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Abstract 
 
Tribochemical reactions are reactions that happen at sliding interfaces due to applied pressure, 

shear, and heat. These reactions are responsible for the formation of tribofilms on surfaces in 

relative motion and affect several important tribological properties, including coefficient of friction 

and wear rate. In fact, the composition and structure of tribofilms can be a determining factor in 

the energy consumption and life of engineering components. Therefore, understanding the 

mechanisms by which the tribofilms form and how they interact with sliding surfaces is of great 

importance in many industries.  This dissertation aims to explore the tribochemical reactions that 

are the root cause of tribofilm formation and their contribution to friction using reactive molecular 

dynamics simulations.  To achieve this goal, we first investigated shear-induced polymerization 

reactions during vapor phase lubrication of α-pinene between sliding hydroxylated and 

dehydroxylated silica surfaces. The results suggested that the critical activation step is the oxidative 

chemisorption of the α-pinene molecules at reactive surface sites, which transfers oxygen atoms 

from the surface to the adsorbate molecule. Such activation takes place more readily on the 

dehydroxylated surface and, during this step, the most strained part of the α-pinene molecules 

undergoes partial distortion from its equilibrium geometry, which appears to be related to the 

critical activation volume for mechanical activation. Next, we studied the effect of temperature on 

the thermal film formation of tri-cresyl phosphate (TCP) on amorphous iron oxide. The statistical 

analysis of chemical reactions between a single TCP molecule and an amorphous iron oxide surface 

captured multiple possible reaction pathways. The frequency of TCP– surface reactions for each 

atom type and each unique reaction site on the TCP were analyzed at temperatures ranging from 

300 to 700 K. The composition of the thermal film chemisorbed to the surface was mainly carbon, 

oxygen, and phosphorous, in agreement to the previously reported experiments performed in 

oxygen-deficient environments. Analysis of chemical bonding between TCP and iron oxide 

surfaces in the presence of nanodiamonds (NDs) showed a tribofilm comprised of NDs and TCP 

where the TCP was both directly and indirectly bonded to the surface. Notably, the amount of 

phosphorous in the film, which is important for surface protection, increased due to TCP molecules 

indirectly bonded to the surface via NDs, which suggested that indirect bonding is one mechanism 

by which NDs facilitate film growth. Lastly, we investigated the contributions of chemical and 

physical interactions to friction at sliding interfaces. To achieve this, chemically and 

topographically well-defined interfaces between silica and graphite with a single graphene step 

edge and basal plane were studied in various chemical environments. A range of different 

parameters, including applied pressure, sliding direction, chemical reactivity of surface, and 

environment, were shown to be important in the observed friction. Further, the findings suggest 

different contributions and sometimes opposite effects of chemical and physical contributors to the 

friction. Overall, in this series of studies, we used and developed new simulation and statistical 

analysis approaches for studying tribochemical reactions. The findings show that reactive 

molecular dynamics simulation is a robust approach that can provide insight into the conditions 

and properties of interfaces and so can be used as a valuable guide to improve tribological 

properties.  
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Chapter 1 : Introduction 
1.1. Tribology and Lubrication 

Tribology is the science and study of friction, lubrication, and related phenomena 

that occur between surfaces in relative motion. Friction itself is a cause of energy waste. It 

has been reported that about one-third of fuel energy is consumed to overcome friction in 

passenger car components like engines, transmissions, tires, and brakes. 1 Sliding and 

relative motion also result in wear of the contacting materials. Wear is responsible for 

catastrophic failure and mechanical breakdown of engineering components like bearings, 

gears, cylinders etc. To reduce friction and wear, lubrication with engine oils is usually 

employed during operation. Proper lubrication is important as it can reduce the premature 

failures by 60%.2 This also decreases the stresses applied on components and allows the 

use of smaller and less costly materials in manufacturing. Effective lubrication can enhance 

product quality and lifetime by decreasing surface defects such as pits and cracks that are 

caused by metal-to-metal contact.  

Lubricants produce a gap between the sliding surfaces to avoid solid-solid material 

contacts and thus reduce friction. However, the formation of a full fluid film and the 

elimination of direct contact are not always guaranteed, especially under high pressure or 

low speeds. This situation is called boundary lubrication, which is the lubrication of 

surfaces by fluid films so thin that the friction coefficient is affected by both the type of 

lubricant and the nature of the surfaces and is largely independent of viscosity of lubricant 

fluid.3 An effective lubricant must be able to control friction and wear even during 

boundary lubrication. Physical and chemical interactions between the lubricant and the 

sliding surfaces play critical roles during boundary lubrication regime. Also, characteristics 

of sliding solid surfaces such as surface roughness, shear strength, hardness, chemical 

composition, and surface reactivity significantly affect the frictional behavior in boundary 

lubrication.  

 

1.2. Tribofilm Formation and the Role of Lubricant Additives 

As previously mentioned, lubricants decrease friction during the sliding process by 

separating the sliding interfaces. However, reducing friction is not the only function of 

lubricants. Lubricants also act as heat transfer agents, remove wear debris, inhibit 

corrosion, and reduce noise during operation. To serve these purposes, lubricants are 

usually formulated with additive packages to improve the lubrication performance. These 

additives include friction modifiers, dispersants, detergents, corrosion inhibitors, viscosity 

index modifiers, extreme pressure additives, and antiwear additives. Among these, 

antiwear additives, friction modifiers and extreme pressure additives are the most 

important as they can significantly protect components through reducing the friction and 

wear under boundary lubrication.4-6 Zinc dithiophosphates (ZDDP) and tricresyl phosphate 

(TCP) are the most widely used anti-wear/extreme-pressure additives in engine oils.7 These 

substances can adsorb or directly react with metal surfaces and form a protective film on 

the surface of substrates. During boundary lubrication, chemical bonds deform, break and 

form again between the additive species and the sliding surfaces. At the same time, rubbing 

the surfaces causes breaking of the bonds on the sliding surfaces and exposes newly formed 

fresh surfaces with significantly higher energies compared to native surfaces. The exposed 

high-energy chemical groups can easily react with lubricant additives to produce a 
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boundary chemical film known as tribofilm. Although the increase in the reactivity 

accelerates the reactions between the surface and lubricant molecules, it does not always 

reduce the friction and wear. In fact, it has been found that depends on what type of 

molecules react with the surface to form tribofilm there is an optimum surface reactivity to 

achieve the best possible friction and wear properties.8 However, usually tribofilms form 

from anti-wear additives and extreme pressure additives and they act as protective films 

that enable effective lubrication in boundary lubricated systems.   

Researchers have been trying to understand the mechanisms involved in tribofilm 

formation for more than 50 years. 9 Many hypotheses have been developed around 

tribochemical reactions. Flash temperature rise, pressure, and surface chemistry have been 

suggested to be the most significant contributors to the tribofilm formation. During the 

sliding process, the local heat generation due to friction can cause temperature increase 

known as flash temperature. Some studies have suggested that the increase in the flash 

temperature promotes the formation of tribofilms like ZDDP.10 However, the formation of 

these protective layers have been also reported at very low sliding speeds where the 

increase in the flash temperature is negligible.11 Some theories suggested that the existence 

of high pressure on surface asperities drives these reactions. Although simulations have 

shown that crosslinking of phosphate networks observed in the experiments is possible at 

extreme high applied pressures12, the occurrence of this necessary pressure is unlikely at 

the interfaces based on the yield strength for the most engineering materials.13 Finally, it is 

now widely accepted that the tribofilms can form due to the shear stress present at the 

interfaces during rubbing.14-17 For example, the thickness of ZDDP tribofilms is found to 

be controlled by applied shear stress and not normal stress. 14  

If a tribofilm is formed by shear stress driving chemical reactions between the 

antiwear additives and sliding interfaces, this process is called a tribochemical reaction. A 

tribochemical reaction is a mechanochemical reaction where the mechanical force is 

shear.18 According to IUPAC, a mechanochemical reaction is a chemical reaction that can 

be induced by the direct absorption of mechanical energy 19. In other words, the applied 

forces control the rate at which atoms and molecules can overcome the energy barriers. In 

the absence of shear, the probability of physical and chemical phenomena at atomic-scale 

like bond breaking and diffusion can be described by an Arrhenius-form equation: 

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝐴𝑒
−𝐸0
𝐾𝐵𝑇 (1) 

In this equation A is a pre-exponential factor, Eo is the activation energy for the 

process, kB the Boltzmann constant, and T is the absolute temperature. According to the 

Bell model20 developed to describe stress-assisted thermal activation reactions, applied 

atomic force (f) can reduce the effective activation energy barrier of the reaction based on 

the following equation: 

 

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝐴𝑒
−(𝐸0−𝑓∆𝑥)

𝐾𝐵𝑇  (2) 

 

Here, Δx is activation distance equal to the length of bond stretch or particle 

displacement. Therefore, fΔx is the mechanical energy provided to the atoms to overcome 

the activation energy barrier E0. It should be noted that the applied force can theoretically 

increase the activation energy barrier for the reverse reaction along the opposite direction 
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of applied force.14 The above equation can then be described in terms of the shear stress τ 

and an activation volume Δv instead of force and activation distance:21, 22 

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝐴𝑒
−(𝐸0−𝜏∇𝑣)

𝐾𝐵𝑇  (3) 

 

There have been several attempts to define the physical meaning of activation 

volume (Δv) at the atomic scale. Δv is believed to have a close relationship with the 

deformation of reactants due to mechanical forces that induce reactions during sliding. 23-

28  

Mechanochemical reactions have many applications in different areas of tribology 

including sliding friction28-31, wear23, 29, 30, 32, 33 and rheology34-36. The concept of 

mechanochemistry helps us to describe the macroscale phenomena that contribute to the 

changes in friction coefficient and tribofilm formation, and provides us better insight to 

design surfaces and lubricants for different tribological purposes.37, 38  

 

1.3. Experimental Methods for Characterization of Tribochemical Reactions 

To explore tribofilms experimentally, usually, a combination of wear testing 

systems and surface characterization instruments are used. The length scale of study of 

tribofilms are ranging from atomic scale to the macro scale. For example, different 

variations of scanning probe microscopy (SPM) instruments been used as nanotribometers 

to measure friction39, adhesion,40 wear41, and rheometery42 at an ultra-small scale. At the 

same time conventional tribometers are employed to evaluate almost the same range of 

properties at the macro scale 43.  Today, atomic force microscopy (AFM) is the most 

standard tool for investigating the frictional behavior of materials at the nanoscale24, 42, 44, 

45. Fourier-transform infrared spectroscopy (FTIR)46, Raman47, x-ray 

photoelectron spectroscopy (XPS)48, auger electron spectroscopy (AES)48, 49, and time of 

flight secondary ion mass spectrometry (TOF SIMS)50 are used for analytical 

measurements of surface films. Most of these techniques are relying on surface 

characterization of tribo-products as a post-process step and cannot be used as an in-situ 

tool to investigate the dynamic behavior of the system during the sliding process. The main 

challenge in this area is that the formation of tribofilms is usually hidden between sliding 

opaque surfaces, and thus tracking its evolution is difficult.  

There have been numerous experimental studies exploring the chemical reactions 

involved in tribofilm formation. Specifically, many researchers investigated the role of 

reactivity of surface and reactants on the kinetics of reactions. For example, Auger 

cylindrical-mirror analysis was employed to assess the tribo-products formed on steel 

surface due to interactions with hydrocarbons and organic hydrochlorides.51 These 

experiments showed that the chemical reactions involved in tribofilm formation occurred 

on newly exposed metal surfaces was the result of enhanced reactivity of the freshly 

exposed metal surfaces. The finding suggested that under high-vacuum condition clean 

iron surface reacted easier than iron oxide with any hydrocarbon molecules. Also, the 

hydrocarbon species with higher reactivity were found in greater concentration on the 

surface after the sliding, a phenomenon attributed to polymer-forming tendencies of 

reactive molecules. In another study, the chemical reaction kinetics were analyzed to 

calculate the reaction temperatures required to produce the observed amount of products 

from the wear processes during boundary lubrication of steel 52100 with paraffinic mineral 
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oils.52 It was reported that the reaction temperatures on freshly exposed steel surface were 

very similar to those of an oxide covered surface. It was concluded that the effect of freshly 

exposed surfaces on the reaction rates is negligible under atmospheric conditions, and as a 

result, thermal effects are the determining factor for controlling the boundary chemical 

reactions on steel surface. Finally, Transmission Electron Microscopy (TEM) and extended 

X-ray absorption fine structure (EXAFS) analysis revealed that a ZDDP tribofilm has an 

amorphous structure48, 53, which is mainly composed of oxygen, phosphorus, sulfur, zinc, 

and sometimes iron54. It has been also reported that the iron oxide layer formed on ferrous 

surfaces disappears during tribo-chemical reactions with ZDDP.55-57 All of above-

mentioned studies and many more are suggesting the important role of tribochemistry and 

surface reactivity on the type and the amount of formed triboproducts on engineering 

surfaces. However, there are little atomic scale detailed information about how surface 

reactivity specific reactions leading to the formation of tribofilms. 

For a long time, various types of tribometers and characterization tools have been 

used to drive tribochemical reactions and to evaluate the behavior of generated tribofilms 

films. cylinder-on-flat tribometer was used to grow ZDDP on an iron oxide surface. 58 In 

this study, dry friction tests in the UHV analytical tribometer were performed, and the 

results suggested the effect of friction solicitations on the reaction of zinc polyphosphate 

with iron oxide providing mixed zinc and iron phosphate glass. In another study a new gas-

phase lubrication tribometer was devised to study reactions of borate ester additives on 

steel surfaces. 59 The XPS and AES performed inside and outside of the wear track showed 

a reduction in the friction coefficient down to 0.2 by the increase in the Trimethylborate 

gas pressure. This phenomenon was attributed to the formation of borate silica glass, which 

partially digested the abrasive iron oxide tribofilm. A mini-traction machine (MTM) in 

tribotests experiments was employed to investigate the effect of additive concentration and 

temperature on the wear of rolling/sliding contacts in boundary lubrication regime. 60 

Comparing the white-light interferometry analysis results with a predictive numerical 

model 61 developed for the prediction of wear and friction coefficient during sliding showed 

good agreements in terms of tribofilm thickness and observed wear depth. X-ray absorption 

near edge structure (XANES) spectroscopy to was used to characterize thermally generated 

films from several ZDDP antiwear agents in basic and neutral forms.62 The findings 

revealed the tribochemical nature of films formed in terms of the proportion of the presence 

of polyphosphates, sulfides, and unchanged ZDDP. Further the results suggested the 

importance of reactant structure, showing that the aryl ZDDP films provide a different 

polyphosphate structure compared to the alkyl ZDDP films. 

Recently, AFM has been introduced as a powerful in-situ tool to study stress-driven 

tribochemical reactions with the sensitivity to atomic-scale interactions.24, 28, 63, 64 In a 

recent study, a sliding AFM tip is used to study the bond cleavage between chemical groups 

attached on chemically modified graphene (CMG) sheets. 28 Also, the friction between the 

tip and graphene provides the opportunity to measure the bond strength between different 

chemical groups and surfaces as well as the kinetics of functional group removal. In another 

study, AFM was employed as an in-situ tool to study the surface nucleation, growth and 

thickness saturation of patchy tribofilms formed from ZDDP containing lubricants. 24 The 

results showed an exponential increase in the film growth rate with applied compressive 

stress and temperature, an observation consistent with a thermally activated, stress-assisted 
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reaction rate model (Equation 3). In another research, in-situ AFM  was employed the to 

study the reaction kinetics of phosphorous based triboreactive films. 64 It was reported that 

different phosphorus-containing molecules follow different reaction kinetics orders. This 

phenomenon has been explained by the energy consumed by possible side and intermediate 

reactions leading to the formation of products other than antiwear phosphate glass at the 

sliding interfaces.   

Although experimental tools provide valuable information about the surface 

structure, chemistry, friction, and wear, their applications are mostly limited to the 

characterization before and after the tribological tests. As a result, the experimental 

characterization tools, as they cannot provide us with detailed information about the 

dynamics of the sliding interface at the atomic-scale leading to the formation of tribofilms. 

This challenge partially has been addressed by using atomic-scale simulations. 18 

 

1.4.  Atomistic Simulations for Tribology Purposes   

Simulations can be used to complement experimental measurements to provide 

information about processes that occur between two sliding surfaces or during thermal film 

formation. Since many of these phenomena take place at the atomic scale, the most 

appropriate modeling techniques are those that describe the positions of atoms based on 

energies and forces. The most commonly used atomistic modeling methods are density 

functional theory (DFT)65, molecular dynamics simulation (MD)66, and kinetic Monte 

Carlo (KMC)67.  DFT is the most popular and versatile quantum mechanical modeling 

method extensively used in physics, chemistry, and materials science. This method 

provides an approximate solution to the Schrodinger equation of a many-body system. 

According to this method, all information required to solve the Schrodinger equation is 

stored in electron density around the nuclei. Therefore, it can be used to solve a wide variety 

of problems and provide useful information, including the optimized geometry, bond 

distances, bond angles, etc.68, 69 MD simulations solves Newton’s equations of motions for 

the atoms in the systems. They approximate the quantum-mechanical effects using 

different empirical equations known as forcefields.18 Finally, KMC67, 70 uses reactions and 

transition rates among states to predict the phenomena like adsorption and the evolution of 

film. The input reactions and transition rates are obtained from experiments, DFT, MD 

simulations, and this method are not able to predict this information by itself. Among the 

methods mentioned, for several reasons that will be discussed, MD simulations are the 

most powerful tools that can provide a better understanding of the trobochemical reactions 

that happen at sliding interfaces. MD simulations shown to be able to link macroscale laws 

of friction and sliding derived from experiment to the atomic-scale phenomena including 

chemical reactions. 18 

Probably, the most essential step in study of tribochemical reactions is detection of 

bond breaking and bond formation events. The most accurate method to model the 

formation and breaking of covalent bonds is DFT calculations. However, due to the high 

computational cost of this method, the time length-scale of studied systems is so limited 

that the study of the full dynamic evolution of a system is not possible.18 One more 

challenge for simulation-based approaches is that film growth may occur through many 

different reaction pathways with varying statistical likelihood, especially at high 

temperatures or on irregular, e.g. amorphous or disordered, surfaces. DFT can provide 
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detailed and highly accurate information about a given pathway, but the pathways must be 

known a priori and the computational cost of the method typically means that only a few 

possible pathways can be studied.71-73 

As an alternative method, MD simulations consider the interactions between the 

atoms as a single particle as opposed to nucleus and electrons in the DFT method. 

Therefore, they provide computational efficiency in the cost of some level of loss of 

accuracy. 18 In MD, multiple reaction pathways can be identified during the simulation as 

atoms interact and move, but traditional MD is limited to relatively small size (nanometer) 

and time (nanosecond) scales, which means that only one or a few pathways will be 

identified.74-76 Thus, standard atomistic approaches are not ideal tools for investigating film 

growth processes that involve many different reaction pathways. It should be noted that, 

not all MD simulation techniques are suitable for study of chemical reactions. Although 

classical MD can provide insight into the formation and behavior of tribo-films, 

connectivity between atoms is predefined in such simulations, so they cannot capture the 

formation of films through covalent bonding with a surface. Reactive MD simulations are 

relatively new powerful tools to investigate the atomic scale details of chemical reactions 

including bond forming and bond breaking during tribofilm formation. 18, 77-79 In these 

methods, bond formation and bond breaking captures by detecting the changes in bond 

orders that represent the changes in the strength of the bonds.80 Several reactive forcefields 

including REBO81, AREBO82, COMBO83, 84, and ReaxFF80, 85 have been developed with 

different applications including study of tribolochemical reactions. In the following 

sections, first, we will review the most important reactive molecular dynamics simulation 

studies that used to explore thermal and tribofilm formation. Next, those molecular 

dynamics simulations that subjected the effect of chemical interactions on friction will be 

discussed.   

 

1.4.1. Molecular Dynamics Simulations of Shear-Driven Tribofilm Formation 

Many atomic-scale simulation studies have investigated tribochemical reactions 

leading to tribofilm formation at sliding interfaces. Ab initio molecular dynamics 

simulations was used to study the behavior of trimethyl phosphite (TMPi) as a lubricant 

additive used in boundary lubrication conditions. 86 This molecule has been experimentally 

proven to decrease friction in steel-on-steel sliding contacts due to the formation of an iron 

phosphide tribofilm.87 It was reported that molecular dissociation at the sliding iron 

interface under pressure and discussed the mechanism of iron phosphide formation. Non-

reactive MD simulations using Polymer Consistent Force Field (PCFF) were combined 

with DFT to study shear induced formation of methane from the decomposition of adsorbed 

methyl thiolate species on copper surface.88 It was shown that a wide distribution of forces 

is exerted on the thiolates molecules and that only a small proportion of these adsorbed 

molecules experience adequately high forces to overcome the activation barrier to 

reproduce the rate constant measured in experiments.  

Reactive MD simulation is a relatively new method to make a bridge between 

quantum chemistry and classical MD simulation by ensuring a smooth transition of bond 

formation and dissociation. 89 The friction behavior of silica/phosphoric acid system was 

investigated by reactive molecular dynamics simulations using ReaxFF forcefield.76 It was 

found that the number of interfacial hydrogen bonds between phosphoric acid and silica 
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surface positively correlated with the friction coefficient and the weaker hydrogen bonds 

decreases the friction. The results further indicated that a large amount of water formed as 

a side product of polymerization of phosphoric acid acted as lubricant at the sliding 

interface and significantly decreased the friction coefficient. Another study has 

investigated the effect of shear stress on tribo-polymerization. The rate of formation of 

oligomers from allyl alcohol during sliding on silica glass surfaces was investigated using 

ReaxFF MD simulations.90 In parallel, AFM was used to monitor the volume of 

polymerized product. Both experiments and MD simulations found that the reaction rate 

increased exponentially with pressure and shear stress. Based on reactive MD simulations, 

it was found that the anchoring molecules to the surface facilitated transferring of 

mechanical force from the solid surface to the reactants.90  

MD simulations have been demonstrated to be extremely useful in contributing to 

the atomic-scale understanding of physical phenomena that happen at the sliding interfaces. 

They have been extended recently to analyze chemical reactions at surfaces by using 

reactive potentials capable of capturing bond breaking and bond formation. Most of the 

limitations of MD simulations, including small size and time scales compared to 

experiments, originate from a lack of computational resources. However, emerging MD 

simulation techniques91-93 and more powerful supercomputers are decreasing this gap. 

While challenges still remain for using MD to study triboochemical processes, these 

simulation can provide insight into atomic-scale events happening at a sliding interface. 94 

 

1.4.2. MD Simulations to Describe Thermal Film Formation 

In the absence of shear forces, heating can provide the required energy for the 

lubricant additives to chemically react with the surfaces and form a surface layer known as 

thermal film.14 It is known that thermal films can form through chemical adsorption of 

decomposing products of lubricant additives24, and they have very different structures and 

properties from tribofilms62, 95, 96 97. Although recent studies revealed that the tribofilm is a 

product of shear-induced transformation of the adsorbed thermal film,24 thermally-

activated film formation is still believed to play an important role in the sliding interfaces 

since they can alter the structure and composition of surfaces prior to sliding.98, 99 

Therefore, understanding the reaction pathways leading to thermal film growth is an 

important step towards optimization of growth parameters for these films. 9 

MD simulations have been employed to investigate thermal adsorption of different 

chemical species on metal surfaces leading to the formation of thermal films.  For example, 

the adsorption behavior of three thiazole derivatives on the surface of iron (1 1 0) has been 

performed using COMPASS (Condensed Phase Optimized Molecular Potentials for 

Atomistic Simulation Studies) forcefield.100  The results showed that the three thiazole 

derivatives can chemisorb on the iron (1 1 0) surface through the thiazole ring and the 

heteroatoms as well as p-electrons in the aromatic structure. Mohammadtabar et al.101 

studied the formation of iron sulfide film from di-tert-butyl disulfide as an important 

extreme pressure additive. Comparing reactive MD simulations and ab initio calculation 

results, they were able to detect the sequence of events including bond formations, bond 

breaking, and diffusion process which were related to the initial steps of protective film 

formation.  They noted that some of the reaction steps like breaking of S−C bonds act as 

the rate limiting step of the thermal film formation. In another study, Chia et al. 102 used 
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reactive MD simulations to investigate the adsorption of organic molecules on a hematite 

surface, focusing on the effect of molecules polarity on the adsorption rate. They showed 

that the reactant molecule’s polarity affects surface polarization, surface atoms 

displacements, and thus the structure of adsorbed layer.  

 

1.4.3. Atomic-Scale Study of Chemistry-Friction Interrelationship 

Tons of previous studies have used reactive MD simulations to explore different 

effects of tribochemical reactions (i.e., surface amorphization, adhesion, change in the 

direction of chemical groups, surface reorientation, interface migration, and surface 

corrugation) on friction. However, the scope of this sub-section will be limited to the effect 

of friction forces in driving chemical reactions at the sliding interfaces and vice versa. 

REBO was among the first reactive forcefileds that was used to study the effect of 

tribochemical reactions on friction. Gao et al. 103 employed REBO potential to explore the 

friction behavior of a hydrogen-terminated diamond (111) surface sliding on a hydrogen-

free amorphous carbon film. Their results showed that the decrease in the level of surface 

termination with hydrogens increases the friction. Adhesive bonding of undercoordinated 

carbon atoms between two counterfaces could explain these observations.  In another study 

on diamond-like carbon (DLC) from the same research group104, it was shown that the 

stronger bonds increased the vibrational excitation of counterfaces. This phenomenon 

means energy dissipation and was reflected through spikes in local temperatures emanating 

from the interface. In another study, a modified REBO forcefield called screened reactive 

bond-order potential was used the tribological performance of hydrogenated DLC.105 The 

obtained results was able to explain the fluctuation in friction coefficient which were 

resembling the running-in behavior in the experiments by consecutive cold welding of 

DLC/DLC surfaces and the formation of new low friction interfaces.   

A significant number of studies have employed MD simulations to characterize 

friction resulting from adsorbed chemical species at sliding interfaces.106-112 The majority 

of these found that the friction increased with the logarithm of sliding speed, which is 

consistent with empirical models developed for stress-assisted thermally activated 

reactions.113 Chandross et al. used MD simulations to study adhesion and friction between 

two ordered self-assembled monolayers of alkylsilane chains on a silicon dioxide surface. 

They realized that, while at low pressures there is a weak dependence of the friction force 

on shear velocity, there is no such relationship at high pressures.114 In the experimental 

side, Chen et al. used AFM to explore surfaces with different chemical natures including 

surfaces covered by -OH, -COOH, and -NH2, and reported velocity dependent which were 

showing increasing decreasing trends as a function of sliding speed. They were able to 

show that the sliding behavior of surfaces depend on their chemical nature, and that the 

dependency of friction on sliding speed is affected by the ability of surface groups to form 

domains of cross-linked hydrogen bonds that can be disrupted at a critical stress.110 The 

main message in most of the above-mentioned studies is that friction force or shear stress 

increases proportionally to log (sliding speed) during stress-assisted thermally activated 

reactions.37 
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1.5. Dissertation Outline 

Although the use of antiwear additives in lubricants is commonplace, and many 

experimental studied have focused on the performance of these chemical species, the role 

of important parameters like shear deformation and surface reactivity is not well 

understood. Experimental approaches have been limited by the inability to direct probe 

reactions happening between sliding surfaces. Simulation approaches can resolve this 

issue, but they are only recently starting to be applied to study tribochemistry. Therefore, 

the mechanisms of film formation for some of widely used lubricant additives like TCP 

have not adequately explored using computational tools. One factor limiting simulation 

approaches in the past is the lack of an empirical forcefield to describe the necessary 

interactions between atoms in reactive MD simulations.  Finally, the mechanisms by which 

tribofilms reduce friction and wear are not well understood, and there is still debate about 

how chemical and physical phenomena contribute to friction at atomic scale. 

Here, we aim to investigate both the role of chemical reactions in the formation of 

thermal and tribofilms, as well as their contribution to the friction at sliding interfaces. To 

fill the gaps in the previous studies, we will use reactive molecular dynamics simulations 

using the ReaxFF forcefield 80, and will investigate the most critical parameters affecting 

the development of thermal films and tribofilms. Chapter 1 introduced the importance of 

lubrication and tribochemical reactions. In Chapter 2, we will discuss our work exploring 

the role of shear and surface reactivity on mechanochemical reactions that occur during 

vapor phase lubrication of silica surfaces using alpha-pinene. In Chapter 3, we will focus 

on the effect of temperature and interactions between additives and the surface on the 

reactions leading to thermal film formation from tricresyl phosphate (TCP) molecules on 

an iron oxide surface. Then, in Chapter 4, we will discuss the effect of chemical and 

physical interactions at the moving surfaces on friction at the atomic scale. Together, this 

research can provide a detailed picture of what is happening at sliding interfaces. Finally, 

in Chapter 5, we will summarize the findings, draw conclusions, and identify future 

research directions.  
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Chapter 2 : Shear-Induced Polymerization of Alpha-Pinene Molecules at Sliding 

Interfaces 

2.1. Introduction 

When mechanical or interfacial shear is involved, it is hypothesized that the applied 

shear stress can facilitate chemical reactions by decreasing the activation energy or 

changing the reaction path.115-118 These theories also posit the existence of a shear-induced 

activation volume (see Equation 3) which is critical to understanding how much a reaction 

energy barrier is decreased by shear.113, 119  However, due to the complexity of processes 

during sliding, it is difficult to relate this activation volume to specific physical change.120 

In addition to mechanical shear, the surface chemistry of the sliding solids play critical 

roles in determining dominant reaction pathways and kinetics.90, 121, 122 Previous studies 

also showed that the change in the surface reactivity could significantly affect the yield of 

mechanochemical reactions happens to the interfacial molecules.31 Intuitively, the 

molecules chemically anchored to the sliding surface would experience more mechanical 

shear than the molecules slipping within the interface.31 However, the exact roles of surface 

chemistry and mechanical shear need to be unraveled for a deeper understanding of 

mechanochemistry. 

Here, to explore the effect changes in the surface reactivity on the yield of 

tribochemical reactions, we studied mechanochemical oligomerization reactions of -

pinene molecules confined between two sliding silica surfaces.  The design was inspired 

by the fact that vapor phase lubrication (VPL) experiments can effectively suppress 

material loss for most solid surfaces.123 The -pinene was chosen as the model system 

because it has a highly strained structure due to the presence of the four-membered ring 

and C=C double bond in the six-membered ring.  As a result, more restructuring and 

reactions were expected to be detectable in our simulations and experiments. Figure 2.1 

illustrates the structure of an -pinene molecule. 

 

 
Figure 2.1 The structure of α-pinene includes a highly strained four-membered ring and a 

double bond 

 

The hypothesis studied in this work is that chemical reactions between the -pinene 

and the silica will facilitate oligomerization during sliding. We used reactive MD 

simulations with a ReaxFF reactive force field. The simulation results were partially 

validated by comparison to experimental results performed by our collaborators at Penn 

State. The combination of simulation and experimental results then revealed mechanistic 
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insights into the shear-induced polymerization of -pinene on silicon oxide surfaces. The 

roles of chemisorption and shear-induced deformation of molecules observed in this study 

can be generalized to other mechanochemical reactions at sliding interfaces.  

 

2.2.  Methods 

Shear-induced mechanochemical polymerization of -pinene molecules between 

two amorphous silica slabs was investigated using ReaxFF-MD simulations. A slab-on-

slab geometry was chosen for the simulation to represent the elastic flattening of the solid 

surface in the ball-on-flat contact zone. This also resulted in confinement of reacting 

molecules within the sliding interface.  To capture the effect of surface reactivity on the 

yield, simulations were performed both on non-hydroxylated and hydroxylated surfaces. 

The non-hydroxylated surface was modeled as silicon oxide produced in the absence of 

water molecules (see Figure 2.2). The hydroxylated surface was created by modeling 

reactions with water at 500 K (see Figure 2.3). Two amorphous SiO2 slabs were created as 

described as follow to have two surfaces with different surface reactivities. 

The amorphous silica slabs were derived from a cristobalite SiO2 structure. This 

crystalline material is a high-temperature form of silica glass that is metastable below 1740 

K.124 The standard method of heating and cooling was used to create the amorphous 

structure of the two slabs in the sliding model.125 Figure 2.2 illustrates the initial and final 

structures along with the temperature and potential energy during the heating and cooling 

cycles. The NVT (constant number of atoms, volume and temperature) ensemble was used 

during heating from room temperature to 4000 K and then cooling down again to 300 K. 

To minimize strain in the resultant amorphous structure, the heating and cooling rate was 

fixed at 0.02 K/fs which was the lowest rate possible within the timescale constraints of 

the simulation. 

 
Figure 2.2 (a) Cristobalite SiO2, (b) changes in temperature and potential energy during 

the heating and cooling cycle used to create the amorphous structure, and (c) final structure 

of the amorphous silica. 

 

The physical data extracted from characterization of the amorphous silica model 

were compared with those reported in previous studies, as shown in Table 2.1. All 

properties calculated for the amorphous structure agreed with the previously reported data 

within 6% error. 
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Table 2.1 Properties of the amorphous silica glass created in this work compared to the 

results reported in previous MD simulations and experiments. 

 This study  

(from MD 

simulation) 

Previous MD 

simulations 126  

Experimental  

values 127, 128 

Bulk density (g/cm
3
) 2.1 2.1 2.2 

Si-O RDF first peak (Å) 1.58 1.56 1.62 

Si-O-Si (degree) 152.0 151.0 144.0 

O-Si-O (degree) 110.5 110.0 109.5 

 

With the aim of creating two systems with different surface reactivities, 

hydroxylation of the amorphous surface was carried out for one model. Figure 2.3 shows 

the model system in which 300 water molecules were added at the top of the amorphous 

silica (Figure 2.3(a); box size = 3.19×3.19×3.00 nm3). Then, the temperature was increased 

from 300 K to 500 K and NVT simulations were performed for 800 ps. Figure 2.3(b) shows 

the change in the density of silanol groups formed at the surface. The density of silanol 

groups increased and reached a saturation value at ~300 ps, after which there was negligible 

change. Lastly, the excess un-reacted water molecules were removed from the system. 

Figure 2.3 shows the density of surface functional groups for the non-hydroxylated and 

hydroxylated models. Based on the obtained structure, density of defects decreased upon 

hydroxylation: for example, from ~1.2 oxygen radicals per nm2 on the non-hydroxylated 

surface to ~0.5 per nm2 on the hydroxylated surface (see Figure 2.4). 

 
Figure 2.3 (a) Model system for simulation of hydroxylation. (b) Density of silanol 

groups on the silica surface during the hydroxylation process. 
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Figure 2.4 Density of different functional groups on the non-hydroxylated and 

hydroxylated model silica surfaces. 

 

After creating two structures with different surface reactivity, 31 α-pinene 

molecules were confined between the amorphous silica slabs, to form approximately a 

monolayer of -pinene on each surface. The size of the simulation box was 3.19×3.19×8.00 

nm3. Figure 2.5 shows different step of simulations. Each MD simulation consisted of three 

main steps: (i) energy minimization and equilibration at 300 K until the energy was stable, 

(ii) compression by moving the top slab toward the bottom slab in the z-direction at a speed 

of 5 m/s until the average pressure was approximately equal to the target value (either 1 or 

3 GPa), and (iii) sliding the top slab at 10 m/s in the x-direction for 2 ns. In order to study 

the effect of shear, the simulations were performed with and without sliding at 1 GPa and 

3 GPa. Since the flash temperature has been shown to be negligible during sliding in 

experiments, all simulations were carried out at 300 K by applying the NVT (constant 

number of atoms, volume and temperature) ensemble. The ReaxFF  force field was 

employed with parameters to describe interactions between Si/O/C/H atoms.129,80 

Performing the ReaxFF simulations rather than the quantum mechanics calculations 

enabled us to investigate the dynamics of the system at a more extensive physical length 

scale and a longer timescale. MD simulations were performed using the Large 

Atomic/Molecular Massively Parallel Simulation (LAMMPS) software130 and the post-

processing was carried out using OVITO software.131  
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Figure 2.5 The configuration of the model system illustrating the three stages of the MD 

simulations. From left to right: energy minimization, compression, and sliding. 

 

The experiments presented in the following pages performed by our collaborators 

(Xin He and Dr. Seong Kim group at Penn State University) and were included surface 

preparation, VPL experiments, X-ray photoelectron spectroscopy (XPS) analysis, and 

calculation of critical activation volume using pressure dependent measurements in VPL 

experiments.75  

 

2.3.  Results and Discussion 

Figure 2.6 shows the friction coefficients measured by Xin He (Penn State 

University) during VPL for the fully hydroxylated and thermally dehydroxylated silica 

surfaces. Thermal dehydroxylation was used as a means of making the surface more 

reactive. Thermal dihydroxylation will occur through dehydrations reaction among 

adjacent hydroxyl groups forming siloxane bridges.132 Such siloxane bonds at the surface 

would be subject to high strain (due to unfavorable bond angles) and thus have high 

reactivity.  

 

 

 
Figure 2.6 Friction coefficients of hydroxylated and dehydroxylated surfaces in α-pinene 

VPL conditions at a 40 % partial pressure relative to saturation. (b) C1s XPS spectra of the 

shear-induced polymers produced on silicon oxide surfaces with two different surface 
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conditions. (c) Semi-log plot of the normalized tribo-polymer yield against the contact 

pressure for -pinene sheared on the dehydroxylated silicon oxide surface.  These 

experiments were performed by Xin He at Penn State University. 133 

 

For chemical analysis purposes, Dr. Kim’s group at Penn State used the thermally 

dehydroxylated surface because it allowed better control of the surface chemistry. Atomic 

force microscopy (AFM) imaging after the VPL tests provided accumulations of reaction 

products in and along the slide track (insets in Figure 2.6(a)). The dehydroxylated surface 

had a higher friction coefficient and significantly more products than the hydroxylated 

surface. The higher friction coefficient (~0.3) is within the typical range for polymer 

surfaces.134 The C1s XPS analysis of the reaction products (Figure 2.6 (b))) shows the 

presence of oxygen groups (C-O at ~286.5 eV, C=O at ~287.5 eV, and O-C=O at ~289 

eV), even though -pinene has no oxygen. The dehydroxylated surface produced more 

oxygenated products than the hydroxylated surface. These results imply that the surface 

chemistry of the solid substrate plays a critical role in reaction yield and pathways.  

For the dehydroxylated surface, the shear-induced polymerization yield was high 

enough to conduct contact pressure dependence measurements to determine the critical 

activation volume (V*), as shown in Figure 2.6 (c).38 This could not be done reliably on 

the hydroxylated surface because the reaction yield was too low to be measured with 

enough precision. Using an Arrhenius-type activated reaction model,25, 120, 135 the V* of 

this reaction was found to be about 8.30.7 Å3 on the dehydroxylated surface [see the next 

section for calculation details]. This value corresponds to ~3% of the molecular volume of 

-pinene in the liquid state (liquid molar volume divided by the Avogadro’s number). In 

equilibrium conditions, molecules are incompressible. This then raises a question about the 

physical meaning of the volume change between the reactant and transition states of the 

molecule.  

The molecular origins of the higher yield of shear-induced polymerization on the 

dehydroxylated surface, the production of oxygenated products from oxygen-free 

precursor molecules on silicon oxide, and the critical activation volume calculated from 

the pressure-dependence data could not be understood from the experimental studies alone; 

so, ReaxFF-MD simulations were performed to address these questions. Figure 2.7 (a) and 

(b) show the molecular weight (MW) distribution of molecular species remaining after 

applying 1 GPa pressure for 2 ns without any lateral shear action. On both non-

hydroxylated and hydroxylated surfaces, no association products of -pinene molecules 

were observed. The slight increase in the molecular weights is due to the uptake of oxygen 

atoms from the silicon oxide substrates.  
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Figure 2.7 Histograms of the molecular weights of species with ten or more carbon atoms 

from simulations at 1 GPa for (a) hydroxylated surface without sliding, (b) non-

hydroxylated surface without sliding, (c) hydroxylated surface after 2ns of sliding, and (d) 

non-hydroxylated surface after 2ns of sliding. Side view images of the MD simulations are 

shown as insets in (a) and (b), where reactive surface sites are highlighted by red spheres. 

Snapshots of representative shear-induced reaction products are shown as insets to (c) and 

(d). 

 

Figure 2.7 (c) and (d) show the MW distribution of species with 10 or more carbon 

atoms after shear. Here, the formation of shear-induced reaction products is evidenced by 

the presence of products whose MWs are heavier than dimers. The comparison with the 

control case without shear (Figure 2.7 (a) and (b)) clearly shows that oligomerization does 

not occur without interfacial shear; in other words, chemical reactions are facilitated or 

initiated by interfacial shear. There is significantly more oligomerization on the non-

hydroxylated surface, which is congruent with the experimental result (Figure 2.6). Note 

that, due to the limited sliding time and number of reactant molecules in MD simulations, 

high MW products could not be formed.  
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2.3.1 Pressure dependence and critical activation volume calculation 

Based on the models proposed for the mechanically assisted thermal activation 

phenomena,25-27, 135, 136 the rate of reaction (or yield at a constant reaction time) can be 

expressed as an Arrhenius-type function: 

r𝑦 =  A exp (−
Ea−σ ∆V∗

kbT
)   (2-1) 

where ry is the reaction rate or normalized yield, A is a preexponential factor, Ea is 

the activation energy barrier for thermal reaction, σ is the applied shear stress, ΔV* is the 

critical activation volume, kb is the Boltzmann constant, and T is the substrate temperature.  

The shear stress term can be expressed with the applied contact pressure (P) and friction 

coefficient (): 

σ = σ0 + αP     (2-2) 

Here, σ0 and α are constants. Inserting equation (2) in equation (1) gives: 

ln (r𝑦) = (ln 𝐴 +
σ0 ∆V∗

kbT
−

Ea

kbT
) +  

∆V∗.α

kbT
𝑃 (2-3) 

When the flash temperature increase due to friction is negligible, the terms in the 

parentheses on the right side of equation (2-3) would remain constant.137 Therefore, on a 

semi-log plot of the reaction yield against the applied pressure, the slope can be used to 

estimate ΔV*.  

MD simulations revealed that the increase in applied contact pressure from 1 GPa 

to 3 GPa resulted in more products at the end of sliding (Figure 2.8).  When these two data 

points were used for the Arrhenius-type activation model analysis, V* was estimated to 

be ~6 Å3 on the non-hydroxylated surface. Although accuracy of this value is limited due 

to insufficient data points, it is still intriguing to note that the simulation value is reasonably 

close to the experimentally determined V* =8.3±0.07 Å 75 .These observed consistencies 

imply that the molecular details available in the ReaxFF-MD simulations are relevant to 

the experimental observations, despite the differences in size and time scales between the 

experimental and simulation conditions75. 

 
Figure 2.8 (a) Average molecular weight of reaction products containing more than 10 

carbon atoms in MD simulations for the hydroxylated and non-hydroxylated surfaces at 

contact pressures of 1 GPa and 3 GPa. (b) Calculation of the critical activation volume 
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based on the number of -pinene molecules associated in simulations at 1GPa and 3GPa 

conditions. 

 

2.3.2 Oligomerization reaction pathway 

The first chemical interactions between the -pinene molecules and silica surfaces 

happen during equilibrium step before applying any vertical compression. Figure 2.9 shows 

the comparison between the chemisorption of -pinene molecules on two surfaces. As 

illustrated here, more hydrocarbon molecules reacted with the non-hydroxylated surface 

due to more available high energy dangling oxygens and peroxides on this surface 

compared to the hydroxylated surface. However, the chemisorption events do not lead to 

association of the molecules.  

 
Figure 2.9 Density of chemisorbed α-pinene molecules on the hydroxylated and non-

hydroxylated surfaces at the end of the energy equilibrium step in MD simulations. 

 

In the next step, the reaction pathway during sliding process were investigated. 

Figure 2.10 displays snapshots from the simulation following the trajectory of one -

pinene molecule. At t = 114 ps after initiation of sliding (Figure 2.10 (b)), the surface O1 

atom is approaching the C6 atom of the -pinene molecule. At t = 120 ps (Figure 2.10 (c)), 

the O1 atom is covalently bonded to the C6 atom; at t = 124 ps (Figure 2.10 (d)), the second 

oxygen is attached to the C1 atom and the covalent bond between C1 and C6 is broken.  

Following the trajectories of all molecules forming association products, it was found that 

-pinene molecules are first oxidatively activated by reactions with dangling oxygen 

groups at the surface before the sliding and/or hydroxyl groups during the sliding before 

they are associated with another molecule. This result indicates that the oxidative 

chemisorption or activation of the interfacial molecule is necessary for shear-induced 

oligomerization reactions to occur.   
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Figure 2.10 Snapshots at various times from ReaxFF-MD simulations following one α-

pinene molecule. The numbers on atoms are given following the IUPAC nomenclature. 

The 4-membered ring consists of C1, C2, C7, and C6. The 6-membered ring is made of 

C2, C3, C4, C5, C6, and C7. The C=C double bond exists between C3 and C4.  The C8, 

C9, and C10 are methyl side groups. The oxygen atoms are from the silicon oxide substrate 

and numbered following the order of covalent bond formation to -pinene molecules. 

Atom colors correspond to: C-brown, O-blue, and H-yellow.  

 

The oxidized intermediate species in Figure 2.10 (c) meets with another -pinene 

molecule at    t = 886 ps (Figure 2.10 (e)). Here, it is important to note that a covalent bond 

is formed between the O1 atom attached to the C6 of the first molecule and the C10 atom 

of the second molecule. For all 10 association products formed within the 2 ns simulation 

duration, the covalent bonds associating two molecules are formed between oxygen atoms 

of the oxidized intermediate species and the carbon atoms of the neighboring molecule (see 

Figure 2.11). This is drastically different from typical catalytic polymerization reactions of 

-pinene under thermal conditions, where cationic intermediates are formed and the 

polymerization proceeds through C-C covalent bond formation.138 This difference implies 

that thermal reaction mechanisms cannot be applied or utilized to explain 

mechanochemical reactions.  

 

2.3.3 Role of internal strain 

When the 10 oligomers produced in MD simulations are analyzed (Figure 2.11), it 

is found that the C=C double bonds in the 6-membered ring are more likely to be attacked 

by the oxygen atom of the intermediate species and activated by oxidation reactions with 

the surface. The next most likely association reaction appears to be with the 4-membered 

ring or methyl groups attached to the 4-membered ring. These are the highly strained 

regions within the -pinene molecule. Although the number of products is not large enough 

to give reliable statistics, this trend suggests that the internal strain of molecules plays a 

critical role in mechanochemical reactions.    
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Figure 2.11 Association of two molecules via C-O-C bond formation. Snapshots of the 

hydrocarbon species formed in MD simulations with the hydroxylated and non-

hydroxylated silica surfaces after 2 ns sliding. The atom numbers at the connection between 

molecules are provided adjacent to each snapshot. It is important to note that all association 

products are connected through the C-O-C ether bond; no products were found to be 

connected via direct C-C covalent bonding. 

 

The role of internal strain in the oxidative activation of -pinene forming 

intermediate species is shown in Figure 2.12. At t = 98 ps, the C1-C6 bond length (dC1-C6) 

is slightly elongated from 1.5 Å to 1.75 Å, which is accompanied by an increase in the C2-

C7-C6 bond angle (7) and a decrease in 1. This deformation appears to facilitate the 

association of C6 with O1 at t = 106 ps, at which time dO1-C6 decreases from 2.3 Å to 1.9 

Å (still too far to covalently bond). Compared to the total energy for a small cluster of 

reacting species only, the physical deformation is found to substantially reduce the 

activation energy for the oxygen transfer from the surface to -pinene.75 As O1 approaches 

C6 (t = 106 ps), dC1-C6 is elongated further to 1.9 Å, 6 decreases to 84o, and 7 increases 

further to 110o. This corresponds to Figure 2.10 (b). Finally, at      t = 124 ps (which 

corresponds to Figure 2.10 (d)), the covalent bond between O1 and C6 is formed 
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(decreasing dO1-C6 to 1.5 Å). At the same time, O2 is covalently bonded to C1 (dO2-C1 

decreases from ~3 Å to 1.5 Å); this is accompanied with the ring opening, which is 

evidenced by the increase of dC1-C6 from 1.9 Å to 3.4 Å and the increase of 2 and 7 to 

~140o. Also, dC1-C2, dC2-C7, and       dC6-C7 get slightly shorter by 0.1 Å (data not shown). 

During this entire process of forming the oxidized intermediate species, the effective 

volume change is about 10 Å3. In the subsequent association between the activated 

intermediate and -pinene, the shear-induced deformation of the molecule is found to 

facilitate the C-O-C bond formation 75. 

 

 
Figure 2.12 Physical deformation of the 4-membered ring during the oxidation of α-pinene 

by reaction with surface oxygen atoms (steps shown in Figures 2.10 (b), 2.10(c), and 

2.10(d)). Here, θ1, θ2, θ7, and θ6 represent the C6-C1-C2, C1-C2-C7, C2-C7-C6, and C7-

C7-C1 bond angles, respectively. The volume of a tetrahedral box (identified by dotted 

lines) is also shown. 

 

MD simulation results also explain the XPS analysis data (Figure 2.6 (b)) which 

indicate that the shear-induced polymerization products are highly oxidized. The 

polymerization occurs not through the formation of direct C-C covalent bond between two 

molecules, but through the formation of the C-O-C ether bond (responsible for the 286.5 

eV peak in Figure 2.6 (b)). Also, unreacted terminal oxygen atoms will be further oxidized, 

forming carbonyl or carboxyl groups (287.5 eV, and 289 eV in Figure 2.6 (b)) upon 

exposure to air. In simulations, the non-hydroxylated surface produces more oxidized 
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products than the hydroxylated surface (see Figure 2.7 and Figure 2.11), which is congruent 

with the XPS result showing more oxidized C1s components for the reaction products on 

the dehydroxylated surface (Figure 2.6 (b)).   

 

2.4. Conclusion 

Reactive MD simulations of hydroxylated and non-hydroxylated surfaces provided 

atom-scale explanations for shear induced polymerization of -pinene. First, non-

hydroxylated surfaces were shown to react more with the -pinene and have more 

oligomerization during shear than the hydroxylated surfaces. These results were consistent 

with VPL experiments performed by Dr. Kim’s group at Penn State which reported more 

tribo-polymerization when dehydroxylated silica surfaces were used. Also, the activation 

volumes calculated from the pressure-dependence of the yield in simulations and 

experiments for the non-hydroxylated surface were comparable to each other. This 

consistency with experimental observations indicated the simulations were indeed relevant 

to the experiments and supported the hypothesis that more reactivity of the substrate 

surface corresponds to higher oligmerization yield during shear. Second, the simulations 

showed that oligomerization between two -pinene molecules occurs via oxygen atoms 

obtained from surface reactions, providing direct evidence of the connection between 

surface reactivity and yield. Lastly, detailed analysis of individual molecules during the 

simulation revealed that shear facilitates association reactions through deformation of 

strained parts of the molecule, which in turn enables the molecule to bond with surface 

oxygen as the first step towards oligomerization. 
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Chapter 3 : Thermally Activated Film Formation from TCP on Iron Oxide Substrate 

3.1. Statistical analysis of temperature-dependent adsorption reactions 

Many solid or semi-solid films are grown using techniques that involve gas or liquid 

phase species chemically reacting with a solid surface. Understanding the initial 

chemisorption reactions leading to film growth is an important step towards optimization 

of these films. Such reactions can be inferred from measured rates of film growth and 

surface characterization, but the elementary steps cannot readily be observed 

experimentally. An alternative to experimental approaches is atomistic modeling methods, 

i.e., density functional theory (DFT), kinetic Monte Carlo (KMC) or molecular dynamics 

simulation (MD), that provide atomic scale information about the elementary reaction steps. 

However, the challenge for simulation-based approaches is that film growth may occur 

through many different reactions with varying statistical likelihood, especially at high 

temperatures or on irregular, amorphous or disordered, surfaces. DFT can provide detailed 

and highly accurate information about a given reaction, but the reactions must be identified a 

priori and the computational cost of the method typically means that only a few possible 

reactions can be studied (e.g. 73, 139, 140). KMC enables much larger systems to be modeled, but 

the kinetics are typically based on DFT calculations so the approach is again limited to 

known reactions (e.g.141-143). In MD, multiple reactions can be identified during the 

simulation as atoms interact and move, but traditional MD is limited to relatively small size 

(nanometer) and time (nanosecond) scales, which means that only one or a few reactions 

will be identified (e.g. 75, 144). Thus, standard atomistic approaches are not ideal tools for 

investigating film growth processes that involve many different possible reactions. 

One way to simulate a larger number of different reactions is to extend the duration 

of MD simulations. This can be done using a variety of techniques,145 including 

parallelization in time, i.e. multiple replicas of a model system run in parallel. It has been 

shown that parallelization does not have an effect on the relative probabilities of possible 

reactions, so both the sequence of reactions and reaction times in a parallel simulation are 

the same as those that would be observed in one long serial simulation.146 For surface 

reactions that may be the precursors to film growth, use of multiple replicas enables 

statistical analysis of the possible reaction sites. To model chemical reactions on surfaces, 

these parallel simulations have been performed either using hybrid quantum 

mechanical/molecular dynamics methods147, 148 or molecular dynamics with reactive empirical 

potentials.149-152 Such simulations have been applied to model SiH3 on amorphous silicon,150  

oxynitridation on Si(001),149 N adatoms on vanadium nitride (001),147 oxidation of 

Si(100),151 C60 molecules on a diamond substrate,152  and Ar plasma bombardment on an 

organosilicate glass. 148 These studies demonstrate the utility of parallel reactive simulations 

for statistical analysis of reactions leading to film growth, and specifically surface reactivity. 

Here, we study a more complex reactant molecule that contains multiple possible sites for 

chemisorption and so focus on the reactant as opposed to the surface. 

The specific system investigated is tri-cresyl phosphate (TCP) interacting with an 

amorphous iron oxide surface. This system is highly relevant because TCP is a common 

aviation lubricant additive that functions by chemically reacting with ferrous surfaces to form 

protective films. Such films play a key role in enabling moving mechanical components to 

operate efficiently, but the elementary steps leading to film growth are still poorly 

understood. Experimental studies have been performed to characterize TCP film for several 
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decades and have suggested multiple possible film formation mechanisms, including 

corrosion, thermal decomposition, hydrolytic decomposition, and oxidative decomposition.153 

However, few simulation-based studies have sought to explore these mechanisms. Non-reactive 

MD simulations of TCP and tri-n-butyl-phosphate have been reported,154, 155 but none 

included chemical reactions with iron oxide, in part due to lack of availability of an empirical 

potential for all of the necessary interactions. Also, the DFT calculations on the 

previously-proposed mechanisms for TCP on Fe(110) found that they are all energetically 

feasible.73 However, as mentioned previously, the limitations of DFT precluded a statistical 

analysis of reactions sites. 

In this study, we applied parallel reactive MD simulations to model chemical 

reactions between TCP and an amorphous iron oxide surface. The simulations used a 

new ReaxFF force field80 for which our other members of our group have developed new 

parameters to describe Fe/P/O interactions.156 The simulations described interactions 

between a single TCP molecule and the amorphous iron oxide surface at temperatures from 

300 to 700 K. At each temperature, one hundred replica simulations were run, where the 

replicas differed only in the initial position of the TCP relative to the surface and the initial 

velocity distribution of the atoms. We analyze the frequency of TCP–surface reactions for each 

atom type and each unique reaction site on the TCP. Then, the composition of the chemisorbed 

material was analyzed and compared to previous experimental measurements. The results 

are relevant to TCP film growth specifically, but the approach demonstrated here can be 

applied more generally to study reaction sites on organic molecules using parallel reactive 

MD with statistical analysis. 

 

3.1.1. Reactive molecular dynamics simulations 

 

 
Figure 3.1 (a) Snapshot of one model system consisting of a TCP molecule on a passivated 

amorphous iron oxide surface. (b) This model was replicated 100 times with diff t initial 

positions of the TCP relative to the surface and run at temperatures from 300 to 700. Red, 

black, blue, orange and white spheres represent phosphorus, carbon, oxygen, iron and 

hydrogen atoms, respectively. 

 

The MD model system consisted of a single TCP molecule on an amorphous iron 

oxide surface. The amorphous iron oxide was created by first annealing a slab of 
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crystalline Fe3O4 (2.5 nm × 2.5 nm in the plane of the surface and 2.0 nm thick). The 

bottom 0.3 nm of the substrate was held fixed, forming the boundary in the surface-normal 

direction, and periodic boundary conditions were applied in the directions in the plane of the 

surface. Next, to create the amorphous material, the temperature was first increased from 

300 to 4000 K over 25 ps, held at 4000 K for 125 ps, and then decreased back to 300 K over 

500 ps. Prior to amorphization, the iron coordination number was 4 (37%) or 6 (63%), as 

expected based on the Fe3O4 crystal structure. After the amorphization process, the 

coordination number for most of the iron atoms was 4 (78% in the bulk and 80% on the 

surface), with the remaining atoms having coordination numbers of 1 (0.2% bulk, 3% 

surface), 2 (3% bulk, 8% surface), 3 (17% bulk and 8% surface) and 5 (1% bulk, 0% surface). 

Finally, to passivate the surface, 300 water molecules were placed over the amorphous iron 

oxide surface and the temperature of the system was set to 700 K for 500 ps to accelerate 

the hydroxylation reactions. The simulation was run until the potential energy was stable, 

after which any atoms not covalently bonded to the surface were removed. At the end of this 

process, the hydroxyl group density on the surface was 8.3 nm−2, consistent with the range 

of 5 to 9 nm−2 reported in previous studies.  

This substrate was used to create 100 model systems with a single TCP molecule at 

different and randomly chosen initial positions relative to the surface in each model. 

Two different initial TCP orientations were modeled, with the double-bonded oxygen 

atom pointing down towards the surface in 50 simulations and the oxygen pointing up in the 

other 50 simulations. A snapshot of one model system is shown in Figure 3.1 (a). For all 100 

models, MD simulations were run with the temperature controlled using a Nosé-Hoover 

thermostat applied to the free atoms. Simulations were run at 300–700 K in increments of 

100 K for up to 1 ns, where the duration at each temperature was determined based on when 

the number of bonds reached steady state. At each temperature above 300 K, the initial 

configuration was taken from the final configuration of the simulation at the next lower 

temperature. Figure 3.1 (b) shows a schematic of the parallel simulation approach. Chemical 

bonding information was output at 1.25 ps intervals and a bond-order cut-off value of 0.3 

was used to identify covalent bonds. The number of bonds was averaged over the steady state 

region of the simulation (during the last 25 ps at each temperature). 

All simulations were run using the large-scale atomic/molecular massively parallel 

simulator (LAMMPS)130 with a timestep of 0.25 fs, and post processing of results was carried 

out using OVITO software.1 3 1  

 

3.1.2. Results and Discussion 

100 parallel simulations of TCP on an amorphous iron oxide surface were run using 

a new set of ReaxFF parameters that is developed for Fe/P/O system. The number of 

covalent bonds formed between TCP and the surface was analyzed and categorized based 

on atom–atom type, i.e. Fe–C, Fe–O or O–P, where the film element corresponds to an 

atom in the iron oxide and the second is in the TCP. Bonds between all other combinations 

of atoms had a probability of less than 3% at any temperature, so they were not included 

in the analysis. Also, bonds with H atoms were excluded from the analysis since they do 

not contribute significantly to film formation. The probability of each bond at the different 

temperatures is shown in Figure 3.2. Note that there was no difference between the trends 
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exhibited by the simulations with the two different initial TCP orientations at 300K, so they 

were analyzed together. On average, there was more TCP–surface bonding at the higher 

temperatures, although the distribution of elements involved changed with temperature. 

Comparing the different types of bonds, it is evident that Fe–C bonds were the most 

common at any temperature. 

 

 
Figure 3.2 The probability of a bond forming between the TCP and amorphous iron oxide 

surface as a function of temperature for each atom–atom pair, where the film element 

corresponds to an atom in the iron oxide and the second is in the TCP. 

 

The above analysis considers the Fe–C bonds and the Fe–O bonds collectively. However, 

in reality there are seven unique C atoms and two unique O atoms available for reaction on the 

TCP, in addition to the P atom. The unique reaction sites on the TCP are identified and 

labeled in the upper left panel of Figure 3.3. The probability analysis was then repeated for 

each unique reaction site on the TCP and the results are illustrated graphically in Figure 3.3. 

At temperatures between 300 and 500 K, the most reactive atoms were C5 and C6, likely 

because of their location at the outermost edge of the benzene ring. As the temperature 

increased, the O atoms became more reactive, until O1 was the most reactive site on the 

TCP at 700 K. At the highest temperatures, we also observed statistically significant 

reactions at the C1 and C7 sites. 
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Figure 3.3 The reactivity of individual atoms in the TCP molecule at different temperatures. 

The unique reaction sites on the TCP are identified and labeled in the upper left panel. Note 

that the ranges of the color scales are diff t for each temperature, so this film does not 

enable comparison between temperatures but rather comparison between the different 

reaction sites at each temperature. 

 

To quantify the above analysis, we calculated the probability of bonding for each possible 

combination of a unique reaction site on the TCP molecule and a surface atom. The result 

is reported in Figure 3.4, where only reactions with a probability above 3% at any temperature 

are shown. The statistically significant reaction pairs were Fe–C1, Fe–C4, Fe–C5, Fe–C6, Fe–

C7, Fe–O1, Fe–O2 and O–P. Again, bonds with H atoms were excluded from the analysis. 

Snapshots of representative model systems illustrating the statistically significant reactions 

are shown in Figure 3.5, confirms that most probable reactions at lower temperatures 

involved chemical bonding between the C5 or C6 atom in the TCP and Fe on the iron oxide 

surface. These reactions were observed for whole TCP molecules, i.e. without decomposition. 

However, at the high temperatures, reactions between O1 and C1 in the TCP and Fe on the 

surface became dominant. At these temperatures, chemisorption reactions were accompanied 

by TCP decomposition. The most commonly observed reaction at high temperatures was 

decomposition of TCP via breaking of the O1–C1 bond followed by chemisorption of cresyl 
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via an O1–Fe bond. This was also sometimes followed by C1–Fe bonding, explaining the 

consistent trends exhibited by O1–Fe and C1–Fe observed in Figure 3.4. 

 

 
Figure 3.4 Probability of bonding between unique reaction sites on the TCP and atoms on 

the iron oxide surface as a function of temperature. Only atom–atom pairs for which the 

probability of bonding was 3% or more at any temperature are shown. 
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Figure 3.5 Snapshots of the simulation illustrating the statistically significant TCP– surface 

interactions. All atoms are faded except those in the TCP and surface involved in a given 

reaction. 

 

Previous DFT studies analyzed reaction pathways for TCP on an iron (110) surface 

and showed that multiple pathways were possible.73 However, all of those pathways started 

with bonding between O2 and Fe. The dynamic simulations shown here suggest that, while 

Fe–O2 bonding can occur on an amorphous iron oxide surface, it is not statistically 

significant compared to Fe–C or Fe–O1. This highlights the differences between reactions on 

ideal crystalline metal surfaces compared to those on an amorphous, passivated oxide. 

The chemical reactions described above are the starting point for film formation. 

Therefore, the composition of the material chemisorbed to the surface in the simulations can 

be analyzed in the context of previous experimental measurements; specifically, experiments 

performed in oxygen-deficient environments, where the iron was expected to have a native 

oxide, but only small amounts of outside reactants (e.g. water, oxygen, hydrogen) were 

available to contribute to the TCP-surface reactions.157-160 In the simulations, the 

composition of the material chemisorbed to the surface was quantified in terms of surface 

density of individual elements that originated from TCP molecules. Figure 3.6 shows that the 

chemisorbed material consisted of C, O and P atoms. The density of the individual elements 

was greatest at 400 K and, at all temperatures, C had the highest density. 
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Figure 3.6 Chemical composition of adsorbed layer on the amorphous iron oxide surface 

at different temperatures. 

 

Although direct comparisons between simulations and experiments cannot be made 

since the models capture just the initial stage of film formation, parallels can be drawn 

between the composition of chemisorbed species in these simulations and the composition 

of TCP film measured in previous oxygen-deficient experimental studies. First, the 

significant amount of C observed in the simulations is consistent with experimental 

measurements of the composition of TCP film near the surface obtained using auger 

electron spectroscopy (AES) and x-ray photoelectron spectroscopy (XPS).157, 158 Further, 

analysis of the species chemisorbed to the surface in the simulations showed that, at lower 

temperatures, most chemisorbed species were complete TCP molecules, but as the 

temperature increased, bonds broke within the TCP resulting in chemisorption of 

decomposition products, predominantly cresyl. This is consistent with the composition of 

reactant film obtained using Auger Electron Spectroscopy (AES) and X-ray Photoelectron 

Spectroscopy (XPS) on the surface of iron foils exposed to TCP at elevated temperatures in 

an oxygen-starved environment.1 5 7 -1 5 9  Our simulations suggest both occur, with the statistical 

likelihood of the latter increasing with temperature. 

Most previous experimental studies have identified phosphorous as a key component of 

film formed from TCP on ferrous surfaces153 and the working assumption has been that this 

iron phosphide or iron phosphate film results from the formation of Fe–P bonds directly 

from the TCP molecule.73 However, our results show that P atoms are more often 

indirectly bonded161 to the surface through TCP or other species that bond with the surface 

via C atoms. Also, phosphate groups are likely to be present on the surface through 

physisorption, following chemisorption of cresyl. Therefore, at least in oxygen deficient 

environments, the primary mechanisms by which P is initially incorporated into a film are 

indirect bonding (i.e. present in species bonded to the surface via other atoms) or 

physisorption enabled by decomposition of TCP. This hypothesis cannot be directly tested 

without further extensive experimentation and reactive MD simulations. However, many 

previous experiments analyzed TCP film formation in terms of the composition of desorbed 
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species, as opposed to adsorbed species as done here. Therefore, future research 

specifically analyzing reaction products that leave the surface would enable additional 

comparisons to experiment. 

 

3.2.  Synergistic effect of nanodiamonds on the adsorption of tri-cresyl phosphate on 

iron oxide surfaces 

 

3.2.1. Introduction 

Chemical reactions between liquid phase species and a solid surface are the precursors 

to growth of solid or semi-solid films in a variety of applications. Understanding the 

pathways for these reactions is therefore an important step towards optimization of film 

growth parameters 162, 163. Here, we focus on reactions between tri-cresyl phosphate (TCP) 

and an amorphous iron oxide surface. This is an important system because TCP is a 

chemical additive that is included in lubricant formulations to minimize wear of moving 

components. TCP is widely used in lubricants in the aviation industry as well as some 

automotive engines 158. In a mechanical system, TCP functions by chemically reacting with 

ferrous surfaces to form films that protect those surfaces from wear under harsh sliding 

conditions 73, 153. 

Despite the success of TCP as a lubricant additive, it is associated with environment and 

health concerns that encourage the development of alternatives 164, 165. However, emerging 

lubricant additives must, at least initially, be compatible with existing additives such as 

TCP. One family of emerging lubricant additives that has been the focus of many studies in 

recent years is nanoparticles 166. Of particular interest for some applications are diamond 

nanoparticles, or nanodiamonds (NDs), which offer high thermal conductivity, high 

hardness, high melting point and the ability to withstand extreme environments 137. ND 

additives have been shown to reduce friction and wear in both oil and water-based lubricated 

systems 137, 167-171. However, the compatibility of NDs with existing lubricant additives, 

including TCP, is not yet fully understood. 

Of particular concern is the fact that NDs have been reported to increase the activation 

energy for some processes 172, which could adversely affect TCP–surface reactions and in 

turn limit TCP film growth. However, recently, a quartz crystal microbalance (QCM) was 

used as an in situ tool 173 to measure reaction temperatures of TCP on ferrous surfaces 174. 

These measurements showed that, contrary to expectation, the addition of NDs facilitated 

the formation of TCP films on air baked Fe surfaces 175. The composition of the resultant 

film was also found to be affected by the NDs, with the presence of NDs increasing the 

amount of carbon and oxygen relative to the amount of iron in the film. These findings were 

extremely promising because they showed that NDs can have a synergistic effect on the 

formation of protective films in lubricated contacts 175. However, the experimental approach 

did not provide a fundamental explanation for the observed benefit of NDs on TCP films. 

Therefore, here we use molecular dynamics simulations (MD) here to explore the 

interactions between TCP, NDs and amorphous iron oxide surfaces to explain the 

underlying physics. 

 

3.2.2. Methods 

Simulations were designed to capture chemical reactions between TCP molecules and 
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an amorphous iron oxide surface, with and without NDs, across the same range of 

temperatures reported in the previous QCM study. Two models were created, one with NDs 

and one without NDs, as shown in Figure 3.7. In both systems, the dimensions of simulation 

domain were 5 nm × 5 nm × 10 nm, with periodic boundaries in the plane of the surface and 

a fixed boundary in the surface–normal direction. A repulsive wall at the height of 9.8 nm 

was employed to prevent atoms from traveling out of the simulation box. Both models 

contained 32 TCP molecules, corresponding to approximately a monolayer, and one of the 

systems also contained 5 NDs. All interactions were described by the ReaxFF force field 80, 

which enabled the model to capture formation and breaking of covalent bonds, with a 

recently developed parameter set that captured all relevant atomic interactions 156. In both 

systems, atoms in the bottom 0.3 nm of the iron oxide were fixed in place. Temperature was 

controlled using a Nosé-Hoover thermostat with a damping parameter of 25 fs applied to all 

unconstrained atoms. Simulations were run using LAMMPS 130 with a time step of 0.25 fs. 

 
Figure 3.7 Snapshots of the simulations consisting of TCP molecules on an amorphous iron 

oxide surface, with and without NDs. Close-up views of the TCP and ND are shown as 

insets above the simulation snapshots. Colors represent: Hydrogen - white, Oxygen – blue, 

Phosphorous - red, carbon in TCP - black, carbon in NDs - faded grey. 

 

The amorphous iron oxide was created by annealing a slab of crystalline Fe2O3 iron 

oxide (5 nm × 5 nm in the plane of the surface and 1.7 nm thick). Annealing was performed 

by increasing the temperature from 300 to 4000 K over 25 ps, holding at 4000 K for 125 ps, 

and then decreasing back to 300 K over 500 ps 156. The surface was then passivated by 

introducing water molecules into the model. A simulation with the amorphous iron oxide 

surface and water was run at 700 K for 500 ps, after which the number of chemical bonds 

was constant. After the simulation, any water molecules not covalently bonded to the 

surface were removed from the model. The hydroxyl group density on the final surface was 

8.31 nm−2, consistent with the range of 5 to 9 nm−2 reported in previous studies 176. The 

resultant passivated amorphous iron oxide model was comparable to the surface of the 

sample used in previous experimental measurements of a pure iron film baked in air at 513 
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K for two hours 175. 

The ND particles were created by cutting from a block of carbon atoms in a diamond 

structure such that the surfaces of the cut material had the minimum energy 177. The resultant 

particles had a diameter of approximately 1 nm. The NDs were passivated by placing them 

in a simulation with water molecules at 500 K for 500 ps. During the hydroxylation process, 

water molecules reacted with the ND surface leading to the formation of CH and COH 

chemical groups. The observation of hydrogen and hydroxyl terminated carbon atoms on 

the surface of NDs has been reported in previous studies 178. In the QCM experiments, the 

NDs had a diameter of 30 nm and, in an oil dispersion, were prepared in a manner that is 

expected to result in COOH termination. The presence of COOH groups is expected based 

on previous experimental observations 179 as this chemistry has been shown to improve 

dispersion by promoting electrostatic attraction with the anchoring groups of the dispersants 
167. Thus, our model NDs were several times smaller than those in the experiment and likely 

had different termination. The size scale was limited by the simulation method and the 

termination was determined by the force field through the simulation of the NDs with water. 

Despite these differences, the model NDs were a reasonable approximation since all of the 

reactions that we observed were between the un-terminated C atoms in the NDs and either 

O from the TCP or Fe on the surface. 

Both models were initially equilibrated at room temperature for 0.25 ns. Then, the 

temperature was increased linearly at a rate of 1000 K/ns to a maximum temperature of 550 

K. This is the same temperature range as reported in the previous QCM experiments 175, 

although the heating rate was orders of magnitude faster than in the experiments due to the 

small time scale of the model.  The simulation was repeated three times for each model to 

enable statistical analysis of results. For each replica, the TCP molecules were placed at 

different initial positions such that the simulations captured the potential interaction of TCP 

with many different reactive sites on the surface. Also, to confirm the heating rate did not 

affect results, simulations were repeated once more at a rate of 500 K/ns. During the 

simulation, the number and type of covalent bonds between TCP and the iron oxide surface 

were recorded. 

 

3.2.3. Results and Discussion 

Figure 3.8 shows the number of bonds between TCP molecules and the iron oxide 

surface, with and without NDs present. At all temperatures, the chemical bonds that formed 

were between C atoms in the TCP and either Fe or O atoms on the surface. Two key 

observations can be made from these results. First, there were more chemical bonds formed 

between TCP and the surface when the NDs were present. This is consistent with the 

observation from QCM experiments on air baked Fe which showed an abrupt frequency 

shift (indicating film growth) only for the system with NDs 175. Second, the increase in 

bonding with NDs observed in Figure 3.8 occurred between 400 and 470 K. This is similar 

to the temperature of the abrupt frequency shift in the QCM experiments which occurred at 

500 K 175. Further, the frequency shift observed at a single temperature on the experimental 

time scale is captured by the orders-of-magnitude faster simulations as an increase in 

bonding over a range of temperatures, potentially explaining why the shift is so abrupt in 

the experiments. These same trends were observed in our simulations at the slower 

temperature ramp rate of 500 K/ns. 
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Figure 3.8 Number of covalent bonds formed between TCP and the iron oxide surface as a 

function of temperature without (left) and with (right) NDs as a function of temperature. 

The top figures show the total number of bonds and the middle and bottom figures show 

the total number of bonds and the middle and bottom figures show the number of Fe–C 

and O–C bonds, respectively. The symbols are the average and the lines/shading represent 

the standard error of the three independent simulations. 

 

To better understand the elementary steps leading to TCP film formation in the presence 

of NDs, we analyzed individual chemical bonds formed during the simulation. The unique 

bonding sites on the TCP are differentiated and identified in the upper panel of Figure 3.9. 

We observed that most of the direct TCP–surface bonds were formed between the C5 or the 

C6 of the TCP and Fe on the surface. Representative snapshots of these bonds are shown in 

the middle panel of Figure 3.9. We also observed direct chemical bonding between the ND 

and the surface via Fe–CND bonds. This is consistent with experimental detection of NDs 

embedded in the film grown in QCM as shown in the insets to Figure 3.10. Finally, the 

simulations showed bonding between C atoms in the NDs and the double-bonded O atom 

in the TCP. In many cases the NDs to which the TCP molecules bonded were themselves 

bonded to the surface. Therefore, the NDs provide a means of indirectly bonding the TCP 

to the surface. This observation suggests that the NDs contribute to film formation by 

enabling indirect bonding between the TCP and surface. 
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Figure 3.9 Snapshots from simulations illustrating the most commonly observed reactions 

between TCP, the iron oxide surface and the NDs. All atoms are faded except those 

involved in a given reaction. The unique reaction sites on the TCP are labeled in the upper 

panel. 

 

We next analyzed the composition of the film forming on the surface through these 

reactions at 490 K, a temperature near which bonding was observed in the simulations and 

the frequency shift was measured in the experiments. From the simulations, we calculated 

the surface density of each type of atom that was either directly or indirectly bonded to the 

surface. An example of an indirectly bonded atom is an atom in a TCP molecule chemically 

bonded to an ND that is chemically bonded to the surface. Figure 3.10 shows that the 

densities of all atom types (C, O and P) were dramatically larger in the system with NDs. 

These results are consistent with the film composition reported from the experimental study 

obtained using electron dispersive X-ray spectroscopy (EDS) 175. In the experiments, the 

molar composition of the film without NDs was 9.8 for C, 7.6 for O and 0.02 for P; with the 

NDs it was 20.0 for C, 18.0 for O and 0.3 for P. The same trend is observed in Figure 3.10 

where the density of all elements is greater with the NDs present, and the relative amount 

of each element increases as P < O < C both with and without NDs. The ratio of C to O is 

higher in experiments than in simulations, which is attributable to the fact that the 

experimental measurement captured both the film and substrate on which it formed, while 
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the simulation calculation included only atoms from the TCP and NDs. The compositions 

of all three elements increased in the presence of the NDs, both in experiments and 

simulations. In the simulations, it was found that that the increase was due to both NDs 

directly bonded to the surface, as well as TCP molecules and NDs indirectly bonded to the 

surface (Figure 3.10). This effect is particularly relevant for P, which is an important 

constituent of the film in terms of reducing wear in moving components. Here, we show 

that indirectly bonded TCP molecules contribute significantly to the increased amount of P 

in the film with NDs. These results suggest that one mechanism by which the NDs facilitate 

film formation is the ability to indirectly bond the TCP to the surface. 

 

 
Figure 3.10 Simulation surface density of carbon, oxygen and phosphorous in the film at 

490 K, quantified by the number of atoms in the TCP or NDs that are directly or indirectly 

bonded to the surface. Inset are 300 nm × 1500 nm atomic force microscope topography 

images (height scale is approximately 36 nm dark to light) of the film grown in QCM 

experiments; adapted from the graphical abstract of Ref. 175 

 

3.2.4. Conclusion 

In the first part of this chapter (3.1), we used parallel reactive molecular dynamics 

simulations of TCP on an amorphous iron oxide surface to explore the initial steps leading 

to formation of a protective film on lubricated ferrous surfaces. Many reaction pathways 

are possible for TCP on iron oxide because of the multiple reaction sites on the TCP and 

irregularity of the amorphous surface. To capture as many of these pathways as possible in 

an MD simulation, we ran 100 parallel replicas of a model system consisting of one TCP at 

random initial locations above the surface. The simulations were run at temperatures ranging 

from 300 to 700 K and results were analyzed at each temperature to determine the 

statistical likelihood of the possible reactions. It was found that the relative reactivity of 

the unique reaction sites on the TCP was temperature dependent. Specifically, C atoms at the 

perimeter of the rings bonded most with the surface at lower temperatures and O atoms in 

the core of the TCP bonded most with the surface at higher temperatures. The 
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composition of the material chemisorbed to the surface was then analyzed which revealed 

that C is the most prevalent element at any temperature. Also, the most statistically likely 

chemisorbed species were found to be TCP or cresyl, with the former being more prevalent 

at lower temperatures and the latter more prevalent at higher temperatures. These trends were 

found to be consistent with observations from previous experimental measurements of TCP 

film grown on iron with a native oxide in oxygen-deficient environments. 

In the second part of this study (3.2), we used reactive molecular dynamics simulation 

to investigate the origins of previously observed differences between TCP film formation 

on ferrous surfaces with and without NDs present. First, the simulations showed that NDs 

increased the number of bonds between TCP and iron oxide – this is consistent with the 

measurement of a frequency shift at 500 K in QCM experiments with NDs, indicating film 

formation. Second, analysis of individual chemical bonds in the simulation showed that 

TCP can bond with the surface both directly and indirectly.  The direct bonding was shown 

to occur primarily between the C5 and C6 on the TCP and Fe on the surface. The indirect 

bonding of TCP molecules was shown to occur through the O atom on the TCP bonding 

with C on the ND, where that ND was bonded to the surface. Next, simulation results 

revealed a higher density of C, O and P directly or indirectly bonded to the surface in the 

presence of NDs, comparable to EDS measurements of a higher percent of those elements 

with NDs. The higher density of elements originally from the TCP is in part due to TCP 

molecules bonded to the surface via an ND. 

Overall, this study has a few key outcomes. Firsts, the film illustrates that there are 

multiple reactions between TCP and amorphous iron oxide, and the statistical likelihood of 

these reactions will depend on temperature and introduced particles like NDs. Further, 

simulations results suggest that the presence of phosphorous in the film formed from TCP 

may be due to molecules that bond with the surface via carbon in the absence of 

nanoparticles and the formation of a network composed of NDs and TCPs adsorbed on their 

surface when NDs added to the system. These findings reveal that the NDs can facilitate 

film formation through their ability to bond TCP molecules indirectly to the surface. The 

statistical approach used to characterize reaction sites on TCP as it interacts and bonds with 

amorphous iron oxide may be applied to other systems where organic molecules react with 

surfaces. The approach is particularly useful for irregular or disordered surfaces present in 

a variety of applications and on which many possible reactions contribute to film formation.  
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Chapter 4 : Chemical and Physical Contributions to the Friction at the Sliding 

Interfaces 

 

Friction occurs through a complex set of processes that act together to resist relative 

motion. However, despite this complexity, friction is typically described using a simple 

phenomenological expression that relates normal and lateral forces via a coefficient, the 

friction coefficient. This one parameter encompasses multiple, sometimes competing, 

effects. To better understand the origins of friction, here we study a chemically and 

topographically well-defined interface between silica and graphite with a single graphene 

step edge. We identify the separate contributions of physical and chemical processes to 

friction and show that a single friction coefficient can be separated into two terms 

corresponding to these effects. The findings provide insight into the chemical and 

topographic origins of friction and suggest means of tuning surfaces by leveraging 

competing frictional processes. 

 

4.1. Chemical and physical origins of friction on surfaces with atomic steps 

 

4.1.1. Introduction 

Friction occurs at the interface between any two solid surfaces in contact and moving at 

different speeds or directions. Friction corresponds to wasted energy and therefore 

determines the efficiency and useful lifetime of all moving systems, from biological to 

aeronautical. At the macroscale, friction force (Ff) is often linearly proportional to the 

applied load (L). The proportionality constant of this relationship is called a friction 

coefficient (or coefficient of friction, COF, typically given the symbol ); thus, it can be 

expressed as Ff = L, which is the well-known Amonton’s law180. At the nanoscale, 

adhesive forces (Fa) become significant and an additional term is introduced, Ff = L+Fa 
181. Although this expression is phenomenologically simple and has been found to hold true 

in experiments for decades, the actual mechanisms determining the magnitude of the COF 

are very complicated. Friction has been proposed to have purely physical origins 182 as well 

as be related to chemical processes in sliding interfaces 183, 184. However, the interplay of 

these two effects that ultimately results in observed friction is still poorly understood 

because often friction is associated with surface wear. In this study, we used a chemically 

and topographically well-defined interface without wear to identify the contributions of 

physical and chemical processes to friction and thereby obtain fundamental insights into the 

origin of the frequently reported but poorly understood COF. 

 

4.1.2. MD Simulations 

To obtain molecular details at the atomic scale, the chemical and physical interactions 

between the atomically flat graphite surface with single-layer graphene step edge and the 

curved silica counter surface were modeled using molecular dynamics (MD) simulation 

with a ReaxFF reactive force 129, 185. All the simulations were done using the large 

atomic/molecular massively parallel simulation (LAMMPS) software 130, and the post 

processing of results was carried out using the OVITO software 131. 

The initial arrangement of the tip and the graphite is shown in Figure 4.1. The graphene 

step edge had an armchair structure 186. As suggested by the experimental measurements, 
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the graphene edge in the simulation was terminated with hydroxyl groups and hydrogen 

atoms alternatively 187. To maintain the temperature at around 300 K, the NVT (fixed 

number of particles, volume, and temperature) ensemble with a Langevin thermostat was 

applied to all atoms that were not fixed or rigid. 

Considering that there is a native oxide layer on the Si tip and only the apex of the tip is in 

contact with the graphite surface, the amorphous silica structure was used as a model tip in 

the simulation. The amorphous silica was produced by melting crystalline cristobalite at 

4000 K and then quenching to room temperature. To minimize the strain in the final 

amorphous structure, the heating and cooling rate was 0.02 K/fs, which was the slowest 

rate possible within the current computational constraints. Various properties of the 

amorphous silica model structure produced in this way were found to be comparable with 

experimentally measured properties 75. To reduce computational cost, the tip was 

constructed in a semi-circular disc shape (Figure 4.1). The curvature (radius), thickness 

and height of the disc were 2.5 nm, 1.5 nm, and 1.5 nm, respectively. To passivate the silica 

surface contacting the graphene surface, the undercoordinated silica and oxygen atoms 

were terminated with hydrogen atoms. The atoms in the top 0.5 nm of the tip were treated 

as a rigid body. To decrease the computational cost, only two mobile graphene layers were 

modeled at either side of the step edge. 

Each MD simulation consisted of four steps: (i) energy minimization and equilibration 

of the tip and the substrate far from each other; (ii) downward movement of the tip at a 

speed of 10 m/s until the distance between the lowest atom in tip was 0.2 nm from the top 

layer of the substrate; (iii) application of the normal load at the top rigid part of the tip and 

equilibration for 120 ps; (iv) sliding of the tip at 10 m/s in the X-direction through pulling 

by a harmonic spring with a stiffness of 6 N/m. MD simulations were performed for the 

step-up and step-down directions with loads of 5, 7.5, 10, 12.5, and 15 nN applied to the top 

rigid part of the tip. The real atomic area was calculated from the positions of atoms in the 

contact at each load 188, corresponding to pressure between ~2.1 GPa at 5 nN and ~4.8 GPa 

at 15 nN. During the tip sliding process, the side boundaries of the graphite substrate were 

constrained to be fixed in all directions. The friction force during sliding was calculated 

from the sum of the X-component of the forces on the atoms in the tip. Due to highly noisy 

force diagrams, a Fourier transform filtering was applied. 

The shear strain of the silica tip along the sliding direction was quantified from the 

change in position of atoms relative to their neighboring atoms within a 0.5 nm cutoff 

distance. The cutoff radius controls the number of neighbors that are included in the 

calculation of the deformation gradient tensor for each atom. This radius must be large 

enough to include at least three non-coplanar neighbors for every atom. The larger the 

cutoff, the large the volume over which the local deformation gradient tensor is calculated 
189, 190. Here the minimum cutoff radius (0.5 nm) was chosen to facilitate monitoring of the 

changes in the shear strain value. 

The number of hydrogen bonds was calculated from the positions of donator oxygens, 

acceptor oxygens, and the hydrogen atoms using the logic proposed by Guardia et al. 191. 

This calculation was performed considering both for OH groups on the tip and the acceptor 

oxygen on the edge and vice versa. 
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Figure 4.1 Front and side views of the MD simulation box. The box has periodic boundary 

conditions in the X and Y directions. The dashed boxes indicate regions in which atoms 

are treated as a rigid body (purple) or fixed in place (red and blue). The green arrows show 

the path of tip displacement during loading (downward movement) and sliding (lateral 

movement). 

 

4.1.3. Results 

Figure 4.2 schematically depicts the model system used in this study, which consists of 

an atomic force microscopy (AFM) probe and a graphite surface with a single-layer 

graphene step edge. The basal plane of graphite provides a chemically inert and defect-free 

flat surface. Since the graphene sheet exposed at the top surface is commensurate with the 

underlying layer (i.e., all topmost atoms are in registry with the underlying atoms), it 

provides the topographically least corrugated surface for friction tests 192. The single-layer 

graphene step edge that can be found on the graphite surface provides a well-defined 

topographic corrugation with a height change of precisely 0.34 nm over a distance 

corresponding to one chemical bond length 193. The carbon atoms at the graphene step edge 

are terminated with hydroxyl (C-OH) and alkyl (C-H) groups (Figure 4.2). The AFM probe 

made of silicon is covered with a native oxide; thus, it is hereafter referred to as a silica tip. 

This same system is modeled using reactive molecular dynamics (MD) simulation of the 

apex of the silica tip and the topmost three layers of graphene in the graphite near the step 

edge (Figure 4.1). Thus, it allows both experimental and computational studies of the 

interfacial shear of a silica surface on both an atomically-flat surface and a chemically and 

topographically well-defined feature at the step. Upon confirmation of agreement between 

the experimental and computational friction responses, the simulations provide insight into 

the atomic-level origins of the friction. 
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Figure 4.2 Schematic illustration and atomic-scale rendering of a silica AFM tip sliding up 

and down a single layer graphene step edge on an atomically flat graphite surface. The 

silica tip model represents the native oxide at the apex of the Si AFM tip used in the 

experimental study. This model system enables both experimental and computational 

studies that isolate the chemical and physical origins of friction. 

 

Figure 4.3 shows the lateral force and height profiles measured from the AFM tip sliding 

over the graphite basal plane and moving up and down the graphene step edge at an applied 

load of 36.7 nN in dry nitrogen. Both sides of the graphene step edges are the basal plane 

of the graphite crystal, where the friction force (half the difference between the trace and re-

trace lateral forces) is only 0.15 ± 0.03 nN on both the upper and lower terraces. If this 

friction force is divided by the sum of the adhesion force (9.4 ± 0.8 nN) and the applied load 

(36.7 nN), it corresponds to a COF of 0.003. This value is consistent with the super-lubricity 

reported for other types of carbon surfaces 194, 195. However, when the AFM tip climbs up 

the step from the lower terrace to the upper terrace, friction increases by 30-40 times 

(positive lateral force in the step-up direction), giving a COF of about 0.1. This value is 

close to COFs observed for boundary lubrications by organic molecules on various surfaces 

under elastic deformation regimes 196. In contrast, more complicated friction responses are 

observed when the AFM tip slides down from the upper terrace to the lower terrace. Note 

that when the sliding direction is reversed, friction corresponds to a negative lateral force. 

During the step down, friction first increases (negative lateral force), then decreases (change 

to positive lateral force) during the topographic height change, then increases again, and 

finally reaches the basal plane value as the tip moves away from the step edge. 



 

43 

 

 
Figure 4.3 Lateral force (solid lines) and height profile (dashed lines) measured at the 

graphene step edge with a silica AFM tip. The normal force applied to the tip was 36.7 nN 

and the sliding speed was 500 nm/s. In the step-up direction, the positive lateral force 

means the graphene step edge is resisting tip sliding. In the step-down direction, the 

negative lateral force is resistive to the tip sliding and the positive (or upward deviation 

from the negative trend) force is assistive to the tip sliding. The inset is the AFM 

topographic image of the graphene step edge obtained after repeated friction measurements 

at applied normal forces varying from 7.3 nN to 36.7 nN (Figure 4.9 (a)); the post-scan 

image shows no damage of the friction-tested region (white line). The height of the step 

edge is 0.34 nm, corresponding to the sum of the thickness of one graphene layer and the 

interlayer spacing between adjacent graphene layers. 

 

The changes in friction observed at the step edge (Figure 4.3) cannot be explained by 

topography alone. If the topographic effect was dominant, then the trace and re-trace 

hysteresis at the step edge should be the same as that on the basal plane and its center is 

shifted from the zero line. In the literature, the large friction (resistive force) during the step-

down motion over various atomic steps has been explained in the context of a simple 

Prandtl-Tomlinson model with an additional potential barrier at the step edge called an 

Ehrlich–Schwoebel barrier 197, 198. The concept of the Ehrlich-Schwoebel barrier was 

adapted from the diffusion barrier for atomic movements at a surface encountered in film 

growth studies 199. Although this phenomenological model can reproduce experimentally-

observed friction behavior, it does not provide molecular or atomistic insights into the origin 

of the Ehrlich-Schwoebel barrier. Previous modeling studies reproduced this barrier and 

demonstrated its ability to describe step edge friction, but the models did not explicitly 
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include chemical reactions 197, 198, so chemical and physical effects could not be 

differentiated. Here, to explore these origins, friction trends at the key points along the 

friction trace were analyzed as a function of load. 

The experimentally observed trend was not a strong function of sliding speed and MD 

simulations performed at half the sliding speed exhibited the same trends (Figure 4.4). The 

load dependence of friction on the graphite terrace and at the graphene step edge, from both 

experiment and simulation, is shown in Figure 4.5. The qualitative trends from experiment 

and computation agree, despite differing size and time scale. This confirms that the 

simulations can provide atomistic insights into the interfacial processes responsible for 

complex friction behaviors at the single-layer graphene step edge as well as the super-

lubricity on the graphene basal plane. 

 

 
Figure 4.4 MD simulations of a tip sliding across a graphene step edge. (A) Lateral force 

under different applied normal loads. The sliding speed was 10 m/s. (B) Lateral force, shear 

strain of the tip and the number of hydrogen bonds between the tip and the graphene step 

edge obtained at sliding speeds of 10 m/s (left) and 5 m/s (right). 
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Figure 4.5 Load dependence of friction force and corresponding COF. (A) Friction force 

measured with the silica AFM tip under various applied normal load. The step-up resistive, 

step-down resistive, and step-down assistive forces are determined as marked in Figure 

4.3. The mean and standard deviation were calculated from values of multiple 

measurements, where each measurement involved averaging over 128 scans. The standard 

deviations of the experimental values are similar to or smaller than the size of symbols. (B) 

Friction force calculated from reactive MD simulations. Note that, for the step-down case, 

a positive assistive lateral force corresponds to a negative friction force. (C) COF 

calculated from the load dependence of friction force, which is the slope of the least squares 

fitting lines in (A) and (B). The error bar in (C) indicates the uncertainty in the calculated 

slope. Since friction force for the cases of step-down resistive and step-down assistive 

decreases as the applied load increases, negative COF is obtained. The experimental results 

presented here were performed by Dr. Zhe Chen and Dr. Seong H. Kim group at Penn State 

University. 200 

 

The rate of change of friction with load at different positions along the friction trace is 

used to quantify COFs (Figure 4.5), with the goal of isolating the chemical and physical 

contributions. The COF on the basal plane is in the super-lubricity regime 201, 202. However, 

during step-up, the COF increases by orders of magnitude. The step-down behavior is more 

complicated, as it consists of both assistive and resistive forces. The resistive force (positive 

friction) decreases slightly with load, corresponding to a small negative COF 203. Lastly, the 

assistive force (negative friction) during step-down becomes larger in magnitude with 

increasing load, corresponding to a moderate negative COF. All of these measurements of 

friction are for the same materials sliding under the same operating conditions, the fact that 

there are drastic differences in the COF, including a change in sign, depending on the 

relative position of the tip with respect to the step, so these results could be used to identify 

different factors that contribute to friction. The atomic-scale information in the simulations 

is used to explore this. 

Figure 4.6 shows the lateral force calculated from MD simulations at a load of 10 nN, 

along with the topographic height change (Figure 4.6 (a) and Figure 4.6 (b)). The shear 

strain of the silica tip is used to quantify physical contributions to friction (Figure 4.6 (c) 

and Figure 4.6 (d)) and chemical contributions are quantified by the number of hydrogen 

bonds formed between silica and graphene (Figure 4.6 (e) and Figure 4.6 (f)). Gradual 

changes in the out-of-plane fluctuation amplitude of the carbon atoms on the upper and 

lower terraces (Figure 4.7) suggest that the tip sliding over the graphene step edge is a 
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smooth process. When the silica tip is on the basal plane of graphite, there is no change in 

strain and no hydrogen bonding interaction across the interface. This is consistent with the 

expectation that the interlocking between atoms across the interface is negligible because 

the amorphous silica structure and the two-dimensional hexagonal array structure of 

graphite are incommensurate 204, there is no buckling of the surface because the topmost 

graphene layer is in registry with the underlayer 205, and the basal plane of graphite is 

chemically inert 206, 207. There are no significant physical or chemical interactions causing 

friction, which explains the super-lubricity (COF of ~0.003) observed for the silica tip 

sliding on the graphite basal plane.  

 
Figure 4.6 Reactive MD simulation showing the origins of chemical and physical effects 

on friction. (A,B) Lateral force, (C,D) shear strain of atoms in the silica where the sign 

indicates direction relative to sliding, and (E,F) number of hydrogen bonds formed between 

the graphene step edge and the silica, calculated from simulations as a function of center-

of-mass position of the tip with respect to the graphene step edge for (A,C,E) step-up and 
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(B,D,F) step-down. The normal load applied to the silica tip is 10 nN and the sliding speed 

is 10 m/s. The topographic height change measured with the center of mass of the counter 

surface is shown with dashed lines in (A) and (B) on the secondary y-axis. The white and 

grey background areas are the lower and upper terraces, respectively. Also shown are the 

snapshots of the shear strain of atoms in the silica and the hydrogen bonds bridging two 

surfaces at three locations for both step-up and step-down. 

 

 

 
Figure 4.7 Out-of-plane fluctuations of carbon atoms on the upper and lower terraces. (A) 

Snapshots before and after the tip slides downward the graphene step edge. The blue dash-

box indicates the lower-terrace carbon atoms involved in computation. The red and blue 

dash-boxes show the upper- and lower-terrace carbon atoms, respectively, involved in 

computations. (B) RMS amplitude of the out-of-plane fluctuations of carbon atoms on the 

upper and lower terraces while the tip slides from the upper terrace to the lower one at a 

normal load of 10 nN. 
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Figure 4.8 Out-of-plane deformation of C-OH groups terminating the graphene step edge. 

(A) Trajectory lines of C-OH groups at the graphene step edge during the step-up (red 

lines) than step-down (blue lines) processes due to hydrogen bonding interactions with the 

hydroxylated silica counter-surface. (B) Comparison between the lateral force and the 

deformation of the graphene step edge as a function of the center of mass of the tip from 

the simulations during the processes of step-up and step-down. The white and grey 

background areas are the lower and upper terraces, respectively. 

 

As the silica tip steps up over the graphene edge, the shear strain of the atoms in the tip 

increases in the direction opposite of the sliding motion (Figure 4.6 (c)). The degree of shear 

strain is the largest just before the center-of-mass of the tip moves to the upper terrace. In 

addition, the hydrogen bonding interactions between the silica tip and the C-OH groups at 

the graphene edge increase during the step-up (Figure 4.6 (e)), accompanied by the out-of-

plane deformation of C-OH groups terminating the step edge (Figure 4.8). So, at step-up, 

the physical (strain) and chemical (hydrogen bonding) mechanisms synergistically enhance 

resistance to sliding, leading to a COF more than 100 times larger than on the basal plane 

of graphite. 

When the silica tip moves down the step from the upper terrace to the lower terrace, 

there is a small contribution from strain to assist sliding (the sign in Figure 4.6 (d) is opposite 

to the strain during step-up, Figure 4.6 (c)). However, hydrogen bonding between OH 

functional groups at the silica tip surface and the graphene step edge exerts a resistive force 

(Figure 4.6 (f)). This may also provide a physical explanation for the Ehrlich-Schwoebel 

barrier concept introduced previously to explain the resistive force at step-down. During 

sliding, physical and chemical mechanisms compete against each other; depending on their 

relative magnitudes, friction could be positive (resistive) or negative (assistive) as the tip 

moves down the step (Figure 4.9). The assistive effect due to shear strain is the largest when 
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the center-of-mass of tip transits from the upper terrace to the lower terrace, while the 

resistive effect due to hydrogen bonding interactions starts as soon as the leading edge of 

the tip approaches the graphene step edge and lasts until the trailing edge of the tip is 

separated from the graphene step edge. For this reason, the step-down resistive force due to 

hydrogen bonding interactions is observed over a large range around the step edge and the 

step-down assistive force from topography is seen only within the very narrow region near 

the step edge (Figure 4.3).  

 

 
Figure 4.9 Lateral force of an AFM tip sliding across the graphene step edge. (a) Lateral 

force under various applied normal load. The sliding speed was 500 nm/s. (b) Lateral force 

at various sliding speeds. The applied load was 7.3 nN. (c) Friction force of each 

component at the graphene step edge at different sliding speeds. Note that the friction force 

during step-down is negative because it is an assistive lateral force (as explained in Figure 

4.3). The experimental results presented here were performed by Dr. Zhe Chen and Dr. 

Seong H. Kim group at Penn State University. 200 

 

 

4.1.4. Discussion  

Taken together, the observed COFs and analysis of the MD simulations provide insight 

into the physical and chemical origins of friction. Super-lubricity is achieved when 
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topography- and interlocking-induced strain and chemical bonding at the shear plane are 

negligible. The large friction during step-up over the 0.34 nm high graphene step-edge can 

be attributed to synergy of physical effects due to topography and chemical effects due to 

interfacial bonding. During the step-down direction, the negative topography change 

produces a force assisting the sliding motion whereas the chemical bonds between 

oppositely moving surfaces produce a resistive force. The balance of these two components 

will determine whether friction and the COF are positive or negative.  

The topography effect can be explained in terms of the two forces acting on the AFM 

probe: the applied normal force from the cantilever and the force from the graphene step 

edge (Figure 4.10). The horizontal component of the force from the step edge contributes 

to the lateral force measured in the experiment. It is resistive for the step-up motion and 

assistive for the step-down motion, and its magnitude increases as the applied normal load 

increases. The chemical effect originates from interactions with the OH groups at the 

graphene step edge. This force always resists the motion, regardless of the scan direction, 

and its magnitude is related to the contact area between the tip and the surface (more 

accurately, the length over which the step edge crosses the contact area). According to the 

Derjaguin-Muller-Toporov (DMT) contact model 208, the contact area is proportional to the 

cube root of the normal force. Therefore, as the applied normal load increases, the assistive 

force due to the topographic height change increases much faster than the resistive force 

due to chemical interactions during the step-down motion, leading to a negative COF 203. 

When the topography-induced assistive force is larger than the chemistry-induced resistive 

force, negative friction can take place. 

 

 

 
Figure 4.10 Force analysis diagram of the AFM tip at a graphene step edge. 

 

From Figure 4.3, Figure 4.6(a) and Figure 4.6 (b), it can be seen that chemical 

interactions at the step edge synergistically amplify the resistive force of topography while 

the tip ascends the step; in contrast, the cancelation effect between the resistive force due to 

chemical interactions and the assistive force from the topography effect during the 

descending motion is not as big as the amplification effect during the ascending motion. 

This may explain why achieving superlubricity is difficult on atomically rough surfaces 

unless the topographic surface features are chemically inert. As the atomic corrugation 

increases, friction increases due to both chemical (more site available for hydrogen bonding) 
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and physical (larger topographical features) effects (Figure 4.11). When surface wear occurs 

during sliding, dangling bonds can be exposed at the worn surface as well as on wear debris 

and molecules impinging from the gas phase will react at those sites. In ambient air, reactive 

molecules are primarily oxygen and water and their reactions lead to surface oxidation and 

hydroxylation. The findings of this study suggest that the oxygenated functional groups at 

the newly exposed topographically corrugated surfaces will greatly enhance interfacial 

friction when wear is involved. 

 

 
Figure 4.11 Lateral force of the AFM tip at multilayer graphene step edges. According to 

the height profile (dark grey line), there are four step edges in the scan area. From left to 

right, these four graphene step edges are of 2 layers (2 L), 3 layers (3 L), 2 layers (2 L), 

and 1 layer (1 L) respectively. The experimental results presented here were performed by 

Dr. Zhe Chen and Dr. Seong H. Kim group at Penn State University. 200 

 

The fact that physical and chemical factors have opposite effects on friction of the 

surface with atomic scale corrugations suggests that they might be leveraged to minimize 

sliding resistance at tribological interfaces. This concept is illustrated by the zero friction 

that is observed between the chemically-dominated and physically-dominated regions 

during step-down (at lateral positions of -2.5 nm and 2.5 nm in Figure 4.3). At these 

positions, friction is even smaller than the super-lubricity observed on the basal plane. These 

findings suggest opportunities to tune the COF with prescribed topographic features and 

terminating species. While this concept may be impractical in an industrial setting with 

current technology, fundamental understanding of chemical and topographic origins of 

friction holds great promise for future scientific advances and opens the possibility of 

tunable friction. 

 

4.2. Identifying physical and chemical contributions to friction: A comparative study of 

chemically inert and active graphene step edges 

 

Here, we explored the atomistic mechanisms governing the magnitude of friction 

during the step-up and step-down processes on a topographic step of a single layer 
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graphene edge (0.34 nm high) on a graphite basal plane. This system was studied 

experimentally using atomic force microscopy (AFM) with a sharp silicon tip covered with 

an amorphous native oxide layer and computationally using reactive molecular dynamics 

(MD) simulations. As shown in Figure 4.12, three different cases were studied: (i) graphene 

step edges with OH groups capable of H-bonding interactions, (ii) graphene step edges 

with hydrophobic species, and (iii) buried graphene step edges covered with another 

graphene layer. The second case was implemented by the physisorption of alcohol at the 

OH sites in experiments or chemisorption of alcohol via dehydration reaction with the OH 

group forming alkoxide groups in simulations. Depending on the size of the alkyl moiety 

of the alcohol molecule or the alkoxide group, the deformability of molecular species at 

the topographic step can vary. In our study, methanol (ii-α) and n-pentanol (ii-β) were used 

to model short and long alkyl chains at the step edge. Results revealed that, unless the 

topographic step is completely chemically inert, the resistive force during the step-up 

process is always larger than the assistive force during the step-down process. The 

magnitude of this hysteresis depends on the degree of the sliding direction-dependent 

physical deformation of molecular moieties at the topographic step, which in turn depends 

on their chemical interactions with the counter-surface. 

 

 
Figure 4.12 Illustrations of the systems studied. Each system comprises an AFM tip 

(counter-surface) and a graphite surface with an atomic step edge whose height is 0.34 nm, 

corresponding to the thickness of a single graphene layer. (i) The graphene step edge is 

exposed and terminated with chemically active OH groups. (ii) The step edge is exposed 

and terminated with physisorbed alcohol molecules or chemisorbed alkoxide groups; short 

(ii-α) and long (ii-β) alkyl groups are considered. (iii) The step edge is buried under another 

graphene layer. 

 

4.2.1. Materials and Methods 

4.2.1.1. Nanoscale friction measurement 

The experiments described as followed were performed by Dr. Zhe Chen and Dr. 

Seong H. Kim group at Penn State University. 209A fresh graphite surface was prepared 

through tape-exfoliation on a highly oriented pyrolytic graphite (HOPG) crystal in ambient 

air. Nanoscale friction tests were performed with AFM (Multimode, Bruker, US) using Si 

tips (ESP-V2, Bruker, US; nominal spring constant: 0.2 N/m, nominal tip radius: 8 nm) to 
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rub against the fresh graphite surface in contact mode. The sliding direction of the AFM 

tip was kept nearly perpendicular to the graphene step edges. Before the friction test, the 

AFM tip was treated with UV/ozone for 15 minutes to remove possible organic 

contaminants. During the test, the reciprocating frequency of the tip was 2 Hz and the scan 

size was 80 nm, so the tip sliding speed was 0.32 μm/s. The applied normal force on the 

AFM tip was in the range of 7.8 nN to 23.5 nN. According to the Derjaguin-Muller-

Toporov (DMT) contact model,208 based on the nominal tip radius, the contact pressure 

varied between 2.2 GPa to 2.7 GPa. The normal spring constant of the AFM probe 

cantilever was calibrated following the Sader’s method.210 The lateral sensitivity of the 

cantilever and detector was calculated by comparing the measured lateral signal (in the unit 

of mV) on a reference sample with the known coefficient of friction (COF).200 The 

reference sample was a Si wafer coated with diamond-like carbon, and the COF was about 

0.15 in n-pentanol vapor.211 Each of the lateral force and vertical position profiles was the 

average of 128 scans at the same location. The friction tests were carried out at room 

temperature (22 °C to 25 °C). A mixture vapor of dry N2 and alcohol vapor flowed through 

the sample chamber. P/Psat of the alcohol vapor was controlled via the ratio between the 

dry N2 and the saturated alcohol vapor.212 The alcohol used here includes methanol 

(Sigma-Aldrich, 99.8%) and n-pentanol (Sigma-Aldrich, ≥99%). The dry N2 used in our 

experiments had a dew point of about -35 °C, meaning that the water concentration was 

200-300 ppm. 

 

4.2.1.2.  Characterization of the adsorbed molecules on graphite surfaces 

The adsorption of methanol and n-pentanol on the freshly-exfoliated graphite 

surface was analyzed with polarization-modulation reflection-absorption infrared 

spectroscopy (PM-RAIRS). PM-RAIRS analysis was carried out with a Thermo Nicolet 

Nexus 670 spectrometer equipped with a custom-designed reflection-absorption unit 

consisting of a ZnSe PM crystal, an environment control chamber, and an MCT-A 

detector.213 The PM operation was done using a photoelectric modulator (HINDS 

Instruments PEM-90) and a demodulator (GWC Instruments). The IR beam incidence 

angle was 81° from the surface normal. The PM-RAIRS spectra of the graphite surface 

were normalized with the spectrum of a clean gold surface obtained in dry N2 to remove 

the Bessel function shape background from the phase demodulation process. The 

environment control was the same as that in the nanoscale friction measurement. 

 

4.2.2. Reactive MD simulations 

Reactive MD simulations were used to model a silica tip sliding across a single-

layer graphene step edge from the upper terrace to the lower terrace and back. The graphene 

step edge had an armchair structure, and four model systems with different edge 

terminations were created (see Figure 4.13). The first model system mimicked the 

measurement in dry nitrogen condition by terminating the step edge with alternating 

hydrogen and OH groups and the silica tip with OH groups. The second model system 

mimicked the experimental measurement in methanol vapor with a graphene step edge 

terminated with alternating hydrogen and methoxy groups and the silica tip terminated with 

methoxy groups. The third model system imitated the experimental measurement in n-

pentanol vapor by modeling a graphene step edge terminated with alternating hydrogen 
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and pentoxy groups. To ensure that the model tip size was comparable to the other cases, 

the silica tip was terminated with methoxy groups. Finally, the fourth system simulated 

sliding on a buried step edge, where a complete graphene layer covered a non-passivated 

step edge.  

 
Figure 4.13 (a) Front view of the model tips and (b) top view of the graphite surfaces in 

the MD simulations. The displacement of the carbon and oxygen atoms indicated by red 

and green circles in (b) are calculated and displayed in Figure 4.16. 

 

The simulations used the ReaxFF129 force field with a set of parameters previously 

developed214 from a combination of parameters for C/H/O 215, 216 and Si/C 217 interactions. 

The amorphous silica structure of the tip was created by heating cristobalite to 4000 K and 

then quenching to room temperature at a rate of 0.02 K/fs.75, 200 To increase computational 

efficiency, the tip was created in a semi-circular disc shape, with curvature (radius), 

thickness, and height of 2.5 nm, 1.5 nm, and 1.5 nm, respectively. As for the graphite 

surface, only three layers of graphene were considered and only the top two layers were 

deformable both at the upper and lower graphite basal planes. The substrate dimensions 

were 9.8 nm in the sliding direction (x-direction), 4.2 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). 

Each simulation was performed in four different steps: i) initial energy 

minimization and equilibrium until the potential energy reached steady state; ii) vertical 

displacement of the tip toward the substrate at the speed of 10 m/s until the minimum 
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distance between the tip and substrate reached 0.3 nm; iii) application of 10 nN normal 

force to the top rigid part of the tip for 120 ps, which corresponds to about 5.0 GPa pressure 

based on the DMT model;208 and iv) dragging the tip in the sliding direction (perpendicular 

to the step edge) at a speed of 10 m/s using a harmonic spring with a 6 N/m stiffness 

constant. The canonical ensemble was employed with a Langevin thermostat to maintain 

the temperature at 300 K throughout the simulations. The velocity of the atoms in the 

sliding direction was excluded from the temperature calculation used by the thermostat. 

During the sliding process, the lateral force was calculated as the sum of the forces on all 

the tip atoms in the sliding direction. To reduce the noise in the lateral force, averages were 

taken every 0.1 ps. All the simulations were performed using the large atomic/molecular 

massively parallel simulation (LAMMPS) code,130 and OVITO software 131 was used to 

visualize the results. 

 

4.2.3. Results and Discussion 

4.2.3.1. AFM-based single-asperity friction measurement  

Figure 4.14 illustrates the AFM-based single-asperity friction tests. The Si tip used 

for AFM measurements had a native oxide layer terminated with silanol groups due to 

UV/ozone cleaning.212 The exposed graphene step edges were terminated with H atoms 

and OH groups due to reactions with water molecules in the gas phase during mechanical 

exfoliation in ambient air.187, 218 In case (i), the nanoscale friction tests were performed in 

dry nitrogen, where transient H-bonding interactions can occur between the tip and the step 

edge (Figure 4.14 (a) i).200 In case (ii), friction tests were performed in alcohol vapor 

conditions.123, 219 We tested two alcohols with different alkyl chain lengths – methanol 

(Figure 4.14 (a), ii-α) and n-pentanol (Figure 4.14 (a), ii-β). In these two cases, H-bond 

formation between the tip and the step edge is suppressed because the alcohol molecules 

readily adsorb on the native silicon oxide surface,220 covering the silanol groups. As shown 

in Figure 4.15, the C-H stretching vibration signals in the PM-RAIRS spectra collected in 

alcohol vapor verify that alcohol molecules adsorb on the HOPG surface that consists of 

primarily graphite basal planes and a small number of steps. The OH-terminated step edges 

should be the primary sites for alcohol adsorption because of the H-bonding interactions. 

By comparing the spectra of graphite and Au, we confirmed that, at 80% relative partial 

pressure of alcohol with respect to its saturation (P/Psat), the number of alcohol molecules 

adsorbed on the graphite surface is less than a monolayer but far exceeds what is needed 

to fully cover the step edge sites. If physisorbed molecules are removed due to the shear or 

sliding action, molecules impinging from the gas phase instantaneously replenish the 

vacant sites.219 Thus, the adsorption of alcohol molecules on the sliding surfaces can be 

assumed to remain constant. In case (iii), friction was measured on a buried step edge 

(Figure 4.14 (a) iii) with the same height (0.34 nm) that was nearly parallel to the nearby 

exposed step edge. Thus, friction forces were measured for both exposed and buried step 

edges with the same AFM tip under identical applied load and sliding speed conditions in 

different environments (dry nitrogen, methanol vapor, and n-pentanol vapor). 
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Figure 4.14 Experimental setup and results of the AFM-based nanoscale friction tests. (a) 

Four sets of friction tests in which a Si AFM tip slides over an exposed single-layer 

graphene step edge in (i) dry nitrogen, (ii-α) methanol vapor, and (ii-β) n-pentanol vapor, 

and (iii) the same Si tip sliding over a buried single-layer graphene step edge in dry 

nitrogen. (b) Lateral force for the tip sliding in the step-up (red) and step-down (blue) 

directions. The resistive force during step-up and step-down and the assistive force during 

step-down are identified by black arrows in the leftmost panel. The green arrows in the 

third panel indicate changes in the contribution of chemical interactions. (c) Topography 

recorded along its sliding path where zero is defined as the position of the tip on the lower 

terrace. All friction tests were conducted with a single AFM probe with an applied normal 

force of 23.5 nN. The experimental results presented here were performed by Dr. Zhe Chen 

and Dr. Seong H. Kim group at Penn State University. 209 
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Figure 4.15 PM-RAIRS spectra on the graphite surface. Spectra were taken in (a) methanol 

vapor and (b) n-pentanol vapor at P/Psat = 80%. The raw spectra obtained from 4000 scans 

are shown as symbols and the fit results are shown as lines. The experimental results 

presented here were performed by Dr. Zhe Chen and Dr. Seong H. Kim group at Penn State 

University. 209 

 

Figure 4.14 (b) shows the lateral force measured with an applied normal force of 

23.5 nN. Each of the lateral force profiles is the average of data collected from 128 scans 

at the same location. Adhesion measured before and after the friction tests was unchanged, 

indicating minimal wear of the tip. Data collected at other normal forces (7.8 and 15.7 nN) 

exhibit similar trends. During the step-up scan, a positive lateral force means resistance to 

the sliding motion of the AFM tip, and a negative lateral force corresponds to assistance to 

the motion. During the step-down scan, because the sliding direction is reversed, the sign 

of the lateral force has the opposite meaning; i.e., negative is resistive and positive is 

assistive. The three components of the lateral force signal, i.e. step-up resistive, step-down 

resistive, and step-down assistive, are identified with black arrows in Figure 4.15 (b), i.  

In dry nitrogen (case i), there is a strong resistive force as the AFM tip ascends the 

OH-terminated step, while the friction behavior during the step-down process is composed 

of the superposition of a broad resistive force and a sharp assistive force.221, 222 According 

to a previous study,200 the step-up resistive component is due to the combined effects of 

the topographic height increase and the transient H-bond formation at the step, the step-

down resistive component originates from the H-bonding interaction, and the step-down 

assistive component is caused by the height decrease. Interestingly, the magnitude of the 

step-up resistive component is much larger than the sum of the magnitudes of the step-

down assistive and step-down resistive components. The step edge is not damaged by the 
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repeated scans, the OH coverage does not change over time and the resistive force induced 

by H-bonding is expected to be the same (at least similar) for both step-up and step-down 

scans. Therefore, it can be deduced that, in the presence of H-bonding interactions, the 

topography-induced resistive force during the step-up is much larger than the topography-

induced assistive force during the step-down. In contrast, for the case of the buried step 

edge (case iii), where there is no chemical interaction so that the step-down resistive 

component is zero, the magnitudes of the step-up resistive and step-down assistive forces 

are the same within the experimental error. Based on these observations, one may 

hypothesize that the topography effect during the step-up process is magnified by the H-

bonding interaction at the graphene step edge.200 

However, this hypothesis is not fully supported by the results of friction tests 

conducted in methanol or n-pentanol vapor (case ii). When the environmental condition is 

switched from dry nitrogen to methanol vapor (case ii-α), the magnitudes of both step-up 

resistive and step-down resistive components decrease. When the environment is switched 

to n-pentanol vapor (case ii-β), there is a larger decrease in the step-up resistive and step-

down resistive components (green arrows in Figure 4.15 (b), ii-β); in fact, the step-down 

resistive component becomes negligible. This indicates that the adsorbed alcohol 

molecules can suppress the transient H-bonding interaction between the Si tip and the 

exposed graphene step edge. The observation that the resistive force in methanol vapor is 

larger than that in n-pentanol could mean that the methyl group is not large enough to fully 

suppress the H-bonding interactions. Regardless, for both cases with and without H-

bonding interactions, the magnitude of the step-up resistive force is much larger than that 

of the step-down assistive force.  

The height profile recorded during the contact scan is plotted in Figure 4.15 (c). For 

the exposed graphene step edges (cases i, ii-α, and ii-β), the step-up profile has a smaller 

slope compared to the step-down profile, resulting in a hysteresis between step-up and step-

down. This hysteresis is not observed for the buried step edge (case iii). Thus, the hysteresis 

in the recorded topography cannot be attributed to an artifact caused by the feedback 

control during the AFM scan across the topographic feature with the 0.34 nm height. 

Rather, it must be related to the large difference in the magnitude of the step-up resistive 

force and the step-down assistive force. In AFM, the recorded topography is the vertical 

trajectory of the upper part of the tip attached to the cantilever, not the position of the lower 

end of the tip in contact with the sample. The exact position of the tip apex in contact with 

the surface is difficult to determine; thus, AFM height profiles cannot provide a definitive 

explanation for the friction hysteresis at the exposed step edges. 

 

4.2.3.2.  Reactive MD simulations 

MD simulations were performed to explain why the magnitude of the step-up 

resistive force is larger than that of the step-down assistive force for the exposed step edges 

with various chemical functionalities – hydrophilic OH groups and hydrophobic alkoxide 

groups. As shown in Figure 4.16 (a) and Figure 4.13, four model systems mimic the four 

experimental cases. To model the friction tests in dry nitrogen, the silica tip was terminated 

with silanol groups (cases i and iii), and the exposed graphene step edge was terminated 

with H atoms and OH groups alternately (case i). To model the friction tests in methanol 

or n-pentanol vapor, where alcohol molecules adsorb on both the AFM tip and the graphene 



 

59 

 

step edge, the silanol groups on the silica tip surface were approximated by methoxy groups 

and the OH groups at the exposed graphene step edge were replaced with methoxy groups 

or pentoxy groups (cases ii-α and ii-β). This strategy of modeling alkoxide groups to 

terminate the tip surface and the step edge was adopted to capture the important chemical 

features of the four cases with model systems small enough to simulate using reactive MD. 

 

 

 

 
Figure 4.16 Reactive MD simulations of a silica tip sliding over a single-layer graphene 

step edge. (a) Close-up, side-view snapshots of the different models: (i) silanol-terminated 

tip on OH-terminated exposed step edge, (ii-α) methoxy-terminated tip on methoxy-

terminated exposed step edge, (ii-β) methoxy-terminated tip on pentoxy-terminated 
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exposed step edge, and (iii) silanol terminated tip on buried step edge. (b) The lateral force 

and (c) vertical position of the tip. (d) The number of hydrogen or covalent bonds between 

the tip and the graphene step edge. (e) The average displacement of the carbon and/or 

oxygen atoms at the graphene step edge (see Figure 4.13 for the exact location of the atoms) 

where the x-axis refers to the lateral position of the center of the tip with respect to the step 

edge. The data collected during step-up are in red and during step-down are in blue. The 

arrows and asterisks are shown to guide the discussion in the main text. 

 

As shown in Figure 4.16 (b), the lateral force obtained from MD simulations 

exhibits similar trends as measured in the AFM experiments. First, the resistive force 

during step-up is much larger than the assistive force during step-down for the OH-

terminated step edge (Figure 4.16 (b) i), whereas these assistive and resistive forces have 

similar magnitudes for the buried step edge (Figure 4.16 (b) iii). Further, there are clearly 

identifiable resistive peaks during step-down for the OH-terminated graphene step (case i) 

that are not present for the buried step edge (case iii). Finally, the step-down resistive force 

is smaller for the methoxy-terminated and pentoxy-terminated graphene step edges (Figure 

4.16 (b), ii-α and ii-β) than for the OH-terminated edge. These trends are consistent with 

the experimental results shown in Figure 4.14 (b). However, unlike the experiments, the 

simulation results predict the step-up resistive force can be significantly larger for the 

methoxy-terminated and pentoxy-terminaed graphene step edges than the OH-terminated 

step edge. The simulated lateral force eventually drops back to the basal plane value when 

the tip moves far enough from the step. Despite this difference, the simulations capture the 

key trends of the experiments and therefore will be analyzed to understand the mechanisms 

underlying those trends.  

Figure 4.16 (c) shows the vertical position of the center of mass of the amorphous 

silica tip in the MD simulations. For the buried step edge (case iii), the tip trajectories 

during the step-up and step-down processes are identical. For the OH-terminated step edge 

(case i), there is a small hysteresis between the step-up and step-down trajectories. For the 

methoxy-terminated (cases ii-α) and pentoxy-terminated (case ii-β) graphene step edges, 

there is hysteresis between the step-up and step-down trajectories and the slope of the step-

up trajectory is slightly smaller than that for step-down, consistent with the experimental 

measurements. This hysteresis indicates that the location at which the tip starts ascending 

the step edge differs from the location at which the tip finishes descending the step edge. 

The main difference from the experiments is that the simulated tip trajectory reaches a final 

position much higher than the upper terrace, although it eventually comes back to the level 

of the upper terrace (as shown in case ii-α). This is attributable to the difference between 

the chemisorbed alkoxide groups in simulations and the physisorbed alcohol in AFM 

experiments (discussed later along with Figure 4.17). 

Figure 4.16 (d) shows the transient chemical bonds formed between the tip and the 

step edge. As expected, there are several transient H-bonds formed between the OH-

terminated silica tip and the OH-terminated step edge during both step-up and step-down 

processes (case i), while there are no chemical bonds between the tip and the buried step 

edge (case iii). For the methoxy-terminated (case ii-α) and pentoxy-terminated (case ii-β) 

graphene step edges, there are no chemical interactions between the tip and the step edge 

during the step-down process. However, covalent bonding is observed during the step-up 
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process for these two cases. As the tip ascends the step, initially the friction increases but 

there is no bonding. However, when the tip is partially up the step, there is a sharp increase 

of covalent bonding for both the methoxy-terminated and pentoxy-terminated graphene 

step edges. The origin and implications of this covalent bonding in methoxy (ii-α) and 

pentoxy (ii-β) cases will be discussed later. 

The degree of physical deformation or deflection of functional groups during the 

scan was quantified from the displacement of individual atoms at the step edge in the 

simulations. Figure 4.16 (e) shows the average displacement of the carbon and/or oxygen 

atoms at the graphene step edges (atoms being tracked are identified in Figure 4.13). For 

the buried step edge (case iii), the terminal carbon atoms are deflected downward by almost 

the same magnitude during step-up and step-down. For the OH-terminated step edge (case 

i), the maximum downward deflection is similar for step-up and step-down, but they occur 

at different lateral positions. This trend can be attributed to the transient H-bonds (Figure 

4.16 (d), i) and their effect on the tip trajectory (Figure 4.16 (c), i). Specifically, as the tip 

ascends the step, it is pulled down due to the H-bonding with the surface OH groups; at the 

same time, the step-edge OH groups H-bonded to the tip are pulled up slightly.200 Such 

upward bending of the H-O-Cgraphene could cause a large resistive force (see, for 

example, the red arrows in Figure 4.16 (b), i and Figure 4.16 (e), i). Quantitative 

correlations between H-bonding, deflection and friction could not be drawn because the 

calculated friction force is the sum of various processes stochastically occurring over a 

specific time frame and location in MD simulations. Nonetheless, the qualitative 

correlation suggests that local deformation of the terminal groups at the topographic step, 

which are coupled with transient chemical interactions with the counter-surface, play 

critical roles in determining the magnitude of friction. 

In the first part of the simulated step-up processes for the methoxy-terminated (case 

ii-α) and pentoxy-terminated (case ii-β) step edges, there are no covalent bonds formed 

between the tip and the step edge (i.e. before -0.8 nm in Figure 4.16, ii-α and ii-β). In this 

region, the terminal carbon atoms of the alkoxide groups are pushed upwards, while their 

oxygen atoms are pushed downwards. This means that the alkoxide groups are highly 

deformed or physically strained from their equilibrium conformations. To show this 

clearly, the deformation of pentoxy groups (case ii-β) is analyzed in Figure 4.17; the lateral 

force is replotted for this case in Figure 4.17 (a). A series of snapshots from the MD 

simulations during the step-up process are shown in Figure 4.17 (b). Initially only the 

terminal methyl group is bent upward, but gradually the whole pentoxy group is bent up as 

the tip travels further toward the upper terrace. Similar behavior was observed for the 

methoxy group in case ii-α. Thus, it can be concluded that the physical deformation of the 

alkoxide group is the main cause of the high friction during the step-up process in this 

region. A similar process is likely to occur for the physisorbed alcohol molecules in the 

AFM experiment. Such severe deformation does not occur during the step-down process; 

only small and gradual downward deformations are observed (see Figure 4.17 (c)). These 

results indicate that the difference in lateral force associated with the anisotropic deflection 

of the alkyl groups at the graphene step edge is the origin of the friction hysteresis between 

step-up and step-down. 

 



 

62 

 

 
Figure 4.17 Anisotropic deformation of the pentoxy groups at the graphene step edge. (a) 

Lateral force from simulations of the pentoxy-terminated step edge (case ii-β). Side view 

snapshots of the MD simulation showing the deformation of the pentoxy groups at the step 

edge during the (b) step-up and (c) step-down processes. Tip atoms are faded to highlight 

the behavior of the step edge. 

 

 

Deflection of the alkyl groups at the step edge also explains the chemical bonding 

that dominates the lateral force behavior in the latter part of the step up process (tip position 

> 0.8 nm) for the methoxy-terminated and pentoxy-terminated step edges (Figure 4.16 (d), 

ii-α and ii-β). In this region, the chemisorbed alkoxide groups are substantially deformed 

(severely bent), so that chemical reactions occur between the deformed alkoxide groups 

and the counter-surface. It is known that the shear-induced physical deformation of 

chemisorbed molecules can lower reaction barriers, thereby facilitating chemical reactions 

that normally do not happen in thermal reaction conditions.75, 133 This is called a 

tribochemical reaction.18, 24, 223, 224 Based on the high degree of strain in the molecular 

conformation of pentoxy group that can be seen in the last frame of Figure 4.17 (b), one 

can imagine that further deformation will destabilize the pentoxy group enough to cause 

the dissociation of the Opentoxy-Cgraphene bonds at the step edge and the formation of 

new chemical bonds with the counter-surface. Subsequently, the position of the oxygen 

atom of the alkoxide group follows the trajectory of the terminal carbon atom. Such 

tribochemical processes may not occur readily for the physisorbed molecules because they 

can be pushed to a lower pressure zone in the contact area.133 Since the decrease in the 

resistive force magnitude during step-up is similar to the decrease in resistive force during 

step-down in our experiments (see green arrows in Figure 4.14 (b), ii-β), it is unlikely that 

the physisorbed alcohol molecules are completely squeezed out of the contact region, 

which would allow direct H-bonding between the tip and the step edge. 
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During the step-down process in all four cases, the edge atoms are pushed 

downwards (Figure 4.16 (e)). Taking a closer look at the buried step edge (case iii), the 

step-down assistive force correlates well with, almost mirroring, the downward deflection 

of the edge atom. In the OH-terminated (case i) and methoxy-terminated (case ii-α) step 

edges, the locations of large assistive force in Figure 4.16 (b) also closely coincide with tip 

positions where the downward deflection of the edge atoms is large in Figure 4.16 (e) 

(marked with blue arrows in case i and asterisks in case ii-α). In the pentoxy-terminated 

step edge (case ii-β), the positions of small spikes in the assistive force during step-down 

correspond with positions where the pentyl groups are highly kinked (for instance, see three 

snapshots at -2.0 nm, -1.6 nm, and -1.3 nm in Figure 4.17 (c)). All these observations 

suggest that the elastic recovery of the deformed moieties at the step-edge exerts an 

assistive force that pushes the tip along the descending direction. 

The observations made here based on AFM measurements and MD simulations of 

an ideal graphene step edge have practical implications for real engineering materials and 

systems. For example, these results explain the environmental sensitivity of hydrogenated 

diamond-like carbon (H-DLC).225-229 In dry nitrogen, H-DLC exhibits superlubricity with 

a friction coefficient lower than 0.01 after the initial run-in period.225 During the run-in, 

the oxidized surface layer wears off 229 and the material in the sliding interface becomes 

graphitic.230 Such graphitic layers are neither highly crystalline nor atomically flat,231, 232 

likely exhibiting step-edge-like defects. If such defects are chemically inert or deform 

reversibly, they would not increase friction significantly (similar to case iii). When H-DLC 

friction is measured in humid air, the formation of OH groups is inevitable due to reactions 

of dangling bonds with water molecules impinging from the gas phase. The H-bonding 

interactions at the edges of graphitic layers will cause high friction (similar to case i), which 

could be a reason that H-DLC loses its superlubricity in ambient air. Even if H-DLC 

friction is measured in alcohol vapor environments, which can suppress the H-bonding 

interactions,228 the superlubricity is lost due to the anisotropic deformation of alcohol 

molecules or alkoxide groups at the edges of sliding graphitic layers (similar to case ii). 

The present study has shown that both chemical interactions and physical deflection must 

be mitigated to obtain ultra-low friction, suggesting new directions in surface engineering. 

 

4.3.  Effect of Ambient Chemistry on Friction at the Basal Plane of Graphite 

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 



 

64 

 

environment can affect the frictional behavior of graphite and layered materials more 

generally. 

 

4.3.1. 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.233  Macro and micro-scale measurements have shown that 

friction on graphite is relatively high in vacuum or dry nitrogen,234 235 but can be decreased 

significantly by the presence of gaseous species including water and oxygen. 234, 236 The 

same trends have been observed in nanoscale experiments based on atomic force 

microscopy (AFM)237-242 as well as atomic-scale simulations.237-239, 243 

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.237, 240-245 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.241, 242  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.241, 242 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. 243, 244 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. 240, 245 Other studies that did not consider defects 

attributed environment effects to physisorption. A recent study 238 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 237 showed that friction varied 

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

of 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.222 

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 
246 and lubricant additives 247-249 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 



 

65 

 

relative partial pressure than water for effective lubrication.250 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. 250   

Previous MD simulations have investigated the effect of organic species on graphite 

friction. 251-257  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.255 256, 257 

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 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.  

 

4.3.2. Methods 

4.3.2.1. 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.210 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.258 Before the friction test, the AFM probe was treated with UV/ozone 

for 15 minutes.259 During the test, the AFM tip rubbed against the graphite surface in a 
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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 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. Please note that the 

experiments presented here were performed by Dr. Zhe Chen and Dr. Seong H. Kim group 

at Penn State University. 133 

4.3.2.2.  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 ReaxFF260 force field used in this work was previously developed for the 

C/O/H/Si/F system214 from a combination of parameters for C/H/O 215, 216 and Si/C 217. 

Although ReaxFF is known to underestimate the low-temperature reactivity of phenol 

compared to DFT calculations 261-263, it has been used to explore the chemical interactions 

between these molecules and other materials including graphite at room temperature 264, 

265. It has been also shown that ReaxFF performs adequately in its representation of 

graphite compressibility 266.  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. 200 75 Based on previous experiments, 

silica adsorbs organic compounds such as phenol and pentanol when they are available in 

the environment.267 To mimic this adsorption while keeping the model size small for 

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

Figure 4.18 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.  
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Figure 4.18 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 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 130, and OVITO software 131 was used to visualize the 

results.  

 

4.3.3.  Results and Discussion 

Figure 4.19 (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 
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deviation (STDEV) of the friction force collected in one scan (512 data points in a trace or 

retrace scan) is shown in Figure 4.19 (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 Figure 4.19 (c) and Figure 4.19 (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 Figure 4.20 (a) 

and Figure 4.20 (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.268 Therefore, both the mean and 

STDEV  of the force are relevant to the comparison between phenol and pentanol, and, as 

shown in Figure 4.19, 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 269, 270, the higher mean friction in the simulations may be partially explained 

by the much larger pressures and speeds in the simulations 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 4.19 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 
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(b) correspond to the deviation across different scans. The experimental results presented 

here were performed by Dr. Zhe Chen and Dr. Seong H. Kim group at Penn State 

University. 133 

 

 
Figure 4.20 Raw friction force data from the simulations for sliding with (a) 50 pentanol 

molecules, (b) 50 phenol molecules, (c) 60 pentanol molecules and (d) without molecules 

at 10 nN normal load. The green lines show the mean force and standard deviation. In (b), 

the friction force fluctuations increase after 2 nm of sliding, indicating that steady-state 

was achieved after 2 nm.   

 

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

result was considerably smaller friction force fluctuations (see Figure 4.20 (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 Figure 4.20 (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.  
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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 241, 242, 271, 272. 

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 240, 245; (ii) differences in commensurability between 

molecular species being dragged inside the contact area with one of the two sliding bodies 
237; or (iii) tribochemical reactions happening at the sliding interface.273 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 (Figure 4.21). After the tip was brought into 

contact and sliding began, these molecules remained on the surface, as shown in the 

representative snapshots in Figure 4.22. 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 Figure 4.20 (b)). As shown 

in Figure 4.23, 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.   

 

 

 

 

 
Figure 4.21 The distribution of the vertical (z-direction) position of atoms in the phenol 

molecules before (a) and after (b) the equilibration step in simulation, where zero 

corresponds to the position of the topmost graphene layer. The shift in the distribution 

shows that the molecules move to physisorb on the surface during equilibration. 
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Figure 4.22 Top view snapshots showing the positions of (a) pentanol and (b) phenol 

molecules physisorbed to the surface after equilibration. The approximate effective contact 

area, determined based on the shape of the model tip, is shown as a light blue rectangle. 

More phenol molecules were observed in the contact area between the tip and graphene 

substrate than pentanol molecules. 

 
Figure 4.23 Histograms of carbon atoms’ positions (a) along sliding direction and (b) in 

the direction perpendicular to sliding. A snapshot of the tip is shown above the leftmost 

graphs in each case to illustrate the direction of the distribution relative to the tip and the 

contact region. 
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The effect of commensurability was explored by characterizing the registry index 

(RI) 274, 275 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 Figure 4.24 (a), there were more phenol atoms with low RI than pentanol atoms. Based 

on previous studies 237, atoms 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 Figure 4.24 (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 4.24 (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 Figure 4.25 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 
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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 276-

278 and classical MD simulations 279, 280 that compared linear to cycloaromatic 

hydrocarbons and showed that the greater flexibility of the linear hydrocarbons enabled 

them to more easily slide relative to one another and escape the contact area 280. However, 

physical mechanisms may not fully explain the mobility of the phenol and pentanol in our 

simulations.  

 

 
Figure 4.25 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 Figure 4.26. 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.281, 282  
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Figure 4.26 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 Figure 4.27 (a) and Figure 4.27 (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 Figure 4.27 (c) and Figure 4.27 (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 (Figure 

4.27 (d) and Figure 4.27 (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 Figure 4.28. 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.  
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Figure 4.27 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. 
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Figure 4.28 Average number of bonds between the tip and molecules averaged over the 

second half (0.1 ns) of simulations with load and sliding (a and b), load only (c and d), and 

with no load or sliding (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) both 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 283 75 and numerical studies 75, 139, 273 

have previously reported mechanochemical reactions during the sliding process. Note that 

there are more tip-phenol covalent bonds during loading (Figure 4.27 (d)) than during 

sliding (Figure 4.27 (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 where they can then bond 

with the tip.  

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

strain189, 190 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. Figure 

4.29 (a)-(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 

Figure 4.26. 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 Figure 4.27 and Figure 4.28), this result suggests 
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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.   

 

 
Figure 4.29 (a-d) The atomic shear strain on representative molecules bonded to the tip 

(same molecules as in Figure 4.26). 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. Figure 

4.29 (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 rapidly. This moment is coincident 

with the formation of a covalent bond between the carbon atom in the aromatic ring of 
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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.75, 90 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.38, 284 

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 (Figure 4.25) which explains the presence of more phenol 

in the contact area (Figure 4.23) that can act as pinning sites resisting sliding (Figure 4.26). 

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. 

 

4.3.4. Conclusion 

In the first part of this chapter (4.1), we used reactive MD simulations to study a 

chemically and topographically well-defined interface between silica and graphite with a 

single graphene step edge. The experimental and computational friction responses were in 

agreement and enabled us to provide insight into the atomic-level origins of the friction 

through exploring atomic-scale simulation results. To this end, we identified separate 

contributions of physical and chemical processes to be the shear strain applied to the tip due 

to topographical change and hydrogen bonding between the C-O-H groups on the step edge 

and the tip, respectively. Both experimental and simulation results showed that the direction 

of both the applied friction forces originating from H-bonding and shear strain were against 

sliding during the step-up sliding. However, in the stepping-down process, the force from 

shear strain was assistive, and the force due to H-bond was resistive. Accordingly, the 

friction coefficient was separated into two positive COF (resistive) terms that added up 

during the step-up sliding, whereas there was a positive (resistive) and a negative (assistive) 

term that canceled out each other during the step-down process. As a result of the different 

contributions to the friction, both resistive and assistive sliding forces were possible 

depending on the position of the tip with respect to the step-edge.  

In the second part of this chapter (4.2), we explored the effect of step-edge reactivity 

on friction at the step-edges of graphite. By comparing single-asperity friction at 

chemically inert and active graphene step edges on the graphite basal plane, the physical 

and chemical contributions to friction at the nanoscale have been successfully identified. It 

is found that the friction at an exposed step edge can be reduced in an alcohol vapor, 

because the adsorbed alcohol molecules can suppress the H-bonding between the step edge 

and the counter surface. However, even if the chemical contribution to friction is 

eliminated, because of the anisotropic deformation of the exposed step edge, the friction of 

an exposed step edge is still higher than that of a buried step edge. More generally, it is 

demonstrated that, within one cycle of a tip sliding up and down a topographic step, the 

energy consumed during the step-up process can be restored during the step-down process 

only if (a) there is no chemical interaction between the tip and the step and (b) the deflection 

of terminal groups at the step is identical during the step-up and step-down processes. 
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Otherwise, there will be a net energy loss when shear occurs at a topographically 

corrugated interface, leading to an increase of friction.  

In the last part of this chapter (4.3), we explored the effect of environment on the 

friction at the basal plane of graphite. 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 the contact. The role of applied force was explained by 

the shear deformation of the phenol molecules. 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. 

Overall, this study provides insight into the effect of the physical and chemical 

contributors to the friction both at the step edges and basal plane of graphite. The results 

revealed that the share of physical and chemical contribution to the friction varies many 

parameters, including sliding direction, applied load, chemical nature of edge and the tip, 

and environment. The provided insight into physical and chemical effects on the friction 

discussed in this study suggested that they might be leveraged to minimize sliding 

resistance at tribological interfaces and can be used to explain the nanoscale mechanism of 

friction at larger scales where the sliding surfaces are neither atomically smooth nor 

chemically inert. 
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Chapter 5 : Conclusions 
 

5.1. Summary and Future work 
In chapter 2, we found that non-hydroxylated surfaces reacted more with a-pinene 

and had more oligomerization during shear than hydroxylated surfaces. The activation 

volume was calculated from the pressure dependence of the yield in simulations to explain 

the role of shear deformation in mechanically driven chemical reactions. The detailed 

analysis of individual molecules during the simulation revealed that shear facilitates 

association reactions through the deformation of strained parts of the molecule, which in 

turn enables the molecule to bond with surface oxygen as the first step towards 

oligomerization. While the goal of this study was to understand the effect of surface 

reactivity on the mechanochemical reactions by investigating a simple model system, the 

more complicated chemical species and surfaces in engineering conditions should not be 

disregarded. This work can be extended by studying the mechanochemical reactions for 

other species that contribute to the formation of ZDDP tribofilms9 on amorphous ferrous 

surfaces due to applied shear and heat. While several studies have been previously 

conducted to investigate the formation of ZDDP using quantum calculations285, 286, to 

perform the simulations at a larger scale, new reactive forcefield needs to be developed due 

to the lack of availability of potential for ZDDP. Although the suggested system will be 

more complex due to the larger number of elements involved, it is directly relevant to real 

engineering applications. The challenges of studying the suggested complicated systems 

may be tackled by some simplifications, such as modeling a subset of molecules on the 

surface or modeling other materials that form tribofilms similar to ZDDP.  

In chapter 3, we found several possible reaction pathways for chemisorption of TCP 

on iron oxide because of the multiple reaction sites on the TCP and irregularity of the 

amorphous surface. It was also revealed that the relative reactivity of the unique reaction 

sites on the TCP was temperature dependent. The composition of the material chemisorbed 

to the surface was then analyzed, which revealed that C was the most prevalent element at 

any temperature. Also, the most statistically likely chemisorbed species were TCP or 

cresol, with the former being more prevalent at lower temperatures and the latter more 

prevalent at higher temperatures. Next, simulations with NDs showed an increase in the 

number of bonds between TCP and iron oxide, which was consistent with the frequency 

shift observed at 500 K in QCM experiments with NDs. The analysis of individual 

chemical bonds in the simulation showed that TCP could bond with the surface both 

directly and indirectly through adsorption on the surface of NDs. It should be noted that 

the parallel simulations used in the first part of this study were useful to statistically analyze 

and detect the most important reactions in a small system consisting of one molecule on a 

surface at a time and this approach can reduce the computational cost. However, the effect 

of interactions among the TCP molecules and their effect on the thermal film formation 

should be explored further. Also, other chemical species, including oxygen, water, and 

carbon dioxide, are expected in engineering applications, and their effects should be 

explored. To extend this study, we suggest reactive MD simulations on a larger system 

composed of several TCP molecules with and without the presence of other molecules such 

as O2, H2O, and CO2. Also, in addition to the usual statistical analysis, other 

computational tools, including machine learning and deep learning techniques, can be 
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employed to discover the most critical contributors to surface adsorption and to predict the 

adsorption sites on the surface. 

In chapter 4, we attributed the large friction during step-up of a silica tip over the 

exposed graphene step edge to the synergy of physical effects due to topography and 

chemical effects results from interfacial hydrogen bonding between the H-bonding 

between the step edge and the tip surface. Based on our findings, during the step-down, the 

negative topography change produces a force assisting the sliding motion, whereas the 

chemical bonds between oppositely moving surfaces produce a resistive force. It was also 

found that the friction at an exposed step edge can be reduced in an alcohol vapor because 

the adsorbed alcohol molecules suppress the H-bonding between the step edge and the 

counter surface. We demonstrated that, within one cycle of a tip sliding up and down a 

topographic step, the energy consumed during the step-up process could be restored only 

partially due to chemical interaction between the tip and the step and deflection of terminal 

groups at the step edge. Finally, the friction was found to be different for phenol and 

pentanol when a silica tip slides on the graphite basal plane. The results indicated 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. Although the sliding silica tip on the graphite surface is a well-defined 

surface and allows us to isolate the effect of chemical and physical phenomena on friction 

behavior, this system is far from reality since the presence of irregularities like surface 

roughness and amorphous structure on the surface is expected in engineering conditions. 

Such systems can be explored in future steps to explore the interactions between chemical 

reactions and surface roughness and their effect on friction. Investigating such a complex 

system could be challenging but rewarding, and various methods, including machine 

learning, can be used to identify the most correlated features with friction signals. 

 

5.2. Outcomes and Implications 
To summarize, the role of chemical reactions in the formation of thermal films and 

tribofilms, as well as their contribution to the friction at sliding interfaces, was studied 

using reactive molecular dynamics simulations for various scenarios at surfaces and 

interfaces. The first study of oligomerization of alpha-pinene between sliding surfaces of 

hydroxylated and non-hydroxylated silica provided atom-scale explanations for shear-

induced mechanochemical reactions, which are an essential element in tribofilm formation. 

The agreement between the simulations and experimental results and the detailed time 

evolution information of molecules that simulations provide suggest that reactive 

molecular dynamics is a powerful tool for studying tribological systems that are hidden 

between sliding surfaces and difficult to study. In the second study, the formation of a 

protective film from TCP on amorphous ferrous surfaces was investigated. The results of 

this study again emphasize the complexity of surface chemical reactions due to interactions 

between different players, including the involved chemical species, thermal and 

mechanical parameters. The parallel molecular dynamics simulation and the statistical 

approach used to characterize reactions in this study can be applied to other systems where 

organic molecules react with surfaces. The approach is particularly useful for irregular or 

disordered surfaces which are present in a variety of applications and on which many 
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possible reactions contribute to surface film formation. In the last study, the effect of 

chemical and physical interactions between a sliding silica tip on the friction on the step 

edge and the basal plane of graphite was explored. The fact that physical and chemical 

factors during the sliding process suggest opportunities to tune the COF with prescribed 

topographic features and terminating species. While this concept may be impractical in an 

industrial setting with current technology, a fundamental understanding of the chemical 

and topographic origins of friction holds great promise for future scientific advances and 

opens the possibility of tunable friction. This study also pointed to the importance of the 

environment on the observed friction. The findings have important implications for 

applications that rely on graphite for lubrication in varying environmental conditions, 

where chemical and physical factors will contribute to sliding resistance.   
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