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ABSTRACT 
 

Molecular dynamics (MD) simulations with the ReaxFF reactive force field were carried 

out to find the atomistic mechanisms for tribo-chemical reactions occurring at the sliding 

interface of fully-hydroxylated amorphous silica and oxidized silicon as a function of interfacial 

water amount. The ReaxFF-MD simulations showed a significant amount of mass transfer across 

the interface occurs during the sliding. In the absence of water molecules, the interfacial mixing 

was initiated by dehydroxylation followed by the Si-O-Si bond formation bridging two solid 

surfaces. In the presence of sub-monolayer thick water, the dissociation of water molecules can 

provide additional reaction pathways to form the Si-O-Si bridge bonds and mass transfers across 

the interface. However, when the amount of interfacial water molecules was large enough to form 

full monolayer, the degree of mass transfer was substantially reduced since the silicon atoms at 

the sliding interface were terminated with hydroxyl groups rather than forming interfacial Si-O-Si 

bridge bonds. The ReaxFF-MD simulations clearly showed the role of water molecules in atomic 

scale mechano-chemical processes during the sliding and provided physical insights into 

tribochemical wear processes of silicon oxide surfaces observed experimentally. 

In addition to this, we performed reactive force field molecular dynamics simulation to 

observe the hydrolysis reactions between water molecules and locally strained SiO2 geometries. 

We improved the Si/O/H force field from Fogarty et al.1, to more accurately describe the 

hydroxylation reaction barrier for strained and non-strained Si-O structures, which are about 20 

kcal/mol and 30 kcal/mol, respectively. After optimization, energy barrier for the hydroxylation 

shows a good agreement with DFT data. The observation of silanol formation at the high-strain 

region of a silica nano-rod also supports the concept that the adsorption of water molecule: 

hydroxyl formation favors the geometry with higher strain energy. In addition, we found three 
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distinct hydroxylation paths – H3O+ formation reaction from the adsorbed water, proton donation 

from H3O+, and the direct dissociation of the adsorbed water molecule. Because water molecules 

and their hydrogen bond network behave differently with respect to temperature ranges, silanol 

formation is also affected by temperature. The formation of surface hydroxyl in an amorphous 

silica double slit displays a similar tendency: SiOH formation prefers high-strain sites. Silanol 

formation related with H3O+ formation and dissociation is observed in hydroxylation of 

amorphous SiO2, similar with the results from silica nano wire simulation. These results are 

particularly relevant to the tribological characteristics of surfaces, enabling the prediction of the 

attachment site of the lubrication film on silica surfaces with a locally strained geometry. 
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Chapter 1  
 

Introduction  

1.1. Lubrication and tribo-chemistry 

  Friction and wear of sliding interfaces are not just two-body contact problems 

involving two ‘static’ solid surfaces. They are consequences of dynamic processes. The 

mechanical shear of the solid interface can alter the surface structures through dynamic 

reconstruction and deformation. 2–8 These processes are also very sensitive to the 

chemical environments to which sliding interfaces are exposed. The molecules impinged 

and adsorbed on the surface could be involved in chemical reactions affecting adhesion, 

deformation, and reconstruction processes of the sliding contact. 9,10 

Nanoscale friction and lubrication of silicon are of great interests especially since 

the advent of microelectromechanical systems (MEMS). 11–13 Silicon is the first choice of 

materials for fabrications of MEMS devices because it can be processed through various 

microfabrication techniques developed for semiconductor industries.14,15 However, 

silicon and silicon oxide materials have poor tribological properties, which poses 

significant challenges and limitations in the reliability of MEMS devices with physically 

moving, colliding, and rubbing components. Thus, it is important to understand the 

fundamental mechanisms of tribological behaviors of silicon materials in nanoscale. 16–22 
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The chemistry involved in wear of the sliding contact of silicon materials in 

humid environments is very complicated. In a reciprocating ball-of-flat tribo-testing, the 

wear of silicon wafer drastically increased upon increasing of water vapor partial pressure 

in the environment from zero to 50% relative humidity (RH), while the wear was 

suppressed upon introduction of n-pentanol vapors.23 At a nanoscale friction test carried 

out using atomic force microscopy (AFM), the silicon surface showed a protrusion upon 

scratch with a silica ball in dry environments,24 which was quite different from the 

material loss observed in the macroscale pin-on-disc test in the same environment.23 As 

RH increased from 0% to 50%, this nanoscale protrusion disappeared and the wear of the 

substrate was observed. Since all mechanical loading and sliding conditions were kept 

constant, these RH dependences were attributed to tribochemical reactions of water 

which was speculated to involve the formation of SiOSi covalent bonds bridging two 

solid surfaces.24 A more recent AFM wear tests over the full RH range from 0% to 100% 

revealed that the silicon wear was maximum at RH around 50% and then decreased upon 

further increase of RH.25 It was speculated that as multilayers of water grow on the 

surface at high RH conditions, the probability for the asperities to come close enough to 

form SitipOSisubstrate bridges would decrease.25  It was also reported that the RH 

dependence of silicon wear is different at low and high sliding speeds in AFM tests.26    

The surface chemical reactions induced by shear actions of a tribological interface 

are further complicated as additional variables are involved. For example, the water-

induced wear could be suppressed when alcohol molecules are co-adsorbed. 27,28 But, the 

alcohol effect is negated when the water vapor pressure is sufficiently high. 27,28 In the 
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case of soda lime silica glass, the surface sodium ions are easily leached and exchanged 

with protons and water molecules.29 The chemical reactivity of water molecules 

occupying the leached sodium ion sites appears to be quite different from that of water 

molecules adsorbed on the silica surface.29 All these data suggest that very complex 

tribochemical reactions take place at the sliding interface of silicon in the presence of 

water.  

Molecular details of such complicated reactions could be attained from 

computational studies. For example, density functional theory (DFT) calculations showed 

large differences in activation energy for solvolysis reactions of silicon oxide surface 

with water and alcohol molecules.23  However, it should be noted that DFT calculations 

were done in the absence of any mechanical shear of the interface. The mechanical 

properties could be studied better with molecular dynamics (MD) simulations. 30–35 

However, conventional MD simulations use non-reactive force fields so that they cannot 

describe chemical reactions and transition states. Recently, many reactive force fields 

have been developed and available; most representative ones are REBO,36 COMB,35 are 

ReaxFF.37  Among these, ReaxFF is most versatile and widely used for various systems 

including surface corrosions and failure. 38–43 

In this study, we carried out MD simulations with ReaxFF to understand 

tribochemical reactions taking place at the sliding interface between the hydroxylated 

surfaces of amorphous SiO2 and oxidized Si(100) solids. ReaxFF-MD simulations 

revealed molecular details of interfacial reactions involving the surface atoms and 

functional groups of the two solid surfaces as well as water molecules present in the 
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sliding interface.23,44 The reaction dynamics are much more complicated than the simple 

schematic representations proposed in the previous experimental studies.24,25 Most of 

interfacial reactions were initiated by the dissociation of Si-O bonds and subsequent 

reactions varied depending on the system temperature and the initial amount of water 

present in the interface.  

  

1.2. Hydroxylation of SiO2 surface and relationship with atomic strain energy of surface 

Amorphous silica is the one of the most important material on the Earth, thanks to 

its excellent mechanical properties, such as dielectric constant, and mechanical 

resistance. 45 Silica has been an important material for various applications, such as glass, 

wafer, electronic devices and nano-tech devices. 11,12,46 

In addition, among all the studies related with silicon, silica-water interaction has 

been a central research topic, due to its importance and influence on theoretical science 

and practical applications. More importantly, the silica/water combination is very 

inexpensive and ubiquitous, which is why silica-water has often been preferred by 

researchers compared to other chemical combinations present in the natural environment. 

47,48 Many studies have been performed to understand the interfacial surface chemistry 

regarding water-silica system, such as how surface silicon-hydroxyls modulate interfacial 

properties, or how this chemistry is affected by surface characteristics, 49,50 or by the 

effect of tensile or compressive stress on reaction between silica surface and water. 51   
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The hydrolysis reaction between water and the silica surface is initiated by 

physisorption of the water molecule onto the surface, followed by its dissociation and 

chemisorption as a hydroxyl group. 52 Hydroxyls on the surface are known to greatly 

modify surface properties, due to their unique ability to form hydrogen bond networks. It 

has been observed that undercoordinated surface atoms and strained sites are responsible 

for structural deformation, such as crack formation, corrosion, or other surface chemistry. 

Similarly, hydrolysis reaction also favors defects and holes on the surface. 53  

A significant research effort has been executed to understand and utilize silanols 

and Si-OH-related surface activity. Recent experimental techniques, such as XANES, are 

capable of in-situ measuring of electronic structure at the silica-liquid interface. 54 NMR 

and IR spectroscopy on silica surface expanded the understanding of various types of 

silanols. 55 However, experimental approaches are often not appropriate to represent 

surface topography and surface structure information in the atomic size scale, and on the 

picosecond time-scale connected with chemical reactions.  

Computational chemistry methods enable us to simulate and visualize the 

processes of chemical reactions as well as track the behavior of atoms and molecules 

during reaction. First principle ab-initio simulations have been applied to compute the 

water-silica interactions by researchers, providing the clues for understanding of 

interfacial nature in atomic scale. For example, Y. He et al. 51 showed the relationship 

between external stress and long range surface-water interaction, and role of other water 

molecules during reaction. Also, they predicted the pre-dissociation adsorption of water 

on silica surface using a Born Oppenheimer model. C. Mischler et al. 56 studied silica-
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liquid interaction using a mixed classical MD and ab-initio code, with BKS and Car-

Parrinello potential, to simulate reaction on the surface. M. H. Du et al. 57 also applied a 

DFT-assisted classic potential MD code, revealed various trends of hydrogen bond 

network between crystal phase and amorphous phase of silica. They also pointed out the 

effect of system size on hydration energy. Y. Ma et al. 58 investigated how 

undercoordinated Si atoms and third-party water molecules around OH group lead the 

dissociation of adsorbed H2O molecule. F. Musso et al. 59 indicated that silica-water 

interaction strengthens hydrogen bonding between surface hydroxyls and water 

molecules. However, high computational cost and limit of system size are a significant 

drawback for DFT and other first principle based approaches.  

Empirical force field methods enable us to study silica-water interfacial science 

and reaction mechanisms in a larger scale, because it can save significant amount of 

computational cost, when compared to quantum mechanics simulations. 60–63 T. S. 

Mahadevan et al. 64 developed a dissociative water potential, and represented the silanol 

formation on water-silica interface. G. K. Lockwood and S. H. Garofalini 65 group’s 

recent study using dissociative potential for water molecules on the silicon oxide showed 

active proton transfer among water molecules and silica surface with H3O
+ formation. J. 

Fogarty et al. 1 proposed silica/water interaction properties using the ReaxFF reactive 

potential molecular dynamics. 

Following Garofalini and Fogarty's observations, in this research, MD simulation 

using the ReaxFF potential for water-amorphous silica system was performed, which 

represented the effect of strain energy on hydroxylation. Specially, strained silicon and 
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oxygen atoms on the surface were closely analyzed, as well as undercoordinated atoms 

and non-bonding-oxygen. We studied a SiO2 based nanotube structure to check the force 

field in small, highly strained geometry, and how water molecule interacts with and 

reacts to the strained site of this geometry. Thereafter, we investigated the surface 

chemistry of large amorphous silica structures.  

In this work, first, the relationship between water and silica surface has been 

studied, especially for defects and strained sites on the surface. Second, reaction kinetics 

and Si-OH formation on the interface is observed. Lastly, effect of neighboring water 

molecule and hydrogen bond network on hydroxylation is explained. This research 

enables a better understanding on the interfacial science related to hydrolysis reactions 

and provides a bridgehead for further tribological and chemical research.  

 

1.3 Silicon-Fluorine reaction and etching 

The history of plasma etching technique for Si based wafer and circuits is nearly 40 years 

old. Etching is an essential technology in the modern society. Without etching, there would be no 

smartphones, laptops, or any other small electronic devices. Since the etching technique allows us 

to fabricate highly integrated circuits with complex, narrow patterns, all small smart devices 

around us are owed to the development of etching technology. 66,67  

 Silicon and Si based materials has been amongst the most widely used semiconductors, 

because of excellent physical and chemical properties. Specially, SiC shows outstanding 

electronic properties, such as large bandgap, high thermal conductivity, high saturation velocity, 
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68 as well as good mechanical properties, like hardness comparable with diamond or Al2O3, high 

Young's modulus and wear resistance. 69  

Fluorine containing plasma, such as fluorocarbon plasma, has been employed as the main 

working gas in Si related material etching technology, thanks to its chemical inertness in acid in 

wide temperature range. 70,71,72,73 

 However, most of previous studies were mainly targeted for macroscopic etching 

properties, such as the effect of pressure and temperature, and plasma reactor technology, while 

only few studies have been focused on chemistry on the surface, and exact mechanisms of 

interactions on the surfaces. 74,75,76 To fully understand the precise detail of fast and radical 

interfacial chemistry of etching, research of molecular / atomic scale is essential.    

 Computational approaches can be an excellent way to investigate atomic / molecular 

scale investigation of surface chemistry of etching. Many quantum level researches revealed 

important energy relations and energy barriers regarding Si and F interactions. Garrison and 

Goddard calculated dissociation energies of SiFn (n=1-5) using generalized valence bond 

dissociation consistent configuration interaction wave function. 77,78 King et al. used BHLYP 

functional predicted electron affinities of SiF1 ~ SiF5 79, with good agreement with experimental 

dissociation energies. 80 Hiraoka et al.progressed structure / stability study of SiFns and CO, OH, 

and H relations in B3LYP level quantum simulation, and experimental approach. 81  

 Molecular dynamics simulations provides an attractive method for researching reactive 

surface chemistry for Si-F interaction, since it simulate larger systems with more atoms, with 

relatively cheaper computational cost. Darcy et al. used Stillinger-Weber potential to study 

reaction energy and heat of formation of SiFn (n=1-4), Si2F6 and Si3F8. 82 Abrams and Graves 

developed Tersoff type empirical potential for Si-C-F system. 83 Gou et al. used Tersoff-Brenner 

REBO potential to calculate various Si - F interactions, such as Si - CF gas reaction energy 
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research and F2 - SiC etching simulation. 84,76,85,86 E. Carter and her coworkers studied Si-F 

reaction energy and relations for etching chemistry using first-principle ab initio method 

simulations. 87,88,89  

 Here, we developed ReaxFF force field to research the interactions between Silicon and 

Fluorine. ReaxFF can conduct massive scale simulation with large amount of atoms, with 

relatively lower computational cost, but still, have decent accuracy comparable with DFT level 

simulations, as well as good at transition state prediction. 90,91 Thanks to these strong points, 

ReaxFF already showed its full ability to simulate large scale etching of TiO2 with Chloride gas, 

and provided excellent force field for TiO2 system. 91,92  

 Based on pre-developed water-Si / Na force field, 1 our purpose is, first, to establish a 

ReaxFF force field parameters to for the reaction of solid Si / SiO2 with F2 / HF gas system, 

second, to simulate large scale etching simulation of Si-F system. In addition, proper Si/F 

parameters will be greatly helpful to future researches, such as molecular dynamics study on 

tribochemistry. Since the most of the anti-wear coating materials for Al or Si surface contain 

Fluorine, ability to accurately simulate the interaction between Si and F would be essential to 

calculate mechano-chemical reactions during lubrication.  
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Chapter 2  
 

The ReaxFF Reactive Force Field method 

2.1. About the ReaxFF method 

The ReaxFF Reactive force field has been developed by van Duin and co-workers, to 

simulate large system ( > 106 atoms) with relatively cheaper computational cost, but with the 

comparable accuracy of quantum based simulation results. 37 As shown in figure 1, in this way, 

ReaxFF can perform MD simulation using empirical method's strong point, and quantum based 

calculation's advantage.  

 

The way of calculation in the ReaxFF is based on bond-order dependent concept, so that 

it allows to predict highly accurate transition state modeling, when bonds are forming or breaking 

away. 37 Second, in order to calculate the contributions of these energies, all bond orders are 

calculated and modified at every iteration, thus allowing ReaxFF to form a precise relationship 

 

Figure 2-1. Comparions of ReaxFF method with other way of simulation method 
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between the bond distance and the bond order. 93,94,95 Third, as a multi-body potential, ReaxFF 

calculates the long-range interactions among all atom pairs. Lastly, ReaxFF uses an 

electronegativity equalization model to calculate charges and polarization effects. 96,97 Initially, a 

ReaxFF potential was developed to simulate hydrocarbon based system, 37 later, the method was 

developed further for organics, metals, and water related systems. 90,98,1 

2.2. Brief introduction of ReaxFF 

 

ReaxFF calculates the energy of system for several particular section, and sum up as 

shown in equation 2.1 

               Esystem = Ebond + Eunder + Eover + Eval + Etor + Elp + Evdw + Ecoul                           (2.1)                                       

 More explanations are available in van Duin et al. 78 and Chenoweth et al. 84 

2.2.1. Bond order and bond energy 

ReaxFF calculates the bond energy from bond order relationship, and bond orders are 

calculated from equations using bond length. In addition, ReaxFF consider sigma / pi / double pi 

bond when calculates bond order / bond energy. Bond orders are gathered from following 

equation 2.2  

BOij
′  = BOij

σ + BOij
π + BOij

ππ , where 

  BOij
σ = exp[pbo1(

rij

r0
σ)pbe2] , BOij

π = exp[pbo3(
rij

r0
π)pbe4] , BOij

ππ = exp[pbo5(
rij

r0
ππ)pbe6]        (2.2) 

The exponential terms for each sigma, pi, and double pi bond orders are the empirical 

function of uncorrected bond order for each bond types, respectively. Pboi, i=1 to 6 are the 
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parameters for the bond orders, which are optimized using experimental and QM data during 

force field training process. Using this uncorrected bond order BO'ij, with the over/under-

coordination penalty calculated from each atom, 37 corrected bond order BOij is calculated. an 

then the bond energy us calculated as shown in equation 2.3 

                Ebond = -De
σ BOij

σ exp[pbe1(1-(BOij
σ)pbe2) - De

π BOij
π - De

ππ BOij
ππ]                  (2.3) 

Again, pbe1, pbe2, De
σ, De

π, and De
ππ are bond dissociation section parameter in the force 

field file, which are optimized during training process using DFT and experimental data.  

2.2.2. Valence angle energy 

Equation 2.4 is used to calculate valence angle energy for the atomic system of atom i,j, 

and k, where k is the atom of the center.  

                       Eval = f7(BOij)f7(BOjk)f8(∆j)pval1[1 - exp {-pval2(Θ0 - Θijk)2}]                     (2.4) 

As one can check from this equation, the valence angle also contains bond order terms in 

the equation, as well as angle of three atoms are considered. Function 7 (f7) and function 8 (f8) are 

the bond order/valency correlation functions, 37 while ∆j is included for the over / under-

coordination effect of central atom j to angle energy, and pval1 and pval2 are the parameters to be 

trained with QM or experimental data.  

2.2.3. Torsion angle energy 

Similar with valence angle energy equation, the torsion angle energy equation for 4 atoms 

of i,j,k, and l, is also a function of bond order, as shown in equation 2.5. 
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Etor = f10(BOij, BOjk, BOkl) sin Θijk sin Θjkl [
1

2
V1(1+cos ωijkl ) + 

1

2
V2 exp{ptol1 (BOjk

π  - 1 + 

f11(∆j, ∆k))2} (1-cos 2 ωijkl ) +  
1

2
V3(1+cos 3ωijkl )]                                                                        (2.5) 

Function 10 (f10) and function 11 (f11) can be found at the previous reference, 37 and the 

ptol1 is the parameter to be optimized during training process for dihedral energy.  

2.2.4. Lone pair energy 

Equation 2.6 refers to the lone pair penalty energy. Lone pair means the valence electron 

pair which is not shared with other atoms, In ReaxFF, number of lone pair is the difference 

between the sum of bond orders of specific atom, and the number of outer shell electrons for that 

atom.  

                                                  Elp = 
Plp2∆i

lp

1+exp(−75∆
i
lp

)
                                                         (2.6) 

Where the plp2 is the parameters to be trained, and the ∆i
lp

 equals to the sum of lone pairs. 

2.2.5. Van der Waals energy 

In ReaxFF, a distance-corrected Morse is applied to take into account the van der Waals 

force effect, as shown in equation 2.7 

Evdw = Tap Dij [exp {αij (1 - 
f13(rij)

rvdw
)} - 2 exp {

1

2
 αij (1 - 

f13(rij)

rvdw
)}]            (2.7) 

Tap in this equations is called a taper term, preventing discontinuous energy result when 

the charged species passes through the non-bonding cutoff radius. Function 13 (f13) can be found 

from van Duin et al.'s ref 37, and rvdw and Dij can be optimized during training. 
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2.2.6. Coloumb energy 

A shielded Coulomb potential is applied to consider orbital overlap among atoms, as 

shown in equation 2.8 

                                                Ecoul =Tap C  

qiqj

(rij
3 +rij

−3)−3                                                       (2.8) 

In ReaxFF, Geometry dependent Electron Equilibrium Method (EEM) is applied to 

calculate the charge for each atoms, which considers the polarization effects. 96,97  
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Chapter 3  
 

Silica force field improvement and application to strain related hydrolysis 

reactions 

3.1 Introduction 

Previous computational approaches with reactive potential predicted the energy relation 

for hydroxylation, and role of hydronium. 64,65 In this study using ReaxFF potential, first, we 

reparametrized the Si-O-water interaction parameters, in order to accurately simulate the energy 

barrier of hydroxylation to silicon. Second, with the advanced force field, ReaxFF MD simulation 

was calculated to reveal the relationship between atomic strain energy and hydroxylation, with 

smaller silica nano wire, and with amorphous SiO2 slab. In addition, after series of hydroxylation 

MD simulation under various temperature condition, and importance of 2~3 paired water dimer / 

polymers connection was observed.  

To discuss details, section 1 explains the validation and optimization of force field 

(Figure 2 and 3) using two Si dimer geometries (Figure 1). Section 2 introduce the silica nano 

wire (Figure 4), and observation of hydroxylation on silica nano wire which prefers the strained 

edge sites (Figure 5). In section 3, representative examples for three distinctive reaction pathways 

around strained sites are shown: (i) hydroxylation involving formation of H3O+ (Figure 6), (ii) 

hydroxylation involving dissociation of H3O+ (Figure 7), and (iii) hydroxylation involving 

dissociation of adsorbed water molecule (Figure 8). Section 4 discusses the analysis of number of 

hydroxylation (Figure 9), RDF of water – Si (Figure 10), and analysis of water clusters (Table1, 

Table2, and Figure 11), revealed the effect of water cluster on hydrolysis reaction and hydronium 
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formation. Lastly, section 5 describes the effect of locally strained structures on amorphous SiO2 

slab on hydroxylation, showing silanol formation favored the surface atoms with high strain 

energy. (Figure 12, 13, and 14) Reaction pathways for the hydroxylation on slab surface are also 

shown. (Figure 15 and 16). All visualizations were performed by Molden, Atomeye, and Ovito. 99 

3.2. Relationship between hydroxylation of SiO2 surface and local atomic strain energy 

3.2.1. Validation of the force field for strained Si-O bond hydrolysis 

 

Figure 3-1. Picture of strained Si dimer (left) and non-strained silica dimer (right) 
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Using DFT and ReaxFF, energy scan for the transition state was performed in order to 

Figure 3-2(a). Energy barrier for hydroxylation on non-strained Si dimer structure with the Fogarty force 

field. 

Figure 3-2(b). Energy barrier for hydroxylation on strained Si dimer structure with the Fogarty force 

field. 1 
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examine and compare how the reaction energy barrier for silanol formation varies with strained 

geometric conditions. As shown in figure 3-1, we prepared two geometries of a silica dimer: One 

has the 4-membered Si-O-Si-O ring structure with a high strained energy, and the other has only 

one bridge oxygen with relatively low strain energy. All DFT calculations were carried out using 

B3LYP functional with the 6-311G++G(d,p) basis set, and ReaxFF potential developed by J. 

Fogarty et al. 1 was applied to check the ReaxFF hydroxylation energy barrier.  

As a result, energy barriers calculated by previous Si-O-water interaction parameters 1 

were shown to be slightly insufficient when compared to DFT result. Figure 3-2(a) and 3-2(b) 

present the energy curves as a water molecule approaches one of Si atoms of the strained and 

non- strained silica dimer structure, respectively. Both hydroxylation reactions are initiated by 

adsorption of water molecule to a Si atom of dimer, and proton donation occurs to the bridge 

oxygen. Then, one of the Si-O bonds breaks, forming a system with 2 silanol groups.  As we can 

see in figure 3-2(a), the energy curve for a non-strained silica dimer correctly followed the energy 

Figure 3-3(a). Energy barrier for hydroxylation of the non-strained silica dimer structure for the SiO-2015 

force field. 
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curve from DFT. On the other hand, for strained Si-O ring structure, the energy barrier in figure 

3-2(b) for hydroxylation was underestimated when compared to that of DFT, indicating easier 

hydroxylation for strained structure, for the force field for Si-O-water interaction from J. Fogarty 

et al. 1  

  In order to improve the ReaxFF performance for the strained silica dimer, we added the 

two DFT energy curves for hydroxylation on the strained silica dimer, and non-strained silica 

dimer to the Fogarty et al. training set 1, and re-parameterized the force field, generating the SiO- 

2015 parameter set. The energy curve result for two hydroxylation reaction after force field 

optimization is shown in figure 3-3(a) and figure 3-3(b). After parametrization, hydroxylation 

energy barrier of new force field is about 31 kcal/mol for non-strained Si dimers, and 20 kcal/mol 

for strained Si dimer. Optmizied parameters are Si-O bond and off diagonal, Si-O-Si / O-Si-O / 

O-Si-Si angle, and H-O-H hydrogen bond parameters. In addition, as a future plan, force field 

Figure 3-3(b). Energy barrier for hydroxylation of the strained silica dimer structure for the SiO-2015 

force field. 
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training for hydroxylation energy barrier with 2 or more water molecules, and Na-SiO2 system is 

planned.  

3.2.2. Application to Silica Nanowire 

Figure 3-4(a). Silica nano rod in the 200 water molecules in the 30x30x30 Å 3 periodic box. Water 

density was 0.222 kg/dm3. 

 

Figure 3-4(b). Silica nano wire. Grey atoms are Si 

atoms, and Red atoms are Oxygens. 

Figure 3-4(c). Relative strain energy (kcal/mol) 

view of silica nanowire. Red atoms represent higher 

strained atoms, blue atoms mean lower strain 

energy ones. 
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As a test of the SiO-2015 force field, calculation of SiO2 nanowire and 200 water 

molecules were simulated to check the relationship between strain energy and formation of 

silanol in a smaller and simpler system. The silica nanowire structure of this research has also 

been used in previous studies. 100,101 System configuration is shown in figure 3-4(a). Figure 3-4(b) 

is the picture of silica nano wire, and figure 3-4(c) presents the strain energy of each atom in 

silica nano wire.  

The silica nano wire in our study, which was used in previous research to find the 

dependence of silica – water reaction 101, has distinctively strained region at the edge of structure. 

As seen in figure 3-4(b) and 3-4(c), the silica nanowire, which is non-periodic and hollow, 

consists of 36 silicon and 72 oxygen atoms. This nanowire’s top and bottom surfaces are opened 

to vacuum, thus creating a highly strained, Si-O-Si-O 4 membered ring structure at the edge. This 

type of four-membered ring structure is rare in real silica slab, but we used this model as a 

Figure 3-5(a). Silica nanowire after 650ps 

exposure at 400K temperature. 5 silanols are 

formed at the edge area. Green and blue atoms 

represents the O and H of the silanol.  

 

Figure 3-5(b). Silica nanowire, 500ps exposure 

at 700K temperature. All strained Si atoms at the 

edge sites are occupied by silanols.  
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representation highly strained geometry. of Figure 3-4(c) clearly shows the strained Si and O 

atoms at the edge area, represented by different colors with a relatively higher strain energy, 

while the atoms in the body are less strained. There are total 12 of Si atoms at the edge of the 

silica nano wire, which contains higher relative strain energy than other Si atoms do. Average 

relative strain energy of Si atoms in non-strained structure was 15.97 kcal/mol, while that of Si 

atoms in strained structure was 78.09 kcal/mol. The orthogonal periodic box has a volume of 3 

were performed by applying the Berendsen thermostat to all atoms in the system, with 100fs of 

temperature damping constant, and 0.1fs of timestep. System temperature was set from 300K to 

1500K, and simulations were performed at every 100K. The reason behind the choice of wide 

temperature range was, first, to check the behavior of water clusters as environment approaches 

the supercritical state of water vapor, and second, to reveal how the hydroxylation is influenced 

by high temperature. 1500K is high temperature, but reaction research on hydroxylation with 

water under supercirical condition is also crucial to various industries, such as power plant and 

reactor design, and processing of hazardous material. 102–104 The simulations were performed at 

100K temperature intervals, to distinguish the effect of different temperatures.  

Initial observation of MD simulation showed that the hydroxyl formation was initiated 

from the edge area. Figure 3-5(a) and 3-5(b) show the pictures of silica nano wire and Silanols 

formed at the edge of the Silica nano wire, in the 400K at 650ps and 700K at 500ps respectively. 

Clearly, hydroxyl formation occur preferably at the strained Si-O sites of silica nano wire, which 

implies that the approaching and adsorption of the water molecule also prefer the strained edge 

site of the silica nano wire. 

3.2.3 Reaction path for hydroxylation on the edge area of silica nano wire 
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As G. K. Lockwood et al. 65 observed  in a previous study using a dissociative potential, 

the hydronium ion plays an important role in the silanol formation reactions. Figure 3-6 describes 

Figure 3-6(d). 76.32ps after MD simulation.  

Formation of hydroxyl. H3O+ ion moved across the 

periodic boundary. 

 
Figure 3-6. Snapshots of hydroxylation reaction, involving the formation of hydronium ion at 400K. Grey 

atoms are Si, red atoms are O, white atoms are H, and blue atoms are O of hydroxyl.  

 

Figure 3-6(c). 76.265ps after MD simulation.  

Proton donation occurred.  

 

Figure 3-6(a). 76.21ps after MD simulation. 

Adsorbed water molecule at the edge Si of silica 

nano wire. 

Figure 3-6(b). 76.26ps after MD simulation. One of 

the H atom of adsorbed water molecule is attracted 

to nearby secondary water molecule 
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the process of hydroxylation at 400K, which includes the formation of a H3O+ ion. At 76.21ps  

(Figure 3-6a), a water molecule adsorbed to the Si atom of the edge of silica nano wire. At 

Figure 3-7(c). 195.375ps after MD simulation. 

Proton donation. 
Figure 3-7(d). 195.45ps after MD simulation. Si-O 

bond breaks, and SiOH formed. 

Figure 3-7. Snapshots of hydroxylation reaction, involving the dissociation of hydronium ion at 900K. All 

color settings of atoms are the same as figure 3-6 

 

Figure 3-7(a). 195.3ps after MD simulation. H3O+ 

approaches to bridge O. 

 

Figure 3-7(b). 195.37ps after MD simulation. One of 

the H of H3O+ is attracted to the bridge O of strained 

structure. 
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76.26ps (Figure 3-6b), a secondary water molecule closely approached the adsorbed water 

molecule. At 76.265ps (Figure 3-6c), proton donation was occurred. Finally, at 76.32ps (Figure 3- 

Figure 3-8(a). 121.76ps after MD simulation.  

Adsorption of water to Si. 

Figure 3-8(b). 121.815ps after MD simulation.  One 

of the H of adsorbed H2O is attracted to the bridge 

O of strained structure. 

Figure 3-8(c). 121.82ps after MD simulation.  

Proton donation. 

Figure 3-8(d). 121.87ps after MD simulation.  Si-O 

bond breaks, and two silanols formed. 

Figure 3-8. Snapshots of hydroxylation reaction, involving the dissociation of adsorbed water molecule at 

1500K. All color settings of atoms are the same as figure 6. Water molecules, unrelated with reaction, are 

removed for clarity. 
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6d), a H3O+ and a silanol were formed. The hydronium ion, generated in figure 3-6d, moved away 

from the hydroxyl group, forming a hydrogen bond network with other nearby water molecules 

and hydroxyls. This process creates unstable 5-coordinated Si, which easily forms new hydroxyl 

with nearby water molecules or hydronium ions, showing similar results with previous study by J. 

Kubicki et al. 105  

In addition, dissociation of hydronium ion was also a major route for silanol formation. 

Figure 3-7(a)-(d) show an example of H3O+ deprotonation path at 900K condition. At 195.3ps 

(Figure 3-7a), a H3O+ approaches Si-O-Si-O ring structure at the edge of the silica nano wire. At 

t=195.37ps (Figure 3-7b), one of the H+ ions of hydronium interacts with bridge oxygen of silica 

nano wire, which has a relatively high strain energy. At 195.375ps (Figure 3-7c), H3O+ 

deprotonates one of H+ to the O and become H2O. Lastly, at 195.45ps (Figure 3-7d), one of the 

Si-O bonds is elongated, forming a hydroxyl and H2O molecule as a product.  

Not only hydronium ions, but also water molecules can induced the hydroxylation 

reaction, especially at higher temperature, (typically T>1000K). Figure 3-8(a)-(d) present an 

example of the formation of silanol due to the direct dissociation of an adsorbed water molecule, 

which tends to be observed at higher temperatures in our simulations. At 121.76ps (Figure 3-8a), 

a water molecule was adsorbed on the Si atom at the edge area of silica nano wire. At 121.815ps 

(Figure 3-8b), one of the H atoms at the adsorbed water approaches the bridge oxygen, stretching 

O-H distance to 1.1 Å  ~ 1.2Å . At 121.82ps (Figure 3-8c), after H moves to the bridge oxygen, Si-

O distance increases to more than 2Å . At 121.87ps after simulation (Figure 3-8d), 2 hydroxyls 

were formed as one of the Si-O bonds dissociated.  

3.2.4. Analysis of hydroxyl formation with respect to different temperatures.   
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Our observations from the reaction pathways of hydroxylation imply that there is a 

relationship among temperature, water clusters, and the kinetics of hydroxyl formation. 

Accordingly, an analysis of the reaction path for hydroxylation was performed to reveal the 

connection among them.  Figure 3-9 shows the maximum number of silanols during each 

simulation. According to the figure 3-9, the maximum number of silanols during the simulations 

is not proportional to the temperature. Instead, the number of silanols shows the maximum 

number of 14 at 900K, 1000K, and 1100K, and minimum number of 5 at 400K. In 300K 

simulation, no silanol formation is observed. Based on our observation of reaction kinetics from 

900K to 1100K, 2 hydroxyls – 13th and 14th - are generated at the Si atom of body area of silica 

nano wire by proton donation from H3O+, only after all 12 strained Si atoms at the edge of the 

silica nano wire are fully hydroxylated.  

Figure 3-9. Maximum number of silanols during simulation for each temperature after 800ps MD 

simulation. 
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Figure 3-10(a). Si – Owater RDF at 300K, 400K, 500K, and 600K 

Figure 3-10(b). Si – Owater RDF from 700K to 1000K 
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To check how water molecules behave and interact with silica nano wire under various 

temperature conditions, the RDF between water and Si, and RDF among waters were calculated. 

Water-Si RDF was calculated from the RDF of Owater-Sinanowire, which is shown in Figure 3-10(a), 

3-10(b), and 3-10(c). Figure 3-10(d) shows the RDF among the water molecules.  

Figure 3-10(c). Si – Owater RDF from 1200K to 1500K 

Figure 3-10(d). RDF among water molecules 

 



30 

 

 

 

 

Temperature total 
H3O+ formation 

reaction 

Deprotonation from 

H3O+ 
H2O dissociation 

300K 0 0 0 0 

400K 5 3 (60%) 2 (40%) 0 

500K 12 6 (50%) 6 (50%) 0 

600K 12 6 (50%) 6 (50%) 0 

700K 12 6 (50%) 6 (50%) 0 

800K 12 6 (50%) 6 (50%) 0 

900K* 14 7 (50%) 7 (50%) 0 

1000K* 14 7 (50%) 7 (50%) 0 

1100K* 14 7 (50%) 5 (36%) 2 (14%) 

1200K 12 6 (50%) 4 (33%) 2 (17%) 

1300K 8 3 (38%) 3 (38%) 2 (24%) 

1400K 10 4 (40%) 4 (40%) 2 (20%) 

1500K** 8 3 (38%) 2 (25%) 4 (37%) 

Table 3-1. Different types of silanol formation reaction for different temperature. 

* From 900K to 1100K, silanol formation in the body area of silica nano wire was observed, by 

proton donation from H3O+ ion. 

** At 1500K, one of the silanol was restored to the H2O, by H3O+ + SiOH -> 2H2O reaction. 

 

According to the first peak of Owater-Sinanowire RDF data, (positioned at RSi-O around 

1.55Ǻ) at 300K and 400K (Figure 10a), water molecules hardly approach the Si atoms, resulting 

in no or a few water adsorption. Accordingly, the chance for the formation of silanols is lower 

than that in higher temperature condition. On the other hand, from 500K to 1100K (Figure 3-10a 

and 3-10b) a significant increase of the first peak of RDF is observed, which indicates a higher 

number of approaching of water molecules to the Si atoms. In addition, as temperature increases 

higher than 1200K (Figure 3-10c), the first peak of Owater-Sinanowire RDF decreases and overall 

curve is flattened. RDF among water molecules (RDF of Owater-Owater, Figure 3-10d) imply similar 
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trends with the RDF of Owater-Sinanowire. 300K water RDF presents the highest first peak, and 

existence of second and third peak, which suggests the strong hydrogen bond network among the 

water molecules. From 500K to 1100K of temperature, hydrogen bond network is weakened, as 

well as all peaks of RDF curves. After 1200K, because of the high velocity of the water 

molecules, all hydrogen bond networks are broken, and the curves are greatly flattened. These 

RDF data also supports the existence of optimal temperature ranges for the silanol formation, 

which was suggested in figure 3-9. 

Temperatur

e 

isolated 

water 
2 water 3 water 

>3 water 

cluster 

Mass of  >3  

water cluster 

(AMU) 

300K 17.8 3.4 - 9.7 3397.2 

400K 54.8 12.5 5.2 17.8 2101.5 

500K 95.7 17.4 5.8 17.0 1084.6 

600K 124.9 18.4 4.6 13.6 593.6 

700K 137.7 16.9 - 10.4 527.1 

800K 146.2 15.7 2.8 6.0 270.0 

900K 151.8 14.6 2.3 6.2 255.4 

1000K 154.6 14.1 - 7.6 334.9 

1100K 157.8 13.7 - 7.7 326.3 

1200K 159.4 13.3 - 8.2 334.2 

1300K 162.1 13.4 - 11.9 383.8 

1400K 163.1 13.3 - 12.3 392.6 

1500K 163.4 12.8 - 13.3 405.9 

Table 3-2. Average number of independent water and weakly bonded water clusters. Larger 

cluster ranges from 4 water to 20 water molecules. The mass of larger cluster is an averaged 

value.  

 

However, still, it is unclear how the reaction pathways of hydroxylation are related with 

temperature. To find this, we investigated how hydroxyls were formed with each temperature 

condition. Table 3-1 presents how silanols were formed during all simulations. Our observation 

indicated that all of reaction pathways generally followed the examples shown in figure 3-6, 3-7, 
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and 3-8. According to this data, the dominant pathways for silanol formation are strongly affected 

by temperature. Among three methods of hydroxylation, the majority of them are originated from 

the reaction regarding the hydronium ion. Especially, from 300K to 1000K of temperature ranges, 

all of the silanols are closely related with the formation and dissociation of the H3O+ ion. On the 

other hand, silanol formation due to the direct dissociation of a water molecule is observed only 

from 1100K and higher temperature range. In addition, its ratio becomes the maximum at the 

1500K, the highest temperature in our study. This unimolecular silanol formation path is due to 

strong vibration of O-H bond of adsorbed water molecules, facilitated by high temperature 

environment. Because of its rapid vibrational motion, once being adsorbed by silica nano wire, 

water molecules can donate their H atom to the bridge oxygen of silica nano wire more easily, 

compared to a lower temperature environment. 

To answer why the hydrolysis reaction pathways differ with respect to temperature, we 

analyzed the cluster of water molecules: how many water molecules established hydrogen bond 

interactions. 

Figure 3-11. Average number of isolated water molecules and water clusters 
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Table 3-2 contains the average number of isolated water, water clusters that consisted of 

two or three water molecules, and the larger clusters with many water molecules interacting in 

hydrogen bond networks. Using the xyz trajectories of water molecules and silica nano wire from 

each 800ps simulations, we run the single point MD simulations with a low bond order cutoff 

value of 0.1. This enables us to distinguish the hydrogen bond networks among water molecules 

from other chemical connections. Figure 3-11 shows the number of isolated water molecules, and 

number of water clusters. A water clusters consist of at least two water molecules.   

Observation from water cluster analysis (Table 3-2 and Figure 3-11) implies the existence 

of relationship between the hydroxylation mechanism, temperature, and water cluster. First, water 

loses its autocatalytic reaction at high temperature (>1200K), since the hydrogen bonding 

connections of water cluster are disrupted. Accordingly, the number of water dimers declined as 

temperature increases after 600K (Table 3-2), and the number of hydroxyls also declined (Figure 

3-9). This influences the pathway for hydrolysis reaction, as the ratio of dissociation of adsorbed 

water increased from 1100K (Table 3-1). Based on our observations of reaction path, (Figure 3-6 

and 3-7) hydrolysis reaction involving formation or dissociation of hydroxyl requires water 

dimers and neighboring waters to donate or to receive proton ions. In this case, the absence of 

water dimer structure induced the lack of hydroniums, which leads the increased number of 

hydroxylation by dissociation of water. This result is also presented in RDF data, showing the 

absence of second and third peak in water RDF curves at temperature greater than 1100K (Figure 

10d), and lower first peak intensity at Owater-Sinanowire RDF (Figure 10c). This RDF results also 

indicate the decreased number of water dimer structure at corresponding temperature range. 

Water dimer and large water cluster structures can survive and sustain their H-bond 

connections in the lower temperature range. According to the data from Table 3-2, at the 

temperature range from 500K to 1000K, the average number of water dimer structures was larger 
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than that at either lower or higher temperatures. This implies that water molecules in such 

temperature range established more sustainable hydrogen bond network, which offered stable 

supply of neighboring water molecules to donate or receive the proton. This results increased 

chance of hydrolysis reaction involving hydronium ions, as well as greater number of hydroxyls 

than that at extreme low- or high-temperature range (T < 500K or T > 1300K range) RDF curves 

for Owater-Sinanowire for temperature from 500K to 1000K (Figure 3-10a, and 3-10b) show a strong 

second peak around 4Ǻ, (g(r) > 1 at RSi-O ≈ 4.1 Ǻ), which suggests strong hydrogen bond network 

and neighboring water molecules. Meanwhile, the second peak of Owater-Sinanowire for high 

temperature (T>1200K) shows weaker intensity (g(r) < 1 at RSi-O ≈ 4.2 Ǻ), which means the 

dissociation of hydrogen bond networks, and water cluster connections.  

In addition, this observation may imply the possible existence of the optimum 

temperature range for the hydrolysis reaction, where the reactivity of water with silica structures 

is maximized at such temperature.  

3.2.5. Hydroxyl formation on amorphous silica surface: ReaxFF MD simulation results.  

To check how the silanol formation is influenced by atomic strain energy of local sites on 

the surface, we prepared an amorphous SiO2 slab with MD simulation.  

An amorphous SiO2 slab was fabricated from the orthogonal, high-density quartz super-

cell structure. The initial quartz crystal consists of 1722 atoms in a 29.478 × 34.038 × 50 Å 3 

periodic box, with an initial density of 2.174 kg/dm3. To develop an amorphous silica structure, 

we annealed the quartz slab from 1500K to 3500K, with 0.02 K/fs of temperature variation rate 

under NVT ensemble. After annealing, amorphous slab was in a 31.9 x 31.9 x 50 Å 3 periodic box.  
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The system for annealing was vacuum slab, so that the z-dir surface of slabs were 

exposed to vacuum during annealing MD simulation.  Figure 3-12(a) and 3-12(b) show the before 

Figure 3-12(c). Graph of potential energy and temperature with respect to time during annealing of 

quartz. A 0.002 K / iteration temperature ramp was used in these simulations. 

 

Figure 3-12(a). Quartz, before annealing 

 

Figure 3-12(b). Amorphous silica, after annealing 
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and after of annealing of SiO2 structure, and temperature and figure 3-12(c) is the graph of 

potential energy during the annealing progress.   

The overall density of the annealed slab was 1.88 kg/dm3, but the density of bulk region  

Figure 3-13(a). Density distribution of slab in depth direction per 1Ǻ 

Figure 3-13(b). Si-O-Si bond angle distribution of amorphous SiO2 slab.  
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was around 2.1 kg/dm3, which is close to density of silica glass, 2.203 kg/dm3. The density profile 

(Figure 3-13(a)) shows the density distribution in subsurface direction. In addition, Si-O radial 

distribution function (figure 3-13(c)) and angle distribution of the slab (figure 3-13(b)) were 

analyzed, to check the credibility of annealed amorphous silica. All properties match well with 

the previous research data, as shown in Table 3-3 and Figure 3-13. Figure 3-14 shows various 

topological analytical results of the surface of the annealed structure. Surface atoms were 

collected from slab, by selecting the atoms with the highest z-coordinate, for every 1x1 Å 2 grid on 

the surface of the slab. Then, atomic strain energy was calculated for selected surface atoms. 

According to these results, the under-coordinated atoms have higher atomic strain energy than 

other atoms on the surface do. Atomic strain energy of ReaxFF is the chemical strain energy, 

which is closely related with the atomic potential energy. ReaxFF calculates all partial energies 

for all atoms for every iteration.  

 

Figure 3-13(c). Si-O radial distribution of amorphous SiO2 slab.  
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Properties ReaxFF QM & Expr 

Bulk area density (g/cm3) 2.1 2.2 106,107 

Si-O RDF first peak (Å) 1.56 1.62 106,107 

Si-O-Si angle (degree) 151 144 106,107 

O-Si-O angle (degree) 110 109.5 106,107 

Table 3-3. Comparison of properties of the amorphous silica from ReaxFF and from literature. 

 

 Based on our observations on surface atoms, undercoordinated atoms generally were 

placed in strained geometric position, usually off from their equilibrium bond distance and bond 

angle. In addition, fully coordinated atoms with high strain energy, with stretched Si-O bond 

distance and distorted angle/torsions, were also good candidates for adsorption and hydrolysis 

reaction by water molecules.  

 To evaluate the reactivity of this amorphous silica surface to water, 200 water molecules 

with a density of 0.204 kg/dm3 were deployed between two surfaces of the amorphous silica in 

random positions, thus forming a water vapor layer of 15Å  thickness. The initial minimum 

distance among the molecules was maintained at 2.5Å  to prevent any overlapping. Then, the 

Figure 3-14. Surface atoms from of the amorphous silica slab, surface Si atoms, colored by strain energy, 

and surface O atoms, colored by strain energy, from left to right. Red color represents higher strain 

energy, blue color represents lower strain energy.  
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system was exposed to constant temperatures of 300K and 500 K with an NVT ensemble having 

100 fs of damping constant. After 200ps exposure to water molecules, we observed the formation 

of surface hydroxyl. The time variation of the hydroxyl number density for the simulation at 

300K and 500 K is shown in figures 3-15. Both simulations reached a steady state after 100ps 

(300K) and 160ps (500K). 

Similar to the simulation of silica nano wire with water, hydroxylation of a-SiO2 slab also 

favored atomically strained sites on the surface. Figure 3-16 and figure 3-17 show the relationship 

between silanol formation site and highly strained region of the surface. According to the results 

from both figures, the hydrolysis reaction clearly prefers the undercoordinated silicon atoms on 

the surface. The location of red-circled Si atoms of figure 3-16 and figure 3-17 indicates the 

relatively strained atoms than other atoms, and it matches well with hydroxyl formation sites. We 

observed that not only the undercoordinated atoms but also the fully coordinated atoms with high 

local strain energy are responsible for hydroxyl formation. 

Figure 3-15. Number of silanols on the slab surface during hydroxylation simulation at different 

temperatures. 
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Under 300K and 500K conditions, hydroxylation pathway on the a-SiO2 slab was also 

similar with silica nano wire case: H3O+ ions participated the hydrolysis reaction. Figure 3-18 

shows the formation of silanol and hydronium molecules on the surface of the amorphous SiO2 

slab, and proton donation from the hydronium molecules by the hopping process. The proton ions 

in our simulation approximately survives less than 100fs of time, according to averaged lifetime 

of all protons during our simulations. The most probable destination of hydrogen ion was a 

neighboring water molecule forming another hydronium, thus experiencing a proton hopping 

process. At 26.57ps (Figure 3-18a), hydroxylation starts from the adsorbed water molecule. At 

26.66ps (Figure 3-18b), adsorbed water molecule donates its proton ion to the nearby water 

molecule. At 26.665ps (Figure 3-18c), hydronium ion formed. At 26.95ps (Figure 3-18d), 

hydronium is dissociated and one H atom migrates to the next water molecule, closely placed by 

hydrogen bond network. After successive hopping, proton forms another silanol, forming 

hydroxyl on the surface.  

Figure 3-16. Vertical view of amorphous SiO2 surface after 300K simulation. Red atoms are Si atoms of 

hydroxyls (Left). Strain energy view of surface Si atoms after 300K hydroxylation simulation. (Right) Red 

circles represents the position of silanols. Si atoms with relatively high strain energy are generally become 

the Si of surface hydroxyl. 
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In addition, we observed that the donation of a proton to the bridge oxygen atom at 

surface is also related to the strain energy of the oxygen atom. Due to prolonged Si-O bonds on 

the amorphous surface, related Si and O atoms on such sites have higher strain energy, which 

creates a favorable environment for water and hydronium to donate their protons. Figure 3-19 

shows the relationships between the hydroxyl formation site and the strained oxygen atom 

contour of the surface. At 9.83ps (Figure 3-19a), hydronium approached close to the surface. At 

9.875ps (Figure 3-19b), proton migrated to the strained Si-O-Si structure on the surface from 

H3O+ ion. At 9.88ps (Figure 3-19c), Si-OH-Si structure was formed. Based on our observation, 

Si-OH-Si structure was very unstable, so that its survival time was within ~50 fs maximum. 

Subsequently, at 9.925ps after simulation (Figure 3-19d), this structure was dissociated into a 

single silanol and an undercoordinated Si atom, which becomes a new favorable site for 

additional hydroxyl formation on the surface. 

 

Figure 3-17. Vertical view of amorphous SiO2 surface after 500K simulation. Red atoms are Si atoms of 

hydroxyls (Left). Strain energy view of surface Si atoms after 500K hydroxylation simulation. (Right) Red 

circles represents the position of silanols. Number of hydroxyls are increased when compared to 300K case, 

and all of them follows the position of relatively high strained surface Si atoms.   
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Figure 3-18(a). 26.57ps after simulation. Adsorbed 

water on a strained silicon structure. (Red circle) 

Bright grey shows Si, red atoms are O, white atoms 

are H, blue atoms are O of water, and green atoms 

are H of water 

Figure 3-18(b). 26.66ps after simulation. Donation 

of proton to the nearby water molecule. (Red circle) 

 

Figure 3-18(c). 26.665ps after simulation. 

Hydronium formation. (Red circle) 

 

Figure 3-18(d). 26.95ps after simulation. Proton 

hopping to other water molecule. (Red circle). 
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Figure 3-19(a). 9.83ps after simulation. 

Hydronium inside the water phase. Repeated color 

scheme with figure 4-18 

Figure 3-19(b). 9.875ps after simulation. Proton 

donation from hydronium to a high-strained surface 

bridge oxygen. 

Figure 3-19(c). 9.88ps after simulation. Unstable 

Si-OH-Si structure. 

 

Figure 3-19(d). 9.925ps after simulation. One of Si-O 

bond breaks, forming single silanol on the surface 
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Chapter 4  

Molecular dynamics simulations of friction in amorphous silica surfaces 

4.1. Introduction  

The simulation results will be discussed in three sections. As representative 

examples, Section 1 discusses specific tribochemical reactions taking place at the sliding 

interface for three cases: (i) sliding at 700 K without water (Figure 4-2), (ii) sliding at 

500K in the presence of 20 water molecules initially (Figure 4-3), and (iii) sliding at 

300K in the presence of 100 water molecules initially (Figure 4-4). Section 2 discusses 

the overall mass transfer across the interface and energetics of the system during the slide 

for 1 ns (Figures 4-5 – 4-8), which vary depending on the interplay of tribochemical 

reactions induced by mechanical shearing. Section 3 elucidates the dynamic processes 

(Figures 4-9 and 4-10) and potential energy changes (Figure 4-11) as well as wear of the 

surfaces (Figure 4-12) upon separation of the interface after sliding for 1 ns.  

4.2. Friction simulation of amorphous SiO2 surface under various environments 

4.2.1. System preparation and simulation conditions 
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In previous experimental studies, counter-surfaces rubbing against a silicon wafer were 

either amorphous SiO2 spheres with a 1~2 µm diameter attached to AFM cantilevers or 

macroscopic silica balls (a few mm in diameter). 25,26,108 In the AFM study with silica spheres, the 

Hertzian contact diameter is on the order of 10 nm; the contact diameter in the macroscale ball-

on-flat tribo-test is even larger (typically, >10~100 µm). Thus, we decided to mimic the 

experimental contact geometry using a slab-on-slab geometry (slab size = 3.2 nm wide). This also 

made it easy to control the number of water molecules confined within the sliding contact under 

periodic boundary conditions. When we attempted simulations with a ball-on-slab geometry (ball 

diameter = 1 nm and slab size = 3 nm) in the presence of 1 water molecules in the surrounding, 

the contact size was too small so that most water molecules remained outside the sliding contact.   

Figure 4-1. Configuration of systems for the ReaxFF MD simulations of mechano-chemical wear of silicon 

oxide surfaces. The number of interfacial water molecules is varied, from left to right, 0, 20, 50 and 100. 
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The ReaxFF force field used in our simulation was the one developed by Fogarty et al.,1 

which is currently the best ReaxFF potential for the Si/O/water interaction. An NVT ensemble 

with a Nose-Hoover thermostat was used for all MD simulations. To build an amorphous SiO2 (a-

SiO2) slab, a quartz crystal was melted and annealed at 3000K and then cooled to 300 K. A native 

oxide layer on a Si(100) surface was created by oxidizing the Si(100) surface by reacting with 

300 oxygen molecules at 300K for 400 ps through ReaxFF-MD simulations with 100fs 

temperature damping constant. After the oxidation reaction, a 0.5~0.6 nm thick oxide layer was 

Figure 4-2(b). Tracking of number of hydroxylation on the surface of 

Si (100) and a-SiO2 

 

Figure 4-2(a). Tracking of oxidation state of Si(100) crystal slab 
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formed on the Si(100) surface, which was comparable with the previous simulation results.109 

Both a-SiO2 and oxidized-Si(100) surfaces were hydroxylated by reacting with 300 water 

molecules at 300K in NVT MD simulations. At the end of the simulation, the number density of 

the surface silanol groups reached a steady state. Figure 4-2(a) and 4-2(b) represents the state of 

oxidation of Si(100) surface, and degree of hydroxylation for both slab.  

 Figure 4-1 represents the simulation setup for the tribochemical reactions occurring at 

the sliding interface of the a-SiO2 slab and the oxidized-Si(100) slab. The size of periodic box for 

simulation was 3.19  3.19  7.0 nm3. ReaxFF-MD simulations of tribochemical reactions were 

carried out in the following four steps: (i) vertical compression, (ii) equilibration, (iii) lateral slide 

at a speed of 10 m/s for 1 ns, and (iv) vertical separation at a speed of 20 m/s for 100 ps. 

Mimicking the previous AFM studies, 25,26,108 a normal load applied to the top rigid body along 

the z-axis direction was maintained at 1 GPa during the simulation. The top rigid body region 

moved at a 0.01 nm/ps velocity along the x-axis direction. The bottom rigid body of the oxidized-

Si(100) slab was fixed stationary.  

The effects of water on tribochemical reactions were studied by adding 20, 50, and 100 

water molecules into the space between two slabs (Figure 4-1). In our simulation dimension, 100 

water molecules corresponded to about a full coverage of the surface. To test the effects of 

thermal activation on the wear process, simulations were carried out at three temperatures: 300K, 

500K, and 700K. All MD simulations used a time step of 0.25 fs, and temperature damping 

constant was 100 fs, under the NVT ensemble and Nose-Hoover thermostat. Snapshot pictures of 

ReaxFF-MD simulation steps were produced using OVITO. 99 

4.2.2. Tribological reactions at the sliding interface 
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In order to reveal the detailed reaction paths of tribochemical reactions occurring at the 

sliding interface, we monitored bond dissociations and formations of specific atomic species as a 

function of sliding time. Figure 4-3 shows chemical changes of a Si atom of the a-SiO2 surface 

(marked with A in Figure 2) under dry condition at 700 K. Initially, it is terminated with one 

silanol group (SiA-O4H). After 10 ps sliding, the SiA-O3 bond is dissociated and the SiA atom 

Figure 4-3. Snapshot views of reactions involving a hydroxylated Si atom (A) of the a-SiO2 surface and 

hydroxyl groups of the hydroxylated Si (100) surface in the absence of water at 700K. The sliding time is 

shown in each frame. Large solid circles marked with letters and numbers are the atoms involved in 

reactions being monitored in the series of snapshots. Small transparent circles are the atoms that are 

discussed in the figure. Black solid lines are periodic boundaries. 
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forms a covalent bond with an oxygen atom (OB) of the oxidized Si(100) surface. The O3 atom, 

dissociated from SiA of the a-SiO2 slab, is bonded to a silicon atom in the oxidized Si(100) slab. 

At 40 ps, it can be seen that the O2 atom is dissociated from SiA and bonded to another Si atom in 

the oxidized-Si(100) surface. The SiA species is temporarily left in an under-coordinated state. At 

70ps, the under-coordinated SiA species of the a-SiO2 surface reacts with another oxygen (OC) of 

the oxidized-Si(100) surface. Through these sequential steps, the upper a-SiO2 surface and the 

lower oxidized-Si(100) surface are now connected or bridged via SiA-OB, SiA-OC, O2-Silower, and 

Figure 4-4. Snapshot views of reactions of an oxygen atom (1) of a water which eventually forms a 

covalent bond bridging the a-SiO2 surface and the oxidized Si (100) surface. The system temperature is 

500K and the initial amount of water is 20 molecules in the system. The sliding time is shown in each 

frame. The color codes in the figures are the same as Figure 4-2.   
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O3-Silower. Note that the SiA-O4H silanol group still remains intact at 70 ps; but later it also 

dissociates and forms another covalent bond with an oxygen atom of the lower slab. These 

“bridge” bonds are continuously formed across the sliding solid surfaces over the entire sliding 

duration.   

When water molecules are present at the sliding interface, additional chemical reactions 

can take place. A series of chemical reactions involving an oxygen atom of a water molecule 

(marked as H2-O1-H3) at the a-SiO2/oxidized-Si(100) interface are illustrated in Figure 4-4. At 

160 ps after sliding, this water molecule donates a hydrogen (H3) to the nearby oxygen atom and 

Figure 4-5. Snapshot views of reactions involving a hydroxylated Si atom (A) of the a-SiO2 surface and 

hydroxyl groups of the hydroxylated Si (100) surface in the presence of 100 water molecules at 300K. The 

sliding time is shown in each frame. The color codes in the figures are the same as Figure 4-2. 
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forms a covalent bond with the SiA atom, becoming a hydroxyl group (SiA-O1H) of the a-SiO2 

surface. At 210 ps, this hydroxyl group migrates to the SiB atom of the oxidized-Si(100) surface, 

leaving the SiA atom under-coordinated. At 320 ps, the O1 atom donates H2 to the other O atom in 

the oxidized-Si(100) surface, and forms a covalent bond again with the SiA atom, forming a SiA-

O1-SiB bridge bond across the interface. Thus, interfacial water molecules between the a-SiO2 and 

oxidized-Si(100) surfaces can provide additional reaction channels to form the bridge bonds 

across the interface.  

On the other hand, the presence of a large amount of water molecules can interrupt the 

interfacial bridge bond formation. Figure 4-5 depicts snapshots of simulations carried out with 

100 interfacial water molecules at 300K, where a Si atom is transferred from the upper slab to the 

lower slab but the bridge bond is not formed. At 10 ps of sliding, the SiA atom of the a-SiO2 

surface has one hydroxyl group (SiA-O4H) and its three oxygen atoms (O1, O2, O3) are bonded to 

other silicon atoms of the a-SiO2 surface. At 250 ps, two of these siloxane bonds (O1, O2) are 

broken and replaced with hydroxyl groups (O1H, O2H) through reactions with neighboring water 

molecules. At 320 ps, the SiA atom transfers one of the hydroxyl groups (O4H) to another silicon 

atom of the oxidized-Si(100) surface, and establishes a new interfacial O3-SiA-OB bridge bond. At 

390 ps, the O3 atom is dissociated from the SiA atom and transferred to another silicon atom of the 

a-SiO2 surface as a hydroxyl group; at the same time, an oxygen from the oxidized-Si(100) 

surface reacts with the SiA, forming a SiA-OC bond. At this point, the SiA atom is completely 

transferred from the a-SiO2 surface to the oxidized-Si(100) surface, forming two siloxane bonds 

(SiA-OB, and SiA-OC) and germinal hydroxyl groups (SiA-O1H and SiA-O2H).  

4.2.3. Interfacial mixing during the slide for 1ns 
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The tribochemical reactions described in Section 1 occur simultaneous at multiple places 

during the entire sliding period. This leads to interfacial mixing of Si, O, and H atoms at the 

sliding interface. To distinguish the transferred atoms from the unaffected atoms and calculate the 

total amount of cross-interface mixing, we followed the trajectories of all atoms using the 

connectivity analysis. If any atoms were detached from the original slab, then they were counted 

as the transferred atoms, and their positions were tracked. The total amount of transferred atoms 

varied with the system temperature and the amount of interfacial water molecules. 

Figure 4-6 shows the large area view of the sliding interface containing 20 water 

molecules at 250 ps, 500 ps, 750 ps, and 1 nm after sliding. In this sequence of pictures, it can be 

clearly seen that many atoms of each side are moved and transferred to the opposite side. The 

largest motions can be seen for oxygen atoms transferred from the a-SiO2 surface to the oxidized-

Figure 4-6. Mixing of atoms across the interface during the slide in the presence of 20 water molecules at 

500K. The sliding time is shown in each frame. The color codes in the figures are the same as Figure 2. The 

Si and O atoms dissociated from their original solid surfaces and transferred to the opposite solid surfaces 

as well as the O and H atoms dissociated from H2O are presented as solid enlarged circles. 
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Si(100) surface (large red circles in Figure 4-6). This results in slight increase in the overall 

oxidation of the Si(100) surface. The dissociation of interfacial water molecules compensates the 

oxygen loss in the a-SiO2 side, resulting in formation of hydroxyl groups (large green circles in 

Figure 4-6).  

The dissociation rate of interfacial water is sensitive to the system temperature. The 

number of water molecules remaining intact during the course of sliding simulation is plotted in 

Figure 4-7(a). As presented in figure 4-7(a), the number of water molecules were declined during 

the sliding. Water molecules were hydroxylated, or dissociated to O and H atoms, and adsorbed 

Figure 4-7(a). Number of water molecules during sliding.  

Figure 4-7(b). Number of silanols during sliding.  
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into both slabs. In addition, we observed the formation of small amount of water molecules 

during the sliding under no water condition for all temperatures. These water molecules are 

originated from surfaces hydroxyls, from dehydroxylation and collision. At 300K and 500 K, the 

dissociation rate is slow initially and then accelerated gradually. This acceleration seems to 

correlate with the progress of the interfacial mixing. Later, as the amount of molecular water 

decreases substantially, the water dissociation rate decreases gradually. In contrast, at 700K, 

water molecules dissociate fast as soon as the sliding starts. This data implies that thermal energy 

at 700K is high enough to facilitate or assist tribochemical reactions.  

The initial amount of interfacial water molecules in the system affects the degree of 

surface hydroxylation during the sliding, in Figure 4-7(b). In figure 4-7(b), we tracked the 

number of surface hydroxyls. The results from the simulations under dry condition showed 

Figure 4-8.  Mixing of atoms across the interface during the slide in the presence of 100 water molecules at 

300K. The sliding time is shown in each frame. The color codes in the figures are the same as Figure 4-6. 
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deceasing number of hydroxyls regardless of temperature. Simulations with 20 water molecules 

also presented small decreases in silanols. Simulations with 50 water molecules showed the 

trends of weak increasing number of silanols. In the case of 100 water molecules, the number of 

hydroxyls kept increasing during the sliding at all temperature conditions tested. For all cases, no 

Si(OH)4 molecules were observed. This is because both slabs were closely adhered to each other 

under 1GPa of downward pressure. In addition, as the temperature increases, the rate of 

hydroxylation was increased. This tendency became more prominent at 700K with 100 water 

molecules.  

Figure 4-9. Total amount of interfacial mixing, as a function of number of water molecules and system 

temperature, occurred after sliding at a speed of 10 m/s for 1 ns. The applied normal load is 1 GPa. 

 



56 

 

 

 

 In the absence of water molecules, the number of surface hydroxyl groups decreases. 

This decrease is faster at 700 K, compared to the 300 K and 500 K cases. When 20 water 

molecules are added in the sliding interface, the decrease in hydroxyl group density is slower 

since the dissociation of water molecules result in production of hydroxyl groups. When the 

interfacial water loading is increased to 100 molecules (enough to form a full coverage of the 

surface), then the total OH groups at the interface increases slightly at 300 K and 500 K, and 

significantly at 700 K.  

The presence of large amounts of water molecules sufficient to cover the entire sliding 

interface resulted in a decrease in the atomic mixing across the interface. Figure 4-8 shows the 

snapshots of the sliding interface at every 250 ps for the system containing 100 water molecules 

at 300 K. Compared to Figure 4-6, the amount of transferred oxygen atoms (large red and cyan 

circles in Figure 4-8) is greatly reduced and a substantial increase in the hydroxyl group 

concentration is noted (large green circles in Figure 4-8).  

Figure 4-9 compares the total amount of atoms transferred from one surface to the other 

after sliding for 1 ns. Several interesting trends are noted in this plot. In the absence of interfacial 

water molecules, the degree of atom transfer increases as the system temperature increases. This 

trend indicates that the atom transfer process is facilitated by the increase in thermal energy of the 

system. In other words, the atom transfer across the interface is an energetically activated process. 

At 300 K and 500 K, when less than one monolayer of interfacial water molecules (20 and 50 

H2O molecules in Figure 4-9) are added, the overall mixing or atom transfer across the interface 

is increased. This must be due to additional reaction pathways facilitated or provided by the 

presence of water (Figure 4-4). This tendency of mixing also matches well with previous 

prediction, 110 which simulated the role of water molecules not only to build hydrogen bond 

network, but also initiates strong siloxane bonds across the surface.  
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However, when the interfacial water amount is increased large enough for full coverage 

of the sliding interface (100 H2O molecules in Figure 4-9), the interfacial atom transfer is 

substantially decreased at 300 K and 500 K. In the presence of large number of water molecules, 

the atom transfer reaction has a higher probability to lead to highly hydroxylated surface state 

than forming covalent bonds bridging two solid surfaces (Figure 4-5). Also, unreacted water 

molecules (Figure 4-7(a)) can act as a spacer preventing surface hydroxyl groups of the solid 

surfaces from reacting each other.   

The effects of interfacial water molecules on atom transfer at 700K seem different from 

those at 300 K and 500 K (Figure 4-9). The degree of interfacial atom transfer is reduced as soon 

as a small amount of water is introduced to the sliding interface. At 700 K, the water molecules 

are readily dissociated as soon as the sliding is started (Figure 4-7(a)), which is different from the 

lower temperature cases (300 K and 500K as shown in Figures 4-7(a)) where the dissociation of 

water molecules is slow in the first 100 – 300 ps and then facilitated as the sliding continues. 

Figure 4-10. Potential energy change during the sliding of the a-SiO2/oxidized-Si(100) interface system 

containing 0, 20, 50, and 100 water molecules at 300K, 500K, and 700K. Higher temperature shows 

smooth and declining potential energy curves, while lower temperature shows numerous peaks and 

increasing tendency of potential energy.   
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Again, this implies that the thermal energy at 700 K is high enough to assist the water 

dissociation reaction even before the solid surface is substantially sheared creating reactive sites. 

Figure 4-10 shows the changes in potential energy during the sliding at each temperature 

with different amounts of interfacial water molecules. At 300K, the system energy increases as 

soon as the sliding starts and then reaches a steady state after ~500 ps. When 20 and 50 water 

molecules are present at the beginning, the system energy remains almost unchanged for ~200 ps 

and then increases rapidly in the next ~200 ps period. This implies that intact water molecules 

could delay the shear-induced interfacial atomic mixing for a while; but, as soon as the water 

dissociation is initiated (Figure 4-7(a)), the atom transfer process is facilitated. In the presence of 

100 interfacial water molecules at 300K, the overall increase of the system potential energy is 

much smaller. This could be attributed to the lower degree of interfacial atom transfer at this 

condition compared to the 20 and 50 H2O molecule cases.  

At 500 K with 20 and 50 water molecules, the system energy increases slightly during the 

first half of the sliding period and then decreases gradually. When the water amount is increased 

to 100 molecules, then the system energy decreases from the beginning of the slide. At 700 K, the 

system energy decreases continuously in all cases. This difference from the 300 K case must be 

due to thermal activation and relaxation of the intermediate species formed by interfacial shear. 

The large fluctuation of the system energy in a short time (<10 ps) scale also supports this 

interpretation.  

 

 

 

4.2.4. Separation of the interface after sliding for 1 ns 
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Since the ReaxFF-MD simulations were carried out with the slab-on-slab geometry with 

periodic boundary conditions along the x- and y-directions, the only way to estimate the quantity 

relevant to the mechanochemical wear measured experimentally was to separate the interface 

vertically after the sliding. Figure 4-11 shows snapshots of the vertical separation process at a 25 

ps interval for the 500 K system after sliding for 1 ns in the absence of interfacial water 

molecules. At 25 ps, the two solid surfaces still share intimately mixed interface. At 50 ps, two 

solids start to physically separate and there is a low atomic density region between two solids. It 

is interesting to note that above this low-density region, substantial amounts of silicon and 

oxygen atoms originating from the oxidized-Si(100) surface are adhered or transferred to the top 

a-SiO2 surface. At 75 ps, there are many Si-O-Si inter-connected chains or strings being stretched 

by the two solids surfaces. It should be noted that this could be an artifact caused by the fast 

separation rate (20 m/s). If the vertical separation rate is much slower (for example, less than 1 

m/s), then the surface atoms would have much longer time to relax or restructure; thus, the 

Figure 4-11. Snapshot views of the vertical separation at a 20 m/s speed for 100 ps after sliding for 1 ns in 

the absence of water molecule at 500K. The separation time is shown in each frame. The color codes in the 

figures are the same as Figure 2. 
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number of chains or strings being pulled during the vertical separation process is expected to be 

smaller at a slower separation rate. In any case, the separation and chain-pulling dynamics of the 

interface would strongly depend on the atomic mixing across the interface during the sliding 

(Figures 4-6 and 4-9). The interfaces slid in the presence of 20 and 50 water molecules at 300 K 

and 500 K also showed large amount of Si-O-Si chains during the separation. 

Figure 4-12 pictures the separation process at the same 25 ps steps for the case at 500K 

with 100 interfacial water molecules. Unlike the no water case (Figure 4-11), the low atomic 

density region can be noticed even at 25 ps. At 50 ps, two surfaces are already almost completely 

separated and there are no Si-O-Si chains or strings connecting the a-SiO2 and oxidized-Si(100) 

surfaces. This is mainly because the interfacial atomic mixing is negligible when 100 water 

molecules are involved and the system temperature is low (Figures 4-8 and 4-9). At these 

conditions, the sliding interface is highly hydroxylated.  

Figure 4-12. Snapshot views of the vertical separation at a 20 m/s speed for 100 ps after sliding for 1 ns in 

the presence of 100 water molecules at 500K. The separation time is shown in each frame. The color codes 

in the figures are the same as Figure 2.  
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Potential energy changes during the vertical separation at a 20 m/s speed are plotted in 

Figure 4-13. In the first 10 – 15 ps, the potential energy of the system decreases in an oscillatory 

fashion. This is due to the relief of the compressive stress (1 GPa) and tangential shear (10 m/s) 

applied to the interface. After this period, the potential energy of the system increases as the Si-O-

Si chains are stretched, and decreases as the Si-O-Si chains bridging two surfaces are broken 

upon further increase of the distance between two surfaces. It is noted that in the case of 100 

interfacial water molecules, the potential energy increase is much smaller. Again, this is due to 

the lack of interfacial mixing during the sliding and stretching of Si-O-Si chains during the 

separation. The slow decrease in potential energy after 50 ps is due to the structural relaxation of 

the two separated surfaces.   

Figure 4-13. Changes in potential energy of the system during the separation, for the systems of 0, 20, 50, 

and 100 water molecules at 300K, 500K, and 700K.  
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Since ReaxFF-MD simulations were done in the NVT ensemble, there is no mass loss 

from the simulation box. The amount of wear that can be related to experimental data could be 

defined by the amount of atoms displaced or removed from the original surface after the vertical 

separation of the two surfaces by 2 nm (100 ps at a 20 m/s speed). Again, the atom connectivity 

algorithm was used to calculate the amount of atoms dissociated from their original solid surface. 

The calculation results are plotted in Figure 4-14. When there were Si-O-Si chains still bridging 

two solid surfaces, a half of their mass was included in the removed mass and the other half was 

considered as the error of the calculation (plotted as error bar in Figure 4-14).   

The data summarized in Figure 4-14 reveals many interesting trends for the consequences 

of tribochemical reactions occurred during the sliding of the a-SiO2 surface against the oxidized-

Figure 4-14. Total amount of atoms displaced from their original surfaces after 

sliding at a speed of 10 m/s for 1 ns followed by vertical separation at 20 m/s for 

100 ps. The applied load normal to the surface was 1 GPa.  
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Si(100) surface at various temperature and interfacial water conditions. In the dry sliding case, 

ReaxFF-MD simulations indicate substantial amount of wear of the silicon substrate. This result 

is consistent with the experimental data observed in the macroscale ball-on-flat tribo-test. 111 

However, this result is not in agreement with the nanoscale AFM test results. 44 It should be noted 

that the AFM test is more susceptible to a trace amount of organic contaminants present at the 

solid surface. Also, the sliding speed in the AFM test is extremely slow (on the order of 10-8 – 10-

5 m/s); so the relaxation dynamics of the mechanically sheared interface might be different. We 

have attempted simulations for the 1 m/s speed for the interfacial shear in the dry condition. The 

simulation results were very similar to the 10 m/s speed case shown in this paper; but, the 

simulation time took 10 times longer. Simulating extremely slow sliding speed is still challenge 

in MD simulations. 112  

As interfacial water molecules are introduced, the wear of the silicon wafer is increased. 

This is congruent with both nanoscale AFM and macroscale ball-on-flat tribo-tests. 23,25,44  

However, the shear-induced tribochemical reaction dynamics are much more complicated than 

the simple schematic mechanism proposed in the previous AFM study. 24,108 ReaxFF-MD 

simulations reveal that the atom transfer across the sliding interface takes place readily during the 

sliding. This atomic mixing process is enhanced in the presence of sub-monolayer of interfacial 

water molecules in the sliding interface, resulting in more wear. The exception from this trend is 

the 700 K case, where the thermal energy is already high enough to drive large amounts of 

interfacial atom transfer reactions even in the absence of water molecules. The presence of small 

amounts of interfacial water molecules can enhance atom transfer or mixing process (Figure 4-9), 

and so does wear (Figure 4-14), since they can provide additional reactions leading to the 

formation of covalent bonds bridging two solid surfaces.  
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When the amount of interfacial water molecules is increased large enough for full 

coverage of the sliding interface, then the shear-induced atom transfer reactions are accompanied 

with water dissociation and surface hydroxylation reactions. Thus, the connectivity between the 

a-SiO2 and oxidized-Si(100) surfaces is reduced (Figure 4-8), which results in the significant 

reduction of wear (Figure 4-14). This simulation result explains well the experimental 

observation made with AFM – reduction of wear at high humidity or in liquid water. 25  

It is interesting to note that in macroscale ball-on-flat wear tests for soda lime silica glass, 

the wear was observed to decrease as relative humidity was increased. 29,113 This observation 

appears to be consistent with the current ReaxFF-MD simulations. However, it should be noted 

that the current simulations does not include sodium ions; 114 more thorough and realistic 

simulations for tribochemical reactions of soda lime glass requires the formulation of a 

Na/Si/O/H force field, which is not currently available and beyond the scope of this study.  
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Chapter 5  

Development of a ReaxFF description for fluorine etching 

5.1. Introduction to force field development 

The quality of the parameters in the force field is critical, since it determines the overall 

accuracy of result of simulations. It is essential to check and validate the credibility of the force 

field before we start any meaningful simulation by training and validating against DFT or any 

level of quantum mechanics calculation. If the force field fails to predict the expected value, then 

the parameters of the force field should be fitted with experimental and QM results using a 

training set. Typically, this training set contains bond dissociation / angle / torsion energies, 

equation of state, heat of formation and energy relations for important species, reaction barrier 

and reaction pathway, and transition state results.  

 The parameters of the force fields are optimized with continuous single-parameter search 

algorithm. 115 The error function for the training set, to minimize the error values between 

ReaxFF value and QM value, is shown in equation 3.1  

                                 Error = ∑ (
Xi,QM− Xi,ReaxFF

σi
)

2
n
i , i = 1, 2, 3... n                                  (3.1) 

 Where the Xi,QM is the any energy or values from experiment / quantum mechanics 

software, while the Xi,ReaxFF is the values from ReaxFF calculation. σi is the weight value assigned 

to each data point. Experimental or quantum mechanics data for force field training are usually 

gathered from literature and papers, or obtained from research collaborators, or calculated by 

using QM softwares. Typically, well trained parameters of ReaxFF should reach the comparable 
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level of energy values when compare to QM or experimental values, within 2 kcal/mol for 

important heat of formation or energy curves / relations, and 5 kcal/mol for general reaction 

barriers. 

5.2. Force field optimization of Si/F parameters 

In order to accurately predict the Si- F interactions during etching simulations, based on 

previously developed water branch force field developed for silica - water reactions, 1 we trained 

the several important reaction relations for Si-F system. We trained the bond dissociation, off-

diagonal, angle parameters in the SiF4 and Si2F6 molecular structures, as well as 1fold, 2fold, and 

4fold SiF energies of a Fluorine atom on Si(100) surface. We also included the DFT data for the 

SiF, SiF2, SiF3 on the reconstructed Si 001 surface, and the heat of formation for SiF4, SiF5 to 

correctly describe the product of etching reaction on the silicon / silica surface. The parameters 

we trained are the Si-F sigma bond and off diagonal, F-Si-F angle, F-Si-Si angle, F-Si-Si-F and F-

Si-Si-F torsions.   

 Figure 5-1 shows the energy curve for bond dissociation of Si-F from SiF4, F-Si-F angle 

from SiF4, and F-Si-Si angle from Si2F6. Used DFT values are calculated from commercial DFT 

software, Jaguar, using B3LYP functional and 6-311G ** basis set, following previous DFT level  
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(a) Si-F bond dissociation energy (b) F-Si-F angle 

  

(c) F-Si-Si angle (d) Si-F bond dissociation in SiF5 

  

(e) F2 approach 1: Si-F2 bond on the surface (f) F2 approach 2: Si-F2 bond on the surface 

Figure 5-1. Energy curve for (a) Si-F bond dissociation, (b)F-Si-F angle, and (c)F-Si-Si angle, and (d) Si-F 

overcoordinated dissociation energy in SiF5. (e) SiF2 formation on the surface 1, F2 approach from edge, (f) 

SiF2 formation on the surface 2, F2 approach from center. Si-F bond energy and F-Si-F valence angle 

energies are calculated from SiF4, while F-Si-Si angle used Si2F6 molecule.   
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Si-F reaction energy studies. 79,81 Table 5-1 represents the reaction energy relation and heat of 

formation for Si-F related system. Figure 5-2 shows the geometries for the Si-F training set.  

We found that ReaxFF successfully follows the energy relations and energy curves from DFT 

value for the most of the cases. Since too stable SiF5 formation was a major problem of previous 

Si/F ReaxFF parameter sets, its energy curve and energy relations regarding SiF5 has been 

intensively trained, allowing ReaxFF to correctly calculates the formation of SiF4, and suppress  

Geometry relation ReaxFF (kcal/mol) QM or expr. (kcal/mol) 

Heat of formation of SiF4 -384.7 -386 116 

Heat of formation of SiF5 -24.5 -22.31 

1fold F on Si(100) 115.3 109.5 

2fold F on Si(100) 48 34.1 

4fold F on Si(100) 79.1 72.4 

SiF2 on Si(100) surface Si 602.7 641.4 

SiF3 on Si(100) surface Si 1000.7 1005.1 

Table 5-1. Various energy relation comparison between ReaxFF and QM after Si-F interaction training. (all 

kacl/mol) 

 

   

(a) 1fold position F on H-

terminated Si(100) slab 

(b) 2fold bridge F on H-terminated 

Si(100)slab 

(c) 2fold position F on H-

terminated Si(100)slab 
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(d) 4fold position F on H-

terminated Si(100)slab 

(e) SiF2 on surface Si of 

reconstructed Si(100) surface 

(f) SiF3 on surface Si of 

reconstructed Si(100) surface 

Figure 5-2. Pictures of geometries for Si-F trainset 

 

the SiF5 formation. Specially, optimization of van der Waals energy parameters was crucial, 

because the inclination of vdW parameter repaired stable-SiF5 issue, but at the same time, it 

deteriorates the Si-F dissociation energy, which could lead poor Si-F interaction. We carefully 

trained the vdW and bond dissociation parameters, so that the Si-F bond energy curve and 

formation of SiF5 are fixed at the same time.    

5.3. Force field optimization for F/F and H/F interaction 

After several test simulations of gas phase HF molecules and F2 molecules, we found the 

clustering anomalies of those gas molecules as shown in figure 3-3 resulting in the crash of the 

MD simulation. To fix those problems we performed successive training for HF and FF 

interaction parameters. While the F2 molecular interactions issue was relatively easy to solve, the 

HF accumulation problem at room temperature was more problematic. After checking the 

training results file, we found the divergence of temperature and energy values regarding 
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accumulated molecules, which was caused by excessive Coulomb energy and charge energy of 

the system.  

 To solve this issue, we trained the H-F and F-F bond parameters, H-F off diagonal, F-F-

F angle, H-F-H angle, F-H-F angle and H-F-F angle, as well as H-F-H hydrogen bond parameters. 

Atomic parameters for shielding, electronegativity, and hardness of F was also included in the 

optimization.  

 The figure 5-4 shows the energy curves of important bond dissociation energy curves, as 

well as table 5-2 provides energy comparison of the unphysical molecular clusters, between 

before and after force field optimization. Optimization successfully stabilized the HF and F2 

molecule's behavior, and no more unphysical accumulation problems were reported.  

  

Figure 5-3. (a) Clustering anomalies of HF molecules (left), and (b) F2 molecules (right) 
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(a) H-F dissociation energy. (b) F-F dissociation energy 

Figure 5-4. Energy curve for ReaxFF and QM comparison 

Geometry relation ReaxFF before ReaxFF after 

20 HF accumulated cluster -56.3 129.4 

5 HF accumulated cluster -19.1 87.8 

3 HF accumulated cluster -9.6 72.3 

20 F2 linear chain -33.8 201.8 

10 F2 linear chain -16 90.3 

3 F2 linear chain -10.8 49 

Table 5-2. Various relative energy comparison before / after training of ReaxFF force field. Those energies 

were compared with same number of isolated HF or F2 molecules.  

5.4. Etching of Si 001 surface using F2 and HF molecule 

Using the force field developed and discussed in chapter 3.1 and 3.2 of this paper, with 

improved Si-F, H-F, and  F-F parameters, we performed ReaxFF NVT MD simulation, to observe 

how Fluorine atom etch the Silicon surfaces. 
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5.4.1. System Preparation 

We prepared a double Si(100) slab with reconstructed surface Si atoms. Each slab has 

576 Si atoms, placed within the dimension of  31.9Å  x 31.9Å  x 9.21Å , and the distance between 

two slabs were 40Å . as shown in figure 4-21. The number of Si atoms in a very top layer was 72.  

In this system, we placed 100, 200, 300, and 400 F2 molecules in random positions, 

between two Si(100) slabs. The density of F2 gas was 0.16, 0.32, 0.48, and 0.64 kg/dm3, 

respectively. All ReaxFF MD simulation was calculated under constant 1500K temperature with 

NVT ensemble, Nose-Hoover thermostat in LAMMPS environment. We used a 0.1fs time step, 

10fs temperature damping constant, and total 200ps of simulation time. The system was pre-

minimized with a Conjugate Gradient minimizee before the MD simulation was performed.  

  

(a) Si(100) surface with reconstructed Si atoms (b) Double slit Si(100) system, total 1152 atoms 

Figure 5-5. Si(100) slab with reconstructed surface Si atoms 
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5.4.2. Etching of Fluorine gas to Si(100) surface: ReaxFF MD simulation results 

We observed active Si-F interactions on the Si(100) surface, and a significant amount of 

dissociation of Fluorine molecules. Figure 5-6 ~ 5-9 shows the results from the MD simulation 

with 100, 200, 300, and 400 F2 molecules at 0, 50, 150, 200ps of simulation time.  

 According to these pictures, after 200ps simulation of etching process for different F2 

gas densities, we can make two observations. First, the etching is initiated by interaction between 

surface Si atom and F2 molecule. Fluorine molecule approaches and interacts with Si on the 

surface, forms Si-F bond, and then one of the F atom is dissociated after a very short-lived 

unstable over-coordinated state. Secondly, the density of Fluorine gas affects the etching process, 

since at high density of F2 gas, we observe the creation of significant amounts of F anions in the 

vacuum which easily react with Si on the surface. This can be also seen in figure 5-10, which 

shows the number of F2, F, and SiF4 during simulation.  

 According to figure 4-10, F atoms were formed at the earlier stage of simulation, by 

unstable Si-F2 direct interaction, which rapidly expels the F atom to the vacuum. A maximum 19 

F atoms were observed from 100 F2 simulation, 32 F atoms from 200 F2, 50 F atoms from 300 F2,  

     

(a) 0ps (b) 50ps (c) 100ps (d) 150ps (e) 200ps 

Figure 5-6. Result features of the etching of Si(100) slab with 100 F2 molecules. 
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(a) 0ps (b) 50ps (c) 100ps (d) 150ps (e) 200ps 

Figure 5-7. Result features of the etching of Si(100) slab with 200 F2 molecules. 

     

(a) 0ps (b) 50ps (c) 100ps (d) 150ps (e) 200ps 

Figure 5-8. Result features of the etching of Si(100) slab with 300 F2 molecules. 
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(a) 0ps (b) 50ps (c) 100ps (d) 150ps (e) 200ps 

Figure 5-9. Result features of the etching of Si(100) slab with 400 F2 molecules. 

 

and 55 F atoms from 400 F2 simulation. It is observable that 400 F2 simulation shows the fastest 

decreasing speed of F atoms during simulation, which means that F atoms are more likely to react 

in the case of high density of F2 molecules. This is in agreement with a previous study on ReaxFF 

simulations of Ti-Cl etching. 91 Pictures of the etched surface can be checked in figure 5-11. Here, 

we observed numerous dangling F atoms on the surface, as well as Si-F2 and Si-F3 structure on 

the surface. F atoms break the Si-Si bonds, and form a 'mixing layer' made up of Si-F2 and Si-F3 

structures between F2 gas and Si substrates. 

  

(a) 100 F2 (b) 200 F2 

  

(c) 300 F2 (d) 400 F2 
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Figure 5-10. Number of species during etching simulations for different F2 density. Decreasing speed of F 

atoms, which means adsorption of F anions to the surface, is faster in 400 F2 simulation results than others.   

 

 

  

(a) Surface feature from 200 F2 simulation, 200ps 1 (b) Surface feature from 200 F2 simulation, 200ps 2 

  

(c) Surface feature from 400 F2 simulation, 200ps 1 (d) Surface feature from 400 F2 simulation, 200ps 2 

Figure 5-11. Surface features from etching simulation after 200ps. Yellow = Si, Pink = F, Cyan = Si of 

SiF4, and Red = F of SiF4 
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Aside from SiF4, large amount of other Si-F related molecules were detected, such as  

SiF3, SiF2, Si2F6, Si2F7, and Si3F10. All of them were unstable, dissociated or reattached to the 

stable state shortly after formation.  

On the other hand, we found the several Si-F-Si bridge structures on the surface, which 

survived for 2~3 ps of the time. This might effect on the etching reaction in a way to suppress the 

diffusion of F atoms penetrate into the inner layer of Si slab, which bring the rapid etching 

reaction of the Si slab. As a result, some of current force field parameters regarding Si-F-Si 

related energies are currently being re-evaluated, to test the feasibility of these Si-F-Si bridge 

structures. In addition, etching simulation using HF, and longer simulation to compare.  

The importance of proper Si-F, F-F, and H-F force field is not only for atomic scale 

research of etching, but also for the various surface chemistry research. For example, proper Si-F 

parameters will greatly important to simulate mechano-chemical reaction during sliding and 

friction, since the many surface coating materials for Si based wafer system contains F atoms. In 

addition, with the accurate description of Si-F-water interaction, we could reveal the new reaction 

pathways for the lubrication for various lubricating materials, such as ZDDP.  
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Chapter 6  
 

Conclusion 

We performed ReaxFF-based molecular dynamics (MD) simulations for hydrolysis 

reactions on the SiO2/water interface, using both silica nano wire and an amorphous silica slab. 

First, we provided additional data for the validation of the ReaxFF SiO2/water model, by 

comparison with experimental results and DFT data. Specifically, the energy barrier for the 

hydroxylation for both strained silica dimer and non-strained silica dimer is added to the training 

set, resulting in more reliable description for the hydroxylation reaction. After retraining, both 

ReaxFF and DFT showed 20 kcal/mol and 30 kcal/mol of energy barrier for the hydroxylation on 

the strained and non-strained silica dimer, respectively.  

These results indicate that the hydroxylation reaction is more favorable for strained silica 

compared to that at a non-strained local environment. We observed that a highly strained edge 

area is preferentially responsible for silanol formation, rather than the lower-strain silicon atoms 

in the body of the nano wire.  

In addition, we detected three specific hydroxylation paths. First, we observed the silanol 

formation initiated from adsorbed water molecule, forming a hydronium ion by donating its 

proton to a nearby water molecule, leaving silanol on the surface, and forming –usually solvated - 

H3O+ as a product. The second path for silanol formation was the dissociation of hydronium ion. 

A H3O+, formed in the first method of silanol formation, donates one of H ions to the bridge 

oxygen on the surface, creating silanol on the donated spot, and leaving a water molecule as a 

product. The third method of silanol formation was the direct dissociation of an adsorbed water 
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molecule. After adsorption, one of the H of Si-H2O moves to bridge oxygen, forming two silanols 

at once.  

We observed a strong relationship between the temperature of system, the reaction 

pathway for the hydroxylation, and the existence of water clusters. Our result implies that high 

temperatures (>1200K) induced the dissociation of hydrogen bond network, as well as water 

cluster structures. This indicated the reduced number of hydronium ions, and direct dissociation 

of adsorbed water molecule become major hydrolysis pathway at such temperature. Meanwhile, 

from 500K to 1000K of the temperature range, the existence of water dimer and nearby water 

molecules played important role on hydrolysis reaction involving H3O+ ions. Due to water 

clusters, water molecules easily find the target – nearby water molecules- for the donation or 

adsorption of proton ions, inducing the formation and dissociation of hydronium ions. This may 

suggest the existence of optimum temperature for water – Si interactions.  

To investigate the trends of silanol formation on a larger silica structure, an amorphous 

SiO2 slab was prepared by ReaxFF simulation. Bulk properties of the surface and slabs were 

compared to and validated with the experimental results. MD simulations on the interaction of 

water molecules with the amorphous silica slab confirm that the hydroxyl groups on the silica 

surface favor the locally strained SiO2 structure and undercoordinated silicon atoms. The 

comparison between the surface strain energy map and silanol formation map supports this 

phenomenon; the silanol formation sites match with the locations of the more highly strained Si 

atoms. We also observed proton hopping events among the water molecules, producing reactive 

hydronium molecules, which can donate a proton to the surface oxygen atoms. Highly strained 

oxygen atoms and undercoordinated oxygen atoms can also be capable of receiving a proton from 

water. These observations agree with those from the simulation using the silica nano wire, as well 

as previous studies reported by other researchers. 65 
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ReaxFF MD simulation of sliding and separation between a-SiO2 slab and Si(100) slab 

was performed, under various temperature and humidity condition. 

During sliding phase, considerable amount of mixing and mass transport between two 

surfaces was observed. Based on our analysis, the amount of mixing is highly depending on 

boundary condition: temperature and amount of water. Under 300K and 500K condition, small 

amount of water molecules facilitated the mixing, while the simulation with 100 water molecules 

showed less amount of mixing. Various reaction pathways for mixing of Si and O atoms were 

detected during sliding, which include the dehydroxylation of surface, and Si-O-Si connection 

between two slabs, with O from water molecules. Under 700K condition, however, high 

temperature influence the mixing result. Due to intense vibration, dry case showed huge amount 

of mixing, as well as 100 water case brought comparable amount of mixing as the water 

molecules quickly adsorbed to the surface by hydroxylation.  

During separation, under specific conditions, numerous chain-like Si-O column structures 

and massive surface wear from Si(100) slab were observed. Mixed Si-O connections formed 

strong mixed region. As a result, weaker Si-Si bonds were dissociated during separation, leading 

surface damage to the Si(100) slab. Based on our observation, mixed atoms were the source of 

wear. Generally, amount of wear mass weakly followed the trends of amount of mixed atoms.  

This result indicates that the amount of wear mass has weak relationship with the amount 

of mixing, which was promoted by small amount of water molecules. In other words, small 

number of water molecules is possible to stimulate the damage of surface during friction. This 

result supports the observation from previous experimental studies.   

Friction force and friction coefficients are available to calculate from ReaxFF MD 

simulation, but their time scale is limited to compare with any experimental counterparts. In 

addition, such properties in instantaneous scale of 1ns accompany intense fluctuations. To 
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achieve the meaningful study of frictional properties in MD scale and comparison with 

experiment, it is needed to increase the time scale of MD simulation, such as PRD method 117, or 

metadynamics. 118 As a future plan, we will investigate to apply PRD or metadynamics method to 

ReaxFF for sliding simulation.  

We optimized a ReaxFF force field parameters for Si/F/H/O system and etching reaction, 

using DFT data. The training set for these systems contain reaction energy curves of Si-F bond 

dissociation, F-Si-F angle, F-Si-Si angle, binding energy of F on Si slab, and various energy 

relation of Si/F system. We also trained our force field to simulate the behavior of HF and F2 

molecules accurately, preventing abnormal accumulation and clustering of those molecules. HF-

HF and F2 - F2 molecular interaction energies, bond dissociation energy, hydrogen bonding 

energy and valence angle energy regarding H and F are included in the training set, as well as 

electronegativity, shielding and hardness parameters of F atom are optimized.  

 After the optimization of force field, NVT MD simulation for the etching of Si(100) slab 

was performed with reconstructed Si surface and F2 molecules. Etching simulation shows the 

formation of SiF4 molecules as a product of etching, as well as the atomized F atoms in the 

vacuum. The formation of F atoms are coming from F2 - surface Si interaction, as the F2 easily 

dissociated after contacts with surface Si atoms. F atoms dissociated from F2 also react with Si 

atoms, forming more SiF, SiF2 or SiF3 on the surface.  

 We tested 4 different amount of F2 gas molecules, 100 F2, 200 F2, 300 F2, and 400 F2 

molecules. We found that the dissociated F atoms are reacting faster with Si atoms in high density 

F2 gas case, than lower density case. As a result, the Si/F etching become more reactive as the 

density of F2 increases.  
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