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1.1 Background 

Of the key technologies for reducing greenhouse gas emissions in order to limit global warming to 

1.5 °C, technologies that improve the end-use energy efficiency are expected to have the largest impact 

of 38% [1,2]. It is estimated that 23% of the total energy in the world is consumed by friction and wear 

[2]. Tribology is a research field that studies how to reduce friction and wear. When the surfaces of two 

mechanical parts contact with each other under normal pressure and undergo lateral relative motion by 

traction force, friction force is generated. To reduce friction force, one effective method is to separate 

the two contacted surfaces from each other by adding lubricating oils into the contact area. Lubricating 

oils consist of base oils and additives. Base oils are the main component which are taken from mineral, 

vegetable, or synthetic oils, and additives are employed to confer specific properties to the base oils, 

such as friction-reduction, antioxidation, anti-wear, viscosity stability, and so on. 

 

Figure 1-1 Stribeck curve and lubrication regimes. 

In oil-based lubricant systems, as illustrated in Figure 1-1 which is known as the Stribeck curve, 

there are three lubrication regimes, i.e., boundary lubrication regime, mixed lubrication regime, and 

hydrodynamic lubrication regime. These regimes are determined by the dynamic viscosity of the 

lubricating oils η, solid–solid relative movement speed v, and applied load W. Friction coefficient μ, 

defined as the ratio of the lateral force to the normal force, exhibits distinct characteristics in each regime. 

In the boundary lubrication regime, there is negligible base oils within the contacting area between the 

two solid surfaces. Some additive molecules in lubricating oils may adsorb on the solid surfaces, forming 
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boundary films. The applied load is borne by the solid asperities and boundary films. Thus, friction 

coefficient depends entirely on the properties of the contacted asperities and boundary films, remaining 

a high value that is independent of η, v, and W. In the mixed lubrication regime, base oils start to enter 

the solid–solid contact area. The gradually thickening lubricating oil films separate the two solid 

surfaces, reducing the probability of solid–solid and boundary films contacts. Thus, the load is partially 

supported by the fluid film and partially by the asperities and boundary films. The friction coefficient 

decreases as the oil film thickness increases. Finally, in the hydrodynamic lubrication regime, abundant 

base oils within the contact area generate hydrodynamic films to sufficiently separate the two surfaces, 

eliminating the contact of any asperities and boundary films. The load is entirely borne by the lubricating 

oil films, and the friction coefficient increases with ηv/W because of the increased viscous resistance. 

As depicted in Figure 1-1, the friction coefficient in boundary lubrication regime is higher than that 

in the mixed and hydrodynamic lubrication regimes. Hence, in order to reduce friction, it is essential to 

design mechanical systems that avoid operating in boundary lubrication regime. However, mechanical 

systems that involve relative motion across nanoscale gaps have to be operated in the boundary 

lubrication regime. Examples of such systems encompass hard disk drives (HDDs), nanoimprint 

lithography (NIL), internal combustion engines (ICEs), and gearboxes. HDDs and NIL are the 

representative examples of mechanical systems operating at the nanoscale. The nanoscale dimensions 

of the system restrict the solid–solid gap to the nanometer scale, allowing only for applying nanometer-

thick liquid films, thereby leading to the boundary lubrication. ICEs and gearboxes represent mechanical 

systems operating at the macroscale. However, before startup, there is negligible lubricating oils in the 

sliding interfaces formed within cylinders and gears, resulting in nanoscale gaps of the sliding interfaces. 

During startup process, the low relative motion speed and high load impede the entry of lubricating oils 

into the contact area. Consequently, even with an ample amount of lubricating oils in the mechanical 

systems, only nanometer-thick liquid films are present in the contact area, resulting in the boundary 

lubrication. Because boundary lubrication inevitably occurs within nanoscale gaps, to achieve advanced 

mechanical systems that involve relative motion across nanoscale gaps, it is crucial to establish effective 

boundary lubrication through nanometer-thick liquid films to reduce friction. 

Effective nanometer-thick liquid boundary films require both high stability and high friction-

reducing performance. High stability is a prerequisite for the formation of boundary films, encompassing 

stable adsorption ability and chemical stability. High friction-reducing performance can be dictated by 
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the principle of tribology, which requires boundary films with high load-carrying capacity and low shear 

strength. 

Nevertheless, achieving effective boundary films is challenging due to their extremely thin 

thickness, typically within a few nanometers, which is greatly influenced by the solid–liquid interactions. 

Influenced by the salvation force, liquid molecules in the nano-thickness boundary film self-arrange 

with a layered structure, and strong solid–liquid interactions hinder the flow liquid molecules near the 

solid surfaces. Thus, the structures and properties of boundary films are different from bulk liquids. 

Therefore, the lubrication performance of boundary films cannot be adequately described by continuum 

theory along with bulk properties like density and viscosity. It is essential to develop a comprehensive 

understanding of the chemical and physical behaviors of nanometer-thick liquid boundary films, as well 

as their relationship with the chemical structure of the liquid molecules. This understanding, in turn, will 

enable the optimal design of liquid molecules to achieve effective boundary lubrication. 

The following two examples of HDDs and vehicle powertrain systems are presented to illustrate 

the significance of boundary films and the unresolved challenges associated with them. 

1.2 Hard Disk Drives 

With the rapid development of digital devices and the Internet, a significant portion of information 

and data in our daily lives exists, transmits, and processes in digital form. Thus, data storage technology 

has become particularly crucial. Currently, the data storage devices include HDDs [Figure 1-3(a)], solid-

state drives (SSDs), flash drives, and optical disks. Among them, HDDs has significant advantages for 

the high capacity and low price. 

Increasing the capacities of HDDs is an ongoing and perpetual endeavor within the HDDs 

technology. Currently, HDDs offer a maximum purchasable capacity of approximately 20 TB. HDDs 

of different capacities are typically applied for distinct purposes, such as low capacities used for personal 

computers, medium capacities for workstations, and high capacities for large servers. In recent years, 

the emerging era of artificial intelligence and big data stimulates the need for storage of huge amounts 

of digital information at low cost. Consequently, it is required to further enhance the data storage density 

of HDDs. In 2022, Advanced Storage Research Consortium (ASRC) has put forward a technology 

roadmap that extends to the year 2035 for HDDs (Figure 1-2), aiming to gradually increase the storage 
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Figure 1-2 Roadmap for new HDD technologies [3]. © 2022 IEEE 

density from the current ~1 Tb/in² to over 10 Tb/in² through innovative technologies [3]. These new 

technologies include microwave assisted magnetic recording (MAMR), heat-assisted magnetic 

recording (HAMR) [3,4], HAMR with ordered granular media (HAMR+), heated-dot magnetic 

recording (HDMR), 3-dimensional recording, and so on. 

Figure 1-3(a) shows the construction of HDDs. The data are stored on the magnetic disks and 

written and read by the magnetic head. As shown in Figure 1-3(b), a sequence of magnetic bits is 

arranged in the magnetic layer on the disk, which is utilized for storing binary data by employing two 

distinct orientations of the magnetic field. Above the magnetic layer as well as on the surface of head, 

a carbon overcoat layer, made of diamond-like carbon (DLC), serves as a protective barrier, shielding 

the surfaces from wear and corrosion. When writing and reading data, the disk rotates at a high-speed 

reaching up to 50 m/s, and the magnetic head flies over the disk, supported by the pressure generated 

from air bearing, forming the structure called head–disk interface (HDI). To reduce the friction force 

within the HDI, as well as protect the disk surface from impacted by the head, a layer of nanometer- 

 

Figure 1-3 (a) Hard disk and (b) the construction of disk and schematic of head–disk interface (HDI). 
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thick lubricating oil film, typically perfluoropolyether (PFPE), is applied on the DLC coating of the disk 

surface. PFPE molecules have several functional groups that can adsorb onto the DLC. Due to the 

nanometer thickness of the lubricant films and their lack of flowing ability because of adsorption, PFPEs 

form boundary films, resulting in the boundary lubrication regime of HDI. To achieve an effective 

boundary film, high chemical stability is required, because the degradation of the lubricant films can 

lead to the failure of HDI [5], as explained further below. 

To achieve higher data storage density, it is imperative to increase the number of magnetic bits per 

inch square of the disk [6]. For this purpose, the size of magnetic bits needs to be reduced. However, 

small magnetic bits present challenges because of weak and unstable magnetic fields. First, the weak 

magnetic field makes it difficult for the head to detect, thus, the gap of HDI needs to be decreased. To 

solve this issue, the thickness of PFPE lubricant films is typically restricted to about 1–2 nm [7–9]. And 

the fly height, which is defined as the clearance between the DLC overcoat of the head and the lubricant 

surface on the disk, is typically precisely controlled to below 2 nm [10,11]. To realize ultrahigh recoding 

densities, the flying height should be reduced preferably to zero [8]. However, it will lead to a new 

problem that intermittent contact sliding between the head and disk occurs inevitably, resulting in 

confined shear of the PFPE films at shear speeds and shear rates up to 50 m/s and 5 × 1010 s−1. Second, 

the unstable magnetic fields make the orientations of the magnetic fields susceptible to alter even under 

room temperatures. Therefore, magnetic media with high coercivity, such as FePt [12,13], are required. 

But high coercivity makes it challenging to change the orientation of magnetic fields for writing data. 

HAMR solves this problem by heating the magnetic media above the Curie temperature during data 

writing process, typically 700–800 K, thereby lowering the coercivity of the media (Figure 1-4). 

(a)         (b)  

Figure 1-4 (a) Recording image of HAMR and (b) coercivity of FePt media as a function of temperature. 

Adapted from Ref. [12], with the permission of AIP Publishing. 
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In HAMR system, such high temperature along with high shear rate make it challenging for ensure 

the chemical stability of PFPE molecules. The combined impacts of heating and shearing may induce 

the mechano-chemical decomposition of the PFPEs. Furthermore, the presence of water molecules in 

the PFPE lubricant films, which cannot be completely removed, could catalyze the reaction of PFPE 

molecules due to their polarity. Additionally, the DLC overcoat on the disk surface may catalyze the 

reaction of PFPE molecules. The fragments of PFPE molecules produced by reactions may transfer to 

the head and become contamination, which is termed as smears in HAMR. Smears may substantially 

raise the head temperature and affect the media heating process, thereby degrading the long-term 

reliability and recording performance of HAMR. Hence, in order to achieve effective boundary films in 

HAMR systems, it is crucial to utilize lubricant molecules with high chemical stability [5,14–17]. To 

tackle this challenge, the chemical stability of PFPE molecules under HAMR working conditions is 

needed to be verified, which will facilitate design of lubricant molecules with high chemical stability. 

1.3 Vehicle Powertrain Systems 

According to the reports from the International Energy Agency (IEA), in 2021, approximately 8% 

of global direct CO2 emissions were attributed to cars and vans [18]. In order to achieve the Net Zero 

Emissions by 2050, it is essential to enhance the energy efficiency of vehicles. Friction is responsible 

for 33% of the dissipation of fuel energy in fossil-fueled vehicles (FFVs). Within this category, the 

engine system and transmission system account for 35% and 15% of the total friction, respectively [19]. 

Thus, it is crucial to reduce the friction force in the vehicle powertrain systems, such as the ICEs in the 

FFVs, and bearings and gearboxes in any FFVs and electric vehicles (EVs). 

As shown in Figure 1-1, in order to reduce friction, low-viscosity lubricating oils are preferred 

because they lead to low viscous resistance [20–22]. However, at low velocities and high loads, because 

low-viscosity oils are not able to generate sufficiently high hydrodynamic pressure, the hydrodynamic 

lubrication regime changes undesirably to the boundary lubrication regime, leading to high friction 

[23,24]. In order to reducing the friction force by avoiding solid–solid contact, friction modifiers (FMs) 

are typically added into the base oil, to form a boundary film by adsorbing on the surfaces of the friction 

pairs (Figure 1-5). FMs include nanoparticles, functionalized polymers, molybdenum disulphide (MoS2), 

molybdenum dialkyldithiocarbamate (MoDTC), zinc dialkyldithiophosphates (ZDDP), and so on [20]. 
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They can form physical adsorption or chemical reaction boundary films on solid surfaces to prevent 

direct solid–solid contact [20,25–31]. For environmental protection, and prevent copper corrosion in the 

transmission systems of EVs [32], rather than the FMs containing sulfur and phosphorus, organic friction 

modifiers (OFMs) that are composed only of carbon, hydrogen, oxygen, and nitrogen atoms are essential 

[20,23,25,33–36]. 

 

Figure 1-5 Adsorption behavior of friction modifiers in the internal combustion engines. 

 

Figure 1-6 Molecular structure for organic friction modifier. Take stearic acid and glyceryl monooleate 

as examples. 

As shown in Figure 1-6, OrFMs are typically amphiphilic molecules with one or more functional 

groups, such as carboxylate, alcohol, ester, amine, and amide groups, attached to a predominantly linear 

alkyl chain [20,25,37]. The functional groups adsorb physically and/or chemically onto solid surfaces 

and the alkyl chains extend into the lubricating oils [20,25,37–42]. It is important to design the molecular 

structures of OFMs properly because they determine the performance of the boundary films. The 

requirements for high-performance boundary films and their relationship with OFM molecular 

properties are explained as follows. 

(1) Ability to form boundary films 

It is related to the properties of individual OFM molecules. Boundary films formed by the dynamic 

equilibrium process of adsorption, desorption, and repair behaviors of OFM molecules. To effectively 

form boundary films, OFM molecules need to own high diffusion ability in the base oils as well as on 

the solid surfaces. High surface adsorption energy is also important. 

Main chain
Functional group

Glyceryl monooleate

Stearic acid
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(2) High load-carrying capacity 

It is related to the properties of the clusters formed by a group of OFM molecules. High load-

carrying capacity means the boundary film is difficult to be removed from solid surfaces even under 

high loads. In general, it requires OFM molecules to form boundary films with high surface density, 

cohesive and surface adsorption energies. 

(3) Low shear strength 

It is related to the structure of the boundary films, which can be categorized into two aspects: inner 

structure of boundary films and inter structure of boundary films–base oils. The former is determined 

by the inter-molecular interactions between OFM molecules. Forming a multi-layer structure with low 

shear strength allows for layered sliding, which can reduce the friction force within the boundary films. 

And the latter is determined by the adsorption status and the conformations of the main chain of OFM 

molecules. Forming a clear sliding plane at the interface of boundary films–base oils can decrease the 

shear strength because of less interdigitations between OFM and base oil molecules. 

For the conventional OFMs like stearic acid and glycerol monooleate (GMO), experimental studies 

reveal that they still have limitations in achieving ideal frictional performance of high load-carrying 

capacity, high wear-reducing effect, and stable friction coefficient over time. In order to improve the 

frictional performance, it is necessary to design OFM molecules with novel structures that are able to 

form more effective boundary films. 

1.4 Approaches to Study Boundary Films 

Both experimental and computer simulations are capable of studying the physical and chemical 

properties of boundary films. 

To measure physical quantities of boundary films, experimental methods such as the fiber wobbling 

method (FWM), atomic force microscopy (AFM), and pin-on-disk test, can be used. FWM determines 

the viscoelastic properties of liquid films by moving a vibrating optical fiber across the liquid film 

through changes in the vibrational state. AFM uses an optical lever to measure the displacement of a 

probe manipulating the surface, and can measure the force perpendicular to the surface and the force in 

the scanning direction. Thus, it can be used to evaluate the formation of boundary films. Pin-on-disk test 

can measure the friction coefficient to evaluate the load-carrying capacity and shear strength of the 
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boundary films. To study the chemical properties of molecules, pyrolysis-gas chromatography-mass 

spectrometer (Py-GC/MS) can be used to induce the pyrolysis and thermal oxidative reactions of 

materials and analyze the products. 

The experimental methods, however, face challenges in explaining the relationship between OFM 

molecular structures and frictional performances of boundary films, as well as directly observing the 

reaction process under realistic working conditions of HAMR, which is characterized by high 

temperatures and shear rates. Free of the limitations of experimental methods, computer simulation 

methods can directly observe the chemical and physical behaviors of molecules and are easily applicable 

to high temperatures and shear rates. 

For computational methods, quantum mechanical (QM) calculations involve solving the 

Schrödinger equation to obtain the state of system. It can predict molecular configurations, calculate 

parameters such as energy, polarity, adsorption energy, and determine chemical reaction pathways and 

derive activation energies. However, the calculations are limited to small systems in terms of time and 

spatial scales. 

In contrast, molecular dynamics (MD) simulations expand the computational capabilities in terms 

of temporal and spatial scales. In MD simulations, particles that represent atoms and/or molecules are 

placed within a computational box, and equations of motion of individual particles are formulated. The 

time evolution of the entire system is described by numerically integrating the equations. The forces 

acting on the particles are calculated based on their energy interactions, which is known as force field. 

Force field determines the accuracy of the simulations. Once the calculations are finished, the positions 

and velocities of individual atoms and molecules can be directly obtained as a function of time. 

Therefore, MD simulations are particularly useful for analyzing molecular and atomic-scale dynamic 

phenomena and are selected as the method for this research. 

MD simulations can be categorized into non-reactive and reactive simulations. Non-reactive MD 

simulations do not allow the formation or breakage of covalent bonds. It requires to define the 

unchangeable molecular topology, such as connections of bonds, angles and dihedrals. Reactive MD 

simulations allow the formation and breakage of covalent bonds. Compared with density functional 

theory (DFT), reactive MD simulations can calculate chemical reactions in larger temporal and spatial 

scales. For example, reactive MD with ReaxFF [43–48] force fields, which is a cost-effective and 

accurate method providing atomistic-level details of dynamics of systems including chemical reactions, 
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typically is more than five orders of magnitude less costly than DFT calculations [49]. However, the 

drawback lies in the limited transferability of the force field, which means that specific materials and 

reaction pathways often require fitting specific force field parameters. Furthermore, in order to capture 

the rapidly occurred chemical reactions, the timestep applied in reactive MD simulations is shorter than 

that used in non-reactive MD simulations, ranging from 0.1 to 0.2 fs, resulting in lower computational 

efficiency compared to non-reactive MD simulations. 

1.5 Objectives and Methods 

To propose the guidelines for design molecules that allow for formation of effective nanometer-

thick liquid boundary films, it is essential to understand two fundamental aspects. The first is, to identify 

the vulnerable bonds, and understand the conditions and processes of chemical reactions within the 

boundary films. The second is, to understand the relationship between the molecular structures, 

adsorption behaviors, boundary film structures, and friction performance. To achieve these purposes, 

we employ reactive and non-reactive MD simulations as the primary methods, supplemented by certain 

QM calculations. 

To understand the chemical behaviors of molecules in nanometer-thick liquid boundary films, we 

take PFPE lubricant films in HAMR as one subject. Reactive MD simulations are used to investigate 

the reaction rates and pathways for PFPE molecules, at high temperatures and high shear rates, various 

normal pressures, and with or without water molecules. In order to obtain a high-precision reactive MD 

force field, QM calculations are used to calculate the energies for bonds and angles of PFPE molecules, 

and the results are used to fit the parameters for the ReaxFF force field. 

To understand the physical behaviors of molecules in nanometer-thick liquid boundary films, we 

take OFM boundary films in vehicle powertrain systems as another subject. Non-reactive MD 

simulations are used to investigate the adsorption behaviors of OFM molecules in base oils, confined 

between two iron oxide surfaces. QM calculations are used to obtain the adsorption energies between 

OFM molecules–substrate. 

1.6 Dissertation Outline 

In Chapter 1, the background on boundary lubrication was introduced, specifically focusing on two 
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applications: HDDs and vehicle powertrain systems. The significance of boundary films and the 

unresolved challenges, along with the research motivations were presented. MD simulations were 

chosen as the research method. 

In Chapter 2, reactive MD simulations with ReaxFF force field will be applied for investigating the 

pure thermal and mechano-chemical reactions of PFPE lubricant films. The reaction rates are calculated 

and then fitted with the Arrhenius equation and stress-assisted Arrhenius equation, for pure thermal 

reaction and mechano-chemical reaction, separately. The effect of heat and mechanical stress on the 

decomposition rates are discussed. Different PFPE molecules are used to compare their reaction rate, 

and the reaction pathways are analyzed to recognize the vulnerable bonds of PFPEs. 

In Chapter 3, the effect of water on the mechano-chemical decomposition of PFPE will be further 

investigated under different normal pressures. Analyzations are thoroughly carried out for the reaction 

rates, types, pathways, and products, and vulnerable bonds. 

In Chapter 4, the adsorption behavior of a newly designed OFM will be investigated to understand 

the mechanism of its super frictional properties, by using non-reactive MD simulations with COMPASS 

II force field. Statistic analyzations are used to investigate the film structure and the formation. Dynamic 

analyzations are carried out to understand the self-repair process of the adsorption film. 

Finally, in Chapter 5, the conclusions drawn from the entire body of work will be presented, along 

with the future work. 
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2.1 Introduction 

As described in Chapter 1, the decomposition of PFPE lubricant films make it challenging to ensure 

the reliability and durability of the HDI. To understand the chemical stability of PFPE molecule, both 

experimental studies and MD simulations have been carried out. 

In experimental studies, with Fourier transform infrared spectroscopy (FT-IR) or time-of-flight 

secondary ion mass spectroscopy (TOF-SIMS), the thermal decomposition of PFPEs has been 

experimentally confirmed to initiate at the polar end groups [50–52], and the dissociation of main chain 

occurs when the temperature further increases [52]. It was also confirmed that the main chain 

dissociation is mainly attributed to the break of C–O–C bond [50], which is the weakest bond in the 

main chain of PFPEs [53,54]. Helmick and Jones measured the thermal decomposition temperatures of 

bulk nonpolar PFPEs and determined the activation energies with the reaction rate theory [55]. 

Degradation of PFPE films during contact sliding at room temperature was observed using a high-

vacuum environmental tribometer equipped with a mass spectrometer and the results suggested that 

triboelectrical reaction and mechanical scission could be the dominant mechanism for PFPE 

decomposition [56–58]. 

MD simulations have also been used to study properties of PFPE films [54,59–65]. Particularly, 

PFPE decomposition has been studied by reactive MD simulations. Performing ReaxFF MD simulations, 

Lotfi et al. studied the decomposition of polar PFPE D-4OH at elevated temperatures on DLC surfaces 

[65] and in the presence of oxygen, water, and nanoparticles of SiO2, FeO(OH), and Fe2O3 [54]. Their 

simulation results indicated that the PFPE decomposition is accelerated by DLC, water, and the oxide 

nanoparticles, whereas the effect of oxygen molecules is less significant. 

As studies so far mainly focused on thermal and catalytic decompositions of PFPE lubricants, less 

is known about mechano-chemical decomposition. In addition, decomposition rates of PFPEs, which 

are particularly critical for HAMR because the time scale of heating process is ~1 ns [4], are yet to be 

quantified. Experimental approaches are difficult to access the extreme conditions of high temperature, 

high shear rate, and short heating time in HAMR. Though high temperature and shear rate are easily 

achieved in simulations, the heating time is somewhat long for reactive MD simulations. Even with the 

ReaxFF method, 1-ns simulations are still computationally expensive because a time step as small as 
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~0.1 fs is typically required for accurate simulation of reaction processes [54,65]. As a compromise, 

temperatures obviously higher than the actual conditions are usually used to accelerate reactive MD 

simulations. 

In this chapter, aiming to understand mechano-chemical decomposition of PFPE lubricants in 

HAMR, we develop the ReaxFF force field of PFPEs, which is not available from the published 

literature, and conduct ReaxFF reactive nonequilibrium MD simulations [66,67] under the operation 

conditions of HAMR. The time constant of mechano-chemical decomposition is quantified and 

compared with that of pure thermal decomposition. Although high temperatures are used to accelerate 

the simulations of pure thermal decomposition, we are able to derive the time constants at the heating 

temperatures in HAMR by analyzing the simulation results with the reaction rate theory [45,46,68–70]. 

We also examine the mechano-chemical decomposition pathway of PEPF films and the change in 

decomposition rate with normal pressure and molecular structure. Specifically, the stress-assisted 

reaction rate theory [71–74] is applied to analyze the effect of mechanical stress. 

2.2 Simulation Method and Details 

2.2.1 ReaxFF Reactive Force Field Method 

ReaxFF is a reactive force field method based on bond order [43,44], which dictates connectivities 

of atoms and is calculated from the interatomic distances of all pairs of atoms. Updating the bond order 

at each time step allows for description of bond breaking and bond forming during MD simulations. In 

ReaxFF the total energy of a system, 𝐸system, is described as [45] 

 

 𝐸&'&()* = 𝐸+,-. + 𝐸,/)0 + 𝐸1-.)0 + 𝐸(,0 + 𝐸/23 + E34 + 𝐸/.5 + 𝐸6,13,*+ (2-1) 

 

where 𝐸bond , 𝐸over , 𝐸under , 𝐸tor , 𝐸val , 𝐸lp , 𝐸vdw , 𝐸coulomb  represent bond energy, 

overcoordination energy penalty, undercoordination stability, torsion angle energy, valence angle energy, 

lone pair energy, van der Waals energy, and Coulomb energy, respectively. 

In contrast to force fields for non-reactive MD, which are basically general-purpose, ReaxFF force 

field parameters are usually optimized to reproduce reactions of molecules of interest and thus specific 
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to target molecules [47,75]. After reviewing the published ReaxFF force fields, we confirmed that the 

ReaxFF force field for Teflon and molecules composed of C, H, and O atoms include most of the 

parameters for the ReaxFF of PFPE, but parameters for C–O and C–F bonds and O–C–F valence angle 

need to be added or refined [76]. Therefore, with QM calculations, we first prepared training data 

regarding the following items. 

(1) change of potential energies with C–O and C–F bond lengths and O–C–F valence angle. 

(2) dissociation energies of C–O and C–F bonds. 

(3) optimized structures and the corresponding energies of PFPEs. 

(4) energies of various structural isomers of PFPEs. 

Chemical formulas of the PFPEs will be described in Section 2.2.2. Then the optimal force field 

parameters for the training datasets, which ensure the error defined below [45] within desired level, were 

obtained using the covariance matrix adaptation evolution strategy. 

 

 Error = ∑ (C!,#$DC!,%&'())
E!

)
FG

HIJ  (2-2) 

 

where 𝑛 is the total number of the entries of the training sets, 𝑋H,LM and 𝑋H,N)2OPP are the ith training 

set and the corresponding ReaxFF value, and 𝜎H is the weighting factor. 

The QM calculations were carried out with the Gaussian 16 package [77] using DFT with the 

B3LYP hybrid functional [78,79] and the 6-31G(d) basis set [80–82]. AMS (Amsterdam Modeling 

Suite) software [83], which uses a successive one-parameter parabolic extrapolation approach for the 

parameterization, was used to find the best fit ReaxFF. We performed five individual optimization runs 

and calculated the error of each run with Eq. (2-2). The force field with the lowest error was used in our 

reactive MD simulations. As will be presented in Section 2.3.1, the developed ReaxFF force field 

provides a good representation of the QM calculation results. 

2.2.2 Models and Procedures 

In our reactive MD simulations, we used four types of PFPE lubricants: polar D-4OH and nonpolar 

Demnum of the Demnum type and polar Z-tetraol and nonpolar Z of the Fomblin type. Their chemical 

formulas and molecular weights (Mw) are listed in Table 2-1, comparable to the Mw of PFPE used in 



 

17 

the HDI [84]. Note that, for the ReaxFF parameterization, only D-4OH and Z-tetraol were used and the 

number of repeat units in the main chain was set to one to reduce the computational cost of expensive 

DFT calculations. 

To focus on the effect of mechanical stress rather than surface catalyst, as a simplified model of the 

DLC overcoats on the head and disk surfaces in HAMR, we built diamond crystal plates with (001) 

surface orientation, which feature high thermal stability [85]. The head was modeled as a slab instead 

of a curved shape because its curvature radius is about 20 mm, which is roughly four orders larger than 

the lateral dimensions of the contact region [8]. To ensure that the applied shear stress transfers into the 

lubricant films and to be representative of amorphous surfaces where slip is not expected [86], slip at 

the liquid–solid interfaces during shear was suppressed by surface roughness generated on the solid 

surfaces by removing some carbon atoms and passivating dangling bonds with hydrogen atoms [87–89]. 

These surfaces are similar to hydrogenated tetrahedral amorphous carbon (ta-C:H). To effectively 

suppress slip and be close to the typical value (0.2 nm) of the arithmetic mean roughness of the head 

and disk surfaces [90], the peak-to-valley height and period of the surface roughness were set to 0.27 

and 1.0 nm in this study. 

Table 2-1 Chemical formulas and molecular weights of PFPE lubricants. 

Lubricant Chemical formula Molecular weight (g/mol) 

Polar D-4OH X–O–(CF2CF2CF2O)9–X 

X = CF2CH2OCH2CH(OH)CH2OH 

1820 

Z-tetraol X–O–(CF2CF2O)8–(CF2O)8–X 

X = CF2CH2OCH2CH(OH)CH2OH 

1782 

Nonpolar Demnum X–O–(CF2CF2CF2O)9–X 

X = CF2CF2CF3 

1848 

Z X–O–(CF2CF2O)9–(CF2O)9–X 

X = CF3 

1792 

 

To separate the effects of temperature, normal pressure, and shear force on lubricant decomposition, 

we carried out three types of reactive MD simulations and monitored the progress of decomposition 

with time. One is for bulk PFPE subjected to heating, the second is for PFPE films coated on the disk 
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subjected to heating and impacting from the head under a constant normal pressure, and the third is for 

PFPE films coated on the disk subjected to heating and shearing by the head under a constant normal 

pressure and shear speed. These are simply referred to as heating, impacting, and shearing simulations, 

respectively. Only D-4OH, which is actually used in hard disk drives, was used for the heating and 

impacting simulations, and all of the four types of PFPEs were used for the shearing simulation. As will 

be described in Sections 2.2.2.1 and 2.2.2.2, the temperature was higher and the pressure was lower in 

the heating simulation than in the impacting and shearing simulations. These led to more rapid atomic 

motion in the heating simulations, hence the time step was set to 0.1 fs for the heating simulations and 

0.2 fs for the impacting and shearing simulations. It should be noted that, to save computational time, 

initial configurations for the reactive MD simulations were equilibrated by non-reactive MD simulations 

employing the COMPASS (condensed-phase optimized molecular potentials for atomistic simulation 

studies) II force field [91]. We confirmed, for the heating simulation at 2500 K, that the results obtained 

from the initial configurations equilibrated with the COMPASS II and developed ReaxFF are consistent 

within the error margin (Figure 2-5). All of the MD simulations in this study were conducted using 

LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) [92]. Other details of the three 

types of reactive MD simulations are described below. 

2.2.2.1 Heating Simulation 

The initial configurations of the heating simulations consisted of 36 D-4OH molecules inside a 

cubic box with periodic boundaries in the x, y, and z directions, as shown in Figure 2-1. The system was 

heated to a target temperature in 4 ps and then fixed at the temperature for 100 ps. To accelerate 

lubrication decomposition and thus reduce the computational time, the target temperature was set from 

2000 to 2500 K with an interval of 100 K, much higher than expected in HAMR. The pressure of the 

system was fixed at 0.1 MPa. The Nosé-Hoover thermostat and barostat were used for the temperature 

and pressure control [93,94]. To reduce statistical uncertainty, for each temperature, simulations were 

run with 10 different initial configurations and the results were averaged. 
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Figure 2-1 One initial configuration of the heating simulations. The system consisted of 36 D-4OH 

molecules. The gray, white, blue, and red represent carbon, hydrogen, fluorine, and oxygen atoms, 

respectively. 

2.2.2.2 Impacting and Shearing Simulations 

The initial configurations of the impacting and shearing simulations were similar and one is shown 

in Figure 2-2. Lubricant films consisting of 40 PFPE molecules were deposited on the disk located at 

the bottom of a simulation box, which had dimensions of 8.04624 nm and periodic boundaries in the x 

and y directions, and the head was set above the PFPE films. Non-periodic boundary condition was 

applied in the z direction. The film thickness, which was defined as the distance between the mean 

surfaces of the disk and PFPE film, was 1.34 nm. The distance between the mean surfaces of the head 

and disk was set to 1.70 nm in the impacting simulation so that the head did not contact with the PFPE 

films initially. In the shearing simulations, to exclude the decomposition induced by collision of the head 

with the PFPE films as in the impacting simulation, the head–disk distance was set to 1.55 nm so that 

the head contacted with the PFPE films initially. 

 

Figure 2-2 One initial configuration of the shearing simulations. Surface roughness with a peak-to-valley 

height of 0.27 nm and a period of 1.0 nm was introduced to suppress interfacial slip. The x and y 

dimensions of the simulation box were both set to 8.04624 nm, and periodic boundary conditions were 

applied in the two directions. The gray, white, blue, and red represent carbon, hydrogen, fluorine, and 

oxygen atoms, respectively. 

Head

Disk

PFPE film

Normal pressure

Shear

xy

z1.0 nm 0.27 nm
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Both in the impacting and shearing reactive MD simulations, the systems were heated to a target 

temperature in 4 ps and then fixed at the temperature. To ensure temperature rise in the PFPE films, the 

Nosé-Hoover thermostat was coupled to the head, films, and disk in the initial 4 ps. After that, the 

thermostat was removed from the films and interfacial layers (consisting of hydrogen atoms and their 

bonded carbon atoms) of the head and disk to avoid its unphysical influence on the dynamics of the 

films [95–98]. A constant normal pressure was applied to the head by applying a constant force in the 

−z direction to the carbon atoms in the upmost layer of the head throughout the simulations. In the 

shearing simulations, in addition to the constant normal pressure, a constant shear speed of 50 m/s in 

the x direction was applied to the head from 4 ps to the end of simulations. To reproduce the operation 

conditions in HAMR, we set the target temperature and normal pressure to 700 K and 0.1 GPa. At the 

relatively low temperature and normal pressure, PFPE molecules decomposed slowly and therefore we 

performed the impacting and shearing simulations for a long time of 1 ns. Constrained by the extremely 

high computational cost, each simulation was run only one time. To examine the effect of normal 

pressure on mechano-chemical decomposition, we also varied the normal pressure from 0.5 to 9.8 GPa 

in the shearing simulations. For each of these relatively high normal pressures, simulations were run 

with 10 different initial configurations for 200 ps and the results were averaged to reduce statistical 

uncertainty. 

2.2.3 Calculation Method for Bulk Density 

To verify the non-bonded parameters of the developed ReaxFF force field, we calculated the bulk 

density for the D-4OH. The bulk system consisted of nine D-4OH molecules inside a cubic box with 

periodic boundaries in the x, y, and z directions. The Nosé-Hoover thermostat and barostat were applied 

to the system, fixing the temperature and pressure at 293 K and 0.1 MPa. The time step was set to 0.1 

fs. 

2.3 Results and Discussion 

2.3.1 Validation of PFPE ReaxFF 

Figure 2-3 compares the energies of C–O and C–F bonds and O–C–F valence angle calculated by 
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QM and our developed PFPE ReaxFF. Good agreement is obtained, particularly for the bond 

dissociation energies and energies in the vicinity of equilibrium. The deviation between the ReaxFF and 

QM is 1.8 and 0.65 kcal/mol for C–O and C–F bond dissociation energies. The deviation between the 

ReaxFF and QM averaged over seven data points in the vicinity of equilibrium is 1.3, 2.3, and 0.45 

kcal/mol for energies of C–O bond, C–F bond, and O–C–F valence angle. Figure 2-4 shows the bulk 

density of D-4OH. The bulk density at equilibrium (i.e., the average over 200–250 ps) is 1.76 g/cm3, 

favorably comparable to the value of 1.7 g/cm3 provided by the manufacturer of D-4OH. These results 

demonstrate that the developed ReaxFF force field is reasonably accurate for reactive MD simulations 

of PFPEs. 

(a)  (b)  (c)  

Figure 2-3 Comparison between results of the developed PFPE ReaxFF and training data from QM 

calculation: (a) C–O bond energy, (b) C–F bond energy, and (c) O–C–F valence angle energy. The bond 

dissociation energies (broken lines) in (a) and (b) were obtained by QM calculation. 

 

 

Figure 2-4 Time evolution of the bulk density of D-4OH. The green line indicates the average value 

over 200–250 ps. 
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2.3.2 Influence of Equilibration of Initial Configurations With/Without the 

Developed ReaxFF 

In this research, initial configurations were not equilibrated with the developed ReaxFF to save 

computational time. To examine the influence, for the heating simulation of D-4OH at 2500 K, we 

equilibrated the initial configurations with the developed ReaxFF at 300 K and 0.1 MPa and then 

performed the simulations following the procedure described in Section 2.2.2.1. The results of five 

independent simulations are compared with those of ten independent simulations not equilibrated with 

the developed ReaxFF in Figure 2-5. The decomposition rate constants for the two cases are consistent 

within the error margin. This demonstrates that equilibration of initial configuration with/without the 

developed ReaxFF has little influence on the simulation results. 

 

Figure 2-5 Comparation of thermal decomposition rate constants derived from simulations with initial 

configurations not equilibrated and equilibrated with the developed ReaxFF. The color blocks indicate 

the range between the maximum and minimum values. The dashed lines indicate the average values. 

2.3.3 Comparison of Time Constants of Pure Thermal and Mechano-

Chemical Decompositions 

Because the heating time in HAMR is in the order of 1 ns, decomposition time constants are a 

critical criterion for lubricant selection and design. Hence, we compared the time constants of pure 

thermal and mechano-chemical decompositions of D-4OH under the operation conditions of HAMR by 

analyzing the results of the heating, impacting, and shearing simulations. 
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2.3.3.1 Pure Thermal Decomposition 

To quantify the time constants of pure thermal decomposition of PFPE at arbitrary temperatures, 

we analyzed the results of the heating simulations using the Arrhenius model. First, we derived the 

decomposition rate constant 𝑘 at each temperature by recording the number of intact PFPE molecules 

as a function of time, 𝑁Q, and fitting it with [46] 

 

 ln(𝑁Q/𝑁R) = −𝑘𝑡 (2-3) 

 

where 𝑡 is time and 𝑁R is the number of intact PFPE molecules at 𝑡 = 0. It should be noted that the 

first-order kinetics is assumed in Eq. (2-3), which is reasonable for thermal decomposition of covalent 

compounds [45,46,69,99]. Then we fitted the reaction decomposition rate constants 𝑘  at different 

temperatures 𝑇 with the Arrhenius equation [46,100] 

 

 ln𝑘 = ln𝐴 − S'
TU (2-4) 

 

where 𝐴 is a pre-exponential factor, 𝐸2 is the activation energy, and 𝑅 is the ideal gas constant. As a 

result, we are able to determine the values of 𝐴 and 𝐸2 from the intercept and slope of the fitted line 

and extrapolate the fitted line to derive decomposition rate constants 𝑘 at any temperatures of interest. 

The reciprocal of 𝑘 is defined as the decomposition time constant. 

Figure 2-6(a) shows ln(𝑁Q/𝑁R)  derived from the heating simulations of D-4OH at different 

temperatures as a function of time. For each temperature, the number of intact D-4OH molecules 𝑁Q 

was averaged over 10 independent simulations. The straight lines are fits to Eq. (2-3) and the coefficients 

of determination R2 are larger than 0.94. This confirms that the thermal decomposition of D-4OH 

molecules follows the first-order kinetics. It is evident that the decomposition rate constant of D-4OH, 

which is given by the slopes of the fitted lines, increases with increasing temperature. At temperatures 

higher than 2200 K, all of the D-4OH molecules decomposed within 100 ps. Figure 2-6(b) shows the 

Arrhenius plot for the thermal decomposition rates 𝑘  of D-4OH at different temperatures. The 

activation energy 𝐸2 and pre-exponential factor 𝐴 were calculated from the fitted straight line and the 

results are listed in Table 2-2. As we did not find experimental values for D-4OH in the literature, 
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experimental values for nonpolar Demnum [55], which has identical main chain structure as D-4OH, 

are listed in Table 2-2 for comparison. The activation energy of D-4OH derived from our simulations is 

slightly smaller than the experimental values of nonpolar Demnum, which is considered reasonable 

because, as will be presented in Section 2.3.4.2, our simulation results show that polar D-4OH 

decomposes more rapidly than nonpolar Demnum. This comparison confirms the validity of our reactive 

MD simulations with the developed PFPE ReaxFF. 

(a)   (b)  

Figure 2-6 (a) Natural logarithms of ratios between the numbers of intact D-4OH at time t and time zero 

at different temperatures. For each temperature, the results were averaged over 10 independent heating 

simulations. The straight lines are fits to Eq. (2-3). (b) Arrhenius plot for thermal decomposition of D-

4OH. The straight line is fit to Eq.(2-4). The decomposition rate constants k were obtained from the 

slopes of the fitted lines in (a). Error bar indicates the standard deviation of 10 independent simulations. 

Table 2-2 Comparison of fitted Arrhenius parameters with experimental results [55]. 

 Ea (kcal/mol) A (Hz) 

This work 54.7 1.15×1016 

Experimenta 55.0–63.1 — 

a Experimental results are for nonpolar Demnum. 

 

By extrapolating the fitted straight line in Figure 2-6(b), we estimated the reaction rate constants k 

at 700 and 800 K, which are operation temperatures of HAMR, to be 0.094 and 12.854 s−1, respectively. 

Then, the time constant for pure thermal decomposition of D-4OH was calculated to be 11 and 0.078 s 

at 700 and 800 K. These time constants are more than seven orders longer than the heating time of 
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approximately 1 ns in HAMR. Consequently, we conclude that pure thermal decomposition hardly 

occurs within the heating time of HAMR. Nevertheless, we should emphasize that decreasing the 

temperature from 800 to 700 K leads to an increase of decomposition time constant by approximately 

two orders and thus a further significantly lowered risk of lubricant decomposition. 

2.3.3.2 Mechano-Chemical Decomposition 

Figure 2-7(a) and (b) show the time evolution of the number of intact D-4OH during the 1-ns 

impacting and shearing simulations, respectively. For the impacting simulation, we confirmed that the 

head crashed into the D-4OH film at the maximum vertical speed of 32 m/s. Despite the relatively low 

temperature and normal pressure of 700 K and 0.1 GPa, approximately 23% and 18% molecules 

decomposed in the 1-ns impacting and shearing simulations, respectively. By fitting the results with Eq. 

(2-3), the decomposition time constants for the impacting and shearing simulations were calculated to 5 

and 10 ns, respectively (Figure 2-8). Because each type of the simulations was run only one time, we 

suggest that the effects of vertical impact and horizontal shear on decomposition time constants are of 

similar extent. For comparison, the time constants of pure thermal and mechano-chemical 

decompositions are summarized in Table 2-3. The time constants of mechano-chemical decomposition 

are approximately nine orders shorter than that of pure thermal decomposition at 700 K and comparable 

to the heating time in HAMR. These results indicate the significant influence of mechanical stress on 

PFPE decomposition. We infer that, under the operation conditions of HAMR, PFPE molecules are 

highly likely to decompose if subjected to normal impact and/or horizontal shear. 

(a)    (b)  

Figure 2-7 Time evolution of the number of intact D-4OH molecules in the (a) 1-ns impacting simulation 

and (b) 1-ns shearing simulation. 
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Figure 2-8 Natural logarithms of ratios between the numbers of intact D-4OH at time t and time zero. 

Table 2-3 Comparison of time constants of pure thermal and mechano-chemical decompositions. 

Conditions Time constant 

Heating (700 K) 11 s 

Impacting (700K, 0.1 GPa) 5 ns 

Shearing (700 K, 0.1 GPa, 50 m/s) 10 ns 

2.3.4 Characteristics of Mechano-Chemical Decomposition 

As we confirmed that mechano-chemical decomposition is highly likely to occur rather than pure 

thermal decomposition in HAMR in the previous section, we will focus on mechano-chemical 

decomposition of PFPE films and investigate the effects of normal pressure and molecular structure and 

the reaction pathway in this section. Note that the results presented below were obtained from the 

shearing simulations, which reflected the realistic situation in HAMR more closely than the impacting 

simulations. 

2.3.4.1 Effect of Normal Pressure 

To study the effect of normal pressure on the mechano-chemical decomposition rate of PFPE films, 

we varied the normal pressure to 0.5, 1.0, 2.0, 3.9, 5.9, 7.8, and 9.8 GPa in the shearing simulations. The 

decomposition rate constant at each normal pressure was calculated by fitting the time evolution of the 

number of intact D-4OH molecules during the 200-ps simulations with Eq. (2-3) [Figure 2-9(a)]. The 

results, together with that of the 1-ns shearing at the normal pressure of 0.1 GPa described in Section 
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2.3.3.2, are shown in Figure 2-9(b). The decomposition rate constant increases with increasing normal 

pressure. It is intriguing to note that, at relatively high normal pressures of 3.9–9.8 GPa the change of 

logarithm of decomposition rate constant with normal pressure can be well fitted by a straight line, 

whereas data points at 0.1–2.0 GPa lie obviously below the fitted straight line. 

To explain these results, we adopt the widely used stress-assisted reaction rate theory, which is 

extended from the pure thermal Arrhenius theory [68,71–74]. The stress-dependent reaction rate 

constant 𝑘E is given by [72] 

 

 ln𝑘E = ln𝐴 − S'*
𝑅U  (2-5) 

 

Here, 𝐸2E  is the activation energy in the presence of mechanical stress and is expanded as 

[70,72,101,102] 

 

 𝐸2E = 𝐸2 − 𝜎Δ𝑉2 (2-6) 

 𝜎 = 𝜎R + 𝜇𝑃 (2-7) 

 

where 𝐸2 is the stress-free activation energy, 𝜎 is the shear stress, Δ𝑉2 is the activation volume, 𝑃 

is the external normal pressure, 𝜎R is the shear stress at 𝑃 = 0, and 𝜇 is a constant and can be assumed 

to be the same as friction coefficient in the absence of substrate wear [103]. Eq. (2-5) is rewritten by 

substituting Eqs. (2-6) and (2-7) as 

 

 ln𝑘E = ln𝐴 − S'
TU
+ E+VW'

TU
+ XVW'

TU
𝑃 (2-8) 

 

It should be noted that, in Eqs. (2-6)–(2-8), shear stress rather than normal pressure is supposed to 

be the component reducing the activation energy. 

From Eq. (2-8) and the nonlinear increase of ln𝑘E with 𝑃 in Figure 2-9(b), it can be known that 

𝜇Δ𝑉2 is not a constant at low normal pressures. To gain insights, we first determined the value of friction 

coefficient 𝜇 by calculating shear stresses at different normal pressures from the simulations. The result 

is shown in Figure 2-10. Data points are well fitted by Eq. (2-7) with 𝜎R = 0 and 𝜇 = 0.18. Because 
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the slopes of the curve of ln𝑘E  versus 𝑃  at different normal pressures are determined by XVW'
TU

 

according to Eq. (2-8), we then calculated the activation volumes Δ𝑉2 from the slopes. As can be seen 

from Figure 2-11, the activation volume remains nearly constant at high normal pressures of 3.9–9.8 

GPa, which is approximately 1.7 % of the volume of the D-4OH molecules. However, below 3.9 GPa 

the activation volume increases with decreasing normal pressure. The change of activation volume with 

pressure is consistent with that observed for solid polymeric material [104]. This result suggests caution 

in extrapolating the linear stress-activated Arrhenius curve obtained at high normal pressures, which 

could cause significant overestimation of decomposition rate constants at low normal pressures because 

the activation volume could be no longer a constant in a wide pressure range. 

(a)   (b)  

Figure 2-9 (a) Natural logarithms of ratios between the numbers of intact D-4OH at time t and time zero 

under different normal pressures. The data points are average of 10 independent simulations. (b) Natural 

logarithm of stress-dependent decomposition rate constant kσ for D-4OH as a function of normal 

pressure. Error bar indicates the standard deviation of 10 independent simulations. 

 

Figure 2-10 Shear stress versus normal pressures for D-4OH. Error bar indicates the standard deviation 

of 10 independent simulations. 
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Figure 2-11 Activation volume as a function of normal pressure for D-4OH. 

2.3.4.2 Effect of Molecular Structure and Mechano-Chemical Decomposition Pathways 

To investigate the effect of molecular structure on the decomposition rate of PFPE films, we 

performed shearing simulations for Demnum, Z, D-4OH, and Z-tetraol. To reduce the computational 

time, a relatively high normal pressure of 7.8 GPa was used. Figure 2-12(a) compares the progress of 

decomposition of the four types of PFPE molecules. The plots of ln(𝑁Q/𝑁R) versus time and the linear 

fits with Eq. (2-3) are shown in Figure 2-12(b). We found that polar D-4OH and Z-tetraol decompose 

more rapidly than nonpolar Demnum and Z, and the nonpolar Z decomposes more rapidly than the 

nonpolar Demnum. 

(a)     (b)  

Figure 2-12 (a) Time evolution of the number of intact PFPE molecules in the 200-ps shearing 

simulations. (b) Natural logarithms of ratios between the numbers of intact PFPE molecules at time 𝑡 

and time zero. Demnum and Z are nonpolar and D-4OH and Z-tetraol are polar molecules. 
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To understand the underlying mechanism of the above results, we analyzed the decomposition 

pathways by calculating the dissociation ratios for different types of bonds. Here the dissociation ratio 

for one type of bond is defined as the ratio of the number of dissociated bonds to the total number of 

that type of bond. Table 2-4 lists the analysis results for Z-tetraol, which exhibits the highest 

decomposition rate as seen from Figure 2-12(a). Note that, though data are not shown, similar results 

were obtained for the other three types of PFPEs. The C–OH and ether C–OC bonds in the end groups 

show the two highest dissociation rates, which are four times larger than the highest bond dissociation 

rate in the main chain (i.e., the dissociation rate of the C–O bond in the main chain). This demonstrates 

that decomposition of PFPE molecules occurs mostly at the polar end groups. This also rationally 

explain the faster decomposition of polar PFPEs than the nonpolar ones. In the main chain, the C–O 

bond shows roughly four times larger dissociation rate than the C–C bond. This should be the reason for 

the faster decomposition of Z than Demnum, as the number of C–O bond in Z is roughly twice that in 

Demnum. 

Table 2-4 Bond dissociation ratio for Z-tetraol in the shearing simulation. 

Bond location Bond type Bond dissociation ratio (%) 

Main chain C–C 3.43 

C–O 13.2 

C–F 0.00 

End group C–C 3.43 

C–OC 58.8 

C–OH 63.8 

C–H 0.00 

O–H 16.9 

2.4 Conclusions 

We developed a ReaxFF force field for PFPE, and using this force field we performed reactive MD 

simulations to gain insights into mechano-chemical decomposition of nanometer-thick PFPE films at 

the HDI of HAMR. For comparison, pure thermal decomposition of bulk PFPE was also simulated. The 
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logarithm of the rate constant of pure thermal decomposition exhibits a linear relation with the reciprocal 

of temperature, indicating Arrhenius behavior. The time constant of pure thermal decomposition was 

estimated from the Arrhenius plot to be 11 and 0.078 s at the HAMR operation temperatures of 700 and 

800 K. In contrast, the decomposition time constant decreased to approximately 10 ns when PFPE films 

were subjected to normal impact or horizontal shear from the head at normal pressure of 0.1 GPa and 

shear speed of 50 m/s, in addition to heating at 700 K. We thus concluded that, within the 1-ns heating 

time of HAMR, pure thermal decomposition hardly occurs, whereas mechano-chemical decomposition 

is highly likely to occur. 

Our simulations results showed that the decomposition rate constant of PFPE films subjected to 

confined shear increases with normal pressure. The increase is well fitted by a linear stress-activated 

Arrhenius curve at high normal pressures, whereas this is not the case at low normal pressures. 

According to the stress-assisted reaction rate theory, the deviation at low normal pressures can be 

interpreted by the change of activation volume. Hence, we caution against extrapolating the linear stress-

activated Arrhenius curve obtained at high normal pressures to low normal pressures, which could cause 

significant overestimation of decomposition rate constants at low normal pressures. 

Our simulation results also showed that polar molecules D-4OH and Z-tetraol decompose more 

rapidly than nonpolar molecules Demnum and Z, and the nonpolar Z decomposes more rapidly than the 

nonpolar Demnum. We confirmed that the decomposition of PFPE molecules is mainly caused by the 

dissociation of C–OH and ether C–OC bonds in the polar end groups, and in the main chain the C–O 

bond is more likely to dissociate than the C–C bond. Our findings extend understanding of mechano-

chemical decomposition of nanometer-thick liquid films and are instructive for the design of head–disk 

interface in HAMR. 
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Chapter 3 
 
Mechano-Chemical Reactions of Perfluoropolyether 
Lubricant Films in Heat-Assisted Magnetic 
Recording: Effect of Water 
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3.1 Introduction 

As described in Chapter 1, water cannot be completely removed from the HDI, thus may catalyze 

the reaction of PFPE molecules due to their polarity. Therefore, it is crucial to elucidate the effect of 

water on the stability of PFPE boundary films. Extensive experimental and simulation studies have 

demonstrated that water molecules interact with the polar end groups of PFPE molecules, leading to 

substantial changes in both the physical and chemical properties of PFPE lubricant films [54,105–114]. 

For instance, it was reported that water altered the distribution and diffusion of PFPE lubricant films on 

disk surfaces [105–109], as well as promoted debonding from the disk surface and transfer of lubricant 

molecules to the head [109–111]. It was also found that water molecules can reduce the pressure of the 

air bearing in the HDI, increasing the probability of head–disk contact [112], and can evaporate and 

adsorb to the head, forming smears [113]. Dai et al. observed that contact sliding on PFPE lubricant 

films in humid environments led to the formation of viscous liquid droplets or solid-like agglomerates 

[105]. These products were suggested to be composed of PFPE micelles; however, the detailed 

mechanism behind their formation remains unclear. On the other hand, Kasai et al. inferred that water 

can passivate electron deficient sites on the head surface which are responsible for the catalytic 

decomposition of PFPE lubricants, thus enhancing the durability of PFPE lubricant films [114]. Recently, 

Lotfi et al. performed reactive MD simulations for a bulk mixture of PFPE D-4OH and water at high 

temperatures, and they found that water accelerated the degradation of D-4OH through scission of C–O 

bonds in the main chain and end groups [54]. However, despite the extensive studies to date, there is 

still a lack of comprehensive atomic-level understanding of how PFPE decomposition occurs under the 

combined influence of heat, mechanical stress, and water. 

To address this issue, this chapter aims to examine the chemical reactions of nanometer-thick PFPE 

lubricant films subjected to heating and confined shear at different normal pressures, both in the presence 

and absence of water. 
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3.2 Simulation Method 

3.2.1 Force Field 

The ReaxFF force field, which was developed for PFPE molecules in Chapter 2, was used in this 

study. To verify the applicability of the ReaxFF to reactions between PFPE and water, we calculated the 

energies of a hydrolysis reaction of PFPE, which is the most frequent reaction found in this study and 

described in detail in Section 3.3.2.1, using the ReaxFF and DFT methods. The activation energy 

calculated by the ReaxFF is 65.0 kcal/mol, with a relatively small error of 7.6% compared to the value 

of 60.4 kcal/mol calculated by the DFT. The agreement justifies the applicability of the ReaxFF to 

reactions between PFPE and water. 

3.2.2 Models and Procedures 

Figure 3-1 shows the all-atom models of the lubricant and entire system. The lubricant was PFPE 

D-4OH, which is practically used in the HDI. Its molecular formula and molecular weight (Mw) is 1820 

g/mol, which is the same as that used in the research of Chapter 2. The head and disk were modeled in 

the same manner as described in Section 2.2.2.2, but with a reduced thickness of approximately 48% to 

9.8 Å in order to save computational time. Compared to the thicker substrate, employing this thinner 

substrate yielded no significant differences in terms of the structural deformation of the substrate and 

temperature control of the liquid during the shearing simulation. This indicates that the thin substrate 

does not encounter any issues with rigidity or thermostat effect. 

First, systems with a lubricant film of pure D-4OH or D-4OH randomly mixed with water confined 

between the head and disk were constructed. The dimensions of the systems in the x and y directions 

were 8.04624 nm × 8.04624 nm, and periodic boundary conditions were applied in the two directions. 

Non-periodic boundary condition was applied in the z direction. The numbers of D-4OH and H2O 

molecules were 40 and 100, respectively, corresponding to a concentration of water of 2.4 wt%. The 

number of water molecules was determined to ensure effective observation of reaction events. The film 

thickness was approximately 1.3 nm. The target temperature was fixed at 700 K. The normal pressure 

applied on the head was set to 0.2, 0.5, 1.0, or 1.5 GPa, with 0.2 GPa being typical in the HDI [8]. Note  
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Figure 3-1 All-atom models of (a) PFPE D-4OH and (b) the entire system. In (a), atoms of the end 

groups are indicated with balls, whereas the main chain is simply indicated with sticks for clarity. The 

gray, blue, white, and green represent carbon, hydrogen, oxygen and fluorine atoms of D-4OH and head 

and disk, respectively. The yellow and red represent oxygen and hydrogen atoms of water, respectively. 

Thermostated atoms are marked with purple in (b). 

that lower normal pressures were used in this study compared to those in Chapter 2, in order to distinctly 

discern the influence of water. As described in detail in Section 3.2.2.1, we formulated a series of 

compression, relaxation, and recompression procedures and carefully selected the simulation conditions 

so that no chemical reactions occurred during the system construction. 

Subsequently, the lubricant film was sheared by applying a constant velocity of 25 m/s in the x 

direction to the carbon atoms in the uppermost layer of the head while fixing the carbon atoms in the 

lowermost layer of the disk. The temperature and normal pressure were kept constant at the target values. 

The Nosé-Hoover thermostat [93,94] was applied only to the intermediate layers of the head and disk 

[marked with purple in Figure 3-1(b)] to avoid any unphysical influence on the behavior of liquid 

molecules [95–98]. The shearing process was performed for 0.5 ns with a time step of 0.2 fs. The time 

to start shearing was set to time zero (𝑡 = 0) and reactions of D-4OH during the entire shearing process 

were analyzed. 

For each of the systems with and without water at different normal pressures, 10 simulations were 

performed using different initial configurations. However, simulations without water at 0.2 GPa were 

deemed unnecessary and not conducted, as almost no reactions were observed without water at 0.5 GPa 

[see Fig. 2(c)]. All the MD simulations were conducted by LAMMPS [92]. The initial configurations of 

the lubricant films were constructed by Packmol [115] and Moltemplate [116]. The simulation results 

were visualized using OVITO [117]. 
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3.2.2.1 Procedures for Forming Lubricant Films 

To ensure that chemical reactions do not occur during the process of forming lubricant films, we 

formulated a set of procedures, as described in detail below. 

(1) Compression 

The objective is to form a liquid film from liquid molecules. First, D-4OH molecules or randomly 

mixed D-4OH and water molecules were placed between the upper and lower solid substrates. Then, the 

x, y, and z coordinates of the outermost carbon atoms of the lower substrate were fixed. A normal 

pressure of 0.1 GPa was applied to the outermost carbon atoms of the upper solid substrate to compress 

the liquid molecules and form a liquid film. The temperature was set to 393 K. To avoid any chemical 

reactions during the compression, we utilized the non-reactive COMPASS II force field. 

(2) Relaxation 

The objective is to relieve the internal stress in the compressed liquid film. First, the upper substrate 

was lifted away from the liquid film and then the x, y, and z coordinates of the outermost carbon atoms 

were fixed, so that the liquid film was not compressed by the upper substrate. Next, the liquid film was 

relaxed at 393 K for 1 ns. Finally, the temperature was lowered to 293 K and the liquid film was further 

relaxed at this temperature for 1 ns. 

(3) Switch of force field 

Subsequently, the force field was switched from the COMPASS II to ReaxFF. Because the 

equilibrium configurations of the system are not exactly the same for the two force fields, atoms could 

move rapidly upon switching, resulting in bond breakage. To prevent this, we reduced the temperature 

for the entire system to 1 K to slow down the motion of atoms. We confirmed that 1 ps was adequate for 

achieving equilibrium with the ReaxFF. 

(4) Recompression 

The objective is to obtain a liquid film confined between the solid substrates at the target 

temperature and normal pressure. First, the temperature of the entire system was increased from 1 to 

293 K at a rate of 292 K/ps. Next, the liquid film was compressed by first applying a normal pressure 

of 0.1 MPa for 50 ps, then a constant velocity of 𝑣Y = −20 m/s for 30 ps, and finally the target normal 

pressure of 0.5, 1.0, or 1.5 GPa until reaching equilibrium on the upper substrate. The constant velocity 

compression was applied to prevent sudden change in the normal pressure, which could induce reactions 
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of the liquid molecules because of the strong impact from the upper substrate. Finally, 40 ps simulation 

was performed to increase the temperature from 293 K to the target value of 700 K. 

In the above procedures, the timestep was set to 1.0 fs for the simulations using the COMPASS II, 

0.1 fs for switching from the COMPASS II to ReaxFF, and 0.2 fs for the equilibration using the ReaxFF. 

Nosé-Hoover thermostat was applied to the entire system except for the outermost carbon atoms of the 

upper and lower substrates. 

3.3 Results and Discussion 

3.3.1 Reaction Rates 

First, we investigated the effect of water on the reaction rates of D-4OH at different normal 

pressures. For first order reactions, the reaction rate constant 𝑘 can be obtained by fitting with Eq. (2-3). 

Figure 3-2(a) and (b) show the time evolution of ln(𝑁Q/𝑁R) of intact D-4OH molecules with and 

without water, respectively. In Figure 3-2(b), the result at the normal pressure of 0.5 GPa is not shown 

because only one reaction of D-4OH was observed in the 10 simulations. All the results are well fitted 

by straight lines described in Eq. (2-3), with the coefficients of determination R2 larger than 0.98, 

indicating that the reactions of D-4OH follow the first-order kinetics regardless of the presence of water. 

The reaction rate constants 𝑘 were determined by the slopes of the fitted straight lines in Figure 

3-2(a) and (b) and are plotted in Figure 3-2(c). Error bars are the standard deviation of 10 simulations. 

Regardless of the presence of water, the reaction rate constants of D-4OH increase with increasing 

normal pressure. Interestingly, the presence of water consistently increases the reaction rate constants 

of D-4OH at all the normal pressures. At 0.2 and 0.5 GPa, the reaction rate constants in the presence of 

water are approximately 108 s−1, significantly larger compared to the nearly zero value in the absence of 

water. However, at 1.0 and 1.5 GPa, the reaction rate constants in the presence of water are only 2.0 and 

1.4 times those in absence of water, respectively. These results demonstrate that water accelerates the 

mechano-chemical reactions of D-4OH and such effect is more pronounced at lower pressures than at 

higher pressures. 
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(a)  (b)  

(c)  

Figure 3-2 Time evolution of ln(Nt/N0) of intact D-4OH molecules (a) with and (b) without water at 

different normal pressures. The values of ln(Nt/N0) were averaged over 10 simulations. The result at the 

normal pressure of 0.5 GPa is not shown in (b) because only one reaction of D-4OH was observed in 

the 10 simulations. Straight lines are linear fits to Eq. (2-3). (c) Comparison of reaction rate constants k 

at different normal pressures with and without water. Error bars represent the standard deviation of 10 

simulations. 

To judge whether water can induce reactions of D-4OH within the approximately 1-ns heating time 

in HAMR, we calculated the reaction time constant 𝜏 as the reciprocal of 𝑘. Even at the lower normal 

pressures of 0.2 and 0.5 GPa, the addition of water significantly reduces 𝜏 to the order of 10 and 1 ns, 

respectively, which are comparable to the typical heating time in HAMR. Thus, we infer that D-4OH 

molecules subjected to confined shear in HAMR are highly likely to degrade in the presence of water. 
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3.3.2 Reaction Types and Pathways 

To gain insights into the effect of water on accelerating the reactions of D-4OH at different normal 

pressures, we identified and classified the reactions of D-4OH that involve intact D-4OH molecules as 

reactants into different types. Three types were observed: (1) hydrolysis reaction, (2) end group–end 

group association (EEA) reaction, and (3) main chain–end group association (MEA) reaction. All three 

types of reactions occur when water is added, whereas only the last two types of reactions occur when 

no water is added. 

The pathways of the three types of reactions are illustrated in Figure 3-3 and described in detail 

below. 

3.3.2.1 Pathways of Hydrolysis Reaction 

As shown in Figure 3-3(a), the hydrolysis reaction involves the decomposition of a D-4OH 

molecule by reacting with a water molecule. There are pathways (i) and (ii), with the former accounting 

for 83% of the total count of the hydrolysis reaction occurring in our simulations. In both pathways, one 

of the ether bonds of C–O–C at the end groups of D-4OH and one of the O–H bonds in the water 

molecule break. The resulting fragments then associate to form one glycerol molecule and a derivative 

of D-4OH with one end group converted to a –CF2CH2OH group. The reactants and products in both 

pathways are identical, with the only difference between the two pathways being the location of the 

dissociated ether bond in D-4OH. 

3.3.2.2 Pathways of EEA Reaction 

As shown in Figure 3-3(b), the EEA reaction is a reaction between two D-4OH molecules. Two D-

4OH molecules decompose at the CO–C and C–OH bond of one end group, respectively. The resulting 

fragments then associate to form a glycerol molecule and a longer chain molecule in which the two D-

4OH molecules, each with a part of one end group being truncated, are linked together. 

3.3.2.3 Pathways of MEA Reaction 

As shown in Figure 3-3(c), the MEA reaction is also a reaction between two D-4OH molecules to 
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produce two products. Different from the EEA reaction, in the MEA reaction, one D-4OH molecule 

decomposes at an arbitrary ether bond of the main chain, and hence both products contain the main chain 

fragment of (CF2CF2CF2O)n. There are various reaction pathways and Figure 3-3(c) illustrates two 

representative pathways. The broken bond at the end group of one D-4OH molecule can be any of the 

C–O [pathway (i)] or C–C [pathway (ii)] bonds. As will be seen in Section 3.3.4, pathway (i) is the 

major one rather than pathway (ii). 

 

Figure 3-3 Schematic diagram of pathways of (a) hydrolysis, (b) EEA, and (c) MEA reactions. The two 

reactant molecules are indicated in black and blue, respectively. The bonds in red represent those 

breaking and forming in the reactions. There are two pathways of the hydrolysis reaction and various 

pathways of the MEA reaction. The pathways (i) and (ii) in (c) are two representative examples of the 

MEA reaction, which result from the dissociation of either a C–O or a C–C bond in one of the end groups 

of D-4OH. 
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3.3.3 Effect of Water on the Three Types of Reactions at Different Normal 

Pressures 

We then compared the speed of the three types of reactions in the presence and absence of water 

and at different normal pressures. Here, the speed was simply quantified by the total count of each type 

of reactions occurring in the 10 simulations of 0.5 ns shear each. The results are shown in Figure 3-4. 

Because the hydrolysis reaction only occurs when adding water, we discuss the results of the hydrolysis 

reaction and non-hydrolysis EEA and MEA reactions separately below. 

 

Figure 3-4 Total number of occurrences of each type of reactions in the 10 simulations of 0.5 ns shear 

each at different normal pressures. w and w/o represent the simulations with and without adding water, 

respectively. 

3.3.3.1 Hydrolysis Reaction 

The yellow bars in Figure 3-4 show the results of the hydrolysis reaction. Among the three types 

of reactions in the presence of water, the proportion of the hydrolysis reaction is 67% at 0.2 GPa, 57% 

at 0.5 GPa, 63% at 1.0 GPa, and 44% at 1.5 GPa. While the hydrolysis reaction exhibits a relatively low 

proportion at 1.5 GPa because of the significant increase in the number of the MEA reaction, it is still 

one major reaction. These results demonstrate that the hydrolysis reaction is the main reason for the 
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mechano-chemical decomposition of D-4OH molecules in the presence of water. 

As the normal pressure increases from 0.2 to 0.5 GPa, from 0.5 to 1.0 GPa and from 1.0 to 1.5 GPa, 

the hydrolysis reaction becomes 1.6, 1.7 and 1.3 times faster, respectively. These results suggest that 

normal pressure accelerates the hydrolysis reaction, but this effect tends to saturate at higher pressures. 

3.3.3.2 Non-Hydrolysis EEA and MEA Reactions 

Comparing the non-hydrolysis reactions in the presence and absence of water shown in Figure 3-4, 

we notice that water accelerates the EEA reaction but not the MEA reaction. Specifically, adding water 

leads to 8, 2.3, and 1.1-fold increase in the number of EEA reaction at the normal pressures of 0.5, 1.0, 

and 1.5 GPa, respectively. At 0.2 GPa, the EEA reaction still occurs in the presence of water, while in 

the absence of water it can be inferred by extrapolation from the results at higher pressures that the EEA 

reaction hardly occurs. These demonstrate that the effect of water on accelerating the EEA reaction is 

more pronounced at lower pressures. As the normal pressure increases, the number of the EEA reaction 

increases only when water is absent, whereas the number of the MEA reaction significantly increases 

regardless of the presence or absence of water. 

The above analysis of the three types of reactions elucidates the mechanism underlying the results 

presented in Figure 3-2(c). The increased rates of mechano-chemical reactions of D-4OH after adding 

water are attributed to the occurrence of the hydrolysis reaction and the acceleration of the non-

hydrolysis EEA reaction. However, these effects tend to saturate at higher normal pressures. Additionally, 

the non-hydrolysis MEA reaction is significantly accelerated by normal pressure, even in the absence of 

water. Therefore, the effect of water on accelerating the mechano-chemical reactions of D-4OH becomes 

relatively less significant with increasing normal pressure. 

The stress-assisted activation energy theory [68,71–74] can explain the pronounced effect of water 

at lower normal pressures. Normal pressure provides energies to molecules, assisting them in 

overcoming the activation energy barrier and thus facilitating reactions and leading to high reaction rates. 

However, at lower normal pressures of 0.2 and 0.5 GPa, due to insufficient energy supplementation from 

normal pressure, the MEA and non-water-catalyzed EEA reactions are still difficult to occur. In contrast, 

the presence of water enables the hydrolysis reaction and water-catalyzed EEA reaction to take place, 

as their activation energies are low and do not require additional energy from normal pressure to drive 
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the reactions. This distinct influence of water on the activation energies is more evident in reaction rates 

at lower normal pressures. 

To understand why water accelerates the EEA but not the MEA reaction, we visualized the 

distribution of water molecules, as shown in Figure 3-5. It is evident that most water molecules, which 

were initially randomly mixed with D-4OH molecules, aggregate to form clusters and are encompassed 

by the polar end groups of D-4OH molecules, resulting in a water-in-oil structure. This phenomenon 

was highlighted in previous computational and experimental studies [109,118]. It is attributed to the 

strong attractive hydrogen bonding interaction between water and the hydroxyl end groups of D-4OH 

and the repulsive hydrophobic interaction between water and the perfluorinated polyether main chain of 

D-4OH. As a result, few water molecules locate in close proximity to the main chains of D-4OH 

molecules. Therefore, the presence of water has little effect on the MEA reaction, which involves 

breaking the main chain of one D-4OH molecule [Figure 3-3(c)]. 

 

Figure 3-5 Snapshot of the MD simulation showing the distribution of water molecules. For clarity, 

atoms of water and the end groups of D-4OH are indicated with balls, whereas the main chains of D-

4OH are simply indicated with gray sticks. 

In contrast, we found that water serves as a catalyst for the EEA reaction, which involves cleavage 

of one end group in each of two D-4OH molecules [Figure 3-3(b)]. Figure 3-6 shows one reaction 

process. As indicated in Step 1, the reaction involves the C1 and O1 atoms in one D-4OH molecule 

(Mol1) and the C2 and O2 atoms in the other D-4OH molecule (Mol2). It is noted that some water 

molecules locate in close proximity to the end groups of D-4OH. At the transition state (TS) shown in 

Step 2, a rhombus structure is formed between the two end groups of the D-4OH molecules because of 

the formation of the C1–O2 and O1–C2 bonds. Simultaneously, the oxygen atom of a water molecule 
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forms two hydrogen bonds with the hydrogen atoms of the primary and secondary hydroxyl end group 

in the two D-4OH molecules. As this water molecule is attracted by the cohesive force from the cluster 

of water, a dragging force is exerted on the rhombus structure to break the C1–O1 and C2–O2 bonds. 

Finally, as shown in Step 3, the two D-4OH polymerize through the C1–O2 bond and form a glycerol 

molecule through the O1–C2 bond. 

 

Figure 3-6 Snapshots of the MD simulation showing the process of the EEA reaction between two D-

4OH molecules (Mol1 in yellow and Mol2 in purple) in the presence of water. For clarity, atoms of 

water and end groups of D-4OH are indicated with the same color balls as in Figure 3-5, whereas the 

main chains of D-4OH are simply indicated with sticks and molecules unrelated to the reaction are 

hidden. 

3.3.4 Number of Broken Bonds 

To identify the vulnerable bonds in D-4OH molecule under the influence of water at different 

normal pressures, we counted the number of broken bonds of five different types in the 10 simulations. 

As indicated in Figure 3-7, the five types include one C–O bond in the main chain (MC), two C–O bonds 

in the end group (EG), and two C–C bonds in the end group, which are referred to as C–OC(MC), C–

OC(EG), C–OH(EG), C–C1(EG), and C–C2(EG), respectively. 

The results shown in Figure 3-8 demonstrate that C–O bonds are more susceptible to cleavage than 

C–C bonds, which is consistent with the results in Section 2.3.4.2 and previous study [54]. Thus, the 

following discussion will focus on the effect of water on the cleavage of the three types of C–O bonds. 

Adding water leads to the greatest number of broken C–OC(EG) bonds at any of the normal pressures, 

because all the three types of reactions can break this bond. At the lower normal pressures of 0.2 and  
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Figure 3-7 Types of bonds in the main chain (MC) and end group (EG) of D-4OH. 

 

Figure 3-8 Number of broken bonds of each type at (a) 0.2, (b) 0.5, (c) 1.0, and (d) 1.5 GPa. w and w/o 

represent the simulations with and without adding water, respectively. 

0.5 GPa, adding water noticeably increases the number of broken C–OH(EG) bonds compared to without 

adding water, because water catalyzes the EEA reaction. However, beyond 0.5 GPa, the difference in 

the number of broken C–OH(EG) bonds between with and without water diminishes and even reverses, 

owing to saturation of the EEA reaction and increase in the MEA reaction even in the absence of water. 
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Water shows no effect on the cleavage of C–OC(MC) bond, which, however, increases in number with 

increasing normal pressure solely due to the MEA reaction. Briefly, water mainly dissociates the C–

OC(EG) and C–OH(EG) bonds in the end groups, whereas high normal pressure dissociates all the three 

types of C–O bonds in the end groups and main chain. The effect of water on dissociating the C–OH(EG) 

bond saturates at higher normal pressures. 

For the MEA reaction, which dissociates all the types of C–O and C–C bonds in the end groups 

(Section 3.3.2.3), Figure 3-8 shows that the C–O bonds are the major dissociated bonds in the end groups 

rather than the C–C bonds, and the C–OC(EG) and C–OH(EG) bonds are roughly equally involved. 

3.3.5 Species of Reaction Products 

We analyzed the species of the reaction products that remained stable in the 10 simulations by 

counting the total numbers based on their Mw. The results are shown in Figure 3-9. For comparison, the 

Mw of an intact D-4OH is marked with a red dashed line in the figure. The results demonstrate that the 

presence of water or increase in normal pressure significantly increases the total number of the products; 

however, their effect on the species (i.e., the Mw) of the products is distinct. Adding water does not 

significantly increase the species of the products, except for 0.2 and 0.5 GPa where reactions hardly 

occur without water. This is because water just induces the hydrolysis reaction and accelerates the EEA 

reaction, and the products of the two types of reactions are limited in species as seen in Figure 3-9 and 

Sections 3.3.2.1 and 3.3.2.2. 

In contrast, increase in normal pressure significantly increases the species of the products, which 

are the most diverse at the high normal pressure of 1.5 GPa. One reason is that normal pressure 

accelerates the MEA reaction, and this type of reaction has various pathways and thus products as seen 

in Figure 3-9 and Section 3.3.2.3. The other reason is that, as the normal pressure increases, some 

products become less chemically stable and undergo further reactions with D-4OH or water molecules. 

The products of the subsequent reactions are different in species from those of the initial reactions. Such 

chain reactions were only observed at 1.5 GPa, not at 0.2, 0.5 and 1.0 GPa. The products of the chain 

reactions account for 7.6% of the total 251 products and 9.7% of the total 113 products in the presence 

and absence of water. As seen from Table 3-1, the subsequent reactions mainly include the MEA reaction 

in both the presence and absence of water and the hydrolysis reaction in the presence of water. 
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Figure 3-9 Number distribution of stable products with different molecular weights (Mw). The red 

dashed line indicates the Mw of an intact D-4OH molecule. Note that the upper and lower plots have 

different scales of the vertical axis and the rightmost plots have different scales of the horizontal axis 

from the others. 

Table 3-1 Number of the subsequent reactions of each type at 1.5 GPa. 

 MEA EEA Hydrolysis 

with H2O 10 1 4 

without H2O 7 1 – 

 

3.4 Conclusions 

Using our previously developed ReaxFF of PFPE, we performed nonequilibrium reactive MD 

simulations to investigate the effect of water on the mechano-chemical decomposition of PFPE D-4OH 

lubricant films subjected to heating at 700 K and confined shear at the normal pressures of 0.2, 0.5, 1.0, 

or 1.5 GPa. We found that the presence of water accelerates the mechano-chemical reactions of D-4OH 

and this effect is more pronounced at lower pressures than at higher pressures, rendering the D-4OH 
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lubricant films likely to degrade during the HAMR system operation. We elucidated that three types of 

reactions, i.e., hydrolysis reaction, EEA reaction, and MEA reaction, occur in the presence of water, with 

the hydrolysis reaction being the major one. In contrast, only the last two types of reactions occur in the 

absence of water. Water molecules aggregate to form clusters and are encompassed by the polar end 

groups of D-4OH molecules, resulting in a water-in-oil structure. Therefore, water induces the 

hydrolysis reaction and catalyzes the EEA reaction, which involve the dissociation of D-4OH end groups, 

while having no effect on the MEA reaction, which involves the dissociation of D-4OH main chains. 

We found that water primarily dissociates the C–O bonds in the end groups, while high normal pressures 

dissociate the C–O bonds in both the end groups and main chains. The effect of water on the dissociation 

of the C–OC bonds in the end groups is more significant compared to the C–OH bonds in the end groups, 

and both effects level off at higher normal pressures. We also confirmed that adding water or increasing 

in normal pressure significantly increases the total number of products, but adding water does not 

significantly increase the species of the products. Our findings enhance comprehension of the mechano-

chemical reactions of nanometer-thick PFPE lubricant films in the HDI under the effect of water, and 

are instructive for developing more effective lubrication strategies in HAMR systems. 
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Chapter 4 
 
Adsorption Behavior of TEMPO-Based Organic 
Friction Modifier during Sliding between Iron Oxide 
Surfaces 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Readapted with permission from X. Chen, et al. Adsorption Behavior of TEMPO-Based Organic 

Friction Modifiers during Sliding between Iron Oxide Surfaces: A Molecular Dynamics Study. Langmuir 

2022, 38, 10, 3170–3179. Copyright 2022 American Chemical Society. 
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4.1 Introduction 

As described in Chapter 1, to achieve effective nanometer-thick OFM boundary films with high 

friction-reducing performance, it is crucial to understand how the OFM molecular structures relate to 

the adsorption behaviors and structures of boundary films. 

Friction and wear-reducing performance of OFMs depends critically on the strength of the adsorbed 

boundary films and the adsorption kinetics [20,25]. The film strength, i.e., the ability to withstand loaded 

sliding, is determined not only by the surface adsorption strength of individual OFM molecules but also 

by the cumulative cohesion strength of the films. The former depends solely on the type and number of 

functional groups [23,119–121]. In contrast, the latter depends on the structure of the films, such as the 

number of layers [38,122], film thickness [36,123,124], surface coverage [23,33,125,126], packing 

density [127–129], and conformation of OFM molecules [130], which is governed not only by the 

functional groups [23,126] but also by the number [38], length [23,35,120,131], unsaturation 

[35,38,128,131,132], and branching of the alkyl chains [129]. The adsorption kinetics depends on the 

chemical structure not only of the functional groups and alkyl chains of OFMs but also of lubricating 

oils because adsorption involves a process of OFM molecules diffusing onto the solid surfaces from the 

lubricating oils [38,133–136]. Literature shows that, on ferrous substrates, OFMs with carboxylic acid 

and amine groups are generally more effective than with alcohol and ester groups. It was reported that, 

compared with a single functional group, multiple functional groups lead to strong adsorption owing to 

multi-site adsorption or chelate effect, and thereby high adsorbed masses; however, the steric hindrance 

caused by the large size could slow down the adsorption kinetics [38,129]. Longer alkyl chains were 

found to result in thicker boundary films [23,35], and linear saturated alkyl chains are believed to result 

in ordered and close-packed boundary films compared with branched and unsaturated ones [132]. Many 

studies demonstrated that high adsorbed masses or thick films result in low friction and wear, possibly 

due to the high surface coverage and packing density [35,38,137]. In contrast, a few recent studies 

reported that adsorbed masses evidently affect the initial friction but not the steady-state friction [124], 

and fast adsorption kinetics is effective at reducing friction and wear rather than high adsorbed masses 

[129]. A recent study also suggests that complete surface coverage is not necessary for effective friction 

reduction [133]. These findings, including conflicting ones, indicate that the performance of OFMs is 
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affected by many complex factors and thus its correlation with the molecular structure remains unclear. 

As a result, despite the extensive studies, the guidelines for optimal molecular design of OFMs have not 

yet been established. 

In our previous studies, we have developed N-(2,2,6,6-tetramethyl-1-oxyl-4-piperidinyl) 

dodecaneamide, which will be simply referred to as C12TEMPO hereafter, as a new type of OFM 

[138,139]. Note that it is named as C12TEMPO and C12Amide-TEMPO in Ref. [138] and Ref. [139], 

respectively. As is seen from Figure 4-1(a), it consists of a linear saturated alkyl chain, an amide (–

CONH–) linkage, a six-membered ring, and a terminal oxygen radical (O•). The two functional groups 

of different types, i.e., the amide group and oxygen radical, are particularly unique as compared with 

conventional OFMs, which usually have a single functional group or multiple functional groups of the 

same type. Pin-on-disk type tribological tests have demonstrated that C12TEMPO exhibits higher load-

carrying capacity, higher wear-reducing effect, and more stable friction coefficient over time than the 

conventional OFMs of stearic acid and GMO [138,139]. The optimized static structure from QM 

calculations with the DFT showed that both the radical and amide group chemically adsorb on iron oxide 

surfaces, thereby leading to stronger surface adsorption than stearic acid and GMO [139]. Although the 

QM results correlate with the good performance of C12TEMPO, the adsorption behavior of C12TEMPO 

in lubricating oils during sliding and the structure of the adsorbed boundary films are yet to be elucidated. 

In this chapter, aiming to further understand the mechanism for the high tribological performance 

of C12TEMPO and also provide hints for optimal molecular design of OFMs, we performed non-

equilibrium MD simulations [66,67] for confined shear of C12TEMPO solution in base oil between iron 

oxide surfaces. We gained molecular-level insights into both the structure of the boundary films and its 

dynamic variation during sliding. The findings from our simulations can reasonably explain the superior 

tribological performance of C12TEMPO observed experimentally. 

4.2 Simulation Method 

4.2.1 Models and Procedures 

Figure 4-1(a) and (b) show the chemical structures and all-atom models of the OFM and base oil 

used in this study. The OFM was C12TEMPO, and the base oil was poly-alpha-olefin (PAO) lubricating 
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oil and modeled as tetramers of 1-decene(9-methyl-11,13-dioctyltricosane) [140,141]. Their molecular 

weights are 354 and 563 g/mol, respectively. The solid surfaces confining the OFM and base oil were 

modeled as Fe2O3 with (001) surface orientation [121,142,143]. 

The COMPASS II force field [91] was used to dictate the atomic interactions. Harmonic bond and 

angle potentials with the force constant of 130 kcal/mol/Å2 and 130 kcal/mol were added for atoms in 

the substrates to reproduce the thermal vibration [125]. The force field used in this study was validated 

by comparing the bulk density of PAO and C12TEMPO (Table 4-3) and interaction energies between 

C3TEMPO and Fe2O3 (001) surfaces (Figure 4-3) with experimental and DFT results. 

Figure 4-1(c) shows one of the initial configurations for the MD simulations. The dimensions in 

the x and y directions were 4.360 nm × 5.035 nm and periodic boundary conditions were applied in the 

two directions. Same as in the previous MD study for conventional OFMs [33], C12TEMPO molecules 

with roughly upright conformation were placed on each solid substrate and PAO molecules were inserted 

between the upper and lower C12TEMPO films. Such initial structures rather than random mixtures of 

C12TEMPO and PAO allow us to skip the process of C12TEMPO approaching the solid surfaces via 

diffusion in PAO and thus quickly reach steady-state adsorption [33,67]. 

Throughout the simulations, a constant normal pressure of 0.5 GPa was applied by exerting a 

constant downward force to the atoms in the outermost layer of the upper substrate and fixing the atoms 

in the outermost layer of the lower substrate. Although 0.5 GPa might induce elastohydrodynamic-like 

behavior for PAO [144,145], it is within the range of 0.4–1.2 GPa used in our experiments [139] and 

identical to that used in the previous MD study for conventional OFMs [33], thereby facilitating 

comparison with the previous study. First, the Nosé-Hoover thermostat [93,94] was coupled to the entire 

system except the fixed layer, and an equilibration run at the temperature of 393 K was executed for 0.5 

ns. Then, the temperature was set to the target value of 393, 353, or 313 K and the system was further 

relaxed for 0.5 ns. Finally, simulations with a shear speed of 10 m/s were carried out for 20 ns by driving 

the upper and lower substrates at 5 m/s in the y and −y directions. During the shearing process, the 

thermostat was removed from the liquid films and the interfacial layers (i.e., the two innermost layers) 

of the substrates to avoid its unphysical influence on the dynamics of the films [95–98]. The timestep 

was set to 1.0 fs. We confirmed that during the last 10 ns the temperature and pressure remained at the 

target values, and the thickness and velocity distribution of the confined liquid films also reached steady. 

Results presented in the next section were obtained from the data in the last 10 ns. 
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Three different OFM concentrations with 92, 46, and 22 C12TEMPO molecules, referred to as high, 

medium, and low concentrations, were used. These correspond to surface coverages of 2.10, 1.05, and 

0.50 nm−2 for the initial configurations. Note that, same as in Ref. [33], the initial surface coverages 

were calculated as the number of head groups per area of surface. In addition, surface coverages beyond 

2.10 nm–2 cannot be achieved due to the large size of the head group of C12TEMPO. To focus on the 

effect of OFM concentration and rule out any other influence, we applied the same shear rate to the 

liquid films with different OFM concentrations. Hence, we adjusted the number of PAO to be 30, 56, 

and 69 for the high, medium, and low OFM concentrations, which allows for an identical film thickness 

of 4.0 nm and shear rate of 2.5 × 109 s−1. The weight percentage of C12TEMPO was 66, 34, and 17 wt% 

for the high, medium, and low concentrations. Although higher than typical bulk concentrations used in 

experiments, these concentrations are possible at the contacting conjunctions because of the presence of 

adsorbed OFMs and low entrainment of lubricating oils in the boundary lubrication regime. 

The MD simulations in this study were conducted using LAMMPS [92]. The initial structures of 

the simulation system were constructed using Packmol [115] and Moltemplate [116]. The simulation 

results were visualized using OVITO [117]. 

 

Figure 4-1 Chemical structures and all-atom models of (a) C12TEMPO (OFM) and (b) PAO (base oil) 

and (c) initial configuration of the MD simulations. The white, brown, red, blue, and yellow represent 

hydrogen, carbon, oxygen, nitrogen, and iron atoms, respectively. 
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Note that, to save computational time, our MD simulations used a higher sliding velocity compared 

to those used in boundary lubrication experiments. Nevertheless, we consider that our simulations can 

still capture the essential molecular behavior of boundary films in experiments. This is because we 

consider thin lubricating films or small solid–solid distances to be the most crucial feature of boundary 

lubrication. In experiments, boundary lubrication typically occurs at low velocities (see Figure 1-1), as 

high velocities entrain more lubricating oils into contact regions, resulting in thick lubricating films or 

large solid–solid distances. However, in MD simulations, as the number of lubricant molecules between 

solid surfaces is predetermined, thin lubricating films or small solid–solid distances are maintained even 

at high velocities. Therefore, despite the significant difference in sliding velocities, our MD simulations 

are consistent with experiments regarding the most crucial feature of boundary lubrication. 

4.2.2 Force Field Modification 

Because the COMPASS II force field does not include atom types for the radical oxygen O•, we 

have made necessary modifications to the force field parameters for O• using the following procedures. 

The O• atom is bonded to a N atom at the head group of C12TEMPO. In COMPASS II force field, 

there are five different types of O atoms defined for this O–N connection: o1n, o2, o2a, o2c, and o2n. 

Because the charge value significantly influences the long-range intermolecular interactions in MD 

simulations, we initially compared the charge values derived from QM results with those present in the 

COMPASS II force field. QM calculations were performed by Gaussian 16 [77] and Multiwfn [146,147] 

for single C12TEMPO molecule. After optimizing the molecular structure of C12TEMPO, we calculated 

charge values based on the electrostatic potential (ESP) and restrained electrostatic potential (RESP). 

Table 4-1 shows the charges from QM results and COMPASS II force field. Note that in the 

COMPASS II force field, changing the atom type of O in the O–N connection also leads to a 

corresponding change in the bonded N atom type. Therefore, the charge value of the Nhead atom varies 

depending on the specific atom type of O•. Except for O• and Nhead atoms, we also verified the charge 

values for the amide group (–CONH–) because it also significantly contributes to adsorption [see Figure 

4-3(a)]. Among these five atom types, o1n closely aligns with the QM results. Therefore, we selected 

the o1n force field and proceeded with its modification as detailed below. 

Assigning the O• atom as o1n atom type, leads to a problem as the parameters for the Edihedral and 
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Eimproper terms are not defined for the molecular topology of C12TEMPO. This includes the absence of 

energy parameters, as well as the equilibrium bond length and angle values. Here, we only modified the 

Edihedral parameters for O•–Nhead–Chead–Chead (Dihedral 1 in Figure 4-2), as it is crucial for maintaining 

the structural integrity of the head group. The parameters for equilibrium bond length and angle value 

were determined from the optimized structure obtained through QM calculations, without any 

modification. As for the energy parameters, because both the O• atom and the Namide atom form similar 

dangling bond structures in the head group, we employ the Dihedral 2 parameters, which has been 

defined in COMPASS II force field, as the parameters for Dihedral 1. The newly added parameters are 

listed in Table 4-2. 

 

Table 4-1 Comparison of charges from QM results and COMPASS II force field. 

Atom 
QM COMPASS II 

ESP RESP o1n o2 o2a o2c o2n 

O• −0.37 −0.365 −0.468 −0.025 −0.1912 0 −0.2905 

Nhead 0.049 0.046 0.0941 −0.349 −0.1828 −0.374 −0.0835 

Namide −0.828 −0.805 −0.574 

Hamide 0.381 0.371 0.351 

Camide 0.755 0.722 0.45 

Oamide −0.546 −0.536 −0.45 

 

 

Figure 4-2 Schematic diagram illustrating the modification of the dihedral parameters. 
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Table 4-2 Modification of Edihedral energy parameters for O•–Nhead–Chead–Chead dihedral. 

Coefficients of Edihedral
a Modified parameters 

K1 (kcal/mol) 0.0972 

K2 (kcal/mol) 0.0722 

K3 (kcal/mol) −0.2581 

A1 [kcal/(mol·Å)] −4.2324 

A2 [kcal/(mol·Å)] −3.3023 

A3 [kcal/(mol·Å)] −1.3244 

B1 [kcal/(mol·Å)] 0.0742 

B2 [kcal/(mol·Å)] 0.0105 

B3 [kcal/(mol·Å)] 0.0518 

C1 [kcal/(mol·Å)] −0.0797 

C2 [kcal/(mol·Å)] −0.0406 

C3 [kcal/(mol·Å)] 0.0255 

D1 (kcal/mol) −0.5501 

D2 (kcal/mol) −1.6982 

D3 (kcal/mol) 0.2485 

E1 (kcal/mol) 0.2039 

E2 (kcal/mol) 0.1602 

E3 (kcal/mol) −0.7946 

M (kcal/mol) −1.0631 

N [kcal/(mol·Å2)] 0 

a Parameters defined in LAMMPS for calculating dihedral energy by COMPASS II force field [148]. 

4.3 Results and Discussion 

As was described in Section 4.2.1, different temperatures and C12TEMPO concentrations were used 

in our simulations to clarify their influence on the adsorption behavior of C12TEMPO. However, 

qualitatively similar results were obtained for all the cases. For clarity, only the results for the medium 

concentration at 393 K, which are the most representative among all the cases, are shown below. Results 
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for the other cases are shown in the Appendix section (Figures A-1–A-7). 

4.3.1 Validation of the Force Field 

4.3.1.1 Bulk Densities of PAO and C12TEMPO 

MD simulations were conducted for systems consisting of 60 PAO or C12TEMPO molecules in a 

cubic box with periodic boundary conditions in all the three directions. The systems were first 

equilibrated in NVT ensemble at 353 K for 0.5 ns, and then equilibrated at 288 K for PAO and at 373 K 

for C12TEMPO for 0.5 ns. Finally, production run was carried out in NPT ensemble at 1 atm for 1.0 ns. 

We confirmed that during the last 0.5 ns the pressure and temperature remained at the target values, 

therefore bulk densities were derived from the data in the last 0.5 ns and the results are shown in Table 

4-3. The calculated values are highly consistent with the experimental ones, validating the accuracy of 

the force field for PAO and C12TEMPO. 

Table 4-3 Comparison of bulk densities (g/cm3) obtained from MD simulation and experiment. 

 PAOa C12TEMPOb 

MD 0.84 0.92 

Experimentc 0.83 0.93 

a 288 K, 1 atm; b 373 K, 1 atm; c The value for PAO was provided by the manufacturer and that for 

C12TEMPO was measured by ourselves. 

4.3.1.2 Interaction Energies Between C3TEMPO and Fe2O3 (001) Surface 

To verify the OFM-solid interactions, we performed QM calculations with the density functional 

theory and MD simulations to derive the interaction energies between C3TEMPO molecules and Fe2O3 

(001) surfaces. Note that, rather than C12TEMPO, C3TEMPO was used to save the computational time. 

The QM calculations were performed by Vienna Ab initio Simulation Package (VASP) [149–152] 

packages with the projector-augmented wave (PAW) pseudo-potentials method. The calculation setup 

was almost the same as reported by Gattinoni et al [121]. The Fe2O3 (001) surface was modeled as a 

single Fe-terminated 6-layer slab 10.07 Å × 15.105 Å in length and width. Each Fe bilayer is 

ferromagnetic and adjacent bilayers are coupled antiferromagnetically [121,153]. Electronic correlations 
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in the Fe 3d orbitals were accounted for by adding a Hubbard 𝑈 − 𝐽 = 4 eV (in the Dudarev approach 

[121,154]). The band gap was calculated to be 1.71 eV, within the experimentally observed range 

(1.38−2.09 eV) [155]. The optB86b-vdW functional was selected for its good performance on molecular 

adsorption. The plane-wave cutoff was set to 550 eV and a Monkhorst–Pack k−point mesh of 4 × 4 × 2 

was used. A dipole correction was also applied. 

As shown in Figure 4-3(a), two types of adsorbed structures were used, which are for C3TEMPO 

lying flat or standing upright on the surfaces, respectively. For the flat conformation, both O• and Oamide 

can bond to Fe atoms, showing double-site adsorption; for the upright conformation, only O• can bond 

to Fe atoms, showing single-site adsorption. First, the most stable structures for the flat and upright 

conformations were identified from the QM calculation with at least five different initial configurations 

for each conformation. Then, by fixing the structures while changing the distance of O•–Fe in the z 

direction [𝑧s in Figure 4-3(a)], the interaction energies were calculated by [156,157] 

 

 𝐸Z-( = 𝐸&'& − (𝐸&32+ + 𝐸*,3) (4-1) 

 

where 𝐸&'& is the total energy of the complex system of the C3TEMPO molecule and the surface, 𝐸&32+ 

is the total energy of the surface, and 𝐸mol is the total energy of the C3TEMPO molecule. 

Figure 4-3(b) shows the calculation results. Compared with the QM calculations, the MD force 

field gives rise to long equilibrium distances and weak interaction energies. However, it should be noted 

that, both from the QM calculations and the MD force field, the interaction energy at the equilibrium 

distance for the flat conformation is 1.7 times stronger than for the upright conformation. That is, the 

MD force field accurately reproduce the relative surface interaction strengths for the flat and upright 

conformations, which are critical for the structure of the adsorbed films. Moreover, in our MD 

simulations typically 80% or more molecules stably adsorb on the surfaces (the value of SA1 in Figure 

A-5), demonstrating that the surface interactions are sufficiently strong. Therefore, we believe that the 

findings in this study will not change even if using stronger interaction energies as in the QM 

calculations. 
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(a)    (b)  

Figure 4-3 (a) Models for calculation of interaction energies between C3TEMPO and Fe2O3 (001) surface. 

Flat and upright conformations of C3TEMPO, which lead to double and single-site adsorption, 

respectively, were used. The red, white, brown, blue, and yellow represent oxygen, hydrogen, carbon, 

nitrogen, and iron atoms, respectively. (b) Comparison of interaction energies between the QM 

calculations and MD force field. 

4.3.2 Comparison of Adsorption Energy of C3TEMPO and Conventional 

OFMs 

Table 4-4 compares the adsorption energy of C3TEMPO, hexanoic acid [121] [HA: 

CH3(CH2)4COOH, main chain reduced stearic acid], and glycerol monohexanate [121] [GMH: 

CH3(CH2)4COOCH2CHOHCH2OH, main chain reduced glycerol monooleate] on Fe2O3 (001) surface 

obtained from the QM calculations. Here the adsorption energy is defined as the interaction energy at 

the equilibrium distance, as seen in Figure 4-3(b). For the three OFMs, the flat conformation leads to 

stronger surface adsorption than the upright one. For the flat conformation, the adsorption energy of 

C3TEMPO is 1.7 and 1.3 times larger than those of HA and GMH; for the upright conformation, the 

adsorption energy of C3TEMPO is slightly larger than that of HA but slightly smaller than that of GMH. 

Table 4-4 Adsorption energies (kcal/mol) of C3TEMPO, HA and GMH on Fe2O3 (001) surface obtained 

from QM calculations. 

 Flat Upright Δ 

C3TEMPO −94.0 −55.7 38.3 

HA −54.7 −49.6 5.10 

GMH −73.6 −60.7 12.9 
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4.3.3 Structure of Boundary Films 

The structure of boundary films formed by OFM molecules largely determines the friction and 

wear reduction performance in the boundary lubrication regime. Hence, we first examined the snapshot 

of the MD simulations at the final timestep to qualitatively understand the structure of the boundary 

films formed by C12TEMPO. As shown in Figure 4-4, to distinguish the individual C12TEMPO 

molecules, their terminal O• atoms are indicated with a large red sphere and all the PAO molecules are 

omitted. Significantly different from the initial structure shown in Figure 4-1(c), during steady sliding 

O• atoms are not located only on the solid surfaces, but are distributed within a certain distance from 

the solid surfaces. This indicates that C12TEMPO molecules can form multi-layer structured boundary 

films. Besides, the alkyl chains of C12TEMPO molecules are randomly oriented even at the high 

concentration (Figure A-1), which is different from the regular perpendicular orientation suggested by 

the Hardy model for conventional OFMs [33,158]. 

 

Figure 4-4 Front-view snapshot at the final timestep. For easy observation of the structure of the 

boundary films, only the iron oxide substrates and C12TEMPO molecules are shown. The large red 

spheres represent the terminal O• atom of C12TEMPO. 

Then, to quantitatively analyze the structure of the adsorbed boundary films, particularly the 

number of layers, we calculated the number density profile of O• atoms, 𝜌(𝑧), with 

 

 𝜌(𝑧) = 〈G(Y)〉
_.Y

 (4-2) 
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where and hereafter the brackets denote the time average over the last 10 ns of the simulations, z is the 

distance from the lower surface, 𝑛(𝑧) is the number of O• atoms in the region of [z, z + dz), A is the 

surface area of one substrate, and d𝑧	was set to 0.02 nm. The result is presented in Figure 4-5(a). 

Because 𝜌(𝑧) exhibits nearly the same characteristics in the vicinity of the lower and upper substrates, 

we focus the following description on 𝜌(𝑧) at z ∈ [0,2] nm, i.e., 𝜌(𝑧) in the lower half region. Three 

peaks, noted as PO1, PO2, and PO3, are observed at z = 0.26, 0.50, and ~0.90 nm, respectively. Because 

the positions of PO1 and PO2 are lower and the position of PO3 is higher than the maximum height 

(approximately 0.6 nm) of one C12TEMPO molecule lying flat on the substrates, PO1 and PO2 should 

belong to the first layer and PO3 to the second layer of the boundary film. As shown in Figure 4-5(b), 

when the cyclic group of C12TEMPO adopts the boat or chair conformation, the O• atom is located at 

0.25 or 0.48 nm from the surface, which correspond well to the locations of PO1 or PO2, respectively. 

Therefore, we conclude that the change in conformation of the cyclic group results in the two peaks in 

the first layer, and the boundary films are composed of two layers. Considering that the valley between 

PO2 and PO3 is located at 0.62 nm, we defined the C12TEMPO molecules with O• atoms located in [0,0.62] 

nm from the surfaces as in the first layer and in (0.62,1.24] nm as in the second layer, as indicated by 

the broken and dotted lines in Figure 4-5(a). 

(a)  (b)  

Figure 4-5 (a) Number density profile of O• atoms in C12TEMPO molecules. The upper solid surface is 

located at z = 4.0 nm. Broken and dotted lines indicate the boundaries of the first and second layers, 

respectively. (b) Snapshots for two C12TEMPO molecules in the first layer on the iron oxide surfaces. 

The cyclic group exhibits the boat (left figure) and chair (right figure) conformations, as indicated by 

the green lines. For reference, the boat and chair conformations of cyclohexane are also schematically 

illustrated below the snapshots. 
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4.3.4 Formation of the Structure of Boundary Films 

4.3.4.1 Formation of the First Layer 

To understand how the first layer is formed, we analyzed the adsorption state of C12TEMPO 

molecules on the solid surfaces. Because C12TEMPO adsorbs on Fe2O3 (001) surfaces mainly through 

O• and Oamide (the amide oxygen) atoms [Figure 4-3(a)], there are six adsorption states depending on the 

surface adsorption strengths of O• and Oamide atoms. These adsorption states include one type of strong 

double-site adsorption (DSs), three types of weak double-site adsorption (DSw-a, DSw-o, and DSw-ao), 

and two types of single-site adsorption (SSs and SSw). For DSs, both O• and Oamide adsorb strongly on 

the surfaces; for DSw-a, Oamide adsorbs weakly while O• strongly on the surfaces; for DSw-o, O• adsorbs 

weakly while Oamide strongly on the surfaces; for DSw-ao, both O• and Oamide adsorb weakly on the 

surfaces; and for SSs and SSw, only O• adsorbs strongly or weakly on the surfaces. Note that there is no 

single-site adsorption via Oamide for C12TEMPO molecules in the first layer because only the molecules 

with strongly or weakly adsorbed O• atoms, which are located within 0.62 nm from the solid surfaces, 

were defined as in the first layer. 

To determine the adsorption state of individual C12TEMPO molecules, we set thresholds to 

distinguish whether the surface adsorption of O• and Oamide is strong or weak, according to the 

characteristic distances observed from the density profiles of O• and Oamide and the surface interaction 

strength at those distances. At the characteristic distances of 0.38 and 0.62 nm for O• [Figure 4-5(a)], 

the surface interaction strength is −10.4 and −2.4 kcal/mol [Figure 4-3(b)], 13 and 3 times larger than 

the thermal energy (0.78 kcal/mol) at 393 K, respectively. Hence, O• atoms located in (0,0.38] nm from 

the surfaces were defined as strongly adsorbed, in (0.38,0.62] nm as weakly adsorbed, and beyond 0.62 

nm as non-adsorbed. To find the characteristic distances for Oamide, we calculated the number density 

profiles of Oamide in C12TEMPO molecules with strongly or weakly adsorbed O• atoms. The results are 

shown in Figure 4-6. Because the DFT calculations suggested that Oamide and O• are located at an equal 

distance from the surfaces for the most stable adsorbed structure of C12TEMPO molecules [139], 0.40 

nm was selected as one characteristic distance for Oamide, which is close to 0.38 nm for O•. The other 

characteristic distance was selected to be 0.50 nm because beyond this distance both the number density 

and its variation are small. Thus, Oamide atoms located in (0,0.40] nm from the surfaces were defined as 
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strongly adsorbed, in (0.40,0.50] nm as weakly adsorbed, and beyond 0.50 nm as non-adsorbed. Finally, 

we can judge the adsorption state of individual C12TEMPO molecules based on the distances of O• and 

Oamide from the solid surfaces, as listed in Table 4-5. 

(a)    (b)  

Figure 4-6 Number density profiles of Oamide atoms in C12TEMPO molecules with (a) strongly adsorbed 

O• atoms and (b) weakly adsorbed O• atoms. 

 

Table 4-5 Definition of adsorption states of C12TEMPO molecules in the first layer of the boundary 

films on Fe2O3 (001) surfaces. 

Distance from surfaces 
(nm) 

O• 

(0,0.38] 
(strong) 

(0.38,0.62] 
(weak) 

Oamide 

(0,0.40] 
(strong) 

DSs DSw-o 

(0.40,0.50] 
(weak) 

DSw-a DSw-ao 

> 0.50 
(non) 

SSs SSw 

 

Figure 4-7 shows the probability of occurrence of each adsorption state for C12TEMPO molecules 

in the first layer. The strong double-site adsorption (DSs) and weak double-site adsorption (DSw-a + 
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DSw-o + DSw-ao) account for 34 and 39%, respectively. All the double-site adsorption (DSs + DSw-a 

+ DSw-o + DSw-ao) accounts for 73%, roughly three times more than the single-site adsorption (SSs + 

SSw) of 27%. Even for the high concentration, this ratio still accounts for 63% at 393 K (Figure A-4 in 

the Appendix Section). This demonstrates that C12TEMPO molecules in the first layer are more likely 

to have their rigid six-membered ring being anchored at two opposite ends to the iron oxide surfaces by 

the amide group and terminal oxygen radical; i.e., the head groups are more likely to lie flat than stand 

upright on the iron oxide surfaces [see Figure 4-3(a) for the flat and upright conformations]. As described 

in detail in Sections 4.3.1.2 and 4.3.2, the DFT calculations showed that, for C3TEMPO, hexanoic acid 

[121] (main chain reduced stearic acid), and glycerol monohexanate [121] (main chain reduced glycerol 

monooleate), the surface adsorption energy for the flat conformation is 38.3, 5.10 and 12.9 kcal/mol 

stronger than that for the upright conformation (Table 4-4). The energy difference is the largest for 

C3TEMPO. This confirms that, compared with stearic acid and GMO, C12TEMPO is energetically more 

likely to adsorb on the solid surfaces with its head group lying flat. 

 

Figure 4-7 Probability of occurrence of different adsorption states for C12TEMPO in the first layer. 

4.3.4.2 Formation of the Second Layer 

To understand how the second layer is formed, we focused on the interactions between C12TEMPO 

molecules in the first and second layers. The two functional groups in C12TEMPO can give rise to strong 

interlayer interactions through hydrogen-bonding of either O•–Hamide or Oamide–Hamide, where Hamide 

represents the amide hydrogen. To judge the formation of the hydrogen bonds during sliding, we defined 

a critical bond length according to the characteristic distances observed from the radial distribution 
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functions (RDFs) of O•–Hamide and Oamide–Hamide (Figure 4-8) and the interaction strengths at those 

distances (Figure 4-9). To derive the RDFs, bulk simulations with NVT ensemble at 0.5 GPa were 

performed with 60 C12TEMPO molecules for 10.5 ns. The results show that for both O•–Hamide and 

Oamide–Hamide the first peak of RDFs ends at the distance of 0.3 nm, where the interaction energy is −5.8 

and −5.0 kcal/mol for O•–Hamide and Oamide–Hamide, approximately 8 and 7 times larger than the thermal 

energy (0.78 kcal/mol) at 393 K. Hence, 0.3 nm was used as the critical bond length. 

The ratio of C12TEMPO molecules that form interlayer hydrogen-bonding was quantified with 

 

 𝛼21 =
〈𝑛H21〉
〈𝑁2〉

× 100% (4-3) 

 

where 𝑛dFJ is the number of the second-layer C12TEMPO molecules that are hydrogen-bonded to the 

first-layer molecules, and 𝑁F is the total number of C12TEMPO molecules in the second layer. 𝛼21 

was calculated to be 32%. It is interesting to note that, at an arbitrary time during steady sliding, while 

32% of the C12TEMPO molecules in the second layer are hydrogen-bonded to the first layer, the other 

68% remain in the second layer even though they are not hydrogen-bonded. This suggests that the 

hydrogen bonds are relatively weak and can be broken by shear, and thus C12TEMPO molecules in the 

second layer are intermittently rather than permanently bonded to the first layer during sliding. 

Nevertheless, when the interlayer hydrogen bonds are broken, C12TEMPO molecules in the second layer 

can quickly form new hydrogen-bonding with other C12TEMPO molecules in the first layer during 

relative motion in the horizontal direction induced by the shear of the solid surfaces. As a result, these 

molecules can remain in rather than escape outside the second layer. Thus, we infer that the formation 

of the second layer in the boundary film of C12TEMPO is attributable to the intermittent interlayer 

hydrogen-bonding. 
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(a)        (b)  

Figure 4-8 Radial distribution function for (a) O•–Hamide and (b) Oamide–Hamide. 

(a)  (b)  

Figure 4-9 PES scans of (a) O•–Hamide and (b) Oamide–Hamide interactions calculated with the COMPASS 

II force field. 

4.3.4.3 Formation of Intralayer Hydrogen Bonding 

In addition to the interlayer hydrogen-bonding, intralayer hydrogen-bonding was also analyzed to 

understand the bonding state of C12TEMPO molecules in each of the first and second layers. The ratios 

of the C12TEMPO molecules that form intralayer hydrogen-bonding in the first and second layers were 

quantified with 𝛼JJ and 𝛼22, respectively, 
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 𝛼22 =
〈𝑛H22〉
〈𝑁2〉

× 100% (4-5) 

 

where 𝑛dJJ and 𝑛dFF are the number of hydrogen-bonded C12TEMPO molecules in each of the first 

and second layers, respectively, and 𝑁J is the total number of C12TEMPO molecules in the first layer. 

𝛼JJ was calculated to be 46%. As the C12TEMPO molecules in the first layer adsorb either strongly 

or weakly on the solid surfaces according to our definition, the value of 𝛼11 indicates that 46% of the 

first-layer C12TEMPO molecules are hydrogen-bonded to each other while adsorbing on the surfaces. 

𝛼22 was calculated to be 41%, comparable to the value of 𝛼11. We also confirmed that the second-layer 

C12TEMPO molecules that form both interlayer and intralayer hydrogen-bonding account for 3%. Along 

with the interlayer hydrogen-bonding, the intralayer hydrogen-bonding, which can constrain C12TEMPO 

molecules to the second layer, is also beneficial for the formation of the second layer. As was described 

in Section 1, the strength of the OFM boundary films is determined not only by the surface adsorption 

strength but also by the cumulative cohesion strength. For conventional OFMs, the cumulative cohesion 

strength originates from the van der Waals interactions between the alkyl chains of adsorbed OFMs 

[35,159,160]. The intralayer and interlayer hydrogen-bonding interactions between C12TEMPO 

molecules are roughly one order stronger than the van der Waals interactions and thus can more 

effectively enhance the cohesion strength of the C12TEMPO boundary films. 

4.3.5 Dynamic Behavior of Boundary Films During Sliding 

4.3.5.1 Velocity Distribution 

To understand the motion of C12TEMPO molecules during sliding, we analyzed their velocity 

distribution. The result is shown in Figure 4-10. The velocity profile of the liquid lubricants (i.e., both 

C12TEMPO and PAO molecules) is also shown for comparison. Note that the velocity profile of 

C12TEMPO in the central layer is statistically meaningless because of the extremely low density. In the 

first and second layers, the C12TEMPO molecules show nearly the same velocities as the liquid 

lubricants. In the first layer, the velocity nearly equals to the sliding velocity of the adjacent surface and 

the velocity gradient is approximately zero. These indicate that the C12TEMPO molecules in the first 

layer behaves like solid. In the second layer, the velocity gradient is not zero, but it is evidently smaller 
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than that in the central layer. These indicate that the C12TEMPO molecules in the second layer behave 

like liquid [89], but the apparent viscosity is larger than that of the liquid lubricants in the central layer. 

For most conventional OFMs, while the solid-like behavior of the first layer is common, the liquid-like 

behavior of the second layer has not been reported to our knowledge [33,96,161]. 

 

Figure 4-10 Velocity profiles of C12TEMPO molecules (OFM) and liquid lubricants (OFM + Base oil). 

The straight line is the linear fit to the velocities of the liquid lubricants in the central layer. Broken and 

dotted lines indicate the boundaries of the first and second layers, respectively. 

4.3.5.2 Stability of Adsorption 

To gain insight into the dynamic adsorption behavior, we analyzed the adsorption stability of 

individual C12TEMPO molecules. The adsorption stability was defined as follows. If the velocity 

difference in the y direction between the C12TEMPO molecules and solid surfaces is no larger than 0.5 

m/s, then the C12TEMPO molecules are defined as stably adsorbed; otherwise, if the velocity difference 

is larger than 0.5 m/s and the difference lasts more than 80 ps (see below for the reason), then the 

C12TEMPO molecules are defined as unstably adsorbed. For distinction, the stably adsorbed molecules 

in the first and the upper layers are referred to as SA1 and SA2, respectively. 

Here, 80 ps was used in the judgement of adsorption is because, as one example, Figure 4-11 shows 

the histogram for the duration time of unstable adsorption derived from the data in the last 10 ns for the 

medium concentration at 393 K. The duration time was calculated according to the judgment of stable 

or unstable adsorption for all the C12TEMPO molecules at every 2 ps. Note that here unstable adsorption 

was defined as if the velocity difference in the y direction between the C12TEMPO molecules and solid 

surfaces is larger than 0.5 m/s. A peak is seen for duration time of 0–80 ps as indicated in red, which 

R
2 =

0.
99

9
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accounts for 19.4% of the total. This peak is largely dependent on the sampling time and can induce 

statistical uncertainty for the number of SA1 and SA2. Therefore, we added a critical time for unstable 

adsorption, i.e., unstable adsorption was finally defined as if the velocity difference larger than 0.5 m/s 

lasts more than 80 ps. 

 

Figure 4-11 Histogram for duration time of unstable adsorption. The red indicates the duration time no 

longer than 80 ps. 

We found that, in average over the last 10 ns, SA1 and SA2 account for 77% and 39% of the 

molecules in the first and the upper layers, respectively. The large fraction of SA1 and the relatively 

small fraction of SA2 demonstrate again that the first and second layers are solid and liquid-like, 

respectively. It is noteworthy that transition between SA1, SA2, and unstable adsorption is observed for 

individual C12TEMPO molecules. Figure 4-12 shows such transition in the last 10 ns for four C12TEMPO 

molecules, which represent all the typical dynamic behaviors observed in our simulations. The transition 

of SA1 and SA2 to and from unstable adsorption is seen in Figure 4-12(a) and (b), respectively. 

Compared with SA1, SA2 exhibits shorter lifetime and more frequent transition to and from unstable 

adsorption. This also demonstrates that the molecules in the second layer are easier to move in the sliding 

direction than those in the first layer. From Figure 4-12(c) and (d) transition between SA1 and SA2 is 

also observed. Such transition is associated with the self-repair of the boundary films, which will be 

described in detail below. 
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Figure 4-12 Transition between adsorption states of C12TEMPO molecules. 

4.3.5.3 Self-Repair of Boundary Films 

As observed from our simulations, when flowing on the first layer, the second-layer C12TEMPO 

molecules can be captured by the first-layer molecules through the interlayer hydrogen-bonding and 

then be pulled down to the first layer by the surface interactions. This behavior is referred to as self-

repair of the boundary films. Figure 4-13 shows snapshots illustrating the dynamic process of the self-

repair at the medium concentration and 393 K. For clarity, only the two C12TEMPO molecules involved 

in the process and a part of the solid surface are shown. At 18.140 ns, molecule I in the first layer 

adsorbed on the solid surface, and molecule II was in the second layer with its head group located at a 

little distance away from that of molecule I. Then, molecule II moved due to the shear of solid surfaces 

and its O• atom approached to the amide group of molecule I at 18.962 ns. Subsequently at 19.274 ns, 

the distance between the O• atom in molecule II and the Hamide atom in molecule I was as small as 0.19 

nm and thus the two molecules were hydrogen-bonded to each other. At 19.958 ns, molecule II captured 

by molecule I was finally pulled to adsorb onto the solid surface by the surface interactions. These results 

demonstrate the important role of the interlayer hydrogen-bonding for self-repair of the C12TEMPO 

boundary films. That is, when C12TEMPO molecules desorb from the surface and move to the second 

layer, they can rapidly re-adsorb onto the surface to repair the depleted area owing to the hydrogen bonds 

developed between the first and second layers. 
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Figure 4-13 A typical self-repair process of C12TEMPO boundary films at the medium concentration 

and 393 K. Only two C12TEMPO molecules (I and II) and a part of the lower substrate are shown for 

clarity. The yellow, red, white, brown, and blue represent iron, oxygen, hydrogen, carbon, and nitrogen 

atoms, respectively. 

4.3.6 Discussion on the Correlation Between Adsorption Behavior and 

Friction and Wear-Reducing Performance 

Different from conventional OFMs, which usually have one functional group or multiple functional 

groups of the same type, C12TEMPO molecules are characterized by two functional groups of different 

types, i.e., the terminal oxygen radical and amide group. As is illustrated in Figure 4-14, such molecular 

structure allows for multi-type surface adsorption and also intermolecular hydrogen-bonding, thereby 

resulting in adsorbed boundary films with a double-layer structure similar to the electric double layer. 

In the first layer, as shown in brown color, a large fraction of C12TEMPO molecules adsorb on the solid 

surfaces via the two functional groups, exhibiting double-site adsorption states (DSs, DSw-o, DSw-a, 

DSw-ao), and a small fraction adsorb via only the terminal oxygen radical, exhibiting single-site 

adsorption states (SSs, SSw). As shown in red color, some C12TEMPO molecules do not directly adsorb 

on the solid surfaces; however, they are bonded to the C12TEMPO molecules in the first layer via 

interlayer hydrogen-bonding (indicated with black dotted lines) of O•–Hamide or Oamide–Hamide, forming 

the second layer. Moreover, intralayer hydrogen-bonding also forms in each of the first and second layers, 

as illustrated in Figure 4-14(b). 

Our previous studies experimentally demonstrated that C12TEMPO exhibits higher load-carrying 

capacity, wear-reducing effect, and stability of friction than the conventional OFMs of stearic acid and 

GMO [138,139]. All of these superior tribological properties suggest that the boundary films of 

C12TEMPO remain effective at preventing solid–solid contacts even under heavily loaded and prolonged 

sliding. As was described in Section 4.1, the effectiveness of boundary films is governed not only by  
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(a)     (b)  

Figure 4-14 Schematic model for (a) multi-type adsorption of C12TEMPO and (b) intralayer and 

interlayer hydrogen-bonding. Note that the molecular structure of C12TEMPO is simplified for clarity. 

The circle, hexagon, rhombus, and curve represent the oxygen radical, cyclic head, amide group, and 

alkyl chain, respectively. The brown and red indicate molecules in the first and second layers, 

respectively. Black dotted lines represent hydrogen-bonding. 

film strength but also by adsorption kinetics. High film strength makes it difficult for the boundary films 

to be sheared off from solid surfaces. However, as the normal load or shear stress increases, the boundary 

films can still be removed from the surfaces. Self-repair of the boundary films through rapid re-

adsorption is thus crucial, as suggested by recent experimental studies [23,124,129]. Even under heavily 

loaded and prolonged sliding, if the repair rate constant (determined by adsorption kinetics) is no smaller 

than the removal rate constant (determined by film strength), the boundary films can keep dynamically 

stable rather than eventually wear out. Therefore, we suggest that the superior tribological properties of 

C12TEMPO are attributed to the unique features of the C12TEMPO boundary films that make the films 

difficult to be removed and easy to repair quickly as compared with conventional OFMs. The details are 

discussed below. 

First, let us discuss why the C12TEMPO boundary films are difficult to be removed. Because a large 

fraction (73% for the medium concentration at 393 K) of C12TEMPO molecules in the first layer exhibit 

double-site adsorption, the surface adsorption strength of the first layer should be strong. In addition to 

the surface interactions, a fraction (46% for the medium concentration at 393 K) of the molecules in the 

first layer also form intralayer hydrogen-bonding, which is one order stronger than van der Waals 

interactions, thereby resulting in fewer conformational defects and stronger cohesion of the first layer 

[162]. The strong adsorption and cohesion are believed to synergistically enhance the strength of the 

first layer. Moreover, the first layer is covered by the liquid-like second layer. A fraction (41% for the 

medium concentration at 393 K) of the molecules in the second layer are hydrogen-bonded to each other, 

rendering the second layer more viscous than the base oil as seen from the smaller velocity gradient in 

vshear

DSs DSw-a DSsDSw-o DSw-ao SSwSSs
Solid surface Solid surface



 

73 

Figure 4-10. The viscous second layer could act as an effective buffer for the first layer against shear. 

As a result, the first layer of the C12TEMPO boundary films, which is the last barrier to prevent solid–

solid contacts, is difficult to be removed as compared with conventional OFMs. This feature is also well 

demonstrated by the solid-like behavior observed from the nearly zero velocity gradient in Figure 4-10 

and the large fraction (77% for the medium concentration at 393 K) of C12TEMPO molecules that remain 

stably adsorbed on the solid surfaces during sliding. 

The feature that the C12TEMPO boundary films are easy to repair quickly is believed to result from 

the behavior of the second layer. The second layer forms owing to interlayer hydrogen-bonding. 

However, in contrast to the solid-like first layer, the second layer is liquid-like, as demonstrated by the 

non-zero velocity gradient in Figure 4-10, the relatively small fraction (39% for the medium 

concentration at 393 K) of the second-layer C12TEMPO molecules that move at the same velocity as the 

solid surfaces, and the frequent transition between stable and non-stable adsorption [Figure 4-12(b)]. 

These suggest that the interlayer hydrogen-bonding is not permanent but intermittent. As a result, the 

molecules in the second layer move on the first layer in a stick-slip-like manner and repair the once 

depleted region in the first layer, as was illustrated in Figure 4-13. That is, the second layer can act as a 

reservoir to rapidly repair the first layer owing to the intermittent hydrogen-bonding with the first layer. 

4.4 Conclusions 

We performed MD simulations to gain molecular-level insights into the adsorption behavior of 

C12TEMPO, a new type of OFM developed in our previous study, from PAO oil onto hematite surfaces 

during sliding. The results showed that, owing to the two functional groups of different types (i.e., the 

amide group and terminal oxygen radical), C12TEMPO molecules exhibit multi-type adsorption and 

form boundary films with a double-layer structure, which are different from the single-type adsorption 

and single-layer structure reported for most conventional OFMs. In the first layer, C12TEMPO molecules 

exhibit strong/weak double-site surface adsorption via the two functional groups or strong/weak single-

site surface adsorption via the terminal oxygen radical. The second layer forms because some 

C12TEMPO molecules adsorb on the first-layer molecules through interlayer hydrogen-bonding of O•–

Hamide and Oamide–Hamide. Additionally, intralayer hydrogen-bonding also forms in the first and second 

layers. 
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The results of velocity analysis showed that the first layer behaves as solid and stably adsorbs on 

the surfaces during sliding, whereas the second layer behaves as liquid with viscosity larger than the 

base oil and flows relative to the first layer during sliding. We suggest that the reasons why the first layer 

is hard to be sheared off lie on strong surface adsorption, strong cohesion due to the intralayer hydrogen-

bonding, and the buffer effect of the viscous second layer. From the simulation snapshots, we also found 

that, when flowing on the first layer, the second-layer molecules can be captured by the first-layer 

molecules through the interlayer hydrogen-bonding and then be pulled down to the first layer by the 

surface interactions. This indicates that the second layer can act as a reservoir to quickly repair the once 

depleted region in the first layer. We suggest that the experimentally observed superior tribological 

properties of C12TEMPO, i.e., high load-carrying capacity, high antiwear effect, and high stability of 

friction over time, are attributable not only to the durability of the first layer but also to the repair ability 

of the second layer. The unique structure and dynamic behavior of the boundary films found in this study 

provide new hints for the optimal molecular design of high-performance OFMs. 
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Chapter 5 
 
Summary and Future Work 
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Reducing friction plays a pivotal role in conserving energy. In oil-based lubricant systems, 

boundary lubrication, which occurs within nanoscale gaps of two solid substrates, results in elevated 

friction coefficients. Thus, to achieve advanced mechanical systems that involve relative motion across 

nanoscale gaps, it is crucial to establish effective boundary lubrication through nanometer-thick liquid 

films to reduce friction. Effective nanometer-thick liquid boundary films require both high stability and 

high friction-reducing performance, encompassing stable adsorption ability, chemical stability, high 

load-carrying capacity, and low shear strength. In Chapter 1, we elucidated the importance of nanometer-

thick liquid film boundary films and highlighted the persisting challenges they present in HDDs and 

vehicle powertrain systems. To address these challenges, we opted for MD simulations as the approach 

to investigate the chemical and physical behaviors exhibited by molecules within the boundary films. 

To understand the chemical behavior of the nanometer-thick liquid films, we take the HAMR 

systems, a type of high-recording density HDDs, as the subject. In Chapter 2 and 3, we developed a new 

ReaxFF force field for PFPE molecules, which allows us to perform nonequilibrium reactive MD 

simulations to gain insights into mechano-chemical decomposition of nanometer-thick PFPE films at 

the HDI of HAMR. Our research confirmed that D-4OH molecules hardly react only at the high 

temperatures within the 1-ns 700 K heating time of HAMR. But once subjected to mechanical stress, D-

4OH molecules are highly possible to react. Adding water can further promote the reactions at low 

normal pressures. We found that the most vulnerable bond in D-4OH molecules is the C–O bonds in the 

end groups, thus polar PFPE molecules tend to undergo more rapid decomposition compared to nonpolar 

PFPE molecules. Water primarily dissociates the C–O bonds in the end groups, while high normal 

pressures dissociate the C–O bonds in both the end groups and main chains. The effect of water on the 

dissociation of the C–OC bonds in the end groups is more significant compared to the C–OH bonds in 

the end groups, and both effects level off at higher normal pressures. We caution against extrapolating 

the linear stress-activated Arrhenius curve obtained at high normal pressures to low normal pressures, 

which could cause significant overestimation of decomposition rate constants at low normal pressures. 

To understand the physical behavior of the nanometer-thick liquid films, we take OFM boundary 

films in vehicle powertrain systems as the subject. In Chapter 4, we performed non-reactive MD 

simulations to gain molecular-level insights into the adsorption behavior of C12TEMPO, a new type of 

TEMPO-based OFM developed in our previous study. The MD results provide us with insights into the 

underlying mechanism behind the remarkable tribological performance of C12TEMPO, as observed in 
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experimental studies. These include its higher load-carrying capacity, higher wear-reducing effect, and 

more stable friction coefficient over time than the conventional OFMs of stearic acid and GMO. We 

found that C12TEMPO molecules exhibit multi-type adsorption and form boundary films with a double-

layer structure owing to the two functional groups of different types, which are different from the single-

type adsorption and single-layer structure reported for most conventional OFMs. We suggest that the 

reasons why the first layer is hard to be sheared off lie on strong surface adsorption, strong cohesion due 

to the intralayer hydrogen-bonding, and the buffer effect of the viscous second layer. We also found that, 

when flowing on the first layer, the second-layer molecules can be captured by the first-layer molecules 

through the interlayer hydrogen-bonding and then be pulled down to the first layer by the surface 

interactions. This indicates that the second layer can act as a reservoir to quickly repair the once depleted 

region in the first layer. We suggest that the experimentally observed superior tribological properties of 

C12TEMPO are attributable not only to the durability of the first layer but also to the repair ability of the 

second layer. 

In conclusion, these works not only expand our understanding of the influence of heat, mechanical 

stress, and water on the chemical reactions occurring in nanometer-thick liquid films within HAMR 

systems, but also elucidate the mechanism behind the remarkable friction-reducing performance 

achieved by the formation of nanometer-thick liquid films through a novel TEMPO-based OFM. We 

expect these works will provide valuable insights for optimizing chemically stable lubricant molecules 

in HDI, thereby enhancing lubrication strategies in HAMR systems. Also, we expect these studies to 

offer novel insights for designing high-performance OFM with enhanced friction-reducing properties, 

thereby contributing to the reduction of friction in vehicle powertrain systems. 

Meanwhile, we also notice that there are still some gaps that require further investigation and may 

serve as potential directions for future research, as outlined below. 

First, in our research on HAMR systems, we did not take into account the catalytic effect of DLC 

on the reactions of PFPE molecules. In future investigations, we propose substituting the diamond 

substrates with DLC substrates to simulate the working conditions of HAMR more accurately. 

Furthermore, while we found that the terminal C–OH bonds of the PFPE lubricant molecules are 

susceptible to breaking under the influence of water and mechanical stress, the presence of the C–OH 

groups offers the advantage of anchoring PFPE molecules to disk surfaces. It is therefore imperative to 

devise strategies that reconcile these two aspects, which will be a future challenge. 



 

78 

Second, in our research on OFMs, the flat–flat MD model did not allow molecules to escape from 

the contact area, leading to less pronounced desorption behavior. To address this limitation, we suggest 

using semicylinder–flat or semispherical–flat MD models. These models allocate space for liquid 

molecules to escape from the contact area, enabling a more realistic exploration of the desorption 

behaviors of OFM molecules during shearing. Additionally, our study focused on oil-based lubricating 

systems, which have low permittivity. In such circumstances, the intermolecular interactions between 

polar functional groups in OFMs are sufficiently strong to sustain the boundary films and form the two 

layers. In future research, exploring the physical behaviors of OFMs in high permittivity environments, 

such as in water-based lubrication systems, where interactions between polar functional groups are weak, 

could offer a more comprehensive understanding of the molecular design of OFMs. 
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Appendix: Results for Different Temperatures and 
C12TEMPO Concentrations for Chapter 4 

A.1. Snapshots at the Final State 

 

Figure A-1 Front-view snapshots at the final timestep for different temperatures and C12TEMPO 

concentrations. For easy observation of the structure of the boundary films, only the iron oxide substrates 

and C12TEMPO molecules are shown. The large red spheres represent the terminal O• atom of 

C12TEMPO. 
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A.2. Number Density Profiles of O• Atoms 

 

Figure A-2 Number density profiles of O• atoms in C12TEMPO molecules for different temperatures 

and C12TEMPO concentrations. Broken and dotted lines indicate the boundaries of the first and second 

layers, respectively. Note that the scale of the vertical axis is different depending on the concentration. 
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A.3. Number Density Profiles of Oamide Atoms 

 

Figure A-3 Number density profiles of Oamide atoms in C12TEMPO molecules with strongly adsorbed O• 

atoms for different temperatures and C12TEMPO concentrations. Note that the scale of the vertical axis 

is different depending on the concentration. 
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Figure A-4 Number density profiles of Oamide atoms in C12TEMPO molecules with weakly adsorbed O• 

atoms for different temperatures and C12TEMPO concentrations. Note that the scale of the vertical axis 

is different depending on the concentration. 
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A.4. Probability of Occurrence for Different Adsorption States in 

the First Layer 

 

Figure A-5 Probability of occurrence of different adsorption states for C12TEMPO in the first layer for 

different temperatures and C12TEMPO concentrations. 
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A.5. Ratios of Interlayer and Intralayer Hydrogen-Bonded 

Molecules 

 

Figure A-6 Ratios of molecules forming interlayer (𝛼21) and intralayer (𝛼11, 𝛼22) hydrogen bonds for 

different temperatures and C12TEMPO concentrations. 
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A.6. Ratios of Two Types of Stable Adsorption 

 

Figure A-7 Ratios of two types of stable adsorption for different temperatures and C12TEMPO 

concentrations. 
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A.7. Velocity Profiles 

 

Figure A-8 Velocity profiles for different temperatures and C12TEMPO concentrations. Broken and 

dotted lines indicate the boundaries of the first and second layers, respectively. 
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