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ABSTRACT

The formation and patterns of a monolayer are determined by the interplay of two

fundamental interactions, adsorbate-substrate and intermolecular interactions. The

binding strength between adsorbate and substrate affects the mobility of the adsorbate

at the surface and the stability of the complex. The intermolecular interaction plays

a significant role in the monolayer patterns on the epitaxial layer of the substrate. A

monolayer can be formed either by a spontaneous self-assembly, or by fabrication via

atomic-layer deposition (ALD). The physical and chemical properties of the resulting

monolayer have a broad array of applications in fabricating functional materials for

hydrophobic or hydrophilic surfaces, biological sensors, alternating the properties of

the substrate, catalysis and forming ordered layered structures. In this dissertation,

the investigation focuses primarily on the influence of the surface topology on the

binding behaviour of adsorbate-surface complexes. The state of the art DFT-TS

method is used to simulate the sulfur-containing amino acids at complex gold surfaces

and examine the relationship between the binding strengths and the binding sites

with various nearest neighbouring environments. The same method is also used to

determine if a chemical reaction will take place for various catalytic silicon precursors

at a silicon oxide surface.

Simulating surface chemistry using the DFT-TS method requires intensive com-

puting resources, including CPU use and computing time. Another focus of this

dissertation is to increase the data generating speed by reducing the size of the sim-

ulated systems without altering the outcome. A relatively small gold cluster is used

to study the binding behaviours of small organic molecules on the cluster. The same

strategy is also used to simulate the chemical reactions between various self-catalying

silicon precursors and a water molecule.
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Chapter 1

Introduction

The interactions between molecules and surfaces have been the subject of significant

interest in recent years, because of their fundamental relevance in a broad array of

nano-science applications. Growing or coating a layer of material on a substrate is

possibly one of the most popular ways to modify the chemical, physical and electronic

properties of a surface including surface reactivity, conductivity, wettability, corrosion

resistance and biocompatibility.3–6 A well-ordered one-molecule-thick functionalized

monolayer can be grown on a metallic substrate spontaneously via self-assembled

monolayer (SAM) formation, and can also be formed via chemical deposition.7

1.1 Functionalized monolayer on a metallic surface

The two-dimensional nanomaterials provide some excellent systems for the studies of

interfacial and lateral interactions of various molecules-substrates combinations.5 In

general, an adsorbate consists of three parts: a head, a backbone and a functional

group as shown in Fig. 1.1. The head groups are responsible for the interfacial inter-

action through molecule-surface binding, and the backbones and/or the end groups

are responsible for the lateral interaction through van der Waals and/or Coulombic
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Substrate

Head Group

Backbone

Functional Group

Figure 1.1: Schematic diagram of an ideal SAM of alkanethiols/alkanethiolates mix-
ture on an Au(111) substrate. The head group is responsible for forming an immo-
bilized layer with the substrate. The backbone acts as a linker which connects the
head group and the functional group, and the thickness of a monolayer depends on
the length of the backbone. The functional group is designed to perform the desired
surface properties.

forces. Three common families of SAM are: a) a sulfur-containing adsorbate on a sur-

face of the group 11 elements (copper, silver and gold),3,6,8–11 b) alkylsilanes on oxide

surfaces,12–15 and c) carbene molecules on a gold surfaces.4,16–20 The sulfur-containing

molecules as the head group anchors on a gold surface have been long used experi-

mentally due to their strong binding affinity and simple preparation of SAMs.3,5,9,21

For oxide or metal oxide surfaces, the silane head group binds to the surfaces via

strong Si–O bonds, and various functional groups can be synthesized onto the end of

the alkyl backbones.12–15 Carbene molecules on gold surfaces have also been studied

intensively since 2013 because of its high-quality well-ordered monolayer.4,16–20

Applications and usages of the functionalized complex materials, from

small biomedical devices to nano-electronics

One area of interfacial research has focused on the binding properties of amino acids

and peptides on metal substrates,6,9,22–27 due to the relevance of these interactions

in device fabrication for biological sensors,23,28–31 for in vivo nanoparticle imaging,
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tagging, tracing and other new medicinal techniques,26,30,32–36 and for developing

a general understanding of nanoparticle biosafety,11,37–39 among other issues. Not

only the biomedical applications, many current modern electronic devices are also

fabricated in a similar fashion such as devices for energy conversion,35 organic light-

emitting diode (OLED) display40–42 and metal-oxide-semiconductor-field-effect tran-

sistor (MOSFET).7

Amino acids on metallic surfaces

A binding complex of the sulfur-containing amino acids (cysteine, homocysteine and

methionine, shown in Fig. 1.2) on low-Miller-index [(111), (100), (110)] gold and silver

surfaces is another interesting system.3,19,25,43–55 Much is studied both experimentally

1
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Figure 1.2: Sulfur-containing amino acids: (a) L-cysteine, (b) L-homocysteine and
(c) L-methionine.

and computationally of the adsorption behaviour and binding modes; however, many

questions regarding binding modes and condensed phase behaviour still remain un-

clear. Several classical simulation studies exist, generally focused on investigating

peptide behaviour and amino acids multimer at a metal surface.39,56–58 As computer

hardware became more powerful, quantum calculations have been used to examine the

behaviour of single molecules or small molecular clusters on ideal surfaces.47,51–55,59,60



4

1.2 Silicon-based monolayer on a SiO2 surface

Two deposition methods, Chemical Vapour Deposition (CVD) and Atomic Layer

Deposition (ALD) have been widely used to achieve a thin layer coating on a substrate.

In general, both methods require two precursors, silicon and oxidant precursor, as the

fundamental building blocks in the deposition process. The difference between the

two methods is when the two precursors are introduced to the deposition chamber.

CVD allows the two kinds of precursors into the deposition chamber simultaneously

while ALD allows one precursor at a time, in a sequential fashion.7 In the study of

chemical deposition, our focus is on the ALD.

Chemical deposition of silicon precursors on a silicon oxide surface

CVD techniques have been used for coating a layer of substance on a substrate for over

a century.61 The advantages of the deposition technique include: higher deposition

rate, a wider pressure and temperature range of the deposition chamber, and relatively

cheaper than ALD.7,61 Due to the nature of the deposition method, the thickness of

a film via CVD technique is generally not thinner than 10 nm.61 When integrated

circuits (ICs) were in the micrometre scale, CVD technique served the demand.

The disadvantages of CVD as the size of the substrates is reduced

Non-uniformity of the coated layer is a known issue for the CVD technique. For

example, when the aspect ratio of a substrate is relatively high (the width and the

depth of opening gaps are narrow and deep), the deposition growth rate is faster on

the top corners of the trench structure (see Fig. 1.3 for an example of the trench

structure) than on the bottom corners. The deposited molecules eventually fuse from

the top two corners of the trench and close the gap. Consequently, the trench structure
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Figure 1.3: Cross-sectional SEM image of an Al2O3 film with a thickness of 300 nm on
a Si wafer with a trench structure using ALD technique. (Reprinted with permission
from ref.62 Copyright 1999 John Wiley & Sons.)

is lost. The CVD technique fails to deposit a uniform thin film only on the epitaxial

surface. As modern electronics shrunk in size, the need for smaller integrated circuits

(ICs) pushed the thickness to a new standard, thus a better deposition technique

became necessary.7,61,63–65

A more adequate layer deposition technique for nano-scale substrates

ALD has become one of the essential techniques for depositing a uniform ultra-thin

film on a substrate because of the qualities of the thin film: uniformity, homogene-

ity, pinhole-free and (atomic) molecular thickness. The deposition technique was

first demonstrated in 1977,66 and the technique has been improved through the early

1990s.64,67–69 However, the technique was less used commercially due to its slow de-
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position rate. Not until the mid-1990s did the technique gain attention again because

of the miniaturization of modern electronics, where ALD holds a promise to satisfy

all the requirements of a desired thin-film.7,64,70

Alkylsilanes on silicon/silicon oxide surfaces

The application of the alkylsilanes on an oxide surface is heavily implemented in the

semiconductor industry for decades. By depositing various kinds of materials layer

by layer sequentially, numerous ICs are fabricated with different functions.5,7,42,63,71

The invention of ICs benefits most modern electronics. One of the current directions

of research and development is to search for some better candidate adsorbates for

maximizing deposition efficiency in terms of energy, time and cost.5,7,15

1.3 Interaction on the interfacial layer

The formation of a uniform well-ordered monolayer involves the interplay of the

molecule-surface and the intermolecular interactions. A relatively strong adsorbate-

surface interaction guarantees the stability of the monolayer-substrate complex, and

the intermolecular interaction results in a well-ordered pattern of the monolayer.

Here, investigating the adsorbate-surface interaction on the interfacial layer of a

monolayer-surface complexes was our primary focus, and this dissertation is formatted

in the following two-fold fashion:

1. Sulfur-containing amino acids on gold surfaces

2. Atomic layer deposition of silicon precursors on a silicon oxide surface
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1.4 Sulfur-containing amino acids on gold surfaces

The sulfur-containing amino acids cysteine, homocysteine and methionine are a large

piece of the biomolecule/metal puzzle, as frequently they serve as the surface anchor-

ing residues of proteins and peptides.25,54,72 Simulating small proteins, peptides and

amino acid multimers on a surface using quantum methods is impractical because of

the limitation of the current computational resources and other issues. Narrowing

down the complexity and the numbers of molecules of the simulating systems to a

feasible size, only the amino acid monomers and dimers are studied in this investi-

gation.6,11,73 This simplification not only eases the computational resources required

but also allows us to study the fundamental interactions of the monomers and dimers

on the surfaces: molecule-surface and intermolecular interactions.

1.4.1 The correlation of the binding site reactivities and their

coordination numbers

Much of the experimental and computational work on amino acids-metal complexes

considered the low-Miller-index gold surfaces,19,25,49,52–55 though recent work on nat-

urally chiral surfaces and nanoparticles has shown the importance of considering the

effects of the adsorption site coordination and the identity of vicinal atoms on the

adsorption process.74–80 The coordination number (CN) of an atom on a surface as-

sociating with binding event means the numbers of neighbouring atoms around the

binding site. For an ideal Au(111) surface, a surface gold atom has notation CN(9);

there are six neighbours on the same layer and three at the layer below. Based on

this definition, the low-Miller-index surfaces have higher coordination numbers. The

ideal [(111), (100), (110)] gold surfaces are often considered in simulations, due to the

reason of high annealing temperatures experimentally, and surface reconstruction, a
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well-known experimental fact, can alter the surface topology.81,82 A still outstanding

issue is the change in amino acid or peptide binding behaviour upon adsorption on

non-ideal surfaces, (i.e., substrates with adatoms, high-Miller-index facets or surface

curvature have been examined individually).3,19,21,43,44,83–85 In our previous study, the

reconstructed Au(110)-(1×2) surface shown in Fig. 1.4 presents three different binding

sites: ridges, flats and troughs with CN(7, 9, 11) respectively. The structural binding

behaviour and stereospecificity in adsorbed phases obtained in the deposition of cys-

teine on the reconstructed surface are particularly complex. The binding strengths of

cysteine dimer on the three distinct binding sites also shows the preference for where

Figure 1.4: The L-cysteine dimer structure at the four-atom vacancy reconstructed
Au(110)-(1×2) gold surface (proposed by Kühnle et al., Nature 2002, 415, 891). The
surface consists with three binding sites: kink, ridge and trough binding sites. The
L-cysteine dimer structure shows strong chiral recognition on the kink binding sites
but not on the ridge and trough binding sites. The surface facets not only affect the
binding reactivities of a site but also the overall configurations of dimer structures.
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the binding event occurs.60 Despite a series of theoretical calculations, ranging from

single molecule on a surface to peptide on a surface binding behaviour,51,86–95 no rig-

orous studies of the dependence of surface binding on site reactivity or coordination

have so far been done for amino acids.

Thus, we focus on the study of site reactivities and CNs. The stronger binding

reactivity of the unsaturated metal atoms to adsorbates has been long established in

the literature, particularly as a result of nanoparticle studies.11,83,89,96–105 Several thor-

ough studies by Nørskov and co-workers investigated site coordination effects on the

catalytic oxidation on Pt and Au nano-clusters, seeking to elucidate the experimen-

tally observed dependence of catalytic activity on nanoparticle size and shape.83,98,99

A recent experimental study by Mostafa et al.102 convincingly demonstrated that

the catalytic activity of Pt nanoparticles for the oxidation of 2-propanol is positively

correlated to not only the average unsaturation of the surface metal atoms, but also

to the fraction of edge and kink atoms (i.e., lower coordination number sites). The

correlation between the CNs and the binding reactivities is investigated in Chapter 3

using a small gold cluster with various CNs ranging from 3 to 9.

1.4.2 Targeting substrate and adsorbate pairs

Two kinds of substrates - a small gold cluster and a gold surface

Chapter 3 focuses on the study of CNs using a small gold cluster and few small

molecules (methyl thiol, dimethyl sulphide and methylamine); however, the binding

modes and strengths of the sulfur-containing amino acids can not be appropriately

described using the small gold cluster. The cluster is not large enough for the three

amino acids. To resolve the substrate size issue, two Au slabs with periodic boundary

condition were used to study the binding modes of sulfur-containing amino acids on

a Au(111) and an adatom-defect gold surface in Chapter 4.
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The adsorbates - chiral amino acids

The adsorption behaviour of chiral amino acids on a gold surface introduces the extra

complexity of a true wealth of binding modes. Chirality is ubiquitous on surfaces,

as enantiospecific surface patterning can occur by the adsorption of molecules that

are chiral, prochiral or even achiral in solution. Achiral molecules may form chiral

patterns when deposited and assembled on an achiral surface. The adsorption of

chiral amino acids on surfaces provides a fundamental level of understanding for

the behaviour of biomolecules in general. The surface also provides complexity in

understanding the recognition process, by biasing molecular conformations, binding,

and diffusion.23,27,106–108

1.4.3 The phenomenon of chiral recognition and separation

for racemic mixtures of chiral adsorbates

Changing the patterns of the monolayer by varying the temperatures

The chiral self-assembly of cysteine on gold surfaces has been under intensive inves-

tigation with many experimental and theoretical results;25,45,47–50,55,60,91,109 however,

the adsorption behaviours and the formation of the surface periodic 2D patterns are

still not well understood at the molecular level. Experimental and computational

studies have established the distinct behaviour of sulfur-containing amino acids on

various metal facets.25,51,55,110 In 2002, Kühnle et al. published results for deposition

of racemic mixtures of cysteine on a reconstructed Au(110) surface. Experimentally,

upon annealing to 270 K, small, uniform and highly stereospecific nano-clusters of

cysteine are observed on the surface, even when racemic mixtures of cysteine are de-

posited in low-surface-coverage and low-temperature ultra-high vacuum (UHV) con-

ditions.25,46,55,60 When the annealing temperature rises to 340 K, a phase transition
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occurs, and a new phase of homochiral dimers is observed.25,45,46 The reorganization

of the nano-clusters is accompanied by the surface reconstruction at these temper-

atures, and the presence of the adsorbate molecules. The surface gold atoms which

neighbour the binding sites along the top row ridge diffuse to other sites on the

surface, and the reconstructed Au(110) ridge facet turns into a lower coordination

number kink facet. As a result, the binding strength between the adsorbates and the

kink sites is enhanced and appears to be chemically bound. As the surface coverage

is increased at higher annealing temperatures, the cysteine islands reorganize into a

well-ordered double-row structure, and the formation of this new surface structure

has been explained as due to the presence of the kink sites.25

Chiral recognition due to the chiral nature and the surface topology - on

kink binding sites

Chiral recognition during a surface deposition process leads to the possibility of sep-

aration of racemic mixtures that do not undergo chiral separation at crystallization.

Computationally, a significant fraction of thiol molecules do not bind covalently to

the substrate at room temperature on the highly-coordinated Au(111) surface with

CN(9). On the other hand, system-wide chemisorption is observed on the recon-

structed Au(110)-(1×2) surfaces in similar conditions.25,110 From our previous study,

the dimer configurations of L-cysteine depend heavily on the local surface facets.

Fig. 1.4 illustrates three different surface facets: kink, ridge and trough binding

sites with ascending coordination numbers. The facets not only affect the bind-

ing strengths of the L-cysteine on the gold surface but also the dimer configurations

of L-cysteine. The chiral recognition of the dimer only occurs on the kink binding

sites with CN(6).60 Apart from the ridge, trough and kink facets that appear on the

reconstructed Au(110) surface, the Au(111) surface with a single adatom has also
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attracted much attention.10,21,23 Our own results on sulfur-containing amino acids on

ideal and adatom-defect gold surfaces are discussed in Chapter 4.

The formation of zwitterionic form due to the surface coverages

The Au(111) surface is known to undergo surface reconstruction with a (22 ×
√

3)

herringbone patterns.111,112 However, adsorption behaviour on the reconstructed sur-

face is computationally challenging due to the large size of the unit cell.113–115 The

binding modes of cysteine and homocysteine on this realistic Au(111) surface can,

therefore, vary slightly due to the non-uniform surface reactivities.115 The substrate

facet also appears to impact the molecular charging state with repercussions over the

nature and extent of hydrogen bonding. Experimental work is inconclusive, though

it appears that cysteine and homocysteine adsorb in a mixture of nonionic and zwit-

terionic forms on Au(111), despite UHV conditions.60,91,116 The general consensus

is that cysteine chemisorbs in the nonionic and zwitterionic forms on the Au(110)

surface at low and high surface coverages respectively.25,46,60,90,92,117 Self-assembled

conformations depend strongly on substrate geometries and local facets due to the

interplay of molecule-surface and molecule-molecule interactions. The combination of

the reactive kink binding sites and the missing gold atom vacancy in Fig. 1.4 stabilize

the deprotonated thiol group and the protonated amine group respectively. A stable

zwitterionic form of the L-cysteine dimer only appears at kink binding sites.25,60

The formation of zwitterionic form due to the temperatures

Experimental work by Ataman et al. showed the formation of L-cysteine thick film

(greater than 40 Å) on a TiO2(110) substrate under various temperatures and UHV

condition.118 X-ray photoelectron spectroscopy (XPS) analysis showed that the zwit-

terionic L-cysteine film has protonated amino groups and largely deprotonated thiol
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groups at low temperature (100 K). The deprotonation switched from the thiol group

to the carboxylic group when the film is formed at over 200 K. The carboxylic groups

are completely deprotonated at the higher temperature.118–122 Cossaro et al. had

demonstrated the fabrication of the thin film of the zwitterionic state of cysteamine

(which is a cysteine without the carboxylic group) on an Au(111) surface under the

UHV condition at low temperature.121 However, the proton transfer events of cys-

teines on an adatom-defect gold surface have not yet been examined computationally.

In Chapter 4, we investigate the zwitterionic L-cysteine and L-homocysteine on a

Au(111) surface and on an adatom-defect surface.

1.5 Chemical deposition of silicon precursors on

an ideal SiO2 surface using ALD

The objective of the second topic of this work is to integrate computational simulation

models with experimental results for depositing silicon and oxidant precursors on a

silicon oxide substrate. The ALD schematic in Fig. 1.5 shows how a thin film is

achieved by sequentially depositing two kinds of precursors.

1.5.1 High-temperature ALD

Fabricating a molecular-thickness layer with uniformity, homogeneity, pinhole-

free quality in a self-limiting fashion

In ALD, a chemical reaction occurs in self-limiting fashion because there are only

a finite number of reactive binding sites on the epitaxial layer for the precursors

in the first half-cycle. Once the (red) precursors in Fig. 1.5 (a) to (b) occupy and

react with all the binding sites on the surface, the deposition finishes. A monolayer
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Figure 1.5: Schematic representation of ALD in self-limiting and sequential fashion.
a) The precursors in red are deposited onto the surface. b) Due to the self-limiting
nature of ALD, a monolayer of red precursors is formed. c) The precursors in grey are
then deposited onto the monolayer of the red precursors in a sequential fashion. d) A
monolayer of grey precursors is formed. e) The deposition stops when the thickness
of the thin film reaches the request. The self-limiting and sequential fashion of ALD
guarantees the thickness of the thin film with atomic level control and precision.

is formed with uniformity, homogeneity and pinhole-free. The self-limiting fashion

guarantees not only the thickness of a monolayer of one kind of precursor but also

the quality of the monolayer with (atomic) molecular-level of control. Purge is then

applied as in Fig. 1.5 (b) to remove the byproducts that do not react with the surface

but weakly interact with the monolayer of the precursors. The second precursors are

then deposited onto the monolayer-surface complex in the second half-cycle shown

in Fig. 1.5 (c). The overall thickness of the film depends on the number of reaction

cycles.7,70,123–125

The current method of growing a silicon oxide/nitride thin layer is to deposit

silicon precursors on a substrate under high temperature around 400 ◦C. This tem-
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perature guarantees the quality of the thin layer which is a uniform, pinholeless

monolayer coating on the substrate. Lowering the deposition temperature worsens

the quality of the thin film. Insufficient kinetic energy results in lower chemical reac-

tion rates between the precursors and the surface. Only a small portion of precursors

have sufficient amount of kinetic energy to overcome the potential energy barrier and

form products. However, low temperature ALD has a couple advantages. What if one

wants to coat a thin film of silicon oxide/nitride on top of a bio-substrate or a piece of

plastic (polymer), etc. for wearable devices? High temperature in a deposition cham-

ber can destroy these thermal-fragile materials easily. To achieve lower temperature

deposition, some modifications are needed for the deposition process. Our approach

is to seek to increase the reactivity of a precursor so that it reacts with the surface

fast and with lower thermal energy. The modifications should satisfy the following

criteria:

• a precursor has relatively high stability on the silicon oxide/nitride substrate

• an exothermic chemical reaction is preferred

• a chemical reaction with lower activation energy is preferred

• the byproduct of the chemical reaction should be easily removable from the

thin-layer-substrate complex

The ALD reactions on SiO2 substrate without catalyst are usually very slow and

require high temperatures and large precursor fluxes.126 The classic precursor for

silicon is SiCl4. Unfortunately, the use of the halide results in the corrosive product

HCl which can contaminate the monolayer. In addition, the HCl can react with most

amine catalysts to form chloride salts that can lead to film contamination.7,127
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The vaporization temperature and the deposition temperature

Temperature is one crucial factor which affects the quality of a thin film during the

deposition process. The deposition temperature depends on materials, precursors

and substrates. During the entire deposition process, two temperature settings are

important: the temperature that allows the precursors to vaporize or sublimate, and

the temperature to start the chemical reaction between the precursors and the sub-

strate. In general, a higher temperature within the operating range in the deposition

chamber produces a better quality thin film in terms of the conformity, homogene-

ity and pinhole-free quality.7,14,64,65,67 For example, a typical operating temperature

for depositing SiO2 film using SiCl4 and H2O as the precursors ranges from 500 to

800 ◦C.7,125,128–130 The drawbacks of this original recipe for fabricating a SiO2 film

include requiring large reactant pressures (about 1.3 atm) and producing the cor-

rosive byproduct HCl.129 The high temperature during the deposition is problem-

atic when the desorption rate becomes significantly large, the precursors decompose,

or the substrate is thermally fragile (such as polymers, plastic and biological sam-

ples).7,129,131,132 The necessity of low-temperature deposition is obvious for fabricating

thermally fragile electronic devices.7 One solution is to introduce catalysts in the de-

position reactions. Low-temperature catalytic ALD started getting much attention

since the early 2000s (2004 and 2005).129,131

1.5.2 Catalytic silicon precursors for lower temperature ALD

Lowering the activation energy by introducing catalysts to the deposition

The activation energy ∆Ea is the amount of energy required to bring precursors

to the SiO2 surface in proximity and rearrange the precursors into some particular

configurations for a chemical reaction to take place. During the transition state, the



17

Figure 1.6: The chemical reaction of the precursor (Di(pyrrolidinyl)dimethoxysilane)
and a water molecule at the transition state (TS) via a four-membered ring reaction
mechanism. The activation energy (∆Ea) is the energy that rearranges the reactants
(R) in to some particular configurations for a chemical reaction to take place at the TS.
The energy difference between the reactants (R) and the products (P) is the reaction
enthalpy (∆H). At the TS, the Si-N and the O-H bonds undergo deformation while
the Si–O and the N–H bonds undergo formation simultaneously.

formation and deformation of bonds happen simultaneously as shown in Fig. 1.6.

Since our goal is to achieve lower temperature deposition, the necessity of lowering

activation energy is unquestionable. Catalytic ALD provides a solution to achieve low-

temperature ALD. For example, depositing a SiO2 film by SiCl4 (silicon source) and

H2O (oxygen source) requires the deposition temperature to be more than 500 ◦C with

a substantial partial pressure of the reactants. By introducing pyridine (or ammonia)

as the catalyst in the deposition process, the catalytic ALD can occur near to room
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temperature with significantly less partial pressure of the precursors.7,128,129,131 In

general, the binding strength of a catalyst on a substrate depends on two competing

factors, the pKa value and the steric hindrance of the catalyst. The binding strength

increases with the pKa value while the catalyst decreases with the physical size.130

The temperature reduction comes with the price of producing inferior SiO2 films

compared with the thermal SiO2 film.7

The silicon precursors with catalytic Lewis bases as ligand

Catalytic ALD is not problem free. A successful catalytic ALD reaction requires

three species: the precursor, the catalyst and the binding site of the substrate to be

in proximity for the chemical reaction to take place.7,128,131,133 The presence of cata-

lysts introduce an alternative reaction pathway with lower activation energy barriers

which provide a solution of lower temperature deposition. One of the limitations is

that most Lewis base catalysts leave the surface at temperature ranges which are

notably lower than the temperature to produce a quality film.130 Based on the ex-

perimental observations from Du et al., the growth rate of the catalyzed SiO2 ALD

drops significantly at higher temperatures, and the decreasing rate is correlated to

the lower surface coverage of the catalyst.131 Thus, a higher partial pressure of the

catalyst is needed for low-temperature catalytic ALD.7,130 Another limitation is that

the byproduct of the reaction can accumulate on the epitaxial layer. The byproduct

(salt) is formed from a cation and an anion that attract by Coulombic force. For

example, when ammonia (NH3) is introduced to the classic SiO2 deposition which is

fabricated by SiCl4 and H2O, the byproduct salt is NH4Cl as shown in the silicon
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precursor half-reaction equations (1.1).7,128,131,133,134

SiOH∗ + NH3 → SiO∗− + NH+
4

SiO∗− + SiCl4 → SiOSiCl∗3 + Cl−

Cl− + NH+
4 → NH4Cl

Cl− + NH+
4 → HCl + NH3

(1.1)

where the asterisks denote the surface species. The accumulation of the salt (NH4Cl)

trapped on the surface can physically block the surface reaction of the precursors

and the epitaxial layer. Although the byproduct eventually desorbs from the surface

by reducing the vapour pressure of the salt, a longer deposition time per deposition

cycle is required. If the time is insufficient, then poor quality film is fabricated.7 An

elegant solution is to attach a catalytic Lewis base ligand to the silicon precursor - a

self-catalyzing silicon precursor. This way solves the issues of keeping catalytic Lewis

base at the surface at a higher temperature and reducing a three-body (surface, Si

precursor and catalyst) chemical reaction to a two-body (surface and self-catalyzing

Si precursor). In this dissertation, some selected self-catalying silicon precursors were

studied, and we focused on investigating the binding strengths of the precursors with

a SiO2 surface, and their theoretical activation energies.

1.5.3 Establishing a predictable model

The final goal of this industrial collaboration is to search for some potential catalytic

precursors for low-temperature silicon nitride deposition by using computational sim-

ulation as the tool. Our initial short term goal is to integrate the known experimental

results that are provided by Seastar Chemicals Inc. company with proper theoreti-

cal models, efficient computational methods and optimized simulation parameters.
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Since the company had the results of depositing a silicon oxide film by using various

catalytic (Lewis base ligand derivative) silicon precursors, the results such as the de-

position rates, solution phase reaction rates, thermal stabilities and pKa values were

used to verify the simulation results and optimize the parameters.

Determining the most likely reaction pathway(s) by considering the reac-

tion enthalpies and activation energies

Combining the experimental and simulation results, we have a more complete picture

and a better understanding of the deposition process in terms of the molecular con-

figurations, the binding modes, the reaction enthalpy, activation energy and charge

distribution. The reaction enthalpy relates to reactivity and selectivity of a precur-

sor. The activation energy relates to the most likely chemical reaction mechanism

and the reaction rate. The combination of the reaction enthalpy and the activation

energy can predict if a byproduct of a chemical reaction is going to be a competing

reaction. The combination of the temperature, the binding energy and the molecular

configuration can show a similar trend as the pKa value of a catalyst.130

Tuning the simulation parameters and models for fast calculations

The experimental results also help verifying if the simulation parameters are optimal

for a set of molecules. The parameters include the choice of modelling methods,

functionals, basis set sizes, etc. Because ALD is a surface process, a proper way

of simulating the deposition process is to consider the substrate as a surface with

periodic boundary condition (discuss in Chapter 2). However, the accuracy comes

with a price: resources. The resources include: the usage of CPUs, memories, disk

sizes and computing time. In order to satisfy the fast-paced research schedule, many

modifications and simplifications are applied to reduce the usage of the resources
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especially the computing time.

1.6 The objectives of my studies

My objectives were: a) to investigate the correlation of binding strength on various

local structures (geometries) of substrates which can be a surface or a cluster, b) to

perform molecular dynamics simulation in the quantum level with reasonable com-

puting resources and to contain efficient accuracy for meaningful analysis, and c)

to integrate the theoretical knowledge, computational predictions and known experi-

mental results and to better search the candidate precursors for ALD.

1.7 Outline

This dissertation has the following structure:

Chapter 1 provides background information for motivation and states the questions

and challenges for us to tackle, understand and possibly to answer in the later

chapters.

Chapter 2 provides the computational methods, method corrections and simulation

models, and the reasons for using quantum theory and wavefunction approach

rather than using classical molecular dynamics methods. Some terminologies

of computational chemistry (such as DFT, functionals, basis set, etc.) are

introduced and clarified.
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Chapter 3 investigates how coordination numbers, facets and local geometries affect

the binding strengths, binding modes and the configurations of the complexes.

The selected substrate is a Au20 cluster, and the adsorbates are: methyl thiol,

dimethyl sulphide and methylamine. They are associating with the binding

events on a gold substrate via chemisorption or physisorption.

Chapter 4 focuses on the actual sulfur-containing amino acids, cysteine, homocys-

teine and methionine on gold surfaces. The amino acid monomers on a gold

surface is to study the molecule-surface interactions that involve the binding

events of the sulfur-gold and amino-gold. The binding energies, binding modes

and configurations are discussed. The intermolecular interactions are investi-

gated the dimer forms of the amino acids on a gold surface. For cysteine and

homocysteine, the zwitterionic forms are also considered in the study.

Chapter 5 presents the work with industrial partner, Seastar Chemicals Inc. com-

pany. The goal is to establish a predictable model that supports experimental

surface deposition and hydrolysis results. Surface calculations are performed to

study the steric hindrances, binding strengths and binding modes of precursors.

Reaction enthalpies and activation energies are computed for various catalytic

silicon precursors using the simulation program, Gaussian 09. The procedure

of considering the reaction enthalpies and the activation energies as a whole

extends to the deposition of a silicon nitride surface.

Chapter 6 concludes the results on the sulfur-containing amino acids and adsorbates

on gold substrates, and on the energy profiles, conformational evolution and

stable configurations of selected self-catalying silicon precursors.
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Chapter 2

Methodology

2.1 Introduction

Depending on the size and complexity of a large system (e.g., solvated protein, mul-

timers on a surface, etc.), classical molecular dynamics (MD) is capable of handling,

with computational efficiency, some thousands of molecules for simulation times up to

the microsecond scale. In terms of simulation results, most physical properties includ-

ing: binding strengths, intermolecular interactions, binding conformations and phase

transitions can be approximately described by a well-constructed and parametrized

force field for a particular system.35,39,56–58,135–137 Therefore, classical MD simulation

is naturally the method of choice to study multimer systems of various amino acids

(cysteine, homocysteine and methionine) on a gold surface. However, classical MD

simulation has three limitations:

1. Because a force field is generally designed and parameterized using experimen-

tal data35,56,135 or higher level theory results such as density-functional theory

(DFT) results57,58,135 for some particular systems, transferability of a force field

is often low. The accuracy of describing the physics of the simulated systems
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may be off to a significant degree, if a particular force field is used to simulate

some other systems.35

2. Classical simulations cannot easily describe bond breaking and forming. In the

simulation, the bonds of a molecule are usually modelled by harmonic oscillators

with some pairwise force (spring) constants, and thus a molecule is treated as an

unbreakable entity.35,39,57,58,135 In recent years, chemical reaction-capable force

field, ReaxFF, has been developed to overcome this limitation and is able to deal

with chemical reactions with sufficient training set of data (i.e., bond lengths,

bond angles, reaction enthalpies, activation energies, etc.).138–142

3. Many classical simulations use a Lennard-Jones potential to describe a sur-

face.57,135,136 This model tends to maximize the numbers of neighbours around

an almost saturated atom rather than to stabilize an atom which has fewer

neighbours and is chemically more reactive (e.g., an adatom on the surface).60

The latter binding mode is confirmed in both nanoparticle experiments83,98,99,143

and quantum simulations.60,144 For simulating surface chemistry, the disagree-

ment of binding location arises when the surface has various distinct binding

sites.

Whereas widely specialized force fields may be developed to limit the effect of the

first limitation, the second limitation can be a fundamental issue in systems involving

chemical reactions. For example, the experimental results indicate that cysteine and

homocysteine adsorb on the Au(111) surface in a mixture of nonionic and zwitterionic

forms (-NH+
3 and -COO−) as shown in Fig. 2.1, even in UHV conditions.25,55,91,116

For the alkanethiol SAMs on a gold surface, the fate of the hydrogen of the thiol

group remains a mystery.9,44,145 A conventional assumption is that the hydrogen gas

leaves the system during the formation of the monolayer (see Fig. 2.2).10,146–156
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Figure 2.1: The zwitterionic (on the right) cysteine is formed from the nonionic
cysteine (on the left) when the proton on the carboxylic acid group (-COOH) transfers
to the amino group (-NH2). The formation of the zwitterionic cysteine was proposed
to occur under higher surface coverage on Au(111) surface.90,116,118

Figure 2.2: Schematic diagram of preparation of alkanethiolates SAM on a Au(111)
substrate. The head group here is thiol/thiolate functional group.

Although the experimental work is still inconclusive, the proton transfer can be stud-

ied computationally with a proper method. Whereas classical MD may not able

to follow these reactions computationally, quantum simulations hold real promise in

modelling the formation of zwitterion of cysteine and homocysteine and the deproto-

nation of alkanethiol to alkanethiolate on a gold surface.92,118,157–159

Similar reasoning applies to the second area of emphasis in the current work: sili-

con oxide/nitride surface fabrication via ALD. Fig. 2.3 illustrates the incoming silicon

precursor (SiCl4) chemically reacts with the surface hydroxyl group (-OH) via a four-
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Figure 2.3: Schematic diagram of the silicon cycle using silicon tetrachloride as the
precursor on a silicon oxide (SiO2) surface. The silicon precursor and the hydroxyl
group (Si-OH) on the surface form a four-membered ring. After the chemical reaction,
the precursor binds to the silicon oxide surface, and HCl is the byproduct.

membered ring mechanism. After the reaction, the product (the precursor-surface

complex) and the byproduct (HCl) are formed.7,123,128,134 In order to adequately model

the reaction mechanism of the ALD process and account for the electronic exchange

driving the reaction, a quantum level method such as ab initio molecular dynamics

(AIMD) is necessary.7,126,130,134,160–162

The challenges of classical MD with consideration of site reactivity (the third

limitation) were discussed in a previous Paci group publication.60 In that work, clas-

sical MD simulations identified the trough (shown in Fig. 2.4 (a)) as the binding site

of the cysteine on the Au(110)-(1×2) surface. However, DFT optimizations showed

stronger binding at the ridge sites,60 (see Fig. 2.4 (b)) as also reported experimen-

tally.25,45,46,48,50,109 The two simulation methods produced vastly different binding

configurations. The classical LJ potential tends to maximize the number of nearest

neighbours, thus indicating the high coordination number sites as the most reac-

tive. This is inconsistent with our own quantum calculations and literature regarding
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1

(a) (b)

Figure 2.4: Optimized configurations using (a) classical MD sampling and (b) DFT
optimization.60

nanoparticle reactivity.10,102,143,144,163–166 While force field calculations are blind to

site-specific reactivity, they are sufficient for Au(111) surface, where all the surface

gold atoms are physically, chemically and reactively equivalent.

A quantum method is required to appropriately and adequately describe confor-

mational changes of amino acids on a complex gold surface and chemical reactions of

silicon precursors on a silicon oxide surface, so some of the basic aspects of DFT are

discussed in the following sections and subsections:

• Density-Functional Method Approach

- The total energy equations

- Geometry optimization

- Pseudo-atomic orbital basis set

- Periodic boundary conditions

- The binding energy equations
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• Improvement and Corrections

- Basis set superposition error and Couterpoise correction

- Energy shift and orbital cutoffs

- Van der Waals corrections

• Limitations of DFT method

• Conclusions

2.2 Density-functional method approach

DFT is arguably the most popular and widely used for modelling a relatively large and

complex system with reasonable computing resources.10,25,43,45,47,51,60,96,112–115,117,144,165–170

The computational cost of DFT method is relatively inexpensive comparing to the

post-Hartree-Fock methods such as Møller-Plesset perturbation theory, configuration

interaction and coupled cluster.52,88,119,168,171

According to the Born-Oppenheimer approximation, the total wavefunction can

be separated into the nuclear and electronic wavefunctions. Ideally, both nuclear

and electronic wavefunctions should be determined using quantum mechanical treat-

ments. However, treating the nuclei quantum mechanically increases computational

resources substantially. Computationally, further simplifications are made based on

the proton-to-electron mass ratio which is 1836.15, and their motions that proton

and other heavier nuclei move much slower than electrons. The wave property of nu-

clei also becomes less significant as mass increases, and thus the much heavier nuclei

can be considered classical point particles. Consequently, treating the motion of the

nuclei classically is a reasonable approximation.172 In simulation, each of electrons

in a system is subjected to a total potential from the fixed nuclei and other elec-
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trons. At each snapshot, the total energy of the system is a function of the states of

electrons and the positions of the nuclei. The majority of electronic calculations in

this dissertation were performed using the SIESTA (Spanish Initiative for Electronic

Simulations with Thousands of Atoms) 3.2 and 4.0 packages.87,173 SIESTA is not only

a program but also a method to compute electronic structure calculations efficiently

by using the localized finite-range pseudo-atomic orbital basis set in a 3D real-space

grid. For a system with N electrons, this approach turns a N3-scaling DFT to an

almost linear-scaling DFT, and is more suitable for modelling a relatively large sys-

tem.87,173–177 Electron wavefunctions are solved using the Kohn-Sham formalism178 of

density-functional theory (KS-DFT) in a self-consistent field (SCF) approach, shown

in Fig. 2.6. In the simulation, since the nuclei are treated classically while the elec-

trons are treated quantum mechanically, one drawback of this simplificaiton is that

proton tunnelling is forbidden in the simulation.

2.2.1 The total energy equations

The general form of the total electronic energy in the KS formalism is expressed

as:179,180

EKS,total = ET + EV + EJ + EXC (2.1)

where T, V, J and XC are the kinetic, potential, Coulombic and exchange-correlation

energy terms respectively. The exchange-correlation energy term is solved by some

approximations, and some common approximations are local-density approximation

(LDA), generalized gradient approximation (GGA), meta-generalized gradient ap-

proximation (meta-GGA) and hybrid-generalized gradient approximation (hybrid-

GGA). LDA only considers the density while GGA takes both the density and the

gradient of the density into account. Meta-GGA takes the density, the gradient of the

density and the Laplacian of the density (also called the kinetic energy density) in
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the exchange-correlation functional.168,179,181–183 Hybrid-GGA mixes some portions

of exact exchange from Hartree-Fock theory with LDA and/or GGA.182,184,185 The

approximations, LDA, GGA, meta-GGA and hybrid-GGA are also known as the

Jacob’s Ladder, the first, second, third and fourth ladder respectively shown in

Fig. 2.5.1,168,181,186–190 Some functionals contain empirical parameters (for example,
2

Figure 2.5: J. Perdew’s metaphorical Jacob’s ladder for the five generations (rungs)
of DFT functionals. Theoretically speaking, the accuracy should be improved at a
higher rung because it contains new physical content that is not included in lower
rungs. Some of the common DFT functionals within each rung are indicated.186,189,190

B3LYP functional contains three empirical parameters) in order to fit some experi-

mental or higher level method results. Based on the existence of an empirical param-

eter, the DFT functionals are divided into two groups:180,182

1. pure DFT functionals with no empirical parameters

2. hybrid DFT functionals with some empirical parameters
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Most of the calculations presented here used the SIESTA simulation program with

the PBE Hamiltonian, and the total energy is expressed as follows:

EKS,total = Eions + Ena +DEna + Ekin + Enl +DUscf + Exc + Emolmec (2.2)

where

Eions = −
∑
I

U local
I

Ena =
∑
I<J

δU local
IJ (RIJ) +

1

2

∑
IJ

UNA
IJ (RIJ)

DEna =

∫
V NA(~r)δρ(~r)d~r

Ekin =
∑
µν

Tµνρνµ

Enl =
∑
µν

V KB
µν ρνµ

DUscf =
1

2

∫
δVH(~r)δρ(~r)d~r

Exc =

∫
Exc[ρ(~r),∇ρ(~r)]d~r

(2.3)

Here, Eions and Ena are the potential energies of single pseudo-atoms I, and the inter-

action of two pseudo-atoms I, J respectively. DEna and Ekin are the electron-nuclear

interaction and the kinetic energies. For the other three energy terms, Enl, DUscf

and Exc are the potential of electrons, the electron-electron interaction (solved in

SCF iterations), and the electronic exchange-correlation (with GGA approximation),

respectively. Emolmec is the molecular mechanics energy describing the van der Waals

interaction empirically using Grimme’s approximation (see subsection 2.3.3).87,173 The

electron density ρ is expressed in terms of the density matrix Dµν and the basis func-
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tions bµ:168,179,185,191–193

ρ =
∑
µν

Dµνbνbµ (2.4)

where Dµν contains the coefficients cµi for the basis functions bµ that construct the

ith wavefunction in the linear combination fashion:179

Dµν = 2

N/2∑
i

ciµciν (2.5)

ϕi =
n∑
µ

cµibµ (2.6)

2.2.2 Geometry optimization

A relatively stable structural configuration (called simply “configuration” in this dis-

sertation) of a system can be obtained using geometry optimization, and the algorithm

is shown in Fig. 2.6. Based on a provided initial configuration, a simulation software

builds its potential and the molecular orbitals (MOs). The total energy equation

of the electron wavefunction is solved and optimized in the SCF iteration while the

nuclei are kept in fixed positions. The potential energy is then updated, and the

nuclei relocate to new positions based on the trajectories of the steepest descent of

the potential energy gradient. The algorithm continues until the total energy reaches

a local minimum, and an optimized configuration is thus obtained. The optimization

algorithm highly depends on the potential of the previous configuration (or the ini-

tial input configuration), an optimized output configuration may not necessarily be

the most stable structure. Usually, many guessed configurations are computed and

optimized. The configuration with the lowest total energy amount these optimized

configurations is reported herein. An alternative method of obtaining a relatively
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Figure 2.6: Schematic diagram of illustrating the simulation algorithm which can be
geometry optimization or molecular dynamics.

stable structure is via AIMD. The simulation follows a similar process, but structural

evolution is followed using Newton’s equations of motion with inclusion of kinetic

energy for the molecules (pseudo-atoms to be more specific) and temperature for the

entire system. The consideration of thermal energy (heat) reduces trapping in local

minima of the potential energy surface.180,181
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2.2.3 Pseudo-atomic orbital basis set

SIESTA separates the electrons into two groups: core and valence electrons. The

collection of the core electrons and the nucleus is called a pseudo-atom, and valence

electrons are described using pseudo-atomic orbital (PAO) basis set.

The pseudo-atoms are numerically parametrized, verified and tabulated in the

pseudopotential file in SIESTA. The construction follows the scheme of Troullier and

Martins.194 The pseudopotential files were downloaded from the SIESTA website and

tested in the group. For heavy elements (i.e., gold atom), the accuracy of the pseudo-

potentials can be improved by involving relativistic corrections, but these are not cap-

tured in the available pseudopotentials. Further optimization of the pseudopotentials

is not in the scope of this study. The strategy of using numerical pseudo-potentials

significantly increases the simulation speed in SIESTA. For example, a gold atom

consists of 68 electrons in the full-shelled core and 11 valence electrons. The 68 elec-

trons are pre-tabulated in the pseudopotential file, and the computation only needs

to compute the 11 valence electrons in the simulation.

Valence electrons are described using PAOs with a polarized triple-ζ (TZP)

basis set. Only valence electrons are considered in the self-consistent field (SCF)

cycles.87,173,177 The triple-ζ indicates that the angular momentum is split into three

channels based on the split-valence method. In the method, a contracted orbital is

described by the first-ζ basis orbitals using a linear combination of Gaussian functions.

The fitness of the first-ζ function is determined either variationally or by fitting

numerical atomic eigenfunctions. The slowest-decaying orbital is described by the

second-ζ basis orbital using one of the Gaussian functions which is split from the

contracted orbital. The third-ζ is generated using a similar recipe by splitting more

Gaussian functions from the contracted orbital. Polarization is described by one

Gaussian function. Further polarization functions were found to have a minimal
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effect on total energies and lattice constants.173 Here, we benchmarked the binding

energies of methylthiol- and methylthiolate-Au20 complexes using polarized double-

ζ (DZP) and TZP basis sets without counterpoise (CP) and van der Waals (vdW)

correction shown in Table 2.1 (BE(TZP) vs BE(DZP)), and found that the binding

energies differ insignificantly (less than 0.1 eV) regardless of the basis sets and the

binding sites. TZP is used for all the calculations using SIESTA according to standard

literature usage.55,60,112,117,144

Table 2.1: Binding energies of MeSH and MeS–Au20 complexes on the binding sites
with various neighbours using various simulation settings.

CNs1 BE(TZP,CP*,vdW)2 BE(TZP,CP) BE(TZP) BE(DZP,CP) BE(DZP)
3 −0.97 −0.82 −0.91 −0.79 −0.84
4 −1.07 −0.79 −0.95 −0.81 −0.88
5 −0.63 −0.38 −0.52 −0.37 −0.44
6 −1.20 −0.87 −0.99 −0.88 −0.97
7 −0.84 −0.57 −0.72 −0.58 −0.69
8 −0.71 −0.40 −0.53 −0.36 −0.47
9 −0.51 −0.18 −0.35 −0.21 −0.32

(3,7) −0.51 −0.33 −0.27
(7,6) −0.89 −0.65 −0.63
(6,8) −0.93 −0.71 −0.64
(8,4) −0.70 −0.45 −0.39

1The rows with single CN (m) and double CNs (m,n) correspond to MeSH–Au20

binding complexes via single-coordinate bond and MeS–Au20 binding complexes via
double-coordinate bond respectively.
2The asterisk indicates that the binding energies are CP corrected only for the
non-dissociative adsorption with single CN value. The BEs are in eV units.

The PAOs are localized, centered at the nuclei and strictly set to zero beyond

a specified cutoff radius. The SIESTA approach is to neglect the overlap matrix

elements if two nuclei are far apart and their PAO basis functions do not overlap.

This approach reduces simulation time significantly at large N , and the numbers of

basis set functions used.173,177,195 The accuracy of the PAO basis set can be checked

by examining the orbital cutoff (discuss in subsection 2.3.2).93,112,173
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Some of the work presented in Chapter 5 uses the Gaussian 09 program.196 The

program treats the electrons in a similar fashion. The core electrons are described

by six gaussian functions in a linear combination way, and the valence electrons are

split into three angular momentum channels with three, one and one gaussian func-

tions (Gaussian basis set notation, 6-311G). Both diffuse (+) and polarization (d,p)

functions are also included in the calculations, and the Gaussian basis set notation is

6-311+G(d,p).

2.2.4 Periodic boundary conditions

Wavefunctions are solved with the appropriate periodicities between the primary

simulating box and its adjacent ones. In this dissertation, three periodic boundary

conditions (PBCs) are used: gas, bulk and surface (slab). The gas-type calculation

requires a sufficiently large primary simulation box so that any interactions or orbital

overlapping between the simulating system (in the primary box) and its images (in

the adjacent boxes) are prevented. Additionally, the lengths and the shape of the

box must stay unchanged and undistorted. For the bulk-type calculation, a crystal

structure obtained from the Crystallography Open Database (COD) website and the

dimensions of the simulation box both undergo geometry optimization since the op-

timized lattice lengths depend on DFT functionals. All atoms are allowed to move

freely during the optimization in the gas- and bulk-type calculations. The surface-

type calculation is processed after its bulk-type optimization. The desired size of

a surface (slab) is cut with appropriate PBC from the bulk. The normal vector of

the slab is orientated along the z-axis due to convention, and the box length along

the z-axis is enlarged by 10X of a system size. Because surface reconstruction is

considered in the simulation, we allow the top two layers to move freely for future

calculations and keep the bottom layer (the third layer) fixed in position at all times.
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Our previous benchmarking study showed that the minimum size of a slab should

consist of three layers.55,60

2.2.5 The binding energy equations

Reporting and comparing the total energy directly from the simulation output file is

meaningless because energy does not have a defined reference. The more relevant data

is the energy difference between the reactants and the products. The binding energy

of non-dissociative adsorption (physisorption) is calculated as the energy difference

of the binding process:

∆Ebinding = Ecomplex
complex −

(
Esurface

surface + Eadsorbate
adsorbate

)
(2.7)

In equation (2.7) and elsewhere in the thesis, subscripts indicate the specific system

for which the total energy is calculated, and superscripts indicate the basis set use.

The binding energy value is affected by an inconsistency in the simulation settings

known as the basis set superposition error (discuss in subsection 2.3.1). The binding

energy of dissociative adsorption (chemisorption) is calculated using equation (2.8):

∆Ebinding = (Ecomplex
complex +

1

2
EH
H2

)−
(
Esurface

surface + Eadsorbate
adsorbate

)
(2.8)

2.3 Improvement and Corrections

Using the DF method and the PAO with finite orbital cutoff basis set has the advan-

tage of efficiently simulating a relatively large system. However, the PAO approach

suffers a basis set inconsistency when binding energy is computed,112,144,197,198 and

DFT is known to describe vdW interaction inadequately.187,190,199–201 In order to im-

prove the accuracy of our simulation results, some corrections are applied.
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2.3.1 Basis set superposition error and counterpoise method

The practice of using localized short-range PAOs can be computationally efficient

but often yields unrealistic and overestimated binding energies. In contrast, results

computed using the plane-wave (PW) basis set are more often in good agreement

with the experimental values, but can require a prohibitively large basis set.93,112,195

The basis set superposition error (BSSE) is due to the availability of a larger set of

basis set functions in a binding complex than in the separate systems, leading to an

over-minimization of the variational energy in the complex. The inconsistent size of

the PAO basis set in the binding energy calculation in equation (2.7) is the primary

cause for the BSSE: the basis set indicated by the superscripts should be identical.

The BSSE is equivalent to an artificial attractive interaction between the adsorbates

and the surface, overestimating the binding energy. Although the artificial attraction

could partially compensate (or overcompensate) for the lack of vdW attractive in-

teraction, the error cancellation can be vastly dependent on the system.112,144,197,198

There are two approaches to handle the BSSE problem:

1. To partially remove it by using the counterpoise (CP) method

2. To minimize it by enlarging the orbital cutoff (see section 2.3.2)

For a physisorption system, the CP correction is one way to estimate and par-

tially remove the BSSE from the total binding energy. The basis set inconsistency is

corrected by introducing a deformation term which is the energy difference between

the final and the initial configuration with their basis sets.197,198 The binding energy
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with the CP correction is:

∆ECP
binding = Ecomplex

complex,f −
(
Ecomplex

surf,f + Ecomplex
ads,f

)
+ ∆Edef,surf + ∆Edef,ads

∆Edef,surf = Esurf
surf,f − Esurf

surf,i

∆Edef,ads = Eads
ads,f − Eads

ads,i

(2.9)

where def means deformation and the i and f indicate the initial and final configura-

tions respectively. The first three terms on the right-hand side of the first equation

in (2.9) are similar to the binding energy equation (2.7) except for their basis set use

and the configurations. The deformation energies represents the energy differences

between the initial isolated configurations and the final configurations in the complex

form, with only account for the incomplete basis set.

An alternative representation is to preserve the original binding energy definition

(as in eqn. (2.7)) and treat the inconsistency simply as the error, and the CP correction

is to remove the sum of all BSSE terms from the binding energy.144

∆ECP
binding = ∆Ebinding − (∆EBSSE,surf + ∆EBSSE,ads)

∆EBSSE,surf = Ecomplex
surf,f − Esurf

surf,f

∆EBSSE,ads = Ecomplex
ads,f − Eads

ads,f

(2.10)

The attractive artificial interaction due to the inconsistency overestimates the binding

energy, so the ∆EBSSE is a negative value. The CP correction is not perfect; it tends

to overestimate the BSSE value and thus over-correct the binding energy in the case of

dispersion interaction.1,112,144,191,202 The next subsection 2.3.2 focuses on minimizing

the value of the BSSE.

Using equation (2.10) to evaluate the binding energy with CP correction of a
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two-body interaction (e.g., a monomer on a substrate, surface, cluster or another

molecule) requires seven total energy terms. For a three-body interaction (i.e., dimer

on a substrate), the number of total energy terms goes to ten:

∆ECP
binding = ∆Ebinding −∆EBSSE,surf −∆EBSSE,ads 1 −∆EBSSE,ads 2 (2.11)

where

∆Ebinding = Ecomplex
complex,f −

(
Esurf

surf,i + Eads 1
ads 1,i + Eads 2

ads 2,i

)
∆EBSSE,surf = Ecomplex

surf,f − Esurf
surf,f

∆EBSSE,ads 1 = Ecomplex
ads 1,f − E

ads 1
ads 1,f

∆EBSSE,ads 2 = Ecomplex
ads 2,f − E

ads 2
ads 2,f

(2.12)

For chemisorbed systems, estimating the BSSE using counterpoise method is

problematic because the fragmentation of the final optimized complex is more ar-

bitrary than for physisorption.197,198 Before finding a more reasonable method or a

workaround counterpoise method for the dissociative adsorption, the BSSE remains.

Although the CP correction does not apply to the dissociative adsorption in this

thesis, we aim to minimize the BSSE by enlarging the orbital cutoff (discuss in sub-

section 2.3.2).

2.3.2 Energy shift and PAO cutoff

In benchmarking calculations, we found large instabilities in both binding energies

and BSSEs when using SIESTA default settings, DZP basis set with small PAO cutoff

radii. Some calculations even show that BSSE values are comparable to binding
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energies.60,144 One way to minimizing BSSE is to increase the size of the basis set

from DZP to TZP; however, the improvement observed in this case was insignificant

based on our previous benchmarking data. An alternative approach is to increase

confinement radii for the PAOs.60,93,144 By extending the cutoff radius of the first ζ

pseudo-orbital of the carbon atom from 4.1 Å to 6.1 Å (see Fig. 2.7), a converged

Figure 2.7: Cutoff radius dependence of the binding energy. Data is presented for
the cutoff radius of the first ζ pseudo-orbital of the carbon atom; cutoff radii of other
pseudo-orbitals present a similar impact on binding energy.

value of the binding energy in this particular case (a cysteine molecule on the Au(110)-

missing row surface) is obtained around −0.3 eV. SIESTA uses energy shift rather

than a more conventional orbital cutoff, and the equivalent energy shift value of

6 Å (in Fig. 2.8) is 1 mRy.60,93,112,144 Because of CP correction overestimates the

BSSE energy and thus over-corrects the binding energy, decreasing the BSSE value

improves the confidence level of our simulation settings and the accuracy of the results.
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Table 2.1 shows that the BSSE values are reduced to less than 0.2 eV. The table also

illustrates that the binding energies between DZP and TZP now only differ by less

than 0.1 eV with the extended cutoff radius, and the differences become insignificant

as CP correction is applied. Increasing the PAO cutoffs also change the adsorbed

configuration. In our previous study,60 the chemisorbed geometries of the L-cysteine

monomer on the Au(110)-(1×2) missing row surface (see Fig. 2.8) with two orbital

Figure 2.8: Optimized chemisorbed geometries of protonated cysteine on Au(110)-
(1×2) missing row surface with two orbital cutoff Rc values for the first ζ pseudo-
orbitals of the carbon atom: a. 4.1 Å and b. 5.8 Å. A shorter orbital cutoff value
resulted a shorter distance between the carboxylic group and the surface.60

cutoffs (4.1 Å and 5.8 Å ) present the over-bound structure of the carboxylic group

on the surface for the shorter orbital cutoff.60

2.3.3 Van der Waals corrections

Even though vdW forces are weak at the individual atom and molecule level, they play

a fundamental role in the binding event because overall vdW contributes to energy in

anisotropic fashion.2,105,112,190,193,203,204 The binding strength depends greatly on the

relative orientations of any two interacting bodies.112 Despite the importance of the in-
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teractions, DFT is known to describe vdW interactions inadequately.187,190,199–201 The

absence of vdW awareness in simulations generally underestimates the binding energy

and forms less correct binding configuration.205–209 For example, GGA, without vdW

correction, underestimates the binding strengths of two graphene sheets and carbon

nanotubes, and predicts the stable structures to be unbound, which the experimental

results show otherwise. Therefore, many early papers that studied aromatic-based

materials used LDA to obtain more accurate results in terms of the binding energies

and configurations as experimental observations.187,199,200,208,210,211 However, the ac-

curacy comes from a cancellation of errors rather than a more appropriate description

of the electron density.190,199–201,207,208 One significant error cancellation is that LDA

overestimates the medium-range vdW while neglecting the long-range vdW, and the

two errors happen to cancel out for some physical properties.190 In recent years, many

corrections and adjustments have been developed to incorporate medium and long-

range vdW in GGA, and the overall performance has been improved.2,47,112,193,212–214

Empirical D2 and TS formalism: One of the popular recipes is the empirical

Grimme-type medium range two-body pairwise vdW correction (D2).2,193,212–214 The

dispersive interaction is paired between any two atoms within some specified effective

ranges, and the interatomic potential is described empirically by a C6R
−6 term as

part of the LJ potential:212,213

ED2
disp = −s6 ·

1

2

N∑
i,j=1

Cij
6

R6
ij

· fdmp(Rij) (2.13)
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The dispersion coefficient Cij
6 and vdW distance Rij between atoms i and j are

computed by using the following equations:213

Cij
6 =

√
Ci

6 · C
j
6

Rij = Ri +Rj

(2.14)

The s6 and fdmp(Rij) are the global functional-specific scaling factor and the Fermi-

type damping function respectively.193,212,213 The 1/2 is to correct for double-counting.

Dispersion coefficients, C6 and van der Waals radii, R6 for H, C, N, O and S were

taken from the original Grimme paper,213 and those for Au from Liu et al. with sur-

face screening correction (Tkatchenko-Scheffler method).1,215 Most of the elements

are parameterized distinctively. However, the d-block elements in the same row are

parametrized identically for simplicity reason,213 and the accuracy of the dispersive

interaction may be improved by re-parameterizing these d-block elements distinc-

tively.

Here, we benchmarked some simulation settings on the complex of a methylthiol

on a designed 20-atom gold cluster and examined the effectiveness of the TS formalism

to the binding energies and configurations. We found that the total binding energies

are enhanced significantly by the vdW-TS correction and dominated by the vdW

contribution even for the smallest hydrocarbon group (-CH3) as illustrated in Fig. 2.9

(f). In terms of the configurations (see Fig. 2.9), the vdW-TS correction shortens the

bond lengths and widens the polar angles; however, the changes are insignificant.
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Figure 2.9: Benchmark the simulation settings: panels (a) and (b) are DZP and TZP
without vdW correction; panels (c) and (d) are DZP and TZP plus vdW correction
with scaling factor s6 = 1.66; panel (e) is TZP plus vdW correction with scaling
factor s6 = 1. The bond lengths (S–Au) and angles are reported. Panel (f) presents
the binding energies.

The global scaling factor s6 is a functional-specific scaling parameter, and

SIESTA default setting is s6 = 1.66. However, this particular default value caused

the overall vdW binding energies to be overestimated when we benchmarked a cys-

teine monomer on Au(111) surface. The value s6 has been adjusted from 2006 to
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2016 by Grimme et al. and Tkatchenko et al., and the latest suggested value is s6 = 1

for the PBE functional.1,2,193,213,214 We, here, also examined the effect of s6 on bind-

ing energies in SIESTA. Fig. 2.10 shows three typical binding modes of cysteine on

Au(111): the zwitterionic form with binding mode of S–Au in panel (a), the nonionic

form with binding mode of thiol–Au via a covalent bond in panel (b), and the non-

ionic form with binding mode of amine–Au physisorbed on the surface in panel (c).

Despite different s6 values (1.0 and 1.66), the structural differences of the optimized

configurations are insignificant. The bond lengths are reduced less than 0.1 Å with

the larger s6 value. However, the binding energies for the vdW interaction (shown as

the gray part of the binding energies in Fig. 2.10 (d)) are reduced by almost two-fold.

The alteration of the vdW binding strengths also causes a small reduction of the

binding energies of the covalent type interaction (the orange-red part of the binding

energies). Table 2.2 shows that the binding energies which are computed using unity

global scaling factor are in better agreement with the reference results that were com-

puted using the same method (PBE-D2) and the hybrid-functional (B3PW91). One

of the major advantages of vdW-TS correction is that it improves the overall accuracy

of binding energies without demanding more computing resources due to its empirical

nature. Therefore, the correction is ideal and suitable for simulating a relatively large

system.212,213

The three-body (D3) formalism is the improved version of the D2 by in-

troducing an extra D3 dispersive energy term to the total energy. In theory, the

performance may be improved by adding more terms.214 The performance of D3 is

beyond the scope of this dissertation, thus it is not benchmarked and used here.

More details about the D3 approach are available in Grimme’s papers in 2010 and

2016.193,214 Other than the Grimme-type and Tkatchenko-Scheffler-type pairwise dis-
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Figure 2.10: Comparing the values of global scaling factor s6 with the SIESTA default
value (s6 = 1.66) and with the suggested value by Tkatchenko (s6 = 1.00).1,2 Panels
(a), (b) and (c) show the zwitterionic form of cysteine with the binding mode of S–Au,
the nonionic forms with the binding modes of thiol–Au and amine–Au, respectively.
In panel (d), the binding energies are presented in pair with (s6 = 1.00) on the left
side and (s6 = 1.66) on the right.
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Table 2.2: Binding energies (BEs) of zwitterionic, chemisorbed and physisorbed cys-
teine monomer and dimer on a Au(111) surface with our latest simulation setting -
DFT-TS/GGA/PBE with unity global scaling, TZP with 1 mRy energy shift. The
BEs for the dimer systems on the surface are reported per dimer, not per monomer.

chirality BE(zwit.)1 BE(chem.) BE(phys.) functional year ref.
L −1.3 −0.8 ∼ −1.0 PBE-TS 2018 this work

−0.46 ∼ −0.81 −0.26 PW91 2003 47

−0.71 ∼ −1.05 −1.08 ∼ −1.13 B3PW91 2007 216

−0.27 RPBE 2012 51

−0.97 −0.44 ∼ −0.60 PW91 2013 54

−1.38 −0.68 ∼ −0.91 PBE-D2 2013 54

D −0.72 −0.36 ∼ −0.57 PW91 2013 54

−0.4 PBE 2014 55

−1.12 −0.52 ∼ −0.95 PBE-D2 2013 54

LL −1.3 ∼ −1.4 PBE-TS 2018 this work
−1.2 ∼ −2.1 PW91 2004 109

−1.36 PW91 2013 54

−1.92 PBE-D2 2013 54

DD −1.38 PW91 2013 54

−1.46 PBE-D2 2013 54

1The energies are in eV units.

persion corrections (D2 and TS) , the exchange-dipole moment (XDM) method by

Becke and Johnson is also widely used for treating the dispersive interaction in an

additive manner.193 However, the SIESTA package (ver. 4.0) does not yet support it.

Beyond D2 and D3 approach: Other than the empirical approach to ad-

just the missing medium- and long-range vdW interaction problem of DFT, a more

advanced approach is to include the non-local density contribution in the functional

of the correlation term in the DFT self-consistent framework. This vdW-inclusive

approach is called vdW-DF.2,112,193,217–219 Since vdW-DF is not used in this disserta-

tion, more (SIESTA relevant) details can be found in SIESTA manual.220
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In conclusion, all the methods for including the vdW interaction are more or less

system-specific. The choice for using a particular method depends on the size (the

number of atoms) of a simulating system, the amount of benchmark required, the

robustness and flexibility of a method and so on. The Grimme-type and Tkatchenko-

Scheffler-type pairwise correction methods are by far the most robust and flexible

methods with almost no additional computing resources required. However, the pair-

wise method could not distinguish the different chemical environments of the same

element. For example, the carbon atom in single-, double- and triple-bond has the

same dispersion coefficient, C6. Even though one could make the carbon distinguish-

able by re-parameterizing the coefficients, the benchmarking may take time, and the

resulting coefficients may be less transferable. In contrast, the higher-ladder func-

tionals and the vdW-DF functionals are less user-flexible on modifying parameters;

however, the methods are more self-consistent. In this study, we chose to use the

vdW-TS correction because it is resource-friendly and produces satisfying accuracy

in the DFT framework level. The resources would be used to increase the size and

complexity of the simulating system.

2.4 Limitations of the DFT method

Zero-temperature DFT: Geometry optimization is done by moving on a path in

the configurational space along the steepest decent. However, it does not necessar-

ily mean the outcome ends at the global minimum. Most likely, a configuration is

obtained at a local minimum. AIMD method is an elegant workaround. By supply-

ing some thermal energy (heat) in the simulation, a less stable configuration could

overcome the low potential barriers and eventually land on the more stable state.

However, AIMD has a large computational cost. An alternative approach is to use
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classical MD until the simulated system reaches the thermal equilibrium state, and

then choose some stable configurations to feed into the DFT calculation. In this

study, our strategy is to provide a broad set of input configurations which could be

generated systematically by some chosen parameters (distances, angles, etc.), con-

structed manually based on the chemical intuition, or some previous results. AIMD

simulations were only run on a few stable configurations for sampling the evolution

of conformations by a given temperature.

Computational costs: Although many improvements have been made to lower

the computational costs, the DFT method is still not computationally cheap when a

simulating system is structurally complex with many degrees of freedom and consist-

ing of many atoms, valence electrons and PAOs. Generally, optimizing a structurally

complex system often requires more numbers of geometry optimization steps and

therefore requires more calculation time (see Table 2.3). Since the calculation times

Table 2.3: Computational costs for various simulating systems in this thesis.

Systems1 e−2 Node (CPU)3 Time4 Steps5 Time/Step
MeSH–Au20 234 1 (32) 05:16:23 396 00:48
Me2S–Au20 240 1 (32) 02:30:25 188 00:48
MeNH2–Au20 234 1 (32) 03:21:57 275 00:44
cys. monomer 1890 4 (32) 07:59:57 195 02:28
homocys. monomer 1896 3 (48) 13:29:10 524 01:33
met. monomer 1902 4 (32) 04:58:56 210 01:25
cys. dimer 1932 6 (32) 11:23:53 503 01:22
homocys. dimer 1944 6 (32) 21:04:11 820 01:33
met. dimer 1956 6 (32) 22:35:51 875 01:33

1The systems are adsorbates on Au20 cluster and amino acids (cysteine, homocysteine
and methionine) on Au(111) surface.
2Total numbers of valence electrons.
3Numbers of nodes used and numbers of CPUs per node.
4The calculation time in hh:mm:ss format.
5Numbers of geometry optimization steps.

per step (Time/Step) are relatively consistent with similar computational settings,
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our strategy of shortening calculation time is to pre-optimize a system (or parts of

an entire system) using a classical force field method before running quantum calcu-

lation. This strategy works effectively when the classical force field prediction agrees

with the quantum prediction and less effective otherwise. A more realistic surface

model often requires more atoms (and thus more electrons) especially involving noble

metals. For example, a 20-atom gold cluster Au20 and a three-layer Au(111) surface

used in this dissertation have 220 and 1848 valence electrons, respectively. Although

requesting more CPUs may help to shorten the calculation time, this act may back-

fire and increase the queue time, so the total time (queue and calculation time) is

not reduced. From our benchmarking results shown in Table 2.3, 3 to 4 nodes work

efficiently for 2000-electron calculations. Additionally, freezing some atoms helps to

reduce some calculation time, and this strategy is used for all the surface calculations.

2.5 Conclusions

In this dissertation, most of the simulation results were computed by SIESTA packages

3.2 or 4.0 using KS-DFT formalism, and the KS exchange-correlation energy term

was approximated by GGA with pure PBE functional. The empirical Tkatchenko-

Scheffler-type pairwise (TS) method was used to sufficiently correct the medium-range

vdW energy term. The global scaling factor s6 was readjusted to unity based on our

benchmarking results and literature suggestions. A localized finite-range PAO basis

set with the TZP was used. The orbital cutoffs were readjusted and extended (equiv-

alent to 1 mRy) to minimize the BSSE values. The CP correction was applied to

non-dissociative (physical) adsorption. In Chapter 5, most of the gas-phase calcula-

tions were computed by the Gaussian-09 program. Similar simulation settings were

used, DFT/GGA/PBE with Gaussian basis set, 6-311+G(d,p).
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Chapter 3

Coordination Numbers and

Binding Reactivities

3.1 Introduction

In the present work, we aim to examine, in a systematic fashion, the dependence of

the molecule-surface interactions pertinent to sulfur-containing AAs on surface site

coordination. Thiol-substituted AAs may involve in surface bonding via thiol, amino

and carboxylic groups. In neutral form, cysteine, homocysteine and methionine have

been observed to interact with the surface via the thiol and amino groups, while

carboxylic groups are often involved in hydrogen bonding.45,48,50,55,60,221 Cysteine and

homocysteine can establish covalent thiolate bonds with the substrate, upon undergo-

ing homolytic fission of the mercapto group. On weakly-binding facets, the mercapto

group can survive, interacting through dispersive forces with the gold atoms. The

methyl-thioether group in methionine does not undergo fission. Thus, methionine

has been observed to interact weakly with Au(111) at room temperature, with some

studies suggesting that the sulfur atom may be impeded by the bulky methyl group
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and is not involved in the binding.159,222 Amino groups in all three molecules have

also been observed to physisorb on the various metal surfaces via the lone pair. In

extended systems, lateral interactions can be established via vdW forces and through

hydrogen bonding of carboxylic groups, or amino group – carboxylic group.

With an end goal of developing a coordination-dependent description of amino

acid-surface interactions, we focus, in the current work, on the surface-binding groups.

To this end, molecular backbones are replaced by methyl groups (a methyl-capping

method), so lone-pair, charge-group surface interactions, and the overall backbone-

surface interaction are removed. Thus, four molecular forms, methyl-thiol (MeSH),

methyl-thiolate (MeS-), dimethyl sulfide (Me2S) and methyl-amine (MeNH2) were

studied in their interaction with a substrate. We designed a 20-atom Au cluster as

the substrate, with gold atom sites spanning an array of coordination numbers N(i),

with i = 3–9, and investigated the binding behavior of single molecules on the cluster.

The adsorption of methyl-thiol, and other thiols, at Au substrates, has been the

focus of a large number of studies, given its broad relevance in spectroscopy, sens-

ing, nanotechnology and biophysics. Many reviews have been written in the last two

decades on the topic of thiol adsorption on gold flat surfaces and clusters,223–235 and

on that of amino acid-gold binding.24,25,236–242 The primary objective is to investigate

the effects of the binding strengths in terms of the direct bindings (S–Au and N–Au)

and the vdW interaction due to the coordination numbers of the binding sites, local

facets and their nearest neighbours. We find that despite the limited size of the adsor-

bates, dispersive interactions play a crucial role in determining preferred adsorption

sites. The strongest adsorption occurred at relatively unsaturated sites, but also pro-

vided sufficient neighbouring surface atoms available to interact dispersively to the

molecular backbone.
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3.2 Methodology

Configurational sampling. Here, we perform a systematic scan of possible initial

structures by sampling the configurational space through four variables, as illustrated

in Fig. 3.1: the distance from the adsorbate headgroup to a gold binding site d, the po-

lar angle θ (the angle between the principal axis of the adsorbate and the axis normal

to the binding surface), the azimuthal angle φ (describing the in-plane orientation of

the projection of the adsorbate principal axis), and the relative location of the head-

group with respect to the substrate atoms, labelled from a to j in Fig. 3.1 (a). Two

2

(a)

a b c

d e f g

h i j

(b)

�

(c)

✓

d

Figure 3.1: Cluster geometry and configurational variables sampled. In (a), the site
nomenclature is given in letters. In (b) and (c), d is the sulfur-gold distance, θ is the
polar angle (90 ◦ in each initial configuration), and φ is the azimuthal angle.

initial molecule-surface distances were used for sulfur-containing adsorbates (4.3 and

4.5 Å) and additional 4.1 Å was used for methyl-amine, equilibrating to an average

S–Au distance of 2.5 Å for sulfur-containing compounds, and to an N–Au distance of

2.3 Å for methyl-amine. From another set of benchmarking calculations, we sampled

four polar angels (θ = 0◦, 30◦, 60◦ and 90◦), and both the 60◦ and 90◦ resulted in

same configurations of the complexes with lower binding energies from the results of

another two polar angles. Therefore, we decided to use (θ = 90◦) to be the only polar

angle. The in-plane angle φ was sampled in 12 increments of 30◦. Initial headgroup

locations were considered at both bridge and atop sites. On the Au20 cluster, ten atop
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sites and 18 bridge sites were considered for each molecule. Overall, 672 initial struc-

tures were considered for each of MeSH, MeS and Me2S, and 1008 initial structures

for MeNH2. After the first set of calculations, additional calculations were performed

for low-coordinated binding sites, to ensure proper sampling of the configurational

space. A fraction of the most stable optimized configurations, their binding energies

and bond lengths for the different binding sites are discussed in the Results section.

The small Au cluster was designed as a cut from an ideal Au fcc lattice. The

cluster was built to exhibit a variety of kink, edge, adatom, and surface binding sites,

with a broad array of coordination numbers (CNs). The CN refers to the numbers of

gold-atom neighbours around a particular gold atom. For example, a CN(9) binding

site (a central atom on a (111) surface and referring to site (e) of the Au20 cluster) has

nine gold atoms around the central gold atom. In order to preserve the designed CNs,

the cluster was held unoptimized in the geometry optimization calculations presented

here. This approximation neglects the significant relaxation effect of the adsorbate on

substrate geometry, but was necessary in order to avoid reorganization of the cluster

to a more spherical shape. Such reorganization would preclude the study of the site

coordination dependence of adsorption energies and structures, which is the subject

of the present work. On the Au20 cluster, only the 10 gold binding sites on the top

layer were studied (labeled a – j in Fig. 3.1 (a)).

Density-functional theory (DFT) methodology. Calculations were per-

formed using the GGA-based PBE functional243 with and without dispersion cor-

rections, in the SIESTA 3.2 package.87,173 Core electrons were described in terms of

the core pseudopotentials constructed in the scheme of Troullier and Martins194 with

relativistic corrections for the gold atoms. Valence electrons were described using

PAOs with a TZP basis set. The PAOs in SIESTA are strictly localized and fall

to zero outside a given cutoff radius by specifying a value of energy shift. Previous
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calculations by our group and others60,93 suggested 1 mRy energy shift (equivalent to

6 Å for the cutoff radius of the carbon PAO with the smallest ζ).

A Grimme-type med-range vdW correction was included in the PBE-D2 calcula-

tions213 with the global scaling factor (s6 = 1). Dispersion coefficients Ci
6 and vdW

radii Ri for H, C, N and S were taken from the original Grimme paper,213 and those

for Au, from Liu et al..1 To understand the impact of the dispersive correction on

the observed adsorption behaviour, a series of binding energies obtained using pure

PBE without the vdW correction were also calculated, and the results were almost

identical to the red-orange portion (differed by −0.04 maximum) of the binding en-

ergies provided in Fig. 3.2. As illustrated in the figure, binding energies obtained

using the pure PBE functional (the red-orange portion) were weaker and much more

homogeneous across the various binding sites than the results obtained using the

PBE-D2 method. In conclusion, the dispersion correction enhanced non-dissociative

physisorption (MeSH, Me2S and MeNH2) binding energies by 0.1 eV to 0.5 eV, and

moderately increased chemisorption (MeS-) energies by 0.1 eV to 0.3 eV.

Non-dissociative adsorption. The binding energy in non-dissociative adsorp-

tion was calculated as the enthalpy of the binding process. For unbound systems,

the BSSE was estimated using CP correction method.197,198 The CP correction is to

remove the sum of all BSSE terms from the binding energy using equation (2.10).

Dissociative adsorption. Calculated binding energies for the dissociative ad-

sorption took into account the release of hydrogen as H2 using equation (2.8). CP

corrections were not applied for the dissociative adsorption case, as considering the

complex in the molecular (gold+adsorbate) basis set is appropriate in the context of

chemical bonding of the two.
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3.3 Results and Discussion

We examined the binding behaviour of methyl thiol, in both dissociated and undisso-

ciated forms, at the various sites of the Au20 cluster, and then the binding behaviour

of dimethyl sulfide with stronger dispersive interaction with the cluster. Finally, the

interaction of methyl amine at the cluster was examined.

3.3.1 Dissociative adsorption: the methyl-thiolate form

Despite the small size of the molecular backbones considered in this study, the disper-

sive interactions of the methyl group had a strong impact on binding site preferences

and the binding strengths of the covalent bond (S–Au) and of the overall vdW interac-

tion (Me – Au). As illustrated by the binding data in Fig. 3.2 (a), adsorption energies

did not follow a direct, monotonous relationship with the degree of unsaturation of

the gold atoms at the binding sites. Instead, a convolution and interplay of site reac-

tivity and vdW attraction was found to determine the preference of methyl-thiolate to

one or another binding site. Generally speaking, overall dispersive interactions were

strongest when the methyl group can be most effectively accommodated by Au atoms

in either the top layer or in the bottom layer. As a result, the kink site (cf) shows

the strongest adsorption (see Fig. 3.2) with the most stable configuration shown in

Fig. 3.3 (cf). At edge sites, strong methyl–Au dispersive interactions could be es-

tablished with the top layer as seen for the (bc) adsorption site, or strong sulfur–Au

covalent interaction could be established when the sulfur and the binding gold atoms

were along the same plane (sites dh, hi and ij). On the other hand, strongly unsat-

urated tip sites with fewer neighbouring gold atoms available for vdW binding (sites

ab, ad, fg and gj) adsorbed weakly.
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Figure 3.2: Binding energies and relevant distances for MeS dissociative adsorption
on the Au20 cluster in panel (a) and MeSH non-dissociative adsorption in panel (b).
The binding sites nomenclature of the Au atoms are as indicated in Fig. 3.1 (a).
Corresponding stable configurations are displayed in Fig. 3.3 for MeS and in Fig. 3.5
and 3.6 for MeSH. The binding energies ∆Eb are calculated by Eqn. (2.8) and (2.9) for
MeS and MeSH and represented in columns on the left-side scale. The grey portion of
the columns is an estimate of dispersive interactions calculated by applying Eqn. (2.8)
to the D2 portion of the binding energies (reported by SIESTA as Emolmec, EMM).
Corresponding S–Au bond lengths (averaged over the two Au sites for MeS–Au20) are
represented in blue circles, with the scale on the right-hand side.



59

(ab) (bc) (cf)

(fg) (ad) (dh)

(hi) (ij) (gj)

Figure 3.3: The most stable MeS–Au cluster binding configurations for various bind-
ing sites on the model Au20 cluster. Binding site atoms are indicated in the figure.

The kink site, cf: The strongest binding arose at the relatively well-coordinated

kink site, cf, with the methyl group either pointed upward position and interacting

with the top layer of the cluster (see Fig. 3.4 (cf1)), or pointed aligned in an equatorial

position and interacting with the bottom layer of the cluster (cf2). Total binding

energies of the two conformations were the same within the DFT precision as shown

in Table 3.1. Coordination numbers at site cf were relatively high (6 and 8), with 5 to 7

neighbouring atoms (depending on the orientation of the methyl group) located at less

than 5 Å of the centre of the methyl group and available for dispersive interactions.

The low-CN sites, ab, ad, fg and gj: In contrast, binding configurations

related to the low-coordinated tip sites a and g, can only interact dispersively to 3 to
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(cf1) (fg1) (dh1)

(cf2) (fg2) (dh2)

Figure 3.4: The most stable (top panels) and a higher energy (bottom panels) bind-
ing configurations for binding sites, cf, fg and dh. Their binding energies and the
numbers of neighbours were displayed in Table 3.1.

4 neighbouring gold atoms within 5 Å of the carbon atom, and show weak dispersive

and overall binding energies (see Table 3.1 and Fig. 3.4 (fg2)). In the present case,

lower in-surface coordination does not equate higher reactivity, in the sense of stronger

binding to adsorbates. The importance of the dispersive interactions of the methyl

group in establishing binding site preference is illustrated by the strong correlation

between the overall binding energy (Eb in Table 3.1) and the additional dispersive

interaction of the PBE-D2 formalism (EMM in Table 3.1) in this case.

Binding configurations via double-coordinate bond at bridge site: Re-

gardless of binding site, the thiol group adsorbed to the Au20 cluster in a two-bond,

off-bridge configuration, and this binding configuration was also suggested by oth-

ers.235,244,245 In general, Au–S bond lengths were between 2.4 and 2.5 Å (see Ta-

ble 3.1), with the sulfur atom generally located roughly along one of the gold lattice

planes that intersect the two layers. The relative location of the thiolate group was

determined to a great degree by the optimization of the methyl group interactions.
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Table 3.1: Binding energies and relevant distances for MeS–Au adsorption.

Sites1 CN (Au) Eb (eV)2 (d1,d2) (Å)3 Nneigh.
4 dC-Au;avg (Å)5 EMM (eV)6

ab 3,7 −0.51 (2.45,2.52) 4 3.85 −0.18
bc 7,6 −0.89 (2.46,2.45) 5 3.92 −0.22
cf1 6,8 −0.93 (2.45,2.49) 5 3.93 −0.25
cf2 6,8 −0.92 (2.42,2.50) 7 3.90 −0.31
fg1 8,4 −0.70 (2.54,2.44) 7 3.88 −0.31
fg2 8,4 −0.64 (2.53,2.46) 4 3.81 −0.21
ad 3,6 −0.55 (2.43,2.49) 3 3.70 −0.13
dh1 6,4 −0.83 (2.48,2.42) 4 3.80 −0.17
dh2 6,4 −0.81 (2.47,2.42) 3 3.88 −0.13
hi 4,5 −0.86 (2.41,2.46) 4 3.94 −0.14
ij 5,4 −0.87 (2.48,2.41) 4 3.87 −0.15
gj 4,4 −0.68 (2.41,2.47) 4 3.94 −0.14

1The indices of the gold atoms are as indicated in Fig. 3.1 (a). Several equilibrated
structures are indicated for some of the binding sites, in decreasing order of their
binding energies.
2Binding energy calculated by Eq. (2.8) in Chapter 2.
3Distances from the sulfur atom to the two Au binding sites.
4Number of neighbouring atoms (at less than 5 Å from the methyl group) available
for dispersive interactions. This number includes the two Au atoms bond to the sul-
fur.
5Average distance from the carbon atom to the neighbouring Au atoms.
6The Molecular Mechanics energy as reported by SIESTA, describing overall disper-
sive interactions.

The orientations of the methyl group: Binding energies did not significantly

depend on the orientation (upward or downward orientations shown in Fig. 3.4) for a

given binding site (see Table 3.1). For example, at the strongly binding cf kink site, a

configuration with the methyl group pointing away from the kink and interacting with

the top layer of surface atoms, experienced only a 0.06 eV penalty in dispersive energy.

It should be specified that, although multiple distinct low-energy configurations were

found for each site, the full methyl group desorption (an upright configuration of

the methyl group while the thiol end is still bound) carried an energetic cost of 0.6

to 0.9 eV. The Molecular Mechanical binding energy of the methyl group per gold

atom was about -0.1 eV. The relationship between the number of neighbours and the
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EMM illustrates the additive property of the D2 formalism. This was consistent with

experimental and computational reports of methane adsorption on gold surfaces.246,247

3.3.2 Non-dissociative adsorption: the methylthiol form

Binding to the substrate via single-coordinate bond at atop site: Depending

on adsorption conditions, many thiols maintain their mercapto group undissociated,

particularly on less reactive surfaces.110,116 The thiol group then interacted to the

gold substrate through a single surface atom.55 We examined here the behaviour of

complexes of undissociated methylthiol and our Au20 cluster, and found that the

single-bond configuration provided significantly more orientational freedom to the

adsorbate, as illustrated in Fig. 3.5 and 3.6. This in turn allowed both the methyl

(a) (b) (d)

(e) (f) (g)

(h) (i) (j)

Figure 3.5: Representative minimum energy structures for the non-dissociative ad-
sorption of MeSH at various binding sites on the Au20 cluster. The panel labels also
represented the binding site. The binding configurations associated with the kink site
c were shown in Fig. 3.6.
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(c1) (c2) (c3)

Figure 3.6: Three binding configurations for the non-dissociative adsorption of MeSH
at the kink site c on the Au20 cluster. The panel labels represented the binding site
and their binding energies and bond lengths were shown in Table 3.2.

group and the mercapto hydrogen to approach the surface closely, resulting in overall

stronger dispersive interactions relative to the thiolate case (see EMM in Table 3.1

and Table 3.2).

Table 3.2: Binding energies and relevant distances for MeSH–Au adsorption.

Site1 CN (Au) Eb (eV)2 d (Å) Nneigh. dC-Au;avg (Å) EMM (eV)
a 3 −0.97 2.45 4 4.06 −0.16
b 7 −0.87 2.52 6 4.09 −0.30
c1 6 −1.20 2.49 6 4.03 −0.33
c2 6 −1.03 2.50 7 3.95 −0.31
c3 6 −0.86 2.52 5 4.06 −0.25
d 6 −0.58 2.59 5 4.00 −0.25
e 9 −0.51 2.73 5 4.00 −0.34
f 8 −0.71 2.58 5 3.98 −0.31
g 4 −1.07 2.46 6 3.85 −0.28
h 4 −0.84 2.48 2 3.52 −0.15
i 5 −0.63 2.61 6 4.19 −0.25
j 4 −0.93 2.45 2 3.50 −0.16

1If not otherwise specified, headings are the same as in Table 3.1.
2Binding energy calculated by Eq. (2.10) in Chapter 2.

Maximizing the binding energies by balancing the chemisorption and

the dispersion: The case of thiol (non-dissociative) adsorption is a clear example

of the duality of thiol group-methyl group binding in these systems. The weaker thiol-

gold bond, with single coordination, was more free to move in response to favourable

methyl binding conditions. This was apparent in a disconnect between the dispersive
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added energy (EMM) and the binding energy trends, which had been well correlated

in the case of thiolate adsorption. As shown in Fig. 3.2 (b), systems where dispersive

forces were relatively strong can be overall more weakly bound when compared to

systems where dispersive interactions are relatively weak: for example, binding at

atoms h and i where the dispersive and binding energies were negatively correlated.

On the other hand, strong dispersive forces in the i-bound thiol were due primarily

to methyl-surface interactions, as the relatively long bond length indicated that the

thiol group had moved away from the surface. Similar observations can be made for

binding at sites d, e and f, with strong overall dispersive forces but relatively long

binding distances. The strongest bonds were formed when both of the groups can be

satisfied (at sites c and g, for example).

3.3.3 A stronger dispersive interaction: the dimethyl sulfide

Similar to methylthiol binding geometries, dimethyl sulfide (DMS) chemisorbed single-

coordinately to the atop sites of the Au20 cluster, establishing stronger dispersive

interaction because of the extra methyl group. Due to the size of the Au cluster,

only three binding sites (c, e and f) provided overall maximum surrounding gold

neighbours for the methyl groups (see Nneigh. values in Table 3.3 with corresponding

configurations shown in Fig. 3.7 and 3.8).

For other sites, either only one of the methyl group maximized its neighbours

(i.e. sites a and g) or the two methyl groups equally shared the neighbours (i.e.

sites d, h, i and j). However, the stronger binding energies were not entirely coming

from the dispersion; both the chemisorption and the dispersion were the contributors.

As the dispersive interaction increased, the bond lengths of S–Au for the Me2S–Au20

complexes were shortened up to 0.04 Å than to the S–Au of MeSH–Au20 (see Table 3.3

and 3.2) leading to the stronger chemisorption contributions. In general, the total
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Table 3.3: Binding energies and relevant distances for Me2S–Au adsorption.

Site1 CN (Au) Eb (eV)2 d (Å) Nneigh. dC-Au;avg (Å) EMM (eV)
a 3 −1.15 2.45 3,4 (3.86, 4.06) −0.24
b 7 −1.05 2.50 3,6 (3.83, 4.06) −0.38
c1 6 −1.26 2.47 4,7 (3.94, 3.95) −0.42
c2 6 −1.17 2.48 5,6 (4.14, 4.25) −0.36
c3 6 −1.05 2.49 3,5 (3.85, 4.13) −0.34
d 6 −0.76 2.54 2,4 (3.51, 3.92) −0.29
e 9 −0.70 2.69 5,6 (3.95, 4.07) −0.46
f 8 −0.89 2.54 4,6 (3.81, 4.06) −0.45
g 4 −1.27 2.44 3,6 (3.93, 3.88) −0.34
h 4 −1.05 2.46 2,4 (3.49, 4.11) −0.25
i 5 −0.80 2.55 2,4 (3.51, 4.16) −0.27
j 4 −1.14 2.43 2,4 (3.48, 4.10) −0.25

1If not otherwise specified, headings are the same as in Table 3.1.
2Binding energy calculated by Eq. (2.10) in Chapter 2.

(a) (b) (d)

(e) (f) (g)

(h) (i) (j)

Figure 3.7: Representative minimum energy structures for the adsorption of Me2S
at various binding sites on the Au20 cluster. The panel labels also represented the
binding site. The binding configurations associated with the kink site c were shown
in Fig. 3.8.
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(c1) (c2) (c3)

Figure 3.8: Three binding configurations for the adsorption of Me2S at the kink site c
on the Au20 cluster. The panel labels represented the binding site and their binding
energies and bond lengths were shown in Table 3.3.

binding energies of the DMS on Au20 complexes were stronger by ∼0.2 eV than the

binding energies of the methylthiol–Au20 complexes as shown in Fig. 3.9 and Table 3.3.
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Figure 3.9: Binding energy contributions and bond lengths of Me2S on the Au20

cluster via physisorption with strong dispersion. The green coloured part of the
energy is treated as the ”chemical bond” energy in the complex. If not otherwise
specified, the figure description is the same as in Fig. 3.2 (b).
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Effect of dispersive interactions: Fig. 3.8 shows three distinct binding con-

figurations of DMS at the kink site c. Dispersive interactions were maximized when

one of the methyl sat inside the kink, and another one interacted to the bottom layer

as shown in c1. Configuration c2 achieved the same total number of neighbours as

c1, but had longer methyl-gold distances and a weaker overall binding energy. The

number of neighbours reached maximum (Nneigh. = 11) only at two binding sites, c

and e with similar EMM values.

3.3.4 A lone-pair to metal interaction: the methylamine

Methylamine physisorbed on gold binding sites via a single-coordinate dative bond

due to the lone-pair on the nitrogen.248–251 Similar binding motifs were encountered

previously for N -heterocyclic carbene on metallic surface.16–20 The single-coordinate

dative bond provides significant orientational freedom, as illustrated in Fig. 3.10 and

3.11, and the binding strengths of this particular dative bond were remarkably strong

as shown in Fig. 3.12. Comparing the binding energies of the methylamine–Au20

complexes with the methylthiol-Au20 complexes shown in Fig. 3.12 and 3.2 (b) respec-

tively, the differences were insignificant, despite shorter the bond lengths for N–Au

than for S–Au. Due to the presence of the more electronegative N centre of methy-

lamine, the stronger binding strengths at low coordinate sites such as a, g and j (see

Table 3.4) are reflected in terms of their binding energies. For the binding configura-

tions of the methylamine–Au20 complexes on the kink site c, three distinct orientations

of the methyl group are shown in Fig. 3.11: above the kink with a tilt angle (c1),

away from the kink equatorially (c2), and upward along the normal direction (c3).

Unlike the thiols discussed above, the methyl group of the methylamine showed no

orientational preferences in terms of the binding energies, dispersion energies (EMM)

and N–Au distances (see Table 3.4: c1, c2 and c3).
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(a) (b) (d)

(e) (f) (g)

(h) (i) (j)

Figure 3.10: Representative minimum energy structures for the adsorption of MeNH2

at various binding sites on the Au20 cluster. The panel labels also represented the
binding site. The binding configurations associated with the kink site c were shown
in Fig. 3.11.

(c1) (c2) (c3)

Figure 3.11: Three binding configurations for the adsorption of MeNH2 at the kink
site c on the Au20 cluster. The panel labels represented the binding site and their
binding energies and bond lengths were shown in Table 3.4.
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Figure 3.12: Binding energy contributions and bond lengths of MeNH2 on the Au20

cluster via lone pair metal interaction. The violet-magenta coloured part of the energy
is treated as the ”physical bond” energy in the complex. If not otherwise specified,
the figure description is the same as in Fig. 3.2 (b).

Table 3.4: Binding energies and relevant distances for MeNH2–Au adsorption.

Site1 CN (Au) Eb (eV)2 d (Å) Nneigh. dC-Au;avg (Å) EMM (eV)
a 3 −1.04 2.20 3 4.18 −0.14
b 7 −0.92 2.26 6 3.99 −0.32
c1 6 −1.22 2.23 6 4.03 −0.34
c2 6 −1.19 2.23 4 3.91 −0.32
c3 6 −1.18 2.24 5 4.28 −0.35
d 6 −0.70 2.29 5 4.04 −0.24
e 9 −0.63 2.37 5 3.83 −0.36
f 8 −0.77 2.28 5 4.02 −0.34
g 4 −1.10 2.21 6 3.97 −0.26
h 4 −0.93 2.23 3 3.80 −0.19
i 5 −0.70 2.30 2 3.37 −0.21
j 4 −1.00 2.21 2 3.40 −0.18

1If not otherwise specified, headings are the same as in Table 3.1.
2Binding energy calculated by Eq. (2.10) in Chapter 2.
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3.4 Conclusions

In order to develop an understanding of thiol binding on complex-structured metal

surfaces, we pursued an investigation of dissociative and non-dissociative adsorption

at a model 20-atom Au cluster. The cluster model presented a series of distinct avail-

able binding sites, with coordination numbers between 3 and 9. To limit the set of

competing interactions involved in the adsorption process, we examined MeSH–Au

complexes over a broad region of their configurational space. The molecules bound

preferentially to kink sites where provided a maximum number of neighbouring sub-

strate atoms available for methyl group stabilization. We further examined Me2S–Au

complexes to gain some insights on maximizing the stabilization of two methyl groups,

and found that both the kink sites and the flat surface provided enough neighbouring

substrate atoms for two methyl groups. Other than the sulfur-containing molecules,

methylamine was considered, as amine groups are known to contribute strongly to

amino acid binding on metal surfaces. We found that, binding strengths of the coordi-

nate dative bond can be as strong as a covalent bond, and that the orientation of the

methyl group played less significant role in methylamine binding. By using Grimme-

type medium range vdW correction, we found that dispersive interactions (mainly

due to S–Au, SH–Au and CH3–Au) provide a relatively significant contribution on

binding strength (14% ∼ 67%) and configuration even for the smallest hydrocarbon,

a methyl group. Despite known issues with the empirical nature of dispersive cor-

rections, their inclusion in calculations was essential in order to access reasonable

binding structures, particularly for more weakly-bound molecule groups. In effect,

a direct parallel between binding preference and the coordination of the adsorption

site cannot be drawn without first examining the binding environment and backbone

interactions, for even the simple molecules considered here.
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Chapter 4

Amino Acids on Complex Gold

Surfaces

4.1 Introduction

Cysteine, homocysteine and methionine have three lone-pair containing groups, that

may involve the surface bonding or the intermolecular interaction: the thiol (or disul-

fide for methionine), amino and carboxylic groups. The generally accepted binding

modes of cysteine and homocysteine on the Au(111) surface are that the thiol group

physisorbed on the surface, and the mercapto group undergoes homolytic cleavage

near the substrate and chemisorbs on the surface with the formation of a covalent

S–Au bond and a H radical or molecular H2.
43,45,52 Methionine only physisorbed on

the surface because it does not have a mercapto group, and thus it has been observed

to weakly bind to Au(111) at room temperature, with some studies suggesting that

the sulfur atom is not involved in the binding.236,238 The amino group could interact

either with the surface via the single-coordinate bond or the carboxylic group inter-

molecularly via hydrogen-bonding.252 Whether the adsorption involves the thiolate or
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disulfide species remained unclear experimentally, recent first principle calculations

generally support the thiolate-surface model.47 In extended systems, lateral interac-

tions can be established via vdW forces and through hydrogen bonding of the car-

boxylic or amino group. For example, the two carboxylic groups are often involved in

intermolecular interaction via hydrogen bonding in dimerization.45,48,50,55,60,221 The

binding modes vary widely depending on the identity of the thiol/thiolate group,

the involvement of the amino group, the ionic states of the thiol and amino groups,

the reactivities of the binding sites of the gold surfaces, the environmental condi-

tions (solution phase or in vacuum), the annealing temperature and surface cover-

age.25,46–48,91,116,253 The thiyl radicals and the thiols even coexist for many surface

coverage conditions. Temperature plays a significant role on the presence of the thiol,

thiolate and dithiol species. As the temperature elevated, dithiol group undergoes

dissociation and forms thiolate group.111 Various cystine/cystine monolayer patterns

have been observed experimentally on different gold surfaces.47

The molecular ionic state introduces an additional complicating factor on the

surface self-assembly of AAs. Whether the molecule presents in cationic, nonionic,

zwitterionic or anionic form depends on the presence of a solvent, surface cover-

age, the reactivity of the gold binding site and the nature of the probing exper-

iment.90,116,216,254–256 Based on XPS measurements on both Au(110) and Au(111),

cysteine is mostly nonionic at low surface coverage and zwitterionic at high coverage,

even in UHV conditions.90,116,118 The ionic including nonionic states impact the pat-

terns of the SAMs and the binding modes. Nonionic cysteine multimers form patterns

on surfaces with strong binding modes, via thiol/thiolate and amino groups and with

intermolecular interaction between carboxylic groups.45,48,50,72,136,216,221,257 Depending

on the surface coverage and the deposition temperatures, zwitterionic configurations

exist in two forms: the conventional form with -NH+
3 and -COO− pair, and an uncon-
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ventional form with -NH+
3 and the thiolate anion pair.118,253 The zwitterions interact

with the surface and the adjacent adsorbate strongly through static Coulombic forces,

and dominating the overall binding energy.

The binding strength between the adsorbate and the surface strongly correlates to

the binding site reactivity and thus its saturation - neighbouring atoms of a binding

site. Generally, a less saturated (fewer neighbours) binding site has higher reac-

tivity and results in larger binding energy. Experimental and computational stud-

ies have established the distinct behavior of sulfur-containing AAs on various metal

facets.25,55,110,112 Previous studies showed that cysteine binds strongly on kink bind-

ing sites of (1×2) reconstructed Au(110) surfaces.60 The phase behaviour of sulfur-

containing AAs, and condensed-phase self-assembly patterns, also depends strongly

on substrate geometry, because of the impact of the latter on adsorbate-surface inter-

actions.25,110 The role of adatoms in the strong binding of thiols on Au surfaces has

become clearer in recent years. The reactivity of the Au(111) surface increases upon

surface reconstruction to form the herringbone structure with unit cell of (22×
√

3).

An adatom model had been proposed to describe the reconstruction and the bind-

ing mode of thiolate self-assembly.52,111,114,232,258,259 Experimentally, the involvement

of gold adatoms in thiolate self-assembly can be observed as a staple pattern that

methylthiolate (and phenylthiolate) dimers sandwich a gold adatom.52,259 In simula-

tions, a reactive gold adatom is ejected onto the Au(111) surface to mimic the binding

mode of the stripe phase on the herringbone reconstructed Au(111) surface.111

Previous computational studies focused on the thiol, thiolate and dithiol adsorp-

tion of cysteine monomer and dimer at the Au(111) surface144 and at the Au(110)

surfaces (with and without surface reconstruction)60 using a pure DFT functional

(PBE). With most of the input structures from stable (geometry optimized) gas-phase

cysteine/cysteinyl conformers, the reported binding energies of the stable adsorbate-
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surface complexes with the exothermic adsorption process were between −0.3 eV and

−1.3 eV via both the thiol–Au and the amino–Au bonds.55 However, the nature of

the pure DFT approach can underestimate binding energies substantially (depend-

ing on the system) because it is unable to capture the medium and long-range vdW

dispersion.1,260,261 The dispersion can affect not only the binding strength but also

the binding configuration, especially for a long hydrocarbon chain, a benzene group

and a relative large delocalization structure.252 In this study, we implemented the

screened Tkatchenko and Scheffler (TS) vdW correction (similar to Grimme-type

D2),1,2,193,213–215 and partition the total binding energy into the binding energy that

is approximated by the pure DFT method and that estimated by the ad hoc D2 for-

malism. This analysis method is applied to the monomers and dimers of the three

AAs on the Au(111) surface with adatom defects.

4.2 Methodology

Zero-temperature density-functional method was used to optimize the config-

urations of the adsorbate-surface complexes. The optimized configurations strongly

depend on their input geometries, because the method suffers from an inability to

broadly sample configurational space. This limitation becomes more problematic

for molecule-surface interactions as the complexity of the potential energy surface

increases due to the overwhelming contribution of the surface.262 Two approaches

to a better sampling of the configuration space are available. One is to generate

more input geometries either manually or by other programs and feed them into the

zero-temperature DFT geometry optimization. We used this approach in our previous

molecule-cluster study.144 Most of the input geometries were generated systematically

in the first trial of geometry optimization, followed by modification based on our in-
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tuition as necessary. The main limitation of this approach is that hundreds of input

geometries were needed in three sequential trials. Another approach is to provide

thermal energy to the simulation using AIMD simulations or equivalent approaches.

Unfortunately, currently AIMD is computationally unfeasible for large surface bound

systems. We thus generated a large set of input geometries for the geometry opti-

mization in the first trial. Optimized configurations from the first trial were further

refined and used in two more sequential trials of geometry optimization.

4.2.1 Models

Two gold slabs, Au(111) and Au(111) with one adatom, with PBCs, were

used in this study. The Au(111) slab consisted of three layers with 56 gold atoms

per layer. The atoms on the top two layers were allowed to move freely without

any constraints to account for any surface reconstruction due to the adsorbates. The

bottom (the third) layer was fixed in position to ensure the overall structure remain

undistorted. A pre-optimized and then fixed [20.59, 20.34, 100.00] Å simulation box

was used to ensure the periodicity of the lattice in the xy plane and minimize image

cell interaction in the z direction.

One gold adatom was introduced on top of the first layer to simulate adatom

defects. Three relatively stable configurations were obtained with the adatom on the

fcc, the hcp and the bridge site in descending stability. The trend was consistent

with previous theoretical calculations.250,263,264 Energy differences between the three

locations were less than 0.1 eV in our calculations, below methodological errors. The

total energy of the defected adatom at the fcc site will be used as the total energy

reference in the binding energy calculations.

Three sulfur-containing AAs, cysteine, homocysteine and methionine

were considered as a series of adsorbate, presented in Fig. 4.1. Cysteine and homo-
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Figure 4.1: Amino acids investigated in this study: (a) L-cysteine, (b) L-
homocysteine and (c) L-methionine.

cysteine were deposited on the gold surface in both the physisorbed R–SH (thiol or

mercapto group) and the chemisorbed R–S (thiolate) forms, whereas only the ph-

ysisorbed R–S–CH3 (thioether) form exists for methionine. Zwitterionic states were

also considered for cysteine and homocysteine.

4.2.2 Numerical details

DFT calculations were performed using the GGA-based PBE functional265 with

screened TS-vdW corrections,2,213,215 in the SIESTA 4.0 package.87,173 Core electrons

were described through pseudopotentials constructed in the scheme of Troullier and

Martins194 with relativistic corrections for the gold atoms. Valence electrons were

described using PAOs with a TZP basis set. The PAOs in SIESTA are strictly

localized and fall to zero outside a given cut-off radius, chosen by specifying a value of

energy shift. Previous calculations by our group and others60,93,144 suggested 1 mRy

energy shift (equivalent to 6 Å for the cut-off radius of the carbon PAO with the

smallest ζ) is appropriate for binding energy calculation. Dispersion coefficients, C6

and van der Waals radii, R6 for H, C, N, O and S were taken from the original Grimme

paper,213 and those for Au from Liu et al. with surface screening correction (a vdW-
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TS approach).1,215 Benchmarking results by our group and others1,2,193 suggested

that unity (s6 = 1) was suitable for the global scaling factor. Previous studies in

our group showed that the inclusion of the dispersion corrections usually enhances

binding energies by 0.1 eV to 0.5 eV in non-dissociative physisorption (MeSH, Me2S

and MeNH2) and 0.1 eV to 0.3 eV in dissociative chemisorption (MeS-).144 Binding

energy was calculated using equation (2.10) with CP correction.

4.3 Results and Discussion

Binding modes and strengths of the three AAs on the surfaces are discussed below

with respect to adsorption of monomers and dimers on ideal and defect surfaces. We

examined the effects of backbone length, thiol group substitution, defect sites and

presence of nearby adsorbates on the adsorption behaviour of these molecules.

4.3.1 Amino acid adsorption at the ideal Au(111) surface

The three sulfur-containing AAs (cysteine, homocysteine and methionine) exhibited

two binding modes on the Au(111) surface: a nonionic (-SH and -NH2) and an un-

conventional zwitterionic (-S− and -NH+
3 ) mode.118 In the nonionic binding mode,

two functional groups, the mercapto group (sulfide for methionine) and the amino

group normally interact with the surface via a single-coordinate covalent (S–Au) and

a dative bond (-NH2–Au). The two functional groups could also interact with the

surface cooperatively with both groups binding to the surface at the same time. In

the zwitterionic binding mode, the thiolate group can interact with the surface via

a single- or double-coordinate bond, whereas the positively charged amino group (-

NH+
3 ) interacts with the surface via the static Coulombic forces.
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Nonionic amino acid monomers on the Au(111) surface:

Cysteine and homocysteine adsorbed weakly on the Au(111) surface via the mercapto

group (R–SH). As shown in Table 4.1, the binding energy contributions from pure

(uncorrected) GGA/PBE method were minor or positive (non-bonding). Dispersive

Table 4.1: CP corrected binding energies and distances for adsorbed nonionic cysteine,
homocysteine and methionine configurations on the Au(111) surface.

Binding mode1 ∆Eb,total
2 ∆Eb,DFT

3 ∆Eb,vdW
4 dS-Au

5 dN-Au
6 Config. Figure

S–Au, cys −0.84 −0.04 −0.80 2.61 — 4.2 (a)
S–Au, cys −0.71 +0.11 −0.82 2.61 — 4.2 (b)
N–Au, cys −0.94 −0.02 −0.92 — 2.31 4.2 (c)
N–Au, cys −0.78 +0.08 −0.86 — 2.36 4.2 (d)
S–Au, Hcys −1.08 −0.22 −0.86 2.58 — 4.3 (a)
S–Au, Hcys −1.00 −0.11 −0.89 2.57 — 4.3 (b)
N–Au, Hcys −1.00 +0.05 −1.05 — 2.33 4.3 (c)
N–Au, Hcys −0.73 +0.14 −0.87 — 2.33 4.3 (d)
S–Au, met −1.44 −0.40 −1.04 2.55 — 4.4 (a)
S–Au, met −1.25 −0.18 −1.07 2.56 — 4.4 (b)

1The binding mode via either thiol group (methyl sulfide for methionine) denoted as
S–Au or amino group denoted as N–Au.
2Binding energy calculated by Eq. (2.10) with CP correction.
3Uncorrected DFT binding energy calculated by taking the difference between the
total and the vdW binding energies.
4The Molecular Mechanics (vdW) binding energy calculated by Eq. (2.7).
5S–Au bond length.
6N–Au bond length.

corrections predominated the overall interaction between the three sulfur-containing

AAs and the ideal Au(111) surface. Consequently, the overall binding strengths

strongly correlated to the orientation and length of the molecular backbone. Me-

thionine binding strength was stronger than homocysteine and finally cysteine. The

sulfide group of the methionine had stronger dispersive interaction with the Au(111)

surface than the mercapto group of the other AAs, shortening the S–Au bond length

(see Table 4.1).
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In our previous methylamine-gold-cluster study,144 the amino group formed a da-

tive bond between the lone-pair of the amino group and the Au(111) facet (Au(111)

surface in a cluster form) with a moderate strength of roughly −0.6 eV, with equal

contributions of ∆Eb(DFT) and ∆Eb(vdW). For the three sulfur-containing AAs

on Au(111), no such bond strengths were observed. In contrast, the amino group

showed positive ∆Eb(DFT) contributions for cysteine and homocysteine as shown

in Table 4.1. Although the binding interaction via the dative bond was absent, an

attractive overall interaction achieved through vdW backbone dispersion. No bound

NH2–surface configurations were found for methionine from geometry optimization.

Stabilization of lowest energy configurations was achieved through intramolecular

H-bonding between COOH – NH2, shown in Figs. 4.2, 4.3 and 4.4 for cysteine, homo-

cysteine and methionine respectively. No proton (H+) transfer from -COOH to -NH2

groups was observed in the zero-temperature DFT calculation.
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Figure 4.2: Configurations of nonionic cysteine monomer on Au(111) surface. The
binding configurations of S–Au bound are displayed in panels (a) the most stable,
and (b) less stable, and of N–Au bound in panels (c) the most stable, and (d) less
stable. For each panel, a side view is displayed with the correspnding aerial view at
the up-right corner.
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Figure 4.3: Configurations of nonionic homocysteine monomer on Au(111) surface.
The panel layout is same as Fig. 4.2.
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Figure 4.4: Configurations of nonionic methionine monomer on Au(111) surface. The
panel layout is same as Fig. 4.2, except no N-Au bound configurations.

Cooperative binding modes for homocysteine and methionine on the Au(111)

surface:

Both homocysteine and methionine were able to accommodate efficient binding of

both the mercapto (sulfide for methionine) and the amino groups on the surface.

This cooperative binding mode (via both S–Au and N–Au bound) was however un-

stable for cysteine. From cysteine N-bound configurations shown in Fig. 4.2 (c) and

(d), the shorter bonding distance of the amino group to the surface causes strain in

the hydrocarbon backbone. As a consequence, the mercapto group is lifted further

away from the surface, destabilizing this cooperative binding mode. Since the cooper-

ative binding required both the mercapto (sulfide) and the amino groups to interact

with the surface, the preferred intramolecular interaction (COOH – NH2) can not

be established in those configurations, as shown in Fig. 4.5. Given the structural

similarities of the most stable configurations for cooperative (Fig. 4.5 (a) and (b))

and S–Au bound binding modes (Fig. 4.3 and 4.4 (a)), binding energies for the co-
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operative binding modes were slightly lower than the S–Au bound forms as shown in

Table 4.2.

Table 4.2: CP corrected binding energies and distances for cooperatively adsorbed
homocysteine and methionine on Au(111) surface.

Binding mode1 ∆Eb,total ∆Eb,DFT ∆Eb,vdW dS-Au dN-Au Config. Figure
(S,N)–Au, Hcys −1.19 −0.29 −0.90 2.63 2.32 4.5 (a)
(S,N)–Au, met −1.54 −0.47 −1.07 2.58 2.32 4.5 (b)
(S,N)–Au, met −1.29 −0.26 −1.03 2.55 2.33 4.5 (c)
(S,N)–Au, met −1.02 +0.08 −1.10 2.62 2.34 4.5 (d)

1If not otherwise specified, headings are the same as in Table 4.1.

The most stable cooperative binding mode required an upright orientation of the

-COOH group. A surface-parallel orientation of the -COOH group shown in Fig. 4.5

(d) resulted positive ∆Eb(DFT) contribution (see Table 4.2), and the stability of this

configuration entirely came from dispersive interaction.
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Figure 4.5: Cooperative binding configurations of (a) homocysteine and (b) the most
stable methionine monomer on Au(111) surface. The less stable methionine binding
configurations in panels (c) and (d).
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Unconventional zwitterionic forms of cysteine and homocysteine on the

Au(111) surface:

Both conventional (with -NH+
3 and -COO− groups) and unconventional (with -NH+

3

and -S− groups) zwitterionic structures118,121 were considered for cysteine and homo-

cysteine monomers on the ideal Au(111) surface. Despite attempts with many input

structures, conventional zwitterionic structures underwent proton transfer to reform

the nonionic cysteine and homocysteine during the geometry optimization, and stable

zwitterionic configurations were unable to obtain for the both AAs. Similar results

have also been obtained previously in our group for the AAs on Au(110) surface.60

Although the pKa values of -COOH for cysteine and homocysteine (2.1 and 2.2) are

significantly lower than the values of -SH (8.2 and 8.9),266 some lower temperature

experimental studies indicate that -SH group acts as the primary proton donor to

the -NH2 group.118,119,253 Additionally, given XPS experimental evidence of -NH+
3

and -S− forms in adsorbed AAs,90,116,121 we considered unconventional zwitterionic

configurations where proton transfer occurred intramolecularly between the -SH and

the -NH2 groups. Two pathways were identified: direct proton transfer and indirect

proton transfer. Proton moved directly from the -SH to the -NH2 group as displayed

in Fig. 4.6.

In the second pathway, the -COOH group was involved in mediating the proton

transfer as shown in Fig. 4.7 for cysteine and 4.8 for homocysteine. The proton

of the -SH group transferred to the -COOH group and triggered the proton of the -

COOH group to transfer to the -NH2 group. Although the vdW dispersive interaction

still dominated, cysteine and homocysteine monomers bound relatively strongly on

the Au(111) surface via both a single-coordinate S–Au covalent bond and the static

Coulombic interaction (-NH+
3 ) in unconventional zwitterionic configurations shown in

Table 4.3. The more conventional double-coordinate S–Au binding motif was not
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homocysteine 04 - direct zwitt. (H-down) homocysteine 02 - direct zwitt. (H-up)(c) (d)

α

α

Figure 4.6: Zwitterionic cysteine and homocysteine on Au(111) surface via direct
proton transfer. Zwitterionic cysteine was more stable when the Hα is pointing (a)
toward the surface than (b) away from the surface. Whereas, zwitterionic homocys-
teine showed no preferences between the two forms (c) and (d). Energies are given
in Table 4.3.
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cys 09 - indirect post-zwitterionic formation (H-up)(c) (d)
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Figure 4.7: Zwitterionic cysteine monomer on Au(111) surface via indirect proton
transfer. Panels (a) and (c) showed the configurations before the proton transfer
and panels (b) and (d) after the transfer. The configurations with the Hα pointing
toward and away from the surface were shown in the top and bottom two panels.
The zwitterionic form with the Hα pointing toward the surface was the most stable
cysteine binding mode. Energies are given in Table 4.3.
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Figure 4.8: Zwitterionic homocysteine monomer on Au(111) surface via indirect pro-
ton transfer. The panel layout is same as Fig. 4.7. The zwitterionic form with the
Hα pointing toward the surface was the most stable homocysteine binding mode.
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Table 4.3: CP corrected binding energies and distances for adsorbed unconventional
zwitterionic cysteine and homocysteine on Au(111) surface.

Transfer pathway1 ∆Eb,total
2 ∆Eb,DFT ∆Eb,vdW dS-Au Hα

3 Config. Figure
direct, cys −1.27 −0.54 −0.73 2.46 toward 4.6 (a)
direct, cys −1.12 −0.27 −0.85 2.48 away 4.6 (b)
indirect, cys −1.06 −0.37 −0.69 2.53 toward 4.7 (a)
indirect, cys −1.27 −0.53 −0.74 2.47 toward 4.7 (b)
indirect, cys −0.95 −0.15 −0.80 2.58 away 4.7 (c)
indirect, cys −1.03 −0.18 −0.85 2.48 away 4.7 (d)
direct, Hcys −1.23 −0.31 −0.92 2.46 toward 4.6 (c)
direct, Hcys −1.30 −0.35 −0.95 2.46 away 4.6 (d)
indirect, Hcys −1.29 −0.43 −0.86 2.51 toward 4.8 (a)
indirect, Hcys −1.44 −0.55 −0.89 2.46 toward 4.8 (b)
indirect, Hcys −1.20 −0.33 −0.87 2.52 away 4.8 (c)
indirect, Hcys −1.23 −0.30 −0.93 2.47 away 4.8 (d)

1Proton transfer via either direct pathway (S–H→NH2) or indirect pathway (S–
H→COO–H→NH2)
2If not otherwise specified, headings are the same as in Table 4.1
3The Hα points toward or away from the surface.

obtained from geometry optimization even when such structures were used as input

geometries.

Despite strong binding strengths of the zwitterionic forms, direct proton transfer

was inhibited by the unfavourable orientation of the nitrogen’s lone-pair. For nonionic

cysteine and homocysteine, low energy configurations were achieved through the in-

volvement of the lone-pair in either H-bonding with the -COOH group, or interaction

with the surface. Consequently, indirect proton transfer was preferred because the

nonionic configurations met the criterion. AIMD approach can be employed to fur-

ther elucidate the proton transfer mechanism. Unlike the nonionic forms which had

no orientational preferences, unconventional zwitterionic cysteine and homocysteine

preferred the Hα points toward the surface, as shown in Table 4.3.
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4.3.2 Amino acid dimers in the gas phase

In the gas phase, four distinct intermolecular H-bonding motifs were considered:

COOH – COOH, COOH – (NH2,OH), (NH2,OH) – (OH,NH2), and partial charge,

as shown in Fig. 4.9. Binding energies for these dimer configurations are presented

in Table 4.4. From the table, the most stable configurations for all three AAs in

1

met 01 - (S,S)

(a) (b) (c) (d)

H

C

N

O

Figure 4.9: Four distinct intermolecular interactions are: (a) COOH – COOH, (b)
COOH – (NH2,OH), (c) (NH2,OH) – (OH,NH2) and (d) partial charge between two
intramolecular pairs. Only the intermolecular interaction segments are displayed here.
Table 4.4 shows the binding energies of the three AA dimers in the gas phase.

Table 4.4: CP corrected binding energies and the corresponding intermolecular inter-
actions for cysteine, homocysteine and methionine dimers in the gas phase.

amino acids Int.mol.1 ∆Eb,Total
2 ∆Eb,DFT ∆Eb,vdW

Cysteine COOH–COOH −0.56 −0.45 −0.11
COOH–(NH2,OH) −0.43 −0.08 −0.35

(NH2,OH)–(OH,NH2) — — —
partial charge −0.15 +0.15 −0.30

Homocysteine COOH–COOH −0.39 −0.36 −0.03
COOH–(NH2,OH) −0.26 −0.10 −0.16

(NH2,OH)–(OH,NH2) −0.30 +0.15 −0.45
partial charge −0.48 −0.26 −0.22

Methionine COOH–COOH −0.68 −0.55 −0.13
COOH–(NH2,OH) −0.56 −0.23 −0.33

(NH2,OH)–(OH,NH2) −0.60 +0.08 −0.68
partial charge −0.75 −0.40 −0.35

1The intermolecular interaction pairs between two amino acids.
2Energies are calculated using the same equations as in Table 4.1
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the gas phase presented two H-bonds between the carboxylic groups. Partial charge

motifs were only slightly higher in energy for homocysteine and methionine dimers

due to strong vdW contributions. Although stable conventional zwitterionic motifs

were obtained via the COOH – (NH2,OH) intermolecular interaction for all three AAs

in the gas phase (see Fig. 4.9 (b)), their binding energies did not show strong DFT

contributions. Unconventional zwitterionic forms were not stable in the absence of a

surface. These four distinct binding motifs were then examined on the Au(111) and

adatom surfaces.

4.3.3 Amino acid dimers on Au(111)

Two predominant binding motifs were established for AA dimers: the mercapto (or

sulfide) groups covalently bind to the surface with intermolecular interaction via H-

bonds,45,51,55,60 and cystine, two cysteines bound covalently via a disulfide bond, in-

teracted the surface via the disulfide group.171,226,245,257 For the latter binding motif,

interactions can be established intramolecularly with the backbone orientating up-

right, or intermolecularly with other adsorbates, cysteine or cystine. The upright

orientation resulted in less stable adsorbate-surface binding interaction, so such bind-

ing motif was not shown and discussed here. Due to the surface size limitation, no

trimer binding motifs were examined here as well. We examined and focused on the

stable dimer binding motifs involving intermolecular interaction via H-bonds. Four

distinct intermolecular binding motifs were discussed: COOH – COOH, COOH –

(NH2,OH), (NH2,OH) – (OH,NH2) and partial charge.
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COOH – COOH interaction:

This intermolecular interaction resulted in relatively stable dimer configurations for

all three AAs, as shown in Fig. 4.10 for cysteine and 4.11 for homocysteine and me-

1

cys 01 - (S,S) take cys 03 - (S,S) take

(a) (b)

H

C

N

O

S

Au

cys 05 - (S,S) take cys 10 - take

(c) (d)

Figure 4.10: Configurations of cysteine dimer on the Au(111) surface with COOH–
COOH intermolecular interaction. The most stable configuration is the zwitterionic
form with 2 -NH+

3 groups in panel (a), then with 1 -NH+
3 group in panel (b). Panel

(c) shows the cooperative binding mode, and (d) shows the upright configuration.
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Figure 4.11: Configurations of (a) homocysteine and (b) methionine dimers on
Au(111) surface with COOH–COOH intermolecular interaction. Panel (a) shows
the cooperative binding mode, and (b) shows the binding mode via 2 S–Au bonds.

thionine. Because the -NH2 groups no longer involved in intermolecular interaction

via H-bonds, they can uptake protons from the -SH groups intramolecularly to form

unconventional zwitterionic structures or can interact with the surface to form coop-

erative binding mode. The zwitterionic configurations were energetically more stable

than the nonionic cooperative binding mode for cysteine dimers (see Table 4.5) due

to the -NH+
3 – surface interaction. The binding preference of the zwitterionic form

mainly came from the DFT contribution, and the binding energy increment was about

0.1 eV per -NH+
3 group. Therefore, the (unconventional) zwitterionic form with two

-NH+
3 groups resulted the most stable cysteine dimer configuration on the Au(111)

surface. More work has to be done to determine if this binding preference trend is

also followed by homocysteine since it can also undergo unconventional zwitterionic

formation. For the nonionic flatten binding configurations, the binding energies of the

vdW contribution increase by 0.1 eV with additional hydrocarbon backbone (-CH2-
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Table 4.5: CP corrected binding energies and distances for adsorbed cysteine, homo-
cysteine and methionine dimers with COOH – COOH interaction on Au(111) surface.

AA Binding mode1 ∆Eb,total
2 ∆Eb,DFT ∆Eb,vdW dSi-Au dNi-Au Figure

cys. S–Au, NH+
3 –Au −1.45 −0.60 −0.85 2.49 — 4.10 (a)

S–Au, NH+
3 –Au 2.49 —

N–Au −1.35 −0.46 −0.89 — 2.35 4.10 (b)
S–Au, NH+

3 –Au 2.49 —
N–Au −1.27 −0.39 −0.88 — 2.33 4.10 (c)
S–Au, N–Au 2.74 2.32
S–Au −0.95 −0.30 −0.65 2.65 — 4.10 (d)
S–Au 2.61 —

Hcys. S–Au, N–Au −1.40 −0.43 −0.97 2.62 2.36 4.11 (a)
S–Au, N–Au 2.66 2.37

met. S–Au −1.56 −0.43 −1.13 2.63 — 4.11 (b)
S–Au 2.66 —

1If not otherwise specified, headings are the same as in Table 4.1.
2Binding energies (total, DFT and vdW) are per monomer.

and -CH3 for homocysteine and methionine) regardless if the cooperative binding

mode was established or not. These binding energy increments (per -NH+
3 and -CHn)

were consistent with the AA monomers on the Au(111) results. The upright orienta-

tion was the least stable configuration for the three AAs; an example of the cysteine

dimer of such form was shown in Fig. 4.10 (d).

COOH – (NH2,OH) interaction:

This intermolecular interaction via H-bonds led to conventional zwitterionic forma-

tion or nonionic dimer form. A conventional zwitterionic structure is formed when

a proton of a -COOH group transfers to a -NH2 group. Such zwitterionic formation

was established intermolecularly when the dimer configurations orientated appropri-

ately as shown in Fig. 4.12. The proton donating -COO− and accepting -NH+
3 groups

sat flat on the surface, and the -COOH group was in an upright orientation with its

proton pointing to the -COO− group. In general, a zwitterionic form is relatively
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Figure 4.12: Configurations of zwitterionic (a) homocysteine and (b) methionine
dimers on the Au(111) surface with COOH – (NH2,OH) intermolecular interaction.

Table 4.6: CP corrected binding energies and distances for adsorbed cysteine, homo-
cysteine and methionine dimers with COOH – (NH2,OH) interaction on the Au(111)
surface.

AA Binding mode1 ∆Eb,total ∆Eb,DFT ∆Eb,vdW dSi-Au dNi-Au Figure
Hcys. S–Au, NH+

3 –Au −1.30 −0.39 −0.91 2.58 — 4.12 (a)
S–Au, N–Au 2.63 2.33

met. S–Au, NH+
3 –Au −1.66 −0.52 −1.14 2.56 — 4.12 (b)

S–Au, N–Au 2.58 2.29

cys. S–Au, N–Au −0.97 −0.19 −0.78 2.73 2.32 4.13 (a)
S–Au 2.75 —

met. S–Au −1.47 −0.33 −1.14 2.58 — 4.13 (b)
S–Au 2.56 —

1If not otherwise specified, headings are the same as in Table 4.5.

more stable because of the stronger -NH+
3 – surface interaction, and this relation

was established in the case of cysteine dimers via COOH – COOH intermolecular

interaction. However, a zwitterionic form was not necessarily more stable than a

cooperative binding form. For example, homocysteine dimer configuration with the

conventional zwitterionic form (Fig. 4.12 (a)) was slightly less stable than the one
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with the cooperative form (Fig. 4.11 (a)). Tables 4.6 and 4.5 showed that the zwit-

terionic form was 0.1 eV weaker than the cooperative form in terms of the binding

energies (−1.30 eV and −1.40 eV respectively). Although this energy difference was

arguably insignificant for a DFT-based calculation, the factor causing such binding

energy reduction was shown clearly in their configurations. For the zwitterionic form,

the 0.1 eV difference came from the vdW contribution due to a -COOH group in an

upright orientation. Methionine cannot undergo proton transfer intramolecularly to

form an unconventional zwitterionic structure due to the absence of the -SH group.

The smallest zwitterionic structure for methionine was the dimer form involving in-

termolecular proton transfer from a -COOH group to a -NH2 group, as shown in

Fig. 4.12 (b). This zwitterionic formation resulted in the most stable methionine

dimer configuration (see Table 4.6).

A stable zwitterionic form cannot be established when a dimer structure was not in

the specific orientation. As a result, a dimer interacted intermolecularly via H-bonds

and remained nonionic, as shown in Fig. 4.13. Their binding energies were generally

weaker than the zwitterionic ones and were mainly due to the DFT distribution (see

Table 4.6). For example, the nonionic methionine dimer form bounded weaker than

its zwitterionic form (−1.47 eV and −1.66 eV in Table 4.6) even though they had

significant structural similarities and mainly differed by the orientation of a -COOH

group (one sat flat, and one was in an upright orientation).

(NH2,OH) – (OH,NH2) motif:

For this motif, no stable conventional zwitterionic forms (with one or two -NH+
3

groups) were obtained from geometry optimization even though many structures

were initially inputed as zwitterionic forms. Only nonionic dimers were stable, and

Fig. 4.14 showed two configurations as examples. Although the dimers seemed to
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Figure 4.13: Configurations of nonionic (a) cysteine and (b) methionine dimers on
the Au(111) surface with COOH – (NH2,OH) intermolecular interaction.

interact via H-bonds intermolecularly with two -COOH groups in the tilted orienta-

tion, their binding energies showed otherwise. The binding energies indicated that

the dimers were basically two non-interacting monomers (see Table 4.7).

Table 4.7: CP corrected binding energies and distances for adsorbed homocysteine
and methionine dimers with (NH2,OH) – (OH,NH2) binding motif on Au(111) surface.

AA Binding mode1 ∆Eb,total ∆Eb,DFT ∆Eb,vdW dSi-Au dNi-Au Figure
Hcys. S–Au −1.17 −0.23 −0.94 2.57 — 4.12 (a)

S–Au 2.57 —
met. S–Au −1.51 −0.36 −1.15 2.56 — 4.12 (b)

S–Au 2.56 —
1If not otherwise specified, headings are the same as in Table 4.5.
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Figure 4.14: Configurations of (a) homocysteine and (b) methionine dimers on the
Au(111) surface with (NH2,OH) – (OH,NH2) binding motif.

COO− – (NH+
3 ) and partial charge interactions:

A conventional zwitterionic formation can also occur between a -COOH and a

-NH2 group without involving the second -COOH group, as shown in Fig. 4.15 (a).

This particular binding configuration was relatively stable with the presence of an

unconventional and conventional zwitterionic form. The binding strength was similar

to the dimer form that had one unconventional zwitterionic form with COOH – COOH

intermolecular interaction (see Fig. 4.10 (b) and Table 4.5).

In the monomer subsections, we established that a nonionic monomer was stabi-

lized by the intramolecular interaction between a -COOH and a -NH2 group. This

stabilization also created a partial charge pair, a slightly negatively charged -Oδ+ and

a positively charged -Nδ+. The partial charge pair led to the intermolecular interac-

tion of a dimer and formed stable homocysteine and methionine dimers in the gas

phase (in Fig. 4.9 (d) and Table 4.4). On the Au(111) surface, this binding motif

was relatively stable (see Table 4.8), and the upright orientation of the -COOH or
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Figure 4.15: Configurations of (a) zwitterionic cysteine dimer and (b) nonionic homo-
cysteine dimer interacting intermolecularly via partial charge on the Au(111) surface.

Table 4.8: CP corrected binding energies and distances for adsorbed zwitterionic
cysteine dimer and nonionic homocysteine dimer with partial charge interaction on
the Au(111) surface.

AA Binding mode1 ∆Eb,total ∆Eb,DFT ∆Eb,vdW dSi-Au dNi-Au Figure
cys. S–Au2, NH+

3 –Au −1.34 −0.49 −0.85 (2.57,2.52) — 4.15 (a)
NH+

3 –Au — —
Hcys. S–Au −1.21 −0.30 −0.91 2.60 — 4.15 (b)

S–Au 2.62 —
1If not otherwise specified, headings are the same as in Table 4.5.

the -NH2 groups (see Fig. 4.15 (b)) did not penalize more than 0.1 eV on both DFT

and vdW contributions.
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4.3.4 AA monomers on an adatom defect gold surface

The adatom defect surface model had a single gold atom sitting on top of the Au(111)

surface with a coordination number 3 or 4 depending on whether the adatom located

on the fcc, hcp or the bridge site respectively. Binding was strengthened when the

adatom was involved in the binding events. Stabilizing the reactive adatom by form-

ing a more stable adsorbate-adatom complexes resulted in more substantial binding

energies. Moreover, the binding energy enhancement was only included in the uncor-

rected DFT method, Eb,DFT, whereas the dispersive binding energy, Eb,vdW remained

relatively unchanged.

Binding strengths on the adatom surface were unchanged when the adatom was far

from the adsorption site. When binding events involved the adatom, either the mer-

capto and the amino group interacted with it forming three distinct binding modes:

the unconventional zwitterionic structures (for cysteine and homocysteine), the non-

ionic cooperative binding and the nonionic single bindings.

The unconventional zwitterionic monomer forms of cysteine and homocys-

teine on the adatom surface:

Similar to the trend of the binding strengths of the AAs on the Au(111) surface, the

unconventional zwitterionic structures formed one of the strongest binding interac-

tions for cysteine and homocysteine on the adatom surface. The participation of the

adatom enhanced the total binding energies of the adsorbed zwitterionic cysteine and

homocysteine monomer for the direct proton transfer (see Table 4.9) by 0.5 eV (from

−1.27 eV to −1.79 eV) and 0.7 eV (from −1.30 eV to −2.03 eV) with respect to the

monomers on the Au(111) surface. For the indirect proton transfer, the enhancements

were 0.5 eV (from −1.27 eV to −1.80 eV) for cysteine and 0.4 eV (from −1.44 eV

to −1.79 eV) for homocysteine. Besides the total binding energy enhancements, the
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Table 4.9: CP corrected binding energies and distances for adsorbed unconventional
zwitterionic cysteine and homocysteine on the adatom surface.

Transfer pathway1 ∆Eb,total ∆Eb,DFT ∆Eb,vdW dS-ad
2 dS-Au

3 Config. Figure
direct, cys −1.79 −1.02 −0.77 2.58 — 4.16 (a)
direct, cys −1.58 −0.77 −0.81 2.47 2.59 4.16 (b)
indirect, cys −1.80 −1.16 −0.64 2.37 — 4.17 (a)
indirect, cys −1.59 −0.79 −0.80 2.39 — 4.17 (b)
direct, Hcys −2.03 −1.33 −0.70 2.38 — 4.16 (c)
direct, Hcys −1.59 −0.56 −1.02 2.44 2.56 4.16 (d)
indirect, Hcys −1.79 −0.94 −0.85 2.38 — 4.17 (c)

1If not otherwise specified, headings are the same as in Table 4.3.
2The bond length between the sulfur and the adatom (abbreviated as ad).
3The bond length between the sulfur and a gold atom of the Au(111) surface.

adatom also allowed two stable binding modes via a single-coordinate S–adatom bond

(see Fig. 4.16 (a) and (c), and Fig. 4.17) or via a double-coordinate Au–S–adatom

bond (panels (b) and (d)). Binding energy contributions were distributed differently

for the two binding modes, via a single- and a double-coordinate bond. For the binding

mode via a double-coordinate bond involving the adatom and the surface, the vdW

binding contributions dominated the total binding energies, as shown in Table 4.9. In

contrast, the DFT binding energies were the dominant contributions for the binding

modes via a single-coordinate bond involving only the adatom. The primary factor of

the enhancement was accompanied by shorter S–adatom bond lengths, as shown in

Table 4.9; the bonds were shortened by about 0.07 Å to 0.10 Å on average (compare to

the average bond lengths of S–Au(111), 2.48 Å and 2.49 Å). Disregard of the adatom

involvement and the binding modes, the vdW binding energies remained in similar

contributions for the adsorbed zwitterionic AAs on the Au(111) and adatom surfaces.
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Figure 4.16: Configurations of the unconventional zwitterionic cysteine and homo-
cysteine monomers on the adatom surface via direct proton transfer. Panels (a)
and (c) show the binding modes of cysteine and homocysteine on the adatom via a
single-coordinate bond, and panels (b) and (d) show the binding modes via a double-
coordinate bond.
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Figure 4.17: Configurations of the unconventional zwitterionic cysteine and homo-
cysteine monomers on the adatom surface via indirect proton transfer. Panels (a)
and (b) show the binding modes of cysteine on the adatom via a single-coordinate
bond with the Hα pointing toward and away from the surface. Panel (c) shows that
homocysteine binds to the adatom via a single-coordinate bond with the Hα pointing
away from the surface.
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Cooperative binding modes for the sulfur-containing amino acids on the

adatom surface:

Two distinct cooperative binding modes had been optimized here: the S–adatom and

N–surface and the N–adatom and S–surface cooperative bindings. Given the elevation

of the adatom, the cooperative binding mode was achieved for the nonionic cysteine

monomer. Whereas such a binding mode was not stable on the Au(111) surface due to

the stress of the hydrocarbon backbone, as discussed in subsection 4.3.1. The binding

modes of the mercapto (or sulfide) group binded to the adatom while the amino group

interacted with the surface were displayed in the panels (a) of Figs. 4.18, 4.19 and

4.20 for cysteine, homocysteine and methionine respectively. Panel (b) in the same

figures displayed that the amino group binded to the adatom while the mercapto (or

sulfide) group interacted with the surface.
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Figure 4.18: Cooperative binding mode of nonionic cysteine monomer with the mer-
capto group binding to the adatom in panel (a) and with the amino group binding
to the adatom in panel (b).
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Figure 4.19: Cooperative binding mode of nonionic homocysteine monomer with the
mercapto group binding to the adatom in panel (a) and with the amino group binding
to the adatom in panel (b).
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Figure 4.20: Cooperative binding mode of nonionic methionine monomer with the
sulfide group binding to the adatom in panel (a) and with the amino group binding
to the adatom in panel (b).
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The binding strengths for the cooperative binding modes (see Table 4.10) were

moderate and weaker than the zwitterionic binding modes due to the -NH+
3 group’s

absence. The DFT binding energy contributions were altered while the vdW con-

tributions remained unchanged for the two binding modes. Binding strengths of the

Table 4.10: CP corrected binding energies and distances for cooperatively adsorbed
amino acids on the adatom surface.

Binding mode1 ∆Eb,total ∆Eb,DFT ∆Eb,vdW dS-surf
2 dN-surf

3 Config. Figure
S–ad, N–Au, cys −1.32 −0.31 −1.01 2.52 2.37 4.18 (a)
N–ad, S–Au, cys −1.25 −0.37 −0.88 2.62 2.45 4.18 (b)
S–ad, N–Au, Hcys −1.51 −0.68 −0.83 2.45 2.38 4.19 (a)
N–ad, S–Au, Hcys −1.51 −0.63 −0.88 2.65 2.23 4.19 (b)
S–ad, N–Au, met −1.91 −0.83 −1.08 2.43 2.33 4.20 (a)
N–ad, S–Au, met −1.87 −0.69 −1.18 2.64 2.22 4.20 (b)

1If not otherwise specified, headings are the same as in Table 4.1.
2The bond length between the sulfur and the adatom (abbreviated as ad) or the
Au(111) surface (denoted as Au).
3The bond length between the nitrogen and the adatom (abbreviated as ad) or the
Au(111) surface (denoted as Au).

vdW contributions were independent from the relative orientation of the carboxylic

group to the surface, as shown in Table 4.10. Comparing the binding energies of ho-

mocysteine and methionine with the cooperative binding modes on the Au(111) and

the adatom surface, the total binding energies were enhanced by 0.3 eV for homocys-

teine (−1.19 eV vs −1.51 eV) and 0.4 eV for methionine (−1.54 eV vs −1.91 eV).
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Binding modes with single-coordinate bonds:

Since orientational preferences were not obvious for the binding modes with single-

coordinate bonds, only the forms with the Hα pointing upward were presented in

Figs. 4.21, 4.22 and 4.23 for cysteine, homocysteine and methionine respectively.
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Figure 4.21: Configurations of nonionic cysteine on adatom surface via (a) S–adatom
and (b) N–adatom single-coordinate bonds.

Similar to other two adatom involving binding modes, the adatom enhanced the

binding strengths of the single-coordinate binding modes via the S–adatom and the

N–adatom bonds, as shown in Table 4.11. The enhancement was mainly on the DFT

contributions by more than 0.3 eV (−0.04 eV vs −0.35 eV for cysteine) while the

dispersive binding energies remained in similar strengths as the amino acids binded

on the Au(111) surface. In terms of binding strengths, the single-coordinate binding

modes had similar total binding energies as the cooperative binding modes for the

three AAs (compare Table 4.11 and 4.10).
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Figure 4.22: Configurations of nonionic homocysteine on adatom surface via (a) S–
adatom and (b) N–adatom single-coordinate bonds.
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Figure 4.23: Configurations of nonionic methionine on adatom surface via (a) S–
adatom and (b) N–adatom single-coordinate bonds.



109

Table 4.11: CP corrected binding energies and distances for adsorbed nonionic amino
acids on the adatom surface.

Binding mode1 ∆Eb,total ∆Eb,DFT ∆Eb,vdW dS-ad
2 dN-ad

3 Config. Figure
S–ad, cys −1.24 −0.35 −0.89 2.48 — 4.21 (a)
N–ad, cys −1.34 −0.40 −0.94 — 2.21 4.21 (b)
S–ad, Hcys −1.41 −0.69 −0.72 2.43 — 4.22 (a)
N–ad, Hcys −1.48 −0.55 −0.93 — 2.21 4.22 (b)
S–ad, met −1.78 −0.78 −1.00 2.42 — 4.23 (a)
N–ad, met −1.46 −0.45 −1.01 — 2.21 4.23 (b)

1If not otherwise specified, headings are the same as in Table 4.1.
2The bond length between the sulfur and the adatom (abbreviated as ad).
3The bond length between the nitrogen and the adatom (abbreviated as ad).

Binding energy for the S–adatom and the N–adatom binding modes were not

significantly different for cysteine and homocysteine, as shown in Table 4.11. For

methionine, the binding energy of the S–adatom binding mode was 0.3 eV stronger

than the N–adatom mode, and the difference was all due to the DFT contribution.

In terms of the configurations, the methyl group of the sulfide pointed upward away

from the surface, an orientation which slightly lowered the dispersive binding strength.

4.4 Conclusion

In the present work, we investigated the binding behaviours, the binding strengths

and the binding configurations of the three sulfur-containing amino acids, L-cysteine,

L-homocysteine and L-methionine on the Au(111) with the implementation of the

vdW dispersion using TS formalism. This implementation also provided a way to

estimate the binding energies of the vdW dispersive interaction. We first pursued a

molecular-level understanding of the effects of the surface adatom on the molecule-

surface interaction, and then the effects of the intermolecular interaction in the dimer

forms.
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The binding modes and configurations of cysteine, homocysteine and methionine

monomers on the Au(111) surface were studied as the references. We found that only

the unconventional zwitterionic forms (-S− and -NH+
3 ) of cysteine and homocysteine

and the cooperative binding modes presented stable binding structures. The proposed

(direct and indirect) proton transfer pathways could be experimental examined by us-

ing cysteine (or homocysteine) with deuterium attaching to the sulfur (-SD). At a

low surface coverage scenario, if the deuterium is found attaching to the carboxylic

(-COOD) or the amino (-NH2D
+) group, then the proposed proton transfer mecha-

nism can be proved indirectly. The nonionic monomers with single-coordinate bonds

interacted weakly on the Au(111) surface, and the vdW dispersion was the predom-

inant interaction. With the presence of the adatom, overall binding strengths were

enhanced significantly for the three amino acids. Additionally, a stable cooperative

binding mode of cysteine was formed in the presence of the adatom; whereas such

binding mode created too much stress on the hydrocarbon backbone and became

unstable on the ideal Au(111) surface.

The intermolecular interactions of the three amino acids were investigated on the

Au(111) surface. Dimerization also enhanced the overall binding strengths due to

stronger vdW dispersive interaction. For cysteine and homocysteine, both uncon-

ventional and conventional (-COO− and -NH+
3 ) zwitterionic structures had similar

binding strengths on the Au(111) surface. No orientational preferences have been

found for the three nonionic amino acids on the two surfaces. However, the prefer-

ences can have occurred for the dimers on the adatom surface; further work has to

be done for this investigation.
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Chapter 5

Atomic Layer Deposition on a

Silicon Oxide Surface

5.1 Introduction

A primary advantage of the catalytic ALD is that the catalytic reaction opens an

alternative reaction pathway that has a lower activation energy barrier(s), so the

deposition can be performed at lower temperatures. The current understanding is

that the catalyst weakens a hydrogen-oxygen bond on the silicon oxide surface, so

that a nearby silicon precursor (SiCl4 is used for the example case shown in Fig. 5.1)

can chemically bind to the substrate with lower activation energy. Once the Si–O

bond is formed, the precursor undergoes inversion which weakens a Si–Cl bond. This

Cl then interacts with the proton on the catalyst and becomes a byproduct, HCl.

The byproduct is purged and removed in the following sequential ALD steps. Low-

temperature ALD is achieved by introducing Lewis-base catalysts, such as pyridine

and ammonia.7 Recently, a catalytic ALD of SiO2 was reported using aminosilane.126

To avoid involving halides, silicon oxide ALD was also accomplished using some alter-
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Figure 5.1: Trimolecular catalyzed deposition of SiO2. The cyan dash lines show the
interactions of a SiCl4 precursor, a silicon oxide surface and a pyrrolidine catalyst.

native silicon precursors, such as TEOS, Si(OEt)4
127 and water, along with ammonia

as a catalyst. A room temperature ALD was achieved for this system but required

large exposures of the precursors and catalysts.129

A challenge of the catalytic ALD process is that it involves a trimolecular first

step, with low probability, and consequently low reaction rates. Therefore, an al-

ternative approach is to design a silicon precursor with the catalyst as a ligand, so

that when the precursor interacts with the surface, the catalyst is always present to

enhance the chemical reaction. For example, the set ((OEt)3-Si-(C3H6NH2), water

and ozone) operates at 150 ◦C by thermal ALD,132 and the ALD process produces

no corrosive byproducts. A good candidate self-catalying silicon precursor should

satisfy the conditions of reactivity towards surface deprotonation and stability of the

bound configuration. The latter is important in determining the residence time of

the precursor on the substrate, indirectly affecting deposition times and thus growth

rate. Growth rates are also directly connected to the kinetics of the two sequential

deposition steps, and thus to barrier heights and steric hindrance on the surface.
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This study was a cooperative project with our industrial partner, Seastar Chem-

icals Inc. company from 2015 to 2017. The long term objective is to integrate the

experimental and industrial results with the theoretical models and computational

simulation so that a more complete understanding of ALD can be achieved and a

more predictable model can be constructed. During the internship, some precur-

sors were synthesized and examined based on our computational results, and many

experimental data had feed-backed to the theoretical models. Some precursors even-

tually were examined in the ALD growing chamber in Japan. Due to the fast-paced,

product-focused, goal-oriented aspects of industrial research, four short term objec-

tives were prioritized and focused:

1. Establish and optimize theoretical models for the SiO2 system. The models

use a surface or a truncated cluster as the substrates with various proposed

precursors.

2. Verify the model and the simulation methods by comparing the results against

the experimental data provided by the company or literature search. Agreement

of the two approaches can provide a better insight of the experimental results.

3. Rationalize the trends for precursor reactivities, reaction rates, preferred bind-

ing modes, and then use the understanding to further design and optimize new

precursors.

4. Apply to Si3N4 systems to identify potential silicon precursor candidates for

growing quality Si3N4 thin film via lower temperature ALD.
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5.2 Methodology

DFT approximation and functionals: Zero-temperature DFT calculations were

performed using the GGA with PBE265 functional in the SIESTA 3.2 package87,173

and Gaussian 09 version A.196 A hybrid functional, Becke, three-parameter, Lee-

Yang-Parr (B3LYP)184,267 was also used in the Gaussian calculations because this

functional has been widely used in the organic chemistry community for its decent

accuracy on organic molecules.71,126,130,160,162,191

Basis sets: In SIESTA, the core electrons were described in terms of the pseudopo-

tentials constructed in the scheme of Troullier and Martins,194 and the valence elec-

trons were described using PAOs with a TZP basis set. In Gaussian 09, 6-311+G(d,p)

basis set was used. Since the basis set in Gaussian is also atom-based (similar to the

PAOs), CP correction is implemented and corrected by the program as the default.

PAO cut-off radius and CP correction: For the PAOs in SIESTA, the orbitals

are strictly localized and fall to zero outside a given cut-off radius by specifying a

value of energy shift. Previous calculations by our group and others60,93 suggested

that 1 mRy is sufficiently fine to compute total energies with almost insignificant

BSSE effect. The 1 mRy energy shift confinement is equivalent to 6 Å for the cut-off

radius of the carbon PAO with the smallest ζ. Therefore, the CP correction was

omitted in this set of calculations using SIESTA in this chapter.

van der Waals correction: No vdW correction was included in this study. Most

of the self-catalying silicon precursors and reactants (water and ammonia) were small

in size, and the gas phase calculations should have minimal vdW interaction. The

contribution would be less significant comparing to the total binding energies and the

reaction enthalpies. Technically, the vdW dispersive correction is not supported in

any older versions of Gaussian 09 program, and the first version which includes the
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Grimme-type pairwise potentials is version D; however, version A was available for

this study.

Periodic boundary condition: All the surface calculations between the adsorbates

and the silicon oxide surface were performed using SIESTA program with PBC. For

modelling catalyst adsorption on the surface, a 2×2×2 silicon dioxide slab was used

with 50 Å along the z-direction. For larger self-catalying silicon precursors, two larger

slabs, 3×3×2 and a 4×4×2 were used to ensure that the precursors in the simulation

box did not interact with their neighbouring images. All gas phase calculations were

performed in the Gaussian 09 program.

Geometry optimization and AIMD approach: Optimizations were carried out

using multiple input geometries. For more complex structures such as self-catalying

silicon precursors, about ten input geometries were computed, and only the most

stable configurations were reported herein. Some of the most stable configurations

were also used as inputs for AIMD simulations. In this study, the mean of using AIMD

was to investigate the conformational evolution of binding modes for the selected

catalysts on a SiO2 slab in some temperatures and thermostats. No statistical analysis

was considered. As an attempt, the AIMD method was also used for two self-catalying

silicon precursors, (OMe)2-Si-(Py)2 and (OMe)2-Si-(TMG)2 on the SiO2(110) surface,

where Py and TMG stand for pyrrolidino and tetramethylguanidino. However, their

thermal equilibria can not be reached within eight-month computing time (used 2

nodes with 32 cores each). We concluded that the AIMD approach was not yet

suitable and practical for a more complicated silicon precursor on a SiO2 surface.

Transition state (TS) calculation: Transition state calculation was performed

using QST methods in the Gaussian 09 program. Two QST methods, QST2 and

QST3, existed in the program, and they differed in if a guessed TS geometry was

provided or not. The latter one required a guessed TS geometry. Multiple input
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geometry strategy was also used for the calculation since the relative orientation of

two reactants affected the simulation results, and only the lowest total energy results

were reported herein. Configuration in a TS was proposed and considered only via

4-member ring reaction mechanism.7,130,133 In this study, we interested in a reaction

between a self-catalying silicon precursor and a water molecule; therefore, the guessed

configuration in the TS was rearranged such that the Si–catalyst and the HO–H bonds

were about to break and that the Si–OH and H–catalyst bonds were about to form.

5.3 Results and Discussion

5.3.1 Catalyst adsorption on the SiO2 slab

We searched for catalysts able to deprotonate a surface -OH group. Nitrogen-containing

catalysts are our primary target because of the lone pair on the nitrogen. Nine

catalysts were selected: ammonia (NH3), pyrrolidine, pyridine, pyrazine, 4-(tert-

butyl)pyridine, 4-dimethylamino pyridine (4-DMAP), 4-aminopyridine (4-AP), 1,1,3,3-

tetramethylguanidine (TMG) and triazabicyclodecene (TBD). Their structures are

displayed in Fig. 5.2 except NH3. These catalysts were chosen based on their pKa

values (see Table 5.1), and we aimed to examine a wide range of basicities. The

binding configurations of the nine N-containing catalysts on a fully hydrogenated

2×2×2× SiO2 slab were optimized using DFT method, and the most stable configu-

rations were shown in Fig. 5.4 with binding energies in Fig. 5.3.
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Figure 5.2: Structures of the selected catalysts: (a) pyrrolidine, (b) pyridine, (c)
pyrazine, (d) 4-(tert-butyl)pyridine, (e) 4-dimethylaminopyridine (4-DMAP), (f) 4-
aminopyridine (4-AP), (g) 1,1,3,3-tertramethylguanidine (TMG) and (h) triazabicy-
clodecene (TBD).

Table 5.1: pKa values for some N-containing catalysts.

Catalysts pKa ref.
TBD1 15.2 268

TMG 2 13.0 268

pyrrolidine 11.27 269

4-DMAP3 9.6 270

ammonium 9.21 269

4-AP 4 9.17 271

imidazole 7.05 272

4-tButylpyridine 5.99 269

pyridine 5.14 269

pyrazine 0.6 273

1TBD, (triazabicyclodecene)
2TMG, (tetramethylguanidine)

3DMAP, (dimethylamino pyridine)
4AP, (aminopyridine)
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Figure 5.3: The binding energies of the nine selected N-containing catalysts on a SiO2

slab, where the acronyms are defined in Table 5.1.

In general, the zero-temperature DFT calculations showed the lone-pair of N point-

ing directly toward the surface H, aligning the -OH bond without surface deprotona-

tion. The exception was TBD (see Fig. 5.4). For the catalysts without aromatic rings

such as ammonia, pyrrolidine, TMG and TBD, DFT contributions to binding energies

were also higher than those with aromatic rings, as seen in Fig. 5.3. The most stable

adsorbed configurations were examined at a higher temperature via AIMD. When an

aromatic ring was absent, unimodal binding conformation, orientating tilted on the

surface, was observed (see Fig. 5.5 and 5.6), and the major interaction was between

the lone-pair of N and the surface -OH group. Pyrrolidine, especially, was the only

catalyst showing upright orientation. On the other hand, bimodal binding conforma-

tions, orientating tilted and flattened to the surface, were observed in the presence of

an aromatic ring, as shown in Fig. 5.7. One binding mode showed the same inter-

action as the unimodal binding mode (see Fig. 5.7 (a) and (c)), and another showed
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Figure 5.4: Configurations of the selected catalysts on a slab: (a) ammo-
nia, (b) pyrrolidine, (c) pyridine, (d) pyrazine, (e) 4-(tert-butyl)pyridine, (f)
4-dimethylaminopyridine (4-DMAP), (g) 4-aminopyridine (4-AP), (h) 1,1,3,3-
tertramethylguanidine (TMG) and (i) triazabicyclodecene (TBD).
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Figure 5.5: Conformational evolution of a pyrrolidine on a SiO2 slab at 300 K.
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Figure 5.6: Conformational evolution of a TMG on a SiO2 slab at 300 K.

the interaction between the delocalized π-orbital and the surface as the ring sat rel-

atively flat on the surface, shown in (b). The bimodal binding mode also explained

the tilted orientation for the most stable binding configurations shown in Fig. 5.4.

Surface deprotonation was observed in almost all the catalysts except for the pyridine

1
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Figure 5.7: Conformational evolution of a pyridine on a SiO2 slab at 300 K.
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in the AIMD simulations, and a surface proton only transferred to a catalyst once the

appropriate orientation was established: the lone-pair of N and the surface -OH in

alignment. Another factor was the strength of deprotonation ability, and the pyridine

was simply not a strong catalyst in this case.

5.3.2 Self-catalying silicon precursors on a SiO2 slab

This subsection focuses on the three self-catalying precursors that were synthesized

by our collaborators on a fully hydrogen-saturated SiO2(110) slab: Hn–Si–(Py)m,

(OMe)n–Si–(Py)m and (OMe)n–Si–(TMG)m, where -Py and -TMG stand for pyrro-

lidino and tetramethylguanidino, and n + m = 4 (see Figs. 5.8, 5.9 and 5.11). In

the solution phase experimental results provided by our collaborator, (OMe)2–Si–

(Py)2 and (OMe)2–Si–(TMG)2 showed excellent reactivities, and the company was

interested in: a) the stabilities of other ligand combinations (for example, (OMe)3–

Si–(Py)1 and (OMe)1–Si–(Py)3) on the SiO2(110) surface, b) the binding modes of

the precursors on the surface, c) the steric effect of the precursors and d) the binding

configuration where a chemical reaction takes place. Here, no attempts were made

on any TS calculation using the relaxed-scan method in SIESTA because of the com-

plexities of the simulated systems and the lengthy simulation time required. Binding

energy is presented as the total binding energy in this subsection.

Hn–Si–(Py)m:

Two self-catalying precursors were targeted, H2–Si–(Py)2 and H–Si–(Py)3. Their

binding configurations and energies were shown in Fig. 5.8. The most stable con-

figuration formed via two H-bonds (see panel (d)), and this binding motif was more

stable by about 0.5 eV than single H-bond motif. Attempts were made to optimize a

H–Si–(Py)3 precursor via three H-bonds; however, such orientation was not stable due
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Figure 5.8: The binding configurations of H2–Si–(Py)2 in panels (a) and (b), and
of H–Si–(Py)3 in panels (c) and (d) with their corresponding binding energies in eV
units. The precursor-surface interaction via H-bonding was marked in cyan dot lines.

to steric repulsion. Ideally, attaching more catalytic ligands to a precursor increases

the chance for a surface reaction taking place, and the stability of the bound state of

a precursor-surface complex; however, the steric effects of the bulkier substituent can

prevent this type of binding.

(OMe)n–Si–(Py)m:

Three self-catalying precursors were studied in this series, (OMe)3–Si–(Py), (OMe)2–

Si–(Py)2 and (OMe)–Si–(Py)3. The -H considered previously was replaced by a -OMe

group, and the oxygen was able to interact with the surface -OH via H-bond. Sim-

ilar to the Hn–Si–(Py)m result, the most stable configuration was formed via two

H-bonds between the lone-pairs of N and the surface -OH groups, shown in Fig. 5.9
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Figure 5.9: The binding configurations of (OMe)–Si–(Py)3 in panels (a) and (b) and
(OMe)2–Si–(Py)2 in panels (c), (d) and (e) with their corresponding binding energies
in eV units. The precursor-surface interaction via H-bonding was marked in cyan dot
lines.

Figure 5.10: The binding configurations of (OMe)3–Si–(Py) in panels (f) and (g) with
their corresponding binding energies in eV units. The precursor-surface interaction
via H-bonding was marked in cyan dot lines.
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(e). Although such binding orientation was also achieved for the (OMe)–Si–(Py)3

on the slab shown in Fig. 5.10 (f), its binding energy was 0.5 eV less than the most

stable form, possibly due to the steric effect of an extra -Py group. The binding en-

ergies showed no significant differences for the interaction via two H-bonds involving

a -OMe group, shown in panels (a) to (d). Additionally, these binding modes via two

H-bonds had similar binding strengths as the bound states of Hn–Si–(Py)m-surface

via a single H-bond.

(OMe)n–Si–(TMG)m:

Two self-catalying precursors were studied, (OMe)3–Si–(TMG)1 and (OMe)2–Si–

(TMG)2. Based on the experimental pKa values (in Table 5.1) and our catalyst-slab

binding energy results (in Fig. 5.3), TMG is a stronger Lewis base (more likely to take

a proton) than pyrrolidine, and the company was interested to know if -TMG was a

more reactive ligand than -Py. From the binding energy results shown in Fig. 5.11,

the -TMG substituted precursors indeed formed more stable bound states than the

-Py ones on the slab. The most stable configuration, shown in Fig. 5.11 panel (e)

was formed in a similar way as (OMe)2–Si–(Py)2 on the slab, via two H-bonds be-

tween the lone-pairs of N and the surface -OH groups. The figure also presented the

excellent deprotonation abilities of the precursors; nearly all -TMG ligands extracted

a surface proton from a -OH group. Since the company was not interested in the

three-equivalent precursor, (OMe)–Si–(TMG)3, we can not conclude if such precursor

outperformed the two-equivalent one.

In conclusion, our DFT-based simulation results showed that both 2-equivalent

self-catalying precursors, (OMe)2–Si–(Py)2 and (OMe)2–Si–(TMG)2 performed out-

standingly in terms of their binding stabilities in the bound states, preferred binding
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Figure 5.11: The binding configurations of (OMe)3–Si–(TMG)1 in panels (a) and (b)
and (OMe)2–Si–(TMG)2 in panels (c), (d) and (e) with their corresponding binding
energies in eV units. The precursor-surface interaction via H-bonding was marked in
cyan dot lines.

orientations on the slab and minimal steric effect due to the -OMe group. From the

most stable binding configurations, their two substituted catalysts (-Py and -TMG)

orientated toward the SiO2(110) slab and interacted with the surface -OH groups. In

the ALD process, the surface reaction was more likely to take place in such preferred

bound state orientation and to form an adsorbed complex with two -OMe groups

remaining in attachment and two byproducts (pyrrolidine and TMG catalysts). A

more realistic non-fully hydrogen-saturated surface was suggested; however, this plan

was postponed due to other research focuses and limited time.
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5.3.3 Hydrolysis reaction for self-catalying precursors

Although our surface calculation results provided a substantial amount of informa-

tion, including the steric effect of a self-catalying precursor, the preferred bound

orientation on a slab and where a proton transfer taking place, such calculations are

computationally intensive and not suitable for compound screening. Moreover, one

crucial factor was intractable - activation energy. This result which directly related to

reaction rate required even longer computational time because searching for a TS is

not an easy task, especially involving a slab. We, therefore, focused on TS calculation

and activation energy (∆Ea) estimation in this subsection using QST methods in the

Gaussian 09 program and a gas phase model.

The hydrolysis reaction was chosen here because the experiment can be performed

on bench-top by our collaborators, and a gas phase simulation required less computing

resources than a surface calculation. Here, two self-catalying silicon precursors were

studied, (OMe)n–Si–(Py)m and (OMe)n–Si–(TMG)m where m+ n = 4. Total energy

was computed by two functionals, PBE and B3LYP. As we compared the reaction

enthalpies and the activation energies for the five precursors, the B3LYP results were

generally 15% to 30% higher than the PBE’s. Since the general trends were similar

between the two functionals, only the PBE results are presented herein.

Notations and presentation:

The conventional way of presenting an energy diagram associating with reaction

enthalpy and activation energy is shown in Fig. 5.12. In this representation, energies

can be compared visually in a more obvious way, and their corresponding transition

state configurations can also be seen. However, when presenting more than 9 precur-

sors in such an energy diagram, the substantial amount of information can be quite

challenging to read. Here, a more compact representation is used, and only reaction
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Figure 5.12: A energy diagram of presenting reaction enthalpy (∆H) and activation
energy (∆Ea) for a hydrolysis reaction. The two indices in a round bracket mean
the numbers of -catalyst and -OMe groups substituted to the Si. The energy values
above and below the arrow are activation energy and reaction enthalpy respectively.

enthalpies and activation energies are specified. For a self-catalying silicon precursor,

the numbers of substituted -catalyst and -OMe groups are indicated in round bracket

notation, (m,n). For example, (OMe)1–Si–(Py)3 is denoted as (3,1).



128

(OMe)n–Si–(Py)m:

In the hydrolysis reaction, for the reaction of a water molecule with the Si cen-

tre of a self-catalying precursor, two possible pathways were considered: exchanging

the catalyst (-Py group here) or the -OMe group with a -OH group. The reaction

terminated when all the substituents were replaced by the -OH, and Si-(OH)4 was

formed. Three self-catalying precursors, -(Py)3, -(Py)2 and -(Py) were studied under

sequential replacements until the final product was formed, as shown in Fig. 5.13.

The map presents all the possible reaction pathways for the (OMe)n–Si–(Py)m series.

Reaction rates were primarily sought because the deposition time for lower temper-

ature ALD was short, and thus a self-catalying precursor must react rapidly with

the SiO2 surface. Although we, here, examined the bond strengths of Si–Py and

Si–OMe by using hydrolysis reaction, we expected to observe lower activation energy,

∆Ea for breaking a Si–Py bond. Fig. 5.13 shows that replacing a -Py group with

a -OH group (arrows going from left to right) was generally preferred due to lower

activation energies (ranging from 10.7 to 17.3 kcal/mol). On the contrary, replacing

a -OMe group (arrows going from top to bottom in the same Figure) required higher

∆Ea values (ranging from 14.4 to 26.9 kcal/mol). The simulation results supported

the experimental observation providing by our collaborators. In terms of reaction

enthalpy ∆H, replacing a -Py group with a -OH led to an exothermic reaction while

no significant enthalpy differences were obtained for replacing a -OMe group with an

-OH.

The overall performance of the (2,2)-precursor, (OMe)2–Si–(Py)2 was outstanding.

Initiating a -Py replacement (from (2,2) to (1,2)) required less ∆Ea than starting with

the (3,1)-precursor by 4.4 kcal/mol. Additionally, the sequential reaction (from (1,2)

to (0,2)) did not require a higher ∆Ea value. Probability-wise, the (2,2)-precursor

contained one extra -Py group than the (1,3)-precursor which gave the (2,2)-precursor
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Figure 5.13: Hydrolysis reaction pathways of the self-catalying precursor, (OMe)n–
Si–(Py)m where m+n = 4. The blue and red arrows indicate the replacement of -Py
and -OMe groups with a -OH group, and the purple arrow indicates the exchange
between the two substituted groups. The energy values are in kcal/mol units. The
energy values in orange and in black are the activation energies and reaction enthalpies
respectively.

higher chance to chemically react with another reactant, a water molecule in this case,

and therefore faster reaction rate.
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(OMe)n–Si–(TMG)m:

Two self-catalying precursors, -(TMG)2 and -(TMG) were studied under sequen-

tial replacements, and Fig. 5.14 showed all the possible reaction pathways for the

(OMe)n–Si–(TMG)m series. The -TMG substituted precursors followed similar trends

26.2 7.2

11.0

n/a12.9

12.1 6.7

14.4

15.5

16.8

17.1

23.8

20.5

18.2
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-7.0 -9.1
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-9.3-6.8

-9.7 -6.5
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-2.7
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+2.4

+0.5

-2.3

+0.3

+0.6

Figure 5.14: Hydrolysis reaction pathways of the self-catalying precursor, (OMe)n–
Si–(TMG)m where m+n = 4. If not otherwise specified, headings are the same as in
Fig. 5.13

as the -Py ones, including the enthalpy changes. Replacing a -TMG substituent re-

quired less ∆Ea than replacing a -OMe group; the Si–TMG bond strength was gener-

ally weaker than the Si–OMe bond in the hydrolysis reaction. Somewhat surprisingly,
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the first -TMG replacement was exceedingly hard (∆Ea value is 26.2 kcal/mol), de-

spite repeated calculations with different initial geometries. Thus, the (2,2)-TMG

precursor was a less favourable precursor. On the contrary, replacing the last -TMG

substituent from (1,n) to (0,n) with a -OH group required less ∆Ea than replacing a

-Py substituent.

5.4 Conclusion

This study was a collaborative project with our industrial partner, Seastar Chemi-

cals Inc. company funded by MITACS from 2015 to 2017. The project focused on

understanding the chemical and physical effects of some catalytic substituents on a

Si centre, including the binding strengths, the binding modes, the steric effects, and

the reactivities on a SiO2 surface in the ALD process. An extension of the project was

to build a predictable model that is able to guide precursor design. All the surface

calculations were performed using DFT-D2/PBE method with the TZP basis set and

1 mRy energy shift setting by the SIESTA 3.2 package, and using DFT/PBE/QST

method with 6-311+G(d,p) basis set by the Gaussian 09 version A for the transition

state calculations. Two experimentally synthesized self-catalying silicon precursors,

(OMe)2–Si–(Py)2 and (OMe)2–Si–(TMG)2 were under detailed investigation. We

found that the preferred binding mode for the two precursors on the SiO2(110) slab

had the two catalyst substituents oriented toward the slab, and interacting with the

surface -OH groups via two H-bonds. We also concluded that breaking the Si–N bond

generally required less energy than the Si-O bond from the activation energy data,

and thus was consistent for all precursors considered here. The precursors examined

in detail exhibited outstanding performance in chemical reactivities, with minimal

steric effect on the surface.
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Chapter 6

General Conclusions and Future

Work

6.1 General conclusions

Our group has been investigating the binding behaviours and the interplay of molecule-

surface and intermolecular interactions of sulfur-containing amino acids (cysteine, ho-

mocysteine and methionine) on gold surfaces using Monte Carlo, classical force field,

ab initio DFT and DFT-TS methods. Previous work had shown that the binding

strengths of the three nonionic amino acids on the Au(111) surface were generally

weak due to the absence of the dispersive vdW potential. The DFT method is known

to describe dispersive vdW interaction inadequately. Although dispersion corrections

to DFT were published as early as 2005, the implementation in SIESTA simulation

program happened only recently (2016). Therefore, one of the objectives in this dis-

sertation was to revisit the binding behaviour of the three amino acids on the Au(111)

surface using DFT-TS method (discussed in Chapter 4). This particular method was

chosen because of two main reasons: a) the TS formalism uses a classical pairwise po-
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tential approach, thus the computational cost was insignificant, and b) the dispersive

energy was estimated separately from the DFT algorithm, thus the dispersive binding

energy can be estimated. The total binding energy can then be partitioned into the

pure DFT and dispersive correction contributions. The beauty of this approach was

that it bridged the results of the fundamental DFT to the more advanced vdW-DF

which can be one of the future studies.

Another objective was to examine whether the computational cost of surface-

adsorbate interactions can be reduced by reducing the size of the simulation system

from a more realistic surface to a cluster (discussed in Chapter 3). Although the

computational cost of the DFT method is relatively low compared to post-Hartree-

Fock methods, the resources used can increase significantly when the size of the

simulating system was relatively large, especially considering some adsorbates on a

more realistic surface.

Previous studies in the group suggested that the binding behaviour of an adsorbate-

substrate complex may depend on the saturation (the coordination number) of the

surface binding site. A 20-atom gold cluster was designed to provide a series of

distinct available binding sites, with coordination numbers between 3 and 9. The

study in Chapter 3 reduced the more realistic binding complexes (cysteine, homo-

cysteine and methionine) on a gold surface down to the functional group on a small

gold cluster. In this case, only the adsorbed groups, methylthiol, methylthiolate,

dimethyl sulfide and methylamine involved to the binding at a gold binding site.

Due to the size of the system, the computational cost significantly reduced, so the

configurational space was systematically sampled (exhaustive search method). This

exhaustive search strategy required a substantial amount of distinct calculations, and

thus might not be appropriate for more realistic adsorbates and gold surfaces with

various coordination numbers and much larger system sizes (Chapter 4 as example).
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The binding strengths calculated on Au20 did not increase monotonously with the

unsaturation of a binding site (smaller CN value). For all four methyl-capped adsor-

bates, the energetically preferred binding site was at the kink binding site with an

intermediate CN value, CN6. The kink site had the strongest binding reactivity by

maximizing the dispersive interactions between the gold atoms and the methyl group.

Surprisingly, methylamine showed similar binding strengths as methylthiol due to a

more localized lone-pair-cluster interaction. Despite known issues with the empiri-

cal nature of dispersive corrections, the inclusion in DFT calculation was necessary,

particularly for the more weakly-bound adsorbates since the dispersive interactions

played a significant role in overall binding behaviour.

The investigations of the three L- form sulfur-containing amino acids (cysteine,

homocysteine and methionine) on gold surfaces had two aims: a) to revisit the previ-

ous results that used pure DFT method by using DFT-TS method, and b) to extend

the coordination number study from the Au20 cluster model to a more realistic sur-

face model with a surface adatom. For the monomers on the Au(111), only the

unconventional zwitterionic forms (for cysteine and homocysteine) and the nonionic

cooperative binding modes (homocysteine and methionine) presented relatively sta-

ble binding configurations. The vdW dispersion dominated the binding interaction

between the nonionic monomers and the surface via a single-coordinate bond, ei-

ther the mercapto or the amino group. With the presence of a surface adatom, the

covalent-type (approximated by pure DFT) binding strengths were enhanced signif-

icantly by 0.4 eV to 0.7 eV, depending on the amino acids, even for the nonionic

monomers on the adatom surface. The dimer forms were also investigated to de-

termine the binding strengths of various distinct intermolecular interactions on the

Au(111) surface. The unconventional (forming intramolecularly) and conventional

(forming intermolecularly) dimer motifs resulted in the most stable dimer binding
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configurations while the most stable nonionic form involved a cooperative binding

modes with COOH – COOH intermolecular interaction between the dimer.

For the internship with Seastar Chemicals Inc. company, the study first focused on

establishing a simulation model to describe the binding behaviours of various nitrogen-

containing catalysts and two self-catalyzing silicon precursors on a SiO2 surface in the

ALD process. The preferred binding modes of the two self-catalyzing silicon precur-

sors, (OMe)2–Si–(Py)2 and (OMe)2–Si–(TMG)2 on the SiO2 surface were bound to

have the two catalytic ligands orientated toward the surface, forming two H-bonds

between the lone-pair of N and the surface -OH groups. Hydrolysis reactions were

considered to study the chemical reactivities of the two self-catalyzing silicon precur-

sors, and activation energies were computed for various distinct reaction pathways.

With the relative low activation energies and high reaction enthalpies, the two self-

catalying silicon precursors showed outstanding performance, and were considered to

be the most promising catalytic candidates for the silicon-cycle in the ALD process.

6.2 Future work

The stable dimer forms of the three amino acids (cysteine, homocysteine and methio-

nine) on the adatom surface require further investigation. Although the optimized

configurations of the dimers on Au(111) and the monomers on adatom surface were

used, with some modifications, as the inputs, searching for stable optimized dimer

configurations on the adatom surface still requires extensive computational resources

for computing sufficient distinct input geometries. Input files increased manyfold be-

cause the potential energy surface of the adatom surface was extremely complex, and

degrees of freedom of the adsorbed dimers were high.



136

The stronger binding strength due to the highly unsaturated surface adatom

should be examined from the electronic structures, integrated projected density of

states (IPDOS), integrated crystal orbital Hamilton population (ICOHP) analysis

and molecular orbitals (MOs) since the reactivity related to its energy states and

densities. We had previously considered the electronic structures for the adsorbate-

Au20 binding complexes; however, because each binding site was unique with distinct

of neighbouring geometries, general trends were obscured. The work remained un-

published. Counterintuitively, the electronic structures of the adatom surface model

might be simpler than the Au20 cluster model because the adatom had almost iden-

tical surrounding everywhere on the Au(111) surface.
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[50] Kühnle, A.; Linderoth, T. R. Top. Catal 2011, 54, 1384–1391.

[51] Buimaga-Iarinca, L.; Calborean, A. Phys. Scr. 2012, 86, 1–6.

[52] Askerka, M.; Pichugina, D.; Kuz’menko, N.; Shestakov, A. J. Phys. Chem. A

2012, 116, 7686–7693.

[53] Zhao, Y.; Zhou, F.; Zhou, H.; Su, H. Phys. Chem. Chem. Phys. 2013, 15,

1690–1698.

[54] Faj́ın, J. L. C.; Gomes, J. R. B.; Cordeiro, M. N. D. S. Langmuir 2013, 29,

8856–8864.

[55] Popa, T.; Ting, E. C.; Paci, I. Surf. Sci. 2014, 629, 20–27.

[56] Verde, A. V.; Acres, J. M.; Maranas, J. K. Biomacromolecules 2009, 10, 2118–

2128.

[57] Wright, L. B.; Rodger, P. M.; Corni, S.; Walsh, T. R. J. Chem. Theory Comput.

2013, 9, 1616–1630.

[58] Corni, S.; Hnilova, M.; Tamerler, C.; Sarikaya, M. J. Phys. Chem. C 2013,

117, 16990–17003.

[59] Mateo-Mart́ı, E.; Rogero, C.; Gonzalez, C.; Sobrado, J. M.; de Andrés, P. L.;

Martin-Gago, J. Langmuir 2009, 26, 4113–4118.



142

[60] Chapman, C. R. L.; Ting, E. C.; Kereszti, A.; Paci, I. J. Phys. Chem. C 2013,

117, 19426–19435.

[61] Crowell, J. E. J. Vac. Sci. Technol., A 2003, 21, 88–95.
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