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Chapter 1

Generation Introduction

1.1 Chemical Phenomena at Surfaces

Chemical bonding formation and catalytic reactions are of great importance in a variety of
applications, in which the chemical phenomena and reactions occurring at adsorbate-substrate
system are presently the active branches [1]. Almost all the chemical phenomena and reaction at
surface are induced by the interfacial electron transfer after the chemisorption of adsorbate on
surface. To identify the exact electron transfer mechanism underlying the chemical phenomena
and reaction at surfaces, methods that can model the adsorbate-substrate interaction and obtain a
clear image of the energy level alignment at the interface should be developed. To reach this target,
a significant number of experimental and theoretical investigations have been triggered [2—6]. In
comparison to the large-area surface, the interfacial region and active sites that induce the surface
reaction exist in very limited area. As a consequence, a small change in the composition of the
adsorbate or surface will cause a significantly changed geometric and/or electronic structure and
as a consequence a different bonding nature during the chemical process. Therefore, it is necessary
to introduce some model systems that can represent the interfacial structure in full details and study

the specific elements affecting the interfacial property in a flexible way.



1.2 Self-Assembled Monolayers

Self-assembled monolaters (SAMs) adsorbed on metal substrate electrodes provide a prototypical
system to modify the surface system with thin films and organic monolayers and study the
molecule-surface interaction [7, 8]. This is due to the convenient formation feature of SAMs and
their specific affinity to the metal substrates [9-11]. SAMs can organize spontaneously on the
metal surface in a particularly simple and flexible way. The surface can be functionalized and
improved with chemical character from the SAMs. The simple and flexible way make the accurate
control of adsorption position, intermolecular interactions, and molecule-substrate interface of
functional molecules becomes possible, thus providing the new insights into the study of interfacial
chemistry. As a consequence, the SAMs/metal surface system has been studied for many years,

both from experimental and theoretical perspectives [12—18].

1.2.1 structural features of SAMs

Formation of SAMs experiences the self-assembly process which consists in the spontaneous
formation of well-defined geometry by synergic effect of the functional units [8]. The molecular
orientation of SAMs should be well-defined on the metal substrate and managed uniformly at the
atomic scale. This is critically dependent on the molecule-surface interaction. The driving forces
underlying such interaction involve different types of molecule-substrate bonding and inter-,
intramolecular interaction like hydrogen bonding, van der Waals forces, electrostatic interactions,
and hydrophobic interactions. Characterizing the features of these intermolecular or surface
bonding is vitally important for understanding the interfacial electronic structure of SAMs
adsorbed on metal substrate which is the basic requirement to develop molecular electronic devices

with diverse functionality.
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Figure 1.1. Schematic representation of (a) self-assembled monolayers adsorbed on metal
substrate, use quaterthiophene (4T)-terminated alkanethiolate SAMs on Au(111) as an example,
and (b) self-assembled monolayers sandwiched between two metallic electrodes, use the benzene-
1,4-dithiol (BDT) embedded between two Au(111) surfaces used with eight layers of Au on either

side with the hollow binding site as an example.

Figure 1.1a shows the structural features of SAMs adsorbed on metal substrate, using
quaterthiophene (4T)-terminated alkanethiolate SAMs on Au(111) as an example of SAMs on
metal surface. This example model has been used to bound to the Au(111) surface [19, 20]. As the
figure shows, the SAMs are distributed in a similar standing-up orientation. Besides, by adding
another metal electrode at the terminal of monolayer, the SAMs can act as a linker between two
metal electrodes, and therefore can be used for molecular electronics. Herein, benzene-1,4-dithiol
(BDT) molecule which is also one popular thiol based SAMs [21-23] switched by two metal
electrodes has been used as the model case. The new metal-SAMs-metal structure as illustrated in
Figure 1.1(b) shows the necessary properties such as conductance for molecular junctions. The
overall device performance is also determined by the electronic structure of SAMs/interface.
During the practical applications, even a small change in the SAMs conformation can lead to a

significant effect on conductance, thus affecting the performance of the molecular devices.
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Figure 1.2. Scheme representation of the SAMs adsorbed on surface.

It is necessary to introduce the SAMs—substrate interaction in more detail by extracting only
one basic unit from the Figure 1.1. Here, we use the Figure 1.2 to show the SAMs and the adsorbed
surface system. The strong chemical adsorption and also the construction of delocalized electrons
after adsorption are two essential factors that should be considered during studying the

SAMs/surface interface.

terminal functional group
(—H, —N,, —COOH, ...)

spacer
(alkyl chain, phenyl)
head group
(—SH, —CN, —SiCl,, —OH, ...)

metal substrate
(Pt, Au, Ag, Pd)

Figure 1.3. Scheme representation of all basic components of a SAM used to bind to the metal
substrate. The brackets show some typical examples of each component.

To focus on the individual components of the SAMSs, then we use Figure 1.3 to represent one
basic unit of organic monolayer adsorbed on metal substrate. In general, the organic monolayer
contains terminal functional group, spacer unit or backbone and head group. The substrate contains

several noble metals such like Pt, Au, Ag, Pd or some other semiconductor substrates. Each



component has its own specific effect on the structural conformation of the monolayer on surface,
as well as the interfacial electronic structure.

1). The head group, or docking group serves as the connection between the monolayer and
metal surface. SAMs generally involve the active head groups that possess specific affinity to
metal determines the primitive properties of SAMs. As a feature component of the SAMs systems,
the direct interaction with metal substrates make the most significant effect of head group on the
chemical bonding interaction;

2). The spacer unit or backbone connects the headgroup and the tailgroup. It can affect the
intermolecular interaction and also the molecular orientation by van der Waals forces or hydrogen
bonds with the adjacent spacer units. Furthermore, the spacer unit can provide a well-defined
thickness that determines the electronic conductivity during the formation of molecular junction;

3). The final one is the terminal functional group, or tailgroup constitutes the outer space of
the organic monolayer. The tailgroup can be order in molecular orientation and conformation
which involves carboxyl, hydroxyl, porphyrin, or ferrocene, etc. Different groups can bring
property of hydrophilicity or hydrophobicity to the system. Moreover, other types of molecules
can be attached to this group to increase the structural complexity of the system. The electronic
structure of the interface between SAMs and surface can also be affected by the electron-donating
or -withdrawing ability of the tailgroup through the spacer unit. Choices of the terminal group
substitution allow for a modification on properties of the electrode/organic contact that contribute
to the functionality of organic devices.

These three parts works in conjunction to construct the SAMs together. A large category of
organic compounds can be used as SAMs, in this chapter, we limit our description to the thiols

based SAMs and aryl isocyanide SAMs.



1.2.2 thiols based self-assembled monolayers

Organosulfur compound that contains a thiol (SH) group fabricated SAMs are perhaps the most
widely studied type of SAMs and the alkanethiol SAMs on metal surface, particularly on Au(111)
are the typical model systems for developing molecular electronics [8, 24—33]. This is mainly due
to the high affinity of thiol group to the metal surfaces, and also the inert nature of Au towards
oxidation. To grow thiol-derived SAMs on Au surface, researchers usually immerse the clean Au
substrate in the organosulfur compound solution (such as alkanethiol in ethanol solution). The
deposition step will complete after the enough immersion time (serval hours or a day) in the
solution [8]. From a molecular viewpoint, the hydrogen-sulfur (S—H) bond breaks firstly, the
thiolate unit adsorbs onto the metal surface via a S—Au bond during the formation of SAMs. After
the formation, the covalent S—Au bond is constructed with an adsorption energy of ~2.1 eV [34].
The S—Au bond is strong enough to make displacement of ordered SAMs of thiols on metal
substrate becomes feasible [8]. The final SAMs are formed not only through the S—Au chemical
bond, but also the nonbonding interactions between the spacer unit, like alkyl chains. The joint

effect results in the well-packed and molecular ordered layer on the metal surface.



Figure 1.4. A few examples of thiol based compounds adsorbed on metal surface used to form
SAMs. (a). normal alkanethiols (ChSH or Cn (n = number of carbon atoms in alkyl chain)); (b).
normal alkanethiols with another —SH as the endgroup; (c). normal alkanethiols with a
quaterthiophene group terminated; (d). the dialkyl-disulfide SAMs containing two

S(CH2)11S—benzotetrathiafulvalene molecules.

Figure 1.4 shows a few examples of the thiols based SAMs with the increase in structural
complexity. The Fig 1.4a is the normal alkanethiols that are always indicated as CrnSH or C (n =
number of carbon atoms in alkyl chain). Length of the alkyl chain determines the distance between
terminal group and metal substrates. In the normal alkanethiols, a methyl group plays as the
endgroup, and the alkyl chain as the spacer unit. The endgroup of methyl group can be replaced
by other substituents, like another —SH in the Fig 1.4b, or others (e.g., "OCHz, —NO», etc.). The
functionalized alkanethiols can be further improved by introducing complex endgroups, like in Fig
1.4c, a quaterthiophene group is terminated at the end of alkyl chain [19, 20]. Moreover, a dialkyl-

disulfide ~SAM structure established through the oxidation of two adjacent



S(CH>)11S—benzotetrathiafulvalene molecules, as shown in Fig 1.4d, has also been used to bind to
the metal surface [35].

When at high coverage, the metal surface is covered with the alkanethiol SAM in the stand-
up conformation. As a consequence, as mentioned before, the organic thin films of thiol SAMs
can change the physico-chemical properties of the metal substrate through its functionalization.
This explains why this type of organic material is so popular, not only for studying the self-
assembly process, but also in other diverse fields of applications, such as sensing [36], molecular
electronics [37], molecular switching [38], and surface patterning [39]. Further information of thiol
fabricated SAMs on metal surface can be found in some other references [40—43].

1.2.3 aryl isocyanide molecule based self-assembled monolayers

Capabilities of the thiol SAMs can be extended to other SAMs with diverse chemical functionality
in a similar way. Among them, the aryl isocyanide molecule based SAMs is an essential candidate
in contrast to the thiol SAMs. Despite many advantages of thiol SAMs, their application to
functional molecular electronic devices has been greatly hindered by their low conductivity [44,
45]. For aryl isocyanide group based SAMs, there is an effective network of delocalized electrons
between the m-orbitals of the aromatic ring and the d-band of metal surface, which is linked by the
triple bond of the NC group. It has been reported that the —NC/metal junctions have lower
conduction barriers that the corresponding thiol-based junctions [46]. Therefore, it is important to
establish in detail the bonding mechanism of isocyanide-terminated device-type molecules for
molecular electronics applications.

Table 1.1 shows a few examples of aryl isocyanide molecules based SAMs adsorbed on metal
surface in recent years. The aryl isocyanide molecules with different functional groups open up

the exploration of this kind of SAMs. The metal substrates contains the popular noble metals, and



the essential properties including the adsorption conformation, heterogeneous electron transfer,
electron tunneling, thermal stability, and vibrational behaviors have been featured.
Table 1.1. A few examples of isocyanide based compounds adsorbed on metal surface used to

form SAMs, the applied substrates in the study and the essential property derived from each study

in recent years.

SAM type Substrate Key examined property Ref.
hexane diisocyanide mirror-finished  Kinetic behavior and the catalytic activity for 47
1,4-phenylene diisocyanide Au disk oxygen reduction reaction when attached to
4,4'-terphenyl diisocyanide electrode cobalt(Il)—tetraphenylporphyrin (CoTPP)
1,4-bis[2-(4-
isocyanophenyl)ethynyl]benzene
4-methylphenyl-isocyanide Au(111) surface Alignment of molecular orientation by 48
optical manipulation
hexane diisocyanide Au disk, 49
1,4-phenylene diisocyanide Pt monatomic Controllable heterogeneous charge transfer
4,4'-terphenyl diisocyanide overlayer/Au, and the electrochemical reaction rate
1,4-bis[2-(4- Pd monatomic
isocyanophenyl)ethynyl]benzene overlayer/Au
Isocyanide terminated perylene Au, Ag, Pt Temperature and work function dependent 50
diimide (CN2PDI) Electron tunneling in SAM junction
1-pentyl isocyanide, Au surface Thermal stability and adsorption states 51
benzyl isocyanide
1,4-phenylene diisocyanide, planar gold Characterization of electric field and 52
4,4'-biphenyl diisocyanide, electrode interfacial structure at
4,4"-p-terphenyl diisocyanide surfaces Au/diisocyanide/aqueous electrolyte interface
1,4-phenylene diisocyanide Ag surface vibrational features, competitive binding 53




Besides thiols and aryl isocyanide SAMs, there are many other popular SAMs adsorbed on
metal substrates. The examples contain amines[54] and isonitriles [55, 56] on Pt and Au, alkynes

on Au and Ag [57, 58] carbenes on Au [59-61].

1.3 Experimental Characterization

To identify the SAMs conformation and evaluate the electron transfer across the interface between
adsorbate and metal surface, various experimental analytical techniques with well-defined and
controllable conditions have been utilized. Among them, two main branches of these analytical
techniques are:

a). Microscopy based scanning tunneling microscopy (STM) and atomic force microscopy
(AFM). These two techniques are based on microscopy. They can be used to identify the surface
morphology, surface coverage, composition of SAMs on the nanometer scale, thus can provide a
direct image of the adsorbate/surface structure [62, 63];

b). Spectroscopy based Fourier transform infrared (FTIR) spectroscopy [64], Surface-
enhanced Raman scattering (SERS) [65], and near-edge X-ray absorption fine structure (NEXAFS)
[66, 67], X-ray photoelectron spectroscopy (XPS) [63, 68, 69] are also applicable for treating the
SAMs on substrate system. These spectroscopic techniques are based on the spectroscopic
information that generated by the interaction between radiation of a specific energy and irradiated
material.

In this section, we introduce two spectroscopic tools — vibrational sum frequency generation
(VSFG) spectroscopy and two-photon photoelectron spectroscopy (2PPE), with an emphasis on

the former one to provide the experimental characterization of SAMs adsorbed on metal surfaces.
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1.3.1 vibrational sum frequency generation spectroscopy

i \\\ Ogrg
R

T XX

metal substrate
Figure 1.5. Schematic representation of the vibrational sum frequency generation spectroscopy
(VSFG) for 4-methylphenyl isocyanide (MPI) and 1,4-phenylene diisocyanide (PDI) molecules

adsorbed on metal surface.

Scheme in Figure 1.5 shows the working mechanism of the VSFG spectroscopy. The theory
underlying this spectroscopic technique was proposed by Bloembergen [70], and the development
of it has been promoted by Shen group [71]. In general, the VSFG spectroscopy is based on the
resonant vibrational transition and is a second-order nonlinear optical laser technique. As for the
specific setup, two input laser lights, a frequency fixed visible light (wvis) and a frequency tunable
IR light (wir) irradiate the system. The input two lights spatially and temporally overlap and then
convert into a new SFG light. Finally, this new resonant SFG light emits from the system and is
detected by the probe. The “sum” of SFG spectroscopy here is reflected in the following equation:

WSFG = OVIS T OIR

which indicates that the SFG frequency is the summation of two input frequencies.

Unlike other conventional spectroscopic techniques like IR and Raman which are not specific
to the adsorbate/surface system, VSFG is intrinsically surface-specific and is especially favorable

to study the microscopic structure of interfacial system. The reason underlying this behavior is due
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to the quantum mechanical selection rules of VSFG spectroscopy. A nonlinear response can only
be observed in the dipole moment of a medium when the laser light irradiates. SFG possess an
electric dipole forbidden nature in a centrosymmetric media. The inversion symmetry condition
breaks for an interface between two centrosymmetric media [72]. Therefore, VSFG is an effective
technique used to selectively probe the interfacial structures like composition and molecular
orientation at the interface. Moreover, in conjunction with the time-resolved measurements, the
SFG can be used to study the electron transfer dynamics and vibrational relaxation dynamics that
occur on the interfacial systems [73—76]. The full theory of VSFG spectroscopy and the
experimental setups can be found elsewhere [70, 71, 72].

Utility of VSFG spectroscopy for studying the molecular orientation of the adsorbate/surface
system has been proved [77—80] and it has been utilized for the aryl isocyanide molecules adsorbed
on noble metal surfaces. Effort of characterization of aryl isocyanide SAMs on metal surface using
the VSFG spectroscopy has been given by M. Ito, H. Noguchi, K. Ikeda and K. Uosaki [81]. They
have employed two types of SAMs — 1,4-phenylene diisocyanide (PDI) and 4-methylphenyl
isocyanide (MPI) adsorbed on Au, Ag, Pt, and Pd as the model cases. The adsorption site, tilt angle
of PDI SAMs and MPI SAMs adsorbed on metal substrate have been exploited, showing the

substrate dependence.

1.3.2 two-photon photoelectron spectroscopy
Apart from the VSFG spectroscopy, two-photon photoelectron (2PPE) spectroscopy is also an
important spectroscopic technique for treating the SAMs/surface system. The general VSFG

spectroscopy is a time-averaged spectroscopic technique. Therefore, it cannot be applied to the

12



dynamical process like ultrafast chemical reactions, chemical exchange on interfaces. These can
be performed using the 2PPE spectroscopy as an alternative.

During the practical observation, one electron is excited from the occupied state by the pump
pulse, and to the unoccupied state localized at the SAMs adsorbate. The excited electron will then
be photoemitted from another probe pulse, and can be captured by one probe pulse[82].
Consequently, the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) can be detected, and the dynamics of the excited electron can be
determined by the time-resolved (TR)-2PPE spectra [83, 84].

Atsushi Nakajima et. al. have devoted considerable efforts to this field [85—88]. The essential
role of SAMs-ordered metal surfaces on the interfacial electronic structure and electron dynamics
have been derived, which provides insights into the surface functionality and benefits the field of
surface chemistry in the future research.

In addition to the aforementioned microscopy and spectroscopy based techniques, some other
analytical means have also been employed to characterize the SAMs/metal surface system,

including surface electrochemistry [89] and thermal desorption [90, 91].
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1.4 Theoretical Adsorbate—Surface Model

Although the conventional spectroscopic techniques including surface-specific spectroscopies can
be used as complementary techniques to provide essential information of unambiguous chemical
identification of SAMs on surface, to reach the accuracy in the quantitative representation at the
atomic scale or to complement the experimental observed results, it is necessary to employ the
theoretical model. The results based on the theoretical model can be used to confirm or interpret
the experimental observations and to provide atomic-scale mechanistic insight into the structural
factors that affect the molecular adsorption and ordering on the substrate.

Moreover, different from the physisorption, the chemisorption consists of significant
interaction between molecule and surface so that their electronic states hybridize and electron
density redistributes. There are multiple electronic states attending the interaction, sometimes an
investigation of such bonding is only accessible when theoretical calculations are indeed available.

In this section, the theoretical method for treating the many-atom system like adsorbate-
surface case will be introduced. Two typical theoretical models — d-band model and Blyholder
model will be mainly presented in this section to give a simple picture of the electronic structure

of adsorbate/surface system.

1.4.1 nature of metallic and molecular electronic states

Chemical interaction between molecule and surface can be understood from the energy levels of
the interacting electronics states. Figure 1.6a shows the energy diagram of a metal surface. Atoms
are held together in a metal surface via the metallic bonding. The electron energy levels of metal
atoms with delocalized nature constitute the dense and continuous energy bands. The valence

bands are filled with electrons up to the Fermi energy level (Er). The energy difference between
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Er and vacuum level corresponds to the work function (®). The work function corresponds to the
minimum amount of energy needed to remove an electron from the metal. In metals, work function
and ionization energy are the same.

On the other hand, the adsorbate molecule has discrete electronic states due to the localized
electrons and charge density populating in the intramolecular covalent bonds. The Fig. 1.6b shows
the electron localization function of a molecule (using one aryl isocyanide molecule —
H—CeH4s—NC as example). The highly localized electrons are found around the atom, which is

different from the metallic case.

() (b)
vacuum level H 1.0
0.9
L 0.7
work function @ - 0.6
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-------------- Fermi energy E, 03 :
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I
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Figure 1.6. (a) Schematic illustration of the metallic electronic states and (b) electron localization

function of isolated H-CsHs—NC molecule. The red color indices the stronger electron localization,

while the blue color means electrons are delocalizing in the atmosphere.

SAMs adsorb on metal surface when they are bound in the vicinity of the surface, their
respective states mix with each other so that hybridization occurs, and new electronic states will
be generated. As a consequence, the energy levels of adsorbed molecule will be affected,
depending on the strength of the chemical bonding. In comparison to the uncoupled systems, the

energy levels of new electronic states will broaden and shift with respect to the original unbound
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cases. There are two key electronic parameters that play important role on adsorbate-surface
interaction, modification of the electrode work function due to the SAMs adsorption and the

alignment of the SAMs electron levels (conducting states) with respect to the Fermi level.

1.4.2 d-band model
An important model of electronic structure and adsorption energy is the d-band model presented
by Hammer and Ngrskov [92, 93] which is developed based on the Newns-Anderson model for
adsorption [94—-96] and a similar formalism by Grimley [97, 98] and has been proven very useful
for understanding the chemical bond formation between molecule approaching diverse noble metal
surfaces [99, 100].

According to the d-band model, the interaction between adsorbate and metal surface can be

conceptually treated as a consecutive two-step interaction as the Figure 1.7 shows:

() (b)

antibonding state

energy

energy
)
!
|
m
'n

adsorbate state

renormalized d band ) ;
atomic levels %\ / renormalized

atomic levels
spshand bonding state
Figure 1.7. Schematic energy diagram of d-band model for molecular adsorbed on metal surface

via a chemisorption.
a). The first step is the interaction between metal free-electron-like sp-band with adsorbate

level. There are a broad delocalized sp-band and a narrow localized d-band for metal surfaces
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according to the density of states (DOS) of metal surface. Here in the Fig. 1.7a, the yellow filled
curves show the dense and continuous bands of hybridized sp-bands, while the discrete electronic
states of the adsorbate has been represented by the black line. They reason why the metal sp-band
firstly interacts with the adsorbate is due the more electrons in sp-bands that spill out into the
vacuum level. A broadening of the adsorbate level happens due to the adsorbate resonance, and
the new level shifts down (because the substrate Fermi level and the electron chemical potential
of the atom become aligned). These broadened and shifted energy levels represented by brown
color are named as “renormalized atomic levels” [100];

b). The formed renormalized atomic levels after the step a) will continue to react with the
localized d-bands. The d-bands have been represented by filled blue curves in Fig. 1.7b. d-bands
are more localized than sp-bands, therefore they have relatively narrow peak. The interaction
between renormalized atomic levels and narrow d-bands gives rise to the separation of bonding
states (an increase trend in electron density) and antibonding states (a decrease trend in electron
density) [100].

Most sp-bands are similar throughout the noble or transition metals, and so differences in
bond formation, as well as catalytic adsorption rates are attributed to the interactions with d-band.
Occupancy in bonding and corresponding antibonding states determines the bonding strength. It
is obvious that the bonding is strongest when bonding states are fully occupied while antibonding
states remains empty. The picture of bonding and antibonding states enables us to determine the
nature of one chemical bond. If the antibonding states are at least partially empty, the chemical
bonding possess ionic or covalent character: ionic character shows the bonding states are mainly
produced either from adsorbate or substrate orbitals, the covalent character represents almost same

amount from adsorbate and substrate comprise the bonding states. Such a classification is efficient
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when regions of a substrate and an adsorbate can be defined and separately treated. However, it is
always no easy to assign the electron density to different atoms for strong chemisorption case. An
alternative way to assign electron density to individual atoms in a many-atom system was
developed by Bader [101-104]

The d-band model gives a qualitative interpretation for molecule adsorbed on different
transition metal surfaces and has been applied to understand the catalytic activity of transition
metal surfaces. According to this model, main changes in the adsorbate levels due to the interaction
between adsorbate and metal substrate can be summarized as:

i). increase in width and a shift in energy;

ii). formation of bonding and antibonding orbitals.

1.4.3 Blyholder model

There are two frontier orbitals — namely highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) in the molecule. Their energy difference is called
as an energy gap. In the frontier theory, it can be intuitively understood that the donor and acceptor
states of a molecule is directly related to its HOMO and LUMO levels.

This leads to a simpler picture of bonding interaction between adsorbate and transition metal
surface — the Blyholder model (also known as the donor-acceptor model) [105]. The Blyholder is
another model for describing the interaction between adsorbate and metal surface and is much
simpler than the d-band model.

In this model, it is general assumed that the chemical bonding at the interface between
molecule and metal surface can be interpreted in terms of the interaction of the frontier molecular

orbitals with the d orbitals of metal atom. The model is initially used to explain the interaction
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between CO and metal surfaces, the CO 5o orbital hybridizes with the d orbital of metal substrate,
which is the main bonding force during the interaction. On the other hand, the metal d orbital gives
electron back into the antibonding 2n* orbital of CO molecule. In addition to the CO adsorption,
the Blyholder model has been also applied to NO adsorption. However, sometimes the Blyholder
is oversimplified, it only focuses on the frontier orbitals (50, 2n* in the case of CO), the
contributions from other lower lying molecular orbitals (4o, 17, 30, as well as the core states of
CO) have been considered essentially without change as in the uncoupled case. The details of the

bonding are somewhat more complicated than Blyholder model.
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1.5 Structure of This Thesis

The goal of this thesis is to give an intuitive picture that can provide insight into the fundamental
processes governing the interfacial phenomena and that can guide for the design of optimized
functional interfaces. Throughout this dissertation, we will use various theoretical approaches to
tackle the electron transfer across the interface and the (photo)catalytic reaction that occurs on
surfaces. We will show to what extent the adsorbate and substrate influence the interfacial
electronic structure on an atomistic scale.

Chapter 1 has given a basic overview of SAMs adsorbed on metal substrate, two typical
molecules used as SAMs with a strong emphasis on aryl isocyanide molecules, experimental
characterization, as well as the theoretical model. Then in Chapter 2, starting from the many-body
time-dependent Schrddinger equation, we denote the theoretical background which is the
foundation of calculations in the subsequent chapters, with an emphasis on the periodic system
calculation and the plane wave method. In Chapter 3, we focus on the adsorbate-induced electron
transfer and the chemical bonding nature upon adsorption on the Pt(111) surface. By incorporating
a periodic NBO algorithm, the electron transfer strength can be evaluated in a quantitative and
efficient way. In Chapter 4, we further explore the substrate effect on the interfacial electronic
structure. Substrate dependent electron transfer across the interface between SAMs and metal
surface have been clarified. In Chapter 5, we turn our attention to the catalytic reactions that occur
on the surface. The long distance functionalization induced by O adsorption on single C atom
doped h-BN surface is presented. Two typical oxidation reactions have been employed to verify
the O activation. In Chapter 6, the exploration of surface reaction will expand to the photocatalytic

oxidation. The reaction routes after the photoexcitation of phenol molecule on anatase TiO2(001)
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surface is attempted to explain. In Chapter 7, we give main conclusions of work presented in this

thesis and suggest the outlook for further study in the research areas inspired by this thesis.
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Chapter 2

Theoretical Methods

In this Chapter, the basic theoretical background and key concepts used in the computation
of subsequent chapters will be introduced. Specifically, at the beginning, the Born-Oppenheimer
Approximation and density functional theory (DFT) are reviewed. The solution of the DFT
problem will be given in the second part. Then, to meet the requirement of our adsorbate-surface
system calculation which is specific to this dissertation, the periodic potential and plane-wave basis
set will be presented. Lastly, a conceptual review of pseudopotential, in particular, the projector-

augmented wave (PAW) and norm-conserving pseudopotentials will be given in the final section.

2.1 Born-Oppenheimer Approximation

Ab-initio calculations of chemical properties of surface and interface environments which belong
to many-body system composed of electrons and nuclei as well as the surface always starts from
the many-body Schrodinger equation. Such equation describing the chemical properties and
including the Hamiltonian which contains the kinetic energy of all particles within the surface and
their interaction energies is the time-dependent Schrodinger equation (TD—SE) [1]:

.3 OD(T,R;t h2 h2
i 22CRD <_ S i Vo~ Zi 3 Vi V(r,R)) o(r,R; t) 2.1)

®(r, R; t): many-body time-dependent wavefunction;
r = (ry, ..., ), R = (R4, ..., Ry): notations of electrons and nuclei, respectively;

M,,, m: mass of nucleus and electron;
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i, i: indices run over nuclei and electrons, respectively;
h: reduced Planck constant equaling to h/2m where h is the Planck’s constant

@ (7, R; t) depends on the spatial coordinates of all electrons and ions and on time. It contains
the complete information of the studied system. Most important properties would be available once
a ®(r, R; t) were known. Therefore, the most direct way of studying the time-dependent behavior
of an atom or molecule is to solve the TD—SE.

The term in the bracket stands for the Hamiltonian operator, H. This operator consists of a
Kinetic energy term (the first two parts) and a potential energy term (the final part). The potential
energy term, V(r, R) describes the interaction between all particles in a considered electron-ion

system, and can be further expanded as:

ZuZye®

V(T R) - Zlﬂ Ir; R |+ Zl?‘:] |r rl Zu;tv |R -R,| (22)

In this equation, the indices u, v and i, j run over nuclei and electrons, respectively. e is the
elementary charge, Z, and Z,, represent the atomic number of each ion. The three terms in the right
side describe the electron-ion interaction, electron-electron interaction and ion-ion interaction,
respectively.

A defined electron-ion Hamiltonian doesn’t depend on the time. The wavefunction ®(r, R; t)
will keep static in this case. Thus the TD—SE Eq. (2.1) can be simplified to the time-independent
or static form:

H®(r,R) = E®(1,R) (2.3)

The equation can be treated as an eigenvalue problem where ®(r,R) and E are the
eigenfunctions and eigenvalues. Solving this eigenvalue equation can give the desirable

information under study. However, in practical case, it is still very tough to obtain the analytical
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solution for system bigger than the simplest hydrogen atom, and is therefore cannot work for
surface systems.

One famous approximation for simplifying this problem is the Born-Oppenheimer
approximation (BOA) [2]. To be concise, since nucleus is much heavier (1836 : 1) than the light
electron, time scale associated with the nuclear motion is much longer than that of the electrons,
we can assume the electrons adapt to the nuclear motion instantaneously and the motion of the
electrons is entirely decoupled from the motion of the nuclei, and their degrees of freedom can
therefore be separately treated. The nuclear motion can be treated classically, considering that they
are affected by a potential created by the electrons.

The problem then becomes the solution of electronic problem, and can be written as:

h2
(= =% V2, + V(r, R)) WR(r) = E(R)Wr(r) (24)
for given R. The eigenvalue term E(R) represents the total energy or potential energy surface

(PES). The nuclear motion is determined by E (R), its global minimum corresponds to the ground

state of the entire system.

2.2 Density Functional Theory

After including the BOA into the electronic problem, the dimensionality of the eigenfunctions
®(r, R) then decreases from the total number of electrons and nuclei to only the electronic degrees
of freedom. However, the electron number in surface system is still large, causing the eigenvalue
problem still very difficult to solve. Birth of density functional theory (DFT) help us to overcome
this issue. The basic idea behind the DFT is to use the electron density instead of the electron

wavefunction to treat the many-body system [3, 4]. In this way, the degrees of freedom is reduced
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from 3neto 3. As the currently most common first principles electronic structure theory, DFT has

been widely used in the field of quantum chemistry.

2.2.1 Hohenberg—Kohn theorem
We now turn to the central point of DFT method, which is called the Hohenberg-Kohn theorem
[3, 4]. This theorem states there is a conversely unique correspondence between a potential V (r, R)
and the ground-state electron density n(r) which is defined as
n(r) = N[ |¥(r, 1y, ...ry)|%dr, ...dry (2.5)
The consequence of the Hohenberg-Kohn theorem is that important observables, like the
ground state energy can be exacted based on the electron energy functional of the entire system
with respect to the electron density n(r):
E[n(r)] = Fn(®)] + [ n(r)V (r)dr (2.6)
F[n(r)]: a universal functional of the density;
V(r): nuclear or external potential on each electron
The electron energy functional E[n(r)], is minimized to give the ground state energy. This
minimization of energy functional is always infeasible, due to the unknown exact dependence of

the functional on electron density n(r).

2.2.2 Kohn—Sham equation

To make the Hohenberg-Kohn theorem in a more practical way, Kohn and Sham proposed the
Kohn-Sham (KS) approach. In this approach, the exact electron density n(r) is constructed using
an auxiliary set of non-interacting electrons moving in the effective potential field of electron-

nuclei system [5].
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The non-interacting orbitals y; are introduced in this situation, and the electron density can
be written as
n(®) =% Wi (W 1 ;) =6 (2.7)
The energy functional E can be expressed as
E = Ts[n(0)] + E[n(0)] + Exc[n()] + [ n(r)V (r)dr (2.8)
where the first term T [n(r)] in the right side is the kinetic energy of non-interacting electrons and

can be written as

T[] = — -3, ;2 (X)dr (2.9)

The second term Ey[n(r)] is the Hartree energy, while the third term E,.[n(r)] is the
exchange-correlation energy. It can be found that minimizing the energy functional E with respect
to the can y; leads to the Schrddinger equation for non-interacting electrons in an effective

potential:

hZ
(=5 V2 + V() + Vi (1) + Ve (1)) 1, (x) = extpy(x) (210)
The term in the bracket is the KS Hamiltonian. The V (r), V4 (r) and V,.(r) represent the
external potential created by the nuclei, Hartree potential and the exchange-correlation potentials,

respectively. The Hartree potential and the exchange-correlation potentials can be expressed as

SEg[n(r)]
sn(r)

SExc[n(r)]
on(r)

e2f M) ar v, (r) =

Vy(r) = (2.11)

It can be shown that these two terms also depend on the orbital y; via the electron density
n(r). €; and Y;(r) are the eigenvalues and eigenvectors of the KS Hamiltonian, they can also be

treated as the KS energies and orbitals.
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Diagonalization of the KS Hamiltonian results in the KS orbital energy ¢;, and eigenvector
Y;(r). Summation of the KS orbital energy ¢; is not the total energy, the total energy should be
written as

E =3 & — Ey[n(0)] = [ n(0)Vye (1)dr + Ex [n(1)] (212)

E,.[n(r)] is the exchange-correlation term. We can solve the KS equation via a self-

consistent way as following procedure
n%(r) — V% (r) — KS equations — [1;(1r)]%"!? — n?*1(r)

n®(r) is the electron density in the a-th step. The self-consistent run will complete until the
desired convergence condition is satisfied. By employing a set of KS orbitals, we replace the
problem of solving eigenvalue of system with interacting electrons by the independent electrons
which move in an effective field. Once the functional dependence of the effective potential (mainly
the exchange-correlation potential) was known, the electron density and energy can be thereby

obtained from the KS equations.

2.2.3 exchange-correlation functionals
To turn the DFT into an applicable tool in practical way, we have to make viable approximations
on the exchange-correlation functionals E,.[n(r)]. There are several approximations for the
treatment of exchange-correlation functionals, including generalized gradient approximation
(GGA) [4—7] and local density approximation (LDA) [5].
local density approximation

In the LDA approximation, the energy functional is replaced by a function of the local density
n(r).

Eye = fn(r)exc(n(r))dr (2.13)
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here, the €,.(n) is the exchange-correlation energy density of the homogeneous electron gas. An
exact treatment for uniform density can be offered by LDA, thus LDA is suitable for density that
varies slowly, while it is not suitable for not uniform density, such as atoms. This leads to
remarkable error sometimes for approximating the functionals.
generalized gradient approximation

In the LDA, there is only density at the point r will be used for the exchange-correlation
functional. GGA improves the LDA by including more functionals that depend upon the local
density. The GGA is currently the basic functionals in most calculations. There are some other
approximations that are generally more accurate and more time-consuming, such like meta GGA,
and hybrid functionals have been proposed. In this thesis, we use the GGA proposed by Perdew,

Burke and Ernzerhoff [8, 9] due to the consideration price-performance ratio.

2.3 Plane-Wave Basis Set and Pseudopotentials

In this thesis, the main simulation model is the periodic solid surface which always possess a great
challenge to quantum chemical simulation due to its taxing computational complexity. To that end,
we now focus on the infinite periodic systems, which is specific to the surface and interface
systems in this thesis. The periodicity in surface systems satisfies the periodic condition upon the
effective and KS wavefunctions. For a slab of crystal composed of V' = V; V, V5 unit cells, the
one-electron states ¥ (r) obeys the periodic boundary conditions (PBC)

p(r+ N;R,) = P(r + M;R;) = P(r + N3R3) = (r). (2.14)
r is the position vector

By using the Bloch’s theorem [10], the one-electron states can then be written as

Pix(r) = ey (r) (2.15)
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i is the electronic band number, k is the electronic wave vector in the unit cell of the reciprocal
lattice. u; (1) is the periodic part of the KS wavefunction and is translationally invariant, this
means
U (T + R) = u; k(1) (2.16)
During the implementation of DFT method, the non-interacting KS orbitals should be
expanded in a finite set of basis functions. A variety of basis sets can be selected to expand the KS
orbitals, including the localized basis sets (Gaussian-type atomic orbitals, linear combinations of
atomic orbitals), the delocalized basis set (plane wave), as well as the mixed basis sets. In this
thesis, we use the plane-wave (PW) basis set to expand the KS wavefunctions.

A plane wave basis set is defined as
. 2
(1K +G) = ==el0+OT "= |k 4 G2 < By, (2.17)

where ( is the unit cell volume, V' Q is the crystal volume, E_,,; is the cutoff on the kinetic energy
of PWs. G is the wave vector of the reciprocal lattice vectors. When E_,,; approaches to infinite
large, the PW basis set is complete.
A PW basis set can work with the Fourier expansion coefficients ¢; y.¢
[¥i) = X6 CiksclK+ G)
Cirre = (k+ G 1)) = = [ Pi(0)e 1 ®OTdr = f;(k+ G)  (2.18)
Using means of Fast Fourier Transform, transformation between real space representation
and reciprocal space representation can be constructed. The plane-wave basis set is naturally suited
to the periodic system. However, the PW basis set is not the practical basis set for performing
electronic structure calculations. One essential reason is due to the highly localized nature of the

core electrons, which means a large number of PW basis sets should be used to expand the wave

functions near the core electrons. Such a large number of PW basis set makes the computation
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very expensive. Another reason is that, in general, the effective potential is a functional of the
valence electron density instead of the total exact electron density, contributions of the core
electrons to the bonding and other solid-state properties can be usually ignored compared to those
of valence electrons. As a consequence, it is necessary to replace the atomic potential of the core
electrons with a pseudopotential (PP). Within the PP approximation, the core region is effectively
freezed while all degrees of freedom have been removed. On the other hand, the full Coulomb
potential of nucleus is not used for treating the valence electrons, alternatively, a weaker PP which
can smooth the oscillatory core part of potential and wave functions is used.

There are several PPs can work for replacing the core potential: norm-conserving
pseudopotentials [11, 12], ultra-soft (Vanderbilt) pseudopotentials [13] and projector-augmented
wave (PAW) method [14]. Determination an appropriate PP for the studied system should consider
the properties of the pseudopotentials. The most important one among all properties is the
transferability. The transferability requires the PPs can reproduce the scattering properties of the
nucleus plus core electrons in various different chemical environments (isolated atoms, molecules,
crystals, etc.). The plane-wave basis set, pseudopotential method and other methodologies in this
Chapter have been implemented in several extensively used DFT packages, including Vienna ab
initio simulation package (VASP) [15—-18] and Quantum Espresso (QE) [19, 20] which have been

employed to obtain the results of this Thesis.
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2.4 Specific Implementation in This Study

In this section, based on the PW basis set, the specific implementation of natural bond orbital
(NBO) algorithm, anharmonic vibrational spectra on periodic system will be concisely introduced.
Another utilized method-artificial force induced reaction method implemented in the global

reaction route mapping is also presented.

Lewis-type NBOs

1
[ ]

L]
I

) lone pair  bonds, antibonds  Rydberg orbital

8 % G

Figure 2.1. A simple picture showing the basic components derived from the NBO algorithm, the
CO molecule has been used as the model.

To give a concise description of each method, we start from the introduction of NBO analysis
which can provide a purely localized real space representation of bonding interaction. It can
replace the delocalized molecular orbitals with a set of localized bonding orbitals, antibonding
orbitals, lone pair orbitals as the linear combinations of orthogonal hybrid orbitals centered on
atoms, with a strong connection to the Lewis structure [21], as shown in the Figure 2.1. The NBO
analysis requires a density matrix in a localized atom-centered basis set. However, for calculation
in periodic surface systems, the electronic wave function is given in the reciprocal space, which
conflicts with the localized, real space representation in traditional NBO method. To include the
periodicity of the surface system, we follow with the periodic NBO method using the same
algorithm presented by B. D. Dunnington and J. R. Schmidt in 2012 [22]. Firstly, a projection of

plane wave bands into atomic orbital basis sets proposed by Sanchez-Portal et al. [23, 24] has been
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employed. Then, beginning with a set of atom centered, atomic orbital (AO) basis functions, the
corresponding crystalline AOs. The density and overlap matrices obtained from the original AO
basis are used for calculation of natural atomic orbitals (NAOs). After this AO-to-NAO
transformation, the NAQOs are then used for the periodic search of one-center lone pairs, two-center
bonding, antibonding natural bond orbitals, as well as the Rydberg orbitals.

Then, we give an introduction to the anharmonic vibrational spectra calculation used in this
thesis. Generally, there are two approaches that can be used for frequency calculation. The first
approach is based on the calculation of the second-order derivative of the potential energy surface
with respect to the geometry (Hessian matrix) using the finite differences within the harmonic
approximation. The second one is based on the calculation of the Hessian matrix and Born effective
charges of the studied system. Herein, the calculation of anharmonic vibrational spectra in this
thesis is following with the method presented by José A. Garrido Torres et al. in 2019 [25]. The
intensity of the spectra is obtained by an analytic expression for the Morse potential. Such
expression provides the anharmonic corrections for fundamental transitions using the Born
effective charges. During the practical calculation, a series of single-point calculation (the energy
is along the dimensionless coordinates of each mode) are firstly performed to obtain the one-
dimensional potential energy surface (1D-PES) of each mode. For each mode, ten equally spaced
ten single points have been selected. To keep different modes are comparable, the mass-weighted
normal coordinates should be transformed into dimensionless coordinates, which is similar to the
method proposed by Gregurick et al. [26]. The obtained 1D-PES of each studied mode is then

fitted to a Morse potential

V(x) = D(1 — e~ax=70))? (2.19)
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x is the displacement from the equilibrium state, D, a and r, are constants determined from the
DFT calculations. The nonlinear least-squares algorithm is used for the fit. The constants obtained
after fitting are used for the calculation of the relative anharmonic correction factors. The
calculated spectra are finally broadened using a Gaussian profile. Such method have provided
accurate theoretical calculations of the vibrational features of molecules at metal surfaces.

The final important method featured in this thesis is the artificial force induced reaction
(AFIR) [27-29] implemented in the global reaction route mapping (GRRM) algorithm [27, 30].
This method can search a AFIR path based on the random initial reactant. Finding the AFIR path
is induced by an artificial force, and the geometrical change is by minimizing a AFIR function.
All obtained AFIR paths are then analyzed to obtain the actual TSs that connect the AFIR paths.
An important parameter in the AFIR method is the force parameter y which determines the biggest
barrier of the predicted TSs. For instance, the y = 3.109 eV (300 kJ/mol) means that only the TSs

with a barrier less than 3.109 eV can be obtained.
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Chapter 3
Substituent Effect on Aryl Isocyanides Adsorbed on Pt

Surface

We have introduced different SAMs adsorbed on metal substrates and the theory for
modeling surface systems, in this chapter, the terminal group substitution allowing for a
modification of interfacial properties of the metal-organic molecule interface that crucially
determines the performance of molecular electronic devices will be examined in a theoretical and

quantitative way.

3.1 Introduction and Motivation

Chemisorption of SAMs on metal substrate is an efficient strategy to introduce new functionality
of organic thin films [1, 2], and the appropriate choice of the terminal functional groups of the
well-defined SAMs gives an opportunity to tune the nature of chemical bonding and conformation
at the electrode surface. Small differences exert large effects on the tunneling charge transfer, yet
it is this sensitivity that drives scientific interest because functionality arises from precise control
over conformation and geometry. By varying the SAMs adsorbates substituted with functional
groups which have different electron donating or withdrawing ability, change of electron
localization towards the contacting head group can be realized. However, the magnitude of such
terminal group substitution induced change of bonding nature is not easily to be evaluated in a

quantitative way.
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The resonant frequency based vibrational spectroscopy is one of the most widely used
techniques for identifying the bonding information, and a frequency shift for the adsorbed
molecule on the surface can be used as an indicator of the strength of chemical bonding on surface.
In previous study, Uosaki et al. have examined the vibrational behavior of aryl isocyanide
molecules adsorbed on the metal surface by the vibrational sum frequency generation (VSFG)
spectroscopy [3]. Effects of the para-substituted group of aryl isocyanide molecule and metal
substrates on VSFG spectra have been investigated. For identifying the bonding nature between
NC head group and the substrate atoms, the tilt angles of 4-methylphenyl isocyanide (MP1) were
estimated from the intensity ratio between VSFG peaks of C—H symmetric and asymmetric
stretching vibrational modes of CHs group. However, the exact electron transfer mechanism and
means of controlling the chemical bonding formation at the interfacial region of SAMs/metal
surface are still unclear.

The use of theoretical indicators to characterize the reactive properties of surfaces is a
common topic in the surface science community, various such indicators have been used to
quantitatively examine the electron transfer between the molecule and surface. Hu et al. carried
out the overlap population analysis of the molecular orbitals (MOs) to evaluate the magnitude of
interaction strength between 4-chlorophenyl isocyanide molecule and Pt(111) or Au(111) surface.
The relationship between the vibrational spectra and the electronic structure quantitatively has also
been revealed [4]. In addition, two topological methods, namely Bader’s quantum theory of atoms-
in-molecule (QTAIM) [5—8] and electron localization function (ELF) [9, 10], are widely accepted
as the modern theoretical methods for studying the nature of chemical bonding interactions.
Specifically, QTAIM connects the topology of the electron density of a system based on the

viewpoints of atoms and chemical bonding, while the ELF tool provides the explicit information
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on the different bonding types, including covalent, ionic, and metallic bonds. In comparison to the
mentioned methods, the natural bond orbital (NBO) analysis has also been broadly used to
decipher the chemical bonding picture and interpret the electronic structures of the molecules due
to the close association with the conventional Lewis structure diagrams [11]. Based on the density
matrix, bonding orbitals, antibonding orbitals, lone pair orbitals, as well as Rydberg orbitals can
be constructed as the linear combinations of orthogonal hybrid orbitals centered on atoms within
the target molecule. At present, NBO algorithm has been broadly used for the isolated molecular
cases, but recently it has been extended to the periodic system by Dinnington and Schmidt [12].
The developed periodic implemented NBO theory has been employed to solve various issues, such
as the CO adsorption site preference problem [13], geometric changes upon the removal of a single
oxygen atom from MgO surface [14], and the reaction mechanism of catalytic oxidation of NO by
Cr203 surface [15].

In this chapter, we employ a NBO bond order model which can be derived from the
periodic implementation of NBO analysis to examine the substituent effect on the bonding nature
for aryl isocyanide molecules adsorbed on the Pt(111) surface. Vibrational frequencies were also
calculated to get insight into the NC chemical bond strength and in conjunction with the

experimental observations.
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3.2 Computational Details

3.2.1 general parameters and computational models

Our calculations employ DFT techniques to simulate the whole system (organic layer and the metal
surface). The DFT calculations were carried out for aryl isocyanide molecules X—CgHs—NC (X =
N(CH3)2, NH2, OCH3, CH3, H, Cl, CF3, CN, NO») as isolated molecules and also adsorbed on the
Pt(111) surface. The calculation were performed in the framework of generalized Kohn-Sham
scheme using the projector augmented-wave (PAW) method [16, 17] as implemented in the
Vienna Ab-Initio Simulation Package (VASP) package [18—21]. The calculation employed the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functionals [22, 23] and account for the
dispersion interactions using DFT-D3 method [24—26]. The specific parameters of DFT-D3 were
directly taken from the implementation of dispersion effect in DFT calculations. For the treatment
of valence electrons, we treated the valence s and d electrons and semicore p electrons as valence
electrons for Pt atom. The convergence criteria for the total energy during the calculation was set
to 10° eV. All geometries were fully optimized until the maximum final force less than 0.025
eV/A using the conjugate-gradient (CG) algorithm. I'-centered 9 x 9 x 1 meshes of the k grid was
generated according to the Monkhorst-Pack scheme [27], and was used for the Brillouin zone (BZ)
sampling. A plane wave cutoff energy was set to 600 eV. For isolated molecule, only the T" point
(1 x 1 x 1) was employed.

The lattice parameter of the bulk metal was calculated by fitting to the second-order Birch-
Murnaghan equation of state [28]. The calculated lattice parameter is 3.9197 A, which is in good
agreement with the experimentally determined 3.9242 A [29]. The Pt(111) surface was simulated
with a 2 x 2 super cell and four-layered repeated slabs. A vacuum thickness with above 14 A was

set to sufficiently eliminate the periodic image interactions between neighboring cells. For the
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clean Pt(111) surface, only top two layers were allowed to relax. X—CsHs—NC molecule was
placed at the top site of one Pt atom once the calculation convergence was reached. The C atom of
molecule was directly positioned above one Pt atom, and the N—C bond was placed perpendicular
to the Pt surface, as shown in Figure 3.1. The oriented configuration is consistent with the
experimentally observed atop adsorption site [3]. Finally, atoms in the bottom two layers were
fixed at their bulk state while the adsorbed X—CsHs—NC molecule and the top two layers of the Pt
surface were fully optimized. The spin polarization was applied to all calculations.

To calculate the vibrational frequency, we used a finite difference approach with a
displacement of 0.015 A. To reduce the computational cost, only the directly adsorbed Pt atom
and all atoms of the X—Ce¢Hs—NC molecule were included. According to the periodic NBO
algorithm, the electronic wave function represented in the atom-centered basis set is necessary. To
reach this target, the plane wave function derived from plane wave DFT calculation was projected
onto the Gaussian-type basis functions taken from the EMSL basis set library [30, 31]. In this study,
the triple-C 6-311G* basis set was utilized for C, H, N, O, F atoms [32], and CI atoms [33], while
the jorge-DZP basis set was used for Pt atom [34]. Visualization of the structures, electron density
and the NBO results were accompanied with the help of Visualization for Electronic and Structural

Analysis (VESTA) code [35].
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(a) (b)

Figure 3.1. Top and side view of isocyanide SAMs adsorbed on Pt(111) surface, using
H—CeH4s—NC adsorbed on Pt(111) surface as the model.

To assess the effect of each substituent on the aryl isocyanide adsorbate and to
quantitatively vary the electron donating or withdrawing ability of the substituents, we include the
Hammett constants [36, 37] into this study. Table 3.1 lists the overall studied substituents, their

corresponding para-substituted Hammett constant (ap) relative to the hydrogen has also been given.

—X Op —X Op
—N(CHz)2 —0.83 —ClI 0.23
—NH> —0.66 —CF3 0.54
—OCHj3 —-0.27 —-CN 0.66
—CHs -0.17 —NO; 0.78
-H 0

Table 3.1. The studied substituents that set para to the aromatic ring in the aryl isocyanide

molecules along with the corresponding Hammett constant (a;) for each substituent
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The conventional Hammett constant or parameter is determined according to the Figure
3.2. The Hammett constant is obtained from placing the substituent (X) to the carboxylic acid
functional group, and measuring the differences in reaction rate of the benzoic acid dissociation
constant in water solution. Varying the electron richness or poorness of the benzylic carbon, the
reactivity differences can thereby be interpreted. Thus, Hammett constant has widely used as a
semiquantitative evaluation the charge build-up at the benzylic carbon in the reaction transition
state. In this study, the para-substituted constants is defined as op, the electron-donating groups
(EDG) possess negative op values, whereas the electron-withdrawing groups (EWG) shows
positive op values. X = H is treated as a reference as gp = 0.

@] @]
&)
X OH TN @) @
1
X_| _ + Hzo -:‘ X_|©)L + H3O

lo ﬁ - o o = substituent constant
9 Kyl P p = reaction constant

Figure 3.2. A benzoic acid ionization reaction with water [38].

3.2.2 periodic NBO algorithm derived bond order model
To describe the NC bond strength, we introduced a simple bond order model based on the orbital
occupancy of the target surface model obtained from the periodic NBO analysis. The NBO bond
order of the NC bond can be simply calculated as:
(nBo — NaBo) / 2
where ngo and nago represent the number of electrons in bonding orbitals and antibonding
orbitals, respectively. According to this bond order model, it is evident that the bond order has the

largest value when the bonding states are fully occupied, and antibonding states remain in empty.
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The bond order is not an observable value, but rather an indicator for better understanding of
chemical bonding strength in the framework of electronic wavefunction of the system. In addition,
bond strength can also be determined by the stretching frequency of a chemical bond: a stronger
bond relates to a larger frequency, and vice versa.

In addition to the periodic NBO analysis, the electron localization functions (ELF) which can
provide an additional measure of the electron density at the chemical bond were also computed on

the basis of periodic-boundary-condition DFT as implemented in VASP software.
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3.3 Result and discussion

3.3.1 isolated X—CsH,—NC molecule

G0

vert para  C lone pair

X
5
LX XX XX
> o N

vert para

T

Figure 3.3. The NBOs to represent the NC bonding nature in isolated aryl isocyanide molecule of
H—CsHs—NC: o bonding orbital, vertical component of m bonding orbital (mvert), parallel
component of the m bonding orbital (mpara), C lone pair orbital, and the corresponding three

antibonding orbitals (6*, m*vert, T*para). IsOsurface is set to 0.04 e/Bohr®.

Figure 3.3 shows some NBOs that are related to the NC bonding of an isolated
H—CeH4s—NC molecule. The triple bond nature of the NC bond is constituted by one ¢ and doubly
degenerate 7 bonding orbitals. If we consider the planarity of the benzene ring, the NC = orbitals
can be classified into the vertical component (out-of-plane, nvert), and the parallel component (in-
plane, mpara). The C lone pair orbital with doubly-occupation has also been shown in Fig. 3.3. It
should be noted that the C lone pair orbital has a slight antibonding character between the C and

N atoms.

Figure 3.4 shows the computed results of (a) NC stretching frequency, (b) bond order, (c)
bonding orbital population, and (d) antibonding orbital population for all isolated molecules as a

function of Hammett constants. We found both NC stretching frequency and bond order have the
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same "volcano-like" profiles: their trends increase from the most EDG to H group, and then tend

to decrease from H group to the most EWG.

(a) (b)
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Figure 3.4. (a) NC stretching frequency, (b) NC bond order, (c) NBO occupancy in NC bonding
orbitals (o and =), and (d) NBO occupancy in NC antibonding orbitals (c* and =*) for isolated

X—CeHs—NC molecule. x coordinate shows the para-substituted Hammett constants of each group.

The electron transfer between the para-substituted groups and NC group of the isolated
aryl isocyanide (X—CsHs—NC) molecules is responsible for variations in bond order. The EDG
attached to the benzene can increase the electron denstity in benzene ring by the resonance effect.
This will result in more electron transfer transferred into the antibonding orbital of NC group. On
the other hand, the EWG attached to the benzene tends to attract electron from the benzene ring.

This effect will result in the slight removal of electron from the bonding orbitals of NC group. To
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give a more detailed analysis, we then classifiled the NC bond into o, mvert, and mpara Orbitals,
respectively, and calculated their NBO occupancies, as shown in Fig. 3.4(c) and (d). We found the
NBO occupancy in ¢ and mpara bonding orbitals are roughly constant with respect to the Hammett
constant. In contrast, NBO occupancy in mvert bonding orbital are significantly influenced, the
detailed values decrease from 1.94 (for N(CHz)2) to 1.92 (for NO2). A substantial decrease trend
is observed in the mvert bonding orbital population with the increase of electron withdrawing ability.
Therefore, the electron transfer to substituents is mainly arising from the loss of electron in myert
bonding orbital. On the other hand, electron transfer from the substituents to NC group can be
quantitatively determined from the occupancy change in three corresponding antibonding orbitals,
o *, *para aNd T*vert, @S Shown in Fig. 3.4(d). Also, we found that NBO occupancy in ¢ * and mt*para
antibonding orbitals keep almost invariant with respect to the Hammett constants, there is very
limited electron transferred into these orbitals. In contrast, we observed the decrease trend in w*yer
antibonding orbital; substituted-groups with more electron donating ability promote more
electrons into the m*vert Orbitals, suggesting that the w*vert Orbitals are more sensitive to the change
of electron withdrawing/donating ability.

The above results reveals that the bond order variation is primarily arising from the occupancy
change in the mverrt component. The total bond order trend follows the mode of 7myerr and myert™
occupancies. More specifically, we found the decrease trend in NBO occupancy of mvert and m*vert
orbitals are different with each other. For mert bonding orbital, the plotted line in EDG region
shows a gentle slope compared to the plotted line in the EWG zone. Contrarily, we found the
completely opposite decrease trend for w*vert antibonding orbital. As a consequence, the total

"volcano-like" trend of the bond order can be invoked by this difference.
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The "volcano-like" trend of the bond order can be intuitively and qualitatively explained
by thinking over a picture that EDGs give more electrons to antibonding orbitals of NC group,
while EWGs attract more electrons from the bonding orbitals of NC through the aromatic ring.
Both of these two ways result in a decrease trend of bond order, therefore, a molecule with no
substitution (H—CsH4—NC molecule) exhibits the highest bond order. Finally, the local populations
are also affected by substituted group. When electron-withdrawing ability of a group increases, the
C atom gets more positively charged, while the N atom becomes more negative charged. This also
confirms that it is the electron-withdrawing ability of substituent that causes the electron transfer

from C to N, aromatic ring, and also the substituted group.

3.3.2 X—CsHs—NC molecule on Pt(111) surface

Next step, we turn our attention to X—Ce¢Hs—NC molecules adsorbed on the Pt(111) surface. We
have recognized that predicting the accurate adsorption site on surface remains a very challenging
subject for conventional DFT calculation when we talk about the adsorption of CO molecule on
transition metal surface [39-43]. Actually, our calculated results in the framework of PBE
functional shows that the X—CsHs—NC molecule adsorbs at the hollow site on the Pt surface, while
the experimental characterization indicates that atop site is the accurate adsorption site. To follow
the experimental reported result strictly, the CN bond was oriented perpendicular to Pt surface in

our subsequent calculations.
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Table 3.2. Bond lengths of CN of X—CsHs—NC molecules adsorbed on Pt(111) surface and their

corresponding adsorption energies.

Hammett constant NC bond length (A) Adsorption energy, Eads (€V)
~N(CHb)2 -0.83 1.1827 ~2.4315
—NH> —0.66 1.1829 —2.4281
—OCHjs -0.27 1.1833 —2.5042
—CH3s -0.17 1.1831 —2.4590
-H 0 1.1837 —2.4277
—Cl 0.23 1.1840 —2.4621
—CF3; 0.54 1.1849 —2.4693
-CN 0.66 1.1855 —2.3526
—NO; 0.78 1.1851 —2.3758

Table 2 lists the bond lengths of CN bond of aryl isocyanide molecules adsorbed on Pt(111)
surface and their corresponding adsorption energies which can be defined as

Eads = E[molecule-surface] — (E[molecule] + E[surface])

herein, E[A] shows the calculated electronic free energy of species A. Bond length of the
CN bond increases with the increase of the electron withdrawing ability quantified by Hammett
constants. On the other hand, their adsorption energies show a slight fluctuation ranging from

—2.35 to —2.50 eV, indicating a strong chemical adsorption.
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Figure 3.5. Stretching vibration of the NC bond of aryl isocyanide SAMs adsorbed on Pt(111)
surface. The red arrows show the direction of vibrations and their length indicates the associated

stretching strength.

Figure 3.5 shows the NC stretching vibration when X—CgHs—NC molecules adsorbed on
the Pt(111) surface. Figure 3.6 shows the variation of stretching frequency and bond order of NC
bond of the X—CsH4—NC molecules (where X = N(CHz)2, NH2, OCHs, CHs, H, Cl, CF3, CN, NO3,
respectively) on the Pt(111) surface (in red color), as a function of the electron
donating/withdrawing ability. To give a better comparison, we added the reported results of
isolated molecules (shown in Fig. 3.4) to the Fig. 3.6 (in black color). As shown in the Fig. 3.6(a),
including the surface substrate increases the stretching frequency of NC bond by approximately
70 cm (blue-shifted) when comparing with the respective isolated molecules. This phenomenon
is consistent with the experimental results by VSFG spectroscopy [3]. The calculated and
experimental results reveal that electron transfer between adsorbate and surface can influence the
stretching frequency of NC bond greatly. In particular, stretching frequency of NC bond after
adsorption on surface exhibits a decrease trend from the most EDG to most EWG. This trend is

different from the isolated case which shows a "volcano-like" trend.
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Figure 3.6. (a) Stretching frequency and (b) bond order of the NC bond of X—CsHs—NC molecules
adsorbed on Pt(111) surface (in red color) and the isolated case (in black color), as a function of
Hammett constant. The dashed lines represent the linear fits of each region and the y coordinate

has been partially omitted for a better comparison.

Comparison of the bond order of NC bond of isolated and adsorbed aryl isocyanide SAMs
have been depicted in the Fig. 3.6b. After adsorption, bond order of NC bond derived from our
NBO model decreases (| 0.28) although the stretching frequency has experienced a large blue shift
(~70 cm™). Thus, the larger bond order does not always relate to the higher frequency of the
corresponding stretching vibrational mode using this periodic NBO algorithm derived bond order
model. Bond orders of adsorbed molecules have a decrease trend, which is different from the
isolated case. The electron transfer from the Pt surface to antibonding orbitals of NC bond
contributes to this decrease trend of bond order. A larger occupancy increase in the antibonding
orbitals of NC bond and a relatively smaller occupancy loss in the bonding orbital result in the

overall observed trend.
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To get insight into the origin of the similar trends in stretching frequency and bond order
of NC bond, we then concentrate on the factors that can directly affect the chemical bonding
mechanism and investigate the explicit electron transfer mechanism during the generation of a
chemical bond between aryl isocyanide SAMs and Pt(111) surface. This electron transfer process
can introduce a change in spectroscopic information of X—CsHs—NC on metal surfaces [3, 4,
44—46]. The generally accepted Blyholder model that consists of ¢ donation and = back-donation
have been broadly used to examine the bonding interaction between CO molecule and Pt(111)
surface [13, 47-49]. Validity of Blyholder-type representation has also been confirmed when
applying to other models, such as HNC molecule on Au(111) surface [50], and Cl-Ce¢Hs—NC
molecule on Au(111) and Pt(111) surfaces [4], CI-CsHs—NC molecule on Pt(110), Pt(211),
Pt(100), and Pt(111) surfaces [44]. In this study, we also employ such representation in which the
strength of NC bond of aryl isocyanide SAMs on the Pt(111) surface is determined by a balance
between ¢ donation (from lone pair orbital of C atom to partially occupied d orbitals of Pt surface)
and = back-donation (from Pt d orbitals to =* antibonding orbitals of NC bond), as shown in the
schematic illustration below (Figure 3.7). It is worth to mention that the mixing states between
MOs of molecule and the d orbitals of metal are outside the regime of the conventional Blyholder
model. Such mixing states have been included in an advanced representation, namely Pettersson-
Nilsson model [51-55]. Additional MOs have been considered in this model and the interaction
between molecule and metal surfaces have been described by o-repulsion/z-attraction mechanism.
This model thereby essentially extends the simple representation of the Blyholder model.
Furthermore, the extended o-repulsion/n-attraction mechanism pointed out that ¢ interaction has
both repulsive and attractive components through the Pauli repulsion and electron donation to

metal bands, respectively. This newly proposed model has been applied to investigate the C—O
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and C—metal bond strengths of CO molecule adsorbed on Pt—Ru—Os tertiary alloy and Pt—Os
binary alloy and [56], PtRuOslIr quaternary [57], PtRu alloys [58], and Pt(100) and Ru(0001)
surfaces [59], as well as CO and H.O co-adsorbed on Pt(111) surface at different coverages [60].
To concisely investigate the substituent effect on stretching frequency and bond order of NC bond,
we characterize the donation and back-donation strengths according to a localized perspective of

chemical bonding in a quantitative manner.

* *
/Tt" (NC) <— metal
NO,, NH,, CH,, ... 0 /T (NO < meta

« 0
X S
ad » &

Lone pair (NC) — 0™ (C—metal)

surface

Figure 3.7. A schematic illustration of the donation and back-donation processes between aryl
isocyanide molecule and the metal surface (Pt(111) surface in this chapter). X represents the para-

substituted groups.

60



%) o @o abo Q@O & o
O OO0 O O O © 0 O O 0 O O O O
o 0 O o O O © 0 O O 0 O O OO0
o 0 O o 0 O O O O O O O o 0 O
(b) (c)
:”::". CED
& 0 o @o o
o 0O O 0 O
o 0o 00O
00O 000

Figure 3.8. (a) five d orbitals of the metal atom in the clean Pt(111) surface, (b) Pt—C ¢ bonding

orbital, and (c) Pt—C o* antibonding orbital.

Figure 3.8 shows the periodic NBO algorithm derived five d orbitals of the Pt atom in the
clean Pt surface, the Pt—C o bonding orbital, and its corresponding antibonding orbital. The
H—CsH4—NC molecule adsorbed on the Pt(111) surface has been used as the model case. C lone
pair orbital of H-CsHs—NC in Fig. 3.3 and the Pt d,? orbital contribute to the formation of Pt—C o
bonding and 6* antibonding orbitals. After adsorption, lone pair orbital of C interacts with the
partially occupied Pt d,? orbital, electrons transfer from the aryl isocyanide SAMs to the adsorbed
Pt atom where o bonding and o* antibonding orbitals of Pt—C bond are locating around the Fermi
level. It is well known that the LUMO of adsorbate should locate near to the Fermi level of the
metal surface for an efficient electron injection from metal to adsorbed molecule. We observed an
almost doubly-occupied Pt—C o bonding orbital with an occupation of above 1.95 electrons, which
is consistent with the picture of a localized two-center bond. The further population analysis also

supports the view of this strong ionic character of Pt—C bond. The natural charge of C atom of NC
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bond in H-CsHs—NC molecule case varies from +0.23 e (for isolated molecule) to +0.45 e (on
surface). This is attributed to the removal of electron from C lone pair to form Pt—C bonding orbital,
The charge of N atom changes slightly from —0.46 e (for isolated molecule) to —0.36 e (on surface).
On the other hand, charge of the adsorbing platinum atom is —0.45 e, which is much negative than

its neighboring Pt atoms on the top layer (approximately +0.16 e).
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Figure 3.9. Electron localization function (ELF) plots of (a) clean Pt(111) surface, (b) isolated
H—CeHs—NC molecule, and (c) H-CeHs—NC molecule adsorbed on Pt(111) surface. In the color-
coding scheme, a high degree of electron localization is shown in red color, whereas regions of

low ELF values are shown in blue color. The isosurface values of the maps are set to 0.04 e/Bohr®.

An additional measure of the electron density rearrangement has been performed by the
electron localization function method, as shown in Figure 3.9. The maximum of electron
localization near the Pt atoms is 0.332, such low ELF value reveals the metallic nature of the
Pt(111) surface. For isolated H-CsH4s—NC molecule, we found the high ELF value (> 0.9) around

the region of C atom of NC group, suggesting the complete localization characteristic of the C lone
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pair orbital. The ELF value between N and C atoms is approximately 0.75, showing a typical
covalent bonding interaction. After adsorption on Pt(111) surface, we observed a large difference
in the ELF between C and Pt atoms. Such large difference has been considered as a signature of
the ionic character of Pt—C bond.

Let us now quantify the interactions taking place between the molecule and the metal
substrate in terms of charge transfer upon adsorption. As shown previously in Fig. 3.6, the
stretching frequency of NC bond of aryl isocyanide SAMs show a large blue shift by ~70 cm™
after adsorption when comparing with frequencies for corresponding isolated molecule. Such blue-
shift phenomenon can be explained by ¢ donation from C lone pair orbital of the adsorbate to the
metal surface since the C lone pair orbital shows a partial antibonding character for NC bond, as
shown in the Fig. 3.3. Formation of the Pt—C o bond via the o donation promotes the suppression
of this antibonding character, resulting in the strengthening of NC bond and thereby a blue-shift
in the vibrational frequency [61]. We have also recognized that the magnitude of blue shift
decreases gradually as the Hammett constant increases. NBO occupancies in Pt—C ¢ bonding
orbital and o* antibonding orbital have been shown in Figure 3.10, as a function of the Hammett
constant. We found the NBO occupancy in Pt—C o bonding orbital remains constant with respect
to the Hammett constant. In contrast, we found an evident linearly increase trend for NBO
occupancies in Pt—C o* antibonding orbitals. The substituent effect on ¢ donation bond appears
mainly in the variation of the occupancy in Pt—C ¢* antibonding orbitals. The increasing trend in
Pt—C o* occupancy suggests the increase of the NC antibonding character induced by C lone pair
orbital, which is consistent with the decrease trend of the magnitude of blue-shift in frequency as

the Hammett constant gradually increases.
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Figure 3.10. Periodic NBO algorithm derived occupancies in (a) Pt—C ¢ bonding orbital and (b)
Pt—C o* antibonding orbital of X—CsHs—NC molecule with different substituents adsorbed on the

Pt surface, as a function of the Hammett constant of each group.

In addition to the main interaction between C lone pair orbital of the NC bond and Pt d orbitals,
the 6 and two 7 bonding orbitals of NC bond can also interact with the d orbitals of Pt atom in the
surface. Both of them show the less occupancy after adsorption on surface (the decrease amount
is only around 0.02~0.03). In particular, the decrease amount of NBO occupancy of mtvert also shows
a decrease trend as a function of the para-substituted Hammett constant. This is attributed to the
electron donating/withdrawing ability of the substituted groups. In comparison to the Pt—C o bond,
NBO occupancies of NC ¢ and = orbitals is not significantly affected with respect to the Hammett
constant. Therefore, we can conclude that the C lone pair orbital of the isolated X—CgHs—NC
molecule plays a dominant role during the formation of Pt—C bond.

As for the © back-donation that indicates the electron transfer from metal surface to the

adsorbed molecule, the n* antibonding of NC bond accepts electron from Pt d-states. One of the
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typical phenomena towards the o donation/z back-donation model is the partially filling of n*
antibonding orbitals upon adsorption on surface. The metal-adsorbate interaction can be
destabilized with an increase of filling in the antibonding orbital, leading to a weaker binding. ©
back-donation reduces the bond strength of NC bond, and therefore, causing a red shift in the
stretching frequency of NC bond. Such effect is opposite to the effect of o donation. Here, we use
the difference of orbital occupancy in * antibonding orbitals of NC between adsorbed and isolated
X—CeH4s—NC molecules to define the NBO occupancy increment. Figure 3.11 shows the NBO
occupancy increment for NC n* antibonding orbitals between adsorbed and isolated molecules for
(a) vertical component (mn*vert), and (b) parallel component (n*para). We found a 0.20~0.30
occupancy increment in each component equally. Such large antibonding occupancy increment
reveals that the electron transfer from the metal surface to the adsorbed molecule has occurred.
Specifically, filling of the n* NC orbital can be facilitated when using substituted groups with
greater electron withdrawing ability for adsorption. In contrast, filling of the NC n* orbital can be
hindered by the substituted groups with stronger electron donating ability. The bond order of NC
bond becomes lower when more electrons transferred into the NC z* orbital. Therefore, according
to our definition of the NBO derived bond order model, the bond order behaves as an overall
decrease trend, which has shown in the Fig. 3.6. On the other hand, we can conclude that as the
electron withdrawing ability of the substituted group increases, the n back-donation becomes

stronger.
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Figure 3.11. The NBO occupancy difference in orbital occupancy between the NC n* antibonding
orbitals of isolated and adsorbed aryl isocyanide SAMs, (a) vertical component (w*vert), and (b)
parallel component (n*para). The insets give the schematic configurations of these two NC ©*

antibonding orbitals for electron injection upon adsorption on metal surface.

The occupancy change upon adsorption on surface also occurs in the 6* antibonding orbital.
In comparison to the ©* orbitals, the occupancy difference in the 6* orbital is very limited (~0.009
e). However, we also found a linearly increase trend with respect to the Hammett constant. This
trend is also due to the increase of electron withdrawing ability of the substituted groups.

The donor/acceptor analysis proposed by Dinnington and Schmidt [10] confirms the source
of the occupancy increase in these antibonding orbital is from the metal lone pairs. After adsorption,
we found that the configurations of d states of the adsorbing Pt atom have slightly changed with
respect to the original coordinate plane. We think this is mainly due to the appearance of the n-
conjugated benzene plane. Due to symmetry consideration, the deformed dx, and dy; orbitals on the

adsorbing Pt atom have been shown in Figure 3.12. The two d orbitals of the adsorbing Pt atom
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that have similar symmetry as the n orbitals of the adsorbed SAMs. This gives a visible

representation of the concept of metal back bonding [62].
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Figure 3.12. The deformed dx; and dy; orbitals on the adsorbing Pt atom.

In light of these calculated results, we conclude that both ¢ donation and = back-donation
are responsible for the change of the stretching frequency of NC bond. Specifically, the blue shift
in the frequency is mainly due to the o donation, while the red shift is induced by the  back-
donation. The resultant effect of donation and back-donation determines the overall decrease trend
in frequency. On the other hand, the definition of periodic NBO algorithm derived bond order
model proposed here shows the more significant role of NC antibonding orbitals. It can be thereby
understood that the bond order in the case of aryl isocyanide SAMs on Pt(111) surface is primarily
attributed to the strength of & back-donation. This can help us to explain the substantial decrease

of the bond order.
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3.4 Summary of This Chapter

This chapter provides an atomic view of the electronics states involved in the formation of the
chemical bond in SAMs/metal surface interface with different substituent groups, which provide
different degrees of electron donation and back-donation and are essential toward the design of
molecular electronic devices with chemical functionality. The charge density rearrangements
confined to the interface caused by chemical bonding interaction between aryl isocyanide
molecules and the Pt(111) surface can be easily captured by periodic NBO implementation.
Through a comprehensive DFT study on a series of substituent attached SAMs, relationships
between the bonding structure and the electron donating or withdrawing ability of substituent are
described explicitly. Moreover, this chapter also started with the strong curiosity about the
applicability of the theoretical modeling and also the correspondence between experimental and

theoretical results.
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Chapter 4
Substrate-dependent Electron Transfer at SAMs/Metal

Interface

In Chapter 3, the substituent effect of organic molecule on the nature and formation
mechanism of chemical bonding induced by metal-SAMs interaction has been investigated.
During the formation of SAMs system, the metal substrate also plays an essential role which is
capable of adsorbing the organic monolayers. Adsorption of SAMs on different metals or on
different surface orientations may change these characteristics. In this chapter, in tandem with the
experimental observations by VSFG spectroscopy, we further investigated the metal substrate
effect using the aryl isocyanide SAMs adsorbed on two commonly studied metal surface, Au and
Ag surfaces with the aim of discussing quantitatively the extent to which the metal substrate affects

the spectral behavior in terms of charge transfer between the molecules and the surface.

4.1 Introduction and Motivation

Chemical bonding interactions between organic molecules and metal surfaces determine many
interfacial phenomena, such as charge transport [1-4], dynamics of electronic and vibrational
excitations [5, 6] and chemical reactivity [7, 8] in the interfacial region between metal electrodes.
The characterization of these interfacial bonds plays an important role in surface modification and
functionalization. However, the complexity of the adsorbed structure of molecules on the surface,
including the adsorption sites, and the coverage and orientation of the surface make it difficult to

characterize them. Well-ordered SAMs on metal electrodes, an essential component of molecular
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electronic devices, are a typical model for studying adsorbent—substrate interactions [9, 10].
Charge transfer between SAMs and metal electrodes is strongly dependent on the surface
topography of the metal electrode. Therefore, before implementing SAMs for a particular
application, it is necessary to understand how the intrinsic properties of the metal surface affect
the interface structure. Thiol compounds on the gold surface are one of the widely studied systems
because of the strong chemical bonding between the —S group and the atoms on the gold surface
[11-20]. The aryl isocyanide molecule is also one of the important candidates because of the
effective network of delocalized electrons between the n-orbitals of the benzene ring and the d-
band of the metal surface, which is linked by the triple bond of the NC group [21-30]. The
interaction between aryl isocyanide molecules and metal surfaces has been investigated using
spectroscopic methods such as near-edge X-ray absorption fine structure spectroscopy (NEXAFS)
and temperature-dependent surface-enhanced Raman spectroscopy (SERS) in relation to spectral
signals and bonding properties [31].

The substate effect on the adsorbed molecule have been extensively investigated. An
experimental study of biphenyl-based thiols on Au(111) and Ag(111) surfaces showed that these
two surfaces possess opposite odd-even effect which represents the dependence between
orientation of the biphenyl moiety and the number of methylene groups [32]. In addition, based on
an investigation of photoinduced electron dynamics at the porphyrin/Ag(111), Ag(100) interfaces,
it has been shown that different substrate orientation can also induce different energy alignment of
the electronic states of the adsorbed molecule with respect to the Fermi level of the metal surface,
and therefore governs both static and photoinduced electron transfer processes [33]. It is clear that

the difference in the orientation of the substrate causes a difference in energy alignment of the

74



electronic states of the adsorbed molecules relative to the Fermi level of the metal surface and
dominates both the static and photo-induced electron transfer process.

Quantum chemical calculations are also effective approach to investigate adsorption
conformational changes for the structurally well-defined SAMs on metal substrates. They provides
an intuitively clear picture of the chemical bonding interactions between SAMs and surfaces at the
molecular level. The charge transfer between the SAMs and the metal substrate is an important
factor for the interaction at the interface. NBO analysis converts the electronic wavefunction to a
representation based on a localized basis and assigns the delocalized multi-electron wavefunction
and electron pairs to one-center-two-electron orbital (lone pairs) and two-center-two-electron bond,
which can be used to analyze the bonding mode of molecular systems based on the wave function
[34]. This NBO analysis has recently been extended to periodic systems and implemented in the
Periodic NBO software [35]. In pervious chapter, we have investigated the NC bond strength of
the X—CsHs—NC molecule on the Pt surface by periodic-boundary density functional theory (DFT)
calculation with a periodic NBO analysis, focusing on the substituent effect and the surface effect.
The calculated NC stretching frequency and NC bond order from the NBO analysis were plotted
as a function of the Hammett constant [36, 37] of the substituents X, showing that a “volcano-like”
profile for an isolated molecule changes greatly for the molecules adsorbed on the Pt surface. This
study demonstrated that the NBO analysis of chemical bonds of various organic molecules
adsorbed on the surface can bring a deep understanding of the interaction of the molecule with the
surface.

In this chapter, the molecular vibrations and electronic wavefunctions of aryl isocyanide
molecules adsorbed on Au(111) and Ag(111) substrates are investigated by theoretical calculations,

and supplemented with experimental results by VSFG spectroscopy, with the aim of discussing
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quantitatively the extent to which the metal substrate affects the spectral behavior in terms of

charge transfer between the molecules and the surface.
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4.2 Computational Details

DFT calculations with a spin-polarized scheme were carried out for aryl isocyanide molecules with
different para-substituted groups (H-CeHs—NC, OCH3—CsHs—NC (OCHs: electron-withdrawing
group), NO2—CsHs—NC (NO2: electron-donating group)) adsorbed on Au(111) and Ag(111)
surfaces with the Vienna Ab initio Simulation Package (VASP) software [38—41]. The Perdew-
Burke-Ernzerhof functional in general gradient approximation (GGA-PBE) [42, 43] was selected
as the XC functional, while van der Waals interactions were considered by using the D3 energy
correction with zero damping during the optimization [44—46]. The core electrons are described
by the projector-augmented wave (PAW) method [47, 48]. A plane-wave basis set with a Kinetic
energy cutoff of 540 eV was adopted for all calculations. Brillouin zone integration was carried
out by the Methfessel-Paxton method [49] and I'-point-centered 9 x 9 x 1 meshes of the k grid
generated according to the Monkhorst—Pack scheme [50]. All structures were fully relaxed within
a convergence of less than 1078 eV for the total energy and 0.02 eV/A for the force. The optimized
lattice constants of bulk Au and Ag were determined to be 4.098 and 4.071 A, respectively, which
agree well with experimental values of 4.08 and 4.09 A, respectively [51]. Using the equilibrium
lattice constants, we modeled the Au(111) and Ag(111) surfaces with repeated slabs of four layers.
The periodically repeated slabs are decoupled by 15 A vacuum gaps. The aromatic molecules and
the uppermost two metal layers were allowed to keep relax during the geometry relaxation. The
bottom two layers were fixed at their bulk-truncated positions using the optimized lattice constants
of the bulk metals. Otherwise, both Au(111) and Ag(111) surfaces are unreconstructed.

We also reproduced the vibrational spectra of aryl isocyanide molecule in gas phase and on
metal substrates theoretically based on the Hessian matrix and Born effective charges which were

calculated using the density functional perturbation theory (DFPT) [52, 53]. The DFPT based
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method can provide theoretical vibrational spectra of adsorbate at metal surfaces [54-56] The
anharmonic corrections have been included for each vibrational mode through a computation of
the Morse-potential using the analytical method proposed by Torres et. al. [57].

To give a quantitative analysis of the chemical bonding of molecules adsorbed on the surface,
we performed the periodic NBO calculation for analyzing orbital occupancy and generating
visualization files. The plane-wave wave functions obtained from the static calculation using
VASP for each optimized structure were projected onto the Gaussian-type basis sets taken from
the EMSL basis set library [58, 59] For this purpose, we selected the jorge-DZP basis set [60—63].
Bader’s quantum theory of atoms-in-molecules (QTAIM) analysis [64—67] was also carried out to
investigate the change of electron distribution in molecules, using the algorithm by Henkelman et
al.[68—71]. The Visualization for Electronic and Structural Analysis software (VESTA) was

employed for orbital visualization [72].
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4.3 Result and Discussion

4.3.1 structural and spectroscopic property of SAMs on Au and Ag surfaces
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Figure 4.1. Top and side views of the optimized H-C¢H4—NC molecule adsorbed on (a) Au(111)
and (b) Ag (111) surfaces, in which gold, silver, gray, brown and red spheres denote Au, Ag, N, C

and H atoms, respectively. The dash lines indicate the supercells used in this calculation.

Figure 4.1 shows the top and side views of the optimized H-CsHs—NC molecule adsorbed
on Au(111) and Ag(111) surfaces. The corresponding NC bond lengths and metal-C interatomic
distances are summarized in Table 4.1. Compared to the case of isolated molecules, the NC bond
length is slightly shorter when adsorbed on the surface of Au or Ag. The adsorbed molecule is

closer to the Au surface than to the Ag surface.
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Free Au(111) Ag(111)

H-CsHs—NC r(N-C)/A 1.184 1.176 1.178
r(metal-C)/A - 2.012 2.115

OCHs—CsHs—NC r(N-C)/A 1.184 1.176 1.179
r(metal—C)/A - 2.016 2.120

NO,~CsHa~NC r(N-C)/A 1.184 1.176 1.178
r(metal-C)/A - 2.011 2.114

Table 4.1. Calculated values of N-C bond lengths (r(N—C)) and metal-C interatomic distances
(r(metal—C)) of H-CeHs—NC, OCH3—CgHs—NC and NO>—CeHs—NC molecules in the isolated

state and in the adsorbed state on Au(111) or Ag(111) surfaces.

Table 4.2 summarizes the experimental and calculated values of the C-N stretching
vibrational frequencies. The vibrational frequencies for isolated molecules suitably agree with the
experimental values obtained by FTIR spectroscopy in Table 4.2, and are also comparable with
our previous work [25]. On the other hand, the “volcano-like” trend of vibrational frequency for
isolated molecules as a function of Hammett constant is also in accordance with the results of FTIR
spectroscopy and the previous report [25]. This demonstrates the validity of our calculation models

and calculating vibrational spectra using the DFPT method.
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Experiment/cm™ Calculation/cm™

substituent Op Free Au Ag Free Au Ag
—OCHzs -0.27 2122 2194 2185 2131 2194 2159
-H 0 2123 2199 2186 2133 2196 2165
—NO, 0.78 2119 2194 2176 2125 2177 2150

Table 4.2. The CN stretching frequency for aryl isocyanide molecule on Au and Ag surface
obtained from VSFG spectroscopy and those of free molecules in dilute hexane solutions obtained
by the FTIR spectroscopy. The experimental results are extracted from doctoral thesis of Dr. Mikio

Ito. The calculated frequencies based on the DFPT method are also shown.

The specific theoretical spectra for three isolated molecules and molecules adsorbed on Au
and Ag surface are shown in Figure 4.2. The peaks centered at 2131 cm™* (—OCHjs para-
substituted), 2133 cm™ (no substitution) and 2125 cm™ (-NO, para-substituted) for isolated
molecules can be assigned to the NC stretching frequency (vnc). The multiple peaks at 3000 ~
3100 cm™ in the spectra belong to the stretching vibrations (vcr) of the C—H bonds in the OCH3
group and C—H bonds in the aromatic ring. In addition to these spectral features, the symmetric
and asymmetric stretches of C—C bonds in the aromatic rings appear in the region around 1500
cm%, and the vibrational modes identified near 1000 cm™ are due to the C—H in-plane bending.
As our focus in this study is to show the metal substrate effect on the interfacial structure, the
stretching vibration of the contacting NC bond is expected to play a more significant role than
other vibrations. Thus, most attention will be paid to the NC stretching frequency in the rest of this

work.
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Figure 4.2. Calculated vibrational spectra of X—CgHs—NC molecule (X = OCHs, H, NO>) (a)

without substrate, (b) on the Au(111) surface, and (c) on the Ag(111) surface.

After adsorption, we found that the NC stretching frequency undergoes a blue-shift for
Au(111) and Ag(111) surfaces compared to the isolated molecule case as shown in Fig. 4.2(a),

respectively. Importantly, the frequency in the case of Au surface possess a larger blue-shift than
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Ag surface (50~60 cm* versus 30~40 cm™?). This blue-shift in spectra has also been found in the
VSFG spectroscopic study. Similar to the theoretical results, the VSFG spectroscopic results also
show that the blue-shift of NC stretching frequency in the case molecule adsorbed on Au(111) is
more significant as compared to that in the case of Ag(111) adsorption (70~76 cm™*versus 55~65
cm™Y).

Combining the experimental VSFG spectra and theoretical investigations in this section, it
was concluded that the Au(111) surface exhibits more significant effect on the blue-shift in NC
stretching vibration than the Ag(111) surface, reflecting the metal substrate effect on the

vibrational behavior at the interface.

4.3.2 electronic structure of SAMs/substrate interfaces

To ascertain the general mechanism behind this trend, the electronic structure calculations have
been performed in this section. At first, we carried out the density of states (DOS) calculation to
reveal how the molecular states of aryl isocyanide SAMs are redistributed due to their interaction
with the adsorbed metal substrates. The total DOS can be further projected onto the atomic orbitals
(PDOS) to assign the contributions from individual atoms. For a clear view, only the NC group
instead of all atoms of the adsorbate has been included, and the atomic orbitals whose contribution
to the total DOS is lower than 3% will not be considered here. Figure 4.3 gives the projected DOS
(PDOS) onto the NC group in isolated H-CsHs—NC molecule, clean Au and Ag surfaces as well
as NC group of H-CsH4—NC molecule adsorbed on Au and Ag surfaces, respectively. As revealed
by Fig. 4.3a, density distribution for NC group in the isolated molecule is discrete and the main
component of total DOS is dictated by the C and N 2p orbitals. Fig. 4.3b shows the PDOS of clean

Au and Ag surface before adsorption. A sharp drop was observed in the energy range from —2 to
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—1 eV for Auand —3 to —2 eV for Ag. Contribution of Au 5d and Ag 4d states is more significant
as compared to Au 6s, 6p states and Ag 5s, 5p states in the energy range of —6 to —1 eV for Au
and —6 to —2 eV for Ag, respectively. However, this situation is notably different near the Fermi
energy, at which the s and p states of two metals produce almost equal contributions comparing
with the d states. This leads to more pronounced hybridization between d and sp states of the clean

surface near the Fermi energy region.
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Figure 4.3. PDOS projected onto (a) NC group in H-CsH4—NC molecule in gas phase, (b) clean
Au(111) and Ag(111) surfaces without adsorption (left and right panels, respectively) and (c) NC
group in H-Ce¢H4—NC molecule adsorbed on Au(111) and Ag (111) surfaces (left and right panels,
respectively). Fermi levels are shown by the black dashed lines located at 0 eV. Only atomic

orbitals whose DOS contributes over 3% of total DOS have been considered.

Then, Fig. 4.3c gives the PDOS projected on the NC group in H—CgHs—NC molecule
adsorbed on Au and Ag surfaces. The hybridization between the electronic levels of the adsorbed
SAM s and the metal substrate results in the formation of several bonding and antibonding states,
showing different features in comparison to the PDOS computed for isolated molecule. First, the
sharp states of isolated molecule, particularly the C 2p states were found to be broadened into
resonance and shifted to a lower energy around the bottom of Au valence band region, indicating
the electron transfer from adsorbate state So with Au d states which is defined as the o donation
process. On the other hand, 17 level of NC interacts with Au d orbitals, resulting in overlapping
of PDOS around —4 to —7 eV, as well as the couplings above the Fermi energy which are ascribed

to electron transfer from d states to a* antibonding orbitals of the NC group [73, 74].
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PDOS of NC group in H-CsHs—NC molecule adsorbed on Ag surface is almost identical to
that of Au surface, as depicted in the right panel of Fig. 4.3c. Herein, the PDOS analysis shows
that the 5o orbital of the NC bond donates electrons to the metal surface to strengthen the Au/Ag—C
bonds, while the NC n* orbital accepts the back-donated electrons from the Au/Ag d orbitals,
leading to the weakening of the NC bond.

A Bader charge analysis of the electronic density distribution in Table 4.3 indicates that, upon
adsorption on Au(111) and Ag(111) surfaces, the adsorbed H-CeHs—NC molecule lose 0.03 and
gain 0.07 electrons, respectively, when compared with the isolated molecule. Such limited values
seems to point out the weak interaction between SAMs and metal substrates. However, we found
the C atom which contacting with the metal surface was positively charged by 0.15 electrons for
adsorption on Au(111) surface, and negatively charged by 0.01 electron for adsorption on Ag(111)
surface. This difference highlights the metal substrate effect and relates to the strength of o

donation/n back-donation which will be further discussed later in a quantitative manner.
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H—-CsH4—NC on Au(111) surface

Au © N
before adsorption/e —0.036 +1.640 —2.662
after adsorption/e +0.151 +1.791 —2.781

H-CsHs—NC on Ag(111) surface

Ag C N
before adsorption/e —0.023 +1.640 —2.662
after adsorption/e +0.137 +1.635 —2.725

Table 4.3. Bader charge data for H—CeHs—NC molecule adsorbed on (a) Au(111) and (b) Ag (111)
surfaces, charges for isolated molecule and clean metal surface have also been listed for

comparison.
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Figure 4.4. Calculated NBO occupancy in NC © bonding orbitals, metal-C ¢ bonding orbitals,
NC = bonding orbitals, and metal-C o antibonding orbitals for free H-CsHs—NC molecule, and

molecule adsorbed on Au and Ag surfaces.

Moreover, the NBO algorithm in periodic implementation were employed to quantitatively
analyze the surface chemical bonding interaction and rationalize the differences between Au(111)
and Ag(111) in depth understanding. Figure 4.4 shows our calculated NBO occupancy in several
representative orbitals, including NC = bonding orbitals, metal-C ¢ bonding orbitals, NC =«
bonding orbitals, and metal-C o antibonding orbitals for free H—Ce¢Hs—NC molecule, and

molecule adsorbed on Au and Ag surfaces, respectively.
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We start the discussion from the NBO occupancies in NC & bonding orbitals as indicated by
the green points. There are two components of NC bonding orbitals, including in-plane and out-
of-plane components, as well as their spin up and down components, as presented in last chapter.
For simplicity, their summation, has been given here. There was only a slight decrease in
occupancy from 3.913e (free molecule) to 3.893e (Au) and 3.889e (Ag) upon adsorption. Electron
leaves from the NC = bonding orbitals after binding to the surface, although the amount is very
low (~0.02 e).

Then, we focus on the metal-C o bonding orbitals represented by the red points. The
occupancy of above 1.98e for Au surface is in agreement with the picture of a nearly perfect
localized two-center bond in the ideal state, suggesting that such adsorption bond is formed almost
solely from the C atom (lone pair orbital) of the isolated SAMs molecule. In comparison to Au
surface, Ag—C o bonding orbital has an occupancy of 1.86e, which is relatively lower than that in
Au—C o bonding orbital. The ¢ donation—= back-donation mechanism demonstrates that metal—C
bond formation is attributed to the interaction between NC 56 and a hybrid of Au (Ag) d.? and Au
(AQg) sp orbitals. Since the NC 50 orbital has a weak antibonding nature, metal—C o bond formation
by the o donation will the suppression of this antibonding character, leading to the strengthening
of the NC bond and a blue-shift in the NC stretching frequency [75]. The values of occupation
number of Au or Ag—C ¢ bonding orbitals can be used to evaluate the strength of ¢ donation. The
larger population in the Au—C ¢ bonding orbital indicates that stronger ¢ donation occurs at the
interface between SAMs and Au surface after binding to the surface, which is responsible for the
further blue-shift in vnc than Ag surface.

NC =* antibonding orbital plays an important role during the & back-donation, its occupancy

(blue points) can therefore be used as a measure of the m back-donation strength. NC =w*
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antibonding orbital of SAMs on Au surface have larger occupancy of ~0.36e in comparison to that
of SAMs on Ag surface (~0.32e). The relatively larger occupancy number in NC n* antibonding
orbital reveals the stronger n back-donation, which induces the weakening of NC bonds and the
red-shift in vibrational frequency.

NBO occupancy in the Au/Ag—C o* antibonding orbitals in indicated by the yellow points.
Ag—C o* has larger occupancy (~0.08e) than Au (lower than 0.02e), showing the stronger Pauli
repulsion between the NC 56 molecular orbitals and the metal surface d-states in Ag case. Both
Au—C o* and Ag—C o* antibonding orbitals have smaller occupancy than previously reported Pt
surface case [25]. Variations in the NBO occupancies of the NC ¢ bonding and o* antibonding
(not shown in Fig. 4.4) orbitals are proven can influence the overall electron transfer to a very
small extent, and thus are insensitive to the metal surface. Additionally, varying the substituent
group of SAMs lead to very limited changes compared with the change of metal surface.

Having the above discussion in mind, we can summarize that SAMs on Au surface has both
stronger ¢ donation and 7 back-donation in comparison to those on Ag surface. In conjunction
with the spectral results by VSFG and calculation, it can be revealed that the overall blue-shift in
NC stretching frequency after binding to the metal surface is attributed to the more significant role
of ¢ donation over © back-donation, both for Au and Ag. More importantly, the stronger ¢ donation
in the Au case induces the further blue-shift in vibrational frequency than Ag surface, showing the

metal substrate effect on electron transfer at the interfacial region.
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4.4 Summary of This chapter

We have investigated the metal substrate-dependent electron transfer between adsorbate SAMs
and two typical metal surfaces—Au(111) and Ag(111), using VSFG spectra complemented by
theoretical calculations. A self-assembly molecular system has been constructed by immersing the
Au(111) and Ag(111) thin films prepared by vapor deposition in the isocyanide solutions. The
fabricated structures have been well characterized by the surface-specific vibrational sum
frequency generation spectroscopy. The spectroscopic result shows a blue-shift in vibrational
frequency compared to that of the isolated molecules, while the blue-shift in the case of using
Au(111) as substrate is more significant than that in the Ag(111) case. Furthermore, to rationalize
the experimental findings, we carried out the theoretical calculations including study of spectra
based on density functional perturbation theory and the Natural Bonding Orbitals algorithm.
Computational result supports experimental observations and the more significant ¢ donation
strength of SAMs on Au over Ag has been considered as the decisive factor in determining the
further blue-shift in vibrational frequency for Au surface. Our study provides systematic insights
into the relationship between vibrational frequency and orbital population, suggesting
opportunities for designing molecule/metal interfaces with desired electronic properties using

diverse metal substrates.
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Chapter 5

Catalytic Functionalization of C doped h-BN Surface

As discussed throughout chapter 3 and chapter 4, we focused on two individual components
of self-assembled monolayers adsorbed on noble metal surfaces, the substituent and metal
substrate. Their respective role during the bonding formation at the interface structure has been
clarified. In this Chapter, our attention has moved from the electron transfer across the interface to
the catalytic reactions that occur on single C atom doped h-BN surface. Herein, we investigated
two typical oxidation reaction, CO oxidation and C2H4 oxidation occurring at this doped surface.

The reaction mechanism and the favorable transition states have been clarified.

5.1 Introduction and Motivation

The molecular oxygen can activate and dissociate on the heterogeneous catalyst surface and induce
the catalytic reactions. Such activation plays an important role in a variety of practical applications,
including electrochemistry in fuel cells, combustion reaction, and selective oxidation reaction [1,
2]. To design such kind of heterogeneous catalyst, much effort have been made in this field.
Current used catalysts for the chemical reactions with molecular oxygen are mostly based on the
platinum-group metals (PGMs), it has been found such catalysts can effectively induce the
oxidation reaction [3, 4]. Although the PGMs based catalysts have high efficiency, the low
abundance and the high price strongly hinder the industrial applications of the catalysts [5].
Therefore, it is still an urgent work to develop the novel effective heterogeneous catalysts which

have high efficiency for molecular oxygen activation and have low cost feature [5, 6].
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Graphene, a typical two-dimensional metal-free material, has attracted huge interest for the
catalytic reactions due to its wide surface area and distinctive chemical and physical properties.
However, delocalized uniform charge distribution of graphene results in its inactive nature for
catalytic reactions [7]. To overcome this issue, various dopants and vacancy defects have been
considered to add to the graphene surface. Previous theoretical and experimental studies have
found that the high efficiency of graphene materials can be achieved by including some single
transition metal elements or non-metal atoms (B, N, P, S etc.) which can change the electronic
structure and electron distribution [8§—10]. Graphene doped with B and N elements has become an
active heterogeneous catalyst for aerobic oxidation reactions [11].

Hexagonal boron nitride (h-BN) has the similar geometry with graphene. In comparison to
the graphene, h-BN has a wide band gap and high thermal stability, and has been generally
considered as an insulator inactive catalysts [12]. However, recent studies show that h-BN can be
effectively functionalized by various tools including atomic dopant, defect and metal support and
reveals unusual catalytic ability [12—23]. Such unusual catalytic ability arises from the interaction
and activation of the adsorbed molecular oxygen (O2) with the surface catalyst due to the presence
of the defect states in the forbidden region of h-BN catalyst [12]. Specifically, we have found the
h-BN nanosheets deposited on Au(111) support shows exceptional electro-catalytic ability for
oxygen reduction reaction (ORR)[16, 24], as well as the hydrogen evolution reaction (HER) [19].
As for the HER, the BN/Au catalyst exhibits the catalytic activity similar to that of Pt surface,
which is widely recognized as one of most best catalysts. Despite the high potential of BN based
materials for development of non-metal catalysts, a serious limitation should also be mentioned:
the active sites that inducing the catalytic reactions are only restricted to the dopant atoms with a

small surface area.
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Two important conditions should be satisfied for activation of the adsorbed O molecule
on surface: a). adsorption energy should be an appropriate value, too weak adsorption cannot keep
the activated O, molecule bonded to the surface, while too strong adsorption makes leaving the
reaction products from the surface difficult to occur after the reaction; b). the surface area should
be wide enough to increase the efficiency of heterogeneous catalysts. At present, PGMs based
catalysts have been widely recognized as the suitable catalysts for satisfying these two condition
in different reactions [25, 26]. Besides, we have recently found that doping one carbon atom into
a position of boron atom in the hexagonal h-BN structure, the newly formed Cs@h-BN structure
becomes a n-type semiconducting material with considerable catalytic activity for molecular O
activation over the wide area even extended far away from the C impurity [27]. Different from the
inert nature of pure h-BN monolayer for O adsorption and activation, Ce@h-BN sheet can adsorb
and activate O2 molecule even far from the doped C impurity. The study has also shown that the
active area for catalytic reaction in Cg@h-BN strongly depends on the energy gap between the
highest occupied defect level of doped C impurity, and the bottom of conduction band (CB) of the
h-BN surface. In particular, the defect states should be delocalized and close to the CB of surface
to activate the O in the wide surface area.

In this study, we are aiming to examine the distance dependence of activation barriers for
some prototypical oxidation reactions as a function of the distance between the C impurity and the
active sites. Specifically, CO oxidation and C2H4 epoxidation induced by O> activation which are
of fundamental importance during practical industrial applications have been selected as the target
reactions due to their industrial and fundamental importance. Through the analyze of reaction

energy profiles and the distance dependence of activation barriers on the distance between active
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sites and the doped C impurity, we aim to demonstrate the reaction mechanism of two oxidation

reactions and evaluate the catalytic activity of Cg@h-BN surface catalysts.
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5.2 Computational Details

The DFT calculations were carried out with the Wu-Cohen (WC) generalized-gradient-
approximation (GGA) exchange-correlation functional [28], which has been implemented in the
Plane-Wave Self-Consistent Field (PWSCF) program of Quantum Espresso package [29, 30]. It
has been revealed that the WC functional can accurately reproduces the lattice parameters, crystal
geometries, as well as surface energies of solid system with layered conformation including
graphite and h-BN which shows weak interaction between layers [14]. The plane-wave basis set
has been used with the Troullier-Martins norm-conserving pseudopotentials. The spin polarization
and periodic boundary condition (PBC) have been considered for all systems. The energy cutoff
of 80 Ry has been chosen to obtain the full convergence in total energies and forces. Lattice
parameter of the bulk h-BN monolayer was fully optimized using the Monkhorst-Pack 10x10x4
k-point mesh for the sampling of the Brillouin zone. Our calculated lattice parameters a=b =2.504
A, and ¢ = 6.656 A are in great agreement with the experimental values [31]: a=b = 2.524 £ 0.020
A and ¢ = 6.684 + 0.020 A. The climbing image nudged elastic band (ci-NEB) method is utilized
for searching the transition states and minimum energy pathways [32]. The atoms in molecules
method (AIM) is employed for charge analysis [33]. To view the electron density difference, we
used the package of Visualization for Electronic and Structural Analysis software (VESTA) [34].
The h-BN surface is modeled by a one-layer slab containing 6x6 unit cells. Vacuum region of 15
A in the (001) direction is used to separate the periodically replicated slabs. Due to the large size
of the used supercell, only the I" point is used for sampling the Brillouin zone in this study. The

adsorption energy is calculated by the following equation
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Ead = Etot — Ec@n-sn — Eoz — Emol, Where Etot, Ec@n-sn, Eoz, Emol indicate the free energy of the
entire system, the C@h-BN monolayer, the isolated oxygen molecule and the CO or C2H4 reactants,

respectively.

5.3 Result and Discussion

5.3.1 adsorption of Oz, CO and C2H4 molecules on Cs@h-BN surface

Figure 5.1. Computational model for the C-doped h-BN monolayer and three B active sites for O>

adsorption in this study. The C, B, N atoms are indicated by black, gray and blue, respectively.

We firstly consider the adsorption of Oz, CO and C2Hs4 molecules on the Ce@h-BN into the B
active sites. To obtain the most stable configurations of CO and CzHs molecules adsorbed on the
Cs@h-BN monolayer, various initial configurations were considered followed by the full
optimization of the entire system, which is similar to the approach used in a previous work [18].
As the O> molecule can only adsorb on the B active sites of the surface [18], we selected three
adsorption sites, Bs, Bm, BL (Figure 5.1) with different distances from the doping C atom of 2.49

A, 4.98 A, and 6.62 A, respectively. A previous theoretical work of doping of C to B positions in
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the h-BN monolayer shows the planar geometry structure of h-BN sheet is less affected by the
doping C [18]. However, the C doping considerably influences the electronic structure of h-BN
monolayer and results in the appearance of defect levels in the forbidden zone of the surface. It
has been found that the occupied 2p states of the doped C atom at the bottom of the CB of h-BN
monolayer can considerably influence the chemical property of the surface, resulting in the

adsorption and activation of O molecule in the surface area extending far from the doped C atom.
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Figure 5.2 lists the most stable configurations after optimization of CO and C2H4 and O3
molecules adsorbed in the vicinity of Cg impurity in the h-BN monolayer. The calculation of
adsorption energy shows CO molecule weakly adsorbs on top of the C site with the adsorption

energy of —0.19 eV (—4.4 kcal/mol). The interaction with the B active sites is very limited with the
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Figure 5.2. Optimized configurations of CO, C2Hs and O2 molecules adsorbed on the Cg@h-
BN monolayer. Their corresponding adsorption energies are given below each configuration
indicated by the red color. For simplicity consideration, only a part of the Ce@h-BN monolayer
has been shown. The distances between molecule and surface are given in A. The red dashed

circle represents the position of the doped C atom.
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adsorption energy of —0.08 eV (—1.8 kcal/mol). The C—C bond length between CO molecule and
Cs@h-BN is 2.44 A, and the C—O bond length changes very limited from that of the free CO
molecule, indicating that there is almost no electron transfer between the CO molecule and surface
monolayer. Similarly, the C2H4 adsorption analysis has also shown that C.H4 molecule can weakly
adsorb at the doped C site of the Cs@h-BN surface with the adsorption energy of —0.15 eV, there
is no obvious interaction was found with other sites. In comparison to CO and C2H4 adsorption,
the upcoming O2 molecule can adsorb not only at the C atom site, but also at the B sites even far
from the doped C atom. A detailed study on the O adsorption on Ce@h-BN has been carried out
in a previous work [18]: the O2 molecule can adsorb on the top of B atom (top site) and the bridge
two closet B atoms (bridge site) on the surface monolayer. As for the adsorption energy, O:
molecule on the top site of Bs, Bm, and By sites are —1.46, —0.98 and —0.85 eV, respectively. A
slightly weaker adsorption at the bridge sites than the top ones has also been found. In particular,
the result reveals that the adsorption of O2> molecule on Cg@h-BN monolayer strongly depends on
the distance between the adsorption B sites and the doped C. Specifically, as the distance increases,
the absolute values of adsorption energy gradually decreases. These adsorption energies are much

larger than those of the former CO and C2H4 molecules.

After the O, adsorption, two main pathways can be proposed for the oxidation reaction
[14]: 1) the preliminary dissociation of the adsorbed O> molecule, followed with the oxidation of
the reactant with the dissociated oxygen atoms; ii) the reactant directly interacts with the activated

02 molecule. In this work, both these pathways will be considered for the oxidation reactions.

5.3.2 CO oxidation reaction mechanism on Ce@h-BN surface
Next, we pay attention to the possible catalytic reaction pathways for CO and C,H4 oxidation

reactions occurring at the Cg@h-BN surface. Tremendous studies has been devoted to
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investigating the CO oxidation reaction from different aspects [35—43]. The detailed mechanism
of CO oxidation can be specifically classified into two different types: Langmuir—Hinshelwood
(LH) mechanism, in which CO and O, molecules co-adsorb on the surface and then react with
each other to induce the reaction, and Eley—Rideal (ER) mechanism, in which the isolated CO
molecule reacts with the already adsorbed O molecule to generate the product. In a previous study,
we have found that either the self-promotion mechanism following the bimolecular LH mechanism
or the ER mechanism can promote the CO oxidation on h-BN surface with the support of gold
cluster. Herein, as the adsorption of O2 molecule on Ce@h-BN surface is much stronger than the
CO adsorption, we therefore mainly focus on the reaction mechanism of CO oxidation induced by
the activated O, molecule on Ce@h-BN surface. After the adsorption and activation O, molecule,
there are two possible pathways for the catalytic oxidation on Cg@h-BN should be considered: i)
CO molecule interacts with the atomic O, which is produced by the dissociation of the adsorbed
O2 molecule; ii) CO molecule attacks the already activated adsorbed O» through breaking the O—O

bond.

The barrier of O> dissociation on Cs@h-BN surface is about 1.83 eV. Such a high barrier
indicates that it is difficult to break the O—O bond. Therefore, the CO oxidation is considered
following the second pathway in which the CO molecule directly reacts with the O2 activated on
the Ce@h-BN surface. As the formation of the second product (CO with the O adatom) is much
easier than formation of the first CO, product, herein, only the rate-determining step — first

formation of CO2 molecule will be shown in the following investigation. Figure 5.3 shows the
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energy profiles of CO oxidation reaction at the closest Bs site on the Ce@h-BN surface. The y

coordinate shows the energy of each transition state and intermediate along the reaction pathway.

According to our computational results, the reaction proceeds with the formation of a peroxide-
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Figure 5.3. Energy profiles of CO oxidation at Bs site on Ce@h-BN surface. Only part of the h-

BN monolayer is shown when taking the simplicity into consideration. The C, B, N, and O atoms

are indicated by black, gray, blue, and red, respectively. Inset: a table showing the reaction barrier

of formation of several transition states during the reaction for different B active sites.

like OCOO intermediate in the pathway. Formation of this intermediate is an exothermic step. The

ci-NEB calculation shows this intermediate can be generated through the formation of TS1 with a

considerable low activation barrier, 0.24 eV (5.5 kcal/mol). The low activation barrier can be

considered as a result of the strong interaction between CO and O, molecules [44]. Co-adsorption

of CO and O2 molecule elongates the O—O bond of O2 molecule to 1.49 A. Furthermore, the OCOO

intermediate is decomposed into a CO2 molecule through the formation of TS2 in the Figure 5.3
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with a low activation barrier of 0.25 eV (5.7 kcal/mol), resulting in the residual O atom strongly
adsorbed on the surface with the adsorption energy of —4.24 eV (-97.8 kcal/mol). Such energy
profile through the formation of OCOO intermediate via co-adsorption is generally called as the
self-promoting pathway. Along this pathway, the co-adsorption of CO facilitates the breaking of
O-0 bond. On the other hand, our calculation has also revealed that the adsorbed O, molecule can
also react with the CO molecule to generate the first CO> product through TS1’ with a relatively
low reaction energy, 0.29 eV (6.7 kcal/mol), resulting in the residual O atom adsorbed on the
Cs@h-BN surface similar to the self-promoting pathway. This reaction pathway is indicated as the
direct pathway: the CO molecule directly interacts with the absorbed O, molecule. Both self-
promoting pathway and direct pathway predicted the relatively low activation energies, suggesting
that the first CO2 molecule is generated via these two reaction pathways on the Ce@h-BN surface.

Therefore, the overall reaction pathway of CO oxidation on Ce@h-BN surface follows
(asterisk (*) denotes the adsorbed surface):

(1) Oz + * - 0%,

(2) CO + O2* > OCOO* or CO + O* » CO2 + O* (rate-determining step),

(3) OCOO* - CO, + 0%,

(4) CO + O* > OCO* or CO + O* > CO3 + *,

(5) OCO* - CO;, + *.

As for the distance dependence, we carried out the ci-NEB calculation to search the reaction
pathway for the other two B active sites: Bm, and BL. Reaction barriers for formation of TS1, TS2

and TS1’ are less affected when the distance changes, as shown in the inset table of Figure 5.3. In
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the case of the self-promoting pathway, the reaction energies of the formation of the first CO> vary
from 0.25, 0.32 and 0.25 eV for the Bs, Bm and By sites, respectively. The low reaction barrier
even in the B active site with long distance shows that three adsorption sites: Bs, Bm and By are
active. The distance from the doped C hardly affects the reactivity of these active sites. Such

independence relationship can be also revealed from the calculation of direct pathways.

To investigate the origin of this long activation, we calculated the electron density difference
for the co-adsorption of CO2 molecule and O adatom on Cg@h-BN surface for different adsorption
sites, as shown in Figure 5.4. The electron density difference calculation is based on p = p(TS1)
— p(OCOO0) — p(Cs@h-BN). According to the calculation, we found that the electron loss from
the Ce@h-BN surface is mainly from the N and doped C close to the B active sites. The electron
transfer from the 2p state of the doped C atom is less affected by the distance between the doped

C and B active sites.
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Figure 5.4. The electron density difference, p = p(TS1) — p(OCOO) — p(Ces@h-BN), for the co-
adsorption of CO2 molecule and O atom on the Cg@h-BN surface for different active sites. The

yellow and green color indicates the electron accumulation and depletion, respectively. The

isosurface is chosen at +0.005 and —0.005 /A,
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5.3.3 C2H4 epoxidation reaction mechanism on Ce@h-BN surface

Similar to the CO oxidation reaction, we have also investigated the C>H4 epoxidation reaction
mechanism. The optimized configurations and the corresponding adsorption energies of CoH4 and
02 molecules adsorbed at the Bs site of Ce@h-BN has been shown in Figure 5.2. We found that
the C2H4 molecule binds much weaker than the O molecule, and no co-adsorption of C2Hs and
02 molecules on Ce@h-BN surface has been found. Therefore, the Oz adsorption on the surface is
the first step of C2H4 epoxidation.

Figure 5.5 shows the reaction energy profile for the CoHs oxidation along with the
geometries of transition states and intermediates. Similar to the CO oxidation, herein, only the
rate-determining step — first formation of CoHs epoxide product will be shown in the following
investigation. After the O adsorption, the upcoming C.Hs molecule reacts the adsorbed O>
molecule to form the OOC,H4 intermediate at the top site. The barrier of generating the OOC2H4
intermediate via TS1 is 0.39 eV (9.0 kcal/mol). Similar to the interaction between CO and O2
molecules, the interaction between C2H4 molecule and the adsorbed O, molecule also elongates

the O—0 bond to promote the O dissociation. After the formation of OOC;H4 intermediate, the
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Figure 5.5. Energy profiles for oxidation of ethylene to ethylene oxide at Bs sites. Energies are in
the unit of eV. The corresponding geometries are shown in (c) and (d), only part of the h-BN
surface is shown. Only part of the h-BN monolayer is shown when taking the simplicity into
consideration. The C, B, N, and O atoms are indicated by black, gray, blue, and red, respectively.
Inset: a table showing the reaction barrier of formation of several transition states during the

reaction for different B active sites.

reaction proceeds with the formation of the first product and the residual O atom on the surface
via the TS2. The reaction barrier of this step is 0.71 eV (16 kcal/mol).

In summary, the CoHs epoxidation reaction on Ce@h-BN surface can proceed in the

following steps:
(1) Oz +* > O2*,
(2) CoHa + O2* - OOC2H4*,
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(3) OOC2H4s* = CoH40O + O* (rate-determining step),

As for the distance dependence, the ci-NEB calculation has also been carried out to search
the reaction pathway for the other two B active sites: Bm, and BL. Reaction barriers for formation
of TS1 and TS2 are less affected when the distance changes, as shown in the inset table of Figure
5.5. The low reaction barrier for the B active site with long distance indicates that three adsorption
sites: Bs, Bm and By are all active for the reaction. The distances from the doped C atom possess

limited effect on the reactivity of these active sites.

Similar to the CO oxidation, we then calculated the electron density difference for C2H4
epoxidation on the Ce@h-BN surface. Figure 5.6 shows the variation in the electron density of
the adsorbed species in TS1 induced by the interaction between OOC;H, intermediate and Ce@h-
BN surface. According to this density difference, we found that the electron loss from the Cs@h-
BN surface is mainly from the N and doped C close to the B active sites. The electron transfer
from the 2p state of the doped C atom is less affected by the distance between the doped C and B
active sites. This effect is similar to the observed effect for CO oxidation reaction. Therefore, it
can be suggested that the Ce@h-BN surface can be a potential catalyst for C2Has epoxidation
reaction due to the formation of the large active area around the C impurity of the Ce@h-BN

surface.
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Figure 5.6. Distance dependence of electron density difference, p = p(TS1) — p(OOC2H4)
—p(Cs@h-BN), for the adsorption of OOC2H4 intermediate on Cg@h-BN surface in the TS1
configuration for three adsorption sites. The yellow and green color indicates the electron

accumulation and depletion, respectively. The isosurface is chosen at +0.005 and —0.005 /A3,
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5.4 Summary of This chapter

In this study, we have investigated the CO oxidation and C2Hs epoxidation induced by molecular
oxygen on the carbon-doped hexagonal boron nitride (Cg@h-BN) surface. We have explicitly
explored the energy profiles and also the dependence of the activation barriers on the distance
between the doped C atom and the active sites. We have found the CO reaction can proceed with
the self-promoting pathway induced by co-adsorption of CO and O, molecules on surface and the
direct pathway. In contrary, the As a result, calculation of C2H4 epoxidation reaction shows the
C2H4 molecule does not adsorb on the surface, the direct attacking between C2Hs and Oz molecules
is predicted. Moreover, we have also found the reaction barriers change very little with the increase
in the distance from the doped C atom for the rare-determining steps of these two reactions.
Therefore, we summarize that the C doping of h-BN monolayer can activate a wide area around
the doped C atom. We therefore demonstrate that the C-doped h-BN monolayer can be used for
development of potential catalyst for the oxidation reactions induced by the activation of molecular

oxygen.
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Chapter 6
Photo-oxidation Reaction at Phenol/Anatase TiO>(001)

Interface

In this chapter, we report the computational methods for providing the mechanistic insights
into the photo-oxidation of phenol adsorbate on the surface of anatase TiO2(001). The text in this
section is essentially intended to outline how to model the excited state and exploit the fundamental
process underlying the photocatalytic reactions at the periodic systems.

This chapter is organized as follows. In the beginning, we present the background of photo-
oxidation reaction on surface system based on a previously reported study on phenol adsorbed on
anatase TiO; surface. In Sec. 6.2, we introduce the computational models and parameters in this
chapter. In Sec. 6.3.1, we derive the electronic structure calculation of phenol molecule adsorbed
on anatase TiOz surface. The explicit results of reaction pathway calculation and the preferred

reaction route is then given in Sec. 6.3.2. Finally, we draw the concluding remarks in Sec. 6.4.

6.1 Introduction and Motivation

Heterogeneous photocatalytic oxidation of organic compounds on semiconductor surface is an
essential subject for studying the photocatalysis process [1—3]. After the absorption of photons,
electrons and holes are separately formed that are able to initiate the chemical reactions.
Understanding the charge separation of electron and holes, as well as the photocatalytic oxidation
process after the formation of excited state is quite important due to the dependence between

photochemical properties and kinetics of excited-state processes.
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Titania (TiO2) semiconductors (two main types: rutile and anatase) have been intensively
studied due to its high chemical stability and efficient photocatalytic activity [3—7]. In comparison
to the rutile, the metastable anatase is always considered more photoactive [8]. Investigations of
some typical well-defined photocatalytic reactions and their detailed reaction mechanism play an
important role development of various Titania oxide based photocatalytic materials. Among these
reactions, photodissociation of phenol on TiO, surface is a prototypical case using this
semiconductor material [9, 10]. Previously, the initial process of the photocatalytic phenol
oxidation on anatase TiO2(001) surface has been theoretically investigated using the long-range
corrected (LC) time-dependent density functional theory (TDDFT) [11] by S. Suzuki et. al. [12].
The calculated excitation spectra of phenol-adsorbed TiO> surface has a strong peak at 3.3 eV
which overlaps with that of the clean surface. Combining with the calculated atom-centered
transition density matrix, the results indicate that the reaction undergoes a direct charge transfer
from the phenol adsorbate to the TiO> surface which leads to the formation of radical cations of
the phenol adsorbate.

Although the suggested reaction mechanism upon the production of radical cation of phenol
has also been proposed in the end of the article, lack of theoretical proof is still a serious problem
for completing the exact reaction after photoexcitation. Exploiting the reaction mechanism based
on the excited state is still a challenge in the field of surface dynamics.

Numerous strategies or approximations have been utilized to treat the excited state dynamics
simulation. Examples include: 1). anionic pseudopotential method [13, 14]. This method can
model the ionic state of the adsorbate on the surface. Specifically, one electron is excited from the
1s core part and placed in the LUMO of adsorbate. For example, anionic state with F*

pseudopotential can be represented by 1s'2s?2p® configuration [15]. However, for production of
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radical cation of phenol in this chapter, it is unreasonably to move electrons from valence orbital
to the core orbital to construct the cationic state; 2). constrained DFT (cDFT) method. This diabatic
states based method is designed to manually construct charge- and/or spin-constrained states and
therefore the charge transfer rate can be determined, using the self-consistent ground state
techniques [16—20]. The many-body wavefunctions that describe the localized charges can be
obtained within DFT by modifying the Kohn-Sham equations to include a spatially-dependent
potential, whose strength is varied self-consistently to satisfy the constraint of the desired number
of electrons localized on a given atom or fragment [16—20]. However, it is until recent this method
has been applied to periodic system [21] and is still very tricky to surface system with many atoms.
Identifying the photoinduced reaction mechanism in an effective way, however, remains difficult
for the periodic systems. This presents substantial challenges to understanding the variables that
give rise to the chemistry occurring at the active site.

In this study, we aim to provide the theoretical insights into the exact reaction after
photoexcitation at the most fundamental level from the dynamics point of view, trying to give an
overall photo-oxidation mechanism until the formation of final products. Furthermore, effect of

with or without anatase TiO> substrate on phenol oxidation mechanism will also be clarified.

6.2 Computational Details

All calculation until now in this chapter were performed using VASP software [22—25]. The
electron exchange and correlation terms are treated with the PBE functional [26, 27]. Instead of
the nanoparticle used in previous paper, we used the 3 x 3 surface with a relatively large surface
area (11.48 x 11.48 x 40 A). The calculations were spin polarized and were based on DFT+U

approach [28]. The on-site U=4.2eV and J=0 eV are applied to treat the 3d electrons of Ti atoms.
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In this chapter, we investigated the photocatalytic oxidation reaction mechanism of phenol
adsorbate on TiO2(001) surface by an automated reaction pathway searching approach. This
approach, namely artificial force induced reaction (AFIR) method [29—-31] which is part of the
global reaction route mapping (GRRM) strategy [29, 32], enables researchers to automatically
locate a variety of possible reaction pathways and transition states. The obtained AFIR paths will
be used for the further “RePATH” calculation. The “RePATH” calculation automatically applies
all the other procedures, that is, LUP path optimization, EQ optimization, TS optimization, and
IRC calculation, to all paths (either AFIR path, LUP path, or IRC path) that are read from previous

results [32].

6.3 Results and Discussion

6.3.1. geometric and electronic structures of phenol-TiO2 system

At first, we start from the introduction of optimized geometry. Figure 6.1 shows the top and side
views of the optimized geometry of phenol adsorbate on TiO2(001) surface. The phenol adsorbate
interacts with the surface through the O atom from —OH group and one Ti atom of the surface.
Bond length between O atom and the adsorbing Ti atom is 2.190 A. The tilt angle between the
surface plane and aromatic ring is approximately 30°. The structure with a tilt angle is consistent

with the structure predicted by using TisO12 cluster model [12].
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Figure 6.1. Top and side views of the optimized geometry of phenol adsorbate on TiO2(001)
surface in the ground state. The blue, red, brown, and pink color represent the Ti, O, C, and H

atoms, respectively.
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Figure 6.2. Total density of states and projected density of states (PDOS) of the phenol adsorbed
on anatase Ti02(001) surface. 0 eV corresponds to the Fermi level that indicated by the dot straight

line.

To show the specific component of the electronic levels, we carried out the density of states

calculation. Figure 6.2 shows the projected DOS (PDOS) of the combined system. The PDOS
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analysis here is to identify the main atomic orbital source for the adsorption. It can be found that
the gap states of conduction band are mainly originated from the Ti 3d atomic orbitals, while the
valence bands (VB) are primarily composed of the 2p orbital of O atoms, including O atoms from
surface and the O atom of phenol adsorbate. For most pure DFT functionals such like PBE
exchange correlation functional, the band gaps is usually underestimated due to the self-interaction
error [26], even this error can be partially corrected at the PBE + U level (U = 4.2 added for Ti
atoms in this chapter). We have confirmed that the experimental bandgap (~3.2 eV) is still much

larger even the DFT + U has been performed.

6.3.2. reaction pathway analysis

For searching the reaction pathways of adsorbate with O molecule, we utilized the
multicomponent AFIR (MC—-AFIR) methods [33]. At the initial time, AFIR paths are sampled
starting from various initial structures. The set of initial structures are generated automatically by
giving mutual orientations and positions of two or more inputted molecules randomly [32]. The
terminate criterion NFault was set at 50 for reaction searches, which means the calculation will
finish up when already-obtained structures are found 50 times.

To start with, we focus on the reaction between neutral phenol adsorbate and the oxygen
molecule without the attendance of TiO2(001) surface substrate. Figure 6.3 shows the computed
EQs that connected by the associated TS structures. It can be seen that the O, molecules has no
interaction with the neutral phenol molecule, they are surrounding the phenol molecule and there

is no actual interaction happens.
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Figure 6.3. Calculated EQs and the TS structure connecting two respective EQs.

Then, we turn our attention to the cationic state of phenol adsorbate. Herein, the cationic state
of phenol was constructed by introducing one positively charge and start with a computation of
one positive charged and doublet structure. Figure 6.4 shows the comparison between the
calculated reaction pathway for reaction of phenol and O2 molecule when phenol molecules are in
their neutral and cationic states, respectively. Here, the force parameter y which determines the
biggest barrier of the predicted TSs is 200 kJ/mol (2.073 eV). This means that only the TSs with a
barrier less than 2.073 eV can be obtained. We have found that there is no reaction between neutral
phenol and O, molecule, while the cationic phenol reacts with the atoms in the aromatic ring,
resulting in the formation of several equilibrium structure (EQ) (as shown in the Fig. 6.4).
Specifically, there are 13 reactive intrinsic reaction coordinates (IRCs) have been predicted in total.
Here, the obtained structure is therefore expected to proceed with the consecutive reaction until
the formation of products for the photocatalytic oxidation reaction of phenol adsorbed on TiO>

surface after the direct photoexcitation.
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Figure 6.4. Comparison between the calculated reaction pathway for reaction of phenol and O>

molecule when phenol molecules are in their neutral and cationic states, respectively.

Next, using the cationic phenol and O as the reactant, we performed the reaction path
searching. The calculated reaction path at present has been shown in Figure 6.5. The EQ4 is an
important intermediate during the reaction we should pay attention to. The reactant can proceed
with either 1-step route (purple color) or 3-step route (pink) to generate this intermediate. The
pathway shown in red color in Fig. 6.4 represents an exothermic process after the formation of
EQ4. Through this largely exothermic process, the overall reaction reaches the intermediate EQ6.
The EQ6 has the lowest energy, and it is therefore expected to react with another upcoming O

molecule.
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Figure 6.5. Comparison between the calculated reaction pathway for reaction of phenol and O>

molecule when phenol molecules are in their neutral and cationic states, respectively.
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6.4 Summary of This Chapter

We conclude our current findings obtained from the study in this chapter. To examine the excited
states dynamics that can apply to the periodic surface system, we selected the photoexcitation of
phenol adsorbate on anatase TiO2(001) surface as model case study. We have attempted to present
the AFIR calculation based on the cationic phenol adsorbate and O, molecule and compared the
result with the reaction using neutral phenol molecule case. A difference in reaction pathway has
been found between cationic and neutral states. No direct interaction has been expected using the
neutral phenol molecule to react with O2 molecule. Calculation using cationic phenol molecule
leads to the formation of several equilibrium structures. The consecutive reaction until the
formation of products is expected to continue based on this local minimum, thus providing the
mechanistic insight into the future study when the TiO> surface has been taken into account and
the photocatalytic oxidation reaction of phenol adsorbed on TiO. surface after the direct

photoexcitation.
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Chapter 7

General Conclusion

Knowledge and understanding acquired in this thesis studies is expected to impact various practical
problems in a wide range of interfacial properties. There is one theme throughout the overall
chapters, surface. The introduction, theoretical methods, and discussion using some model case
studies have therefore been expanded in detail based on this theme.

In Chapter 3, we investigated the substituent effect on the electron transfer at the interface
between self-assembled monolayer and metal substrate. The shift in frequency is closely related
to the variation of electron donating or withdrawing ability of the substituents. A bond order model
derived from the periodic implementation of natural bond orbital algorithm was used as a measure
of bond strength. This proposed DFT-based indicator can be easily extended to other
adsorbate—surface studies.

In Chapter 4, we illustrated the metal substrate effect on chemical bonding strength at the
interface using the joint theoretical method and the experimental spectroscopic observations. The
larger blue-shift in vibrational frequency when the Au surface was used as the metal substrate is
attributed to the more significant ¢ donation over the Ag case. Moreover, we have emphasized the
synergistic relationship between experimental and theoretical studies in the field of molecular
electronic devices.

In Chapter 5, catalytic reaction occurring at carbon-doped h-BN surface has been examined.
We verified the catalytic activity in the wide range from the C dopant through the calculation of

activation barriers and reaction pathways of two typical reactions, CO oxidation and CyHs
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epoxidation. The findings may open up a novel avenue to tune the catalytic activity of electron
transport at metal-molecule interfaces.

Finally, in Chapter 6, we aimed to provide some mechanistic insights into the photocatalytic
chemical reaction on surface. We employed the artificial force induced reaction method
implemented in the global reaction route mapping strategy. Neutral and cationic states of phenol
molecules exhibited distinct behavior when interacts with the O2 molecule. The study is expected

to be applied to anatase TiO; surface.
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The above figure summarizes the findings and future prospects of this dissertation. This
dissertation covers the theoretical methods for developing the DFT-based indicators for evaluating
the bonding strengths and describing the electron transfer across the interfacial region. By
revealing the important role of substituent and substrate on electron transfer, our report will
strengthen the fundamental design efforts to atomistic control of molecule—surface interactions
and development of efficient molecular electronic devices. We therefore hope it would be of

benefit to both theorists and experimentalists working in this fascinating area.
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Despite the progress in this thesis, | have to admit many intricacies of the surface systems
have been ignored. Our knowledge of chemical phenomena and reaction dynamics on surface is
still quite primitive, especially for the excited state dynamics on surface systems. Also,
modification on the bond order model and inclusion of other lower lying molecular orbitals are
required to adapt for the SAMs and metal surface with increasing structural complexity (surface
coverage, surface reconstruction, molecular orientation, defects, and etc.).

This thesis is the first step toward incorporating more elements of chemical phenomena at
interface into the corresponding calculations. We hope these elements can be included by means

of quantum chemistry in the future.
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Abbreviations

SAM
MPI
PDI
MO
HOMO, LUMO
eV

A

2PPE
NEXAFS
DFT
DFPT
KS
(P)DOS
VASP
VESTA
CG

QE
PWscf
ASE
EDG
EWG

SFG

self-assembled monolayer
4-methylphenyl isocyanide
1,4-phenylene diisocyanide

molecular orbital

highest occupied and lowest unoccupied molecular orbital

electronvolt

angstrom

two-photon photoelectron

near-edge X-ray absorption fine structure
density functional theory

density functional perturbation theory
Kohn-Sham

(Projected) density of states

Vienna Ab initio Simulation Package
Visualization for Electronic and Structural Analysis
conjugate-gradient

quantum espresso

plane-wave self-consistent field

atomic simulation environment
electron-donating groups
electron-withdrawing groups

sum frequency generation
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NBO
QTAIM
ELF
PBC
BZ
PBE
GGA
MO
PAW
NEB
AFIR
MC-AFIR
GRRM
EQ

TS

IRC
RePath

LUP

natural bonding orbital

Bader’s quantum theory of atoms-in-molecule
electron localization function
periodic boundary condition
Brillouin zone
Perdew—Burke—Ernzerhof
generalized gradient approximation
molecular orbital
projected-augmented wave
nudged-elastic band

artificial force induced reaction
multicomponent AFIR

global reaction route mapping
equilibrium structure

transition state

intrinsic reaction coordinate

path refinement

locally updated planes
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