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ABSTRACT

The titanium dioxide (TiO2) clusters are aggregates of TiO- units that are intermediate in
size between a molecule and the bulk material. It is known that molecular clusters exhibit
unique properties as a function of size, composition, and atomic configuration. The goal
of this study is to investigate variation in the structure and electronic properties of Ag and
Au doped (TiO2)n as the cluster size (n) increases. It is of interest to determine the size
limit where the electronic properties of the doped clusters mimic that of the bulk material.
And the need to shift the absorption wavelength of the (TiO2)n clusters into the visible
region of the electromagnetic spectrum has necessitated investigation into doping with
the Au and Ag atoms.

The results reported in this thesis were obtained using mainly BPW91 variant of the Den-
sity Functional Theory (DFT) approximation. The 6-311+G (d) basis set, and the
Stuttgart-Dresden (SDD) effective core potential were used to represent atomic orbitals.
The structures of the most stable undoped and doped neutral cluster are similar for n =6
only. In case of the anion, similar structures are observed for n = 3 and n = 6, while they
are different for n =2, 4 and 5. Vertical electron detachment energies (VEDE) are within
3.40-5.87 eV while adiabatic electron detachment energies (AEDE) and electron affinity
(EA) vary from 1.92 to 6.52 eV. The values of these properties increase with the clusters
size. The HOMO-LUMO (HL) gap was used as an approximation to the band gap, and it
ranges between 0.33 - 3.59 eV and 0.19 - 3.27 eV for Ag and Au doped TiO> clusters,
respectively. Singlet — singlet electronic transitions are predicted to occur at the visible

region (400 — 800 nm) for n = 2, 5 and 6, in both doped systems. Major contributions to



the molecular orbitals are obtained from FMO. Molecular adsorption was the predomi-
nant type of interaction between water molecules and clusters. Binding energy values of
-1.32 and -1.43 eV were obtained for the more reactive interaction of one water molecule
with Ag and Au doped (TiO2)n clusters (n = 2 - 6), respectively. With the exception of the
HL gap of anionic Au doped (TiO2)n, the properties of the doped clusters investigated in

this study did not converge to the bulk values, for n = 6 cluster length.
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CHAPTER 1. INTRODUCTION
1.1 Orientation of Study

Titanium oxide is an important semiconductor material, first discovered as a photocatalyst
for water splitting by Fujishima and Honda in 1972. Titanium oxide (TiOz), or ‘titania’,
is an abundant white powdery solid in the bulk phase.

Since the discovery of Honda - Fujishima, research on various applications of titanium
dioxide has attracted considerable attention. The interest in this very important oxide has
been driven by some of its unique properties and numerous applications in science and
technology.

TiO2 has two stable crystalline structures: rutile and anatase. The former is about 2.6
kJ/mol more stable in ambient conditions. Anatase is stable when the particle diameter is
between 2-14 nm, and due to its high refractive index, it has found important applications
in antireflection coatings, narrow-band filters, and optical waveguides. Brookite is the
third form of TiO.. It is less stable when compared to rutile and anatase, and it is the least
studied due to the difficulties of obtaining it in the pure phase. Brookite has been tested
for environmental remediation, hydrogen formation, Li ion batteries and organic synthe-
ses.

These three polymorphic forms of TiO. have the same chemistry but different structures
and band gaps (Eg). The latter is 3.03 eV, 3.23 eV and 3.40 eV for rutile (tetragonal),
anatase (tetragonal) and brookite (orthorhombic), respectively. These E4 values are con-
sidered to be large and they allow absorption of only approximately 5% of sunlight [1, 2,

and 3]. Pure TiO2 absorbs only in the ultraviolet portion of the solar spectrum.



TiO2 possesses good properties such as:
e Thermal stability
e Chemical stability
¢ Non-toxicity and Non-corrosivity
e Low cost
e Good electrical conductivity
e Environmentally friendly and biocompatible.
TiO> has important applications in areas such as:
e Heterogeneous catalysis as a photocatalyst in water and air purification and in
self-cleaning surfaces;
e Solar cells for the production of hydrogen and electrical energy, as gas sensor and
in electrical devices;
e UV- proof pigments as white pigment, corrosion-protective coating, and as an
optical coating;
e Earth sciences as antibacterial agent, gate insulator for MOSFETS, and as spacer
material in magnetic spin-valve systems [4].
The main barrier of using titanium dioxide in many applications lies on the poor activation
of TiO2 by visible light due to large band gap and rapid recombination of photo-generated
electron/hole. There are several reports with the main objective of modifying the band
gap of different forms of TiO2. Some of the techniques used in these studies include metal
loading, metal ion doping, the use of composite semiconductor, anion doping and metal

ion implantation.



Doping is the inclusion or substitution of a foreign atom into the TiO2 semiconductor
lattice in such a way as to induce new electronic states and new optical transitions not
observed in the pure (undoped) material.

Suitable metal dopants include manganese ( Mn ), vanadium (V), chromium (Cr), iron
(Fe), nickel (Ni), palladium (Pd), rhodium (Rh), tin (Sn), aluminum (Al), lead (Pb), plat-

inum (Pt), cobalt (Co), copper (Cu), silver (Ag), and gold (Au).

Benefits of metal doping include:
e Excitation of electrons from defect state to the TiO» conduction band;
e Improved trapping of electrons to inhibit electron-hole recombination during irra-
diation;
e Band gap narrowing.
Wet methods used to dope TiOz include molecular precursor method (MPM), ion-assisted
sputtering, plasma ion-implantation, chemical vapor deposition (CVD) and sol-gel
method. Metal doped TiO2 has been used in different fields such as:
e Medicine: for indoor airborne bacterial control ;
e Thin—films production: for gas sensor application and dye-sensitized solar cells;
e Degradation of nitrophenol in aqueous phase;
e Photocatalyst: for wastewater discoloring and hydrogen production.
Clusters are tiny bits of matter that serve as a bridge between gases and bulk phase mate-
rials. They are too small (few as 3 atoms) to be considered as liquids or solids and too

large (about 20,000 atoms) to be considered as molecules.



Features of clusters include:

e Diverse geometry and bond connectivity;

e Modification of electronic structures and band gap;

e Greater effective surface area;

¢ Noticeable quantum-size effects.

Clusters exhibit dramatically different properties and reactivity as a function of their size,
composition, and atomic configuration. They have discrete electronic states rather than
bands (as in bulk phases). Various approaches have been developed for the study of their
structures and properties and to track formation and growth of particles. Some of these
approaches are the laser-induced breakdown spectroscopy (LIBS), the molecular beam
mass spectrometry (MBMS), the electrical mobility measurements and negative ion pho-
toelectron spectroscopy. Laser vaporization coupled with supersonic expansion can be

used for clusters synthesis [5].

TiO> clusters are aggregates of TiO2 molecules that are intermediate in size between the
molecule and the bulk material. Some of the features of TiO: clusters have led to distinct
improvement in photocatalytic activity. Numerous studies have also been documented for

the study of undoped titanium oxide clusters experimentally and computationally.

Density functional theory (DFT) is at present the most popular and versatile computa-
tional technique used to study the geometrical structures and electronic properties of mol-

ecules, clusters, and bulk materials. DFT is based on quantum mechanical theory and uses



functional spatially dependent electron density. The densities are generated from basis
sets which are mathematical functions used to represent atomic orbitals in electronic
structure calculations. Using DFT, titanium dioxide has been widely studied in order to
gain insight into the geometry, molecular reaction steps and electronic properties of these

systems.

1.2 Statement of Problem

Titanium oxides have lower photocatalytic activity under visible light due in part to the
large band gap (3.0 eV for rutile and 3.2 eV for anatase). This drawback has limited the
use of TiO; in the visible region and subsequently in many applications.

Doping and variation of the particle size (as in clusters) are known to affect the band gap
and could shift TiO2 absorption to the visible and near infrared regions of the electromag-
netic spectrum, thereby increasing the efficiency of the oxide and its applications in many

areas including photocatalysis.

1.3 Objectives of the Study

The objectives can be summarized as follows:
e To computationally synthesize silver and gold doped TiO> clusters with different
sizes and determine their electronic properties, including the band gaps, using
DFT approximation;
e To investigate how the computed properties of the doped TiO: clusters vary with
cluster size;
e To determine the size limit at which cluster properties will resemble those of the

bulk material.



e To compare the computed structures and electronic properties of the doped and

undoped TiO> clusters.

1.4 Significance of the Study

Clusters are known to possess unique properties which change with size. It will be of
interest to know the limit at which doped TiO> clusters will possess the same properties
as that of the bulk material. This research will contribute towards greater understanding
of the role played by nanoparticle size and doping in enhancing the photocatalytic prop-

erties of TiOx.

Doped clusters with
enhanced visible
light activity

Metal
Doping

Cluster
models

1.5 Limitation of the Study

The size of clusters limits the size of one particle basis sets that can be used for the cal-
culations and it also imposes limitations on the number of cluster systems that can be

computed within the period projected for the project.

1.6 Delimitation of the Study

The 6-311+G (d) basis set was used to represent the valence orbitals in this study.



CHAPTER 2. LITERATURE REVIEW

The semiconductor titanium dioxide has limited applications in solar energy conversion
because it only absorbs approximately 5% of the solar light in the visible region. There-
fore, different approaches have been used to extend the visible light activity of TiOo.

Doping has been one of the effective approaches used by researchers.

Zaleska [6] reported in a 2008 review that Oxonica Ltd. Developers, had doped TiO>
with unequal proportions of one or more metal oxides namely zinc oxide, platinum oxide,
magnesium oxide and/or aluminum oxide. These doped TiO> compounds were used for

the degradation of impurities in the waste water.

Iron (Fe), manganese (Mn) and nickel (Ni) doped TiO2 powders were synthesized using
the sol—gel methods [7 and 16]. XRD of the prepared samples confirmed the anatase form
with a trace amount of the rutile and/or brookite phases. Metallic Mn and Ni were detected
after hydrogenation for 3h and 6h respectively, however metallic Fe remains doped within
the TiO; lattice after hydrogenation [16]. Addition of 5% of Ni resulted in a shift from

342 nm to 350 nm in the electromagnetic spectrum [7].

According to Daniel et al [8], the introduction of Ag, even in small amounts can affect the
properties of TiO»-based thin films including crystal structure, morphology, and chemis-
try. Molecular Precursor Method (MPM) was used to synthesize the Ag doped TiO> thin
films. Often in the bulk phase, the dopant can limit photo-carrier mobility by acting as a
pinning center, with the defect state possessing very small dispersion [9]. Ni et al [10]
called attention to the fact that a large quantity of metal particle deposition might reduce

photon absorption of the TiO. and reduce its efficiency as electron-hole recombination



centers. Noble metals with suitable work function can help electron transfer, leading to
higher photo-catalytic activity [6]. As the Fermi levels of these noble metals are lower
than that of TiO», photo-excited electrons can be transferred from conduction band (CB)
to metal particles deposited on the surface of TiO.. Some extensive theoretical studies on
doped bulk TiOzare given below.

Wang et al [11] used two unit cells in the anatase structure and substituted the Ti atom by
a 3D transition metal atom [vanadium (V), chromium (Cr) manganese (Mn), cobalt (Co),
nickel (Ni), copper (Cu) , and zinc (Zn)) or a 4D transition metal atom (yttrium (), zir-
conium (Zr), niobium (Nb), molybdenum (Mo) , and silver (Ag)]. The Eq were deter-
mined as 2.84, 3.26, 3.35, 2.86, 2.80, 3.25, 3.20, 2.69, 3.15, 3.25, 3.33, 2.96, and 3.20 eV,
respectively. In contrast Umebayashi and co-workers [12] used the same 3D metals, but
in four unit cell of the rutile structure. They concluded that photoexcitation occur for V,
Cr, Mn and Fe doped TiO2 while Co, or Ni doped TiO exhibit absorption spectra similar
to pure TiO2. The full-potential linearized-augmented plane-wave method (FP-LAPW)
method based on DFT using WIEN2K code was used.

Guo and Du [13] performed calculations on a TiO2 supercell containing 72 atoms
(Ti2404g). The Cu, Ag and Au atoms were used to substitute Ti atom in TiOg, resulting in
Ti23CuOug, Ti2zAgO4s and TixsAuOasg stoichiometry. Cu and Ag doping enhanced the
visible absorption in the range of 400-1000 nm and 500-1000 nm respectively. Au doping
has also induced the visible light absorption enhancement but the absorption intensity is
very low.

In another theoretical work, rutile was doped with more than one dopant atom. Wang and
co-workers [39], doped rutile supercell with Niobium (Nb) atom, Ti2s.n"NbnOas, where n=

4, 8, 12, 16 and 20. This calculations were based on density functional theory (DFT),
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performed within the generalized gradient approximation (GGA). The foregoing calcu-
lation used PBEO and Dmol® codes while Wang and co-workers, used BPW91 and Vienna
ab initio simulation package (VASP).

When the particle size is reduced, many interesting phenomena take place such as quan-
tum-size effect. Two computational studies, in 2007 and 2016, equally concluded that
model TiO: cluster structures have defect-free band structures, and exhibit strong quan-
tum-size effect[1 and 14]. The latter study pointed that the band gap, rapidly approaches
the bulk limit at n = 7 and remains constant up to n = 10. There are other published results
on the growth behavior, stability, structural, electronic and magnetic properties of bare

neutral (TiO2)n clusters [2, 39, and 15].

Cakir and Gulseren [2] used transition metal vanadium (V), cobalt (Co) and platinum (Pt)
to dope the bare cluster (TiO2)10. As a result, band gap of 0.14, 0.45 and 1.65 eV for V,
Co and Pt-doped (TiO2)10 respectively, was obtained compared to band gap of 3.51 eV of
the bare (TiOz2)10. Cluster. V atom interacts more with the bare clusters followed by Pt

and Co. Co and V atoms induce a magnetic moment.

Gold titanium oxide clusters (AuTizOn) have been investigated by Hudson et al [32] using
DFT. They concluded that the gold atom preferentially binds to titanium atoms over ox-
ygen atoms, but does not significantly alter the cluster geometry. The EA values increase
for n =4 — 8 (TisAuO4 and TisAuOg). The SOMO and LUMO levels of TisAuOe cluster

are lower in energy than the SOMO and LUMO of the bare titanium oxide clusters.

Nighty nine (99) configurations of carbon (C), nitrogen (N) or sulfur (S) doped (TiO2)n
where n =1 - 7, 10 and 13 were studied by Shevlin and co-workers [9]. The preferred

dopant site depends upon the choice of dopant. S doped cluster has the lowest formation
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energy, followed by N and then C doped cluster. They suggested cluster (TiO2)s, as the

ideal size for the nonmetal doping.

Cao and co-workers [38] observed that nitrogen doping did not cause significant struc-
tural changes on cut out structures of (TiO2)» where n =10, 17, 21, 29. According to them,
the red shift observed in experiments is due to the fact that N 2p states are located above

the O 2p state.

Qu and Kroes [20] reported two proposed mechanism for of water photooxidation on the
TiO2 surface. The first one, is that the reaction starts by a nucleophilic attack of water
molecule on surface-trapped hole, localized on a three-fold coordinated O atom at conner
site. The second one involves surface trapped holes at bridging Ti-O-Ti sites. The two

mechanism can be represented respectively by the two equations bellow:
[Ti>=O-Ti]"s + H20 — [Ti-O® HO-Ti]s+ H*
[Ti-O-Ti]*s+ H20 — [Ti-O" HO-Ti]s + H*
The interaction of clusters with water molecule [2, 17, 18, 19, and 20], has been exten-
sively studied. For example Chen and co-workers [18] used a novel Docking-HGA ap-
proach, by means of the tree growth-hybrid genetic algorithm—density functional theory
(TG-HGA-DFT) and the B3LYP/DZVP2 method to predict the low energy structures of
the (TiO2)n(H20)m (n <4, m < 2n) and (Ti02)s(H20)m (M = 3,7,8) cluster — water com-
plexes . The cluster condensation reaction energies, and infrared vibrational spectra were

calculated for the obtained isomers.

Experiments have shown that water molecule is a) adsorbed molecularly at the (110) ru-

tile surfaces and dissociative at defect sites such as oxygen vacancy, and b) adsorbed

10



dissociative on (001) anatase surface. The water molecule interacts with the titanium di-
oxide clusters through its O atoms and interatomic distance between O atom and Ti atom,
is 2.17 +0.02A according to reference [2]. Previous theoretical calculations showed that
for bare TiO> clusters, the dissociative adsorption is the dominant reaction for the first
two water adsorption reactions for (TiO2)n clusters where n = 1, 2 and 4, followed by
molecular adsorption [18] and H-bonding [2]. The former is limited by the number of

unsaturated Ti atoms.

Cakir and Gulseren [2] studied the interaction of bare clusters (n = 1 — 10) with a single
and multiple water molecules. Three different adsorption modes were considered: molec-
ular adsorption, dissociative adsorption and H-bonding. The structures where n = 3 and
n = 4, have the most favorable adsorption site and a pronounced reduction in Ep than n =
10. They concluded that interaction strength between water and cluster depends on the

cluster size.
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CHAPTER 3. METHODOLOGY

All the calculations were performed using the BPW91 variant of the Density Functional
Theory (DFT) method. Additional calculations were performed using B3LYP, MO6L,
PBEPBE and other functionals for calibration and comparison purposes. The 6-311+G
(d) basis set was used for O and H and also to represent the valence orbitals of Ti, Ag,
and Au. The Stuttgart-Dresden (SDD) effective core potential (ECP) was used to repre-
sent the inner orbitals of the heavy atoms. Ti atom was treated with 10-electron ECP while
Ag and Au were treated with 28 and 60-electron ECP, respectively.

Gaussian 03 and Gaussian 09 Software packages [22 and 23] were used via the resources
provided by the University of Namibia (UNAM) and the Centre for High Performance
Computing (CHPC) South Africa. Gaussview [24] was used to draw the initial guess
structures and to visualize the output files.

For pure (TiO2)n clusters, initial structures consist of Ti, atoms and Oz, atoms. For the
doped systems one Ti atom is replaced by Ag and Au atom, respectively. Therefore, the
stoichiometry of the Ag and Au doped systems are Tin-1AgO2n and Tin-1AuO2n, respec-
tively. For example when n = 2, bare (TiO2)n consists of 2 atoms of titanium, and 4 atoms
of oxygen while Ag doped (TiO2)n consists of 1 atom of titanium, 4 atoms of oxygen and

one atom of silver. The flowchart below illustrates the order of computation in this study:
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Computation | (TiO;). doped | Geometry Computation TD-DFT Interaction of
of (TiO2)n with Ag and/or Optimiza-

water molecule
with doped
clusters

of Electronic
Properties of
doped clusters

Calculations of

clusters Au Atoms tion doped clusters

3.1 Doping Process

First, the initial structures of undoped (TiOz2)n considered in this study were identified
through a comprehensive literature search. Special attention was given to the undoped
(TiO2)n clusters presented in the work of Weicham et al. [1]; Cakir and Gilseren [2]; Qu
and Kroes [3]; Mingyang and Dixon [25]; and Archibong and St-Amant [26] for Al,O4
systems.

Then, geometry optimization was performed on the clusters. Only the singlet states of the
neutral and doublet states of the anionic undoped (TiO2)s clusters were fully optimized .
The optimized structures were characterized by harmonic vibrational frequency analysis
to ensure that all optimized structures were true minima (without any imaginary fre-
qguency, Nimag = 0) and not transition states (with only one imaginary frequency,
Nimag = 1) or higher-order saddle points (with more than one imaginary frequency,
Nimag > 1). The low-lying energy undoped structures obtained from n = 2 - 6 were com-
pared with previous work [1, 2, 3, 15, 25, 27, and 28].

For the doped clusters, all unique (non-equivalent) Ti atoms in the optimized (TiO2), were
substituted by Ag and Au atom, respectively. Subsequently, geometry optimization was

performed for the Ag doped (Tin-1AgO2n) and Au doped (Tin-1AuO2n) neutral and anionic

13



species. The doublet and quartet states were optimized for the neutral species while for
the anionic forms, the singlet and triplet states were optimized.

The spin-restricted formalism was employed for the singlet states (closed shell) of the
anionic clusters while the spin-unrestricted algorithm was employed for the doublet, tri-
plet and quartet (open shell) states. The computed stationary points of the doped clusters
were also characterized as minima or saddle point via harmonic vibration frequency anal-

ysis.

3.2 Calculation of Electronic Properties

The electron affinity (EA), ionization potential (IP), adiabatic electron detachment energy

(AEDE), and vertical electron detachment energy (VEDE) of the clusters were calculated

as follows:
EA = EJpr (ground state) - Egpr (ground state) 1)
IP = ESpr (ground state) - E9pr (ground state) (2)
AEDE = ESpr - Ejpr 3
VEDE = Egy - Egpr 4)

In equations 1- 4, ESpr, Egpr Egpr and EQs represent the energy of optimized neutral,
energy of optimized cation, energy of optimized anion and single point energy of the
neutral at anion geometry, respectively.

Optimized anionic clusters within 0.5 eV of the ground state structure were selected for
VEDE calculations, and those within 0.3 eV were selected for Coupled-Cluster calcula-
tions involving Single and Double substitutions and perturbative inclusion of Triple ex-

citations [CCSD (T)].
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Chemical hardness is a measure of the chemical reactivity and stability of species and
highlights the capacity of an atom to receive electrons. Chemical hardness together with
chemical potential are useful concepts for understanding the behavior of chemical sys-

tems. The two quantities were calculated as follows:

IP—-EA
2

()

Chemical hardness 1 =

Chemical potential u= IPJ;EA (6)

The HOMO-LUMO (HL) gap was calculated for the low-lying energy structures of both
Ag and Au doped (TiO2)n clusters. The HL was used to approximate the band gap and it
was calculated as follows:

HL = LUMO — HOMO 7)

The molecular binding energies of the clusters were calculated as follows:

Eb (Ag cluster) = {Et[(Tin-1 Ag O2n)] + E(Ti")} - {E7 [(TiO2)n] + ET[Ag*]} (8)

Eb (Au cluster) = {E1 [(Tin-1 Au O2n)] + E(Ti*)} - {E7 [(TiO2) n] + ET[AUT]} (9)
Eb (Ag cluster) represents the binding energy of the Ag doped (TiO2), clusters, while Ep
(Au cluster) is the binding energy of the Au doped (TiO2)n clusters. Et [(Tin-1 Ag O2n)]
and E1[(Tin-1 Au O2n)] are the total energies of Ag and Au doped (TiOz2)n clusters, respec-
tively and Et [(TiO2)n] is the total energy of an undoped cluster. The Et[Ag*], ET [Au*]
and E7[Ti"] are the energies of Ag, Au and Ti cations, respectively. All the energies were

calculated at the same level of theory.
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3.3 TD-DFT Calculations

Time Dependent Density Functional Theory (TD-DFT) gives an exact solution of the
Schradinger equation [20]. It has been used successfully because of its outstanding accu-
racy and extensive application range. TD-DFT using BPW9L1 in conjunction with the 6-
311+G (d) basis set and the SDD-ECP was employed to calculate the vertical excitation
energies (single point TD-DFT calculations). Five lowest doublet and quartet excited
states were computed for the lowest neutral Ag and Au doped (TiO2), clusters (n = 2 —
6). Five singlet and triplet excited states were computed for the lowest anionic structures
for both Ag and Au doped systems. The computed oscillator strengths (f) are related to

the intensities of the absorption band.

3.4 Interaction of Doped Cluster with Water Molecule

The clusters (Tin-1MO2n)(H20) where M = Ag and Au, were constructed by attaching one
H20 molecule to the lowest energy (Tin-1MOz2n) clusters. The water complex was geome-
try optimized using BPW9L1.

Binding Energy (Eb) of the water complex was calculated as described in equation 10. In
this equation the E1[Tin-1tMOz2n] represents the energy of doped cluster, Et[H20] repre-
sents the energy of one molecule of H20, and the energy of doped cluster water complex
is represented by Et [(Tin-1 MO2n)(H20)].

Eb= E7 [(Tin-2 M O20)(H20)] -{E7 [(Tin-1 M O2n)] + ET[H20]} (10)

One water molecule was attached at a distance of 2.0 + 0.5 A from the Ti atom, terminal
Ti- O bond, O - O atoms, or dopant metals (Ag or Au), respectively. Figure 1 shows how
the atoms in the structure were labeled and illustrates the attachment of a water molecule

to the doped cluster.
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Figure 1: Example of attachment of one water molecule to one of
the clusters. The Ti, O and Au atoms are represented by grey, red
and yellow spheres.

3.5 Nomenclature

Since the structures reported in this work do not have unigue system of naming, the fol-

lowing convention has been adopted throughout this thesis:

The naming of the undoped structures (n-1-u) starts with an integer (n), which
indicates the number of Ti atoms in the cluster, followed by the integer (I) which
is used to label a specific isomer of system (n). Next is letter (u) which indicates
undoped cluster. For example, in structure 2-1-u, the number “2” implies that the
cluster consists of two Ti atoms; “1” signifies isomer 1 when n =2 and “u” means

undoped cluster.

Naming of the doped structures (n-1-m-d) includes a third digit “m” which is the
label (or position) of the substituted Ti atom in the undoped isomer (n-1-u), and a
letter “d”” which stands for a doped cluster. For example, in structure 2-1-1-d, the
first digit “2” indicates a cluster with n = 2, the second digit “1” represents isomer
1 when n = 2, the third digit “1” specifies the label (or position) of the substituted
Ti atom in undoped isomer (2-1) and letter “d” is for doped. Hence, this system

of naming suggests that 2-1-1-d is a doped cluster derived from 2-1-u and the third
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digit indicates that the Ti atom labeled “1” in (2-1-u) has been substituted with

either Ag or Au.

The order of substitution was based on natural bond orbital (NBO) analysis [41] of the
undoped (n-I-u) structures. Non-equivalent Ti atoms with high natural charges were the
first to be substituted by Ag or Au atoms. For example in undoped structure 2-3-u, the two
non-equivalent Ti atoms, 1Ti and 2Ti, have charges of 1.305 and 1.302, respectively.
Doped cluster resulting from substituting 1Ti with Ag or Au was named 2-3-1-d and clus-
ter obtained from substituting 2Ti was named as 2-3-2-d. Starting with the 2-3-u structure,
Figure 2 shows the non-equivalent Ti atoms 2Ti and 1Ti and their respective natural

charges, as well as the initial doped structures.

1 2 3 4

9 e ® ®
x\r.n ® 09 O J\:;J—. J\:—J—.

Figure 2: Steps involved in doping using the 2-3-u cluster as example. The Ti, O and Ag atoms,
are indicated by gray, red and blue spheres, respectively.

The steps in Figure 2 involves

1. Identification of non-equivalent Ti atoms;

2. Determination of natural charges via NBO analysis;

3. Substitution of highest charge non-equivalent Ti atom by dopant atom;

4. Substitution continues until all non-equivalent Ti atom are substituted by the dopant atom.
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If the optimized structure preserve initial configuration, the initial name is retained, oth-
erwise the optimized structure is considered as a new doped structure and assigned a new

name, using the convention explained above.

In some cases, letters A, B, and C are used to distinguish similar structures. These struc-
tures have the same geometrical configuration in space but different geometrical parame-
ters. For example, 2-4-1-A-d, 2-4-1-B-d, and 2-4-1-C-d, are three stable structures with

the same arrangement however their bond distances and bonds angles are different.

In this report, the gray, red, blue and yellow spheres represent the titanium, oxygen, silver
and gold atoms, respectively. The bond lengths (R) are expressed in Angstrom units (A)

while the angles (0) are in degrees (°).
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CHAPTER 4. RESULTS AND DISCUSSIONS

4.1 CALIBRATION TEST

In order to select a theoretical model for the calculations, calibration tests were performed.
These calculations are needed in order to determine the reliability of the computational
methods and to have confidence in the results obtained. Therefore, different levels of the-
ory were tested to compute the geometry and electronic properties of ground state neutral
and anionic forms of undoped (TiO>). clusters that is structure 2-1-u (Con), displayed in
Figure 3.

Four different algorithms were tested: pure density functionals (BLYP, BP86, BPW91,
and PBEPBE); hybrid functionals with Hartree-Fock (HF) exchange (B3LYP, B3P86,
B3PW91); hybrid meta generalized gradient approximation (GGA) functional with the
kinetic energy density gradient and no HF exchange (MO06-L); and the second-order
Moller-Plesset perturbation approximation (MP2). Three one-particle basis sets [6-
311+G (d), 6-311+G (2d), and 6-311+G (2df)] were used for the valence orbitals and the
effective core potential (ECP) [29] was employed for the inner atomic orbitals of Ti atom.
The results of experimental and theoretical studies are available for neutral and anionic
undoped (TiO2)n clusters[2, 3, 5, 9, 12, 15, 21, 25, and 27]. These results are used for

comparison purposes in the calibration study.

First, all the theoretical models employed in the calibration study predict the rhombic 2-
1-u (Czn), as shown in Figure 3, as the ground state structure of (TiO2). in perfect agree-

ment with previous studies [2, 3, 9, 21, 25 and 27]. The bond distance between Ti and
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bridge O atom, R (61), predicted by the methods range from 1.841 - 1.859 A and the bond

distance between Ti and terminal O atom, R (64), range from 1.623 - 1.648 A.
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o

Figure 3: Structure of 2-1-u (Can). O atoms in red and Ti atoms in grey.

Table 1: Bond lengths [R ( A)] and bond angles [© (*)] for the 2-1-u (Can) ground state structure of neutral
(TiO,); and its anionic form using BPW91, BP86, B3LYP, MO6-L and MP2 methods.

BPWOl1 BP86 B3LYP | MO6-L MP2
Neutral Anion | Neutral Anion | Neutral | Neutral | Neutral Anion

R(61) 1.845  1.868 | 1.845 1.868 1.841 1.844 1.859 1.869
R (64) 1.635 1.674 | 1.636 1.674 1.623 1.629 1.648 1.668
R(65) 2716 2710 | 2716  2.709 2.717 2.716 2.713 2.705
O (162) 85.2 87.0 85.2 87.7 84.9 85.1 86.9 87.3
O (516) 94.8 93.0 94.8 92.9 95.1 94.8 93.7 92.7
O (356) | 121.0 135.6 | 1209 135.8 123.1 121.9 122.2 133.1
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Angle of terminal O and two Ti atoms, © (356), is within 2.0° of each other, while angle
formed by bridge O and two Ti atoms, © (516) is within 1.4°. CCSD (T) results in reference

[21] shows that R (61) and R (64) are 1.863 A and 1.648 A respectively.

In case of the anion, BPW91 and BLYP functionals predict a 2-1-u (C2n:2Ag) ground state
geometry. The B3LYP hybrid functional with Hartree-Fock (HF) exchange, finds the struc-
ture as a transition state with one imaginary frequency of -203 cm™ in agreement with
reference 3 and 21. Efforts to obtain 2-1-u (C2n:?Ag) using M06-L failed as a result of sym-
metry breaking problems. The BPW91 functional suggests that 2-1-u (C2n:2Aq) and 2-2-u
(Cav:2As) are nearly isoenergetic and within 1 kcal/mol of each other, while the more ac-
curate CCSD (T) approximation predict 2-2-u (Czv: Au) as the ground state geometry of
the anion, being 1.87 and 11.15 kcal/mol lower in energy than structures 2-1-u (Czn: 2Ag)

and 2-3-u (Cav: A1), respectively, and in agreement with the results in reference 21.

‘ofe| Yo? 07

2-1-u (Can) 2-2-u (Cav) 2-3-u (Cav)
Figure 4: Undoped structures 2-1-u, 2-2-u and 2-3-u

Table 2: Relative energy (AE) in kcal/mol

Structure AE 2 AE® AE €

Tiz0s | 2-1-u(CalA) 0.0 0.00 0.00
2-2-u (Cav:*A1) 6.67 5.90 5.37

2-3-U (Cavi!A1)  15.64 17.59 15.37

Ti0r | 2-1-u (Can?Ag) 0.00 1.87 1.55
2-2-u (Cov:%A1) 0.92 0.00 0.00

2-3-U (Cav:2As) 8.37 11.15 9.30

a BPW91, ° CCSD (T)/BPW91, and ¢ CCSD(T)/aD from reference [21]
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The calculated R (61) and R (64) bond lengths of the anionic Czn structure are 1.87 and
1.67 A respectively, for all DFT methods. Similarly, CCSD (T)/aT results of reference
[21] show that these bond lengths are within 0.20 A of each other. A noticeable differ-
ence in bond angle is observed between the DFT approximations and MP2, where ©

(356) differs by as much as 2.4°.

According to the experimental work of H-J Zhai and L-S Wang [15], structure 2-3-u
(Cav :2A) in Figure 4 is responsible for the features obtained in the photoelectron spec-
troscopy of Ti.O4 anion. The computed VEDE and AEDE for the Cay cluster in this study
for all DFT methods and CCSD (T)/BPW291, are closer to the experimental values [15]
and the CCSD (T) /BP86/aD results [21]. In case of 2-1-u (C2n) structure, the BPW91
VEDE and AEDE are within 0.25 and 0.05 eV of the CCSD (T)/BP86/aD results [21],
respectively, and within 0.30 and 0.37 eV from the experimental values in reference [15].
The computed CCSD (T)/BPW91 0.64 eV far from CCSD (T) /BP86/aD obtained in

reference [21].

On the basis of Table 3, BPW91 was chosen as the functional for studying the systems
considered in this work. First, the symmetry breaking problems of B3LYP and MP2 do
not manifest in the BPWO91 functional. Further, the geometric parameters and the elec-
tronic properties predicted by the BPW91 funtional agree very well with the prediction

of the more accurate CCSD (T) approximation and experiments.
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Table 3: VEDE (eV) and AEDE (eV) for 2-1-u (Cz) and 2-3-u (Csy) structures.

2-1-u (C2n:2Ag)

VEDE  VEDEP AEDE AEDE®
B3LYP 2.26 1.87
BPW91 1.97 1.69
PW91 2.04 1.78
BP86 2.13 2.11 1.84 1.85
CCSD(T)/BPW91 1.58 1.42
CCSD(T)/BP86/aD 2.22 1.64
2-3-U (Cav:?A1)
VEDE VEDE® AEDE AEDEP
B3LYP 2.52 2.45 2.07 2.20
BPW91 2.18 1.98
PW91 2.19 2.01
BP86 2.31 2.24 2.11 2.07
CCSD(T)/BPW91 2.03 1.78
CCSD(T)/BP86/aD 2.13 1.98
Exptl° 2.27+0.05 2.06+0.05

b Theoretical results from reference [21], ¢ Experimental results from reference [15]

4.2 FIXED NUCLEAR DOPPING (FND)

The cardinal objective of this research, as stated in section 1.3, is to investigate the variation
in the properties of doped (TiO2)n (n = 2 - 6) with cluster size. Initially, single point calcula-
tions were performed for the doped clusters using the BPW91 functional. These calculations

are called fixed nuclear doping (FND) because the starting geometries were retained (unre-

laxed and unoptimized) during the calculations.

For these set of calculations, only the most stable undoped structures for systemn=2ton =
10 were doped by substituting one Ti atom with one Ag atom or Au atom, respectively. The
number of doped clusters for each cluster group n are directly proportional to the number of
non-equivalent Ti atoms in the structure. For example when n=5, the lowest energy cluster,

5-1-u (Figure 5) possesses four non-equivalent Ti atoms, therefore, four doped structures

were generated.
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Figure 5: Lowest energy structures of undoped and Ag/Au FND, indicating their point group
and electronic states, for n =2 — 10 clusters.
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The fixed nuclear doping calculations were performed to explore possible trend in the HL

gap of the doped clusters and to compare the HL gap of doped clusters with the band gap

in bulk TiO». Rutile is known to have a band gap of 3.0 eV and anatase 3.2 eV. According

to Figure 6, the HL gap resulting from the FND are significantly lower than the band gap

in bulk TiO;. Figure 5 depicts the lowest energy undoped and FND clusters forn =2 - 10

and the variation of the HL gap with cluster size (for n = 2 - 10) is shown in Figure 6.

HL gap (eV)

HL gap vs cluster size (n)

Ag-dop. (TiO2)n Au-dop. (TiO2)n Anatase Rutile

Figure 6: HL gap for FND of Ag and Au doping (TiO,), clusters (n =2 - 10)

The fixed nuclear doping calculations were performed to explore possible trend in the HL

gap of the doped clusters and to compare the HL gap of doped clusters with the band gap

in bulk TiO». Rutile is known to have a band gap of 3.0 eV and anatase 3.2 eV. According

to Figure 6, the HL gap resulting from the FND are significantly lower than the band gap

in bulk TiO,. Figure 5 depicts the lowest energy undoped and FND clusters forn=2 - 10

and the variation of the HL gap with cluster size (for n = 2 - 10) is shown in Figure 6.

Figure 6, does not show any discernible trend in the HL gap of the Ag/Au FND clusters.
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Generally, it seems the Ag doped clusters have lower HL gap compared to Au doped clus-
ters. For both Ag and Au doped clusters, 5-1-1-d and 9-2-2-d, (n = 5 and n = 9) respec-
tively, are the most stable (higher HL gap value), while Ag or Au dopant clusters with n
=4, 6 and 10 are likely to be the same. The plot exhibit oscillatory character from n =5
to n = 10 in Ag doped system. Geometry optimization of the doped clusters is needed in
order to obtain reliable results and the next section discusses geometry optimized (re-

laxed) Ag/Au doped TiO; clusters.

4.3 GEOMETRY AND PROPERTIES OF Ag DOPED (TiO2)n CLUSTERS

Two common polymorphs of titanium dioxide are rutile and anatase. Rutile belongs to
the space group P42/m n m (136) and anatase belongs to the space group [41/am d (141)
[9, 11, and 14]. Each Ti atom in rutile is coordinated to six O atoms whereby four Ti-O
bonds are shorter than the other two. Similarly in anatase, each Ti atom is coordinated to
six O atom, and each oxygen atom is surrounded by three titanium atoms. Different Ti -
O and Ti - Ti bond distances are found in the literature for rutile and anatase. The reported
bond distances depend on the theoretical methods and levels employed in the studies.
Table 4 lists experimental [30] and theoretical [31] results for Ti - Ti and Ti - O distances
in the two common polymorphs of TiOz. The results indicate that anatase has longer Ti -

Ti and O - O bonds and shorter Ti - O than rutile.

Table 4: Bond length (A) in rutile and anatase

Rutile 2 Rutile ® Anatase °
Ti-O 2.20 1.95 1.89
Ti-Ti 2.90 2.96 3.02
0-0 -- 2.54 2.68

2 Experimental bond distance from reference 30
b Theoretical bond distance from reference 31
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In this work, the undoped clusters were obtained from the literature [1, 2, 3, 16, 25, and
27] and re-optimized. Subsequently, the optimized undoped clusters were doped using
the procedures described in chapter 3. The following sections discuss the results for each

doped cluster group starting from n = 2.
4.3.1 Geometry and Properties of Ag Doped (TiOz). Clusters, TiAgO4
(a) Relative Energy of TiAgO4 Clusters

Thirteen dopants sites were identified from the optimized undoped structures of (TiO2)>.
Structure 2-4-1-B-d was found to be the lowest energy structure of the neutral and anionic
TiAgOs clusters. The 2-4-1-B-d [Cav:*Az] quartet is 56.38 eV higher in energy than the
doublet 2-4-1-B-d [Cav:2A2] structure. During geometry optimization, the neutral form of
2-5-1-d, and 2-10-1-d optimized to the lowest energy 2-4-1-B-d structure. The structures
of 2-11-d (C1:2A) was 0.10 eV higher in energy than 2-4-1-B-d at BPW91 level. CCSD
(T)// BPW9L1 results shows that 2-11-d lie much higher in energy than 2-4-1-B-d (0.21

eV).

In case of the anionic cluster, the relative energy ranges from 0.15 eV to 0.93 eV, as
shown in Table 35 (Appendix 1.2). The anionic 2-4-1-B-d structure is predicted to be *A;
in Cay symmetry. The 2-12-d (C1:'A) is at BPW91 and B3LYP levels 0.15 and 0.20 eV
higher in energy than 2-4-1-B-d (Cav: Ay), respectively. In the case of triplet, structures
2-4-1-B-d and 2-12-d optimized to structure 2-11-d (C1: 3A). The 2-11-d (C1: A).is 0.68

eV higher in energy than 2-4-1-B-d (Cav: 1Ay).
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(b) Geometrical Parameters of the Lowest Energy Structures of Energy TiAgOa
Clusters

Optimized geometric parameters of the neutral and anionic TiAgOs are presented in Ta-

bles 5 and the structure is shown in Figure 7.

Table 5: Geometrical parameters for neutral and anionic 2-4-1-B-d structure. Bond length
(R) and bond angle () were calculated at BPW91 level.

R(61) R(62) R(65) R(14) R(53) ©O(253) O(164) O (564)
Neutral 2.030 1.723 2.777 1339 2303 765 385 160.7
Anion 1.880 1.800 2.723 1.510 2249 1103 474 156.3

?
S &
9

Figure 7: Doped 2-4-1-B-d structure of neutral and anionic TiIAgO4

In addition to the ground state 2A», the states By and *B, were obtained for 2-4-1-B-d at
BPW91 level. Structures 2-4-1-B-d (Cay: °B1) and 2-4-1-B-d (Cay: *By) are 0.85 eV and
1.21 eV higher than 2-4-1-B-d (Cay: 2A2).

Table 6: Geometrical parameters of neutral 2-4-1-B-d (Czv). Bond

length [R (A)] and bond angle [© (°)] were calculated at BPW91
level.

State %Az 2B ’B» State A2 ?B1 B2
R(61) 2.030 1.829 2.042| ©(263) 111.6 96.3 108.4
R(62) 1.723 1836 1.722| ©(164) 385 482 39.2
R(65) 2.777 2.855 2831 ©(564) 160.7 155.¢ 160.4
R(14) 1339 1494 1369 ©(253) 76.5 80.0 74.9
R(53) 2.303 2.127 2297
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Neutral structures 2-4-1-A-d and 2-4-1-C-d, are very similar to neutral 2-4-1-B-d, as
shown in Figure 8. They differ from 2-4-1-B-d in O - O bond length (1.00 A, 1.30 A
respectively) and O-Ti-O bond angle (48°, 62° respectively). These differences, show that

the potential energy surfaces are made of very soft vibrational modes.

o - ’ J/. J J"":,J\:

2-4-1-A-d (1.87) 2-4-1-B-d (0.00) 2-4-1-C-d (1.93)

Figure 8: Doped neutral 2-4-1-A-d, 2-4-1-B-d and 2-4-1-C-d.
Relative energies (eV) are in parenthesis

(c) Vibrational Frequency of Lowest Energy Neutral and Anionic TiAgO. Clusters

The vibrational modes of neutral and anionic 2-4-1-B-d at the BPW91 and B3LYP levels
are listed in Table 7 and 8, respectively. The w1 (23 cm™) and o12 (1121 ecm™) vibration
modes of 2-4-1-B-d (Czv:2A2) lowest energy structure of TiAgO are due to asymmetric
vibrations of O-Ti-O atoms and bending of the O - O atoms, respectively. While ®3 (163
cm™?) vibration mode corresponds to the asymmetric stretching of Ag dopant atom and Ti
atom. The two highest peaks at 802 cm™ (»10) and 853 cm™ (w11) in the spectrum are
due to degenerate bending of the O - O (connected to Ag atom) and the unique Ti atom.

The IR spectrum for neutral 2-4-1-B-d (Cav:2A2) cluster is shown in Figure 9.
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Figure 9: IR Spectrum for 2-4-1-B-d (C2:*Az) at BPW91/6-311+G (d)
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Table 7: Vibrational modes and frequencies for 2-4-1-B-d (Cay:2A,). Frequency
(cm™) and IR intensity (km/mol) calculated at BPW91 and B3LYP level.

Modes BPW91 B3LYP
Frequencies IR intensity | Frequencies IR intensity
ol2 1121 60 1181 44
oll 853 178 911 253
®l0 802 280 849 366
®9 502 43 523 69
®8 468 11 480 9
o7 379 8 389 12
®6 196 0 195 0
®5 169 71 184 83
w4 168 1 175 1
®3 163 9 167 12
®2 114 0 114 0
ol 23 2 26 1

Table 8: Vibrational modes and frequencies for 2-4-1-B-d (Cay:'A1). Frequency
(cm™) and IR intensity (km/mol) calculated at BPW91 and B3LYP level.

Modes BPW91 B3LYP
Frequencies IR intensity | Frequencies IR intensity
ol2 823 283 847 313
oll 747 290 787 327
®10 679 280 719 357
®9 581 20 604 34
®8 580 40 594 39
7 410 20 424 30
®6 242 0 253 0
®5 212 55 229 66
o4 182 13 186 16
3 165 0 178 0
®2 149 0 169 0
ol 49 0 57 0

Vibrational frequency calculations of anionic 2-4-1-B-d (C2v:*A1), resulted in asymmetric
stretching, degenerate bend of bridging O-O and Ti atom, and the symmetric stretch of
0-0 atoms of the 12, @11 and ®10 modes, respectively. These vibrations occurred from
679 cm™* to 823 cm? (intensity of 280-289 km/mole). Symmetric stretching between Ag

and Ti atom was found at a frequency of 182 cm* with intensity of 13 km/mole.
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(d) HL Gap of Lowest Lying TiAgOa4 Clusters

The HOMO of 2-4-1-B-d (Cav:2Ay) is characterized by the overlap of the d and p atomic
orbitals on Ag and p atomic orbital of adjacent O atom, respectively. The LUMO is
mainly localized on Ag (s and p) bonding orbital. Figure 10 depicts the HOMO and
LUMO of neutral and anionic 2-4-1-B-d cluster and corresponding HL gap for different
functionals. Neutral 2-4-1-B-d hold a doublet (open shell) state, then two separate sets of
singly occupied orbitals (o and ) were obtained. The a-HOMO/LUMO where used to
calculate HL gap, as displayed in Table 9. The description of the HOMO of the anion is

similar to that of the neutral molecule.

2-4-1-B-d (C2v:?Az) 2-4-1-B-d (Cov: A1)

LUMO
LUMO i[HL =2.01leV \ALHL =0.33eV

&

HOMO HOMO

Figure 10: FMO of Ag doped clusters of neutral and anionic 2-4-1-B-d cluster.

There are similarities between LUMO of 2-4-1-B-d (Cav: 2A2) and LUMO of 2-4-1-B-d
(Cav: A1). For both orbitals, major contribution comes from (s) and (Pz) orbitals of the
Ag atom with minor contribution from (s) orbitals on O - O atoms. The triplet state of the
anion) 2-4-1-B-d (Cav) is not stable, as it optimizes to structure 2-13-d (Ci. *A) with HL
gap of 1.44 eV. Table 9 provide the HL gap of low lying neutral and anionic 2-4-1-B-d

(Cav) cluster using different DFT functionals.
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Table 9: Calculated a-HOMO (a.u.), a-LUMO (a.u.) and HL gap (eV) for

neutral and anionic 2-4-1-B-d cluster

2-4-1-B-d (Cov:?Az)

2-4-1-B-d (Cov:'Ar)

Method | a-HOMO a-LUMO HL | a-HOMC «-LUMO HL
B3P86 -0.285 -0.146  3.78| -0.069 0.004 1.99
BP86 -0.228 -0.156 1.96| -0.013 0.000 0.35
BPWI1 -0.223 -0.149 2.01| -0.007 0.005 0.33
MO6-L -0.220 -0.126 2.56 | -0.003 0.023 0.71
B3LYP -0.266 -0.135 3.56| -0.053 0.014 1.82
B3PWO91 | -0.264 -0.125 3.78 | -0.048 0.023 1.93
BLYP -0.222 -0.157 1.77 -0.01 0.000 0.27
HF -0.401 -0.018 10.42] -0.204 0.090 8.00
PBEPBE | -0.223 -0.153 1.90| -0.008 0.002 0.27
PBE1PBE | -0.272 -0.118 419 | -0.055 0.028 2.26

(e) Electron Detachment Energy and Electron Affinity of TiAgOa4 Clusters

Detachment of an electron from the 32 (a2) HOMO of the 2-4-1-B-d (Ca:'A1) anion
yields the 2A; state of the neutral. Vertical electron detachment energy (VEDE) at
BPW91, B3LYP, CCSD (T) //BPW91 and CCSD (T)//B3LYP levels are 3.38, 3.68, 3.28,
and 3.90 eV, respectively, while adiabatic electron detachment energy (AEDE) values are

2.70, 2.76, 2.35 and 2.35 eV, respectively. Table 10 and 11 gives the summary of VEDE

and AEDE using different functionals and the corresponding CCSD (T) results.

Electron affinity was calculated by subtracting the energy of optimized anion 2-4-1-B-d

(Cav: A1) cluster from the optimized neutral 2-4-1-B-d (Cav: 2A2) cluster resulting in a

value of 2.70 eV at BPW91.
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Table 10: Calculated VEDE and AEDE at DFT and MP2

VEDE AEDE
DFT 2N, B, 2N,
B3P86 4.16 4.58 3.25
BP86 3.55 4.01 2.88
BPW91 3.38 3.86 2.70
MO6-L 2.42 3.59 2.42
B3LYP 3.68 4.04 2.76
B3PW91 3.56 3.98 2.63
BLYP 3.42 3.83 2.75
MP2 57.55 59.43 56.66

Table 11: Calculated VEDE and AEDE at the CCSD (T)\\DFT
and CCSD (T)\\MP2 levels

VEDE AEDE
CCSD (T)\ 27, ’B; 2N,
B3P86 3.16 3.90 2.36
BP86 3.30 3.93 2.36
BPWO1 3.28 3.94 2.35
MO6-L 3.18 3.94 2.35
B3LYP 3.22 3.90 2.35
B3PW91 3.16 3.90 2.35
BLYP 3.35 3.93 2.35
MP2 3.29 3.91 2.35

(f) TD — DFT Calculations of Lowest Energy Neutral and Anionic TiAgO4 Clusters

The result of TD-DFT calculations are plotted in Figure 11. The plot shows that the un-
doped cluster 2-1-u (C2n:1Ag) does not absorb energy in the visible region, its A,,,, being
355 nm. However, doping with Ag metal results in a bathochromic shift, and the TiAgO4
cluster, 2-4-1-B-d (C2v:2Az), absorbs at 1016 nm, (1.22 eV) due to excitation from HOMO
- 1 to LUMO. This transition is spin allowed, doublet—doublet transition. The electronic
excitation from HOMO to LUMO, Figure 10, although doublet-doublet, is forbidden
(f=0.000) and occurs at 1754 nm (0.71 eV).
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Figure 11: UV-Vis spectrum for neutral 2-1-u (Can:'Ag) and 2-4-1-
B-d (Ca2v:2Az) at BPW91/6-311+ G (d)

The low energy transition for anionic 2-4-1-B-d (Ca: A1) structure is from HOMO to
LUMO, Figure 10, at region of 3397 nm. This transition is spin allowed, i.e. singlet-singlet.
The most intense spin allowed transition (f=0.0065) occurred at 748 nm (1.66 eV), and it
was originated by the excitation from HOMO-2 to LUMO excitation. The HOMO-2 is a

bonding orbital on the two pairs of O - O and Ti.
(9) Interaction of Water with the 2-4-1-B-d Cluster

One water molecule was attached close to 5Ag and 6Ti atoms (Figure 7), respectively, in
2-4-1-B-d. After geometry optimization, the two attachments end up dissociative adsorp-
tion of water with binding energy (Esb) of -1.00 eV. The weak interaction of the dissociated
H atom with 20 of Ag doped cluster resulted in an asymmetric stretching at 883 cm™ with
very low intensity of 316 km/mol. According to reference 18, when dissociative adsorption
of one water molecule occurred at the bare dimmer (Ti>Oa), the new band near 3900 cm*

is due to the OH stretch. This stretching vibration was observed at 3734 cm™ in this study.
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Figure 12: Dissociative adsorption of one water
molecule on 2-4-1-B-d through 5Ag atom

4.3.2 Geometry and Properties of Ag Doped (TiOz)3 Clusters, Ti2AgOs
(a) Relative Energy of Ti2AgOs Clusters

Table 12 lists the relative energies of the Ag doped (TiO2)s clusters. Twelve doped clusters
were successfully computed for neutral Ti2AgOs. In contrast to clusters where n = 2,
Ag doped (TiO2)s clusters have different lowest lying structure for neutral and anionic clus-
ters. The lowest energy cluster for neutral Ti2AgOs appears to be 3-8-d (C1:2A) depicted in
Figure 13. From the results presented in Table 12, the five (5) low energy structures for
neutral Ti2AgOs are 3-1-1-d (Cs:2A”); 3-1-1-d (Cs: *A7); 3-2-1-d (Cs:?A); 3-9-d (Cs: *A7);
3-11-d (C1:2A) and their relative energies are 1.22 eV, 1.10 eV, 1.49 eV. 1.73 eV and 0.44
eV, respectively. Structure 3-1-1-d (Cov:*B2) was found to be the ground state for anionic
TioAgOs clusters. Table 12, shows other low energy structures for Ti2AgOe anionic clus-
ters, such as 3-1-1-d (Cav: *As), and 3-11-d (Cs: *A’), with relative energies of 0.45 eV and

0.42 eV, respectively.
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Table 12: Relative energy [AE (eV)] of TioAgOs clusters

Structures | PG Ti2AgOs TioAgOs”
State AE State AE
3-1-1-d Cov A, 0.45
3-1-1-d | Cav B,  0.00
3-1-2-d | Cs | 2A” 1.81
3-1-2-d | Cs | ‘A’ 1.78
3-2-1-d | Cs | 2A” 1.49 A 1.32
3-2-1-d | Cs SA” 0098
3-8-d C: | %A 0.00 IA 0.63
3-11-d | Cs IAT 042
3-11d | C1 | °A 0.44

(b) Geometrical Parameters of the Lowest Energy Structures of Ti2AgOe Clusters

The 3-8-d lowest energy of neutral Ti2AgOe, as shown in Figure 13, is characterized by

a rhombic Ti>0». Attached to the rhombic moiety are two O atoms and O — O unit (1.358

A). There is a weak interaction between the dopant atom and the O atoms due to large

interatomic distances. The 3-1-1-d (Czy) structure is similar to the undoped 3-1-u (Cs)

structure, i.e., the same arrangement of terminal Ti—O atom, Ti-Ti bond and Ti-O —Ti

angle in doped structure differ from the undoped structure by about 0.11 A and 5.5 °

respectively.

3-8d (C1:2A)

2248 A

2286 A

3-1-1d (C2v:%B2)

Figure 13: Geometrical parameters of neutral 3-8-d (C;:A) and anionic 3-1-1-d (C2:*B2)



(c) Vibrational Frequency of Lowest Energy Neutral and Anionic Ti,AgOg Clusters

Vibrational modes of lowest lying 3-8-d (C1) and 3-1-1-d (Cay) clusters are displayed in

Table 13. According to reference 15, peaks at region of 770 cm™ are useful to identify

two-fold coordinated O atoms. In this case, the peak at approximately region of 770 cm™

of structure 3-8-d (C1:2A) is assigned to symmetric stretching between Ti atom and two

O atoms that are two-fold coordinated. This is the most pronounced peak. In Figure 14,

the thin blue arrows, represents the displacement vectors for the vibrational modes.

Table 13: Vibrational modes and frequencies for lowest lying neutral and anionic Ti»AgOe
clusters. Frequency (cm™) and IR intensity (km/mol) were calculated at BPW91 level.

3-8-d (C1:2A) 3-1-1-d (C2v:*Ba)
Modes Frequencies IR intensity | Modes  Frequencies IR intensity
21 1057 44 21 714 39
®20 994 241 ®20 676 3
®l9 830 55 ®l9 667 46
®l8 771 317 ®l8 600 159
wl7 719 157 ®l7 587 82
wl6 583 184 0l6 544 0
ol5 460 30 ol5 447 0
wl4 418 27 ol4 430 0
wl3 404 28 ol3 407 1
®l2 350 3 ®l2 388 1
oll 344 6 oll 369 2
®l0 299 2 ®l0 280 1
®9 270 1 ®9 243 7
®8 242 2 ®8 224 0
o7 189 11 o7 181 4
®6 171 2 ®6 164 30
®5 154 9 ®5 155 2
o4 12 2 o4 130 0
®3 113 2 ®3 129 6
®2 75 6 ®2 101 4
ol 63 3 ol 75 1

For the Ag doped 3-1-1-d (C2v:®Ba) cluster, a band consisting of two peaks (w17 and ©18)

is observed in the region of 600 cm™ due to bending of bridging O and terminal Ti - O
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atoms. Vibrational mode ®21 at 714 cm™ is due to symmetric stretching of O - O atoms

through Ti atom.

TN . - - ”J%ﬂ.
NPT P | o
Jfg\ :9. «P‘ V.2 A | Fgd
®1:63 ®2:75 wl8: 771 ®21: 1057
. B ® P9 ]
Pt

¢ J e e \J o o\ Jf_._.Q
ol: 75 ®2:101 »18: 600 ®21: 714

Figure 14: Displacement vector for vibration modes and frequencies (¢cm™!) for up: neutral
3-8-d (Ci:?A) and down: anionic 3-1-1-d (Ca,:*B») clusters.

(d) HL Gap of Lowest Lying Energy Ti2AgOs Clusters

HOMO and LUMO of most stable TioAgOe species are displayed in Figure 15. The
HOMO of most stable cluster for Ti2AgOe is characterized by bonding between terminal
O and bridging O, as well as the non-bonding (p) orbital of the O - O atoms. The extra

electron will prefer the dopant atom Ag in case of reacting with other species.

3-8-d (C1: 2A) 3-1-1-d (Cav: °By)

kS

LUMO

i HL =3.02eV i HL=3.35eV

o
&

HOMO HOMO

Figure 15: FMO of Ag-doped 3-8-d (C;: 2A) of neutral and 3-1-1-d
(Cav: *By) of anion clusters at BPW91/6-311+G (d) level
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The HL gap of most stable neutral TioAgOs cluster is the same as Eg of rutile and approx-

imately 1.00 eV larger than most stable neutral TiAgO4 cluster.

No contribution to the HOMO of the anionic cluster 3-1-1-d (Cay: °B.) from the dopant

atom. Calculated HL gap was 3.35 eV, which is 0.15 eV above Eq of anatase.

(e) Electron Detachment Energy and Electron Affinity of Ti2AgOs Clusters

The anion ground state is triplet form of 3-1-1-d (Cav: 3B2). The removal of one electron
from HOMO is expected to yield a doublet (A2) while removal of one electron from
HOMO-2 yield a quartet state (*Az). Table 14 displays the detachment energies at
BPW91, B3LYP, CCSD (T)//BPW91 and CCSD (T)//B3LYP levels. From Table 14, the
results obtained using the B3LYP functional are in good agreement with the CCSD

(T)//B3LYP results.

Table 14: VEDE for Ag doped 3-1-1-d (Cay: *By) at the BPW91, B3LYP, CCSD (T)//BPW91

and CCSD (T)/B3LYP

State BPW91 B3LYP CCSD (T)//BPW91 CCSD (T)//B3LYP
3By 2A; 5.37 5.60 6.04 5.63
3B,yLAAL 5.09 5.63 5.51 5.68

It was not possible to obtain the AEDE for cluster 3-1-1-d because its corresponding neu-
tral structure was not stable. The AEDE for 3-1-2-d (Cs), 3-2-1-d (Cs), 3-2-2-d (C2n), and

3-8-d (C1) using BPW91 are 4.11, 4.72, 3.61 and 3.61 eV, respectively.

() TD — DFT Calculations of Lowest Energy Neutral and Anionic TizAgOs Clusters

The UV-Vis spectrum for the doublet—doublet excitation excitations of 3-8-d (C1:2A),
shows three peaks in the region of 877 - 1539 nm. The singlet-singlet excitations of the

lowest lying neutral undoped structure [3-1-u (Cs: *A’)] occurred at 430 - 605 nm and give
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rise to two peaks. The low doublet—doublet excitation energy of 1539 nm (0.81 eV), is
assigned to the weak transition from the HOMO to LUMO. The extra electron is not
expected to be found at the silver atom, as it does not contribute to HOMO, as shown in
Figure 15. The lowest lying energy anionic cluster, 3-1-1-d (Cy:*B2), does not give any

pronounced peaks.

und 3-1u (C_:'A)

0,0040 -
Ag dop 3-8d (C,:°A)

0,0035 4
0,0030 4
0,0025
0,0020 -
0,0015
0,0010
0,0005 l/\
0,0000 +———

T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800

Oscillator strength

Wavelength (nm)
Figure 16: UV-Vis spectrum for neutral 3-1-u (Cs: 14 )
and neutral 3-8-d (C;:°4)

(9) Interaction of Water with the 3-8-d Cluster

The attachment of one water molecule to 3-8-d through 7Ti and 8Ti resulted in molecular
adsorption interaction, while attachment through 9Ag resulted in H-bonding with 10
atom. The interaction of water with 9Ag and 8Ti atoms were predicted to be higher in
energy than interaction with 7Ti atom. These interactions and respective binding energies

are displayed in Figure 17.

‘\ @

9Ag (-1.05) 7Ti (-1.32) 8Ti (-0.40)

Figure 17: Geometries and E;, (eV) for the interaction of one water
molecule with Ag doped 3-8-d cluster
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The highest peak (476 km/mol) at 3328 cm™ for the interaction through 9Ag, was due to
the vibration of the bonded H and one of the oxygen atoms in O - O bond. Asymmetric
stretching vibration of Ag dopant atom and other atoms occurred at 65 cm™ with an in-

tensity of 3 km/mole.
4.3.3 Geometry and Properties of Ag Doped (TiO)4 Clusters, TisAgOs
(a) Relative Energy of TisAgOs Clusters

Starting from the lower energy isomers of the undoped (TiO2)4 clusters, twenty six non-
equivalent Ti atoms were considered for substitution by Ag atom. Some of the initially
doped structures were not stable and optimized to other structures. The relative energy of
the low-lying neutral TizAgOsg clusters range from 0.55 eV to 3.96 eV, while for the
anionic Ti3AgOsg clusters, ranges from 0.21 eV to 3.91 eV, as shown in Tables 62 and 63
in Appendix 3.2.

The lowest energy clusters obtained were 4-21-d (C1:?A) and 4-9-1-d (Cs: *A”") for neutral
and anionic, respectively. Cluster 4-21-d was derived from the unstable 4-10-3-d
structure. Structure 4-9-1-d (Cs: 2A”) which is the neutral form of 4-9-1-d (Cs:*A ") is 1.30

eV above the 4-21-d (C;: 2A) ground state structure of the neutral.

(b) Geometrical Parameters of the Lowest Energy Structures of TisAgOs clusters

The lowest energy structure of neutral TisAgOs, 4-21-d (Ci: ?A) is characterized by
O - O bond length of 1.339 A, a terminal Ti—O of 1.639 A and a bridging Ag atom as
shown in Figure 18. The most stable anionic cluster, 4-9-1-d (Cs: >A”) has three terminals
Ti-O and a bridging Ag atom. Isomers 4-3-1-d (Ci: *A), 4-14-d (Ci.'A), and 4-14-d (C;.

3A) of the anionic clusters are 0.21, 0.44, and 0.38 eV, respectively, higher in energy than
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the 4-9-1-d (Cs. >A”) lowest energy structure. The structures of the Ti;AgOs clusters are

displayed in Figure 90 and 91 (Appendix 3.2).

421-d (Ci: 2A) 4-9-1-d (C.: °A")

Figure 18: Geometrical parameters of neutral 4-21-d (C;: 2A)
and anionic 4-9-1-d (Cs: 3A")

It is noteworthy that structures that possess highly coordinated transition dopant metals
and at least two terminal Ti-O bonds are high in energy and unfavorable [2, 9], e.g.,
structure 4-4-2-d, 4-5-2-d and 4-20-d.

(c) Vibrational Frequency of Lowest Energy Neutral and Anionic TisAgOs clusters

Among the thirty vibration modes obtained for Ag doped 4-21-d (Ci: 2A) cluster, only
vibration at 59 cm™ with intensity of 5.70 km/mol was assigned to the vibration of metal
dopant atom as illustrated in Figure 19. The highest frequency was observed at 1101 cm™
(»30) as a result of asymmetric stretching of O - O atoms. In case of the anionic 4-9-1-d
(Cs: 3A") cluster, the highest vibration frequency occurs at 568 cm™ and it is assigned to
the bending vibration of the bridging O - O atoms. The three terminal Ti - O bonds vibrate
simultaneously at 103.13 cm™ with a very low intensity of 0.71 km/mol. Non-localized
stretching of Ti - O bonds and Ag atom were observed at 82 cm™, with low intensity (7.61

km/mol).
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Figure 19: Displacement vector for vibration mode and frequencies
(cm™) of neutral 4-21-d (C;:2A) and anionic 4-9-1-d (Cs: *A”) clusters

(d) HL Gap of Lowest Lying TisAgOs Clusters

Molecular orbitals of cluster 4-21-d (C1:2A) are spatially separated into a and P orbitals.
The a-HOMO and a-LUMO were used to calculate the HL gap. The HL gap is 1.50 eV
corresponding to half the band gap of rutile and lowest energy structure for Ti2AgQOe,
3-8-d (C1:2A). For the anionic 4-9-1-d (Cs: *A"), HL gap is 3.59 eV, that is 0.59 eV higher
than band gap of rutile. Figure 20 shows FMO and corresponding HL gap for 4-21-d

(C1:2A) and 4-9-1-d (Cs: A).

4-21-d (C1:2A) 4-9-1-d (Cs: °A)
ag T
i LUMO
LUMO iHL=1 0oy ]:HL=3.59 eV
Y J
v - @, ®
HOMO HOMO

Figure 20: FMO of neutral Ag doped 4-21-d (C;:*A) and
anionic 4-9-1-d (Cs: *A") clusters at BPW91/6-311+G (d) level
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(e) Electron Detachment Energy and Electron Affinity of TisAgOs Clusters

Calculated VEDE for cluster 4-9-1-d (Cs: 3A”) resulting in the 2A"and A’ states, respec-
tively, are 5.64 eV and 5.48 eV. Clusters 4-3-1-d (C1: ®A) and 4-14-d (C1: *A ,3A) are
the only clusters within 0.5 eV of the 4-9-1-d (Cs: *A”) ground state. Calculated VEDE

for these clusters range from 5.26 - 5.44 eV, as shown in Table 65 (Appendix 3.2).

The lowest energy 4-21-d (Ci:2A) neutral cluster and the lowest energy 4-9-1-d
(Cs: 3A”’) anionic clusters were used to calculate the electron affinity. Electron affinity

of 4.56 eV was obtained for TizAgOs by subtracting the energy of the two clusters.

(f) TD-DFT Calculations of Lowest Energy Neutral and Anionic TisAgOs Clusters

A fatal error was encountered for the TD-BPW91 calculations of 4-21-d (C1:2A) for the
TisAgOs system. In case of the anionic cluster 4-9-1-d (Cs: *A”), low excitation energy
8317 nm (0.15 eV) was obtained for the triplet-triplet excitation of one electron from
HOMO to LUMO. The strong transition, with energy of 2533 nm (0.49 eV), occurred

from HOMO to LUMO+1, Figure 21.

HL=0.14 eV

Excited state 1: LUMO (608)
‘“ﬁ

Ex0|ted state 4: LUMO+1
(61B)

Figure 21: Singlet — singlet electronic transition in 4-9-1-d (Cs: *A")
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(9) Interaction of Water with the 4-21-d Cluster

The Attachment of one water molecule close to 1Ti and 5Ti, resulted in the molecular ad-
sorption of the water molecule to the 1Ti atom, with binding energy of -1.44 eV, as shown
in Figure 22. The labelled structure in Figure 104 in Appendix 6 shows that 1Ti is three-
fold coordinated atom (unsaturated), 5Ti is a four-fold coordinated atom (saturated), and
12Ag is two-fold coordinated atom (saturated). The fact that 1Ti is an unsaturated atom

(tri-fold coordinated) without monovalent O atom, favored the molecular adsorption.

The initial attachment close to 90 resulted in H-bonding interaction, 1.04 eV higher in
energy than molecular adsorption on 1Ti atom. The interactions of water molecule with
cluster 4-21-d (Cy), is possible and it should be noted that a) water molecule prefers to
interact with the tetracoordinated Ti atom (unsaturated) with no monovalent O atom and b)

H-bonds are significantly weaker than the molecular adsorption mode.

b—-’

o
Figure 22: Molecular adsorption of one water

molecule on 4-21-d through 1Ti atom
4.3.4 Geometry and Properties of Ag Doped (TiO2)s Clusters, TisAgO10
(a) Relative Energy of TizAgO1o0 Clusters

The TisAgO1o is the largest system studied, due to the number of non-equivalent Ti sites
to be doped. More than 40 structures were optimized successfully. Although the most

stable undoped structure for TiaAgO1o is 5-1-u, structure 5-4-u is the one that gave rise to
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most stable Ag doped structure, namely 5-4-1-d, for both neutral and anion clusters. This
structure is depicted in Figure 23. The second low-lying cluster for neutral Ti4AgO1o is
5-6-1-d (Cs: 2A”) which is 0.10 eV higher in energy than 5-4-1-d (Ci:2A). The potential
energy of anionic TisAgOio is congested, with about twenty structures found within 0.50

eV of the 5-4-1-d (Ci:'A) ground state.

(b) Geometrical Parameters of the Lowest Energy Structures of TisAgOjo Clusters

The lowest lying structures for neutral and anionic TisAgO1o clusters are 5-4-1-d (C1:2A)
and 5-4-1-d (C1:'A), respectively. Optimized geometric parameters of these structures are

shown in Figure 23.

Structure 5-4-1-d (C1:2A) is characterized by a five-fold coordinated Ti atom, O-O bond
length of 1.440 A, and a terminal O-Ag bond length of 2.046 A. Geometry parameters of

neutral and anionic lowest lying energy of TizAgO1o clusters differ by roughly + 0.050 A.

5-4-1-d (C1:2A) 5-4-1-d (C1: 'A)

Figure 23: Geometrical parameters of 5-4-1-d (C;:2A) and 5-4-1-d (Ci: 'A) cluster.

(c) Vibrational Frequency of Lowest Energy Neutral and Anionic TisAgO1o Clusters

The number of vibrational modes calculated for ground state structure of doped (TiO2)s
is 39. Vibrations modes o1 (40 cm™) and w3 (70 cm™) are assigned to non-localized
stretching of Ti - O bonds and Ag atom. The later occur at very frequency of 6 km/mol

and is assigned to the asymmetric stretching (opposite direction) of Ag dopant atom and
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undoped part of the cluster. Vibrational mode »36, gives an intense peak of 1083 km/mol
(803 cm™), that is assigned to asymmetric stretching of 110 and 2Ti atoms; and the de-
generate bent of 130 - 3Ti - 80 atoms. Asymmetric stretching of 70 - 90 bond length
of 1.49 A and terminal 4Ti — 140 bond length of 1.62 A, were observed at 888 cm™ (162
km/mol) and 1023 cm™ (307 km/mol), respectively, as shown in Figure 24. Labelled

structure is in Figure 104 (Appendix 6).

3\.: ) i~ =
> ® v) 9 By
QJ—o' 3" o ? } JI:O
& o J 9o ‘J”.”J . . ®
w1: 40 ©3: 70 ©38: 888 ©39: 1023

Figure 24: Displacement vector for vibration mode and frequencies (cm™) of neutral 5-4-1-d
(Ci: 2A) cluster

In case of the anion cluster, 5-4-1-d (C1: !A), the two intense peaks in the spectrum are
due to asymmetric stretching of one of bridging O atoms connected to terminal Ti atoms.
Asymmetric stretching involving the two terminal Ti - O bonds are observed at 968
cm (385 km/mol) and 986 cm™ (311 km/mol). Vibrations modes w2 (73 cm™) and ©3

(86 cm?) are assigned to non-localized stretching of Ti - O bonds and Ag atom.
(d) HL Gap of Lowest Lying TisAgO1o Clusters

The HL gap of 5-4-1-d (C1:2A) lowest energy structure of neutral TiaAgO1o clusters, is
2.83 eV. The latter is approximately 0.05 eV lower than the HL gap of neutral 5-1-u (Cs:
IA") lowest energy structure of the undoped cluster. HOMO is bonding and characterized

by the overlap of orbitals in Ag, bridging O, tetracoordinated Ti and monovalent O atoms.
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LUMO is characterized by overlap of atomic orbital of rhombus Ti.O2 with adjacent

atoms. It receives no contributions from Ag dopant atom.

LUMO

1HL2.83 eV

s

S ‘
e 28 )
®'s
HOMO
Figure 25: FMO of 5-4-1-d (C;: 2A)
at BPW91/6-311+G (d) level

(e) Electron Detachment Energy and Electron Affinity of TisAgOuo cluster

The 5-4-1-d (C1:2A) state of the neutral is obtained when one electron is detached from
molecular orbital 74 (a) of the anion 5-4-1-d (C1:*A) ground state. The computed VEDE
(tA—2A) and AEDE (*A—?A and *A—*A) are to 5.16, 4.83 and 5.02 eV, respectively,
as shown in Table 80 - 82 in Appendix 4.2. The vertical electron detachment of 5-1-2-d
(C1: 3A), 5-18-d (C1: 3A), 5-19-d (C1: 3A), and 5-21-d (Ca: 3A) from the triplet state of
the anion to the ground and first excited state of neutral, i.e.: doublet and quartet state,

are in the range of 5.53 - 5.87 eV. These clusters have very similar geometries.

Electron affinity of 4.83 eV which also corresponds to the AEDE was calculated by sub-
tracting the energy of 5-4-1-d (C1:A) from the energy of neutral 5-4-1-d (C1:2A) cluster.

Calculated EA is 4.83 eV.
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(f) TD-DFT Calculations of Lowest Energy Neutral and Anionic TisAgO1o

Maximum absorption for the 5-4-1-d (C1:2A) cluster is due to doublet-doublet transition
from B-HOMO (73) to B-LUMO (74), with excitation energy of 1566 nm (0.79 eV). In
case of the anion, lowest excitation energy 613 nm (2.02 eV) was obtained when an elec-
tron was excited from HOMO (74) to LUMO (75). The first ten excitation states for
singlet-singlet and singlet-triplet of 5-4-1-d (C1:1A) cluster, occurred in the visible region
(419 — 613 nm), but with very low intensity (0.0001 - 0.0032). The presence of Ag metal

in 5-4-1-d (C1:*A) results in a hypsochromic shift, as shown in Figure 25.

Und 5-3u (C,°A)
= Ag - dop 5-4-1d (C,:'A)
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Figure 26: UV-Vis spectrum for anionic undoped 5-3-u (Ci:2A) and Ag
doped 5-4-1-d (C;: 'A) clusters

(9) Interaction of Water with the 5-4-1-d Cluster

Initially one water molecule was attached close to 4Ti atom, at a distance of 2.00 A,
Figure 27. After geometry optimization at BPW91/6-311+G (d) level, the water molecule
was molecularly absorbed on 3Ti atom at a distance of 2.13 A. That interaction gives the

lowest energy for the water complex, [(TisAgO10)(H20)].
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Figure 27: The 5-4-1-d water-complex: a) initial attachment and b) molecular
adsorption of one water molecule in 5-4-1-d cluster through 4Ti atom.

Attachment of one water molecule to 3Ti and 60 atoms in structure 5-4-1-d (C,) resulted
in H-bonding with 60 atom, as shown in Figure 105 (Appendix 6.1). Although the two
interactions occurred at the same atom, they have different orientation in space. A differ-
ent H-bonding with 90 atom results from the attachment of one water molecule with one

water molecule close to 15Ag.

4.3.5 Geometry and Properties of Ag doped (TiOz)s Clusters, TisAgO12
(a) Relative Energy of TisAgO12 Clusters

For the Ti4AgO1o clusters, the computed lowest - energy structure is 6-1-2-d (Cy) for both
neutral and negatively charged clusters. The second low-lying cluster for neutral TisAgO12
is 6-1-1-d (C1: 2A) which is 1.57 eV higher in energy than 6-1-2-d (Ci:?A). In case of the
anionic cluster, the second low-lying cluster is 6-2-1-d (Ci: 'A) which is 0.93 eV higher
than 6-1-1-d (C1: 'A). The relative energy of the low-lying neutral clusters range from 1.57
eV to 4.19 eV, while for the anionic clusters, it ranges from 0.93 eV to 3.86 eV, as listed in

Tables 90 and 91 (Appendix 5.2).
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(b) Geometrical Parameters of the Lowest Energy Structures of TisAgO1. Clusters

The lowest lying neutral TisAgO12, 6-1-2-d (Ci: 2A), has four four-fold coordinated Ti
atoms, a five-fold coordinated Ti atoms, a four-fold coordinated O atom, and O — O bond
length of 1.332 A. The lowest lying anionic TisAgO12, 6-1-2-d (Ci: 'A), is characterized by
five four-fold coordinated Ti atoms, a five-fold coordinated Ti atom a three-fold
coordinated O atom, and O — O bond length of 1.478 A, as shown in Figure 28. There is a
weak interaction between the dopant atom and the O atoms due to large interatomic

distances. The bond length between neutral and anionic lowest lying energy TisAgO12

clusters differs by +0.14A.

6-1-2-d (Ci: 2A) 6-1-2-d (Ci: 'A)

Figure 28: Geometrical parameters for neutral 6-1-2-d (C;: 2A)
and anion 6-1-2-d (C;: 'A)

(c) Vibrational Frequency of Lowest Energy Neutral and Anionic TisAgO1. Clusters

Cluster 6-1-2-d (C1:2A) presents a more congested IR spectrum. A weak vibration of Ag
atom and bending (rock) of O - O atoms occur with low frequency of 45 cm™. The highest
peaks at 876 cm™ with intensity 761 km/mol, are assigned to the vibrations of bridging O

atoms and terminal Ti - O atoms.
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Figure 29: IR Spectrum for 6-1-2-d (C;:>A) at BPW91/6-311+G (d)

In case of 6-1-2-d (C1:*A) cluster, vibrations mode o1 is attributed to rocking of O - O
atoms and stretching of Ag dopant atom, while vibration mode ®3 is attributed to bent of
O and Ag atoms, as shown in Figure 30. The vibration modes ®26 and »27 are attributed
to the vibration of the four-fold coordinated O atom and two terminal Ti-O moiety. These

vibrations occurred around 394 cm™ (4km/mol)) and 380 cm™ (20 km/mol), respectively.
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Figure 30: Displacement vector for vibration mode and frequencies (cm™) of
neutral 6-1-2-d (C;: 'A) cluster

(d) HL Gap of Lowest Lying TisAgOi2 Cluster

Neutral 6-1-2-d (C1:2A) hold a doublet state (open shell) with two separate sets of singly
occupied orbitals (a and B). The a-HOMO/LUMO where used to calculate HL gap, dis-
played in Figure 31. The HL gap for neutral TisAgO12 cluster, 6-1-2-d (C1:2A) is 0.23 eV
lower than band gap of rutile. Major contribution to HOMO of 6-1-2-d (C1: ?A), comes

from bonding of terminal Ti (D) and O (Pz), and Ag (D) orbitals. The Ti atom from which
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the O - O moiety is attached gives a higher contribution to the LUMO through the D orbital.
HOMO of anionic TisAgO12 ground state is characterized by the overlap of bridging O, Ti
and the O - O orbitals, while LUMO is distributed throughout the entire cluster. HL gap of

6-1-2-d (C1:1A) is 2.12 eV, as observed in Figure 31.

LUMO
HL=2.12 eV

<
,
g ‘._‘&»..
HOMO HOMO

Figure 31: FMO of neutral 6-1-2-d (C;: 2A) and anionic 6-1-2-d
(Ci: 'A) at BPW91/6-311+G (d) level

(e) Electron Detachment Energy and Electron Affinity of TisAgOa2 clusters

Electron detachment from the HOMO (88) of the anionic cluster 6-1-2-d (C1. 1A) yields
neutral 6-1-2-d (C1. 2A) cluster with VEDE of 5.27 eV. The nearest anionic cluster, 6-1-
1-d (C1: 3A), is 0.94 eV energetically above the lowest lying energy 6-1-2-d (C1. 'A)
cluster, as shown in Table 90 of Appendix 5.2. This restricted the VEDE calculation,
onlyto  6-1-2-d (C1. !A) cluster.

The AEDE (*A—2A) and ((A —*A) for lowest lying energy 6-1-2-d (C1) cluster are 4.74
and 5.42 eV, respectively. The AEDE for TisAgO12 ranges from 4.10 eV to 6.06 eV. A

complete AEDE results for TisAgO12 clusters are found in Table 93 of Appendix 5.2.
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The EA of TisAgO12 clusters was calculated by subtracting the energy of anionic lowest
lying cluster, 6-1-2-d (C1. A), from the neutral lowest lying energy cluster, 6-1-2-d

(C1. 2A), of TisAgO12. The computed EA for 6-1-2-d cluster is 4.74 eV.

(f) TD-DFT Calculations of Lowest Energy Neutral and Anionic TisAgOi2 Cluster

Doublet-Doublet excitation of 6-1-2-d (C1:2A) occurred at very low energy and far from
visible region. Excitation energy range from 0.31 eV (3954 nm) to 0.64 eV (1933 nm).
The former correspond to the lowest doublet-doublet excitations of 6-1-2-d (C1:2A), that

cluster occurred from HOMO to LUMO with oscillator strength (f) of 0.0004.

The five (5) lowest singlet-singlet excitations for Ag doped 6-1-2-d (C1:*A) cluster oc-
curred in the visible region from 454 — 560 nm. The excitation from the HOMO (88) to
LUMO (89), Figure 32, gives rise to an intense peak at 560 nm (2.21 eV), for singlet-
singlet transition. HOMO is classified as an antibonding molecular orbital while LUMO
is characterized by bonding orbital between D and P orbitals of Ag and O - O atoms,

respectively.

0,007

Und 6-1u (C,:’A)
- - - Ag-doped 6-1-2d (C,:'A)

0,006 - f
.
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Figure 32: UV-Vis spectrum for anionic undoped 6-1-u (Ci:'A) and
Ag doped 6-1-2-d (Ci:'A) clusters
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Figure 33: Singlet — singlet transition in 6-1-2-d (C;:'A) cluster

(9) Interaction of Water with the 6-1-2-d Cluster

The attachment of one water molecule close to 1Ti, 3Ti and 5Ti atoms, as shown in Figure
106 of Appendix 6.1, resulted in molecular adsorption on respective Ti atoms. Calculated

Ep of these water-complexes of TisAgO12 are -0.91 eV, -1.35 eV, and -0.38 eV, respec-

tively, at BPW91/6-311+G (d).

The lowest energy product for the water interaction is obtained by the attachment of one

water molecule to 6-1-2-d (C1:2A) close to atom 4Ti. The water molecule was molecularly

absorbed on 4Ti atom, at a distance of 2.13 A and Ep of -1.40 eV.

Attachment close to dopant atom 18Ag lead to the dissociation of the water molecule, as

shown in Figure 106 of Appendix 6.1, where the H atom is interacting with 100 atom

and OH interacts with 18Ag atom.
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Figure 34: Molecular adsorption on cluster
6-1-2-d trough 4Ti atom

4.4 GEOMETRY AND PROPERTIES OF Au DOPED (TiO2)n CLUSTERS

Starting from optimized Ag doped (Tin-tAgO2n) clusters, the Ag atom was replaced by
Au atom, and re-optimized. After geometry optimization, if the geometry is preserved,
the Au doped Tin-1AuO2, clusters received the same name as corresponding Ag doped
Tin-1AgO2n clusters, if not a new name is attributed to the new cluster. The doublet and
quartet states were optimized for the neutral Tin-tAuOz2n clusters, while for the anionic

Tin-1AuO2, clusters, the singlet and triplet states were optimized.

4.4.1 Geometry and Properties of Au Doped (TiO2)2 Clusters, TiAuO4
(a) Relative Energy of TiAuOsclusters

The 2-11-d clusters in Figure 35 was identified as the lowest lying energy structure for
neutral and anionic forms of TiAuOs clusters at the BPW91/6-311+G (d) level. The two
neutral clusters 2-11-d (C1: 2A) and 2-11-d (Cs: 2A") are isoelectric, but more symmetrical
Cs structure was consider as the lowest lying energy TiAuOs cluster. Relative energy of the
neutral TiAuOa clusters with respect to the ground state structure ranges from 0.12 eV to
4.07 eV as listed in Tables 41 - 42 (Appendix 1.3). Structure 2-4-1-B-d (Cay: 2B2) which is

the lowest lying neutral cluster for TiAgOs, is 0.92 eV higher than 2-11-d (Cs: 2A") of
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TiAuOs. Structure 2-13-d (C1: 2A) at BPW91 and CCSD (T) // BPW91 level is 0.12 eV

and 0.14 eV, respectively, higher in energy than 2-11-d (Cs: 2A") as shown in Table 15.

Table 15: Relative energy (eV) of lowest neutral and anionic TiAuO4 clusters

TiAUO4 TiAuO4
Structure | PG | State  AE? AEP State AE? AEP
2-1-1-d Cs N 0.93 N 0.09 0.02
2-4-1-B- | Cyy B, 0.92 A, 0.07
d 0.28
2-11-d Ci 2N 0.00 0.00 L\ 0.00 0.20
2-11-d C1 A 0.34 0.26
2-11-d Cs N 0.00 0.00
2-13-d Ci 2 0.12 0.14 i\ 0.13
2-13-d | C; A 0.20 0.18
2-13-d Cs IN 0.12 0.00

aBPW91/6-311+G (d) and ® CCSD (T) //BPW91/6-311+G (d)

From the results in Table 15, using the BPW91 functional, the potential energy surface of
the anion appears to be flat with about five states competing for the ground electronic
state. However, BPW91 seems to suggest 2-11-d (Ci: 'A) as the ground state. The situation
does not improve much at the CCSD (T) level with five states within 0.26 eV of each
other. This highly correlated method, however, predicts a 2-13-d (Cs: 'A’) ground state
with 2-1-1-d (Cs: 'A") and 2-11-d (Cs: 2A) just 0.02 eV and 0.07 eV, respectively above, It
is reasonable to conclude that 2-1-1-d (Cs: 'A), 2-11-d (Cs: ?A) and 2-13-d (Cs: 'A)) states
are nearly degenerate at the CCSD (T)//BPWO1 level and any of these states could be the

ground electronic state of TiAuOys if a larger basis set is used.

(b) Geometrical Parameters of the Lowest Energy Structures of TiAuOas Clusters

As discussed in the section 4.4.1 (a), the lowest energy neutral and anionic structures of
TiAuOs is 2-11-d. This structure has a terminal O-Au bond length of 2.0 A, a terminal

Ti—O bond length of 1.676 A and O — O bond length of 1.454 A. Structure 2-13-d also
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presented in Figure 35 has the same connectivity as structure 2-11-d, but the O - Au bond
points in opposite direction. The geometrical parameters of anionic 2-11-d (Ci: 'A) and

2-13-d (Cs: 'A) are shown in Table 16.

2-11-d 2-13d

° E
> 0% 3’ ‘.&

Figure 35: Geometry of doped 2-11-d and 2-13-d clusters at BPW91

Table 16: Geometrical parameters for anionic 2-11-d (C;: 'A) and 2-13-d (Cs: 'A") obtained
from the BPWO1 functional. Bond length R [in (A)] and bond angle © [in degrees].

R(12) R(16) R(63) R(64) R@5) © O (546)
(162)
2-11-d (Cx: 1454 1918 1.676 1.851 2 44.5 137.6
1A)
2-13-d (Cs: 1.509 1.881 1.682 1.930 1.978 47.3 111.3
1A)

(c) Vibrational Frequency of Lowest Energy Neutral and Anionic TiAuOs Clus-
ters

Vibrational modes of neutral and anionic 2-11-d of TiAuOs clusters are listed in Table
17. These o1 — w7 vibrations are attributed mainly to asymmetric stretching of Ti and
O atoms. None of the vibrations involve the Au dopant atom for both the neutral and

anionic 2-11-d clusters.
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Table 17: Vibrational modes and frequencies for neutral 2-11-d (C:2A), anionic
2-11-d (Cy:'A) and 2-13-d (Cs: 'A) clusters. Frequency (cm™) and IR intensity
(km/mol) were calculated at BPW91 level.

Modes | 2-11-d (C1:?A) | 2-11-d (C1:*A) [2-13-d (Cs: *A)
Frequencies Frequencies Frequencies
ol2 1127 911 889
oll 990 877 817
®l0 779 659 625
®9 506 560 593
®8 481 516 562
o7 387 379 471
®6 230 251 231
®5 200 208 202
w4 165 194 147
®3 119 127 129
®2 62 79 57
ol 30 50 15

The @10 (779 cm™) mode of neutral 2-11-d (C;: 2A) represent the asymmetric stretching
of 40 - 6Ti while the @11 (990 cm™) mode is due to symmetric stretching of terminal

30 - 6Ti. Labelled 2-11-d cluster is found in Figure 104 of Appendix 6.

In the case of anionic 2-11-d (Ci:'A), mode w11 is assigned to the bend of Ti and
asymmetric stretching of O - O bonds at 877 cm™ (426 km/mol) while vibration mode
®12 is assigned to symmetric stretching between Ti - O atoms at 911 cm™! (240 km/mol).
Vibrations modes ®10-11 of anionic 2-13-d (Cs: 'A") occur approximately at same
frequency as 2-11-d (Ci:'A). The high intense vibration mode ®10 (150 km/mol) is
attributed to the vibration of bridging O atom and bend of Ti atom with O - O moiety,
as shown in Figure 36. Vibration mode w12 (889 km/mol) is assigned to asymmetric

stretching between Ti-O atoms.
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Figure 36: Displacement vector for vibration modes and frequencies (cm™) for neutral 2-11-d
(C1:2A), anionic 2-11-d (Cy: 'A) and 2-13-d (Cs: 'A)) clusters.

(d) HL Gap of Lowest Lying TiAuO4 Clusters

2-11-d (C1:%A) 2-11-d (Cl- A) 2-13-d (Cs: 1A)
- 06'8
LUMO LUMO
_ LUMO -
1HL—1.96 eV HL 0.19 eV HL— 0.36 eV

JOIPF

HOMO HOMO HOMO

Figure 37: The FMO of neutral 2-11-d (C;:*A), anionic 2-11-d (Ci: 'A) and 2-13-d
(Cs: 'A)) clusters at BPW91/6-311+G (d) level

The HL gap of neutral and anionic 2-11-d cluster are 1.96 eV and 0.19 eV, respectively,
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as shown in Figure 37. The a-HOMO and a-LUMO were used to calculated HL gap for
neutral 2-11-d (C1:2A), while af-HOMO and op-LUMO were used for anionic 2-11-d
(C1:'A) cluster. In case of neutral 2-11-d (C1:>A) the HOMO is bonding with contributions
from atomic orbitals on Au, bridging O and Ti atoms. The LUMO of neutral 2-11-d
(Ci:?A) is very similar to the anionic 2-11-d (Ci:'A), except that it receives no
contribution from the O-O moiety. A negative HL gap of -0.36 eV was obtained for 2-13-
d (Cs: 'A)) cluster at BPW91 functional, as shown in Figure 37. The situation changes
when B3LYP functional is used and as result HL of 1.24 eV is obtained.

(e) Electron Detachment Energy and Electron Affinity of TiIAuO4 Clusters

The removal of the loosely electron from the singlet of 2-11-d (Ci: 'A) yields a 2-11-d
(Ci: 2A) doublet state, with AEDE and VEDE of 2.99 eV and 3.40 eV, respectively. The
calculated AEDE and VEDE at CCSD (T) /BPW91 for 2-11-d (Ci: 'A) are 2.39 eV and
2.85 eV respectively, as shown in Tables 44 - 45 in Appendix 1.3. In case of anionic
2-13-d (!A'—2A") ground state calculated VEDE at BPW91 and CCSD (T)//BPW91 level

are 3.66 eV and 3.71 eV respectively, as shown in tables 45 and 47 in Appendix 1.3.

The electron affinity (EA) was calculated by subtracting the energy of anion 2-11-d
(Ci: 'A) from neutral 2-11-d (C1: A) at BPW91/6-311+ G (d) level. The calculated EA

for TiAuQOy clusters is 2.99 eV.

(f) TD-DFT Calculations of Lowest Energy Neutral and Anionic TiAuO4 Clusters

Maximum absorption for the neutral undoped 2-1-u (C1:2A) cluster is due to single-singlet
transition from -HOMO-1 to LUMO, with excitation energy of 3.50 eV (355 nm). In case
of neutral doped 2-11-d (Ci: 'A) the unique allowed doublet-doublet excitation occurred

at IR region (966 nm) but with low excitation energy of 1.28 eV and oscillator strength
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0f 0.0009 as shown in Figure 38.
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Figure 38: UV-Vis spectrum for neutral undoped 2-1-u
(Can:'A,) and doped 2-11-d (C;:2A)
The doublet-doublet transition of anionic undoped 2-1-u (Can: 2A) cluster, occurs from
the HOMO to LUMO+4, whereas the singlet-singlet transition of anionic doped 2-11-d
(Ci:'A) cluster correspond to the transition between HOMO-2 to LUMO. The later give
rise to the most intense peak at 662 nm in the 2-11-d (Ci:'A) cluster. The low excitation
of 0.67 eV (1842 nm) for doped 2-11-d (Ci:'A) cluster is due to the singlet-singlet

excitation from HOMO to LUMO.
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Figure 39: UV-Vis spectrum for anionic undoped 2-1-u
(Can:?A,) and doped 2-11-d (Ci:'A) clusters

The transitions of the anionic undoped 2-1-u (Czn: 2Ag) cluster, coincides with transitions
of the doped 2-11-d (C1:'A) cluster in region around of 600 nm and 1950 nm, as shown

in Figure 39.
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(9) Interaction of Water with the 2-11-d Cluster

Molecular adsorption is the result of the attachment of one water molecule to 5Au atom
at a distance of 2.0 A. This is the only case where the attachment of water near to the
dopant atom resulted in molecular adsorption instead of dissociative adsorption. Intera-
tomic distance between Au dopant atom and O atom after geometry optimization is 2.16
A. The attachment of H20 to 6Ti resulted in molecular adsorption too. Calculated Ey, for

the attachment of H.O to 5Au and 6Ti are -1.26 and -1.04 eV, respectively.

v,

Figure 40: Molecular adsorption on 2-11-d through 5Au atom

4.4.2 Geometry and Properties of Au Doped (TiO2)s Clusters, Ti2AuOs
(a) Relative Energy of Ti2AuOs Clusters

Thirteen neutral and eleven anionic clusters were geometry optimized successfully for
Ti2AgOs. The five low-lying energy structures of neutral Ti2AgOs clusters are 3-8-d (Cs:
2A", 3-11-A-d (Ci: 2A), 3-2-1-d (Cs: 2A"), 3-10-d (Cs: 2A") and 3-9-d (Cs: 2A’). These
structures are 0.40 eV, 0.69 eV, 1.04 eV and 1.11 eV higher in energy than the ground
state structure of neutral Ti2AgOs, structure 3-8-d (Cs: 2A"), respectively, as shown in

Table 18.

Structure 3-1-1-d (Cav: 3B2) is the lowest lying anionic Ti2AgOs clusters. The relative

energy for the anionic clusters range from 0.19 — 2.96 eV. The triplet of structure 3-1-2-

65



d and the singlet of structure 3-6-1-d optimized to structure 3-10-d (Cs). Structure 3-10-d
(Cs: *A) and 3-10-d (Cs: 3A") are 0.98 eV and 0.19 eV higher in energy than the 3-1-1-d
(Cav: °By) lowest energy cluster. The total energy and relative energy of neutral and ani-

onic Ti2AuOe clusters are shown in Table 55 and 56 (Appendix 2.3).

Table 18: Relative energy (eV) of neutral and anionic Ti2AuOg clusters

Structure | PG Ti2AuOs Ti2AuOg
State AE State AE
3-1-1-d | Ca | °B1 1.14 A 0.20
3-1-1-d | Ca B, 0.00
3-2-1-d | Cs | 2A 0.69 A 0.60
3-8-d Ci ZA 0.44 A 0.76
3-8-d Cs | 2A 0.00

3-9d Cs A 0.88
3-10-d Cs A 1.04 i\ 0.98
3-10-d Cs A 0.19

3-11-d C: A 0.40 A 0.33

(b) Geometrical Parameters of the Lowest Energy Structures of Ti2AuOs Clusters

The arrangement of atoms in ground state neutral and anionic Ti2AuQOs clusters are similar
to those computed for corresponding Ti2AgOs clusters, that is 3-8-d for the neutral species
and 3-1-1-d for the anionic clusters. Geometric parameters of the lowest energy structure
of Ti2AuOg neutral and anionic clusters are shown in Figure 41.

3-8-d (Cs: 2A7) 3-1-1-d (Cav: °B2)

Figure 41: Geometric parameters for neutral 3-8-d (Cs: 2A”) and
anionic 3-1-1-d (Cay: °Bo)
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Neutral 3-1-1-d (Cs: *A"), 3-2-2-d (Can: *Ag) and 3-10-d (Cs: *A") clusters are transition
states (Nimag = 1). Structure 3-2-2-d (Can: *A,), possesses a four-fold coordinated Au
atom and terminal Ti-O bond length of 1.671 A, whereas 3-10-d (Cs: *A") have two
terminal Ti-O bonds, and loose O - Au - O bond. The 3-2-2-d and 3-10-d clusters are

shown in Figure 88 in Appendix 2.3.

(c) Vibrational Frequency of Lowest Energy Neutral and Anionic Ti2AuOs Clusters

The vibrational modes of lowest Energy neutral 3-8-d (Cs: 2A”) and anionic 3-1-1-d

(Cav:®By) at the BPWOL1 level are listed below in Table 19.

Table 19: Vibrational modes and frequencies for lowest energy neutral and anionic
Ti2AuOs clusters. Frequency (cm™) and IR intensity (km/mol) were calculated at the

BPWOL1 level.
3-8-d (Cs°A) 3-1-1-d (Cav:°By)
Modes  Frequencies IR intensity| Modes Frequencies IR intensity
021 1038 118 021 717 2
®20 1020 264 ®20 686 14
®l9 797 44 19 653 80
ol8 740 207 ®l8 567 45
ol7 719 153 ol7 562 27
0l6 588 175 0l6 561 84
ol5 518 7 ol5 464 9
wl4 457 68 wl4 462 0
ol3 425 10 ®l3 419 0
®l2 411 1 ®l2 395 8
oll 341 5 oll 371 1
®l0 305 27 ®l0 299 1
®9 264 0 ®9 232 2
®8 231 1 ®8 219 0
7 214 1 o7 188 10
®6 172 4 ®6 165 32
®5 171 17 ®5 149 1
w4 124 1 w4 138 3
®3 116 4 ®3 118 3
®2 98 6 ®2 87 0
ol 93 0 ol 79 0
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The stretching modes for three Ti - O - Ti bridges tetrahedrally coordinated to a terminal
Ti-O moiety form a broad peak in the IR spectrum. It is noteworthy that the vibrations of
Au doped (TiO2)s are similar to Ag doped (TiOz2)s clusters, differing roughly by £ 10 cm”
1.

Two intense peak in neutral 3-8-d (Cs: 2A”) cluster due to the v20 (264 km/mol) and 18
(207 km/mol) modes are assigned to asymmetric stretching of terminal Ti - O bond and
symmetric stretching of Ti - O bond adjacent to Au dopant atom, respectively. In case of
3-1-1-d (Cav: ®B2) of the anion, a broad peak is observed in the 561-567 cm™ region due
to overlap of the ®16-18 modes. These vibrations are assigned to rocking of O - Au - O

and stretching of O atoms.

(d) HL Gap of the Lowest Lying Ti2AuQOs Clusters

The HL gap of lowest lying neutral Ti2AuOs cluster, 3-8-d (Cs: 2A), is 2.42 eV. The
HOMO is characterized by an antibonding orbital involving the O - O moiety and overlap

of Au (p) with adjacent O (p) orbitals, as shown in Figure 42.

Anionic TizAuOs has 3-1-1-d (Cav: °B) ground state structure. The major contributions
to its HOMO comes from Au (D orbital) and O (D and P orbitals), respectively. The
LUMO is characterized by S, P and D orbitals on the Au atoms and overlap of D and P
orbitals on Ti and bridging O atoms, as observed in Figures 42. HL gap of the lowest
energy anionic 3-1-1-d (Cay: °B2) cluster is 3.27 eV, that is 0.08 eV smaller than the gap
computed for lowest energy, 3-1-1-d (Cav: °B2) of Ti2AgOs, but 0.25 eV larger than Eg of

anatase.
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3-8-d (Cs: 2A) 3-1-1-d (Cav: °Bo)

Figure 42: The FMO of neutral 3-8-d (Cs: 2A”") and anionic 3-1-1-d
(Cay: °By) clusters at BPW91/6-311+G (d) level

(e) Electron Detachment Energy and Electron Affinity of Ti2AuOs Clusters

Table 19 lists the vertical detachment energies for the ground state 3-1-1-d (C2y) structure
of anionic Ti2AuOe. The removal of one electron from the 3-1-1-d (C2v: By) resulted in
a doublet 3-1-1-d (Czv:2A:) state. The quartet 3-1-1-d (C2v:*A1) state was not obtained at

BPWOL1 level, due to break of symmetry.

Table 20: VEDE for Au doped 3-1-1-d (Cay: °B>) at the BPW91, B3LYP, CCSD (T)/BPW91

and CCSD (T)//B3LYP
BPW91 | B3LYP | CCSD (T)// BPW91 | CCSD (T) // B3LYP

3B, 2A 5.38 5.22 5.08 4.96

3B, A - 5.29 - 5.03

AEDE of lowest energy 3-1-1-d (Cay) cluster is 5.18 eV and that of 3-8-d (C1) 3.72 eV.
Calculated AEDE of Ti2AuOe clusters are found in Table 58 of Appendix 2.3. The EA
was calculated by subtracting the energy of the 3-1-1-d (Cay: B2) anion from that of the

neutral 3-8-d (Cs: 2A"). The calculated EA of Ti2AuOg clusters is 4.04 eV.
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(f) TD-DFT Calculations of Lowest Energy Neutral and Anionic Ti2AuOs Clusters

UV-vis spectrum for the excitations of 3-8-d (C1:2A), resulted in two peaks at region of
624 nm and 711 nm, compared to 400-600 nm for the most stable neutral undoped struc-
ture, 3-1-u (Cs: 1A), as shown in Figure 43. The highest peak at 877 nm (1.41 eV) is due
to transition from HOMO-3 (42B) to LUMO (46B). Anionic 3-1-1-d (Cav:*B2) cluster,

does not give any pronounced peak.

Und 3-1u (C_'A)
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Figure 43: UV-Vis spectrum for neutral 3-1-u (Cs: 'A") and 3-8-d (C;:2A)

(9) Interaction of Water with the 3-8-d Cluster

One water molecule was molecularly adsorbed by 3-8-d (C1:2A) cluster, through 7Ti
atom of the cluster. The Ep of 3-8-d (C1:2A) water-complex is -1.43 eV. The negative
sign shows that the energy of the 3-8-d (C1:2A) water complex is less than sum of the
energy of the doped 3-8-d (C1:2A) cluster and one water molecule. This Ey is the smallest

within Au-doped (TiO2)n(H20) clusters wheren =2 - 6.
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Figure 44: Geometries and E;, (in eV) for the interaction of one water molecule with
neutral Au-doped 3-8-d cluster

Dissociative adsorption through 9Au occurred, by the release in bond angle strain,
between bond angle O-Au-O. Three-fold coordinated Ti atom favor the front side
molecular adsorption of one H,O molecule while four-fold coordinated (with a terminal

Ti-O bond) favor side—side molecular adsorption of water molecule.

4.4.3 Geometry and Properties of Au doped (TiO2)s Clusters, TisAuOs
(a) Relative Energy of TisAuOs Cluster

Table 21 lists the relative energies of low-lying neutral and anionic TizAuOs clusters. The
4-13-d (C1: *A) structure is nearly isoenergetic with the 4-13-d (Ci: 2A) structure using
the BPW91 functional. However, at the more accurate CCSD (T) // BPW91 level, the 4-
13-d (Ci: 2A) structure appears to be the ground state of neutral Ti3AuOs, lying at 0.15
eV below 4-13-d (C;: *A). The 4-21-d (Ci: 2A) cluster, found as the ground state for

TisAgOs clusters, is 0.13 eV above ground state 4-13-d (Ci: A) at the BPWO1 level.
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Table 21: Relative energy (eV) of neutral and anionic Ti3AuOgs clusters

PG TizAuOg TizAOg
Structure State AE State AE
4-5-1-d Cs 2N 0.49
4-9-1-B- Cs
d A 0.78
4-9-1-B- Cs
d A 0.63
4-13-d C1 ZA 0.00 A 0.87
4-13-d C1 A 0.00 A 0.00
4-21-d C1 ZA 0.13
4-23-d Cs AN 0.75 A 0.76

Cluster 4-13-d (C1:3A) was found as the ground state structure of anionic TisAgOs clus-
ters. Corresponding 4-13-d (Ci:!A) singlet structure is 0.87 eV higher than 4-13-d
(C1:3A). Other anionic TisAuOs2 clusters are at least 0.63 eV higher 4-13-d (C1:2A) in
energy than the 4-13-d (C1:>A) most stable cluster. Relative energy of TisAuO12 anionic
clusters range from 0.63 eV to 2.99 eV above the ground state, as shown in Table 67-69

in Appendix 3.3.

(b) Geometric Parameters of the Lowest Energy Structures of TisAuOs Clusters.

4-13-d (C1: 2A) 4-13-d (C1: A)

g

Figure 45: Geometric parameters for neutral 4-13-d (C,: 2A) and anionic
4-13-d (Cy: 3A) clusters

The Ti3AuOs clusters, have two-fold to three-fold coordinated Au atom and at least one
terminal Ti-O bonds. Figures 92 - 93 in Appendix 3.3 display the geometry of obtained

Ti3AuO12, clusters. The structure of 4-13-d (C,) is characterized by two terminals Ti - O
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bonds and a terminal Au - O bond.

(c) Vibrational Frequency of Lowest Energy Neutral and Anionic TisAuOs Clusters

The vibrational mode at 671 cm™ (5 km/mol), for neutral 4-13-d (C;: 2A), is assigned to the
stretching of terminal Au - O with bond length of 1.86A and the bridging O atom between
the two terminal Ti - O bonds. The intense vibration around 730 cm™! is assigned to the
symmetric vibration of bridging the two bridging and three fold O atoms, while vibrations
around 810 and 880 cm™! are assigned to symmetric vibration of terminal O atoms and

the O atom attached to Au atom.
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Figure 46: IR Spectrum for 4-13-d (C:2A) at BPW91/6-311+G (d)
In case of the 4-13-d (C1:2A), Au - O participates in three vibrations in plane from 665
cm™ to 720 cm™. The most intense peaks in the spectrum, as shown in Figure 47, was

assigned to the degenerate bend of bridging O and Ti atom at 720 cm™and 728 cm™.
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Figure 47: IR Spectrum for 4-13-d (C;:*A) at BPW91/6-311+G (d)
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(d) HL Gap of Lowest Lying TisAuOs isomers

HL gap of neutral 4-13-d (C1: 2A) and 4-13-d (C1: *A) are 0.19 and 3.65 eV respectively,
as shown in Figure 48. The HOMO of structure 4-13-d (C1:*A) is characterized by non-
bonding orbital between Au and O atomic orbitals while LUMO is characterized by bond-
ing interaction of Tiand bridging O atom. The Au atom does not contribute to the LUMO.
HL gap of neutral 4-13-d (C1: “A) is 0.63 eV higher than the Eq of bulk phase anatase.

Figure 48, shows the FMO for the lowest lying neutral and anionic clusters of TisAuQs.

HL gap of anionic 4-13-d (C1: 3A) is 3.24 eV. Major contributions for HOMO come from
O atoms of the undoped portion of the cluster. LUMO is bonding, with a very small con-

tribution from the D orbital of Au and monovalent O atom.

4-13-d (C1: 2A 4-13-d (C1. °A) 4-13-d (C1: °A)
c*
*‘ e, & 2
LUMO
HOMO iHLO.m % LUMO $HL3.65 oV $HL=3.24 eV
o>
oS * 2 Le
¢] s 3y
e e
EIwe 2 K
HOMO HOMO HOMO

Figure 48: HOMO and LUMO of neutral 4-13-d (C;: 2A), neutral 4-13-d (C;: *A)
and anionic 4-13-d (Ci: *A) at BPW91/6-311+G (d) level

(e) Electron Detachment Energy and Electron Affinity of TisAuOs Clusters

The triplet of 4-13-d (C1: 2A) have the electron configuration of (... 57a%, 58a?, 59a?, 60a’,
61al). Detachment of one electron from MO 59a? gives the 4-13-d (C1: *A) quartet state,

while the detachment of an electron from the 61a! MO yields 4-13-d (C1: 2A). VEDE of

74



5.53 eV was computed for both CA—*A) and ((A—2A) using BPW91 functional. The
AEDE for (A—*A) and (A—2A) are 5.34 eV and 4.47, respectively. Calculated VEDE
and AEDE for TizAuOg clusters are tabulated in Table 71 and 72 of Appendix 3.3,
respectively. Electron affinity was calculated by subtracting the energy of anionic 4-13-d
(C1:3A) from the energy of neutral 4-13-d (C1:2A). The computed EA for TizAuOs is 5.34

eVv.

(f) TD - DFT Calculations of the Lowest Energy Neutral and Anionic TisAuOs
Cluster

The more intense (f = 0.0022) doublet-doublet transition for 4-13-d (Ca: 2A), occurred at
2023 nm from HOMO-3 to LUMO with energy of 0.61 eV. Doublet-doublet transition
from SOMO to LUMO occurred at the region of at 3562 nm with low energy of 0.35 eV
and very low intensity of f=0.0006. Figure 49 shows the UV spectrum of undoped neutral

4-1-u cluster in addition to doped neutral 4-13-d (C1: 2A) cluster.
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Figure 49: UV-Vis spectrum for anionic undoped 4-1-u
(Cav: 'Ay) and doped 4-13-d (Ci:2A)

The lowest energy triplet-triplet excitation for 4-13-d (C1:3A) occurs at 9580 nm (0.13
eV) from HOMO to LUMO. These orbitals are shown in Figure 50. All triplet-triplet

transitions in 4-13-d (C1:3A) occur with oscillator strength () of not more than 0.0007.

75



The electronic excitation spectrum of the doped 4-13-d (C1:3A) structure is different from
that of undoped 4-2-u (Cv:2A1) that have two pronounced peaks at 997 nm and 680 nm

with oscillator strength (f) of 0.07 and 0.02, respectively, as shown in Figure 50.
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Figure 50: UV-Vis spectrum for anionic undoped
4-2-u (Cay: 2Ay) and doped 4-13-d (Ci:*A)

(9) Interaction of Water with the 4-13-d Cluster

Interaction of one water molecule with the 4-13-d (Ca: 2A) cluster, results in the molecular
adsorption of the water molecule through 2Ti atom, as shown in Figure 51. Calculated Ep
is equal to -1.01 eV. The negative binding energy shows that the energy of the 4-13-d
(C1: 2A) water-complex is less than sum of the energy of the doped 4-13-d (C1: 2A) cluster
and one water molecule. The water molecule was adsorbed by the doped 4-13-d (C1: 2A)
cluster.

The interaction of water molecule through 110 and 12Au atoms results in H bonding,
whereby the H atom interacts with terminal Au - O bond and one of the bridging O atom,
respectively, as shown in Figure 108 in Appendix 6.2. The H-bonding with Au - O bond
gave a positive binding energy (Es) of 0.14 eV. No dissociative adsorption was obtained

for the interaction of water with the 4-13-d (C1: ?A) cluster.
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Figure 51: Molecular adsorption on 4-13-d (C1: 2A)
through 2Ti atom.

4.4.4 Geometry and Properties of Au Doped (TiOz2)s Clusters, TizAuO1o
(a) Relative Energy of TisAuOao Clusters

Table 22 lists the lowest lying neutral and anionic TisAuOqo Clusters. Structure 5-6-1-d
(Cs: 2A7) was found to be the lowest energy structure of neutral TisAuO1o clusters. The
5-4-1-d (C1: 2A) structure, previously found as the ground state Ag doped (TiO2)s cluster,
is 0.46 eV above the 5-6-1-d (Cs: 2A”) ground state Au doped (TiOz)s cluster. Based on
the BPWOL1 calculations, all other structures are at least 0.90 eV above the lowest energy

structure.

Table 22: Relative energy (eV) of neutral and anionic TisAuO1o clusters

PG TisAuO1g TisAuO10

Structure State AE State AE
5-2-2-d C1 SA 0.29
5-3-1-d C1 3A 0.33
5-4-1-d C1 A 0.46

5-6-1-d Cs A’ 0.00
5-10-1-d C1 ‘A 0.98

5-18-d C1 A 0.91 A 0.30
5-18-d C1 ‘A 0.79 3A 0.00
5-21-d C1 A 0.29

For the anionic TisAuOxo clusters, 5-18-d (C1: 3A) was found as the lowest energy struc-

ture. The five lowest-lying anionic clusters are 5-4-1-d (C1:*A), 5-2-2-d (C1:°A), 5-3-1-d
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(C1:2A), 5-5-4-d (C1:2A), and 5-6-1-d (Cs: 'A). These clusters lie at 0.20 eV, 0.29 eV,
0.33eV, 0.47 eV and 0.52 eV above the 5-18-d (C1: A) ground state structure. Full table

relative energy are found in Table 84-86 of Appendix 4.3.
(b) Geometrical Parameters of the Lowest Energy Structures of TiaAuOao

The 5-6-1-d (Cs: 2A") cluster is characterized by O-O bond length of 1.322 A, one termi-
nal Ti - O bond and a bridging Au atom. Anionic 5-18-d (C1: 3A) ground state structure
Is characterized by three terminal Ti - O bonds and bridging Au atom, as shown in Figure
52. Most of TisAuOqo clusters have either two-fold coordinated Au atom and three termi-

nal Ti - O bonds or three-fold coordinated Au atom and two terminal Ti - O bonds.

5-6-1-d (Cs: 2A) 5-18-d (C1: °A)

160.80 *
2.050 A5

Figure 52: Geometric parameters for neutral 5-6-1-d (Cs: 2A")
and anionic 5-18-d (C;: *A) lowest energy clusters.

(c) Vibrational Frequency of Lowest Energy Neutral and Anionic TisAuOjo Clusters

The highest peak in the spectrum of neutral 5-6-1-d (Cs: 2A") was assigned to the vibra-
tions of bridging and the four-fold coordinated O atoms, as shown in Figure 53. Vibration
involving the Au dopant atom was observed at 102 cm™ (0.82 km/mol). The two peaks
in spectrum of 5-6-1-d (Cs: 2A"), in Figure 53, at 1019 cm™ (222 km/mol) and 1139
cm® (101 km/mol) describe the symmetric stretching of terminal Ti-O bond and asym-

metric stretching of O - O, respectively.
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Figure 53: IR Spectrum for neutral 5-18-d (C;:*A) cluster at BPW91
Figure 54 shows the IR spectrum of the lowest lying anionic 5-18-d (C1:*A) cluster. The
spectrum is characterized by three high peaks located at 595 cm™ (200 km/mol) and 708
cm? (149 km/mol) which describe stretching of bridging O atoms and terminal Ti - O
bonds. The peak at 926 cm™ (87 km/mol) are attributed to the asymmetric stretching of
terminal Ti-O bonds. No vibrational frequencies involve the Au dopant atoms, and the
vibration that involve the O atoms attached to it are of very low intensity e.g., 2 km/mol

(88 cm?) and 15 km/mol (608 cm™).
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Figure 54: IR Spectrum for anionic 5-18-d (C:*A) cluster at BPW91

(d) HL Gap of Lowest Lying TizAuO1o Clusters

The HL gap of cluster 5-6-1-d (Cs: 2A") is 2.69 eV. This value is small compared to lowest

lying Ag doped (TiO2)s cluster, 5-4-1-d (C1: 2A), of 2.83 eV. The HOMO is non-bonding
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for Au (D) and O (P) orbitals. The LUMO is bonding with contributions from Au (D and

P) and Ti (D) and O (P) orbitals.

LUMO
IHL =2.69eV

HOMO

Figure 55: FMO of neutral 5-6-1-d (C;: *A) cluster
at the BPW91/6-311+G (d) level

(e) Electron Detachment Energy and Electron Affinity of TiaAuO1o Clusters

The computed VEDE for the 5-18-d (C1:3A) ground state of the anionic clusters are 5.75
(CA—2A) and 5.70 eV ((A—*A), while the AEDE (*A—2A and 3A—*A) results are 5.39
and 5.57 eV respectively. Structures 5-2-2-d (C1), 5-7-2-d (Cy1) and 5-10-1-d (C3) that are
geometrically similar have the same VEDE of 5.81 eV for ((A—2A) and 5.66 eV for

(CA—*A). These clusters have AEDE values in the range 3.38 + 0.05 eV.

Electron affinity was calculated by subtracting the energy of anionic 5-18-d (C1:*A) from

the energy of neutral 5-6-1-d (Cs: 2A"). The resultant EA for TisAuO1o clusters is 4.78 eV.
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(f) TD — DFT Calculations of Lowest Energy Neutral and Anionic TisAuOzo Clus-
ters
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Figure 56: UV-Vis spectrum for neutral undoped 5-1-u (Cs: 'A)
and doped 5-6-1-d (Ci:2A")

Figure 56, shows the transition of undoped neutral 5-1-u and doped neutral 5-6-1-d
(Cs: 2A7) ground state structures. Only one peak in region of 400 nm is observed in un-
doped 5-1-u cluster, due to transitions from HOMO-1 to LUMO (3.1 eV), HOMO to
LUMO+1 (3.1 eV) and HOMO-2 to LUMO+1 (3.2 eV). For the neutral 5-6-1-d (Cs: 2A")
ground state structure, the first low energy transition occurs at 1982 nm (0.63 eV) from

the HOMO to LUMO.

The first excitation for the anionic 5-18-d (C1: ®A) cluster, occurs at 9048 nm, (0.14 eV)
from the HOMO to B-LUMO. The most intense peak of the anionic cluster involves ex-
citation from HOMO to LUMO+1 at 3897 nm (0.32 eV). The LUMO+1 major contribu-
tion comes from orbitals on the Au atom and the monovalent O atoms. Figure 57 shows

the transitions of anionic undoped 5-3-u cluster and doped 5-18-d (C1:3A).
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Figure 57: UV-Vis spectrum for anionic undoped 4-2-u
(Cav: 2A)) and doped 4-13-d (C;:3A)

(9) Interaction of Water with 5-6-1-d Cluster

Interaction of one water molecule with the 5-6-1-d (Cs: ?A") cluster, results in the molec-
ular adsorption of one water molecule through 2Ti atom, as shown in Figure 58. As a

result of this interaction, Ep of -1.22 eV was obtained.

Figure 58: Molecular adsorption of one water molecule
on cluster 5-6-1-d (Cs: 2A ") through 2Ti atom
Eb of 0.45 was obtained for the interaction of one water molecule through the 15Au atom.
Positive Ep means that water molecule is not adsorbed by the 5-6-1-d (Cs: 2A”) cluster.
Interatomic distance between the water molecule and 15Au is 2.12 A. Table 108 in
Appendix 6.2, shows the interaction of one water molecule with the 5-6-1-d (Cs: 2A")

cluster and corresponding Ep.
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4.4.5 Geometry and Properties of Au doped (TiO2)6 Clusters, TiSAuO12
(a) Relative Energy of TisAuOz12 Clusters

Clusters 6-1-2-d (C1: 2A) and 6-1-2-d (C1: *A) were found to be the lowest lying structure,
for neutral and anionic TisAuOx2 clusters, respectively as shown in Table 23. The results
listed in Tables 95 and 96 in Appendix 5.3, show that none of the neutral clusters has
relative energy below 0.50 eV. The nearest neutral low-lying structure, 6-1-1-d (C1: 2A),
is 1.30 eV higher in energy than the ground state 6-1-2-d (Ci1: 2A) cluster. The relative

energies for the neutral TisAuOz2 clusters range from 1.30 eV to 2.75 eV.

Table 23: Relative energy (eV) of neutral and anionic TisAuO; clusters

PG TisAuOg TisAOg

Structure State AE State AE
6-1-1-d | Ci A 1.30

6-1-1-d | Ci A 1.43 3A 0.95
6-1-2-d | Ci A 0.00 A 0.00
6-1-3-d | Ci A 1.52 A 0.78
6-2-1-d | Ci A 0.85
6-4-1-d | Ci AA 1.44

6-4-2-d | Ci A 0.98

As listed in Table 23, the anionic TisAuO1, clusters, 6-1-1-d (C1.3A), 6-1-3-d (C1.3A), 6-
2-1-d (Cy: tA), 6-2-1-d (Cy1: 3A), 6-4-2-d (C1: 1A) are 0.95 eV, 0.78 eV, 0.85 eV, and 0.98
eV above the 6-1-2-d (C1: *A) lowest energy cluster, respectively. The relative energies
of the anionic TisAuOz1. clusters range from 0.78 eV to 1.98 eV. The complete table of

TisAuOq> relative energy is found in Tables 94 and 95 (Appendix 5.3).
(b) Geometrical Parameters of the Lowest Energy Structures of TisAuO1, Clusters

Figure 59 displays the bond lengths and angles of the lowest energy structures for the
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neutral and anionic TisAuO:» clusters. The neutral 6-1-2-d (C1:2A) is characterized by O-
O bond length of 1.336 A, two-fold coordinated Au atom and four-fold O atom at the
center of the cluster. Structure 6-1-2-d is the only structure that has a two-fold Au atom among
the TisAuO1 clusters. Other clusters, neutral and anionic, possess three-fold Au atom, e.g.,
6-4-2-d (Ci: 2A), 6-1-1-d (Cy: 3A), 6-2-1-d (C1: 'A), and 6-2-1-d (C;: *A) as shown in
Figure 103 (Appendix 5.3). Bonds of anionic 6-1-2-d (Ci:'A) are slightly longer than the
bonds of neutral 6-1-2-d (C1: 2A), e.g., the O — O bond in anionic 6-1-2-d is 0.141 A longer

than in neutral 6-1-2-d.

6-1-2-d (C: 2A) 6-1-2-d (C1: 'A)

Figure 59: Geometric parameters for neutral 6-1-2-d (C;: ?A) and
anionic 6-1-2-d (Ci: 'A) clusters.

(c) Vibrational Frequency of Lowest Energy Neutral and Anionic TisAuO1, Clusters

The IR spectrum of lowest lying neutral TisAuOs2 cluster, 6-1-2-d (C1.2A), depicted in

Figure 60, can be summarized as follows:
e Delocalized stretching (50 - 820 cm™);

o Stretching of three Ti - O - Ti bridges tetrahedral coordinated to a terminal Ti - O

bonds (870 cm™);
e Stretching of terminal Ti - O bond (1013 cm™);

e Stretching of O - O atoms (1102 cm™);
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Figure 60: IR Spectrum for 6-1-2-d (C:>A) at BPW91 level.
The IR spectrum of 6-1-2-d (C1.!A) lowest energy anionic TisAuO: cluster, can be

summarized as:

e Delocalized stretching (46 - 785 cm™);

e Stretching of three Ti - O - Ti bridges tetrahedrally coordinated to a terminal Ti - O

bonds (848 cm™);
e Stretching of O - O atoms (899 cm™);
e Stretching of terminal Ti - O bond (988 cm™);

The most intense peak of 960 km/mol (848 cm™) of the anionic 6-1-2-d (C1.1A) cluster
is due to the stretching of three Ti - O - Ti bridges tetrahedral coordinated to a terminal

Ti - O bonds.
(d) HL Gap of Lowest Lying TisAuOz12 Clusters

The HL gap of the 6-1-2-d (C1: 2A) ground state of neutral TisAuO12 cluster, is 2.18 eV.
The calculated HL of is 1.02 below the Eq of bulk anatase. HOMO of 6-1-2-d (Ci: 2A) is
anti-bonding with respect to orbitals on the Au atom and adjacent O atoms, as shown in

Figure 61. HL gap of lowest energy anionic TisAuO12 cluster 6-1-2-d (C1: 'A) is 2.09
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eV, that is 1.11 eV below Eg of bulk anatase. The major contributions to the HOMO
come from the orbitals on the 1Ti atom and O - O atoms attached to it. The LUMO
involves orbitals that are delocalized over the entire molecule except to the monovalent
O atom. The FMO and corresponding HL gap are shown in Figure 61. Labeled structures

are in Table 104 (Appendix 6).

6-1-2-d (C1: 2A) 6-1-2-d (Cy: IA)

“y o
.’ @

LUMO 1\
HL=2.18 eV

HOMO HOMO

Figure 61: FMO of neutral 6-1-2-d (C;: 2A) and anionic 6-1-2-d
(Ci: 'A) at the BPW91/6-311+G (d) level.

(e) Electron Detachment Energy and Electron Affinity of TisAuOz2 Clusters

The 6-1-2-d (C1: A) ground state structure of the TisAuO12 anion has the electron con-
figuration of [... 85 (a)?, 86 (a)%, 87 (a)% 88 (a)>]. Vertical detachment of one electron
from molecular orbital 88 (a)? yields, 6-1-2-d (C1: ?A), with energy of 5.26 eV. The com-
puted AEDE for the (1A—2A) electronic transition is 4.86 eV. The electron affinity was
calculated by subtracting the energy of 6-1-2-d (C1: *A) ground state of the anion from
the energy of 6-1-2-d (C1: 2A) ground state of the neutral. The EA of TisAuOa cluster is

4.86 eV, similar to the AEDE.
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(f) TD — DFT Calculations of Lowest Energy Neutral and Anionic TisAuO12
Clusters

und 6-1u (C,:'A)
0,006 - = Au - dop 6-1-2-d (C,:*A)
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Figure 62: UV-Vis spectrum for neutral 6-1-u (C;:'A)
and 6-1-2-d (C,:?A) clusters

Excitation of 6-1-2-d (C1:2A) cluster occur at region of 5063 nm, from orbital HOMO to
LUMO with excitation energy of 0.244 eV and oscillator strength of 0.0025, as shown in
Figure 62. A peak is observed for anion 6-1-u undoped ground state structure. In case of
the 6-1-2-d (C1:A) anionic cluster, the excitation from orbital HOMO to LUMO, gives
the lowest excitation energy of 2.21 eV, in the region of 562 nm. Doping of the undoped
cluster with Au metal to give 6-1-2-d (C1:A) results in a hypsochromic shift (1.43 eV),

as shown in Figure 63.
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Figure 63: UV-Vis spectrum for anionic 6-1-u (C;:2A)
and 6-1-2-d (Ci:'A) clusters
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(9) Interaction of Water with 6-1-2-d Cluster

The molecular adsorption of one water molecule through 3Ti atom was predicted to be
the lowest energy of (TisAuO12)( H20) complex, using the BPW91 functional, as shown
in Figure 64. The binding energy of -1.23 eV indicate that neutral TisAuOz. cluster, 6-
1-2-d (C1:2A), interacts strongly with the water molecule. .

The attachment of one water molecule to 18Ag and 5Ti atoms resulted in dissociative
adsorption and H-bonding interaction respectively. For the dissociative interaction, the
H fragment is attached to 100 atom, while HO fragment is attached to 18 Au atom with
a distance of 2.10 A. The H-bonding is described by a distance of 1.93 A with the 170
atom. Dissociative interaction and H-bonding of 6-1-2-d (C1: ?A) are displayed in Figure

108 of Appendix 6.2

Figure 64: Molecular adsorption on cluster
6-1-2-d (C,) through 3Ti atom.

4.5 VARIATION OF PROPERTIES WITH THE CLUSTER SIZE

The most stable structures for the undoped (TiO2),, Ag doped (TiO2), and Au doped
(TiO2)n neutral and anionic clusters studied in this work are presented in Figure 65. The
undoped (TiO2), has been previously been studied [1, 2, 3, 9, 15, 25, 27, and 28].
However, this study presents for the first time the variation of properties with size for the

Ag doped (TiO2), and Au doped (TiO2), (n = 2 — 6) clusters.
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Figure 65: Lowest energy structures of undoped and Ag/Au doped (TiO2), clusters indicating their

point groups and electronic states, for n =2 — 6 clusters.
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4.5.1 Variation of Binding Energy with Cluster Size (n)

The binding energies (Ep) of the lowest energy structures of Ag and Au-doped (TiO2)a
clusters (n = 2 — 6) were calculated as described in equations 8 and 9, respectively. The
variation of binding energy with the cluster size (n) is shown in Figure 66. It is possible
to observe that Ep, for Ag-doped (TiO2)x clusters, increase from n = 2 to n = 4 and slightly
decreases from n =4 to n = 6. In case of Au-doped (TiO2), clusters, Ep, appears to increase
monotonically except for n = 5 where there is a noticeable dip.

Binding energy vs Cluster size (n)
11,00

10,00

9,00

E (eV)

8,00 N

7,00

—@— Ag doped (TiO2)n ®— Au doped (TiO2)n

Figure 66: Binding energy for Ag and Au doped (TiO»)x clusters

Hudson et al [32], attached one Au atom to the three-fold coordinated O atom in undoped
3-1-u cluster. Binding energy of - 0.75 eV was obtained for the AuTi3O¢ (Cs: 2A) clusters.
They calculated the binding energy by subtracting the total energy of reactant from the
energy of product as follow: BEau = Eautizos) — {E(tisos) + Eau}. The difference between
this calculation and the one implemented here is that the energy of Ti cation was not

added to the energy of the Au doped cluster, AuTi3Os.
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4.5.2 Variation of HL Gap with Cluster Size (n)

Table 24 provides a summary of the HL gap of undoped and doped (TiO2)a clusters com-
puted with the BPW91 functional. It is well known that the rutile and anatase band gaps

are 3.0 and 3.2 eV, respectively.

Table 24: HL gap of undoped, Ag and Au doped (TiO»), clusters were calculated using the
BPWO1 functional.

Neutral Anion
Und. Ag-dop. Au-dop.| Und. Ag-dop. Au-dop.
3325 2019 1969 0339 0.33° 0.19°
2.04%5  3.029 2429 122¢ 335t 327!
3.02° 1509 0.199 098¢ 359t 324t
2.88% 2839 2699 0579 201° 3.26!
2645 2379 218¢ 0659 2.18° 2.09°

4 doublet, Yquartet, Ssinglet, and riplet.

o Ol WNS

Figure 67, appears to indicate an odd-even oscillation of the HL gap for the undoped, Ag
and Au doped (TiO2)n clusters, as a function of cluster size (n). The doped cluster
TisAuQOs, 4-13-d (C1: 2A), has a lower HL gap of 0.19 eV, which is 3.01 eV below Eg of
anatase. This lower HL gap value originates the noticeable dip in the graph of HL gap of

neutral Au doped (TiO2)n clusters, as observed in Figure 67.

Qu [3, 20] observed the same odd-even oscillation for undoped (TiO2), clustersn=2-9
[3] and n = 10 - 16 [20] respectively. In reference 9, undoped (TiO2)n clusters of n =2 —
5 and the S-doped (TiO2)n clusters n = 2 - 13 presented the same feature. The same study
state that the band gap of undoped clusters approaches the bulk limit at n = 7 and remains
constant up to n = 10. HL gap is expected to decrease as the cluster size grows due to
qguantum sized effects [3 and 14]. However, in this work calculated HL gap oscillates

with the clusters size.
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HLgap vs Cluster size (n)
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Figure 67: HL gap of neutral undoped, and Ag / Au doped (TiO,)x clusters compared to the
of the bulk material.
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Figure 68: HL gap of anionic undoped, and Ag/Au doped (TiO). clusters compared to the of
the bulk material.

In the present work, Figure 68 shows that HL gap for Au doped (TiO2)n, anionic clusters
became flat from n = 3 to n =5, very close to that of anatase. No oven-odd oscillation or

flatness are observed in the graph of Ag doped anionic clusters. The anionic Ag-doped
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clusters, 3-1-1-d (Cav: °B2) and 4-9-1-d (Cs: 2A") are 0.15 and 0.39 eV above the Eq of

anatase.

The measured HL gaps of Ag and Au doped (TiO2)n clusters are plotted in Figures 69, in
comparison with previous calculations of C, N and S doped (TiO2)n clusters [9]. The HL
gap of Ag and S doped (TiOz2)s clusters compete the highest places in the plot, while N
doped (TiO2)n clusters occupies the lower part of the plot as shown in Figure 69. Never-

theless, none of the doped clusters reached the band gap (Eg) of bulk TiOs.

The HL gap of C, Au, Ag and S doped (TiO2)n clusters for n = 2 and n = 6 are likely to
be the same. The HOMO of this clusters is located at the dopant atom and/or one-fold
oxygen. There is an overlap between the LUMO and HOMO states of those clusters that

could represent an optically active transition.

HL gap vs Cluster size (n)
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Figure 69: HL gap of undoped, Ag, Au, N, C and S doped clusters compared to bulk Anatase.

Mogal and co-wokers [42] affirmed that the band gap for TiO> thin films increase from
2.99 eV to 3.16 eV as the Ag content increases from 0.004 to 0. 0.015 mol. Another
study, Peerakiatkhajorn [43] showed that the band gap energy values of Ag/TiO: thin
films decrease from 2.84 eV to 2.65 eV when Ag contents increase from 0.01 mol to 0.2
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mol. Table 24, in current study, shows that HL gap of Ag doped (TiO2)n clusters decrease
from 2.83 eV to 2.37 eV as cluster size increase from n =5 to n = 6. The neutral Ag
doped (TiO2)3 have HL gap of 3.02 eV, that is at least 0.14 eV lower compared to band

gap of high concentrated Ag/TiO> thin film obtained in reference 42.

In case of Au/TiOz thin films, Mohite and co-workers [44], found that the band gap of
Au/TiO2 thin films, deposited at 1 - 4 % with Au content, decreases from 3.23 eV to 3.09
eV. Glltekin [45] used 10 — 50 % of Au content to synthesize Au/doped TiO; thin films
and found band gap increasing from 3.75 eV to 3.89 eV. The HL gap of neutral Au-doped

(TiO2)n clusters obtained in the present work are below 2.6 eV.

4.5.3 Variation of Electron Detachment Energies with Cluster Size (n)

Figure 70 shows the trend in VEDE as the cluster size increases. The plot for the VEDE
for Au doped (TiO2)n clusters appears to be constant from n =3 to n =5 as observed in
Figure 70. The same trend is observed for the HL gap of anionic clusters. The VEDE for
Ag-doped (TiO2)n clusters is slightly different from Au doped (TiO2)s clusters, due to a

decrease in the VEDE of cluster 5-4-1-d.

The VEDE of Ag doped (TiO2)n cluster (n = 2 — 6), follow the same trend as undoped
(TiO2)n cluster of the same size. The Au doped (TiO2)a cluster is likely to have the same
trend as the undoped cluster in reference 15. However, the VEDE of the doped clusters

are higher than the corresponding undoped clusters. They differ to about 2 eV.
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VEDE vs Cluster size (n)
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Figure 70: VEDE for Undoped, Ag and Au doped (TiO>)x clusters. Theoretical results
(dashed line) for undoped (TiOy). clusters, [15]

Next is the plot of AEDE against the cluster size. Figure 71, shows AEDE of undoped,
Ag and Au- doped (TiO2)n clusters increasing gradually fromn =2ton =4. Thereis a
slight anomaly at cluster size n = 5. The results as depicted in Figure 71 also suggest that
Ag and Au doped (TiO2)n clusters, have nearly the same AEDE values fromn =2 - 4,

The AEDE of the doped clusters are higher than the corresponding undoped clusters.

AEDE vs Cluster size (n)
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Ag doped (TiO2)n N —e@— Audoped (TiO2)n
—l— Undoped (TiO2)n Undoped (TiO2)n

Figure 71: AEDE for Undoped, Ag and Au doped (TiO»), clusters. Theoretical results
from ref. 15 are shown in dashed line.
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4.5.4 Variation of Electron Affinity with Cluster Size (n)

According to Scanlon at el. [34], the theoretical and experimental electron affinity (EA)
of rutile are 4.8 eV and 5.1 eV, respectively, while the corresponding values for anatase
are 4.9 eV and 5.1 eV. Figures 72 and 73 show the vertical electron affinity (VEA) and
adiabatic electron affinity (AEA), respectively, of undoped, Ag-doped, Au-doped (TiO2)n

clusters for n = 2 — 6 and bulk material anatase.

The AEA of Ag doped (TiO2)n clusters increased gradually from n = 2 — 5, where it
approach the theoretical AEA of rutile. In contrast, the Au doped (TiO2), increases from
n =2 - 4, where it overpass the experimental AEA of rutile and anatase by 0.24 eV, as
observed in Figure 72. The AEA of Ag/Au doped (TiO2)n cluster is higher than the AEA

of corresponding undoped clusters.

AEA vs cluster size (n)
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Figure 72: AEA (eV) of undoped, Ag and Au doped (TiO>), clusters at BPW91
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VEA vs Cluster size (n)
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Figure 73: VEA (eV) of undoped, Ag and Au doped (TiO»), clusters at BPW91

The VEA of the Ag/Au doped (TiO2)n clusters are higher compared to the corresponding
undoped (TiO2)n clusters, except for Au doped (TiO2)s cluster, that is likely to be the
same as the corresponding undoped cluster. The VEA Ag and Au doped (TiO2)n cluster
for n =3 and n = 6 are likely to be the same. None of the three systems reached the VEA

of bulk anatase, as observed in figure 73.

Table 99 in the appendix 7 lists the calculated AEA and VEA for undoped, Ag-doped
and Au-doped (TiO2)n clusters for n = 2 - 6, as well as the pair of lowest energy neutral
and anionic clusters involved in the calculations. For the extension of our knowledge, no
experimental or theoretical works were done for Ag and Au doped of (TiO2), clusters,

then no comparison can be made.

4.5.5 Variation of lonization Energy with Cluster Size (n)

The Koopmans' theorem [36] states that the ionization energy is the negative of the en-
ergy of the orbital from which the electron is ejected (HOMO). Then vertical ionization
potentials (VIE) may be compared to the negative of the energy of the HOMO. Tables
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25 and 26 present the VIE values, for undoped, Ag and Au doped (TiO2)n clusters as well
as the energy of -HOMO of o and B spatial orbitals of neutral Ag and Au doped (TiO2)n
clusters. The o and B spatial orbitals are for open shell systems, i.e. doublet, triplet and
quartet while and off spatial orbitals are for closed shell system, i.e. singlet. The a, § and
af spatial orbitals are indicated in Tables 25 and 26 by superscript a, b and c respectively.
VIE was calculated, as indicated in equation 2, by subtracting the ground state energy of
optimized neutral from single point energy of cation at the optimized geometry of ground

state neutral.

Table 25: VIE and Negative HOMO of undoped and Ag doped (TiO2), clusters (eV).

N | Undoped (TiO2)n Ag doped (TiO2)n

VIE -HOMO @ -HOMO® VIE
2 9.79 6.07 6.04 9.17
3 9.48 6.75 6.58 9.33
4 8.79 5.88 5.88 8.58
5 9.56 7.35 7.10 9.31
6 9.62 6.97 6.97 9.10

Negative HOMO? : a-HOMO and Negative HOMO®: B-HOMO

VIE vs cluster size (n)
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= 8 —e—-HOMO b
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Figure 74: VIE of undoped and Ag doped (TiO2), clusters. -HOMO? (a-HOMO) and -
HOMO?® (B-HOMO) of Ag doped clusters (TiO2)n clusters.
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Negative of the energy of the HOMO and VIE of Ag doped clusters are within £3.00 eV

from each other. The energy between a-HOMO and B-HOMO do not differ by more than

0.25 eV from each other.

Table 26: VIE and Negative HOMO of undoped and Au doped (TiO»), clusters (eV).

Undoped Au doped (TiO2)n
(TiO2)n
n VIE -HOMO ~ -HOMO® VIE
a
2 9.79 6.91 6.86 9.65
3 9.48 6.75 6.56 9.49
4 8.79 7.81 7.81 9.91
5 9.56 6.91 6.91 9.30
6 9.62 6.94 6.91 9.10

Negative HOMO?: a-HOMO and Negative HOMO®: -HOMO

11

E (eV)

VIE vs cluster size (n)

,/"\
= -
=
l\«g/ x =
2 3 4 5 6 7

——-HOMO a

4—-HOMO b == Ag doped (TiO2)n

Undoped (TiO2)n

Figure 75: VIE of undoped and Au doped (TiO2)x clusters. Negative HOMO? (a-
HOMO) and Negative HOMO® (B-HOMO) of Au doped clusters (TiO2), clusters.

Vertical ionization potential for both Ag and Au doped (TiO2), clusters differ signifi-

cantly from the negative of the energy of the HOMO within the Koopmans theorem. The

difference between VIE and negative of the energy of the HOMO range from 0.98 eV to

2.9 eV. Although the magnitude is not the same, the VEA plot of Ag-doped (TiO2)n clus-

ters follow the same trend as negative of the energy of the HOMO.
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As stated by Scanlon et al in reference 34, the ionization potential of rutile and anatase,
were 7.83 eV and 8.30 eV respectively. Computed ionization potential of Ag and Au
doped (TiO2)n clusters obtained in this study are above those documented for rutile and

anatase [34].
4.5.6 Variation of Chemical Hardness with Cluster Size (n)

The calculated chemical hardness and chemical potential are displayed in Tables 27 and
28. The chemical hardness and chemical potential were calculated using equations 5 and

6, respectively.

Table 27: Chemical hardness for undoped, Ag and Au doped (TiOz), clusters

n und. Agdop. Audop.
2 4.14 3.63 3.41
3 3.51 3.26 3.36
4 3.00 2.83 2.36
5 3.68 2.44 3.01
6 3.46 2.57 2.57

Chemical hardness (n) vs Cluster size (n)
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Figure 76: Chemical hardness for undoped, Ag and Au doped clusters.

Figure 76 shows that chemical hardness of Ag doped (TiO2), decreases from 3.63 eV to
2.44 eV as cluster size increases from n = 2 to n = 5. The higher hardness value for. The

higher the hardness, more stable is the cluster and worse its reactivity, e.g., 2-4-1-B-d
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and 2-11-d clusters are the most stable and less reactive clusters for Ag and Au doped
(Ti02)n systems respectively. The chemical hardness of the doped clusters is smaller than

that of the undoped clusters, as shown in Figure 76.

Chemical potential of undoped (TiO2)n clusters is likely to be the same for Ag doped
(TiO2)n clusters for n = 2 — 4. The chemical potential difference between undoped and
Au doped (TiO2)n clusters range from 0.17 eV to 1.78 eV. Figure 77 shows the even-odd
oscillation for chemical potential of Ag and Au doped (TiO2), clusters until n = 6 where

the two doped systems meet.

Table 28: Chemical potential for undoped, Ag and Au doped (TiO2), clusters.

Und. Ag dop. Au dop.
2 5.65 5.54 6.24
3 5.96 6.07 6.13
4 5.78 5.76 7.56
5 5.88 6.87 6.28
6 6.16 6.53 6.53

Chemical Potential (p) vs cluster size (n)
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Figure 77: Chemical Potential for undoped, Ag and Au doped (TiO2)n clusters
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4.5.7 Variation of Lowest Excitation Energies with Cluster Size (n)

Zhao [40] synthesized the Ag and Au doped titanium dioxide nanoparticles. These nano-
particles absorbed over the visible region due to the metal content, e.g., Ag and Au/TiO>

thin films showed peak around 600 nm.

102



Table 29: Lowest energy transition and their excitation energies for Ag doped (TiO»), clusters

Ag doped (TiO2)n

N Structure E (eV) f Wavelength (nm) Composition
2 2-4-1-B-d (Cav:?A2) 0.7092 0 1754.52 98% (HOMO to LUMO)
3 3-8-d (C1: 2A) 0.8055 0.0005 1539.29 98% (HOMO to LUMO)
4 -
5 5-4-1-d (C1: %A) 0.7431 0.0210 1668.48 88.4% (HOMO-1 to LUMO)
6 6-1-2-d (C1: 2A) 0.3136 0.0004 3953.76 98%(HOMO to HOMO)
Ag doped (TiO2)n
2 2-4-1-B-d (Cav: 'A)) 0.3651 0 3395.72 100% (HOMO to LUMO)
3 3-1-1-d (C2v: °By) 0.2500 0.0002 4958.67 96.2%(HOMO to LUMO)
4 4-9-1-d (Cs: 3A) 0.1491 0.0001 8317.35 100%(HOMO to LUMO)
5 5-4-1-d (C1:tA) 2.0223 0.0009 613.09 99.6% (HOMO to LUMO)
6 6-1-2-d (C1:1A) 2.213 0.0061 560.26 96%(HOMO to LUMO)
Table 30: Lowest energy transition and their excitation energies for Au doped (TiO>), clusters
Au doped (TiO2)n
n Structure E (eV) F Wavelength (nm) Composition
2 2-11-d (C1: 2A) 1.2829  0.0009 966.43 94.1%(HOMO to LUMO)
3 3-8-d (Cs: 2A) 0.8139  0.0000 1523.30 100%(HOMO to LUMO)
4 4-13-d (C1:2A) 0.2671 0.0006 4641.79 96% (HOMO-1 to LUMO)
5  5-6-1-d (Cs:2A) 0.6256  0.0023 1981.91 100% (HOMO to LUMO)
6 6-1-2-d (C1:?A) 0.2449  0.0025 5063.63 100% (HOMO to LUMO)
Au doped (TiO2)n
2 2-11-d (C1: A) 0.674  0.0218 1838.69 71.7%(HOMO to LUMO)
3  3-1-1-d (Cav: °B2)  0.1396  0.0000 8883.76 100%(HOMO to LUMO)
4 4-13-d (C1:°A) 0.1294  0.0007 9580.27 100%(HOMO to LUMO)
5 5-18-d (C1:3A) 0.137  0.0000 9048.24 92.8% (HOMO to LUMO)
6 6-1-2-d (C1:'A) 2.2059  0.0056 562.05 96.3% (HOMO to LUMO)

E (excitation energy) and f (oscillator strength)
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According to Cakir and Giilseren [2], undoped TiO: clusters have electronic transitions from
occupied states to unoccupied states, while for doped system (Co, V and Pt) different allowed
transitions are observed [2]. Different allow transitions for Ag and Au doped (TiO2)n clusters

are observed in this study.

Tables 100 - 103 in appendix 8 and Figures 78-81, display the variation of lowest excitation
energies and HL gap as cluster size (n) increases. Recall that a, B spatial orbital are for open
shell systems, i.e.: doublet, triplet and quartet while and af spatial orbital is for closed shell

systems, i.e.: singlet.

Excitation E, HL gap vs Cluster size (n)
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Figure 78: Excitation energy and HL gap for neutral Ag-doped (TiOz), clusters

Excitation E, HL gap vs Cluster size (n)
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Figure 79: Excitation energy and HL gap for neutral Au-doped (TiO2)n clusters
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The excitation energies of the lowest doublet states is likely to be the same as the
corresponding HL gap of neutral Ag doped (TiO»), clusters, except for n = 5. Although
the lowest excitation energy for doublet-doublet transition is far from the a-HL gap in a
range of 1.30 - 2.45 eV, the two lines follow almost the same trend, i.e.: even-odd
oscillation. In case of neutral Au doped (TiO2). clusters, the excitation energies of the
lowest doublet excited states is likely to be the same as the corresponding B-HL gap for
neutral Au doped (TiO»), clusters, except for n = 4, but equal the a-HL gap of the cluster
with the same size.

Next are the Figure 80 and 81, that show how the lowest excitation energy and HL gap
vary as the cluster size increase from n = 2 to n = 6. The respective values are presented
in Table 102 and 103 in Appendix 8. It should be noted that excitation energy as well as

the HL gap are constant from n = 3 to n = 5 for Au doped (TiO2)n clusters as shown in

Figure 81.
Excitation E, HL gap vs Cluster size (n)
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Figure 80: Excitation energy and HL gap for anionic Ag doped (TiO2)n clusters
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Excitation E, HL gap vs Cluster size (n)
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Figure 81: Excitation energy and HL gap for anionic Au doped (TiO2). clusters

4.5.8 Variation of Water Interaction with Cluster Size (n)

Water interaction with TiO- is a topic of great interest. TiO> is used in photocatalytic
water splitting processes for the generation of hydrogen (H) and in heterogeneous catal-
ysis for water and air purification [9 and 10]. The binding energy for the adsorption of

water on rutile (100) surface which is 0.73 eV [2] as shown in Figure 82.

The strength of the interaction of water molecules with TiO> clusters to form complexes
is influenced by the binding site and its surroundings [2 and 37]. In this work, the attach-
ment of a H>O molecule close to the dopant atom, except for Au-doping (TiOz2)2, results
either in H bonding or water dissociation adsorption. Au doped (TiO2)n clusters are more
compressed, their bond angles are broken prior to H>O dissociation. For most of the Ag
doped (TiO2)n clusters, the Ag dopant atom is one-fold coordinated, thereby allowing H

- bonding to be formed.

The binding energy (Eu) of a cluster is a useful measure of its stability and it was
calculated using equation 8. The total energy of Ag/Au doped (TiO2).(H20) complexes is

smaller than the sum of the energy Ag/Au doped (TiO»), clusters and energy of one water
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molecule. Therefore, the Ep of molecular adsorption of water on Ag and Au doped
(TiO2)n(H20) complexes is larger in magnitude than the adsorption of H>O molecule on
the clean rutile surface, but has a negative sign (Ey < 0), that indicates that the reaction is
exothermic. Ep values range from -1.44 eV to -1.00 eV.

The larger the Ep value, the larger the stability of the cluster. Binding energy of Au doped
TiO: clusters water complexes, oscillates smoothly in an even-odd manner as the cluster
size increases as shown in Figure 82. The molecular adsorption of water on Ag doped
4-21-d cluster and Au doped 3-8-d cluster have the lowest binding energy, so the less

stable and more reactive Ag and Au doped (TiO2), water complexes, respectively.

Binding Energy vs Cluster size (n)
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Figure 82: Binding energy of Ag, Au doped (TiO2).(H20) complexes
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CHAPTER 5 CONCLUSION

A computational study of the geometry and electronic structure of Ag and Au doped
(TiO2)x clusters (n = 2 - 6) have been presented in this work. The research started with
geometry optimization of well-known undoped clusters. However, the lowest energy
structures reported in this thesis are not in agreement with few of the reports in the
literature. The discrepancy observed could be due to different methods and basis sets
applied in other studies, noting however, that the initial calibration study carried out in
this work agree quite well with the results obtained using sophisticated theoretical
approach. A summary of the similarities and contradictions between this work and those

found in the literature for the undoped clusters is presented below in Table 31.

Table 31: Comparison of ground state geometries of undoped clusters as obtained
in this study compared to the ones found in the literature.

n References
Agreement Disagreement
2 2,3,15,25,27 28
3 1,2,3,25 27
4 2,25,27 1,3
5 1,2,3 25,27
6 1,2,3,25 27

More than 200 doped structures were successfully optimized. The geometry, stability,
and electronic properties of some of the doped clusters exhibit size dependence. Bond
distances in the clusters vary from 1.33 A t0 2.80 A. The O - O bonds are generally shorter
than the M-Ti bonds where M stands for Ag or Au atom. The Au doped (TiO2)n clusters
are more compressed than the Ag doped (TiO2)n clusters. The dopant atoms prefer to bind
to oxygen atom rather than binding the Ti atoms. The order of stability of neutral and

anionic species, differs among doped systems.
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The introduction of Ag and Au dopants atoms to undoped (TiO2)n clusters, reduced the
IP to less than 0.62 eV, except for n = 4. Even then, those values are above the values
reported for bulk rutile/anatase. The VEDE, AEA and Ey of doped clusters gradually in-
crease as the cluster size increases. The AEA of cluster size with n =5 and n = 6 mimic
the EA value of the bulk material. The optical spectra of doped (TiO2)n clusters occurred
beyond the visible region, except for Ag doped 5-4-1-d (C1:'A), 6-1-2-d (C1:A) clusters
and Au doped 6-1-2-d (C1:A) cluster, where lowest excitations occurred in the region

between 560 - 613 nm.

The Ag and Au atoms give a considerable contribution to the HOMO of corresponding
neutral doped (TiO2)n clusters, in contrast to the anionic doped (TiO2)n clusters. Dopants
atoms, in most of the cases, give very low or no contribution to LUMO. The extra electron
of the anion is strongly localized on oxygen atoms for both Ag and Au doped (TiO2)n

clusters.

Finally, it is noteworthy that in this study, the bulk values were not achieved for electronic
properties such as the electron affinity, HL gap, chemical hardness and chemical potential
for Ag and Au doped (TiO2)n clusters (n = 2-6). Further, the results obtained in this re-
search do not quantitatively give the magnitude of the band gap, when compared to Ag
and Au doped TiO2 synthesized experimentally, due to the well-known deficiency of the
GGA method that was used in this study. However, the flatness obtained for the HL gap

of anionic Au doped (TiO2)n (n = 3-5) imitated the bulk material.
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RECOMMENDATION

The electronic properties such as electron affinity, band gap and excitation energies of
Ag and Au doped (TiO2)n clusters (n = 2-6) did not converge to the bulk values in this
study. Therefore, it is recommended that computational studies be carried out the Ag/Au
doped TiO: clusters beyond the n = 6 limit. The time allocated for this research did not

permit such extension.

It is also recommended here, that synthesis and characterization of the Ag and Au doped
(TiO2)n clusters be undertaken. Studies on the doped bulk material are available. More
studies are required in the cluster synthesis and in the comparison of the cluster properties
with the bulk material. And after that, with most appropriated engineering procedures,

new devices may be designed, constructed and applied to the different promissory fields.
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APPENDIX

1 Clustersizen=2

1.1 Ti204

Table 32: Total energy (Er, a.u.) relative Energy (AE, eV), adiabatic electron detachment energy (AEDE, eV) for neutral

and anionic Ti>O4 clusters at BPW91/6-311+G (d). PG: Point group

Structure PG Ti204 Ti,O4
State Er AE State Er AE AEDE
2-1-u Con 1A -418.0060 0.00 27\ -418.0680 0.00 1.69
2-2-u Cav A1 -417.9955 0.29 A1 -418.0667 0.04 1.94
2-3-U Cav A -417.9810 0.68 2A -418.0538 0.39 1.98
2-4-u Cav A -417.9016 2.84 2A -418.0250 1.17 3.36
2-5-u Cs A -417.8300 4.79 Zp” -417.8557 5.78 531
2-6-u Ci A -417.8111 5.30 A Optimizes to 2-4-u 5.82
2-7-u C A -417.7237 7.68 ’B -417.8051 7.13 2.22
2-8-u Cs A Optimizes to 2-1-u
2-9-u Allocation failure for numerical quadra-
ture
2-10-u D2n Ag(2)  -417.7895 5.89 27\ Optimizes to 2-3-u

Table 33: VEDE (eV) for Ti,O4 at BPW91/6-311+G (d).

Cluster PG State VEDE
2-1-u Can A PA 1.97
2-2-u Cov AL 2A 2.22
2-3-u Cav A L2A 2.18
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Table 34: HOMO (a.u.), LUMO (a.u.) and HL Gap (eV) for Neutral and Anionic (TiO,), Cluster.
DFT func- Neutral Anion

tional HOMO LUMO HLgap | HOMO LUMO HL gap

B3LYP -0.3010 -0.118 5.01
BPWO91 -0.252 -0.130 3.32 0.006 0.018 0.33

BP86 -0.257 -0.135 3.32 0.001 0.013 0.33
B3P86 -0.321 -0.124 5.36
PBE -0.252 -0.134 3.21 0.006 0.018 0.33
MP2 -0.443 -0.029 11.27 -0.062  0.067 3.51

B3PW91 -0.300 -0.105 5.30

o N5 gee i

2-1-u 2-2-u 2-3-u 2-4-u
Con: 1Ag, 2Aq Cov:'A1 %A1 Cav:lA1 %A1 Cav:tA1 %A1
. 0 o, 08 e 9
o> LS 1 ) 3
o0 30 by © ‘\
2-6-u 2-7-u 2-10-u
8- 2.9-
Ci:lA C2:1A 2B 2-8-u Y Dan: LAG, 2Aq

Figure 83: Structures of the (TiO,) clusters. Structure name, point group and state are displayed bellow each structure.
The Ti and O atoms, are indicated by gray and red spheres respectively. Labels on Ti atom indicate the non-equivalent Ti atoms.
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1.2 TiAgO4

Table 35: Total energy (Er, a.u.) and relative energy (AE, eV) for neutral and anionic TiAgO, at BPW91/6-311+G (d).
Number of imaginary frequencies are in curved bracket. PG: Point group

Structure PG TiAgO4 TiAgOs
State Er AE State Er AE
2-1-1-d C1 ZA -506.3757 2.02 IA"(1) -506.5151 0.93
‘A -506.3709 2.15 A -506.5254 0.65
2-2-1-d A Optimizes to 2-1-1-d
2-3-1-d ZA Convergence failure
2-3-2-d ZA Optimizes to 2-4-1-A-d
2-4-1-A-d | Cy 2A -506.3810 1.87 A1 Optimizes to 2-4-1-B-
d
2-4-1-B-d Cav 2N, -506.4499 0.00 A -506.5492 0.00
By -504.3778 56.38 3A Optimizes to 2-11-d
2-4-1-C-d Cav 2A -506.3791 1.93 A1 Optimizes to 2-4-1-B-
d
2-4-2-d ZA Optimizes to 2-1-1-d
2-5-1-d A Optimizes to 2-4-1-B-d
2-6-2-d C1 ZA -506.4173 0.89 A Originates 2-12-d
2-7-1-d ZA Convergence failure
2-10-1-d A Optimizes to 2-4-1-d
2-11-d C1 A -506.4463 0.10 A -506.5395 0.26
‘A Optimizes to 2-4-1-B-d 3A -506.5241 0.68
2-11-d Cs A -506.4466 0.09 A Optimizes to 2-4-1-B-
d
2-12-d C1 ZA -506.3441 2.88 A -506.5437 0.15
A Optimizes to 2-11-d
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Table 36: New structures of TiAgO4

Doped Undoped Doped Unstable
Structure Structure Position
2-12-d 2-6-u 1 --

Table 37: Total energy (Er, au) and relative Energy (AE, eV) for neutral and anionic
TiAgO; clusters at CCSD (T) // BPW91/6-311+G (d). PG: Point group

Structure PG TiAgO4 TiAgOs
State Er AE State Er AE
2-4-1-B-d Cov | %A  -504.4476  0.00 | 'A; -504.5341 0.00
2-11-d C1 ZA -504.4398 0.21 A -504.5084 0.70

Table 38: AEDE (eV) and VEDE (eV) for TiAgO4™ clusters at
BPW91/6-311+G (d) and CCSD (T) / BPWOL.

BPW91
Structure PG State AEDE
2-1-1-d Cs SA —%A 4.20
2-4-1-B- Cov 1A —2A 2.70
d
2-11-d Cs IA L 2A 2.54
2-12-d C1 AL 2A 5.43
CCSD(T)//BPWI1
Structure PG State AEDE VEDE
2-4-1-B- Cav A1 —2A1 3.28
d 2.35
2-11-d Cs A LA 1.87
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Table 39: Total energy (Er, a.u.) and relative Energy (AE, eV) for neutral and
anionic TiAgO, structures at B3LYP/6-311+ G (d). PG: Point group

Structure PG TiAgO4 TiAgOs
State Et AE State Et AE
2-1-1-d C1 ZA -506.2733 2.56 A -506.4114  1.56
2-4-1-B-b | Cy A, -506.3675 0.00 A -506.4689  0.00
2-11-d Ci ZA -506.3644 0.08 A Optimizes to 2-4-1-
B-d
2-12-d C1 ZA -506.2517 3.15 A -506.4614  0.20

Table 40: Total energy (Er, a.u.) calculated at different DFT functional
and MP2 for neutral and anionic 2-4-1-B-b structure.

Method (Cov: %A2) (Cov: 1A)
BPWO91 2 -506.4499 -506.5492
BPW91 P -506.4619 -506.5596
BPWOL1 ¢ -506.4649 -506.5621
B3PW91 2 -506.2900 -506.3868
B3P86 ? -507.6072 -507.7265

BP86 2 -506.5035 -506.6094
B3LYP ? -506.3675 -506.4689
B3LYP® -506.3801 -506.4800
B3LYP© -506.3833 -506.4827

BLYP 2 -506.2545 -506.3556

PBE1PBE 2 -505.9462 -506.0393

MO06-L 2 -506.4137 -506.5027

MP2 2 -504.4298 -504.5121

2/6-311+G (d) ° /6-311+G (2d) and © /6-311+G (2df)
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> © ® e > e ®
Y "\‘ C o = - 2P © @
2-4-1-C-d 2-6-2-d 2-11-d 2-12-d
Cov: 2As Ci %A 1A Ci: %A, A Ci:2A, A

Figure 84: Structures of the TiAgOs clusters. Structure name, point group and state are displayed under each structure.
The Ti, O, and Ag atoms are indicated by gray, red and blue spheres respectively.

1.3 TiIAuO4

Table 41: Total energy (Et, au) and relative Energy (AE, eV) for neutral and anionic TiAuOj structures at
BPW91/6-311+G (d). Number of imaginary frequencies are in curved bracket. PG: Point group

Isomer PG TiAuO4 TiAuO4
State Er AE State Er AE
2-1-1-d Cs A -495.1945 0.93 IA -495.3355 0.09
A Break of symmetry A (1)  -495.3327 0.16
2-3-1-d 7.\ Convergence failure
2-3-2-d 7.\ Convergence failure
2-4-1-A-d Caov ’B, -495.0791 4.07 1A -495.2944 1.21
‘AL -495.1647 1.74 A2 -495.2352 2.82
2-4-1-B-d | Ca ’B; -495.1950 0.92 1A -495.3285 0.28
‘B -495.1833 1.24 A SCF convergence prob-
lem
2-11-d o] ZA -495.2287 0.00 A -495.3387 0.00
2-11-d Ci ‘A -495.1710 1.57 A -495.3262 0.34

123



Table 42: (Table 41 cont.) Total energy (Er, a.u.) Point group (PG) and relative Energy (AE, eV) for
neutral and anionic TiAuQOjs structures at BPW91/6-311+G (d). PG: Point group

Isomer PG TiAuO4 TiIAUO4
State Er AE State Er AE
2-11-d Cs N -495.2289 0.00 A Breaks of symmetry
2-12-d Cs A -495.1605 1.86 A FormBX had a prob-
lem
‘A Optimizes to 2-14-d
2-13-d Ci ZA -495.2243 0.12 A -495.3340 0.13
-495.1744 1.48 3A -495.3313 0.20
2-13-d Cs A -495.3342 0.12
2-14-d C1 2N Error termination
A -495.1009 3.48

Table 43: New structures of TiAgO4

Doped Undoped Doped Unstable
structure Structure Position
2-14-d -- -- 2-12-d (C1:*A)

Table 44: AEDE (eV) of TiAuOys clusters, calculated at BPW91/6-311+G (d) basis set
and SDD effective core potential

Isomer PG State AEDE | Isomer PG State AEDE
2-1-1d Cs A SIA 3.84 2-4-1-B- Cov  °B1—!A; 3.63
d

2-4-1-A-d Co  2By—!A; 5.86 2-11-d Ci1  2A—!A 299
2-4-1-A-d Cav  “*A1—°A;  1.92 2-11-d Ci1  “A—SA 422
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Table 45: VEDE (eV) for TiAgOy clusters at BPW91/6-311+G (d)
Structure PG State VEDE | Structure P State VED
G E
2-1-1-d Cs 'A'—=%A  4.07 2-13-d  Cs A —-?A"  3.66

2-4-1-B-d Cn !A—? 583 2-13-d Cs A —A" 354

A1
2-11-d C: 'A—2A 340 SA' YA 4.37
SA—AA 428

Table 46: Total energy (Er, a.u.) and relative Energy (AE, eV) for neutral and anionic TiAgOs
clusters at CCSD (T) // BPW91/6-311+G (d)

Structure PG TiAuOg4 TiAuO4

State Er AE | State Er AE

2-1-1-d Cs A - 0.02
493.2702

2-4-1-B-d | Cy A . 0.07
493.2682

2-11-d C: | 2A -493.1753 0.0 | *A . 0.20
0 493.2632

2-11-d Cs | 2A” -493.1754 0.0 - 0.26
0 SA 493.2613

2-13-d Cs A . 0.00
493.2708

2-13-d Ci | A -493.1702 0.1 | °A - 0.18
4 493.2641
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Table 47: AEDE (eV) and VEDE (eV) were calculated at CCSD (T) //
BPW91/6-311+G (d) for neutral and anionic TiAgOj structures

Isomer PG State VEDE AEDE
2-1-1-d Cs AN - 2A 4.16
2-4-1-B- Ca  A1—2A2 3.63
d
2-11-d C1 1A —2A 2.85 2.39
2-11-d C1 SA —2A 2.57
SA— %A 4.39
2-13-d Cs IANS2A” 3.71 2.74
2-13-d C1 SA —2A 3.20
SA— %A 4.60

9
Ve ¥ 3 95, 2 0 J o
J ¢ ) Jd 9
2-11-d
2-1-:!_-d | ?;4-14—A-9 2-4-1-B-d Cs:2A” 2-11-d 2-12-d
Cs: %A, A Co c|:322v:, 3AA\E A Cov: %B1, “Bo Ci:2A'ACA Ci:*A Ca: °A

AL
P Q. 'Y

40
o , ®
“eTe 5 Se

2-13-d ] 9
C1: A A 2-13-d 2-14-d
Cs: A Ci:°%A Ci: %A

Figure 85: Structures of the TiAuOs clusters. Structure name, point group and state are displayed bellow each structure.
The Ti, O, and Au atoms are indicated by gray, red and yellow spheres respectively.
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2 Cluster sizen=3
2.1 Tiz0s

Table 48: Total energy (Et, au) relative Energy (AE, eV), adiabatic electron detachment energy (AEDE, eV) for
neutral and anionic Ti3Og structures at BPW91/6-311+G (d) basis set. PG: Point group

Isomer PG Ti30s Ti30¢" AEDE
State Er AE State Er AE

3-1-u Cs In -627.0908 0.00 A -627.1926 0.00 2.77

3-2-u C A -627.0799 0.30 ’B -627.1564 0.98 2.08

3-3-u Ci A -627.0810 0.27 ZA Optimized to 3-1-u --

3-4-u Cov A -627.0622 078 | A1 -627.1352 1.56 1.98
3-5-u Cs A -627.0602 0.83 A -627.1399 1.43 2.17
3-6-u Cs A -627.0590 0.86 2N -627.1457 1.28 2.36
3-7-u Cs A -626.9894 2.76 2N -627.1003 2.51 3.02

®_ O L 4
yié ﬁ i .\y‘_ T f }'". 2
0% o0 Cpave ™ e % %
] 01 ®
3-1-u 3-2-u 3-3-u 3-4-y
Cs A, °A C::'A,%B Ci:'A Covi A1, 2A
- ; - 0\“)_,.0 > ; s ,
> ® 5 @ > > » ’
@ @ @ P g
3-5-u 3-6-u 3-7-u
Cs: A, 2A Cs:'A, 2A Cs:'A, 2A

Figure 86: Structures of the Ti3Os clusters. Structure name, point group and state are displayed bellow each structure.
The Ti, and O atoms are indicated by gray, and red spheres respectively. Labels on Ti atom indicate the non-equivalent Ti atoms.
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2.2 Ti2AgOs
Table 49: Total energy (Et, a.u.) and relative Energy (AE, eV) for neutral and anionic TioAgOs
structures at BPW91/6-311+G (d). PG: Point group

Isomer PG Ti2AgOs Ti2AgOs
State Er AE State Er AE
3-1-1-d Cs | 2A” -715.4657 1.22
3-1-1-d Cs | ‘A7 -715.4698 1.10
3-1-1-d Cov A -715.6387 0.45

B, -715.6553 0.00
3-1-1d Ci | %A -715.4657 1.22

3-1-2-d Cs | 2A” -715.4440 1.81 | A -715.5765 2.14
3-1-2-d Cs | *A” -715.4450 1.78 | 3A -715.5964 1.60
3-2-1-d Cs | 2A” -715.4556 1.49 | A -715.6068 1.32

SA” -715.6192 0.98

Table 50 (Table 49 cont.): Total energy (Er, a.u.) and relative Energy (AE, eV) for neutral and anionic Ti»AgOs
clusters at BPW91/6-311+G (d). PG: Point group

Isomer PG Ti2AgOe Ti2AgOs
State Er AE State Er AE
3-2-2-d Con 2Bg -715.4233 2.37 1Ag -715.5968 1.59
3-2-2-d C °B -715.5627 2.52
3-2-2-d C1 3A -715.5600 2.59
3-2-3-d ZA Optimizes to 3-1-2-d
3-5-2-d Cs | 2A7 -715.4088 2.77 A No lower point
found
3-6-1-A-d C: | %A -715.4122 2.67
3-6-1-B-d C1 ZA -715.4053 2.86
3-7-1-d Cs 2N -715.4237 2.36 A Error in termination
3-7-2-d ZA Break of symmetry
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3-8-d

C1 A -715.5105 0.00 A -715.6322

0.63
-715.4321 2.13 A -715.5627
3-9d Cs | A -715.4468 1.73 A7 -715.6118 1.18
3-10-d Cs IA” Break of symmetry
SN -715.6153 1.09
3-11-d Cs A -715.6397 0.42
3-11-d C1 ZA -715.4944 0.44
‘A -715.4216 2.42 SA -715.5797 2.06

Table 51: New structures of Ti»AgOe

Doped Undoped Doped Unstable
Structure Structure Position
3-8-d 3-4-u 1 --
3-9-d -- -- 3-8-d (C1:*A)
3-10-d -- -- 3-6-1-d
(C1:2A)
3-11-A-d 3-7-u 1 --

Table 52: AEDE for TiopAgOs™ clusters at BPW91/6-311+G (d)

Isomer PG State AED | Isomer PG State AED
E E

3-21-d Cs 2A—SIA 411 | 38d Ci, 2A—A 331
3-2-2-d Con 2By —'A; 472 |3-1-2d Cs *A'>!A 361
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Table 53: Total energy (Er, au) and relative energy (AE, eV) for neutral and anionic Ti»AgOs
clusters at B3LYP/6-311+G (d). PG: Point group

Isomer | PG Ti2AgOs Ti2AgOs

State Er AE State Et AE

3-1-1-d | Cs A -715.3434  1.22
3-1-1d | Ca A -715.4912  1.33
°B, -715.5401  0.00
3-8-d C1 ZA -715.3883  0.00 A -715.5101  0.82
SA -715.4639  2.07

3-11-d C1 A -715.3703  0.49
3-11-d Cs A -715.5207  0.53

Table 54: VEDE (eV) for TiAgOy clusters at BPW91/6-311+G (d), B3LYP/6-311+G (d),
CCSD (T) // BPW91 and CCSD (T) // B3LYP

BPW91 B3LYP
Isomer PG State VED Isomer PG State VED
E E
3-1-1-d Cov an— 4.89 3-1-1-d Cov 3B,—2A1 5.60
2A1
3-1-1-d Co °By—?A, 5.37 3-1-1-d Cav 3B—4A; 5.63
3B,—*A,  5.09 3-11-d Cs IAS2A” 5.11
CCSD(T)//BPWI1 CCSD(T)//B3LYP
Isomer PG State VED Isomer PG State VED
E E
3-1-1-d Cov °B,—2%A; 6.04 3-1-1-d Cov 3B,—2A, 5.63
3B,—*A, 5,51 3B,—4A 5.68
3-11-d Cs A—-2A 546
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Figure 87: Structures of the Ti»AgQOs clusters. Structure name, point group and state are displayed bellow each structure.
The Ti, O, Ag atoms are indicated by gray, red, and blue spheres respectively.

2.3 Ti2AuOs

Table 55: Total energy (Er, a.u.) and relative energy (AE, eV) for neutral and anionic Ti»AuOs clusters at
BPW91/6-311+G (d). Number of imaginary frequencies are in curved bracket. PG: Point group

Isomer PG Ti2AuOsg Ti2AuO¢
State Et AE State Er AE
3-1-1-d Cs ZA -704.2522 1.31
3-1-1-d Cs | ‘A" (1) -704.2595 1.12
3-1-1-d Cov ’B; -704.2587 1.14 A -704.4415 0.20
3B; -704.4489 0.00
3-1-2-d Cs 2N -704.2493 1.39 A -704.3911 1.57
AN -704.2546 1.25 SA Optimizes to 3-10-d
3-2-1-d Cs A" -704.2751 0.69 A -704.4267 0.60
AN -704.2598 1.11
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Table 56 (Table 55 cont.): Total energy (Er, au) and relative Energy (AE, eV) for neutral and anionic TioAuOs clusters at
BPW91/6-311+G (d). Number of imaginary frequencies are in curved bracket. PG: Point group

Isomer Ti2AuOg TioAuO¢
State Er AE State Er AE
3-2-2-d | Con ’By -704.2329 1.84 1A -704.4069 1.14
“Ag (1) -704.1734 346 | 3Bg(2)  -704.3431 2.88
3-3-1-d ZA Convergence failure
3-3-2-d ZA Optimizes to 3-1-1-d
3-3-3-d ZA Optimizes to 3-1-2-d
3-4-2-d 2N Optimizes to 3-6-1-B-d
3-5-2-d Cs A -704.2207 2.17 A -704.3401 2.96
3-5-2-d | C ‘A -704.2161 2.30
3-6-1-d Ci ZA -704.2355 1.77 A Optimizes to 3-10-d
‘A FormBX had a problem
3-7-1-d 2N Give rise to 3-11-d
3-7-2-d ZA Break of symmetry
3-8-d Ci A -704.2844 0.44 A -704.4211 0.76
3-8-d Cs ZA" -704.3005 0.00 Optimizes to 3-9-d
AN -704.2333 1.83
3-9-d C1 A -704.3881 1.66
3A -704.4095 1.07
3-9-d Cs 2N -704.2596 1.11 A -704.4165 0.88
3-10-d | Cs A -704.2621 1.04 IA -704.4128 0.98
3-10-d Cs ‘AT (1) -704.2588 1.13 A -704.4418 0.19
3-11d | C: A -704.2857 0.40 A -704.4367 0.33
An -704.2170 2.27 A -704.3766 1.97
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Table 57: Calculated AEDE (eV) of TinAuOs at BPW91/6-311+G (d)
Isomer PG State AEDE Iso- PG State AEDE
mer
3-1-1-d Con  2Bi—A» 497 3-6-1- C: A-2A 4.70
d
3-1-2-d G A 2N 3.86 3-8-d Ci: 'A-2A 3.72
3-2-1-d Cs A'-2A° 413 [3-10-d Cs A -SA 410
3-2-2-d  Cux 1Bg—>2Ag 473 |3-11-d Ci 2A-IA 3.68
3-5-2-d Cs ‘A'-°A" 325

Table 58: Total energy (Et, a.u.) and relative Energy (AE, eV) at CCSD
(T) // BPW91/6-311+G (d) for anionic TioAuOs structures.

Isomer PG State Er AE
3-1-1-d Cov A -701.5582 0.12
3-1-1-d Cov °B; -701.5625 0.00
3-10-d Cs A -701.5567 0.16

Table 59: Total energy (Er, a.u.) and relative energy (AE, eV) for neutral and anionic
Ti,AuOs structures at B3LYP/6-311+G (d).

Isomer PG Ti2AuOsg Ti2AuO¢

State Er AE State Er AE

3-1-1-d | Ca B, -704.0739 1.71 °B, -704.2869 0.00
3-8-d Cs 2N -704.1366 0.00 7\ -704.2610 0.70
3-10-d Cs 2N -704.0983 1.04 A’ -704.2760 0.30
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Table 60: VEDE (eV) for Ti2AuOs clusters at BPW91/6-311+G (d), B3LYP/6-311+G (d),
CCSD (T) // BPW91 and CCSD (T) / B3LYP
BPW91 B3LYP
Isomer PG State VEDE | Isomer PG State VEDE
3-1-1-d  Cx» ‘'A1—?B;  5.02 |3-1-1-d Cx» °By—2A1 522
3-1-1-d  Ca °*Br—?A1 5.38
3-10-d Cs SA-?A" 511 | 3-10d Cs °3A'-2A° 556

SASAA 5.29 SASAA 5.62

3-11-b C1 A2A 450 | 3-11-d C; A-?2A 5.14
CCsD (T)//1BPW9I1 CCSD (T)//B3LYP

Isomer PG State AE Isomer PG State VEDE

3-1-1-d Cov  °Br—2A1 5.08 3-1-1-d Cu °*Br—2A: 4,96
3B,—*A1 5.03
3-10-d Cs A 2A] 5.47 3-10-d Cs A 2A" 5.59

SA' A 5.68 SA A" 5.68
= . @ &
el 0 *«' Y25 J B A Qo
e ©® e 1‘ )\. e e ./‘-:.'“L
3-1-1d @
Cii 2A 3-1- 2 d 3-2-1d 3-2-2-d 3-5-2-d 3-8-d
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3-8-d 3-9-d 3-9-d 3-9-d 310d 3-11-d
Cs: 2A7 AN Cs: 2A” Cu1AGA Cs:3A” Cs: A7 *A7 A AT Cii2A %A A A

Figure 88: Structures of the Ti»AuOs clusters. Structure name, point group and state are displayed under each structure.
The Ti, O and Au atoms are indicated by gray, red, and yellow spheres respectively.
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3 Clustersizen=4

3.1 Ti4Os
Table 61: Total energy (Er, au), relative Energy (AE, eV) and AEDE (eV) for neutral and anionic Ti4Os clusters at BPW91/6-311+G (d).
Isomer PG Ti4Os TisO¢ AEDE
State Er AE State Er AE
4-1-u Co A -836.1849 0.00 A -.836.2823 0.32 2.65
4-2-u Cov A -836.1756 0.25 A -836.2939 0.00 3.22
4-3-u Con 1A -836.1741 0.29 2A -836.2804 0.37 2.89
4-4-u Con 1A, -836.1725 0.34 A -836.2663 0.75 2.55
4-5-u Con 1A -836.1585 0.72 2A -836.2463 1.30 2.39
4-6-u Cov A -836.1526 0.88 2Aq -836.2614 0.89 2.96
4-7-u C: A -836.1514 0.91 ZA -836.2609 0.90 2.98
4-8-u Tq A -836.1304 1.48 A -836.2649 0.79 3.66
4-9-u Cs A -836.1318 144 A -836.2459 1.31 3.11
4-10-u Cs A -836.0065 4.85 A Optimizes to 4-9-u -
4-11-u Dan 1A (4) -836.0675 3.19 Ay (5) -836.1806 3.08 3.08
4-12-u C: A -836.1330 141 .\ -836.2255 1.86 2.52
® ® o ® o © - - l W W
‘ ’ @ . . Tt
o é.“ on o‘ e%2%°* e " ( )—J oo 90
: %’ @ < 2 6.3 '
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Figure 89: Structures of the TizOg clusters. Structure name, point group and state are displayed bellow each structure. The Ti and O atoms
are indicated by gray and red spheres respectively.
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3.2 TisAgOs

Table 62: Total energy (Er, au) and relative energy (AE, eV) for neutral and anionic Ti»AgOs structures at BPW91/6-311+G (d).
Number of imaginary frequencies are in curved bracket. PG: Point group

Cluster PG TizAgOs TisAgOg
State Er AE State Er AE
4-1-2-d Cs A -924.5244 1.30 IA -924.7126 0.74
‘A -924.5261 1.26 A -924.7185 0.58
4-2-1d C: 2A -924.4985 2.01 IA Optimizes to cluster 4-9-2-d
4-2-1-d Cs A -924.5019 1.92
4-2-2-d C: 2A -924.5357 0.99 A -924.7129 0.74
‘A -924.5403 0.87 A -924.7202 0.54
4-3-1-d Cs A -924.5224 1.36
‘A -924.5217 1.38
4-3-1-d Ci IA -924.7116 0.77
A -924.7321 0.21
4-4-1-d C: 2A -924.5247 1.29 A -924.7016 1.04
‘A -924.5210 1.39 A -924.6955 1.21
4-4-2-d C: ZA -924.4989 2.00 A Give rise to cluster 4-19-d
A -924.4791 2.54
4-5-1-d C: A -924.5337 1.05 A -924.6937 1.26
A -924.5233 1.33 A -924.7076 0.88
4-5-2-d C: A -924.5023 1.90 A -924.6866 1.45
A -924.4622 3.00 A -924.6493 2.47
4-6-1-d C: A -924.5243 1.30 A -924.6944 1.24
A -924.5203 1.42 A -924.6965 1.18
4-7-1-d C: A -924.5282 1.20 A -924.7141 0.70
A -924.5290 1.18 A -924.7154 0.67
4-7-3-d C: A -924.4992 1.99 A -924.6272 3.07
‘A -924.5008 1.95 A -924.6937 1.26
4-7-2-d C: 2A (1) -924.5006 1.95 IA SCF convergence problems
‘A (1) -924.5008 1.95
4-7-4-d C: ZA -924.5250 1.29 A -924.6996 1.10
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Table 63 (Table 62 cont.): Total energy (Er, au) and relative Energy (AE, eV) for neutral and anionic TioAgOs clusters at
BPWO91/6-311+G (d). Number of imaginary frequencies are in curved bracket.

Cluster PG TisAgOs TisAgOg
State Er AE State Er AE
4-8-1-d ZA Convergence failure
4-9-1-d Cs A -924.5244 1.30 A -924.7135 0.72
SA -924.7399 0.00
4-9-2-d C1 A -924.4984 2.01 A -924.6541 2.34
‘A -924.4999 1.97 A FormBX had a problem
4-10-1-d Ci A Converged failure
4-10-3-d Ci A Originate 4-21-d
4-12-1-d C1 A -924.4872 2.31 A -924.6644 2.04
‘A -924.4857 2.35 A -924.7020 1.03
4-12-2-d C1 A (1) -924.5066 1.79
4-12-3-d o] A -924.4838 2.41 A -924.6974 1.16
‘A -924.4269 3.96 A -924.7155 0.66
4-13-d C1 A -924.5200 1.42 A -924.6797 1.64
‘A -924.5300 1.15 3A FormBX had a problem
4-14-d o] A -924.5361 0.98 A -924.7237 0.44
‘A -924.5357 0.99 A -924.7260 0.38
4-14-d C> 2B (1) -924.5302 1.14
4-15-d C1 A -924.4859 535 A Convergence failure
‘A -924.4822 2.45
4-17-d o] A -924.4504 3.32 A -924.5962 3.91
‘A -924.4477 3.39 A -924.6120 3.48
4-18-d o] A -924.5522 0.55 A -924.6948 1.23
‘A Optimizes to 4-21-d A -924.6412 2.69
4-20-d o] A -924.4823 2.45 A -924.6343 2.88
‘A -924.4832 2.42 A -924.6522 2.39
4-21-d C1 ZA -924.5723 0.00 A -924.7087 0.85
‘A -924.5000 1.97 A -924.7161 0.65
4-21-d Cs A -924.6703 1.90
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Table 64: New structures of TisAgOs

Doped Undoped Doped Expected to be
Structure Structure Position /Unstable

4-13-d 4-1-u 1 --

4-14-d 4-3-u 2 --

4-15-d 4-6-u 2 --

4-16-d 4-7-u 2 --

4-17-d 4-9-u 3 --

4-18-d 4-10-u 3 --

4-20-d -- -- 4-4-2-d (C1:*A)
4-21-d -- -- 4-10-3-d (C1:*A)

Table 65: VEDE for TizAgOs™ clusters at BPW91/6-311+G (d)

Cluster PG State VEDE | Cluster PG  State VEDE

4-3-1-d Ci1 °A—°A 544 | 4-14d C; 'A—?A 526
SA—4%A 541 | 4-14d C; *A?’>5A 531

4-9-1-d Cs S3A'52A 564 SA—4A 534
SA'S4A° 548

Table 66: AEDE for TizAgOs clusters at BPW91/6-311+G (d)

Isomer PG States AEDE Isomer PG States AEDE Isomer PG States AEDE
4-1-2-d G IA—2A” 512 4-6-1-d Ci IA—?A  4.63 4-13-d C: 'A—2A 435
SA' A 5.23 SAYA 479 4-14-d C: 'A—°A 510
4-2-2-d C; TA—2A 4.82 4-7-1-d C TA—2A  5.06 SA—*A  5.18
4-2-2-d G IA'—2A” 490 SA—*A  5.07 4-17d C: 'A—°A 397
4-4-1-d  C; TA—2A 4.81 4-7-1-d Ci IA—?A  3.48 SA—CA 4.47
SAAA 4.75 SA—*A  5.25 4-18-d C: 'A—-’A 39
4-5-1-d C; TA—2A 4.35 4-7-4-d C IA—2A 475 4-20-d C: 'A—-°A 414
SA—4A 5.01 4-9-1-d Cs IA'—%" 515 SA—*A 557
4-5-2-d  C; TA—2A 5.02 4-9-2-d Ci IA—2A 4.24 4-21d C: 'A—-°A 371
SAAA 5.09 SA—4A  5.88
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Figure 90: Structures of the TizAgOs clusters. Structure name, point group and state are displayed bellow each

structure. The Ti, O and Ag atoms are indicated by gray, red, and blue spheres respectively.
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Figure 91 (Figure 90 cont.): Structures of the TisAgOs clusters. Structure name, point group and state are displayed bellow each
structure. The Ti, O, Ag atoms are indicated by gray, red, and blue spheres respectively.

3.3 TisAuOs

Table 67: Total energy (Er, au) and relative energy (AE, eV) for neutral and anionic TizAuOs clusters at
BPW91/6-311+G (d). PG: Point group

Structure | PG TizAuOsg TisAuOg
State Et AE State Er AE
4-1-2-d | GCs A -913.3119 1.62 IA -913.5023 1.78
an -913.3142 1.56 A -913.5033 1.75
4-2-2-d C1 ZA -913.3262 1.23 A -913.5054 1.69
A Convergence failure A -913.5059 1.68
4-3-1-d Cs 2N -913.3313 1.09 A -913.5062 1.67
AN -913.3436 0.75 A No lower point found
4-3-1-d | C ZA -913.3319 1.07 -913.5174 1.37
A -913.3280 1.18 -913.5191 1.32

140



Table 68 (Table 67 cont.): Total energy (Er, au) and relative Energy (AE, eV) are calculated at BPW91/6-311+G (d) for neutral and
anionic Ti3AuOs structures. PG: Point group

TizAuOg TisAuOg
Structure PG State Er AE State Er AE
4-4-1-d C: ZA -913.3289 1.16
‘A -913.3152 1.53
4-4-1-d Cs A -913.5058 1.68
A -913.4897 2.12
4-4-2-d C: 2 -913.3083 1.72 IA -913.4219 3.97
‘A -913.2915 2.17 A Optimizes to 4-7-3-d
4-5-1d Cs .\ -913.3532 0.49 IA -913.5135 1.47
Originated 4-28-d A -913.5141 1.46
4-5-2-d C: A -913.3119 1.62 IA -913.4954 1.97
4-6-1-d C: A -913.3224 1.33 IA -913.4951 1.97
‘A -913.3195 1.41 A Optimizes to 4-25d
4-7-1d C: A -913.3124 1.61 IA Convergence failure
‘A -913.3168 1.49
4-7-3-d C: A\ -913.3034 1.85 IA -913.4914 2.08
‘A -913.3371 0.93 A -913.5197 131
4-7-2-d C: A -913.3076 1.74 IA FormBX problem
‘A -913.2847 2.36
4-7-4-d C: A -913.3225 1.33 IA -913.4976 191
4-9-1-A-d Cs A -913.3032 1.86 IA -913.4997 1.85
A Break of symmetry A No lower point found
4-9-1-B-d Cs .\ No lower point found IA -913.5389 0.78
A -913.5446 0.63
4-9-2-d Ci ZA -913.3107 1.65 IA -913.4698 2.66
4-12-1-d Cs A -913.3051 1.80 IA -913.4578 2.99
‘A -913.2947 2.08 A -913.4608 2.91
4-12-3-d Ci A -913.2709 2.73 IA FormBX problem
‘A -913.2765 2.58

Table 69 (Table 67 cont.): Total energy (Er, au) and relative Energy (AE, eV) for neutral and anionic
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Ti3AuOs clusters at BPW91/6-311+G (d). PG: Point group

Structure | PG TisAuOs TisAuOg
State Er AE State Er AE
4-13-d Cu ZA -913.3713 0.00 A -913.5357 0.87
‘A -913.3714 0.00 A -913.5677 0.00
4-14-d Ci A -913.3272 1.20
A Optimizes to 4-3-2-d
4-14-d C: A -913.5106 1.55
B -913.5221 1.24
4-18-d C: ZA -913.3427 0.78 A -913.4901 2.11
A -913.2549 3.17 A Convergence failure
4-19-d ZA Breaks of symmetry
4-20-d Ci 2N -913.2955 2.07 A Optimizes to 4-3-1-d
‘A Optimizes to 4-4-2-d
4-21-d Ci A -913.3668 0.13 A -913.5082 1.62
A Convergence failure A -913.4701 2.66
4-22-d Ci 7.\ -913.2945 2.09 A FormBX had a problem
4-23-d C: ZA -913.3434 0.76 A -913.5108 1.55
4-23-d Cs A -913.3436 0.75 A -913.5398 0.76
4-24-d C: ZA -913.3353 0.98 A -913.5124 1.50
‘A -913.2569 3.12 A Optimizes to 4-9-1-d
4-25-d C1 ZA -913.3146 1.54 A Convergence failure
AN -913.3195 141 A -913.5047 1.71
4-26-d C: ZA -913.3267 1.22 A -913.4814 2.35
‘A -913.3227 1.33 A FormBX had a problem
4-27-d o] ZA -913.3253 1.25 A -913.5067 1.66
‘A -913.3279 A -913.5208 1.28
4-28d o] ZA -913.2800 2.49 A -913.4510 3.17
‘A -913.2633 2.94 A Convergence failure
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Table 70: New structures of TizAuOg

Doped Undoped Doped Expected to be
Structure Structure Position /Unstable
4-9-1-B-d - - 4-24-d (Cs2A)

4-22-d 4-9-u 3 -

4-23-d 4-8-u 1 -

4-24-d 4-10-u 1d -

4-25-d - - 4-6-1-d (C13A)

4-28-d - - 4-5-1-d (C1:*A)

4-26-d 4-6-u 2 -

4-27-d 4-12-u 2 -

Table 71: VEDE for Ti3AuOs™ clusters at BPW91/6-311+G (d)

Cluster PG State VEDE
4-13-d C: A —2A 5.53
A %A 5.53

Table 72: AEDE for TisAuOg clusters at BPW91/6-311+G (d)

Cluster PG  State AEDE | Cluster PG  State AEDE
4-13-d Ci1 A—%A 447 [ 4-7-1d  C1 A-CA 5.13
SA—2A 534 [ 4-7-1d Ci1  (AYA 5.12
SA—*A 534 |4-7-4d C1  A-%A 4,77
4-1-2-d Cs A—>2A 518 [4-91d Cs A S2A 5.35
SA*A" 515 |4-92d C1 A-%A 4.33
4-2-2-d C1 A—>?A 488 |[4-18d C1 A-?A 4.01
4-3-1-d Cs A—?A° 476 [4-23-d C1  A-PA 4.55
4-4-2-d Ci1 A—%A 309 [4-23-d Cs CAA 5.34
SA—A 621 | 4-24d  C1 A-%A 4.82
4-5-1-d Cs A—?A 436 [4-26-d C1  APA 421
4-5-2-d C1 A—*A 499 [ 4-27-d C1  A-%A 4.94
4-6-1-d C1 A—-?A 470 [4-28-d Ci1 A-%A 4.65
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Figure 92: Structures of the TizAuOs clusters. Structure name, point group and state are displayed bellow each structure. The Ti,
0O, Au atoms are indicated by gray, red, and yellow spheres respectively
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Figure 93 (Figure 92 cont.): Structures of the TisAuOs clusters. Structure name, point group and state are displayed bellow each
structure. The Ti, O, Au atoms are indicated by gray, red, and yellow spheres respectively.

4 Cluster sizen=5
4.1 TisO10

Table 73: Total energy (Et, au) and relative energy (AE, eV) for neutral and anionic TisO1o clusters at

BPW91/6-311+G (d). Number of imaginary frequencies are in curved bracket.
Isomer | PG TisO10 TisO10°
State Er AE State Er AE

5-1-u Cs A -1045.2762 0.00 ZA -1045.3773 0.09
5-2-u Cs A -1045.2714 0.13 A -1045.3744 0.17
5-3-u C1 I -1045.2715 0.13 A -1045.3808 0.00
5-4-u o] A -1045.2643 0.32 2N -1045.3754 0.15
5-5-u C1 I -1045.2462 0.81 A -1045.3665 0.39
5-6-u Cs A -1045.2535 0.62 2N -1045.3690 0.32
5-7-u C1 I -1045.2565 0.53 A -1045.3629 0.49
5-8-u | Cav | A1 (2) -1045.2667 0.26 | 2By (2) -1045.3451 0.97
5-9-u C1 I -1045.2582 0.49 A -1045.3651 0.43
5-10-u o] A -1045.2669 0.25 2N -1045.3808 0.00
5-11-u A Break of symmetry
5-12-u | Ci A -1045.2358 1.10 ZA No lower point found
5-13-u | Cav | Al -1045.2153 1.66 A1 -1045.3554 0.69
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Table 74: Total energy (Er, a.u.) and relative Energy (AE, eV) at
B3P86/6-311+G (d).

Isomer PG TisO10 TisO10
State ET State Er
5-11-u | Ca | A1 - ’B1 -
1047.7684 (2) 1047.8715
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Figure 94: Structures of the TisOo clusters. Structure name, point group and state are displayed bellow each structure. The Ti
and O atoms are indicated by gray and red spheres respectively.
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4.2 TiaAgOn1o

Table 75: Total energy (ET, a.u.) and relative Energy (AE, eV) for neutral and anionic Ti4AgO1 clusters at BPW91/6- 311+G (d).

Cluster PG TisAgO10 TisAgO10
State Er AE State Er AE
5-1-1-d Cs 7.\ -1133.6132 141 A -1133.8129 0.80
AN -1133.6141 1.38 SA Originated 5-21-d
5-1-2-d C: 2A -1133.5909 2.01 A -1133.8300 0.34
A -1133.5971 1.85 A -1133.8394 0.08
5-1-3-d Cs A -1133.6193 1.24 A Break of symmetry
A No lower point found
5-1-4-d A No lower point found
5-2-1-d C: 2A -1133.6144 1.38 A -1133.7864 1.52
A -1133.6152 1.35 A -1133.8055 1.00
5-2-2-d C: ZA -1133.6306 0.93 A -1133.8289 0.37
A -1133.6313 0.91 A -1133.8314 0.30
5-2-3-d Cs .\ -1133.6047 1.64 A -1133.8006 1.14
A -1133.5992 1.79 A -1133.8283 0.39
5-3-1-d C: ZA -1133.6318 0.90 A -1133.8269 0.42
‘A -1133.6263 1.05 A -1133.8243 0.49
5-3-2-d Cs ZA -1133.6162 1.43 A -1133.7760 1.81
A -1133.6124 1.43 A -1133.7952 1.29
5-3-4-d C: A -1133.6019 1.72 A Convergence failure
‘A -1133.5852 2.17
5-4-1-d C: ZA -1133.6649 0.00 A -1133.8424 0.00
A -1133.5806 2.29 A -1133.7653 2.10
5-4-2-d Cs ZA -1133.6091 1.52 A -1133.7463 2.62
A -1133.5939 1.93 A -1133.7722 191
5-4-3-d C: ZA -1133.5940 1.93 A -1133.7517 2.47
‘A Convergence failure A -1133.7751 1.83
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Table 76 (Table 75 cont.): Total energy (Er, au) and relative Energy (AE, eV) for neutral and anionic Ti4sAgOio
clusters at BPW91/6- 311+G (d).

Cluster PG Ti4AgOm Ti4Agolo'
State Er AE State Er AE
5-4-4-d C: 2A -1133.6076 1.56 A -1133.7865 1.52
‘A -1133.6064 1.59 SA -1133.7841 1.59
5-4-5-d C: 2A -1133.6022 1.71 A -1133.7890 1.46
A -1133.5885 2.08 A -1133.7780 1.75
5-5-1-d C: 2A -1133.6073 1.57 A -1133.7857 1.54
A -1133.6071 1.57 A -1133.8097 0.89
5-5-2-d C: 2A -1133.6068 1.58 A -1133.7750 1.84
A -1133.6126 1.42 A -1133.7981 121
5-5-3-d C A -1133.6121 1.44 A" FormBX had a problem
A -1133.6143 1.38
5-5-4-d C: 2A -1133.6266 1.04 A -1133.8172 0.69
A -1133.6267 1.04 SA -1133.8287 0.37
5-6-1-d Cs 2N -1133.6613 0.10 A -1133.8318 0.29
5-6-2-d C: 2A -1133.5891 2.06 A -1133.7823 1.64
A -1133.5903 2.03 A -1133.7736 1.87
5-6-3-d Cs A -1133.6193 1.24 'A  Breaks of symmetry
A No lower point found
5-6-4-d Cs A -1133.5892 2.06 A -1133.7625 2.18
5-6-4-d C A -1133.5765 2.41 A FormBX had a problem
5-7-1d C: 2A -1133.6030 1.68 A -1133.7738 1.87
A -1133.6056 1.61 SA -1133.7973 1.23
5-7-2-d Ci 2A Optimizes to 5-10-2-d
5-7-4-d C: 2A -1133.6143 1.38 A -1133.8115 0.84
A -1133.6151 1.36 A -1133.8149 0.75
5-8-1-d A No lower point found
5-8-2-d C: 2A -1133.6079 1.55 A -1133.7990 1.18
5-8-2-d Cs A -1133.6102 1.49 A -1133.7996 1.17
5-9-1-d C: 2A -1133.6384 0.72 A -1133.8125 0.81
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Table 77 (Table 75 cont.): Total energy (Er, a.u.) and relative Energy (AE, eV) for neutral and anionic Ti4sAgOo

clusters at BPW91/6- 311+G (d). Number of imaginary frequencies are in curved bracket.

Cluster PG TisAgO10 TisAgO10
State Er AE State Er AE
‘A -1133.6316 0.91 A -1133.8271 0.42
5-9-4-d A No lower point found
5-9-3-d C1 ZA -1133.5866 2.13 A -1133.7619 2.19
‘A -1133.5853 2.17 A -1133.7601 2.24
5-9-4-d ZA No lower point found
5-9-5-d C1 ZA -1133.5851 2.17 A -1133.7727 1.90
‘A -1133.5848 2.18 A FormBX had a problem
5-10-1-d A Convergence failure
5-10-2-d C1 ZA -1133.5980 1.82 A -1133.7916 1.38
‘A -1133.5930 1.96 A -1133.7876 1.49
5-10-3-d C1 ZA -1133.6098 1.50 A -1133.7987 1.19
‘A -1133.6113 1.46 3A -1133.8107 0.86
5-10-4-d C1 2A -1133.6318 0.90 A -1133.8269 0.42
A -1133.6263 1.05 A -1133.8243 0.49
5-10-5-d C1 2A -1133.6056 161 A -1133.7997 1.16
‘A -1133.5987 1.80 SA -1133.8189 0.64
5-12-1-d Cs A -1133.6113 1.46 A -1133.7771 1.78
AN -1133.6008 1.74 A (1) -1133.7919 1.38
A -1133.7919 1.37
5-12-2-d | Coan | 2By -1133.5781 2.36 Ag -1133.7754 1.82
5-12-2-d ‘A Breaks of symmetry A (1) -1133.7266 3.15
A -1133.7267 3.15
5-12-3-d | Cs | °2A -1133.5793 2.33 IA -1133.7722 1.91
5-12-3-d C1 ‘A -1133.5408 3.38 A -1133.7348 2.93
5-13-2-d C1 ZA -1133.6218 1.17 A -1133.8225 0.54
‘A -1133.6230 1.14 A -1133.8306 0.32
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Table 78 (Table 75 cont.): Total energy (Er, a.u.) and relative Energy (AE, eV) for neutral and anionic
Ti4AgO1 clusters at BPW91/6- 311+G (d). Number of imaginary frequencies are in curved bracket.

Cluster PG TizAgO10 TisAgO10
State Er AE State Er AE
5-16-d Cs 2N -1133.6153 1.35 IA -1133.7967 1.25
A -1133.6123 1.43 3A -1133.8299 0.34
5-17-d Cs A -1133.6040 1.66 A -1133.8311 0.31
5-17-d C1 AN -1133.6000 1.77 3A -1133.8336 0.24
IA"(1) -1133.8286 0.38
5-18-d C1 ZA -1133.6372 0.75 A -1133.8300 0.34
AA -1133.6371 0.76 A -1133.8395 0.08
5-19-d C1 ZA -1133.5935 1.94 A -1133.8238 0.51
AA -1133.5978 1.83 A -1133.8290 0.37
5-20-d C1 A -1133.6107 1.47 A -1133.7629 2.16
A -1133.6124 1.43 AT (1) -1133.7865 1.52
5-21-d C1 ZA -1133.6357 0.79 A -1133.8259 0.45
A -1133.6356 0.80 3A -1133.8404 0.06
5-22-d C1 ZA -1133.5924 1.97 A -1133.7694 1.99
AN -1133.5957 1.88 A -1133.8028 1.08
Table 79: New structures of Ti4AgO1o
Doped Undoped Doped Expected to be /Un-
Structure Structure Position stable
5-16-d 5-3-u 3 --
5-17-d 5-3-u 5 --
5-18-d 5-5-u 5 --
5-19-d 5-7-u 3 --
5-20-d 5-9-u 2 --
5-21-d -- -- 5-1-1-d (C1:3A)
5-22-d 5-13-u 1 --




Table 80: VEDE (eV) of TisAgO10” was calculated at BPW91/6-311+G (d)
basis set and SDD effective core potential

Cluster PG State VEDE | Cluster PG State VEDE
5-1-2-d C: °A —2A 580 | 5-9-1-d Cs SA—2A 5.53
SA %A 5.65 3SA —4A 5.53
5-2-2-d C; !A—?A 557 | 5-16-d Ci SA—2A 5.87
5-2-2-d Ci1 3A—?A 564 SA %A 573
SA %A 561 | 5-17-d C1 A 2A 5.58
5-2-3-d Cs S3A'>?A° 556 | 5-17-d C1 SA—2A 5.73
SA"4A" 557 | 5-17-d C1 SA— YA 5.57
5-3-1-d C: !A—2?A 557 | 5-18-d C1 A 2A 5.41
5-3-1-d C: °A—2?A 560 | 5-18-d C1 SA—2A 5.80
SA—*A 553 SA— A 5.65
54-1-d C; !A—?A 516 | 5-19-d Cs SA—2A 5.80
5-5-4-d C; °S3A—2A 578 A 4A 5.67
SA—4A 569 | 5-21-d Cs IA—2A 5.31
5-6-1-d Cs !!A'52A° 484 | 5-21-d Ci SA —2A 5.70
SA—4A 5.66
Table 81: AEDE (eV) of TisAgOio clusters at BPW91/6-311+G (d)
Cluster PG States AEDE Cluster PG States AEDE | Cluster PG States AEDE
5-1-1-d Cs IANS2ZA 5.43 5-5-1-d Ci SAAA 5,51 5-10-3-d Ci IA2ZA 5.14
5-1-2-d C: LA2A 6.51 SAAA 5.05 SAAA 5.43
SAAA 6.59 5-5-2-d Ci LA2A 4.58 5-10-4-d Ci IA2ZA 5.31
5-2-2-d C: LA2ZA 5.40 5-5-4-d Ci IA2ZA 5.19 SAAA 5.39
5-2-3-d Cs A 2" 5.33 SA—4A 5.50 5-10-5-d Ci1 IA2A 5.28
SAT AT 6.23 5-6-1-d Cs A-2A7 4.64 SA—4A 5.99
SA—4A 5.44 5-6-2-d Ci IA—2A 5.26 5-12-1-d Cs INSIA 4,51
5-3-1-d C: IA2A 5.31 SA—4A 4.99 5-12-2-d Con 2Bg—>1Ag 5.37
SA—4A 5.39 5-7-1-d Ci1 IA—2A 4.65 5-12-3-d Cs A 2N 5.25
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Table 82 (Table 81 cont.): AEDE for TisAgO1o clusters at BPW91/6-311+G (d)

Cluster PG States AEDE | Cluster PG  States AEDE | Cluster PG  States AEDE
5-3-2-d Ci1 A—?A 435 5-5-1-d C; °S3A—-*A 522 |5-12-3-d C; °SA-*A 528
SAYA 497 5-7-4-d C; A—?A 537 |5-16-d C: ‘A-?A 494
5-4-1-d Ci1 'A—?A 483 SA—*A 5.44 SA—*A 592
SA—YA 5.02 5-8-2-d Cs °S3A"—*A” 516 |5-17-d C: SA-*A 6.36
5-4-2-d Ci1 A—?A 3.73 5-9-1-d C; *A—?A 474 |5-18d C: A—-?A 525
SA—*A 485 5-9-1-d C; °3A-*A 532 SA—*A 551
5-4-3-d Ci1 A—?A 4.29 5-9-3-d C; A—?A 477 |5-19d C: ‘A-2A  6.27
5-4-4-d Ci1 A—2A 487 5-9-5-d C; !A—?A 5.10 SA—*A 591
SA*A 4.84 5-10-3-d C:; !A—?A 509 |5-21-d C: 'A-?A 517
5-4-5-d Ci1 !A—?A 5.08 SA—*A 543 SA—*A 557
SA—*A  5.16 5-10-2-d C; !A—*A 527
5-5-1-d Ci1 A—?A 485 SA—*A 5.30
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Figure 95: Structures of the Ti4sAgOo clusters. Structure name, point group and state are displayed bellow each structure.

The Ti, O and Ag atoms are indicated by gray, red and blue spheres respectively.

152



0
s = J‘
& .
. & ._,)—o
5-4-1-d
C1:2A%A A A

5-6-4- d_Cs. 2A
Ci*AA

%’
N . °®
s |
5-9-5-d
C12ASA A A

5-5-3-d
C1:2ACAAPA
N
[ %
P e
¢
bt
5-7-1-d
C12AAAAPA

3%
e 0

[ ST
&> pe J.\.

5-10-2-d
C12A'AAGA

5-7-4-d
CL?AA A A
* o

~

-«
@ J‘-J,.

5-10-3-d
C1:2A'AAGA

2
0 9 @

5-4-4-d
C12A A IARA

5-8-1-d_Ci1:2A
Co*A”IA A

5-10-4-d
C1:2A'AA A

77
'__ : b
b -
® o
5-4-5-d
C1: 2A,4A,1A,3A
e "
R
5-6-2-d
C1:2A,4A, lA,?’A

5-9-1-d
Ci:2A'AlA A
-
e >

o W S

- > =

5-10-5-d

'Y )

‘ )\

o > “t
5-5-1-d

C1:2A%A 1A A
® o0

@ —.p 6»
® —50

5-6-3-d
Cs:ZA

-

5-9-3-d
C1:2A'AAGA

J [ ] [ §
iy ’
)

5-12-1-d

C1?ACAABA  Co2A” AAT 1A' 3A”

Figure 96 (Figure 95 cont.): Structures of the TisAgOo clusters. Structure name, point group and state are displayed bellow each

structure. The Ti, O and Ag atoms are indicated by gray, red and blue spheres respectively.

153



L AA o h g !
}‘. - ;,,:_,; ) ‘—J ).. }!J
5-12-2-d 5-12-3-d
Cu 'AA Ca?A", A
Can?Byg, Ay, Ci*A A

P ® @ 9
e N o 4
> o 3 ® = - q). ..
A ® v * < eo?
. 5-20-d
5-19-d Cel 2A74A" 1A AT
C1:2A'A A A o

D
o :
: 2 ; .-."L -JQJ ¢
o > &

@ b e ¢ o o
5-13-2-d 5-16-d
Ci2A %A LA BA C1:2A%A LA BA

- -3
“a> .-"""-. by :.
® g e
5-21-d 5-22-d
Ci2A %A LA BA Ci2A %A LA BA

e

@
e 4o W

* , 0

5-18-d
Ci2ASAMAPA

v

Figure 97 (Figure 95 cont.): Structures of the TisAgOio clusters. Structure name, point group and state are displayed bellow each

structure. The Ti, O and Ag atoms are indicated by gray, red and blue spheres respectively.

4.3 TiaAuO10

Table 83: Total energy (Er, au) and relative Energy (AE, eV) for neutral and anionic
Ti4AuOy clusters at BPW91/6- 311+G (d).PG: Point group

Structure | PG TisAuO1o TisAuO1o-
State Er AE State Er AE
5-1-1-d | Cs | A" -1122.4126 159 A" -1122.6040  1.16
A FormXBhadaprob- | A" FormBX had a prob-
lem lem
5-1-2-d o] A -1122.3882  2.25 A -1122.5664 2.19
A Converged failure A Converged failure
5-1-3-d | GCs ZA" -1122.4301 111 A" No lower point found
5-1-3-d | C: ‘A -1122.4200  1.39
5-1-4-d | Cs 2A”  -1122.3950  2.06 A" No lower point found
AT 111223824 2.40
5-2-3-d | Cs | A" -1122.4114 162 AT -1122.6021 < 1.21
‘A 11223839 2.37 A -1122.6235 0.63
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Table 84 (Table 83 cont.): Total energy (Er, a.u.) and relative Energy (AE, eV) for neutral and anionic Ti4sAuOo
clusters at BPW91/6- 311+G (d).

Structure PG TisAuO1o TisAuO1”
State Er AE State Er AE
5-2-1-d Ci ZA -1122.4212 1.35 A Converged failure
‘A -1122.4235 1.29
5-2-2-d C: ZA -1122.4290 1.14 A -1122.6250 0.59
Convergence failure A -1122.6361 0.29
5-3-1-d Ci ZA -1122.4317 1.07 A -1122.6279 0.51
A -1122.4203 1.38 A -1122.6345 0.33
5-3-2-d Ci ZA -1122.4233 1.30 A Converged failure
5-3-2-d Cs A -1122.4189 1.42 IA -1122.5704 2.08
5-3-2-d Cs AT 1.27 A Converged
-1122.4244 failure
5-3-4-d Ci ZA -1122.4111 1.63 A -1122.5778 1.88
A -1122.4003 1.92
5-4-1-d Cy ZA -1122.4542 0.46 A -1122.6393 0.20
A -1122.3621 2.96 A -1122.5602 2.36
5-4-2-d C: A -1122.4218 1.34 A Converged failure
‘A Converged failure
5-4-3-d C: ZA -1122.4033 1.84 A -1122.5600 2.36
A -1122.6248 0.60
5-4-4-d Ci A -1122.4052 1.79 A -1122.5826 1.74
A -1122.4000 1.93 A -1122.5775 1.88
5-4-5-d Cy ZA -1122.4036 1.83 A -1122.5903 1.54
5-5-1-d ZA -1122.4106 1.64
A -1122.4128 1.58
5-5-2-d Cy ZA -1122.4294 1.13 A -1122.6053 1.13
A -1122.6094 1.02
5-5-2-d ZA FormBX had a problem
5-5-4-d Cy ZA -1122.4225 1.32 A -1122.6238 0.62
A -1122.4248 1.26 A -1122.6296 0.47
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Table 85 (Table 83 cont.): Total energy (Er, au) and relative Energy (AE, eV) for neutral and anionic Ti4AuO1o

clusters at BPW91/6- 311+G (d). PG: Point group

Structure TisAuO1o TisAuO1y
PG State Er AE State Er AE

5-6-1-d Cs A -1122.4709 0.00 A -1122.6275 0.52

A 2.17 A
-1122.3912 FormBX had a problem

5-6-2-d C1 2\ -1122.3829 2.40 A -1122.5997 1.28
‘A -1122.3772 2.55 A -1122.5945 1.42

5-6-3-d Cs ZA” -1122.4301 1.11 A No lower point found

5-6-3-d C1 ‘A -1122.4200 1.39

5-6-4-d Ci ZA -1122.3983 1.98 A Convergence failure
‘A -1122.3752 2.60

5-7-1-d C: ZA -1122.4121 1.60 A Convergence failure
‘A -1122.4137 1.56

5-7-2-d Cs 2A Optimizes to 5-10-4d

5-7-4-d C1 ZA -1122.4080 1.71 A -1122.6094 1.02
‘A -1122.4109 1.64 A -1122.6205 0.71

5-8-2-d Cs A -1122.4009 1.91 IA -1122.5891 1.57

5-8-2-d C1 ‘A -1122.3906 2.19 A -1122.5871 1.62

5-9-1-d C1 A -1122.4289 1.14 A -1122.6074 1.07
‘A -1122.4179 1.44 A Converged failure

5-9-3-d C: A -1122.3829 2.40 A Converged failure
‘A -1122.3733 2.66

5-9-4-d No lower point found

5-9-5-d C1 A -1122.3836 2.38 A -1122.5710 2.06
‘A -1122.3783 2.52 A -1122.5659 2.20

5-10-1-d Ci ZA -1122.4281 1.17 A -1122.6151 0.86
A -1122.4348 0.98 A -1122.6345 0.33

5-10-1-d C1 ZA -1122.3995 1.94 A -1122.5923 1.48
‘A -1122.3827 2.40 A -1122.5756 1.93

5-10-3-d C1 ZA -1122.4024 1.86 A -1122.5906 1.53
‘A -1122.3972 2.00 A -1122.3972 6.79
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Table 86 (Table 83 cont.): Total energy (Er, au) and relative Energy (AE, eV) for neutral and anionic Ti4AuOjo
clusters at BPW91/6- 311+G (d). PG: Point group

Structure | PG TisAuO1o TisAuO10°
State Er AE State Er AE
5-10-4-d Cu A -1122.4317 1.07 A -1122.6279 0.51
‘A -1122.4203 1.38 A -1122.6349 0.32
5-10-5-d Cu A -1122.4124 1.59 A Converged failure
‘A -1122.4217  1.34
5-12-1-d | Cs 2N’ -1122.4308  1.09 A No lower point found
A Convergence failure
5-12-2-d C: 2By -1122.3921 2.15 A, -1122.5830 1.73
No lower point found 3By -1122.5237 3.35
5-12-2-d | Ci ZA No lower point found
5-12-3-d 2N No lower point found
5-13-2-d C1 ZA Convergence failure
5-16-d C1 7\ -1122.4141 1.55 A -1122.5959 1.38
‘A -1122.4064 1.76 A -1122.5903 1.54
5-17-d Cs A (1) -1122.4039 1.82
5-18-d C: ZA -1122.4376 0.91 A -1122.6358 0.30
‘A -1122.4418 0.79 SA -1122.6467 0.00
5-19-d C1 ZA -1122.3914 2.16 A Converged failure
‘A -1122.3917 2.16
5-21-d C: ZA -1122.4288 1.15 A -1122.6234 0.64
‘A -1122.4311 1.08 A -1122.6361 0.29
5-22-d C: ZA -1122.3231 A -1122.5829
‘A Convergence failure A FormBX had a problem
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Table 87: VEDE for Ti4sAuO1¢ clusters at BPW91/6-311+G (d)

Structure PG State VED | Structure PG State VEDE
E
5-2-2-d Ci; °A—2A 578 | 5-10-1-d C; °3A—?A 581
SA—%A 567 SA—%A 566
5-3-1-d C:; °3A—°%A 581 5-18-d C: A—>°A 556
A %A 5.66 5-18-d C: 3A—>2A 575
5-4-1-d C; 'A—%A 536 SA—4A 570
5-5-4-d C; S3A—2%A 579 5-21-d C: 3A-%A 579
SA—*A 575 SA >*A 5.66

Table 88: AEDE for TisAuOj¢ clusters at BPW91/6-311+G (d)

Cluster PG States AEDE Cluster PG States AED Cluster PG  States AED
E E

5-1-1-d Cs A—>°A° 521 54-1-d Ci1 'A—?A 504 | 57-4d C; °3A—°A 548
5-1-2-d Ci1 'A—2A 484 SA—%A 539 SA—%A 570
5-2-3-d Cs !'A'-2A° 519 54-3-d Ci1 'A—>2A 426 | 582-d Cs 'A—2A° 512
SA'—A" 652 5-4-4-d Ci1 'A—2A 483 | 59-1-d C; 'A—>’A 486

5-2-2-d Ci1 A-%A 5.33 SA—*A 483 | 59-5d C; °3A—-’A 510
5-3-1-d Ci1 A-%A 5.34 545-d C; 'A—?A 508 SA—*A 511
2A—*A 583 5-5-2-d Ci1 'A—2A 479 | 5-10-1-d Ci S3A—°A  5.09

5-3-2-d Cs 'AD2A 412 5-18-d C: 'A—-?A 539 SA—*A 543
5-3-4-d Ci !A-2A 454 SA—*A 557 | 5-12-2-d Cox Ag—2?Bg 5.19
5-16-d C: 2A-A 495 5-18-d C: 'A—>%A 548 | 521-d Ci1 °A—2A 529
SA—%A 5.00 5-6-1-d SA—YA 6.04 SA—%A 558

5-6-2-d Cs AD2AT 426
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Figure 98: Structures of the TisAuOo clusters. Structure name, point group and state are displayed bellow each structure.
The Ti, O and Au atoms are indicated by gray, red and yellow spheres respectively.
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Figure 99 (Figure 98 cont.): Structures of the Ti4AuQ clusters. Structure name, point group and state are displayed bellow each structure.
The Ti, O and Au atoms are indicated by gray, red and yellow spheres respectively.
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5 Cluster sizen=6

5.1 TieO12
Table 89: Total energy (Er, a.u.), relative Energy (AE, eV), AEDE for neutral and anionic TisO1> clusters
at BPW91/6- 311+G (d). PG: Point group

Structure | PG TigO12 TigO12"
State Et AE State Et AE | AEDE
6-1-u C. | A -1254.3995 0.00 A -1254.5146 0.00 | 3.13
6-2-u C: | 'A -1254.3754 0.66 2\ -12545061 0.23 | 3.56
6-3-u | Ca | A1 -1254.3711 077 | 2A; -1254.4961 0.50 | 3.40
6-4-u Co | A1 -12543790 056 | %A1 -1254.4763 1.04 | 2.65
6-5-u Cs | A" -1254.3775 0.6 2N -1254.4906 0.65 | 3.08
6-6-u Co | *A1  -12543515 1.31 | °B; -1254.4574 156 | 2.88
6-7-u | Cav | A1 -1254.3495 136 | 2B, -1254.4600 1.49 | 3.01

. [} ) ° ® 3 J j | ) 9 @ - D J ?
.‘Q"' }j 0 %'9 ° ‘3 " .} ' $ " .% 3 @ .\), .,Jl %i._.y. :b :. :.
.'W@J ° ‘“‘3 9 .i’ '). ] 3,.,J ) b g“: 0443 J‘.J._.J
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Co: 1A 2A Ci: 1A 2A Co:lAL?A1 Cov:*Al%AL Cs: A A Cov:'A1%B1  Cav:'AL%B:

Figure 100: Structures of the TisO12 clusters. Structure name, point group and state are displayed bellow each structure.
The Ti and O atoms are indicated by gray and red spheres respectively.
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5.2 TisAgO12
Table 90: Total energy (Er, a.u.) and relative Energy (AE, eV) for neutral and anionic TisAgO1. clusters at BPW91/6- 311+G (d).

Structure PG TisAgO1. TisAgO1
State Er AE State Er AE
6-1-1-d C1 ZA -1342.7391 1.57 A -1342.9289 1.14
‘A -1342.7378 1.61 A -1342.9365 0.94
6-1-2-d C: ZA -1342.7968 0.00 A -1342.9709 0.00
‘A -1342.7124 2.30 A -1342.9117 161
6-1-3-d C: A -1342.7045 2.51 A -1342.8881 2.25
‘A -1342.7060 2.47 SA -1342.9121 1.60
6-2-1-d Ci A -1342.7248 1.96 A -1342.9366 0.93
AN -1342.7242 1.97 3A -1342.9335 1.02
6-2-3-d C: A -1342.6985 2.67 A -1342.8946 2.07
‘A -1342.6961 2.74 A -1342.8892 2.22
6-2-2-d o] ZA -1342.6935 2.81 A -1342.8818 2.42
‘A -1342.6918 2.86 A -1342.9146 1.53
6-2-4-d o] ZA -1342.7125 2.29 A -1342.8976 1.99
‘A -1342.7127 2.29 A -1342.8965 2.02
6-2-5-d C: A -1342.7011 2.60 A -1342.8517 3.24
‘A -1342.6953 2.76 A FormBX had a problem
6-2-6-d Ci A -1342.6905 2.89 A -1342.8691 2.77
‘A -1342.6879 2.96 A -1342.8925 2.13
6-3-1-d C: A -1342.7328 1.74 A -1342.9217 1.34
‘A -1342.7336 1.72 A -1342.9304 1.10
6-3-2-d Cs A -1342.6936 2.81 IA -1342.8289 3.86
A -1342.6946 2.78 A -1342.8579 3.07
6-4-2-d o] ZA -1342.7224 2.03 A -1342.9257 1.23
‘A -1342.7200 2.09 A -1342.9256 1.23
6-4-1-d Cs 2N -1342.7241 1.98 A -1342.8926 2.13
6-4-1-d C1 ‘A -1342.7180 2.15 A -1342.9135 1.56
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Table 91 (Table 90 cont.): Total energy (Ert, au) and relative energy (AE, eV)) for neutral and anionic TisAgOi»
clusters at BPW91/6- 311+G (d).

Structure | PG TisAgO12 TisAgO1
State Er AE State Er AE
6-5-1-d C1 ZA -1342.7343 1.70 A -1342.9235 1.29
AA -1342.7355 1.67 A -1342.9311 1.08
6-5-2-d Cs 2N -1342.7300 1.82 A -1342.9089 1.69
“A -1342.7289 1.85 IA (1) -1342.9088 1.69
A" -1342.9158 1.50
6-5-3-d | Cs A -1342.7308 1.80 A No lower point found
AN -1342.7316 1.77
6-5-4-d | Ci A -1342.6989 2.66 A Optimizes to 6-4-1-d
‘A -1342.7012 2.60
6-6-1-d | Cs ZA -1342.7036 2.53 A No lower point found
AN -1342.6916 2.86
6-6-2-d C1 ZA -1342.6981 2.69 A -1342.9026 1.86
‘A SCF convergence problem 3A -1342.8960 2.04
6-5-4-d | Ci A -1342.6989 2.66 A Optimizes to 6-4-1-d
AN -1342.7012 2.60
6-7-3-d | Cs 2N’ -1342.6461 4.10 A Break of symmetry
‘A -1342.6617 3.67
6-7-1-d C1 ZA -1342.7097 2.37 A -1342.8954 2.05
AN -1342.7036 2.53 3A -1342.8930 2.12
6-7-2-d | Caoy | 2B1(1) -1342.6426 4.19
A, -1342.6447 4.14
6-7-2-d C1 A -1342.8311 3.8
6-7-4-d 2A No lower point found

163



Table 92: VEDE (eV) for TisAuO1, clusters at BPW91/6-311+G (d)
Cluster PG  State VEDE
6-1-2-d C; A—?2A 5.27

Table 93: AEDE (eV) for TisAuO12” clusters at BPW91/6-311+G (d)

Structure PG  State AEDE Structure PG  State AEDE | Structure PG State AEDE
6-1-1-d C; Z2A-'A 5.16 6-2-1-d Ci ZA-IA 5.76 6-2-5-d C: 2A-'A 410
AA-SA 5.41 AA-SA 5.69 6-3-1-d C: °A-*A 514
6-1-2-d C; Z2A-A 4.74 6-2-3-d Cy ZA-IA 5.34 ‘AA 535
A-SA 5.42 AA-SA 5.25 6-4-2-d C: 2A-'A 553
6-1-3-d Ci; 2A-'A 4.99 6-2-2-d Ci ZA-TA 5.12 ‘A-3A 559
A-SA 5.61 AA-SA 6.06 6-5-1-d C: °A-'A 515
6-2-1-d C; Z2A-A 4.86 6-2-4-d Cy ZA-IA 5.04 ‘ASA 532
AA-SA 5.57 AASA 5.00
e @, . e 9 i
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Figure 101: Structures of the TisAgO: clusters. Structure name, point group and state are displayed bellow each
structure. The Ti, O and Ag atoms are indicated by gray, red and blue spheres respectively.
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Figure 102 (Figure 101 cont.): Structures of the TisAgO:» clusters. Structure name, point group and state are displayed
bellow each structure. The Ti, O and Ag atoms are indicated by gray, red and blue spheres respectively.

5.3 TisAUOlz
Table 94: Total energy (Er, a.u.) and relative Energy (AE, eV) for neutral and anionic TisAgO» clusters
at BPW91/6- 311+G (d). PG: Point group
Structure | PG TisAgO12 TisAgO1y

State Er AE State Er AE

6-1-1-d C: A -1331.5361 1.30 A -1331.7225 1.09

‘A -1331.5312 1.43 A -1331.7275 0.95

6-1-2-d C: A -1331.5839 0.00 A -1331.7625 0.00

‘A -1331.5092 2.03 A -1331.6957 1.82

6-1-3-d C: A -1331.5280 1.52 A -1331.7078 1.49

‘A -1331.5227 1.67 A -1331.7339 0.78

6-2-1-d C: A -1331.5226 1.67 A -1331.7313 0.85

‘A Convergence failure A -1331.7250 1.02

6-2-2-d C: A -1331.5265 1.56 A -1331.6855 2.10

‘A -1331.4892 2.58 A -1331.7168 1.24

6-2-3-d C: A -1331.4955 241 A -1331.6897 1.98

‘A -1331.4829 2.75 A FormBX had a problem
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Table 95 (Table 94 cont.): Total energy (Er, au) and relative energy (AE, eV) for neutral and anionic
TisAgO1 clusters at BPW91/6- 311+G (d). PG: Point group

Structure PG TisAgO12 TisAgO1
State Er AE State Er AE
6-2-4-d Cy ZA -1331.5104 2.00 A -1331.7137 1.33
‘A -1331.5011 2.25 A -1331.7151 1.29
6-2-5-d Ci A -1331.5071 2.09 A Convergence failure
‘A -1331.5132 1.92
6-2-6-d Cy A -1331.4948 2.42 A -1331.7191 1.18
‘A -1331.4951 2.42 A -1331.7250 1.02
6-3-1-d Ci ZA -1331.5216 1.70 A -1331.7088 1.46
‘A -1331.5241 1.63 A -1331.7152 1.29
6-3-2-d Ci A -1331.4919 2.50 A Convergence failure
‘A -1331.4988 2.32
6-4-1-d Cs A -1331.5213 1.70 A Convergence failure
6-4-1-d Cy A -1331.5265 1.56 A -1331.7091 1.46
‘A -1331.5310 144 A FormBX had a problem
6-4-2-d Ci A -1331.5207 1.72 A -1331.7264 0.98
‘A -1331.5141 1.90 A -1331.7200 1.16
6-5-1-d Ci A -1331.5188 1.77 A -1331.7076 1.50
‘A -1331.5213 1.70 A -1331.7118 1.38
6-5-2-d Cy A -1331.5226 1.67 A -1331.7022 1.64
‘A -1331.5136 191 A -1331.6943 1.86
6-5-3-d Cs A -1331.5169 1.82 A Break of symmetry
AT -1331.5171 1.82
6-7-1-d Cs A -1331.5095 2.02 A -1331.6956 1.82
‘A -1331.4982 2.33 A -1331.7027 1.63
6-7-2-d A Break of symmetry
6-7-4-d A No lower point found
6-9-d C: ZA -1331.5106 1.99 A Convergence failure
‘A -1331.5005 2.27
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Table 96: New structures of TisAuOi»

Doped Undoped Doped
Structure Structure Position
6-9-d 6-7-u 3

Table 97: VEDE (eV) for TisAuO), clusters at BPW91/6-311+G (d)
Cluster PG State VEDE
6-1-2-d C: A2A 5.26

Table 98: AEDE (eV) for TisAuOi» clusters at BPW91/6-311+G (d). PG: Point group

Structure PG State AED Struc- PG State AEDE | Structure PG  State AED
E ture E
6-1-1-d C1 'A—?A 507 | 6-2-6-d Ci: °A—*A 6.26 |6-4-2-d C: 'A-%A 560
SA—*A 534 | 6-2-3-d Ci1 'A—-2A 5.29 SA—*A  5.60
6-1-2-d Ci 'A—2A 4.86 SA—*A 551 |6-5-1-d C: 'A-%A 5.14
SA—*A 507 | 6-2-4-d Ci; 'A—2A 557 SA—*A 5.18
6-1-3-d C: 'A—2A 4.89 SA—*A 565 |6-5-2-d C: A-%A 489
SA—*A 575 | 6-3-1-d Ci1 'A—2A 5.09 SA—3A 4.92
6-2-6-d C1 'A—?A 6.10 SA—*A 520

167



5 e LN . e
V80 L, o WSS 354 e TRt
' o D 2 R § B & *' J-o 9% -9
‘e Ofe *3V 3 ° sug "¢t : -~ Al " “o% o
6-1-1-d 6-1-2-d 6-1-3-d 6-2-6-d 6-2-1-d 6-2-2-d
Cu?AAMASA  Cu’AfAMASA Cu?AfAMASA  c2psaiasA Cu?AACA Ci: 2A
2 e o @ @ ® o , 9 ©
ol ® L 2N f ¢ (ige Yoo 0. J ? o g™ ﬁ.. .a.
6-2-2-d 6-2-4-d 6-2-3-d 6-2-5-d 6-3-1-d 6-3-2-d
C1:2A *AASA  Cui2A, 4A IA A Ci: 2AA A Ci: 2A A C1: 2AAA BA Ci: 2A A
F] @ . > g
4 a0 " e 4 | -
o & %0 u; ¢,4 ‘ e uqn; . -43 '9,. > o
e ] .-I ‘!‘.' J 7 Syt
o’ o’e @ o3 @
6-4-2-d 6-4-1-d 6-4-1-d 6-4-1-d 6-4-1-d 6-5-1-d
Cui: 2A A LA BA Cs: 2A Ci: %A Ci*A Ci A C1: 2A A A BA
T --;"- .?- e o ® -0 09 i
: \‘ - -5 @ D - @ ’ 9 o @
6-5-2-d 6-5-3-d 6-7-1-d 6-9-d
C1: 2A%A A BA Cs: 2A7 AAT Cs:2A C1: 2AA
Ci*AlARA

Figure 103: Structures of the TisAuO:» clusters. Structure name, point group and state are displayed bellow each structure. The Ti,
O and Au atoms are indicated by gray, red and yellow spheres respectively.
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6 WATER INTERACTION
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Figure 104: Points of attachment for the water interaction. Atoms were labelled using Gaussview program [24]. The Ti, O, Ag and
Au atoms are indicated by gray, red, blue and yellow spheres respectively.
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Figure 105: Interaction of one water molecule and lowest energy Ag doped (TiO2), (n= 2 - 6) clusters. Type of interaction A: Molecular
adsorption; B: Dissociative adsorption; and C: H-Bonding. Point of interaction and E;, are below each structure.
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1Ti: A (-0.91) 3Ti: A (-1.35) 4Ti: A (-1.40) 5Ti: A(-0.38)
Figure 106 (Figure 105 cont.): Interaction of one water molecule and lowest energy Ag-doped (TiO2), (n= 2 - 6)
clusters. Type of interaction A: Molecular adsorption; B: Dissociative adsorption; and C: H-Bonding. Point of
interaction and E, are below each structure.

6.2 (Tin-1AuOz2n) (H20)

2-11-d
J
5AU: A (-1.26)  6Ti: A (1.04)
3-8-d

9Au: B (-0.79) 7Ti: B (-1.43) 8Ti: A (-0.82)

Figure 107: Interaction of one water molecule and lowest energy Au-doped (TiO), (n= 2 - 6) clusters. Type of
interaction A: Molecular adsorption; B: Dissociative adsorption; and C: H-Bonding. Point of interaction and Ey, are below
each structure.
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Figure 108 (Figure 107 cont.): Interaction of one water molecule and lowest energy Au - doped (TiO2), (n= 2 - 6) clusters. Type of

interaction A: Molecular adsorption; B: Dissociative adsorption; and C: H-Bonding. Point of interaction and Ey, are below each
structure.-
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7 ELECTRON AFFINITY

Table 99: Electron affinity (eV) of undoped, Ag and Au doped (TiO»), clusters at BPWO91 level

n | Clusters | AEA VEA
Undoped (TiO2)n
2 2-1-U (Con:tAq) <2-1-u (Can : 2Ag) 1.69 1.51
3 3-1-u (Cs:tA) <> 3-1-u (Cs:2A) 2.77 2.45
4 4-1-u (Cav:*A1) & 4-2-u (Cay : ?Ay) 2.96 2.78
5 5-1-u (Cs:1A) > 5-3-u (C1: 2A) 2.84 2.20
6 6-1-u (C2:*A) < 6-1-u (C1:%A) 3.13 2.70
Ag doped (TiO2)n
2 2-4-1-B-d (Cav:?Az ) 2-4-1-B-d (Cov:* A1) 2.70 1.91
3 3-8-d (C1:%A) < 3-1-1-d (C2v: °B2) 3.94 2.81
4 4-21-d (C1:?A) > 4-9-1-d (Cs :2A") 4.56 2.93
5 5-4-1-d (C1: 2A) « 5-4-1-d (C1: tA) 4.83 4.43
6 6-1-2-d (C1: ?A) « 6-1-2-d (C1 : 1A) 4.74 3.96
Au doped (TiO2)n
2 2-11-d (C1: ?A) < 2-11-d (C1: 1A) 2.99 2.83
3 3-8-d (C1: 2A) < 3-1-1-d (Cay :°By) 4.04 2.77
4 4-13-d (C1:°A ) < 4-13-d (C1:°A) 5.34 4.26
5 5-6-1-d (Cs: 2A”) <> 5-18-d (C1: 3A) 4.78 3.27
6 6-1-2-d (C1 : ?A) « 6-1-2-d (C1 : *A) 4.86 3.96

8 EXCITATION ENERGY AND HL GAP

Table 100: Excitation energy (E, eV) and HOMO — LUMO (HL) gap
(eV) for neutral Ag doped (TiO2)n clusters

n Structure E HL gap (o) HL gap
(8]
2 2-4-1-B-d 0.71 2.01
(Cavi?A2) 0.71
3 3-8-d (C1: 2A) 0.81 3.02 0.87
4 4-21-d (C1: 2A) -- 1.50 0.03
5 5-4-1-d (C1:°A)  0.74 2.83 0.38
6 6-1-2-d (C1:°A)  0.31 2.37 0.30
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Table 101: Excitation energy (E, eV) and HOMO — LUMO (HL)
gap (eV) for anionic Ag doped (TiO»), clusters

n Structure E HLgap HLgap

2 | 2-4-1-B-d (C»: 'A1) 037 0.33°

3 3-1-1-d (C: °B) 025 3.35° 0.27°

4| 4-9-1d(Cs:%A) 015 3.59° 0.14°
5

6

a:

5-4-1-d (C1:1A) 202 2.01°
6-1-2-d (C1:1A) 221 218
HL gap (a); b: HL gap (B); and c: HL gap (af);

Table 102: Excitation energy (E, eV) and HOMO — LUMO (HL) gap (eV)
for neutral Au doped (TiO2)x clusters

n Structure E HL gap (o) HL gap
()

2 2-11-d(Cu%A) 1.28 1.96 1.36

3  38-d(Css?A) 081 2.42 0.90

4 4-13-d (C1:?A) 043 3.65 0.30

5 5-6-1-d (Cs:2A)  0.63 2.69 0.60

6 6-1-2-d (C1i:2A)  0.24 2.18 0.14

Table 103: Excitation energy (E) and HOMO — LUMO (HL) gap (eV) for
anionic Au doped (TiO2), clusters

Structure E HLgap HLgap
2-11-d (C1: *A)  0.67 0.19°
3-1-1-d (Ca: °Bp)  0.14  3.27° 0.16°
4-13-d (C1:3A) 0.13 3.242 0.11°
5-18-d (C1:°A) 0.14 3.26% 0.14°
6-1-2-d (C1:!A) 221 2.09°
a: HL gap (a); b: HL gap (B); and c: HL gap (ap);

o Ol WNS
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