

to a hydrophilic tip showed that chemical interactions between the AFM tip and graphite surface 

also contribute to friction. 8, 13 Other studies that did not consider defects attributed environment 

effects to physisorption. A recent study 6 using AFM complemented by molecular dynamics (MD) 

simulations suggested an intrinsic friction hysteresis mechanism related to the motion of water 

molecules across the graphene basal plane that strongly depends on both humidity and the 

hydrophobicity of graphite basal plane. This study attributed friction hysteresis between loading 

and unloading in a humid environment to changing contact angles due to physisorbed water on the 

graphite. Grand Canonical Monte Carlo simulations and AFM experiments 5 showed that friction 

varied nonmonotonically with humidity and that this trend could be explained by physisorption of 

https://pubs.acs.org/doi/10.1021/acsami.9b13261
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water in the contact region that affected the quality of the contact. However, the hypothesis of 

water adsorption on the basal plane of graphite may not fully explain the observed humidity 

dependence of friction because a recent study measuring water adsorption isotherm on a freshly 

exfoliated graphite surface showed that water adsorption does not occur readily until the humidity 

approaches the saturation point.14 

Most studies mentioned above compared vacuum or dry nitrogen with humid air environments. 

However, in typical ambient conditions, chemical species other than water and oxygen are present, 

for example organic molecules. Further, graphitic surface coatings 15 and lubricant additives 16-18 

may be exposed to hydrocarbons and their derivatives in lubricating oils. Vapor phase lubrication 

studies at the macro scale showed that hydrocarbons have a more significant effect on lubricity 

than water since they require lower relative partial pressure than water for effective lubrication.19 

These experiments suggested that molecular species adsorbed on the graphite basal plane can act 

as a reservoir from which the molecules can migrate to and neutralize defect sites during the sliding 

process. Further, it was shown that the lubricity of alcohols and alkanes on graphite improves with 

increasing molecular size, since adsorption energy increases with molecular chain length. 19   

Previous MD simulations have investigated the effect of organic species on graphite friction. 20-26  

Among these studies, simulations suggested that the energy barrier for lateral translation and 

molecular mobility of benzene and C60 molecules on a graphite basal plane was dependent on the 

rotational degree of freedom of these species.24 25, 26 These results suggested that the friction force 

and energy barrier required for sliding could be attributed to the mobility of molecules present on 

the graphite surface which is determined by the structure of the species and temperature. However, 

these studies assumed that the behavior of the molecules could be explained by physisorption, and 

the possible effects of chemical bonding in the interface were not considered. 

 

In the present study, we performed friction experiments using AFM along with reactive MD 

simulations of a silica AFM tip sliding on a graphite basal plane in the presence of pentanol and 

phenol. Phenol (C6H5OH) is an aromatic compound composed of a hydroxyl group attached to a 

benzyl ring, and pentanol (C5H11OH) is an aliphatic alcohol with five carbon atoms. The selection 

of pentanol and phenol for this study enabled investigation of the effect of molecular structure on 

friction for two broad categories of hydrocarbon derivatives, namely aromatic and linear organic 

https://pubs.acs.org/doi/10.1021/acsami.9b13261
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molecules. Friction was measured as a function of load in both AFM experiments and MD 

simulations. Then, the simulations were used to test hypotheses to explain observed friction 

differences by calculating parameters including the accumulation of molecules due to physical 

adsorption near the contact, the registry of atoms relative to the graphite basal plane, the direction 

of molecular motion on the surface, and chemical bonding between the molecules and the tip. The 

results show that differences in the chemistry of molecules can affect friction and that the 

difference can be explained in the terms of covalent bonding between the organic molecules and 

the tip. Lastly, this bonding is correlated to the force exerted by the contacting bodies and the 

resulting internal strain within the molecules.  

 

Methods 

AFM Experiments 

A clean graphite surface was produced on a highly-oriented pyrolytic graphite (HOPG) crystal 

through tape-exfoliation in ambient air. Nanoscale friction tests were performed using an AFM 

system (Multimode, Bruker, US) with Si probes (CONTV, Bruker, US) in contact mode. The 

spring constant of the Si probe cantilever was determined with Sader’s method.27 The probe 

surface had a native silica layer, so it was regarded as a silica probe. The lateral sensitivity of the 

cantilever in this setup was obtained by comparing the measured lateral signal on a reference 

sample with a known coefficient of friction (COF). The reference sample was a hydrogenated 

diamond-like carbon (H-DLC) coating, whose COF was about 0.15 in a pentanol vapor (40% of 

the saturation pressure) lubrication condition.28 Before the friction test, the AFM probe was treated 

with UV/ozone for 15 minutes.29 During the test, the AFM tip rubbed against the graphite surface 

in a reciprocating motion. A region without graphene step edges was selected as the scan area. The 

stroke length was 200 nm and the frequency was 2.5 Hz, so the relative sliding speed was 1 μm/s. 

The friction tests were performed in pentanol and phenol vapor environments. For the pentanol 

environment, a gas stream of pentanol and nitrogen was passed through the AFM chamber at a 

rate of 50 cm3/min; the partial pressure of pentanol was 80% of its saturation pressure. For the 

phenol environment, small crystallites of phenol were put inside the AFM chamber to maintain 

the partial pressure of phenol near the saturation pressure. Friction was measured at applied normal 

https://pubs.acs.org/doi/10.1021/acsami.9b13261
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load increases from 6.4 nN to 38.3 nN and all tests were performed at room temperature (around 

22oC). The adhesive force measured from pull-off experiments was found to be 30.9 nN in dry N2, 

15.0 nN in pentanol vapor and 43.4 nN in phenol vapor. Assuming a tip radius of 120 nm (based 

on the relative magnitudes of adhesive force with a 2 nm radius tip and the tip used in the friction 

experiments), the DMT contact model was used to calculate contact pressures of 0.37 - 0.51 GPa 

in pentanol vapor and 0.50 - 0.59 GPa in phenol vapor. 

MD Simulations 

To complement the AFM experiments, the friction of an amorphous silica tip apex sliding over the 

basal plane of a graphite substrate was modeled using reactive MD simulations. The ReaxFF30 

force field used in this work was previously developed for the C/O/H/Si/F system31 from a 

combination of parameters for C/H/O 32, 33 and Si/C 34. Although ReaxFF is known to 

underestimate the low-temperature reactivity of phenol compared to DFT calculations 35-37, it has 

been used to explore the chemical interactions between these molecules and other materials 

including graphite at room temperature 38, 39. It has been also shown that ReaxFF performs 

adequately in its representation of graphite compressibility 40.  The amorphization of silica was 

performed using a heat-quench process which consisted of heating of crystalline cristobalite to 

4000 K and then cooling to room temperature at a rate of 0.02 K/fs. 41 42 Based on previous 

experiments, silica adsorbs organic compounds such as phenol and pentanol when they are 

available in the environment.43 To mimic this adsorption while keeping the model size small for 

computational efficiency, the model tip surface was terminated with methoxy groups. Fig. 1 

illustrates the structure of pentanol (a) and phenol (b) molecules as well as the setup used in 

simulations (c), including the silica tip, organic molecules and graphite substrate. The simulation 

was initially assembled by placing the tip at the top of the model system, the graphite substrate at 

the bottom and 50 pentanol or phenol molecules in the middle. To decrease the computational cost, 

only a three-layer graphite substrate was considered. The substrate dimensions were 5.0 nm in the 

sliding direction (x-direction), 4.0 nm perpendicular to the sliding direction on the basal plane (y-

direction), and about 1.0 nm normal to the graphite basal plane (z-direction). The amorphous silica 

tip had a half-disk shape with 3.5 nm radius in the xz-plane and 1.5 nm thickness in the y-direction. 

Throughout the simulation, the bottom graphene layer was fixed, and the top 0.5 nm of the tip was 

treated as a rigid body; all other atoms could move freely.  

https://pubs.acs.org/doi/10.1021/acsami.9b13261
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Figure 1: Snapshots of (a) pentanol, (b) phenol, and (c) the simulation of friction between a 

nanoscale silica probe and the basal plane of graphite in the presence of phenol. A second model 

is the same except phenol molecules are replaced with pentanol. The tip structure (shaded area) 

is amorphous silica terminated with methoxy groups to mimic a native oxidized silicon tip in the 

presence of organic molecules. 

 

Each simulation consisted of four steps: i) Energy minimization and initial equilibration until a 

stable potential energy was reached; ii) Vertical compression of the tip toward the substrate at 10 

m/s until the minimum distance between the tip and the substrate reached 0.3 nm; iii) Application 

of a 10, 30 or 50 nN normal load at the top rigid part of the tip for 120 ps; and iv) Sliding at 10 

m/s by pulling the tip with a harmonic spring with a stiffness of 6 N/m. The adhesion force was 

measured from simulations of pull off tests to be 3.4 nN and 4.3 nN for pentanol and phenol, 

respectively. Although the model tip was not spherical, the apparent contact area calculated from 

the size of a rectangle that enclosed all tip atoms within 0.3 nm of the substrate was used to 

approximate an effective spherical tip radius of 1.6 nm. Then, for the applied normal load range 

of 10 - 50 nN, the DMT model was used to estimate contact pressures of 5.0 - 8.1 GPa in both 

pentanol and phenol. Simulations were run in the canonical ensemble with the temperature 

maintained at 300 K using a Langevin thermostat applied to the unconstrained atoms. Due to the 

high velocity during the sliding step, the motion of the atoms in the sliding direction was excluded 

https://pubs.acs.org/doi/10.1021/acsami.9b13261
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from the temperature calculation used by the thermostat. A 0.25 fs time step and 20 fs thermostat 

damping factor were used in all simulations. The friction force during sliding was calculated by 

monitoring the force on the tip atoms in the sliding direction. Throughout the simulations, bonds 

between atoms were identified as those with a bond order of 0.3 or larger. All the simulations were 

performed using the large atomic/molecular massively parallel simulation (LAMMPS) code 44, 

and OVITO software 45 was used to visualize the results.  

 

Results and Discussion 

Fig. 2(a) reports the mean friction force as a function of normal load from AFM experiments 

performed in pentanol and phenol vapor conditions. These results show that, within the range of 

applied normal loads tested, there is higher friction between the sliding AFM tip and graphite 

substrate in phenol compared to pentanol. The standard deviation (STDEV) of the friction force 

collected in one scan (512 data points in a trace or retrace scan) is shown in Fig. 2(b), and it is also 

higher for phenol than pentanol. The mean and STDEV of the friction force at different applied 

normal loads in the MD simulations are shown in Fig. 2(c) and 2(d), respectively. In the 

simulations, the difference between the mean friction forces for pentanol and phenol is not as large 

as observed in the experiments. However, the STDEV of the friction signal is significantly higher 

for phenol than pentanol in the simulations. The raw friction data from the simulations with 

pentanol and phenol at the 10 nN load are shown in Fig. S1(a) and (b) and illustrate the larger force 

fluctuations for phenol, particularly after about 2 nm of sliding. It has been previously proposed 

that the STDEV of the lateral force can be used as a measure of frictional energy dissipation.46 

Therefore, both the mean and STDEV  of the force are relevant to the comparison between phenol 

and pentanol, and, as shown in Fig. 2, both are larger for phenol in experiments and simulations. 

Although simulations and experiments exhibit similar trends, there are differences in magnitudes 

that are attributable to the substantial differences in the contact size and sliding speed. For example, 

the smaller STDEV in the experiments can be explained by the significantly larger tip size which 

makes the system more stable compared to the simulation setup. Also, since atomic-scale friction 

is known to increase with applied pressure and sliding speed 47, 48, the higher mean friction in the 

simulations may be partially explained by the much larger pressures and speeds in the simulations 

https://pubs.acs.org/doi/10.1021/acsami.9b13261
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compared to the experiments. Nonetheless, the qualitative trends are the same in both AFM and 

MD results, i.e. both indicate larger mean friction and STDEV for phenol.  

 

Figure 2: Mean (a and c) and standard deviation (b and d) of the friction force for a silica 

AFM tip sliding on the graphite basal plane in the presence of pentanol and phenol vapor 

from AFM experiments (a and b) and MD simulations (c and d). The error bars in (a) and (b) 

correspond to the deviation across different scans.  

  

As a reference, a simulation of dry sliding was performed without molecules; the result was 

considerably smaller friction force fluctuations (see Fig. S1 (d)). This indicates that the organic 

species are directly responsible for the observed friction trends. Also, the simulations at 10 nN 

load were repeated with 60 pentanol molecules (as opposed to 50) to match the number of carbon 

atoms in the phenol system, and the same STDEV was obtained, as reported in Fig. S1(c). 

Therefore, the friction difference between phenol and pentanol is attributable to the chemistry of 

the molecules rather than the number of atoms they contain.  

https://pubs.acs.org/doi/10.1021/acsami.9b13261
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The effect of environment on friction for graphite is typically attributed to physical and chemical 

adsorption of species at defects such as step edges or vacancies 9, 10, 49, 50. However, the simulations 

here describe an ideal graphite basal plane, so those explanations are not applicable in this case. 

Other hypotheses that might explain the difference between friction with phenol and pentanol are: 

(i) accumulation of molecules due to physical adsorption at the tip-surface interface 8, 13; (ii) 

differences in commensurability between molecular species being dragged inside the contact area 

with one of the two sliding bodies 5; or (iii) tribochemical reactions happening at the sliding 

interface.51 Each of these hypotheses was tested through the simulations. 

To investigate the first hypothesis, the positions of the molecules were analyzed during the sliding 

simulations. At the beginning of simulation, the molecules were distributed across the surface at a 

vertical position between the top layer of graphene and the bottom of the tip. During the 

equilibration step, the molecules approached the surface and physisorbed to the graphite basal 

plane (Fig. S2). After the tip was brought into contact and sliding began, these molecules remained 

on the surface, as shown in the representative snapshots in Fig. S3. To directly compare phenol 

and pentanol, the positions of physisorbed carbon atoms along the sliding direction were averaged 

over the last 2 nm of sliding (the steady-state region, based on trends in Fig. S1(b)). As shown in 

Fig. S4, there were more carbon atoms in the contact area and in front of the tip with phenol than 

with pentanol. This difference may contribute to the greater friction observed with phenol.   

The effect of commensurability was explored by characterizing the registry index (RI) 52, 53 of 

atoms at the interface. RI is usually employed to study the tribological properties of solid interfaces 

with different crystal lattices. For example, for a bilayer graphene interface, the most energetically 

favorable position for a carbon atom is above the middle of the hexagon of carbon atoms in the 

adjacent layer; this position corresponds to an RI of 0. In the other limiting case, where a carbon 

atom is directly above another carbon atom in an adjacent layer, the RI is 1. Intermediate positions 

correspond to RI values between 0 and 1, where a lower RI indicates a more energetically favorable 

position. Here, the RI was calculated for individual carbon atoms in the molecules relative to the 

carbon atoms in the graphite basal plane, where a smaller RI corresponds to a greater 

commensurability between an adsorbate atom and the topmost surface of graphite.  The RI values 

were averaged over the last 2 nm of sliding for both phenol and pentanol. As shown in Fig. 3(a), 

there were more phenol atoms with low RI than pentanol atoms. Based on previous studies 5, atoms 

https://pubs.acs.org/doi/10.1021/acsami.9b13261
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with low RI at the interface can act as pinning sites and contribute to friction during the sliding 

process. The observed difference in RI is unlikely to be due to stronger interactions between the 

phenol and the surface vs. the pentanol since the pi-pi interactions between the benzene ring and 

the surface are relatively weak (comparable to thermal energy at room temperature). Further, after 

normalizing the RI by the total number of carbon atoms in the contact area, as shown in Fig. 3(b), 

no difference between pentanol and phenol molecules was observed.  Therefore, there are more 

pinning sites in the case of phenol, but this is explained by the larger number of molecules in the 

contact as opposed to the positions of those molecules on the surface.  

 

Figure 3: (a) Histograms of the RI for carbon atoms in the molecules with respect to carbon 

atoms on the topmost layer of the graphite averaged over the last 2 nm of sliding. The RI is 

higher for phenol than pentanol, but this difference is not observed when (b) the data is 

normalized by the number of atoms in the contact area. 

 

The trajectories of the molecules are illustrated by the positions of the oxygen atoms during sliding 

in Fig. 4 and provide information about the motion of pentanol and phenol molecules in the 

simulation. Comparing two cases, it can be observed that there are many short and inclined 

trajectories diverging from the sliding direction in the case of pentanol, while there are longer 

trajectory lines along the sliding direction in the case of phenol. These observations suggest that 

pentanol can escape the contact area while phenol molecules are dragged along with the tip. This 

is consistent with previous experiments 54-56 and classical MD simulations 57, 58 that compared 

linear to cycloaromatic hydrocarbons and showed that the greater flexibility of the linear 

https://pubs.acs.org/doi/10.1021/acsami.9b13261
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hydrocarbons enabled them to more easily slide relative to one another and escape the contact area 

58. However, physical mechanisms may not fully explain the mobility of the phenol and pentanol 

in our simulations.  

 

Figure 4: Top view of the trajectories of oxygen atoms in (a) pentanol and (b) phenol molecules 

(indicated by green lines) during the sliding process. The molecules shown in the figures 

represent their positions before sliding. The trajectories are longer in the sliding direction (arrow 

in figure) for phenol, indicating that these molecules are being dragged in the contact by the tip, 

while pentanol molecules can escape out from the sides of the contact.  

 

Although the graphite surfaces remained intact and unreactive throughout the simulations, 

covalent and hydrogen bonds between the tip and molecules were observed. Snapshots of the 

simulation illustrating representative bonds that were observed are shown in Fig. 5. In the case of 

pentanol, only hydrogen bonds were observed between the molecules and the tip. However, for 

phenol, we observed Sitip-Cphenol and Otip-Cphenol covalent bonds. This observation is not surprising 

since the aromatic ring in phenol is considerably more reactive than the aliphatic alcohol chain due 

to activation of the benzene ring by the attached hydroxyl group.59, 60  

https://pubs.acs.org/doi/10.1021/acsami.9b13261
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Figure 5: Snapshots showing examples of bonding between the molecules and the tip. Pentanol 

interacts with the tip primarily via hydrogen bonds (a and b) while phenol exhibits covalent 

bonding with the tip (c and d). All atoms not involved in the bonds being emphasized are shown 

as faded.  

 

The tip-molecule bonding during the simulation was quantified as the number of bonds vs. time. 

As shown in Fig. 6(a) and 6(b) for the simulations performed at the applied normal load of 10 nN, 

there were more tip-phenol bonds than tip-pentanol bonds. The pentanol exhibits few and short-

duration hydrogen bonds during the simulation while phenol forms Otip-Cphenol and Sitip-Cphenol 

bonds that persist throughout the simulation. To understand this difference, simulations were 

repeated without load or sliding and with load but no sliding. As shown in Fig. 6(c) and 6(e), tip-

pentanol bonding was not observed for any load or sliding condition. However, the simulations of 

phenol with applied normal load only and without load or sliding (Figs. 6(d) and 6(f)) showed that 

covalent bonds were observed only when load was applied. The number of bonds was averaged 

over the last 0.1 ns of the simulation at all three loads and the results are shown in Fig. S5. Higher 

loads did not increase bonding with pentanol but, except for the Otip-Cphenol bonds at 10 nN, the 

number of covalent bonds between phenol and the tip increased with load.  

https://pubs.acs.org/doi/10.1021/acsami.9b13261
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Figure 6: Number of bonds between the tip and molecules as a function of time for each atom–

atom pair, where the first element corresponds to an atom in the tip and the second is in the 

molecule, from simulations with 10 nN load and sliding (a and b), 10 nN load only (c and d), and 

with no load (e and f). Few bonds are observed under any condition with pentanol (a, c, e). 

However, with phenol, the load and sliding cases (b and d) exhibit bonding, suggesting bond 

formation is driven by mechanical forces exerted on the molecules in the contact. 

 

The fact that the covalent bonds are only observed when the normal load is applied suggests that 

the chemical reactions between the tip and phenol molecules are driven by mechanical force in the 

contact. Both experiments 61 42 and numerical studies 42, 51, 62 have previously reported 

mechanochemical reactions during the sliding process. Note that there are more tip-phenol 

https://pubs.acs.org/doi/10.1021/acsami.9b13261
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covalent bonds during loading (Fig. 6(d)) than during sliding (Fig. 6(f)). This can be attributed to 

the movement of phenol molecules away from the contact during the sliding process, as observed 

in Movie S1, such that there are fewer opportunities for tip-phenol bonding in the short duration 

of the simulation. In the case of load only, the molecules are trapped in the contact region (Movie 

S2) where they can then bond with the tip.  

To understand how mechanical force drives tip-phenol bonding, the atomic shear strain63, 64 was 

quantified as the change in the positions of neighbor atoms within a 0.25 nm radius with respect 

to their position at the beginning of the equilibrium step. Figs. 7(a)-7(d) illustrate the shear strain 

of representative molecules after bonding to the tip during the sliding process; these are the same 

molecules shown interacting with the tip in Fig. 5. These snapshots show that pentanol molecules 

(a and b) experience much less internal strain than phenol molecules (c and d). Also, since phenol-

tip bonding was only observed in simulations with load (see Figs. 6 and S5), this result suggests 

that the normal load which causes shear strain is responsible for the interfacial bond formation and 

that this process may be facilitated via deformation of the molecule.   

 

https://pubs.acs.org/doi/10.1021/acsami.9b13261


ACS Applied Materials & Interfaces 
https://pubs.acs.org/doi/10.1021/acsami.9b13261 

15 
ACS Paragon Plus Environment 

 

Figure 7: (a-d) The atomic shear strain on representative molecules bonded to the tip (same 

molecules as in Fig. 5). Pentanol molecules experience negligible shear strain while phenol 

molecules bonded to the tip experience a significant amount of shear deformation. (e) Shear 

strain and bond status (0=no bond; 1=bond) for a carbon atom in the aromatic ring of a phenol 

molecule during the load application step (a 10 nN load is applied at time zero).  

 

To confirm the role of applied load, the atomic shear strain for a carbon atom in a representative 

phenol molecule was characterized during the load application step. Fig. 7(e) shows the change in 

atomic shear strain and the bond status with time, starting at the point when the normal load is first 

applied to the tip. Initially, the shear strain on the carbon atom is negligible and is only due to 

thermal vibration of atoms. Then, the shear strain increases gradually until, at 0.02 ns, it increases 

https://pubs.acs.org/doi/10.1021/acsami.9b13261
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rapidly. This moment is coincident with the formation of a covalent bond between the carbon atom 

in the aromatic ring of phenol and an oxygen atom in the tip. The other phenol atoms that bond to 

the tip exhibit similar trends. These findings confirm that the role of applied load is to strain the 

molecule, which facilitates covalent bond formation. This is consistent with the previous finding 

reported for mechanochemical reactions of allyl alcohol and -pinene molecules at tribological 

interfaces of silicon oxide.42, 65 Further, since neither strain nor covalent bonding is observed with 

pentanol, these results show that the susceptibility of a molecule to mechanochemical reactions is 

dependent on its structure.66, 67 

The mechanically-driven chemisorption of phenol to the counter-surface is directly related to the 

observed friction trends. The covalent bonds are strong enough to drag the phenol molecules 

during sliding (Fig. 4) which explains the presence of more phenol in the contact area (Fig. S4) 

that can act as pinning sites resisting sliding (Fig. 3). The covalently bonded phenol atoms also 

increase adhesion, as observed in both simulations and experiments. Taken together, these effects 

result in larger friction when sliding in a phenol compared to pentanol environment. 

 

Conclusion 

In this study, we employed AFM experiments and reactive MD simulations to explore the friction 

behavior of an amorphous silica tip sliding on a graphite basal plane in the presence of phenol and 

pentanol. The mean and STDEV of the friction force in both simulations and experiments were 

larger with phenol than pentanol. The STDEV of the friction force was used as a measure of energy 

dissipation for these two systems. To understand the observed friction trends, the simulations were 

used to calculate parameters that could affect friction, including the number of atoms in the contact 

area, the RI of the atoms in the molecules on the graphite surface, the motion of the molecules, 

and chemical bonding between the molecules and the tip. All of these were found to be different 

for phenol and pentanol, and the results indicated that there were more phenol molecules in the 

contact that moved along with the tip and were in registry with the graphite, thereby increasing 

adhesion and friction. This observation was explained by the presence of covalent bonding 

between phenol molecules and the tip that was not exhibited with pentanol. Further, simulations 

performed at different loads showed that phenol-tip bonding was driven by mechanical forces in 
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the contact. The role of applied force was explained by the shear deformation of the phenol 

molecules. Overall, this study provides insight into the effect of the chemistry of the environment 

on the friction for an ideal graphite surface. The results illustrate how differences in the structure 

of organic molecules can affect their susceptibility to strain and therefore mechanochemical 

bonding in a sliding contact, which in turn affects the number of species in the contact area leading 

to different friction behavior. More generally, this study demonstrates that chemistry can 

contribute significantly to frictional sliding on graphite even in the case of an ideal surface without 

defects. This observation has important implications for applications that rely on graphite for 

lubrication in varying environmental conditions, where chemical as well as physical factors will 

contribute to sliding resistance.  
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