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DENSITY FUNCTIONAL STUDIES ON STRUCTURAL AND
ELECTRONIC PROPERTIES OF BARE AND SUPPORTED

GOLD NANOCLUSTERS

ABSTRACT

The goal of the present thesis is to investigate the structure, stability and reactivity of
small gold nanoclusters both in the gas phase and on metal oxide supports by using
density functional methods. The structure and stability of several isomeric cationic,
neutral and anionic Au, (n = 2-13) clusters have been determined by performing
calculations based on all electron scalar relativistic density functional theory (DFT).
The reactivity at different sites within these clusters has been studied by using DFT
based local reactivity descriptors. These studies enable us to predict the response of
various sites within the cluster towards impending nucleophilic and electrophilic
attacks. These predictions for the highly stable triangular Aug cluster in cationic,
neutral and anionic forms, have been verified by using CO as a probe molecule. We
have also explored O, adsorption and co-adsorption of CO and O; on these clusters
which serve as a first step towards CO oxidation. CO adsorption has also been
studied on the gold monomer in various oxidation states in the gas phase and on a
metal oxide support, namely, faujasite zeolite. This investigation enables us to
examine the roles of the support and oxidation state of gold on CO adsorption. The
process of reverse hydrogen spillover from bridging OH groups of the faujasite
zeolite to gold monomer and Aug cluster has been studied. In addition, we
demonstrate the applicability of a Natural Transition Orbital (NTO)-Fragment
Molecular Orbital (FMO) method to analyze optical spectra of interacting systems
by performing time-dependent density functional theory (TDDFT) calculations on
coinage metal dimers M, (M = Cu, Ag, Au) adsorbed at regular sites as well as
neutral and charged oxygen vacancies of the MgO(001) surface. The contents of the

thesis have been organized as follows.
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Chapter 1 gives a brief introduction to metal clusters. The chapter emphasizes the
fact that their properties are significantly different from bulk materials as well as
single atoms. It describes important properties of metal clusters like very high
surface-to-volume ratio, shell structure, size sensitivity etc. along with some
applications related to such properties. Next we dwell on transition metal clusters
including coinage metals. We discuss the significance of unfilled d shells which
opens up the possibility of tuning their electronic structure and hence their
properties. An overview of experimental methods for production of metal
nanoclusters is also provided. We also present a brief discussion on properties of
gold nanoclusters. Thus special properties like aurophilicity and very strong
relativistic effects which bestow them an identity different from other coinage
metals are highlighted. The presence of several oxidation states in gold nanoclusters
is also discussed. We present applications of gold nanoclusters in various fields
including the burgeoning area of heterogeneous catalysis. This introductory chapter
also includes a brief account of theoretical studies on gas phase and supported gold

nanoclusters. Finally we present the objectives of the present investigation.

Chapter 2 highlights the growing importance of theoretical methods in material
science and gives a brief account of electronic structure methods including density
functional theory (DFT). The fundamentals of DFT are discussed. We describe
different kinds of basis sets and exchange correlation functionals used in DFT. We
also discuss the hybrid Quantum Mechanics (QM)/Molecular Mechanics (MM)
method used for the treatment of large systems. In addition, the basic formalism of

TDDFT used for describing electronic excitations, is presented.

Chapter 3 describes all electron scalar relativistic calculations that have been
performed to investigate the electronic structures of neutral gold clusters (Au,, n =
2-13) in the gas phase using density functional theory with the generalized gradient
approximation. Full unconstrained geometry optimizations of topologically different
clusters and clusters belonging to different symmetry groups have been carried out
by using the program DMol’. We have used the double numerical basis set with
polarization (DNP) in combination with the exchange-correlation functional BLYP

for our calculations. Binding energies, ionization potentials, electron affinities and



Abstract ii

chemical hardness values are calculated and they are found to be comparable with
the available experimental and theoretical results. The most stable structure of each
cluster has a two dimensional planar configuration. A three dimensional distorted Y
shaped structure for Auy, a tri-capped triangle, a chair, and a see-saw structure for
Aug, an eclipsed sandwich structure for Au;, a condensed trigonal bipyramid and a
boat shaped structure for Aug, a staggered sandwich and an eclipsed sandwich
structure for Auy;, a ladderane structure for Auy;, and a staggered and a distorted
sandwich structure for Au; have been characterized for the first time in this work.
The study is further extended to include several isomers of singly charged cationic
and anionic clusters in the same size range. Their structural and electronic properties

are investigated.

In Chapter 4, reactivity studies elucidating the response of various sites of the
minimum energy cationic, neutral and anionic Auy(n = 2-13) clusters towards
impending electrophilic and nucleophilic attacks has been determined using DFT

based local reactivity descriptors, namely, Fukui function for nucleophilic attack

f " Fukui function for electrophilic attack [, relative nucleophilicity f~/ f* and

relative electrophilicity f*/f~. Based on these parameters different types of

unique atoms have been identified for each cluster. In addition, reactivity
parameters at different sites of the isomers of Aug cluster in neutral, cationic and
anionic states have been determined. From the relative reactivity indices it is
predicted that in case of the minimum energy triangular Aug cluster, the apex atom is
prone to attack by a nucleophile like CO, while an electrophile like O, prefers the

mid site.

Chapter S reports the interaction of adsorbates with gas phase gold nanoclusters and
faujasite (FAU) zeolite supported gold monomers. The adsorption of the
nucleophilic molecule CO and the electrophilic molecule O, on the neutral, cationic
and anionic triangular Aug cluster has been investigated in order to verify predictions
regarding the reactivity of various sites of these clusters obtained from DFT based
reactivity descriptors. Adsorption of CO has been studied in the “on-top” mode at
two sites, namely, the vertex of the outer triangle, which we designate as the apex

site, and the vertex of the inner triangle, which we designate as the mid site. It is
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observed that irrespective of the charge state of the cluster, adsorption of CO is
stronger at the apex site. Adsorption of O, has been investigated at three sites, the
apex site, the mid site and a bridge site in between the apex and the mid sites. It is
found that O, prefers the mid site for adsorption. CO adsorbs more strongly on the
cationic cluster compared to the neutral and anionic clusters. The co-adsorption of
CO and O, on these clusters has also been studied with one of the reactants at the
apex site and the other at the mid or bridge site. For the most stable co-adsorption
complex, CO adsorbs at the apex site and O, at the bridge site in agreement with
Fukui function values.

In order to understand the influence of a metal oxide support on the
adsorption properties of CO, at first we investigate the gas phase adsorption of CO
on the gold monomer in three oxidation states, 0, +1 and +3. Then the calculations
are repeated with the gold atom anchored to an acidic form of faujasite zeolite. The
support is represented by a 9T (T = tetrahedral unit of zeolite) cluster containing the
six-member ring and three other Si atoms of the wall of the supercage of faujasite
structure. For a more realistic representation of the support, we extend our study to
an embedded cluster method where the zeolite support is modelled by a 60T cluster.
The calculations have been performed by using the two layered ONIOM (Our-own-
N-layered Integrated molecular Orbital + molecular Mechanics) method, as
implemented in the program package Gaussian 03. An analysis of our results reveal
that increasing the size of the support leads to a significant improvement in the CO

adsorption energy in case of Au’ (1.34 eV compared to 1.15 eV for the 9T cluster).

Chapter 6 discusses the phenomenon of reverse hydrogen spillover of acidic
protons from H-FAU zeolite to AuO, Au' and Aug clusters. Structure and energetics
of these supported clusters have also been studied. The zeolite support has been
modelled by the same 9T cluster mentioned above. The results of our study reveal
that the binding of the gold monomer to the zeolite support is stronger in the
oxidation state +1 than in the oxidation state 0. In the gas phase Aug minimizes to a
triangular structure while on zeolite support it has a three dimensional structure with
three apical centers bending towards the support. In all cases, except for Au"H/H-
FAU cluster, the hydrogenated clusters Au,H/2H-FAU, Au,H,/H-FAU and
AuH3/FAU generated by stepwise reverse hydrogen spillover from bridging OH
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groups of zeolite are energetically preferred over the Auy/3H-FAU structures.
Reverse hydrogen spillover of all the three acidic protons from the zeolite to the Au

monomer is not energetically favourable.

Chapter 7 illustrates the advantages of a strategy for interpreting optical spectra of
interacting systems on the basis of linear-response time-dependent density functional
theory (TDDFT) calculations. We apply it to assign and characterize optical
transitions of coinage metal dimers M, (M = Cu, Ag, Au) adsorbed at ideal oxygen
sites of MgO(001) as well as at oxygen vacancies, Fs and F;". The method is based
on a combined natural transition orbitals (NTO) and fragment molecular orbital
(FMO) analysis. The TDDFT calculations have been carried out at the generalized-
gradient level on structures that had been obtained with cluster models embedded in
an elastic polarizable environment. The combined NTO and FMO results allow us

to analyze the spectra both qualitatively and quantitatively.

Chapter 8 summarizes the salient features emerging out of the present thesis and

enunciates scope of future development in this direction.

In Appendix A, structures of minimum energy cationic and anionic gold clusters

along with their Fukui functions are presented.
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CHAPTER 1

Introduction

In the famous talk titled “There’s plenty of room at the bottom” delivered in
December, 1959, at the California Institute of Technology, Richard Feynman

remarked

I can hardly doubt that when we have some control of the
arrangements of things on a small scale we will get an enormously
greater range of possible properties that substances can have and, of

different things that we can do.

Feynman’s anticipation proved right when it was discovered only a few years later
that assemblies of two to thousands of atoms exhibit properties that are completely
different from what is known from solid state aggregates on one hand and single
atoms on the other, and that the properties can be tailored by changing the size of the

system atom by atom.

1.1 Metal Clusters

The term “cluster” was coined by F. A. Cotton in early 1960s. Metal clusters
are aggregates of metal atoms which are linked by metal-metal bonds. In addition,
ligands can also be present. The number of atoms in a cluster range from two to
several hundreds of thousands. They constitute an intermediate form of matter
where molecular properties begin to vanish whereas the features of a bulk metal are
not yet established. Thus clusters form a sort of bridge between the atomic and bulk
size regimes. One important characteristic of clusters is that it is possible to modify

their physical and chemical properties by changing the size of the system, one atom
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at a time, thus facilitating the design of materials for specific applications. This
makes the study of clusters particularly interesting.

Clusters can be classified into homogeneous and heterogeneous depending
upon whether they are composed of atoms or molecules of one kind or more than
one kind. Whereas bulk solids possess overlapping energy bands, clusters exhibit

discrete electronic energy levels as shown in Figure 1.1. This enables the tailoring of

Bulk Metal Large Metal Small Metal
Cluster Cluster

Unoccupied

States EB—————

Size. ..

Occupied
States

Figure 1.1 Energy levels of metals changing from continuous to discrete states on

going from bulk metal to large and small clusters.

electronic properties of the cluster by varying its size and charge state. Besides
electronic properties, chemical, thermal, mechanical, electrical, magnetic and optical
properties of clusters also show significant size dependence. Figure 1.2 shows the

different colours exhibited by gold nanoparticles with changing size.

Gold building blocks

Atoms, colouress, 1A
Gold clusters, orange, metallic.< lom

Gold nanoparticles, 3-30 nm, red, metallic, .

| @
Gold particles, 30-500 nm turbid,

crimson to blue ‘

Bulk gold film

Figure 1.2 Change of colour of gold nanoparticles with size.
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Metal nanoclusters have lower melting point compared to the corresponding bulk
material. The band gap of semiconductor clusters varies significantly with size.
Perhaps the most striking property of clusters is the very high surface-to-volume
ratio compared to bulk material. As particle size decreases, the ratio of surface
atoms to interior atoms increases. For example, a 38 atom cuboctahedral cluster has
32 surface atoms and 6 interior atoms, while a 13 atom icosahedral cluster has
twelve surface atoms and only one interior atom. These surface atoms have low co-
ordination and can serve as active sites. Clearly, cluster materials are chemically
more reactive than bulk materials.

The physical and chemical properties of metal clusters are determined by the
valence electron states which are not localized to single atoms but to the cluster as a
whole. The delocalized electrons occupy states in an effective potential just like
protons and neutrons in an atomic nuclei. Thus metal clusters exhibit electronic
shell structures with corresponding magic numbers. This shell structure gets
reflected in many size dependent properties like fragmentation energy, ionization
energy, electron affinity and polarizability. According to the electronic shell model,
the numbers which correspond to shell closings are called magic numbers. In case
of alkali metals which have one valence s electron and the coinage metals with
electronic configuration nd'’(n+1)s', clusters having magic number of atoms are
found to be exceptionally stable. Lithium clusters with having number of atoms 2,
8, 20, 34, 40, 58,....have been found to be highly stable.!

Much of the interest in clusters is fuelled by their many possible applications
and the related nanoscale technologies. Nanoclusters not only exhibit interesting
electronic and optical properties intrinsically associated with their low
dimensionality and the quantum confinement effect, but also represent the critical
components in potential nanoscale electronic’ and photonic device applications.’ &3
Mention may be made of the wide use of nanoclusters in optical data storage, as
fluorescent labels for biological studies and in improved sensors besides
heterogeneous catalysis. Due to their wide spread applications, both homogeneous

and heterogeneous metal clusters have been widely studied.®’

1.1.1 Variation of cluster properties with size

The physical and chemical properties of nanoclusters are found to exhibit
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profound size dependence. This facilitates the design of nanoclusters for various
applications by controlling their size. Properties like quantum confinement effect in
semiconductor nanoparticles, surface plasmon resonance in metal nanoparticles and

superparamagnetism in magnetic clusters are found to vary with size.

1) Cluster Stability
It is seen that clusters having an even number of valence electrons are more
stable than those with odd number of valence electrons. In Figure 1.3 we show the
mass spectrum of sodium clusters with N = 4-100. Large peaks are seen at N = §,

20, 10 and 58. Higher counting rate indicates greater abundance and hence higher

stability.
Illr'ﬁ'lT‘TlflT—Trl"lll[1["]"“'!"1""7!
20 1
[ (a)
i Na,,
2
E -
e | |
‘g -
8 8
i 40 ]
b= 58 -1
L
. . I . 1

Figure 1.3 Experimental Na cluster abundance spectrum. (taken from reference 66)

2) Ionization Potential

Ionization potential of metal clusters vary with cluster size. Figure 1.4 shows
the one-photon ionization mass spectra of silver nanoclusters upto a system size of
100. It is seen from the plot that ionization potential of silver clusters have an
oscillatory nature with the even numbered clusters having higher value of ionization
potential compared to the odd numbered ones. The ionization potential is
exceptionally high for the cluster sizes 18, 20, 34, 40, 48, 58 and 92. Higher value

of ionization potential indicates greater stability.
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Figure 1.4 lonization potential of silver clusters. (taken from reference 67)

3) Reactivity

It is seen that the reactivity of metal clusters depend on the size and charge
state of the cluster. Figure 1.5 shows the experimental plot of reactivity of gold
cluster anions Au, (n = 2-20) towards CO and O,. The plot shows odd-even
oscillation in reactivity. Molecular oxygen adsorbs more strongly on clusters having
even number of gold atoms with the reactivity being highest for Aug™. In case of CO,
even-odd oscillations start at a cluster size of ten atoms. Gold clusters with odd
number of atoms react more strongly with CO than those with even number of

atoms.
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Figure 1.5 Variation in the reactivities of CO (squares) and O, (triangles) towards
gold cluster anions Au,” when a 20% reactant gas: He mixture is pumped into the

flow-tube reactor. (taken from reference 64).



Chapter 1 Introduction 6

4) Melting Temperature
Melting temperature of nanoclusters increases with cluster size. Figure 1.6
shows the variation of melting temperature of Au and CdS nanoclusters with size.
It is seen that for lower size of the cluster, upto about 10 nanometers, the melting
temperature increases rapidly with size while for larger nanoclusters the rise is

more gradual.
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Figure 1.6 Dependence of the melting temperature Ty, on the size of (a) gold and (b)

CdS nanoparticles (taken from reference 63).

1.2 Transition Metal Clusters

Transition metals contain unfilled d shells. The presence of unfilled d shells
gives rise to a large number of low-lying excited states due to the different
possibilities of arranging the electrons among the unfilled shells. The d electrons
give rise to directional bonds. If the d electrons retain their atomic character and
remain localized, the cluster will be magnetic. But increased s-d and d-d
hybridization will lead to a decrease in the magnetic moment. This immense
possibility of tuning the electronic structure and hence properties makes the study of

transition metal clusters particularly interesting.>® As the energy gap between the
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(n+1)s and nd levels is very small, electronic structure and chemical properties of
these clusters are determined by the interplay between s and d electrons. Among the
transition metals, clusters of coinage metals have been widely studied'™'' mainly
because of their industrial applications. These metals with their filled d shell and
singly occupied s shell [electronic structure nd'’(n+1)s’, with n = 3, 4 and 5 for Cu,
Ag and Au, respectively] can be regarded as a bridge between the “simple” s-only
alkali metals and the more complicated transition metals. Coinage metals may be
regarded as perturbed s'-electron systems with the (filled) d-shell influence
increasing from copper to gold. Gold exhibits properties very different from the

other two coinage metals, viz, copper and silver, mainly due to relativistic eftect.

1.3 Synthesis of metal clusters

There are two basic approaches for manufacturing metal clusters. The
“Bottom Up” approach builds the cluster by assembling individual atoms and
molecules. The other approach which is called “Top Down” reduces macroscopic
particles to nano size scale. This route is not well suited to preparing uniformly

shaped particles.'?

Bottom-up procedures are much better suited to generating
uniform particles, often of distinct size, shape and structure. Botton-up methods
start with atoms that aggregate in solution or even in the gas phase to form particles
of definite size, if appropriate experimental conditions are applied. We shall discuss

the bottom-up procedure in detail.

1.3.1 Gas Phase Synthesis

Figure 1.7 shows a schematic diagram of a cluster-beam generator. It
consists of a heating unit where metal targets are evaporated by simple heating, or
by laser irradiation. The flow of atoms then passes through several slits constructed
to focus the beam. Modern techniques use mass spectrometric units to separate
different particles according to mass, leading to fractions of very uniform particles.
The disadvantage of this method is the lack of a protecting skin for the clusters.
Bare metal clusters aggregate into polycrystalline powders due to thermodynamic
stability of the metal-metal bonds. Thus the particles lose individuality. A solution
to this problem is achieved by forming the particles on supports or by making the
particles react with ligands in solution.” The naked particles of a cluster beam react

with molecules covering their surface faster than they react with each other.
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Figure 1.7 Simplified sketch of a cluster beam generator on the basis of a generator

described in reference 65. (taken from reference 11)

1.3.2 Chemical Synthesis

The most common synthetic route to production of nanosized metal particles
is the reduction of positively charged metal atoms, either as pure ions or centres of
metal complexes in solution.”’ Solvents can vary from water to very nonpolar media
like hydrocarbons depending on the nature of the salt or the complex used. The
nature of the metal compound also determines the kind of reducing agent to be
applied. Common reducing agents are gaseous hydrogen, hydrilic compounds and
alcohol. The nano clusters have to be produced in the presence of molecules that
will cover the surface. This is the most crucial step in cluster formation. If the
ligands are already present before the reduction starts then formation of larger
clusters may be prevented by blocking cluster growth. On the other hand, if ligands
are added later, then it is difficult to determine when the cluster growth has to be
stopped. Thus it involves an interplay between generation of metallic precipitates on

one hand and formation of mono or oligonuclear complexes on the other. Other less
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frequently used methods for formation of metal nanoparticles include thermal
decomposition of organometallic compounds,' ligand reaction and displacement

from organometallics, photolysis and radiolysis.

1.4 Gold Nanoclusters

Gold is regarded as “the king of elements”. Few materials have exercised as
much of a hold on human history and civilization as has gold. About 75% of all
gold produced today is consumed in jewellery alone. Gold metal and gold alloys are
used in electrical and electronics industry for various applications including
electroplating. Gold surfaces are used for surface engineering. Gold nanoclusters
both in the gas phase and on supports serve as active sites for catalytic reactions.
Gold salts and gold complexes serve as homogeneous catalysts for organic reactions
and exhibit properties like luminescence, liquid crystalline or non-linear optical
behaviour. The ancient Romans were among the world’s first nanotechnologists.
They worked out how to make red glass using a process that converts gold metals
into particles 10 nanometers across. At this size gold glows ruby red. Medieval
artisans produced stained glass by mixing gold and silver in such a way so as to
result in tiny spheres which reflect sunlight producing a variety of colours. Michael
Faraday was the first to scientifically investigate gold colloid formation in the mid
nineteenth century. He reduced a solution of HAuCls with elemental phosphorus
resulting in the formation of ruby-red gold sols. It is now known that the reason for
this colour is the interaction of visible light with the surface electrons of gold
nanoparticles. In the following sections we describe some important properties of

gold nanoclusters.

1.4.1 Aurophilic Interactions

The term aurophilicity14 is used to describe various kinds of Au-Au
interactions within and between gold compounds. This term is derived from the
Latin word “Aurum” (gold) and the Greek word “Philos” (with an affinity for).
Such interactions are most evident among the formally closed-shell Au' centres
(with 5d'° valence electronic configuration). The Au-Au bond distances range from
2.7 t0 3.3 A. Such a phenomenon is also observed in polynuclear compounds where

the gold atoms seem to be drawn to each other, which results in Au-Au distances of
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around 3 A. These distances are shorter than the sum of two van der Waals radii
(3.7 A). “Aurophilicity” was proposed to express the specificity of the unexpected
attraction between two or more gold centres in compounds where the metals are
already chemically saturated according to conventional valence concepts. Gold
atoms interact with other gold atoms in neighboring molecules ignoring all other
potential donor or acceptor sites. A generalization of aurophilicity is
metallophilicity. Some strengths of interactions between pairs of gold atoms have
been measured by temperature dependent NMR spectroscopy and found to have
values in the range 29-46 kJ/mol which is comparable to that of a hydrogen bond,"
and is intermediate between ionic/covalent bonding and van der Waals interaction.
Experimental evidence for the existence of aurophilic contacts come from Raman
spectra and electronic absorption and emission spectroscopy. It is observed that
some Au-Au bonded species show intense photoluminescence in the UV/vis
region.'®!”  Aurophilic mechanism can coexist with covalent bonding, for example,
in the [{AuPH3}4]2+ model system.18 There are also evidences of the coexistence of
aurophilic interaction and hydrogen bonding.' Theoretical studies on such systems
led to the conclusion that the hydrogen bond loses strength and directionality in
order to retain the gold-gold interaction.”® It has been estimated that about 17% of
the cohesive energy of bulk gold, or 0.015 eV/Au-Au pair comes from aurophilic
interactions.”' Aurophilicity is attributed to electron correlation of the closed-shell
components, somewhat similar to van der Waals interactions, but much stronger.
Therefore it is sometimes referred to as “Super van der Waals interactions”." In
polynuclear compounds aurophilicity leads to clustering of gold atoms/cations at
virtually any donor site (halides, hydroxides, mercaptides, amines, phosphines,
methane, activated methyl etc.).”” Good theoretical explanation of aurophilic
interactions requires the inclusion of relativistic effects. Such interactions are absent

or negligible in gold(Ill) compounds.

1.4.2 Relativistic Effects

Relativistic effects occur due to the finite speed of light, i.e, due to the nonadditivity
of velocities. In light atoms relativistic effects are not significant as the velocities of
all the electrons are orders of magnitude smaller than ¢, the velocity of light. But the

situation changes drastically when we move over to heavy atoms. In such atoms the
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inner electrons which are very strongly attracted by the electrostatic field of the
nucleus, move very fast. For example in gold (Z = 79), electrons in the s orbital
move with a velocity which is 60% that of light. As a result the relativistic mass
increases by about 25% of the rest mass. The effective Bohr radius of the electron
from the nucleus decreases which leads to the contraction of the ls orbital and a
stabilization of the energy levels. As the s orbitals of higher principal quantum
numbers have to be orthogonal to the ls orbital, they suffer a concomitant
contraction. For elements in the mass range of gold, this effect is felt upto the 6s
orbital. The 2p orbital also undergoes a similar contraction as it also experiences
very strong electrostatic effects of the nucleus. Again following the orthogonality
argument, the outer p orbitals also contract. The contraction of the ls and 2p
orbitals leads to stronger screening of nuclear potential and hence the d and forbitals
are expanded and get destabilized. Expansion of the 5d orbital and contraction of
the 6s orbital lead to change in the corresponding energy levels and increases the
interaction between them. Thus due to relativistic effects, bonding interactions
requiring sd hybridization are enhanced. Relativity leads to stronger coupling
between each electron’s spin and orbital angular momentum than would be found for
lighter elements, thus necessitating j-j coupling, rather than L-S coupling to describe
multi electron systems in case of heavy elements. Relativistic effects scale roughly
as Z*. It is noteworthy that relativistic effect in gold is higher than in any other
element with Z<100. Figure 1.8 depicts the core contraction of the 6s orbital for
elements Cs to Fm shown as the ratio of average electron-nuclear distances obtained

from a relativistic <r >4, and non relativistic < r >, calculation. Very high

relativistic effects in gold lead to the differences in properties between gold and the
other coinage metals, most notably silver, though they belong to the same group in
the periodic table. It has been found that Au-Au contact in metallic gold is less than
Ag-Ag contact in metallic silver. Also Au(l) has been found to be smaller in size
compared to Ag(I).** Relativistic effects also account for the high electron affinity
of gold relative to silver and for the existence of aurides (eg, Cs"Au’) which are non-
metallic semiconductors.”® This is also the reason why the first ionization potential
of gold is much higher than silver (IP1 for Au 9.225 eV, IP1 for Ag 7.576 eV).2¢
The tighter binding of the s electron in case of gold leads to higher cohesion energy

of gold metal and higher melting point. The yellow color of gold is also attributed to
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Figure 1.8 The ratio of relativistic and non relativistic shell radii in the atomic

ground states of the elements 55-100.%

relativistic effects. The preference of gold clusters for two dimensional structures
upto large system size is also due to relativistic effect. Influence of relativistic effect
on calculated properties of some small molecules involving gold are presented in
Table 1.1. There are two ways of treating relativistic effects in quantum mechanical
calculations. The first, called scalar-relativistic methods, do not include spin-orbit

28,19 isa

interaction. The second, called Zero Order Regular Approximation (ZORA),
fully relativistic method that includes spin-orbit interaction. It should be noted that
improvements in the calculated properties due to the inclusion of spin-orbit
interaction in the Hamiltonian is only marginal, the major relativistic effects are

described at the scalar relativistic level.
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Table 1.1 Relativistic benchmark results on atomic gold, [AuH], [Auy] and Au(s).
(Taken from Reference 23)

System Property!®  Exp. R NR R-NR  Method
Au(atom)  IP[eV] 9.22554(2) 9.197 7.057 2.14  CCSD
EA[eV] 2.30863 2295 1283 1.012 CCSD
o 30(4) 36.06 CCSD(T)
Au’ o 12.75 CCSD(T)
AuH Re[pm] 152.4 1525 175 -22.5  AE CCSD(T)
1527 1747  -22.0 PP CCSD(T)
151.0 0.0 PP CCSD(T)
we[cm™] 2305 2288 1565 723 AE CCSD(T)
2306 1575 731 PP CCSD(T)
2330 61! PP CCSIX(T)
De[eV] 2.302(8)  2.92 1.79 1.13  AE CCSD(T)
3.124 2086 1.038 PP CCSD(T)
3.31 0.03! PP CCSD(T)
AE cp
Au, Re 2472 248.8 CCSD(T)
AE ¢cp
wefcm™] 191 187 CCSD(T)
AE ¢p
D.[eV] 2302(8)  2.19 CCSD(T)
2.23 0.06 PP CCSD(T)
Au(solid)  ag[pm] 408 407 429 22
Econ(eV) 3.81 3.96 3.03 0.93
Bo[Gpa] 173.2 182 108 74
Eunerbana[€V]  2.24 2.38 4 -1.62

50404

[a] Dipole polarizability, a in atomic units. Bond lengths R, in pm, vibrational frequencies
. in cm'l, and dissociation energies D, in eV. For solids, a, is the lattice parameter, E.y;, is
the cohesive energy and E yemang i the interband energy from the top of the 54 band to the

Fermi level. R= relativistic, NR= non relativistic. [b] SO contribution.

1.4.3 Oxidation States

The gold atom is known to support several oxidation states from -1 to +5 and
so it is chemically very rich. The most common oxidation states are +1 and +3,
while +5 has only been observed in fluoro gold compounds. The local co-ordination
in these three cases are in general linear (+1), quadratic planar (+3) and octahedral
(+5). That gold can exist in several oxidation states has been demonstrated both
experimentally and theoretically. For example, in (AuX3)?, X = Cl, Br, mass-

spectroscopic experiments in combination with theoretical calculations reveal that

T 4
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gold can have three oxidation states +1, +2 and +3 corresponding to the total charges
g of -1, 0 and +1, respectively.”’ For the Au?* atom, both monomeric open-shell
Au”" compounds as well as dimeric closed-shell compounds are known to exist.
There is one report of the existence of Au** compound by Puddephatt and Vittal.*®
Oxidation state 0 exists not only in solid gold and clusters but also in some
compounds. Also, there is evidence of the existence of the oxidation state -1, for
example, in cesium auride, Cs"Au”. The existence of several oxidation states in gold
is attributed to relativistic effect. Due to the very strong relativistic effect in gold

there is a high tendency for the 6s and 5d orbitals to hybridize, thus leading to a wide

range of oxidation states.

1.4.4 Applications of gold nanoclusters

The driving force behind fundamental research into nanoclusters is the
perceived and demonstrated properties that can be exploited into practical
applications. Below we describe some of the most common applications of gold

nanoclusters.

1) Homogeneous and Heterogeneous Catalysis

In the bulk state gold is chemically inert and so it was believed to be
unimportant in catalysis. However, the pioneering work of Haruta’'*? demonstrated
the exceptionally high reactivity and/or selectivity of ultrafine gold particles (2nm <
diameter < Snm) supported on certain metal oxides like MgO, Al,O;, TiO; etc.
towards combustion of CO and saturated hydrocarbons. He found that gold
nanoparticles could be used to convert toxic CO to the benign CO, at room
temperature and at temperatures as low as -70 ° C. Around the same time it was
demonstrated that gold could be an extraordinarily good catalyst for the
hydrochlorination of acetylene to vinyl chloride. Today supported gold clusters are
used in reactions like NO reduction, N,O decomposition, water-gas shift reaction,
partial oxidation of hydrocarbons, hydrogenation of carbon oxides, unsaturated
carbonyl compounds, alkynes and alkadienes. Most of these reactions occur with
higher degrees of selectivity over gold catalysts compared to other metal catalysts.
Supported gold nanocluster catalysts find applications in areas like indoor air quality

control, pollution abatement and production of H, energy carrier.
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2) Sensors

Biosensors are sensors that consist of biological recognition elements often
called bioreceptors or transducers. Gold nanoparticles find applications as optical,
electrochemical and piezoelectric biosensors. There is a recent report” of the
feasibility of using gold nanocluster based fluorescent sensors for detection of
cyanide in water, soil, food and biological samples. Gold nanoparticles can also be

used as NO, sensors. Thus they are effective in environmental pollution control.

3) Medicine

One of the major applications of nanotechnology is in biomedicine. Gold
nanoparticles can be engineered as nanoplatforms for effective and targeted drug
delivery. They are also used in medical diagnostic devices and for the detection and
treatment of cancerous cells. Highly fluorescent sub-nanometer sized gold
nanoclusters can be used for subcellular imaging. The red fluorescence of the
nanoclusters enhances biomedical images of the body as there is reduced

background fluorescence and better tissue penetration.

4) Electronics

Gold nanoparticles find use in novel printed gold inks for low temperature
printing applications. They are also used in optical and photonic devices, and as tips
and contacts in electronic devices. Researchers® have developed a new memory
device that uses gold nanoparticles and the organic semiconducting compound
pentacene. This novel pairing is a key step forward in the efforts to develop organic
plastic memory devices, which can be considerably cheaper and more versatile than
the conventional silicon based devices used in computers, flash drives and other

applications.

1.4.5 Theoretical Study of gold nanoclusters

The successful investigation of small clusters dates back to the 1980s.>>
The interest in clusters reached an extraordinary degree with the assembly of carbon
based fullerenes. There has been a lot of focus on the properties of small metal

clusters for three decades now and hence have been extensively investigated both
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theoretically and experimentally.*’*! There has been a lot of theoretical
investigations regarding the structure of small gold clusters. Hikkinen and
Landman® and Gronbeck and Andreoni®® carried out density functional studies on
neutral and anionic gold clusters and predicted minimum structures upto the
decamer. Hikkinen and Landman®*® located the planar-3D transition for neutral and
anionic clusters at n = 7 and n = 6 respectively. However, a DFT calculation by
Gronbeck and Broqvist** revealed that the Aug cluster prefers a two dimensional
configuration. On analysing the electronic structure, they found a substantial
hybridization between (n-1)d and ns orbitals. The preference of planar
configurations for Au is traced to a sizable d-d overlap and d-electron delocalization.
However, ab-initio calculations at the MP2 and CCSD(T) level of theory reveal the
lowest Aug isomer to be nonplanar.* Another DFT study by A. V. Walker*® found
that for neutral clusters, the 2D-to-3D crossover occurs at Au;;. Cationic structures
have been found to be planar upto n = 7. However, 3D structure starts appearing at n
— g 4748

The interest in hydrogen chemistry on gold clusters has been stimulated by the
recent discovery that supported gold clusters catalyse the hydrogenation of ethylene,
1,3-butadiene, 1—butene,49 acrolein®® and the partial hydrogenation of acetylene to
ethylene.’! Varganov er al.”> have investigated the reactions of molecular hydrogen
with small gold clusters with two and three atoms. They have found that molecular
hydrogen easily binds to neutral Au, and Auj clusters with binding energies of 0.55
eV and 1.10 eV, respectively. The barrier heights to H; dissociation on these clusters
with respect to Au,H, complexes are 1.10 ¢V and 0.59 eV for n = 2 and n = 3.
Although negatively charged Au, clusters do not bind molecular hydrogen, H,
dissociation can occur with energy barriers of 0.93 eV for Au, and 1.39 eV for Auy”.
The energies of the AupH,” and AuzH;  complexes with dissociated hydrogen
molecules are lower than the energies of Au;” + H; and Aus” + H, by 0.49 ¢V and
0.96 eV, respectively.

The interaction of CO with transition-metal and main-group-element atoms,
clusters and surfaces plays a very important role in material science and chemical
industry.”>** Many industrial processes employ CO as reagent and transition-metal
compounds as heterogencous catalysts and involve the intermediates of metal
carbonyls. As noble-metal compounds, gold carbonyls have been the subject of a

number of studies. The first carbonyl derivative of gold, Au(CO)CIl, was reported in
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1925.> Neutral gold mono and dicarbonyls have been successfully synthesized in
rare-gas matrixes by several groups.’® Recently, it has been found that gold becomes
catalytically active when deposited on select metal oxides as hemispherical ultrafine
particles with diameters smaller than 5 nm.”” The supported Au nanoparticles exhibit
remarkable catalytic activities and/or excellent selectivities in a number of reactions

5839 and reduction of nitrogen oxides.”’

such as low-temperature CO oxidation
Interestingly enough, the activity of gold clusters has been found to depend critically
on the size of the particle and the nature of the substrate. For example, when
supported on the Mg(OH), surface, the best catalytic activity for oxidation of CO is
observed for a system size of 13 atoms®® while the optimal activity of gold clusters
supported on TiO, surfaces occurs for sizes of 2-3 nm (corresponding to a few
hundred atoms, approximately). In general, probe molecules are used to gain insight
into the chemisorption characteristics and catalytic activity of nanoclusters. Jiang et
al®' have performed a DFT calculation on the adsorption of CO on gold atoms and
small gold clusters Au, (n = 1-5). They found that the Au atom forms both mono and
dicarbonyls. AuCO is predicted to have a bent geometry with a A’ ground state
which lies 4.51 kcal/mole lower than the linear structure. Au(CO);, is predicted to
have a 2A1 ground state with C, symmetry and the Auy(CO), molecule is predicted
to be linear. These results are in good agreement with experimental values. Another
DFT study has been undertaken by Phala er al.** They studied CO adsorption on
Aup(n = 1-13) clusters and determined the optimized geometries of the clusters
before and after CO adsorption. They found that CO binding onto the on-top site of
the gold clusters is the most favourable configuration, except for Au;3. The on-top
and bridge configurations are degenerate on Aus.
In spite of there being a huge volume of work done on gas phase and
supported gold nanoclusters, there still exists a number of open questions, some of

which will be addressed in the present thesis.

1.5 OBJECTIVES OF THE PRESENT WORK

The work presented in this Ph. D. thesis was undertaken with the following
objectives in mind.
1. Systematic investigation of structural and electronic properties of small gas

phase neutral and singly charged cationic and anionic gold nanoclusters
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based on Density Functional Theory (DFT).

2. Study the reactivity of the minimum energy cationic, neutral and anion Au,

clusters (n = 2-13) on the basis of conceptual density functional theory.

3. DFT studies of adsorption and co-adsorption of oxygen and carbon monoxide

on gas phase and zeolite supported gold nanoclusters.

4. Study the phenomenon of reverse hydrogen spillover in zeolite supported

gold clusters by QM method .

5. Study of optical spectra of coinage metal dimers supported on MgO(001)
surface by TDDFT.
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CHAPTER 2

Background of Electronic Structure Methods

In 1929, P. A. M. Dirac, one of the founders of Quantum Mechanics remarked,

The fundamental laws necessary for the mathematical
treatment of large parts of physics and the whole of chemistry are thus
fully known, and the difficulty lies only in the fact that application of

these laws leads to equations that are too complex to be solved.

This was indeed true at that time. Even today, after a lot of advancement in this
field, the application of these laws to realistic problems in material science, physics
and chemistry lead to equations which are not analytically solvable in all but most
simple situations. Due to the efforts of a number of research groups, numerical
solutions to these problems began appearing since the 1920s. But they became
popular only in the 1950s after the invention of the computer. Nowadays several
models based on approaches ranging from the less accurate semi-empirical to the
highly accurate ab-initio methods are available. Development of convenient
software packages and tremendous computational power has enabled the application
of these theories to systems of interest like atoms, molecules, nanoclusters, solids,
surfaces etc. Computer modelling is being increasingly used in other areas like
climate modelling, weather forecasting, drug design, medical diagnostics, crash
simulations etc.

In this chapter we shall provide a brief description of various computational
methods used for electronic structure calculations including Density Functional

Theory on which our calculations are mainly based.
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Computational methods

Computational methods serve as a bridge between theoretical models and
experimental results. They not only provide results which may be compared to
experimental values, e.g. to equilibrium geometries, binding energies, vibrational
frequencies or photoelectron spectra, but can also offer supplementary information
not directly available from experiment. Computer simulation at the atomic level can
be done by using classical mechanics while the treatment at the electronic level
requires quantum mechanics. Computational methods encompass all numerical
methods based on molecular mechanics, molecular dynamics, Monte Carlo and
quantum mechanics. These methods are employed for obtaining qualitative and
quantitative information regarding structure, electronic, magnetic and optical
properties of matter, crystal lattice parameters, reactivity, surface phenomenon like
chemisorption, surface reconstruction, chemical reactions and catalysis.

The computational methods used in this thesis are based on density
functional theory, time-dependent density functional theory and hybrid quantum

mechanics/molecular mechanics. These methods are briefly discussed below.

2.1 Molecular Mechanics

Molecular mechanics simulations are based on a mathematical model that
treats molecules as a collection of balls (corresponding to atoms) held together by
springs (corresponding to bonds). This is referred to as the “ball and spring” model.!
The energy of a system for a given nuclear configuration is expressed as a
parametric function of the nuclear coordinates. These parameters are fitted to
experimental or higher level computational data. In molecular mechanics quantum
aspects of nuclear motion are neglected and the interactions between nuclei are
investigated as being due to force fields. Accuracy of the results depends on the
type of force field and the reliability of the parameters used. Electrons are not
treated explicitly in molecular mechanics. However, electronic effects get included
in the force field through parameterizations.

The force field energy Err is expressed as a sum of various terms, each
describing the energy required to distort a molecule in a specific fashion.

EFF = Estretch + Ebend + Etorsxon + Evdw + Eel + Ecross (21)
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where Egye.h, is the energy function for stretching a bond between two atoms, Epena
represents the energy required for bending through an angle, Ejors0n is the torsional
energy for rotation around a bond, E,s, the van der Waals energy and E,;, the
electrostatic energy describe the non bonded atom-atom interactions and Ecss
represents the coupling between the first three terms. Once the force field energy is
calculated, geometries and relative energies can be determined. Stable molecules
correspond to minima on the potential energy surface which can be obtained by
minimizing Err as a function of nuclear coordinates.

Different force fields vary mainly in three aspects, viz, the functional form of
each energy term, the number of cross terms included and the type of information
used for fitting the parameters. Some of the commonly used force fields are MM2,?
MM3,? CVFF,* CFF91,> AMBER,® MOMEC’ and UFF.*

The biggest advantage of force field methods is the speed. Molecular
mechanics calculations are not computationally expensive. This renders it possible
to treat systems with thousands of atoms by computers of modest size. These
methods are increasingly being used for molecular modelling of biological
macromolecules, like proteins and DNA. In case of systems for which good
parameters are available, it is possible to make good predictions of geometries and
relative energies within a short time, and interconversion between conformers can
also be studied. The disadvantage is that molecular mechanics provides good results
only for systems for which good parameters are known. This limits the applicability
of the method. It is not possible to estimate the errors involved in a certain
calculation within the method. This can be done only by comparing the results with
other methods or with experimental data. Moreover, this method cannot be applied

to processes involving bond formation and bond breaking.

2.2 Quantum Mechanical Methods

Electrons being light particles, cannot be described even qualitatively by
using classical mechanics. For describing the electronic structure of a system one
has to resort to quantum mechanics. Methods which aim to solve the electronic
Schrodinger equation are referred to as “electronic structure calculations”. Quantum
mechanical methods can be broadly classified into two categories, ab-initio and

semiempirical methods. Ab-initio is a Latin word meaning “from the beginning”.
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These methods generate solutions to the time-independent Schrddinger equation
without reference to experimental data. Hence they generate accurate results. A4b-
initio methods include Hartree-Fock (HF), Configuration interaction (CI),
Muticonfiguration and multireference methods (MCSCF), Moller-Plesset many-
body perturbation theory (MBPT), Coupled cluster (CC) and Density functional
theory (DFT). Accurate ab-initio calculations for large molecular systems are
computationally very expensive. Semi-empirical methods involve a reduced form of
the Hamiltonian and make use of adjustable parameters which can be fitted to
experimental data. Hence they require less computational time; the results are not as
accurate as in case of ab-initio methods. Nevertheless, they provide a good
compromise between accuracy and computational expense. Some of the commonly

used semiempirical methods include Hiickel molecular orbital theory (HMO),

INDO, NDDO, MINDO/1 etc. The following subsections briefly discuss some

important quantum mechanical methods.

2.2.1 Hartree-Fock method

For accurate determination of the electronic properties of matter, one needs
to solve the time-dependent Schrédinger equation. However, it is found that ground
state properties are time-independent. So, stationary solutions suffice for most of
our systems of interest. In order to further simplify the calculations most electronic
structure methods apply the Born-Oppenheimer approximation’ where the motion of
the nuclei is neglected when calculating the electronic structure. This approximation
can be justified from the fact that the mass of the nucleus is about three orders of
magnitude more than that of the electrons. With these approximations the
fundamental task is to solve the many-body time-independent Schrédinger equation

for the electrons in the Coulomb field of the fixed nuclei

Hy (%,,%,,....%y,R,,R,,... R\, )JSEw,(%,,%,,.... %y, R,,R,,..., R, ) (2.2)
where H is the Hamiltonian operator of a molecular system consisting of M nuclei

and N electrons. For a fixed set of locations R of the nuclei, the Hamiltonian His

written as
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Hau=-33Vi-35 2035 23

1= =1 4=t Vg

The first term in equation (2.3) represents the kinetic energy of the electron i,
the second term represents the attractive potential between the electron 7/ and the
nucleus 4 separated by a distance R4 while the third term represents the repulsion
between the electrons i and j separated by a distance r,. Equation (2.3) represents
the electronic Hamiltonian as it does not contain the nucleus-nucleus interaction
term. In most electronic structure calculations the nucleus-nucleus repulsion is not
included in the Hamiltonian, but is added as a separate constant term later.

In Hartree-Fock (HF) theory the complicated N-electron wavefunction is

expressed as a product of N one-electron wavefunctions y,(X ). This product is

referred to as a Slater determinant @,,.

i
o, = —\/-]—v—7det{;(,(f, D2 (% )oordn (T )} 2.4)

The one electron wave functions y,(x, ) are called spin orbitals. Each spin orbital
consists of spatial orbital ¢ (7 )and a spin function o(s) or 5(s).
The Slater determinant @, has been used as an approximation to the exact

wavefunction Wy, In order to find the best Slater determinant, that is, the one that
provides the lowest energy, the variational principle is used under the restriction that

the spin orbitals y, remain orthonormal.

E,p = min E[@VD] (2.5)

Pop—

The Hartree —Fock energy is obtained as

n N n 1 N N
Eye =gl Blso) = 2201 11)+2 D361 )G ) (2.6)
. N * l 2 M. ZA —
where  (ilh|D=y (xl){—gv —Z;—}z, (3, @.7)

defines the contribution to the kinetic energy and the electron-nucleus attraction and
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4P
represent the electron-electron interaction. Equations (2.8) and (2.9) are called
Coulomb and exchange integrals, respectively. Epr in equation (2.6) is a functional

of the spin orbitals, £, = El{z, }] Using the variational principle and varying the

spin orbitals leads to the Hartree Fock equations

fa =62 ,i=123, N (2.10)
This is a set of N eigenvalue equations. ¢, are the Langrange multipliers, which

gives the eigenvalues of the Fock operator f", g, have the interpretation of

molecular orbital (MO) energies. f is an effective one-electron operator defined as

i

f=- Vf—ié+VHF(i) 2.11)

1

2 7 Ty

The first two terms in the above equation describe the kinetic energy of the i
electron and its potential energy due to the presence of the nucleus A, respectively,
while the third term Vyg(i), the Hartree-Fock potential, gives the potential energy of
the i electron due to the presence of the other N-1 electrons. The complicated
electron-electron repulsion term //r, of the Hamiltonian is replaced by the one
electron term Vyyp(i) by treating the electron-electron repulsion in an average way.
Thus in Hartree-Fock theory each electron is considered to be moving in the field of
the nucleus and the average field of the other n-1 electrons.

As the Fock operator depends through the Hartree Fock potential on the spin
orbitals, i.e, on the solution of the eigenvalue problem that needs to be solved,
equation (2.10) represents a pseudo eigenvalue problem and needs to be solved
iteratively through the self-consistent field (SCF) procedure. The solution begins
with a guessed set of orbitals with which the Hartree Fock equations are solved. The
resulting new set of orbitals is then used in the next iteration and so on until the

input and output orbitals vary by less than a predetermined value.
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Electron Correlation

In Hartree-Fock theory, the many-electron wavefunction is approximated as
a single Slater determinant. This is not a good approximation and so the energy
obtained is not the exact ground state energy of the system. According to the
variational principle, this energy is greater than the ground state energy £Ej. The
difference between the exact ground state energy Ep and the Hartree Fock energy

Enris called correlation energy. It is a negative quantity.

ENf =E,-E, (2.12)
As the number of basis functions increases the accuracy of the MOs become better.
In the limit of a complete basis set (infinite number of basis functions) the results
become similar to those obtained by numerical Hartree Fock methods. This is the
best solution to the Schrédinger equation that can be obtained by a single
determinant wave function and is known as the Hartree Fock limit. This limit can

never be reached in actual practice.

2.2.2 Density Functional Theory

Density functional theory (DFT) is an ab-initio method used for determining
the ground state of atoms, molecules and solids. Solving the many-electron
Schrodinger equation for such systems by the traditional wave-function based
methods presents a formidable task as the wavefunction is a function of 3N spatial
coordinates and N spin coordinates, N being the number of electrons in the system.

The central quantity in DFT is the electron density p(7) which is a function of

three spatial coordinates only irrespective of the size of the system. So the
calculations are much simpler. Once the electron density is known, the external
potential, and consequently the Hamiltonian of the system can in principle be uniquely
determined. The knowledge of Hamiltonian in its turn leads to the determination of the
total electronic wavefunction. Consequently, every quantum mechanical observable is a
functional of the ground-state density.

DFT which includes electron correlation, provides a very good compromise
between the accuracy of the results and the computational expenses involved. The
popularity of density functional theory can be gauged from the increasing number of

publications using DFT based methods as depicted in Figure 2.1.
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Figure 2.1 Number of publications per year where the phrase “density functional
theory” appears in the title or abstract for the period 1989-2008. (taken from ISI
Web of Science).

The development of density functional theory began in the mid-sixties

through the efforts of Hohenberg and Kohn'® and later by Kohn and Sham'!

although early attempts in this direction were made by Thomas'? and Fermi."

Walter Kohn was awarded the nobel prize in Chemistry in 1998 for his work on
DFT alongwith John Pople.

The electronic one-particle density is obtained from the wavefunction by
quadrature

PE =N | WG Fysrs By ) s\, ..y (2.13)
p(r) determines the probability of finding any of the N electrons within a volume
element dr, with arbitrary spin while the other N-1 electrons have arbitrary positions

and arbitrary spin in the state represented by . p(7) is a non-negative function

which vanishes at infinity and integrates to the total number of electrons.

p(F > 0)=0 (2.14)
| pF)aw =N (2.15)

Unlike the wavefunction the electron density is an observable and can be determined

experimentally, for example, by x-ray diffraction.'*



Chapter 2 Electronic Structure Methods 33

The theoretical formulation of density functional theory is based on the
Hohenberg-Kohn theorems. The first Hohenberg-Kohn (HK) theorem states that
two N-electron systems with different external potentials cannot have the same

electron density p(7). Thus the ground state electron density p(7) gives the

external potential upto a constant and determines the Hamiltonian of the multi-

particle Schrédinger equation, i.e, the density p(7) completely describes the

electronic system.
The total electronic energy of the system and all its contributions are

expressed as functionals of the electron density o(7 ).

E=E[p(r)]=T[p(r)]*Ey[p(r)]*E.[p(r)] (2.16)
where T is the kinetic energy of all the electrons, E,,is their potential energy due to
the nuclei and other possible external potentials, £E,is the electron-electron

interaction which consists of the classical Coulomb term and other non-classical

terms.
Equation (2.16) may be separated out into terms that are system dependent,

that is, the potential energy due to electron nucleus attraction,
E,lp(")]= I p(r)V,.dF and the rest which are system independent. Collecting the

system independent terms into a new functional, the Hohenberg-Kohn functional

Fy [ p] we arrive at

E[p] = [ p(F)V . dF + Fyc[ P) (2.17)
where

Fulp]=T[p(r)]*+ E.,[p(r)] (2.18)
The functional forms of both the terms in F, [ p]are unknown. The second
Hohenberg-Kohn theorem enunciates a variational principle for the electron density.
This theorem states that F, [p], the functional that delivers the ground state
energy of the system provides the lowest energy if and only if the input density is the
ground state density p,. Thus this theorem provides a starting point for
implementing the promises made by the first HK theorem. However, as no
analytical expressions for F,, [ pJare known, implementation of HK theorems is

not an easy task. A straight—forward approach to calculating the electronic density
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directly from the external potential was attempted in the Thomas-Fermi theory,15 but

its application to chemical problems fails to provide the necessary accuracy.

2.2.2.1 Kohn-Sham Method

The Kohn-Sham approach!! to density functional theory introduces a non-
interacting reference system whose wave-function ¢,cis a Slater determinant
composed of one-particle orbitals ¢ and whose ground state density is identical to

the ground state density of the real system.

The DFT expression for the total energy equation (2.16) is reformulated in
Kohn-Sham (KS) theory by introducing the kinetic energy of the non-interacting
reference system 7, [p]. From the electron-electron interaction energy a term
J[ p]is extracted which describes the classical Coulomb energy of the charge

density p(7 ). The remaining term of the electron-electron interaction E_, termed

X
as the exchange-correlation energy contains the difference between the Kkinetic

energy of the interacting and non-interacting systems.

E[p(r)]=En[p(r)]+T[p(r)]+I[p(r)]+E. [p(r)] (2.19)

The classical Coulomb energy J/ p(r )] of a charge density p(7 ) is

J [p(r)]=%jjﬂ(’f)—/;@ﬁﬁ' (2.20)

o7l

The exchange-correlation energy is defined as

E Lo(r)]=T[p(r)]-T.[p(r)]+E.[p(r)]-I[p(r)] (2.21)

In general, the exchange-correlation energy, which is a functional of energy density

p(¥ ) is not known except for the most simple case of a homogeneous electron gas.

The kinetic energy of the non-interacting reference system is expressed as
1 N
T, = -52<¢, v?s,) (2.22)
where ¢, are the Kohn-Sham orbitals which satisfy the Kohn-Sham equation

hyst, = £ (2.23)



Chapter 2 FElectronic Structure Methods 35

where

o= gV TGO, V=V (B ) @20
r r

where V. is the functional derivative of E,. with respect to p.

SEyv-[p]
op

The KS orbitals ¢, can be expressed as a linear combination of a set of functions

Vielp]= (2.25)

known as basis functions y, as
¢, = ZC#’Z# (226)
u

The electron density p is related to the KS orbital by

plr)= il ¢, (r)| 2.27)

The exact form of the exchange-correlation energy E,. as a functional of p is not
known. However, several approximations to E,.. exist. The Kohn-Sham equations

are solved iteratively by the SCF procedure as in the Hartree Fock method.

2.2.2.2 Energy Functionals
A) The Local Density Approximation (LDA)

This model forms the basis of all exchange-correlation energy functionals.
This model is based on a hypothetical uniform electron gas in which the electrons
are believed to be moving in a positive charge background, such that the system as a
whole is electrically neutral. The number of electrons and the volume V are
considered to approach infinity while the electron density remains constant.
Physically, this model represents an idealized metal consisting of positive cores and
valence electrons.

In this model the exchange-correlation energy is expressed as
ER'[p]= [p(F)e(p(F))dF (2.28)
Here, ¢,.p(F) is the exchange-correlation energy per particle of an uniform

electron gas of density p(#). Thus in LDA the exchange-correlation energy
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depends on the electron density p only. The quantity Ei*/p] can be split into

exchange and correlation contributions,
€. (F))= 8x(p(7))+ ec(p(F)) (2.29)

The exchange part ¢_, which represents the exchange energy of an electron in a

uniform electron gas of a particular density, was originally derived by Bloch and
Dirac'® in the 1920s.
\\//3

€, = _3(3_p7¥_)) (2.30)
The exchange functional (2.30), is apart from the pre-factor equal to the form found
by Slater in his approximation to the Hartree-Fock exchange and is known as Slater
exchange, abbreviated as S. No such explicit expression for the correlation part ¢, is
known. However, highly accurate numerical quantum Monte-Carlo simulations of
the homogenous electron gas are available. Based on these results several authors

have presented analytical expressions for ¢, . The most widely used representations
for ¢, include those of Vosko, Wilk and Nussair (VWN),'” and that of Perdew and
Wang (PW).!819

Introducing electron spin into LDA results in the local spin density

approximation (LSDA).

B) The Generalised Gradient Approximation (GGA)

In generalized gradient approximation (GGA) the exchange correlation

energy depends not only on the electron density p(7) at a particular point 7 but
also on the gradient of the charge density Vp(7). The dependence on the gradient

of density is believed to account for the non-homogeneity of the true electron

density. In this model the exchange correlation energy reads as
)= [ pF)e.c . Vo) 7 @31)

Prominent examples of GGA functionals include those by Perdew and Wang,”® by
Perdew, Burke and Ernzerhof (PBE)?' and Becke’s formula® for the exchange part
with Perdew’s 1986 formula for correlation.” Becke’s exchange when combined
with the correlation functional given by Lee, Yang and Parr” yields the BLYP

functional.
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C) Hybrid Functional

It is found that the exchange contributions are significantly larger than the

14 So the accuracy of the results of DFT calculations

correlation contributions.
depends a lot on the expression for the exchange functional used. In case of hybrid
functionals Hartree-Fock exchange is coupled with LDA and GGA exchange
correlation functionals. This provides a better description of the exchange term and
leads to improved results. A commonly used hybrid functional is the B3LYP

functional. The expression for this functional is given by

EPYP =08 B +0.2E™ +0.72E" +0.81E"" +0.19E"™" (2.32)

2.2.3. Basis Sets

A basis set is a set of mathematical functions used to approximate molecular
orbitals of a system. The molecular orbitals are obtained as a linear combination of
atomic orbitals or basis functions (equation 2.26) centred at each atomic nucleus
within the system. There are two main kinds of basis functions used in electronic

structure calculations.

A) Slater Type Orbitals (STO)
John C. Slater was the first to introduce the idea of basis functions in 1930.%
The basis functions given by him are known as Slater type orbitals. They have the
following functional form
05
50 (r) = (ﬁj exp(-¢r) (2.33)
T
These basis functions correctly model the electron density in the valence
region, but the electron density in the region near the nucleus is not represented very
well. Also, the evaluation of the integrals is tedious. This difficulty was overcome
by Frank Boys who suggested that the STOs can be approximated as linear

combination of GTOs, the overlap and other integrals being easier to calculate with

Gaussian basis functions.
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B) Gaussian Type Orbitals (GTO)

The GTOs have the advantage that they require much less computational

time compared to the STOs. A GTO has the following functional form

0.5
£ m = (—ZEJ exp - arz) (2.34)

.4

The use of Gaussian basis functions enables the complicated four-centre integrals to

be reduced to two-centre integrals. So the computational efficiency is high.

Classification of basis sets

Having decided on the type of basis function (STO/GTO), the most
important factor is the number of functions to be used. The accuracy of the results
depends upon the number of basis functions used. A short description of different

types of basis sets are given below.

1) Minimal basis set
This contains the smallest number of basis functions. Only one basis
function (STO, GTO or linear combination of GTOs) is employed for each atomic

orbital in the atom. Example- STO-3G.

2) Double-zeta, Triple-zeta and Quadruple-zeta basis sets

The double-zeta (DZ) basis set treats each orbital separately as the sum of
two STOs with different zeta (§) values in equation (2.33). The different & values
represent different sizes of the orbitals, the linear combination of which gives the
atomic orbital. The triple-zeta (TZ) and quadruple-zeta (QZ) basis sets are similar to

that of DZ, except that they use three and four STOs instead of the two used in DZ.

3) Split-valence basis sets

As it is only the valence electrons that take part in the bonding,
computational expenses can be reduced by using more than one basis function for
the valence electrons and only one basis function (which can be a linear combination
of some Gaussian type of functions) for the core electrons. Such a basis set is
known as split-valence basis set. For example, the basis set 3-21G consists of one

basis function (which is a linear combination of three Gaussian type functions) for
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each atomic orbital to describe the inner shell. Two basis function per atomic orbital
are used to describe the valence electrons. Of these, one is a linear combination of
two Gaussian type functions, while the second consists of one Gaussian function

only.

4) Polarization functions

For a better description of chemical bonding it becomes necessary to include
higher angular momentum functions than those occupied in the atom in the basis
sets. Such functions are called polarization functions. For example, the bonding
involving a hydrogen atom can be better described by adding p-functions to the s-
functions of hydrogen. One asterisk (*) at the end of a basis set denotes that
polarization has been taken into account in p orbitals. Examples: 3-21G* and 6-
31G*. Two asterisks (**) means that polarization has taken into account in s

orbitals in addition to p orbitals. Examples: 3-21G** and 6-31G**.

5) Diffuse functions

Diffuse functions are basis functions with a larger spatial extent than the
normal ones, which are particularly important for modelling lone pairs, anions,
excited states etc. Diffuse basis sets are represented by the ‘+’ or ‘aug’. One ‘+’
means that diffuse functions are being used for elements having p or higher occupied
orbitals, while ‘++’ means that diffuse functions are being used for both heavy and

light elements.

6) Numerical basis sets

In this kind of basis set realized within the DMol® program,® the basis
functions are given numerically as values on an atomic-centred spherical-polar
mesh, rather than as analytic functions. These basis functions are generated by
numerically solving the atomic KS equations with the corresponding approximate
exchange-correlation functional. Because of the better quality of the atomic orbitals,
basis set superposition errors are minimized and an excellent description of even

weak bonds are possible.

7) Effective Core Potentials (ECP) basis sets
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These basis sets are used for heavy elements. Heavy elements (3" row or
higher in the periodic table) contain a large number of core electrons and hence
require a large number of basis functions for their description. Relativistic effects in
_the heavier elements further complicate the treatment. This problem can be
simplified by introducing the effective core potential (ECP), also called
pseudopotential to represent the core electrons. The core electrons are modelled by
a suitable function and only the valence electrons are treated explicitly. In many
cases ECP is found to give good results at a fraction of the computational cost of all
electron calculations.

Figure 2.2 depicts the relationship between basis sets and accuracy. As we
move fron left to right, electron correlation effects get included. On moving from
bottom to top we are improving the basis sets. For an accurate description of the
system both these factors, namely, the method, and the basis set, must be taken into

account.

Basis § Exact
complete[— 1 Exact HF ~ solution
Minimal | I

HF Full CI

Figure 2.2 Various basis sets with different computational methods leading to the

exact solution of Schrédinger equation.

2.2.4 Time-Dependent Density Functional Theory (TDDFT)

Time-dependent density functional theory (TDDFT) is the natural extension
to the time domain of ordinary Density Functional Theory (DFT). While the main
scope of DFT is the description of ground state properties of a system at equilibrium,
the extension to the time domain grants access to its excited state and non-

equilibrium properties. Unlike DFT, in TDDFT the electron density is a function of
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spatial coordinates and time. The time dependent density determines the time-
dependent external potential and hence all physical observables. TDDEFT is based
on Runge Gross theorem.?® The starting point is the time-dependent Schrodinger

equation.
Aw @) =i§w(t) 235)

The Hamiltonian consists of the kinetic energy 7, the Coulomb interaction W and

the time-dependent external potential I}( t)

H(1)=T+W+V(t) (2.36)
The external potential 17( ¢t ) may contain several time dependent external potentials,
each of which should be expandable in a Taylor series about the finite time ¢ 27 The
essence of the Runge Gross theorem is that the time-dependent electron densities
p(r,t)and p'(r,t)of two systems evolving from the same initial state (¢, Junder
the influence of two scalar potentials V'(r,f)and V'(r,t)are not identical. Thus the

time-dependent density determines the external potential upto an additive time-
dependent function. The external potential on the other hand uniquely determines
the time-dependent wavefunction which can therefore be considered as a functional

of the time-dependent density.
w(t)=y[p](t) (2.37)

where /[ p]is unique upto a time-dependent phase factor. As a result the
expectation value of any quantum mechanical operator OfpJ(t) is a unique

functional of the density.?®

OLp](t)=(wlpI()O( Wl p](1)) (2.38)

TDDFT being the time-dependent counterpart of DFT, requires the time-dependent
Kohn-Sham equations.

his (1), (r,1) = £,8,(7,1) (2.39)

i% ¢, (r.0) = (-%Vz +Vs [P](r,f)jcb, (r,1) (2.40)

with the density obtained from the non interacting orbitals

2

p(r,0) = ng,(r.1) (2.41)
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The potential V,,(r,t) is usually called the time-dependent KS potential and is

written as
Vis[P)rst) =V, () + ’|’ r ’,") d°r + Ve (r,1) (2.42)
r-r
whereV, (r,t) is the external potential and V,.(r,t) is the time-dependent

exchange correlation potential which is unknown and has to be approximated for
practical applications.

The functional derivative of the time-dependent potential V,.(r,t)with
respect to the time-dependent electron density p(r,f)is called the exchange-

correlation kernel denoted by f ..

oV o (r,1)
op(r',t")

Given some approximations for the exchange-correlation kernel, the time-dependent

S tir' )= (2.43)

Kohn-Sham equations can be solved, providing a self-consistent scheme for

calculating the first order time-dependent density response.

2.3 Quantum Mechanics/Molecular Mechanics (QM/MM) Methods

The increasing computational cost with increasing size of the system hinders the use
of ab-initio methods for treatment of large systems. A solution to this problem is
obtained by restricting the quantum mechanical treatment to the ‘active region’ only
where the bond breaking/bond formation, adsorption etc. takes place and treating the
rest of the system by parameterized inter atomic potential functions. Such an
approach is known as hybrid quantum mechanics-molecular mechanics (QM/MM)
method. The term ‘molecular mechanics’ stresses the force field type of interatomic
functions like MM2,” CFF91,” CHARMM,? UFF® etc.

Three papers by Warshel and Levitt,* Singh and Kollman,*' and Field,
Bash and Karplus32 are usually credited with having introduced QM/MM methods.
The QM-MM approach divides the energy of the whole system S into the QM
energy of the active or inner part I, the MM energy of the outer part (environment),
O, and an interaction term I-O (Figure 2.3).>

EQM-MM (S)= EQM D+ E,,O)+EUI-0) (2.44)
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The interaction term is either given by the potential function (MM method), or parts
of it, the electrostatic interaction and sometimes the polarization of I by O, are
described by the QM method. In the latter case, the potential due to point charges of
the outer part is simply added to the core part of the Hamiltonian.

Figure 2.3 Chemical system consisting of an active (inner) part I and an outer part
0. A-B is a bond which is broken on separating the system into I and O parts. L is

the link atom used to saturate the inner part for QM calculations.

For most practical applications separation of the system into QM and MM
region requires the cutting of bonds. In most hybrid methods the dangling bonds are
saturated by link atoms or capping atoms, L and the QM calculations are performed
for a cluster C, consisting of the active part and the link atom, C = I+L. However,
the contributions of the link atoms cannot be evaluated separately, not even for MM

34,35

energy and leads to complications. A subtraction scheme is provided as a

solution to this problem.
Eopt ana (Ss L) = Epy (C)+ Epy (S)— Eppy (&) (2.45)

Morokuma and co-workers’®****developed the hybrid QM/MM method ONIOM
(Our-own-N-layered Integrated molecular Orbital + molecular Mechanics) which is
implemented within the program Gaussian03. The expression for the total energy of

the whole system within the ONIOM methodology can be written as

Eonions = Epd + (E%ZZEI - ELMo?ydel) (2.46)

Low

In this case the system has been divided into two regions. Here high denotes a high

level computational method (the QM method in QM/MM) and /low a lower level
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method (the MM method in QM/MM), real and model refer to the full system and
the QM region, respectively. The scheme can be extended to three or multiple
layers.

Quantum Mechanics-Molecular Mechanics (QM/MM) methods have been
used by several groups to study properties of large systems like zeolites, for
adsérption studies on metal oxide surfaces, organometallic reactions and
homogeneous catalysis, structure, reactivity and bond energies of large organic
molecules including fullerenes, nanotubes and biomolecular structure and enzymatic
reaction mechanisms.

In the present thesis we have performed DFT based QM and QM/MM
calculations on gas phase and zeolite supported gold clusters using the program
packages DMol’ and Gaussian03 and TDDFT calculations on coinage metal dimers
adsorbed on the MgO(001) surface by using the program ParaGauss. The results of

our investigations are presented in the following chapters.
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CHAPTER 3

Density Functional Studies on Gas Phase

Nanoclusters of Gold

In this chapter we present a detailed and systematic investigation of the isomers of
small gas phase gold clusters Au, (n = 2-13), elucidating their geometric and
electronic properties using density functional theory. This study is based on an
unconstrained geometry optimization with all electron scalar relativistic method.
We have been able to identify fifty eight structures of neutral gold clusters in the
entire size range, out of which twelve are novel structures. Vibrational frequency
calculations have been performed to verify that all the structures are minima on the
potential energy surface. The minimum energy structure for each cluster size is
found to be planar. Electronic properties like HOMO-LUMO gap, chemical
hardness, second difference of binding energy and fragmentation energy are found to
exhibit odd-even alternations indicating that even numbered clusters are more stable
than the odd numbered ones. This study is extended to singly charged cationic and

anionic gold clusters in the same size range.

3.1 Introduction

The physical and chemical properties of gold nanoclusters are found to have a
marked dependence on their physical structures. So, significant efforts have been
made to determine the most stable configurations of gold clusters in the nano size
range. Before developing any practical applications, it is important to understand the
chemical, thermodynamic, electronic and optical properties of the nanoclusters.

Apart from the most stable cluster isomers, other possible low-energy structures
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must also be investigated. Unfortunately, direct and comprehensive experimental
information of smaller gold clusters is difficult to acquire. Therefore, smaller gold
clusters have been theoretically investigated using various computational methods
over the past few years. "7 Most of these studies have shown that neutral and
charged gold clusters favor two-dimensional (2D) structures to unusually large sizes
while few of them have found the lowest energy structure to be three-dimensional
(3D). The occurrence of planar gas-phase clusters with large cluster sizes is
attributed to the strong relativistic bonding effects in gold that reduce the s-d energy
gap thus inducing hybridization of the atomic 5d-6s orbitals which cause an overlap
of the 5d shells of neighboring atoms in the cluster.?

Résch and coworkers® have investigated a series of gold clusters in the size
range from Aug to Auyy; using scalar-relativistic all-electron density functional
theory. They analyzed the convergence of cluster properties towards the bulk limit
and compared the results obtained by LDA and GGA exchange correlation
functionals. Hakkinen and Landman' have investigated the low-energy structures of
gold clusters and their anions for n = 2 to 10 atoms using density functional theory
employing scalar relativistic pseudopotentials for the 54'°6s' valence electrons of
gold and a generalized gradient approximation (GGA). They located the planar to
3D transition for neutral clusters at n = 7. They also compared their DFT based
electronic structure calculations of small gold cluster anions with experimental
photoelectron spectroscopy (PES) data.> Walker* performed DFT calculations to
determine the optimized geometries of neutral Au, (n = 2-11) and cationic Au," (n =
2-9) clusters and found that the 2D-to-3D transition for neutral clusters occurs at
Auy,. Furche et al® performed a combined experimental and theoretical study of
gold cluster anions for n<13. The experimental study consisted of ion mobility
experiments and the theoretical study was done by using ab initio molecular
dynamics. By comparing theoretical and experimental results, they assigned
structures for the gold cluster anions and located the transition from two-
dimensional to three-dimensional cluster to occur at n = 12. While several ab initio
calculations on gold nanoclusters in the past have been limited by symmetry
constraints,”® an unconstrained global minima search’ is necessary for locating all
possible low-energy isomers. Considerable progress has been made towards this
goal by Garzon et al.'® and Soler et al.’® who predicted amorphous structures for the

most stable isomers of intermediate size Au, (n = 38,55,75) nanoclusters based on an
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exhaustive minima search using generic optimization methods that employed
classical Gupta n-body potentials. Similarly, empirical potentials have been
employed in the past to determine the lowest energy structures of medium sized gold

113 However, recently Zhao and coworkers'* have used a combined

clusters.
scheme of DFT with empirical generic algorithms to generate a number of possible
structural isomers for gold clusters of up to 20 atoms, which were further optimized
at the DFT level to determine the lowest energy structures. They have found that
small Au, clusters adopt planar structures up to n = 6, flat cage structures are
preferred in the range of n = 10-14 and a structural transition from flat-cage-like
structure to compact near-spherical structure occurs at around n = 15. Xiao and
Wang15 used a plane wave DFT basis set and the PW91 functional for Au;4 and Auy
to predict by interpolation that the crossover from planar to non planar gold clusters
occurs at the cluster consisting of 15 gold atoms. Sankaran and Viswanathan'®
performed DFT calculation on Au, clusters (n = 2-12) using B3LYP functional and
LANL2DZ effective core potential basis set without imposing any symmetry and
observed a 2D to 3D conversion at Aus. Li et al. 1 have located the 2D-3D turnover
for neutral gold clusters at Auj;. Thus, inspite of such large number of studies
dedicated to the structure of both neutral and ionic gold clusters, there appears to be
little consensus regarding the “turnover point” from clusters in which planar isomers
are lowest in energy to those in which non planar isomers dominate.

Therefore, we were motivated to investigate the 2D-to-3D conversion of gold
clusters using density functional theory with all electron scalar relativistic effects.
Most studies on gold clusters make use of effective core potential (ECP), in which
the core electrons are replaced by an effective potential, thereby eliminating the need
for core basis functions. The use of ECP reduces the computational expense
drastically. In contrast to these earlier calculations, the work described here uses a
first principles all-electron method based on DFT incorporating scalar relativistic
effects for the treatment of core electrons. We have attempted to predict a number of
possible low-energy structural isomers for each Au, cluster (n = 2 to 13) with
unconstrained geometry optimizations starting from different initial candidate

geometries.
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1.2 Computational Details

The isomers of gold clusters Au, (n = 2-13) have been fully optimized using
Kohn-Sham Theory.?**' We used the generalized gradient approximation (GGA) in
our calculations. At the GGA level, we have chosen the BLYP functional®®*® which
incorporates Becke’s exchange and Lee-Yang-Parr correlation. The efficiency of the
BLYP functional in studying gold clusters have been demonstrated by Bonaci¢-

1.2* in their work on silver-gold bimetallic clusters. The basis set

Koutecky et a
chosen is DNP.?* The DNP basis functions are the double-numerical atomic orbitals
augmented by polarization functions, i.e, functions with angular momentum one
higher than that of the highest occupied orbital in the free atom. The size is
comparable with the Gaussian 6-31G** basis set, but the DNP basis set is supposed
to be more accurate than a Gaussian basis set of similar size. This basis set is
suitable even for treating completely dissociated atoms. Gold being a heavy atom,
relativistic effects become important. So, all-electron calculations with scalar
relativistic corrections are used. While calculations involving all-electron relativistic
(AER) method are more difficult to perform due to the huge computational expense,
they are supposed to provide better accuracy than those involving effective core
potentials as a result of the lesser number of approximations in AER. The
advantages of the all electron scalar relativistic method over the effective core
potential methods have been demonstrated by Orita er al.?® in their work on CO
adsorption on Pt(111). They found that the AER method can correctly predict the
atop adsorption site and gives adsorption energies which are closer to the
experimental values than those predicted by ECP methods. Fine grid mesh points
are employed for the matrix integrations. Self-consistent field procedures are done
with a convergence criterion of 10 a.u. on the energy and electron density. All the
calculations are carried out by using the DMol® program.”’ The nature of the
stationary points has been characterized by running vibrational frequency
calculations at the same level of theory. In order to determine the ground electronic
state for a given cluster size, test calculations were initially performed in two spin
states, singlet, and doublet, for neutral clusters having even and odd number of gold
atoms, respectively. Then the same calculations were repeated in higher spin states,
viz, triplet and quartet. An analysis of the results revealed that though the structures

remained the same, calculations in higher spin states gave higher energies (2.1 eV to
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3.6 eV) for all the clusters studied. So we decided to perform the calculations in the
minimum spin states, singlet and doublet. For charged clusters the choice of singlet
or doublet state was made depending upon the number of electrons being even or
odd, respectively. For a given cluster size, the most stable structure is determined
from the relative energy of the isomers. This is further confirmed by comparing
their binding energies.

In order to determine the size evolution of the stability of the clusters and
their electronic properties, we have determined the binding energy per atom, second
difference of binding energy, fragmentation energy, first vertical ionization
potential, electron affinity and chemical hardness of the stable structures.

The average binding energy per atom for neutral clusters is computed from:

Ey(m)=[nE(Au,)-E(Au,)]/n 3.1
where E(Au,) is the energy of a cluster with n atoms.

For ionic clusters, the formula used for binding energy per atom calculation is

BE=-E* In (3.2)

{ot

where E}, = EX —(n-1)E, —E[ is the total energy of an ionized cluster, in which E;*

and E* are the energies of the singly charged Au atom (Au;”) and Au,” clusters

The fragmentation energy for a cluster of size n has been calculated from:
D(n,n-1) = E(Au,.;) +E(Au;) — E(Au,) (3.3)
For the most stable structure for each cluster size n, the second difference of
binding energy A?E,(n) has been obtained as:
A’Ey(n)=2Ey(n)-Ey(n+1)—Ep(n-1) (3.4)
where Ey(n) is the binding energy per atom of the cluster with n atoms.
The vertical ionization potential (IP) and electron affinity (EA) are calculated
as:
IP = E(Au,")- E(Auy) (3.5)
FEA = E(Au,) - E(4uy) (3.6)
where E(Au,") and E(Auy,) are the total energy of the cationic and anionic clusters,
respectively at the optimized geometry of the neutral cluster.
Chemical hardness is used as a parameter to determine the reactivity of a
system. In density functional theory, hardness () of an electronic system is defined
as the second derivative of energy (E) with respect to the number of electrons (N) at

constant external potential, v(#) 28
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where y is the chemical potential of the system.

Using the finite difference approximation and the Koopmans’ theorem,
global hardness, # can be approximated as

_IP—FA
2

where IP and EA are the first vertical ionization potential and electron affinity,

(3.8)

respectively of the chemical system.

3.3 Results and Discussion

In order to determine the best exchange-correlation functional to be used for
the calculations, we made a comparative study of the bond length, vibrational
frequency and dissociation energy of the gold dimer using various functionals. The

results are presented in Table 3.1.

Table 3.1. Calculated properties of Au,.

Method R(A)  wfcm')  DgeV)
BLYP/DNP 2.53 171 2.203
BOP/DNP 2.61 137 2.025
BP/DNP 2.57 148 2.324
HCTH/DNP 2.60 135 2.007
PBE/DNP 2.57 147 2.400
PW91/DNP 2.57 148 2.426
rPBE/DNP 2.60 140 2.140
VWN_BP/DNP 257 148 2.325
VWN/DNP 2.44 205.8 2.982
Experimental 2.47 191 2.302

Experimental values are taken from References [29,45].

The experimental value of the bond length for Au, is 2.47 A% Among the
functionals used, the VWN functional gives the best value of bond length, but the
vibrational frequency and dissociation energy are overestimated. The dissociation

energy calculated by the VWN BP and the BP functionals are close to the
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experimental value of 2.302 eV, but the vibrational frequency is far too low. Among
all the available functionals, it is observed that the BLYP functional gives the best
estimate of all the three parameters considered. Hence we choose this functional for
the present study.

For all the Au, clusters (n = 2-13) a number of low-energy structures were
obtained along with the most stable structure (Figures 3.1(a), 3.1(b)). The total
energy of all the clusters and their relative energies along with the symmetry point
group are given in Table 3.2. Each structure is identified by its shape and symmetry.
The energy differences are given relative to the most stable structure. However, it
should be noted that DFT cannot distinguish the structures whose energy difference
falls within the ca. 0.2 eV range.’® We take this energy as the “isomer-coexistence
interval”. The binding energy per atom, second difference of binding energy,
fragmentation energy, average bond length, HOMO-LUMO energy gap, first vertical
ionization potential and electron affinity and the value of chemical hardness for each
structure are given in Table 3.3. In what follows, we will first discuss and compare

structure and energetics of Au, clusters and then their electronic properties.

Figure 3.1(a). The optimized structures of gold neutral clusters (Auy, n =2 to 7) at
BLYP/DNP level of calculations.
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3.3.1 Structure and Energetics

3.3.1.1 Neutral gold clusters

Au,: We first present our calculated values of Au, and compare them with the
reported experimental and theoretical values. The calculated bond length, binding
energy and vibrational frequency for Au, are 2.53 A, 2214 eV and 171 cm’,
respectively. These GGA calculated values are in satisfactory agreement with
experimental results (R, = 2.47 A, E, = 2.30 eV and v = 191 cm'l).3 132 The
BLYP/DNP level of theory gives 2.4% error in bond length, 8.8% error in binding
energy and 10.4% error in vibrational frequency. However, our values are still
better than some of the theoretical values reported earlier.*'* The LDA results of
Wang et al.'* gave a value of 2.55 A for Au-Au bond length. Using the PW91PW91
exchange-correlation functional, Walker* found that the calculated bond length is
2.56 A with Stuttgart 1997 basis set, 2.55 A with LANL2DZ and 2.54 A with
CRENBL. The previous theoretical calculations show that the error in the calculated
vibrational frequencies is > 10% using various functionals and basis sets.* Using the
PW91PW91 exchange-correlation functional, the calculated frequency is 126 cm™
with Stuttgart 1997 basis set, 170 ecm” with LANL2DZ and 172 cm’ with
CRENBL. Our binding energy values are in very good agreement with
PW91PWI1/LANL2DZ (2.20 ¢V) and PW91PW91/CRENBL (2.23 eV) levels of
theory. The value of Au-Au bond length determined by us agrees well with the
CCSD(T) value of 2.512 A.** The calculated ionization potential (IP) for Au, falls

within 2.2% of the experimental value.

Aujs: Three isomers (3a-3c) are obtained with the linear one being lowest in energy.
This is in agreement with DFT-LDA results of Wang ef al."* who predicted a linear
structure and also with earlier CASSCF** studies but disagrees with the lowest
energy triangular structure reported by Walker. The next higher in energy is a V
shaped structure (3b) with a bond angle of 154.2°and an energy difference of 0.010
eV as compared to the linear molecule. The highest energy structure is a triangle 3¢
(Dsn) with an energy difference of 0.052 eV over the lowest energy linear structure.
Another study'® has the V shaped cluster as the lowest in energy, followed by the
linear structure, and has the triangular geometry as the highest energy structure. The

accuracy of the DFT method for calculating the energy difference between gold
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clusters has been estimated to be 0.1 eV® (or 0.2 eV°) and so the three structures are
probably not distinguishable at this level of theory. The values of binding energy
per atom for the structures 3a, 3b and 3¢ are 1.209, 1.205 and 1.191 eV, respectively.

Aug: For Auy we have obtained five stable structures as shown in Figure 3.1 (4a-4e).
The calculations reveal three structures (4a, 4b, 4c) within the “isomer-coexistence
interval” of 0.2 eV (Table 3.2). Thus, the lowest energy structures are a rhombus
(4a) with C; symmetry, a “distorted Y” shaped one (4b) and a “planar Y” shaped
structure (4c). The rhombus is slightly distorted with opposite edges revealing Au-
Au bond lengths of 2.64 and 2.69 A, respectively. The ‘4a’ structure was reported to
be the most stable structure by Walker* and Zhao er al.’ The other structures are a
zigzag structure (4d) and a tetrahedron geometry (4e). Structures ‘4d’ and ‘4e’ are
higher in energy than ‘4a’ by 0.381 eV and 1.008 eV, respectively. The “distorted
Y” structure (C,) is three dimensional, and to the best of our knowledge, it has not
been reported in earlier theoretical studies. The average bond length for this structure
is 2.68 A. Another structure, a square shaped one was also obtained. However, it
was found to be a transition state. Other authors have also predicted that the most
stable Auy cluster has a rhombic structure with the “planar Y shaped structure lying
higher in energy.z’lg’24 Our results match this trend in energy. The rhombic and
tetrahedron structures have binding energies per atom of 1.49 eV and 1.24 eV,

35

respectively.  Second-order many-body perturbation theory calculations™ give

binding energy per atom values of 1.73 eV and 1.37 eV for these structures.

Aus: In case of Aus, three stable structures were obtained as shown in Figure 3.1
(5a-5c). The lowest energy cluster is a “W” shaped one with C;, symmetry (5a).
This structure has a binding energy per atom value of 1.623 ¢V which is higher than
that for the structures ‘Sb’ and ‘Sc’. There is an X shaped structure 5b (D3;) lying
0.387 eV higher in energy. A higher energy three dimensional trigonal bipyramidal
structure with D3, symmetry is also found in our BLYP/DNP level calculation. This
structure is 0.805 eV higher in energy than the “W” shaped structure. Our results
are in agreement with the results of Walker.* The binding energy per atom for the

structures ‘5b’ and ‘5¢’ are 1.546 eV and 1.462 eV, respectively.
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Aug: The stable structures obtained in our calculations for Aug are shown in Figure
3.1 (6a-6k). We have obtained two nearly’ degenerate lowest-lying Aug structures, a
triangle (6a, C,,) and a tri-capped triangle (6b, C;). The structure ‘6b’ lies only
0.001 eV higher in energy compared to the structure ‘6a’. They have the same value
of binding energy per atom of 1.843 eV. The tri-capped triangle is three
dimensional and consists of four triangles, one lying in the plane and three above the
plane - one on each side of the first triangle. All the four triangles are isosceles. The
one lying on the plane has Au-Au bond lengths of 2.71 A and 2.76 A and for the
other triangles the bond lengths lie between 2.63 A and 2.67 A. A lowest energy
triangular structure for Aug with D3, symmetry was predicted by other workers.>*"
Hence, within the DFT error, there is a 2D-3D coexistence for neutral gold clusters
at Aug. The next higher energy structure is a pentagonal pyramid (6¢) with Cs,
symmetry which is also reported by Bonati¢-Koutecky er al.’® Among the other
stable structures for Aug are a bicapped butterfly structure (6d) with C,, symmetry, a
planar parallelogram structure (6e) which is a combination of two rhombuses, a
chair structure (6f) with C;, symmetry. In structure ‘6d’, the Au-Au bond length
varies between 2.64 A and 2.80 A for the basic butterfly structure while for the
capping the bond lengths are 2.63 A and 2.64 A. The chair form of Aug consists of a
planar central Auy ring and two Au atoms lying above and below the ring connected
to two opposite edges. The average Au-Au distance for the Auy ring of this structure
is 2.63 A while for the other bonds it is 2.67 A. The values of binding energy per
atom, the first vertical ionisation potential and electron affinity for this structure are
1.675 eV, 7.473 eV and 3.054 eV, respectively. Other higher energy structures
include a boat (6g, C)), capped trigonal bipyramid (6h, C;), an octahedron (6i, Oy)
and a see-saw structure (6j) consisting of two equilateral triangles connected through
their vertices. The two triangles are non overlapping. The highest energy structure
(6k) is a zigzag one (C;). The pentagonal pyramid, capped bipyramid, rhombus and
boat structures have also been reported by Walker.! In case of the trigonal
bipyramid structure ‘5¢’, the Au-Au bond distances for the triangular ring is 2.78 A
and the other bond distances are 2.75 A. For the capped trigonal bipyramid the Au-
Au distance for the triangular ring varies between 2.74 A and 2.77 A. The other
bond lengths lie between 2.71 A and 2.85 A. The capped Au atom lies at a distance
of 2.53 A from the nearest atom in the triangular ring. The groups of Michaelian'!

and Wilson'"? found that the bipyramid is the lowest energy structure of Aus using »-
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body Gupta potential and empirical Murrell-Mottram many body potential,
respectively. Both n-body Gupta and the Murrell-Mottram many-body potentials are
designed to reproduce properties of bulk crystalline gold which may not reproduce
the properties of clusters. To the best of our knowledge, the tri-capped triangle (6b),
the chair (6f), and the see-saw structure (6j) have not been reported in any previous

experimental and theoretical work.

Figure 3.1(b). The optimized structures of neutral gold clusters (Au,, n = 8 to 13) at
BLYP/DNP level of calculations.

Aus:  Au; has seven stable structures (7a-7g). Within the isomer-coexistence
interval, the lowest energy structures for Au; are a planar capped triangle with C;
symmetry (7a, C;) and a hexagon with one gold atom occupying the centre of the
ring (7b, Dgy). A planar capped triangle with C; symmetry was also obtained as the
minimum energy structure by other workers by adding a gold atom to the planar
triangular structure of Aug*'**® Then we have a bi edge-capped trigonal bipyramid
structure (7c) which is about 0.393 eV higher in energy than the hexagonal structure.
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Wang et al. ' reported a three dimensional pentagonal bipyramid structure as the
lowest energy structure for Aus. In our case this pentagonal bipyramid structure was
found to be 0.671 eV higher in energy than the minimum energy structure. Gilb et
al®" found a hexagon with one central atom as the lowest energy structure for Auy
cation. In our case this structure is found to be next higher in energy as compared to
the minimum energy capped triangular structure. The next higher energy structure is
a planar extended W (7d, C,,) with an energy difference of 0.453 ¢V over the capped
triangle. Other high energy structures include a face capped octahedron (7e, C3,), a
pentagonal bipyramid (7f, Dss) and an eclipsed sandwich structure ‘7g’ with Dj,
symmetry. This eclipsed sandwich structure consists of two triangular rings, one on
top of the other connected by a gold atom at the middle. The average bond length is
2.74 A. This structure was not reported in earlier studies. It has the highest energy
among all the structures with the energy difference between this and the capped
trianglar structure being 1.835 eV. A comparison of the structures ‘61’ and ‘7¢’
shows that the Au-Au bond distances which have a value of 2.78 A in the
octahedron structure (6i) changes as a result of face capping. In the structure ‘7e¢’,
the Au-Au distances in the octahedron varies from 2.74 A to 2.91 A. The capped
gold atom lies at a distance of 2.71 A from an atom in the capped face of the

octahedron. We did not find a 2D-3D coexistence for Au; as observed for Au,.

Aug: The lowest energy structure for Aug cluster is clearly a planar tetra edge
capped rhombus (8a) with D, symmetry (Figure 3.2). Our calculated minimum
energy structure is in agreement with those reported in the literature.>*'* Wang er
al." reported that a distorted bicapped octahedron is the lowest energy structure. In
our case we have obtained a bi-edge capped octahedron as the highest energy
structure. In an earlier paper, Hikkinen and Landman' reported a capped
tetrahedron as the lowest energy structure for neutral Aug cluster. The other
structures obtained in our calculation are a capped hexagon (8b, C;) and a three
dimensional bi edge capped octahedron (8d, D,;). Another three dimensional
structure (8c) with C,, symmetry is obtained which is higher in energy than the
minimum energy planar structure by 0.706 eV. Structure 8d has the highest energy
with the energy difference between this and the minimum energy planar structure

being 1.604 ¢V. The binding energy per atom value for these isomers of Aug lie in
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the range 1.923 to 1.723 eV. The minimum energy planar structure ‘8a’ has the

highest value of binding energy per atom as expected.

Table 3.2. Shape, symmetry, total energy and relative energy values for Au,

clusters, n=2-13 optimized at the BLYP/DNP level of theory. All energies are in V.

n  Structure  Shape Symmetry  Total energy Relative
No. including ZPVE __ Energy
2 2 Linear Daoh -1001298.46578
3 3a Linear Deon -1501948.02002  0.000
3 3b \Y% Cay -1501948.00969  0.010
3 3¢ Triangle Dsp -1501947.96816  0.052
4 4a Rhombus Cs -2002598.48497  0.000
4 4b Distorted Y Ci -2002598.42509  0.060
4 4c Y Cyy -2002598.34697  0.138
4 4d Zigzag Cs -2002598.10427  0.381
4 4e Tetrahedron Tq -2002597.47693 1.008
5 Sa W Coy -2503248.77241  0.000
5 5b X D2 -2503248.38505  0.387
5 5¢ Trigonal bipyramid Dsp, -2503247.96743  0.805
6 6a Triangle Cay -3003899.84412  0.000
6 6b Tricapped triangle C -3003899.84324  0.001
6 6¢ Pentagonal pyramid Csy -3003898.92761  0.917
6 6d Bicapped butterfly Con -3003898.84505  0.999
6 6e Parallelogram Ci -3003898.84369  1.000
6 6f Chair Con -3003898.83910  1.005
6 6g Boat C -3003898.51200  1.332
6 6h Capped trigonal Cs -3003898.31692  1.527
bipyramid
6 6i Octahedron On -3003898.17314  1.671
6 6j See saw Can -3003898.03159  1.813
6 6k Zigzag Ci -3003897.81153  2.003
7 Ta Capped Triangle Cs -3504549.50540  0.000
7 7b Hexagon Dén -3504549.44987  0.056
7 Tc Bi edge-capped trigonal  C; -3504549.11205  0.393
bipyramid
7 7d Extended W Cav -3504549.05293  0.453
7 Te Face capped octahedron  Cs, -3504548.88791  0.618
7 7f Pentagonal bipyramid Dsh -3504548.83410  0.671
7 7g Eclipsed sandwich Dsp -3504547.67017  1.835
8 8a Tetra edge capped Dan -4005200.43709  0.000
rhombus
8 8b Capped hexagon Cs -4005200.14378  0.293
Three dimensional
8 8¢ structure Cyy -4005199.73131  0.706
Bi edge-capped
8 8d octahedron Do -4005199.83354 1.604
9 9a Bi edge-capped Cyy -4505850.54997  0.000

hexagon [
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Table 3.2 continued
n  Structure  Shape Symmetry  Total energy Relative
No. including ZPVE  Energy
9 9b Bi edge-capped hexagon Cs -4505850.53316  0.017
11
9 9¢ Bi edge-capped hexagon Dan -4505850.47574  0.074
I
9 9d Tetra edge capped square ~ Cyy -4505850.27459  0.275
pyramid
9 Oe Condensed trigonal Dan -4505848.62416  1.926
bipyramid
9 of Boat D5 -4505848.52930  2.021
10 10a Tri capped hexagon Dan -5006501.24075  0.000
10 10b Square antiprism C -5006500.07229 1.168
10 10c Three dimensional C -5006499.00000 1.922
structure [
10 10d Three dimensional Dyg -5006498.84051  2.400
structure I
11 11a Tetra capped hexagon Cs -5507151.46912  0.000
11 11b Tetra edge capped Dan -5507151.30703  0.162
hexagon
11 l1lc Staggered Sandwich Can -5507149.27896  2.190
11 11d Eclipsed Sandwich Dsp -5507149.14500 2.324
12 12a Pentacapped hexagon Dsp, -6007802.52572  0.000
12 12b Three dimensional Dyg -6007800.84008 1.686
structure |
12 12¢ Three dimensional C -6007800.77947  1.746
structure 1
12 12d Ladderane D3y -6007800.52935  1.996
12 12e Distorted Condensed Cay -6007800.42735  1.938
Triangle
13 13a Hexa capped hexagon Cs -6508452.31362  0.000
13 13b Condensed hexagon Dan -6508452.24670  0.067
13 13¢ Tricapped boat Coy -6508451.61101  0.703
13 13d Staggered Sandwich Degg -6508450.93911  1.375
13 13e Distorted Sandwich Con -6508450.71491 1.599

Aug:  Augy has three structures within an energy difference of 0.1 eV. The
calculated lowest energy structure of Aug is a “bi edge-capped hexagon I (9a) with
Cy symmetry. This structure is in agreement with the results of Walker. Recent
calculations by Xiao and Wang'’ and that of Bonatié-Koutecky and co-workers®®
predict the “bi edge-capped hexagon II” structure (9b) of Figure 3.2 as the lowest
energy structure for Aug. We found this structure to be only 0.017 eV higher in

1" and

energy than the capped hexagon I structure. We also note that Wang et a
Hikkinen and Landman' predicted that the lowest energy structure for Aug has a

three dimensional structure. Here, the lowest energy three dimensional structure is
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found to be 0.275 eV higher in energy compared to the minimum energy structure.
Clearly, there is no 2D-3D coexistence for the stable isomers of Aug. The two
dimensional “bi edge-capped hexagon III” structure (9c, D;y) also lies within the
isomer coexistence interval of the lowest energy structure ‘9a’ as does the structure
‘Ob’. Thus the three two dimensional structures ‘9a’, ‘Ob’ and ‘9¢’ may be said to
coexist as the minimum energy structure. Higher energy stable structures include
the three dimensional tetra edge-capped square pyramid (9d, C,), a condensed
trigonal bipyramid structure (9e¢, D,,) and a boat structure with D3 symmetry (9f).
The condensed trigonal bipyramid structure (9e, D,;) consists of two trigonal
bipyramids condensed through a vertex of the triangular ring. The average bond
length for this cluster is 2.78 A. To the best of our knowledge, this structure has not
been reported previously. The boat shaped one with Ds; symmetry is another new
structure obtained in this study. Among all the stable structures obtained for Au,,
this boat structure has the highest energy with the energy difference between this

and the most stable bi edge capped hexagon I being 2.021 eV.

Auyg: The lowest energy structure for Auyy is a tricapped hexagon (10a) having D,
symmetry which is in agreement with the result obtained by Walker* and Li ef al."
The other stable structures are three dimensional. The energy difference between the
minimum energy planar structure and the next higher energy three dimensional
square antiprism structure (10b) is 1.168 eV. Structure ‘10b’ consists of two square
pyramids placed back to back in staggered conformation. This structure has been
obtained by Furche ef al.® and by Hikkinen er al.? in their study on gold cluster
anions. The other two higher energy structures (10c and 10d) have C; and Dy
symmetry with average bond lengths 2.79 A and 2.70 A, respectively. The highest
energy structure ‘10d’ is 2.4 eV higher in energy than the minimum energy planar

structure.

Auy: In agreement with the results of Hikkinen ef al.* for gold cluster anions, we
find a planar tetra capped hexagon (11a, C;) as the minimum energy structure for
Auy;. The next higher energy structure (11b) is also planar and is separated by an
energy difference of 0.162 eV from the structure ‘11a’. Structure ‘11a’ has been
reported by several groups.>*'® We have also obtained two previously unreported

structures - one of them is a staggered sandwich structure (11¢, C,;). In this case,
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the atoms in the two pentagonal rings are placed in staggered position with respect to
each other. The average bond length of the pentagonal ring is 2.90 A while the
central gold atom is separated from an atom in the pentagonal ring by a distance of
2.74 A. The other is an eclipsed sandwich structure (11d, Ds;). This structure
consists of two overlapping regular pentagonal rings with Au-Au distance of 2.79 A
with a gold atom in between the two planes. All the distances between the
constituent atoms of the pentagonal ring and the central gold atom are equal (2.79
A). The distance between an atom in the pentagonal ring and the gold atom at the
centre is 2.79 A. The pentagonal rings are separated from each other by a distance
of 2.82 A. The binding energy per atom value for the two structures are 1.803 eV
and 1.791 eV, respectively.

Aujy: Again, we find a planar penta capped hexagon structure to be the lowest in
energy for Au); (12a, Dj;). This structure consists of a hexagonal ring with capping
at five positions, three on the edges and two at the vertices. This is in agreement
with the results of Furche et al.® and Hikkinen er al.® for gold cluster anions. This
structure has also been obtained by Hou and coworkers’ in their study of two
dimensional gold clusters. Li er al.'® also obtained this structure. However, this
structure was found to be higher in energy by 0.022 eV than the minimum energy
structure, which they found to be three dimensional. Then, we have two three
dimensional structures 12b (D,;) and 12¢ (C;) lying 1.686 eV and 1.746 €V,
respectively higher in energy than the minimum energy planar structure. Structure
‘12b’ consists of six four membered rings, two of which are planar and the rest are
butterfly shaped. The average bond length for the planar ring is 2.77 A while for the
butterfly shaped rings it is 2.81 A. The next higher in energy is a ladderane structure
(12d) having D3z symmetry with four stacked triangles, one on top of the other in
staggered positions. All the triangles are equilateral. The top and bottom triangles
have Au-Au bond length of 2.81 A while for the middle two the Au-Au bond length
is 2.98 A. The binding energy per atom for this structure is 1.913 eV. This exotic
structure was not reported in earlier studies. The highest in energy is a distorted
condensed triangle (12e¢) with Cj, symmetry. This structure consists of two
hexanuclear gold triangles (similar to structure 6a) joined in a parallel conformation.
The two triangles deviate slightly from planarity, the Au-Au-Au bond angle of the

deviated edge being 151.7°. Li ef al." have found this structure to be the minimum
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energy structure for Aup. In our study, we find that the 12e structure is 1.938 eV
higher in energy than the minimum energy planar structure 12a.

Aug;: Five stable structures were obtained with two planar structures, a hexa capped
hexagon (13a, Cs) and a planar condensed hexagon structure (13b, D,;) as lowest
structures within the “isomer coexistence interval”. Hou and coworkers® have also
obtained the condensed hexagon structure consisting of two hexagonal rings
condensed through a vertex as the most stable structure. Taking the hexagonal ring
as the base, Hikkinen ef al.2 have also found a planar structure as the minima in their
study on gold cluster anions. However, their structure contains capping at different
positions whereas there is no capping in our structure. Kappes and coworkers’’ have
found a three dimensional Cj, structure as the lowest energy one in their study on
gold cluster cations. The other stable structures for Au;z are three dimensional and
higher in energy than the planar ones. Among them is a tricapped boat structure
(13c, Cp) and two hitherto unreported structures: one is a staggered sandwich
structure (13d, Dgy) consisting of two six member planar rings placed one on top of
the other with one gold atom in between the planes. The six member rings are
regular hexagons with the Au-Au distance being 2.70 A while the distance of the
central gold atom from the atoms in the hexagonal ring is 2.96 A. A comparison of
structures ‘11¢’ and ‘13d’, both of which are staggered sandwiches, shows that in
the case of the pentagonal ring (11c), the Au-Au distance is not uniform with the
average bond length being 2.90 A, while the hexagonal ring shows equal Au-Au
bonds. On going from Auy; to Au,; there is an increase in the distance between the
central gold atom and atoms in the planar ring from 2.74 A to 2.96 A. The other
structure is a distorted sandwich structure (13e, C,,) with two distorted non planar

Aug rings. The average bond length of this structure is 2.79 A.



Chapter 3

Table 3.3. Binding energy/atom,

Gas phase neutral and charged small gold nanoclusters

second

differential

65

of binding energy,

fragmentation energy, average Au-Au distance, HOMO-LUMO gap, first vertical

ionisation potential, electron affinity and hardness for Au, (n = 2-13) clusters. All

energies are in eV,

Structure

A’Ey,

HOMO

IP

EA

Eyp D Average n
n No. Bond -LUMO
Length(A) gap
2 2 1.102 2.203 2.53 1.637 9.294 1.820 3.737
3 3a 1.209 -0.175 1.423 2.55 2231 8754 3.361 2.696
3 3b 1.205 2.55 2.005 8.679 3.347 2.666
3 3c 1.191 2.68 0.007 7416 2208 2.604
4 4a 1.490 0.148 2.334 2.68 0.927 7996 2.387 2804
4 4b 1.475 2.68 0.966 8.130 2.585 2773
4 4c 1.455 2.62 0976 7972 2484 2744
4 4d 1.395 2.68 1.140 8337 2.867 2735
4 4e 1.238 2.75 1.513 7309 2430 2.440
5 Sa 1.623 -0.086 2.156 2.68 1.142 7.790 2962 2414
5 5b 1.546 2.65 0.505 7.115 2.720 2.198
5 5¢ 1.462 2.78 0.190 7.267 2.643 2312
6 6a 1.843  0.272 2.940 2.68 1.727 7.840 2.243 2798
6 6b 1.843 2.68 1.721  7.839 2.244 2797
6 6¢ 1.690 2.73 1.641 7.633 2291 2.671
6 6d 1.676 2.78 0.189 7472 3.051 2211
6 6¢ 1.676 2.69 0.176  7.413 3.050 2.181
6 6f 1.675 2.68 0.180 7473 3.054 2210
6 6g 1.621 2.73 0475 7420 2.667 2377
6 6h 1.588 2.71 0.630 7.576 2.883 2346
6 6i 1.564 2.55 1.806  7.541 2983 2279
6 6j 1.541 2.68 0.684 7.338 3.010 2.164
6 6k 1.504 2.55 0.832 7.860 3.477 2.192
7 7a 1.798 -0.170 1.530 2.69 1.077 7225 2.870 2.178
7 7b 1.790 2.70 1.396 6900 2.921 1.989
7 Tc 1.742 2.76 0.690 6.927 2.798 2.065
7 7d 1.733 2.69 0467 7367 3374 1997
7 7e 1.710 2.78 1.306 6.710 3.094 1.808
7 7f 1.702 2.78 0.784 7.069 2778 2.146
7 7g 1.536 2.74 0.591 6.798 2.866 1.966
8 8a 1.923  0.127 2.856 2.67 1420 7512 2834 2339
8 8b 1.887 2.70 0.729 7342 2945 2.198
8 8c 1.835 2.76 1.332 7.389 2407 2491
8 8d 1.723 2.76 0.144  7.447 3326 2.06]
9 9a 1.930 -0.056 1.982 2.70 0.584 7.146 3.239 1.954
9 9b 1.928 2.70 0.786  7.373 3.467 1953
9 9% 1.922 2.71 0.051 7.148 3.064 2.042
9 9d 1.899 2.72 1.113 7319 3.195 2.062
9 Oe 1.716 2.78 0.073 6.678 2962 1.858
9 of 1.705 2.78 0.530 7.163 3.371 1.896
10 10a 1.993  0.053 2.560 2.71 1.172  7.349 2967 2.191
10 10c 1.801 2.76 0255 6.831 2924 1954
10 10d 1.753 2.70 0.845 6.709 2.841 1934
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Table 3.3 continued
Structure E, AzEb D Average HOMO IP EA n
n No. Bond -LUMO
Length(AL gap

11 l1a 2.002 -0.054 2.097 2.71 0913 7.025 3.553 1.736
11 11b 1.988 2.70 0.727 7.004 3.606 1.699
11 l1lc 1.803 2.87 0.346 6.653 3.071 1.791
11 11d 1.791 2.80 0.011 6.565 3.018 1.774
12 12a 2.066 0.088 2.765 2.71 0.938 7236 3209 2.014
12 12b 1.939 2.80 0229 7360 3.035 2.163
12 12¢ 1.934 2.78 0.468 6934 3.093 1921
12 12d 1.913 2.80 1.423 7.051 3.344 1.853
12 12¢ 1.904 2.74 0356 6.863 3.207 1.828
13 13a 2.047 1.657 2.71 0.033 6770 3.343 1.714
13 13b 2.042 2.71 0.612 6921 3.760 1.580
13 13¢ 1.99 2.80 0.539 6.487 3.051 1.718
13 13d 1.941 2.76 0.070 6.842 3424 1.709
13 13e 1.924 2.79 0058 7415 3250 2.082

3.3.1.2 Cationic gold clusters

Geometry optimizations for singly charged cationic gold clusters have been
performed in a similar manner. The minimum energy structures of the cationic gold
clusters Au,’ (n = 2-13) are shown in Figure 3.2 while their properties are listed in
Table 3.4. As can be observed from the figure, all the minimum energy structures
are planar. The cationic dimer Au,” exhibits a bond length of 2.57 A which is larger
than that of the neutral dimer, where the Au-Au distance is 2.53 A. For Au;" the
linear geometry yielded a negative vibrational frequency. As obtained for the
neutral cluster, the minimum energy structure for the cationic Aus’ cluster is a
rhombus. The next higher energy structure, a tetrahedron lies 0.35 eV higher in
energy. For Aus’ cluster, the “W” structure exhibited negative frequency. Of the
other two structures obtained, “X” lies lower in energy. This is in agreement with
the results of Walker.* For Aug", we could obtain ten isomeric structures devoid of
negative frequency. Of these, the triangular structure with a HOMO-LUMO gap of
2.11 eV lies lowest in energy. This is the largest HOMO-LUMO gap among the
minimum energy Au,” structures obtained in the present study.

In case of the Au;” cluster, the minimum energy structure is the same capped
triangular structure as obtained for the neutral cluster. The other structures include a
bi edge-capped trigonal bipyramid, an extended W, a pentagonal bipyramid and an

eclipsed sandwich structure. For Aug®, we have obtained four structures, out of
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o—0

Figure 3.2. The calculated structures of cationic gold clusters (Au,’, n = 2 to 13) at
BLYP/DNP level of calculations.

which the tetra edge capped rhombus lies lowest in energy. This is in agreement
with the results of Remacle ef al.'” In case of the neutral cluster too, this same
structure exhibited the lowest energy. However, the average bond length in case of
cationic cluster is slightly longer, 2.68 A, compared to 2.67 A for the neutral cluster.
In case of Aug’, the bi edge-capped hexagon with an average bond length of 2.71 A
is the minimum energy structure. Three structures were obtained for the Auq’
cluster, of which two are planar. Of these, the tricapped hexagonal structure lies
lowest in energy. This structure is similar to the minimum energy neutral Au
structure. For Auy;’, the minimum energy structure is a tetra edge capped hexagon.
This structure has a small HOMO-LUMO gap of 0.52 eV. For the neutral cluster
this structure lies 0.162 eV higher in energy compared to the minimum energy
planar structure. For Auj;’ and Au;3’ the minimum energy structures are a
pentacapped hexagon and a hexacapped hexagon, rgspectively. Thus the optimal
geometries of cationic Au," clusters for n = 3,5,9,11 differ from those of the neutral

ones.
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Table 3.4. Binding energy/atom, second differential of binding energy, average Au-
Au distance and HOMO-LUMO gap for Au," (n = 2-13) clusters.

n E, A°E, Average HOMO-
Bond LUMO

Length(A)  gap

1.284 2.57 2.044
3 1940 0.684 2.68 1.760
4 1911 -0.182 2.68 0.794
5 2063 0.069 2.64 1.052
6 2146 0.061 2.68 2.105
7 2169 -0.008 2.69 0.873
8 2.199 -0.008 2.68 1.029
9 2237 0.052 2.71 1.243
10 2224 -0.021 2.71 1.196
11 2231 -0.030 2.69 0.514
12 2268 0.018 2.71 0.906
13 2.288 2.71 0918

Energies are in eV.
3.3.1.3 Anionic gold clusters

The optimized geometries of the minimum energy anionic Au, (n=2-13)
clusters are shown in Figure 3.3. As obtained for the neutral and cationic clusters,
the minimum energy structures are planar in the entire size range considered.

Fernandez et al %

found anionic gold clusters to be planar upto n = 12 by using DFT
GGA calculations based on norm conserving pseudopotentials and an atomic basis
set. The dimer bond length elongates to 2.64 A. The minimum energy structure for
the anionic trimer is linear as in case of the neutral cluster. However the average
bond length is elongated (2.55 A for the neutral cluster vs. 2.58 A for the anionic).
For Aug the minimum energy structure is a “zig-zag” one which was first reported
by Hikkinen and Landman.! They found this structure to be degenerate with the
planar Y-shaped structure. However, in our case, the Y-shaped structure yielded a
negative frequency and hence is not considered in the present discussion.

For Aus™ the minimum energy structure is a “W” in agreement with the
results of other workers.!® The binding energy for this structure is 1.81 eV. The
minimum energy Aug structure is obtained by adding a triangular motif to the “W-
shaped” structure for Aus”. The resulting structure is the same planar triangular one

as obtained for Aug and Aus . However, in this case the HOMO-LUMO gap is quite
small, only 0.259 eV indicating that it is highly unstable. The structure lying next
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Figure 3.3. The calculated structures of anionic gold clusters (Au,, n = 2 to 13) at

BLYP/DNP level of calculations.

higher in energy is a zig-zag one, with the energy difference between this structure
and the triangular structure being 0.62 eV. In case of the neutral cluster, this
structure has the highest energy. For Au; the minimum energy structure is a tri edge
capped square. This structure has not been obtained for neutral and cationic clusters.
It has also been obtained as the minimum energy structure for singly charged anionic
Auy cluster by Remacle ef al.'” The other structures obtained include a face capped
octahedron, an extended W and a hexagon. The minimum energy structure of Aug
is the same tetra edge capped rhombus structure as obtained for the neutral and
cationic clusters. The per atom binding energy for this anionic cluster is 2.035 eV
while for the cationic cluster it is 2.199 eV. The Auy cluster presents the bi-edge
capped hexagon as the minimum energy structure. For the neutral cluster this
structure lies 0.017 eV higher in energy compared with the minimum energy planar
structure. Another capped hexagonal structure was obtained with cappings at
different positions. This structure lies 0.189 eV higher in energy. The Aujq cluster
exhibits a tri-capped hexagon as the minimum energy structure. The neutral and the
cationic Au, clusters also have the same minimum energy structure. The minimum

energy structures for Auj;” and Au;3” are a penta capped hexagon and a hexa capped



Chapter 3 Gas phase neutral and charged small gold nanoclusters 70

hexagon, respectively which are similar to the minimum energy structures of the

neutral and cationic clusters of the same size.

Table 3.5. Binding energy/atom, second differential of binding energy, average Au-
Au distance and HOMO-LUMO gap for Au, (n = 2-13) clusters.

n E, A'E; Average HOMO-
Bond LUMO
Length(A) gap
2 1.001 2.64 0.523
3 1.646 0.635 2.58 1.983
4 1.656 -0.145 2.68 1.676
5 1.811 0.083 2.71 1.141
6 1.884 -0.052 2.68 0.259
7 2.008 0.097 2.68 1.167
8 2.035 -0.030 2.68 0.867
9 2.093 0.057 2.71 0.785
10 2.093 -0.055 2.72 0.139
11 2.148 0.033 2.72 0.956
12 2.171 0.001 2.72 0.256
13 2.192 2.72 0.293

Energies are in eV.
3.3.2 Variation of average Au-Au bond length
In order to compare the variation of average Au-Au bond length of Au,
clusters with the increase of cluster size we choose the most stable structure for each
of the neutral, cationic and anionic clusters. The variation of average Au-Au bond
length of all the lowest energy structures as a function of cluster size is shown in

Figure 3.4.

—o— Neutral
—&— Cationic
—— Anionic

Average Bond Length (A)

6 T 8 9 10 11 12 13

2 3 4 <

Cluster Size (n)

Figure 3.4. Variation of average bond length with respect to cluster size.
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The average bond length of neutral and anionic Au, clusters increases as we go from
n=2ton=4. For the cationic cluster the average bond length is higher for Au;"
compared to Au," and Aus’. This may be attributed to the fact that Au;’ being
triangular, there is a change of geometry from linear to triangular at n = 3 which is
not the case for neutral and anionic clusters. For system sizes of 4 and 6 atoms, the
average bond lengths for neutral, cationic and anionic clusters are exactly the same.
The Aus' cluster shows a decrease in the average bond length which is not observed
in case of the neutral and anionic clusters. This may be due to the different
geometry exhibited by Aus® compared to Aus and Aus”. For system sizes of 6 to 8
atoms the average bond length remains the same for cationic and anionic clusters,
while for neutral cluster there is a slight increase at Aus. The curve for the neutral
cluster shows a dip at Aug which has a capped rhombus structure. The most stable
thombus structure of Auy has the similar Au-Au bond lengths. For the neutral and
charged clusters there is a marked increase in the average Au-Au bond length on
going from a system size of 8 to 9 atoms. For system sizes of 10 to 13 atoms, the
average bond lengths remain constant for neutral and anionic clusters with the
anionic clusters exhibiting slightly longer Au-Au bond lengths. For the cationic
cluster there is a slight decrease at Au,;". The variation of average Au-Au bond
lengths with cluster size in our calculations is at variance with some researchers.
This is mainly due the different values of system size, n, at which 2D-3D crossovers
are reported. For instance, Wang et al.'* reported the onset of three dimensional
structure for neutral clusters to occur at n = 7. On the other hand, all the minimum

energy structures for neutral and charged clusters in our calculations are planar.

3.3.3 Binding energy and relative stability

The binding energy values for all the neutral Au, (n = 2-13) clusters are
given in Table 3.3 while those for the minimum energy cationic and anionic clusters
are given in Tables 3.4 and 3.5, respectively. Our calculated binding energies for
neutral clusters are lower than those reported by Wang et al.'* using DFT-LDA
methods. However, it is known that GGA underestimates the binding energy by
0.3-0.4 eV/atom with respect to LDA based values.® As a comparison, our GGA
calculation yields a value 1.102 eV/atom for Au, as against a value of 1.22

eV/atom' by DFT-LDA methods. Our calculated binding energy is in very good
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2 The variation of

agreement with the experimental value of 1.15 eV/atom.
calculated binding energy per atom (Ep) of the most stable neutral, cationic and
anionic structure for each cluster as function of cluster size is shown in Figure 3.5.
As can be seen from the plot, the per atom binding energy increases with cluster size
for all clusters. The curve for the neutral cluster exhibits a local maximum at Aug in
agreement with the results of Hikkinen and Landman,' Xiao and Wang" and
Bonati¢-Koutecky and coworkers.’® This indicates that triangular Aug is more
stable than its neighbours. Our results for the cationic clusters are in good

agreement with those of Walker.*
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Figure 3.5. Variation of binding energy per atom with respect to cluster size.

The increase of Ep(n) with n indicates the greater stability as the cluster grows in
size. This may be due to the fact that with increasing cluster size, the average
number of nearest neighbours increases, which promotes greater average number of
interactions per atom. For the same cluster size, binding energy can be used to
determine the relative stability of the isomers.’

In order to analyze the stability and size-dependent properties of gold clusters,
we also calculated fragmentation energies, D(n,n-1), using equation 3.3 and second
differences in binding energy, A’E} using equation 3.4 as defined in the methods
section. The fragmentation energies are sensitive to the relative stabilities that can
be observed in mass abundance spectra. Figure 3.6 shows D(n,n-1) of neutral gold

clusters which oscillate with cluster size. The peaks in the plot indicate that the
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clusters with even number of atoms are more stable than those with odd number of
atoms. The fragmentation energy value for the most stable Aug triangular cluster has
the highest value of 2.94 eV indicating high stability of triangular Aug cluster.

Figure 3.7 shows the variation of the second differential of binding energy per atom

with cluster size n.
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Figure 3.6. Variation of fragmentation energy of neutral clusters with respect to

cluster size.
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Figure 3.7. Variation of second energy differential of binding energy per atom with

cluster size
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In cluster physics, the quantity A%E, is commonly known to represent the
relative stability of a cluster of size n with respect to its neighbours.!” The plots
shows an odd-even oscillation with the even-numbered neutral and odd-numbered
charged clusters having larger AzEb values. This indicates that even-numbered Au,
clusters and odd-numbered Au,” clusters are relatively more stable than the
neighbouring odd-numbered and even-numbered ones, respectively. Cationic
clusters exhibit A’E, values nearly same as those for anionic clusters except for
system sizes 6, 7 and 11. The odd-even oscillations for anionic clusters are more
pronounced than those for cationic clusters. Among all the minimum energy
structures, triangular Aug has the largest A’E, value of 0.272 eV/atom, indicating its

high stability.

3.34 HOMO-LUMO gap
The energy gap between the highest occupied molecular orbital (HOMO) and

the lowest unoccupied molecular orbital (LUMO) for each stable neutral cluster and
those of the minimum energy charged clusters has been calculated. A large HOMO-
LUMO gap has been considered as an important requisite for the chemical stability
of gold clusters.** The HOMO-LUMO gaps for the neutral clusters are shown in
Table 3.3 while those for the charged clusters are given in Tables 3.4 and 3.5,
respectively.

The variation in the HOMO-LUMO gap for the most stable structures for each
cluster size is shown in Figure 3.8. As seen from the plot, the HOMO-LUMO
energy gap shows an odd-even oscillation for n > 4. For neutral clusters the even-
numbered clusters have larger HOMO-LUMO gap and are relatively more
chemically stable than the odd numbered neighbours. Odd-even alterations in the
HOMO-LUMO gap values have often been predicted by earlier calculations for

4041 a5 also for small Au, clusters.”'®* Most importantly,

other small metal clusters
HOMO-LUMO gaps evaluated from photoelectron spectroscopy (PES) data of gold
cluster anions have also shown oscillations.” Odd-even oscillation behaviors can be
understood by the effect of electron pairing in orbitals. Even-sized neutral clusters
have an even number of s valence electrons and a doubly occupied HOMO, while it
is singly occupied for odd-sized clusters. The electron in a doubly occupied HOMO

feels a stronger effective core potential due to the fact that the electron screening is
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weaker for electrons in the same orbital than for inner-shell electrons. Our pattern of
HOMO-LUMO gap for neutral clusters is in good agreement with that obtained by
Wang et al.'* The HOMO-LUMO gap is particularly large for Au,, Aug and Aug in
agreement with other theoretical studies."*'® The anionic clusters show odd-even
alternations in the HOMO-LUMO gap with exceptions at n =4 and n = 9. The odd
numbered clusters have larger HOMO-LUMO gaps compared to the even numbered
ones indicating their greater stability. This is in agreement with the results of
Hikkinen and Landman.' Oscillations in the HOMO-LUMO gap for the cationic

clusters are not so pronounced.

E(HOMO)-E(LUNMNO) (eV)
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Figure 3.8. Variation of HOMO-LUMO gap with cluster size

1.3 3.3.5 Ionization potential, electron affinity and chemical

hardness

In cluster science, ionization potential is used as an important property to
study the change in electronic structure of the cluster with size. We have calculated
the vertical ionization potential of all the stable structures. This has been obtained
from consideration of the total energies of the neutral cluster and the cationic cluster
at the geometry of the neutral cluster. We compare our values of ionization potential
with experimental results. For linear chain trimer, our value (8.75 eV) is larger
compared to the experimental value (7.50 eV).** Wang et al.'* have determined an

even higher value for the first vertical ionization potential of the linear trimer (9.05



Chapter 3 Gas phase neutral and charged small gold nanoclusters 76

eV). However, for the Aus triangle, our value of ionization potential (7.42 eV)
compares well with the experimental value (7.50 eV).* This may indicate that for
Aus, the linear chain, which is only 0.052 eV lower in energy than the triangle is not
much stable than the triangular structure. For W shaped Aus cluster, our value of
ionization potential (7.79 eV) is very close to the experimental value (8.0 eV).44 For
triangular Aug the difference between our value (7.84 eV) and the experimental
value (8.8 €V) is large. In Figure 3.9, the calculated ionization potentials of the
minimum energy structures as a function of cluster size have been plotted. The plot
shows even-odd alternative behaviour. The even-sized clusters with an even number
of s valence electrons have larger values of ionization potential compared to their

immediate neighbours. This is in agreement with previous studies.'

100

—ao— Vertical IP
—a— Vertical EA
—+— Hardness

Vertical IP, EA and Hardness (eV)

23 4 5 6 T 8 9 10 11 12 13

Cluster Size (n)

Figure 3.9. Variation of IP, EA and chemical hardness of neutral clusters

with cluster size

Similar to ionization potential, we calculated vertical electron affinity values for all
the minimum energy structures. We have also calculated the chemical hardness of
all the stable structures based on finite difference approximation. The variation of
vertical electron affinity and chemical hardness with cluster size are plotted in
Figure 3.9. The vertical electron affinity values also show an odd-even alternating
behaviour; but in this case, the nature is opposite to that of ionization potential. The
odd-sized clusters have higher value of electron affinity compared to the even-sized

ones. The chemical hardness values also show an oscillating behaviour as the
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cluster size increases. The odd-even oscillation of the chemical hardness indicates
that the even numbered gold clusters with higher hardness are more stable than their
neighbouring odd-numbered clusters. It is to be noted that our Au, clusters were
generated by systematically adding an atom to the Au, cluster. However, in case of
large clusters as the number of possible structures increases this method may lead to
missing out on some of the possible minima. Techniques like genetic algorithm
(GA) and simulated annealing (SA) serve as efficient methods for generating all
possible structures on the potential energy surface thereby leading to the global

minimum.

2.4. Conclusions

We have investigated low-energy geometries, binding energy, relative
stability, HOMO-LUMO gap and chemical hardness of neutral Au, and charged
Au,” clusters, n varying from 2 to 13 using BLYP/DNP level of theory. Different
initial guess geometries were considered for all the clusters which led to a number of
structural isomers for each cluster size. Of these isomers, twelve structures were not
reported previously. The minimum energy structures for all the neutral and charged
clusters are found to be planar with coexistence of 3D structures for neutral Aus and
Aug clusters within the DFT error. It is observed that some of our minimum energy
structures obtained by using AER method are different from those reported with
ECP calculations. Odd-even alterations are evident in the HOMO-LUMO gaps,
chemical hardness, second energy difference of binding energy and fragmentation
energy. Even-n neutral clusters and odd-» charged clusters are found to be relatively
more stable compared to the odd-» and even-n ones, respectively indicating that
electron spin-pairing stabilizes these clusters. The calculated results agree well with
available experimental data and some of the earlier theoretical investigations of gold
nanoclusters. From the considerations of fragmentation energy, second difference of
binding energy, HOMO-LUMO gap, vertical ionization potential and chemical
hardness it is found that the triangular Aue neutral cluster is highly stable. The
systematic investigations of structural and electronic properties of small gold
clusters present in this study will provide an insight into understanding more

complicated gold clusters and clusters of other metals.
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CHAPTER 4

Reactivity of Gold Nanoclusters from Conceptual

Density Functional Studies

As determined from electronic structure studies in the previous chapter, the planar
triangular Aug cluster is found to be highly stable. Reactivity studies are carried out
on various isomers of this cluster in the neutral and singly charged cationic and

anionic forms using DFT based local reactivity descriptors, viz, Fukui function for

nucleophilic attack f* Fukui function for electrophilic attack f~, relative

nucleophilicity f~/f* and relative electrophilicity f*/f~. Based on these

parameters we are able to identify unique atoms in these clusters and predict the
probability of electrophilic and nucleophilic attacks at various sites. From these
studies it is predicted that in case of the triangular Aug cluster the CO molecule is
most likely to be adsorbed at the apex site, while O, prefers the mid site. In
addition, reactivity parameters at various sites of the minimum energy cationic,

neutral and anionic Au, clusters (n = 2-13) are also determined.

4.1 Introduction

Due to the wide application of gold nanoclusters as catalysts in several
industrially important reactions, a lot of studies, both theoretical'® and
experimental,*® have been undertaken to determine the structural and electronic
properties of clusters in the gas phase as well as on support and to examine their
interaction with adsorbates.”’* While most of the studies on the catalytic properties
of gold clusters focus on the structure and energetics of the adsorption complexes,

the mechanism of interaction and prediction of reaction pathways, very less attention
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has been given to probe the reactivity of various active sites within a cluster and to
predict the most reactive site. Such studies are important because the activity of
clusters has been found to depend upon the type of sites exposed to the reactants and
their ability to absorb and donate electrons. It is here that density functional theory

based reactivity descriptors come in handy. Local reactivity descriptors like Fukui

function for nucleophilic attack f* Fukui function for electrophilic attack f~,

relative nucleophilicity f~/f* and relative electrophilicity f*/ f are used to

describe relative reactivity within a molecule which aids in determining the site
selectivity in chemical reactions. Pal and co-workers have used density functional
theory based local reactivity descriptors to determine the reactivity of gold

1617 Recently a DFT based reactivity study of 'AugPt clusters have

nanoclusters.
been undertaken by David ef al.'®

In this work we investigate the reactivity at different sites of several low
energy isomers of the highly stable planar triangular Aug cluster in the neutral,
cationic and anionic forms. Our investigation also includes the minimum energy
Au,™* (n=2-13) clusters. To the best of our knowledge, this is the first study on the

reactivity of charged species.

4.2 Computational Details

Fukui function f(r), as defined by Parr and Yang,w’20 is a mixed second

derivative of energy of the system with respect to the number of electrons N and

constant potential v(7) :

! (f){ai;%)}[ﬁfé)L (%5 ))vm @b

where p(? ) represents the electron density at position 7 of the chemical species.

Fukui function expresses the sensitivity of the chemical potential of a system to an
external perturbation. Higher the value of Fukui function at a particular site, more is
its reactivity. In order to describe the reactivity of an atom in a molecule, it is

necessary to condense the values of Fukui function, f(#)around each atomic site

into a single value. The condensed Fukui function for an atom & in a molecule

having N electrons can be obtained from the finite difference approximation as

S =lg(N+D)—q,(N)] 4.2)
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for nucleophilic attack, and

fe =la,(NV)—~q, (N =1)] (4.3)
for electrophilic attack

where g, (N), q,(N+1) and g,(N -1) are electronic populations on the particular

atom k of the molecule with N, N + I and N - I electrons, respectively. The

‘relative electrophilicity’ and ‘relative nucleophilicity’ values for the particular atom
can be obtained from the ratio of Fukui functions f*/ f~ and f~/ f7, respectively.

Full geometry optimizations are performed at the DFT level without
imposing any symmetry constraint. The program package used is DMol’. Scalar
relativistic effects have been incorporated into our all electron calculations in order
to account for gold, which is a heavy atom. Self consistent field procedures are
performed with convergence criteria of 1x10”° a.u. on the total energy and 1x107°
a.u. on the electron density. The basis set used is of double numeric quality with
polarization functions (DNP). The exchange—correlation functional used is BLYP.
The Fukui functions have been calculated on the basis of Hirshfeld population

analysis.

4.3 Results and Discussion

4.3.1 Reactivity of cationic, neutral and anionic clusters

We have obtained three optimized geometries for neutral, four for cationic
and six for anionic Aug clusters within the considered energy range of 1 eV from the
minimum energy structure. They are shown in Figure 4.1.

The cluster isomers have been arranged in the order of increasing energy. It
may be noted that more structures were obtained which were devoid of any negative
frequency. But they have not been included here as they lie 1.28-1.38 eV higher in
energy compared to the minimum energy planar triangular structure. Based on
symmetry and Fukui function values we have identified unique atoms for each
cluster. The minimum energy structure of the neutral Au, cluster is planar triangular
with three atoms forming an outer triangular structure and the remaining three

forming an inner triangle. Both inner and outer triangles are equilateral with Au-Au
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a a dﬂ:

3(d) Pentagonal Pyramid 3(c) Capped Triangnlar Bipyramid 3(f) Octahedron
Figure 4.1. Optimized geometries of neutral [1(a),(b),(c)], cationic [2(a),(b),(c),(d)]
and anionic [3(a),(b),(c),(d).(e),(f)] Aug clusters.

bond distances for the outer triangle being 5.26A(22.63A) while that of the inner
triangle being 2.79A The edges of the outer triangle are slightly bent at the mid
portion where the gold atom of the inner triangle is located with the Au-Au-Au angle
having a value of 175.9°. This structure is retained in case of the cationic cluster
with the bond lengths and bond angles changing only slightly. Table 4.1 presents
the Hirshfeld charges along with the Fukui functions for each unique atom of all the
isomers of the neutral and cationic clusters. For the minimum energy triangular
structure, no charge is assigned to the unique atoms, thus making it impossible to

predict the reactivity of the cluster from the point of view of atomic charges. The

value of relative electrophilicity f*/f~ for the unique atom ‘a’ for the neutral
triangular Aug cluster is 1.17 while that of relative nucleophilicity f/ f" is 0.85.

The higher value of f "/ f~ compared to f/ f" for this site indicates that it has a
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Table 4.1. Hirshfeld charges, Fukui functions, relative electrophilicity and relative

nucleophilicity values for unique atoms of neutral and cationic Aug clusters.

AE Atom

Structure (eV) type  Charges S~ /o VAED SR A

neutral

Triangle 0.00 a 0.00 0.23 0.20 1.17 0.85
b 0.00 0.10 0.14 0.74 1.34

Pentagonal

pyramid 0.92 a -0.01 0.17 0.18 0.96 1.04
b 0.07 0.14 0.10 1.36 0.74

Parallelogram 1.00 a 0.00 0.23 0.23 1.00 1.00
b 0.01 0.16 0.16 1.00 1.00
c -0.01 0.11 0.11 1.00 1.00

cationic

Triangle 0.00 a 0.20 0.21 0.20 1.06 0.94
b 0.14 0.12 0.14 0.92 1.09

Parallelogram 0.63 a 0.11 0.12 0.12 1.00 1.00
b 0.17 0.17 0.17 1.00 1.00
c 0.22 0.22 0.21 1.00 1.00

Pentagonal

pyramid 0.80 a 0.17 0.17 0.18 0.97 1.03
b 0.17 0.13 0.10 1.28 0.78

Boat 0.90 a 0.17 0.18 0.18 1.00 1.00
b 0.19 0.15 0.14 1.03 0.97
c 0.15 0.17 0.17 1.00 1.00

high probability of being attacked by nucleophiles like CO, H,0O etc. Similarly the
site ‘b’ is prone to attack by an electrophile. In case of the cationic cluster too, the
apex atom ‘a’ is more likely to be attacked by a nucleophile while the mid atom ‘b’
prefers an electrophilic molecule like O,. The other isomers are a pentagonal
pyramid and a parallelogram for the neutral cluster and a parallelogram, a
pentagonal pyramid and a boat structure for the cationic cluster, respectively. For

the neutral cluster, the pentagonal pyramid lies 0.92 eV higher in energy than the
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triangular structure. This structure consists of two types of unique atoms, five ‘a’
type atoms lying at the corners of a regular pentagon and the sixth atom of type ‘b’
lying above the plane. An analysis of the Fukui functions reveals that site ‘a’ is
prone to attack by an electrophile, while site ‘b’ has more affinity towards a
nucleophile. ~ Hirshfeld charges also support these observations. For the
parallelogram, all the atoms are favorable for both electrophilic and nucleophilic
attacks. In case of cationic clusters, all the atoms carry positive charge. Thus it is
impossible to predict the possibility of electrophilic and nucleophilic attacks from
the point of view of charge alone. However, the relative reactivity values presented
in Table 4.1 reveal that atom ‘b’ of the pentagonal pyramid is more likely to be
attacked by a nucleophile while ‘a’ favors an electrophilic attack. For the boat
structure site ‘b’ is favorable for an electrophilic attack, while ‘a’ and ‘c’ are prone
to both electrophilic and nucleophilic attacks.

We present six structures for the anionic Aug™ cluster. The minimum energy
structure is again planar triangular. The other structures include a distorted
parallelogram, a zigzag structure, a pentagonal pyramid, a capped triangular
bipyramid and an octahedron. Just as in case of cationic clusters, all atoms of the
anionic cluster carry charges of the same sign, negative in this case, thus rendering it
impossible to predict the nature of the reactive sites. An analysis based on Fukui
function (Table 4.2) shows that for the triangular structure, atom ‘a’ is a good
electrophilic site and atom ‘b’ is a good nucleophilic site. For the distorted
parallelogram atoms ‘a’ and ‘c’ are favorable for attack by an electrophilic guest
molecule while atom ‘b’ favors a nucleophile.  Site ‘b’ of the pentagonal pyramid
also favors a nucleophilic attack. The high value of f*/f~ for site ‘c’ of the
capped triangular bipyramid indicates that this site prefers a nucleophilic attack.
This cluster contains two ‘b’ type atoms favorable for electrophilic attack and two
atoms ‘c’ and ‘d’ favorable for nucleophilic attack. Thus relative reactivity
parameters enable us to predict and compare the reactivities of various sites within a

cluster, which may not be possible from the values of atomic charges alone.
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Table 4.2. Hirshfeld charges, Fukui functions, relative electrophilicity and relative

nucleophilicity values for unique atoms of anionic Aug clusters.

AE Atom

Structure eV) type  Charges Jf© f  fUfT fTfT

Triangle 0.00 a -024 023 0.21 1.06 0.94
b -0.10 0.11 0.12 0.88 1.13

Distorted

parallelogram 0.18 a -0.11  0.11 0.12  0.96 1.05
b -0.15 0.18 0.16 1.09 0.92
c -0.24 021 022 096 1.05

Zigzag 0.63 a -0.14  0.13 0.12 1.02 0.98
b -0.12  0.12 0.12 1.00 1.00
c -025 025 026 099 1.01

Pentagonal

pyramid 0.86 a -0.18 0.17 0.17 1.00 1.00
b -0.09 0.14 0.13 1.09 0.91

Capped triangular

bipyramid 0.88 a -0.18 0.18 0.18 1.00 1.00
b -0.14  0.18 0.19 097 1.03
c -0.06 0.07 0.06 1.10 0.91
d -0.31 022 0.21 1.05 0.95

Octahedron 0.98 a -0.17  0.17 0.17 1.00 1.00

4.3.2 Reactivity of minimum energy Au,, (n = 2-13) clusters

This study is extended to include all the minimum energy structures of
cationic, neutral and anionic Au, clusters (n = 2-13). The optimized geometries of
minimum energy neutral clusters are shown in Figure 4.2 while their reactivities are
presented in Table 4.3. The neutral trimer Aus is linear with two kinds of unique
atoms. The atoms at the ends of the linear chain are of one kind while that in the
middle is the second unique atom. The Hirshfeld charge on the inner atom is
negative, while those on the outer atoms are positive. For atom ‘a’, the relative

nucleophilicity value is 1.02 and relative electrophilicity value is 0.98 indicating that
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Figure 4.2. Optimized geometries of minimum energy neutral Au, clusters (n = 2-
13).

atom ‘a’ has the probability of being attacked both by a nucleophile and an
electrophile. The unique atom ‘b’ on the other hand strongly favours a nucleophile.
The minimum energy Auy cluster is a rhombus with two unique atoms. The atom ‘a’
of this structure having a higher value of f/ f " favours an electrophile. Atom b’
prefers a nucleophile. In case of the W-shaped Aus cluster, atoms ‘a’ and ‘c’ prefer
nucleophilic attacks, while ‘b’ prefers an electrophilic attack. In case of the
triangular Aug cluster, the outer atoms ‘a’ favour nucleophilic attack while the atoms
of the inner triangle favour electrophilic attack.

Thus on adsorption of a CO molecule onto the triangular Aug structure it is
most likely that the CO molecule will prefer to sit at the apex ‘a’ site. Adding an
extra atom at the bridge position between an apex and a mid atom of the triangular
Aug cluster gives the minimum energy Au; cluster. The shape is a capped triangle.
All the atoms of this structure are unique atoms. The ‘d’ and ‘e’ atoms carry
negative charge, while all the other atoms carry positive charges. The atoms a, b and

f have higher values of ¥/ f~ compared to f / f " and hence are more favourable
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for nucleophilic attacks. The remaining atoms ‘c’, ‘d’, ‘e’ and ‘g’ prefer
electrophilic attacks. As discussed in the previous chapter, the Aug cluster features
the tetra edge capped rhombus as the next higher energy structure. This structure
consists of three kinds of unique atoms. The rhombus consists of two kinds of
unique atoms, while the outer atoms forming the edge cappings form the third kind.
From the relative electrophilicity and relative nucleophilicity values given in Table

4.3 it is observed that the atoms constituting the rhombus have higher values of
f~/f* and hence have more affinity towards electrophiles like O,. The atoms

forming the cappings prefer electrophiles.

Table 4.3. Hirshfeld charges, Fukui functions, relative electrophilicity and relative

nucleophilicity values for unique atoms of minimum energy neutral Au, clusters (n = 2-13).

PASEEY AN AV A A0 A

n Structure Atom type Charges

2 Linear a 0.00 0.50 0.50 1.00 1.00

3 Linear 0.01 040 041 0098 1.02
-0.02 020 0.18 1.10 0.91

4 Rhombus -0.06 025 028 090 1.11
0.06 025 022 1.12 0.90

5 W -0.01 025 023 1.07 0.93
0.00 0.18 021 0.89 1.12
003 0.14 0.13 1.05 0.95

6 Triangle 0.00 023 020 1.18 0.85

0.00 010 0.14 074 1.34
002 0.16 0.15 1.07 0.94
001 0.19 0.17 1.14 0.88
0.01 0.09 0.09 0.97 1.03
-0.04 020 022 090 1.11
-0.01  0.19 020 0098 1.02
003 007 0.06 1.03 0.97
-0.03 0.10 0.11 094 1.07
-0.01  0.07 0.08 0.87 1.15
0.00 0.07 0.08 094 1.07
0.00 0.18 0.17 1.04 0.96
-0.01  0.13 0.13 1.01 0.99
0.01 0.08 0.08 1.03 0.97
001 006 0.06 1.02 0.98
-0.02  0.15 0.15 0.98 1.02
-0.02 0.16 0.17 0.99 1.01
0.05 0.05 0.04 1.02 0.98

7 Capped triangle

8 Tetra edge capped rhombus

9 Bi edge-capped hexagon

-0 Q0 O 0 O -0 Q0 0 g 600 o o
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Table 4.3 continued

AT
n Structure Atom type Charges / ol

10 Tri capped hexagon -0.02 0.13 0.13 098 1.02
0.00 0.09 0.08 1.16 0.86
0.11 011 0.12 0091 1.10
004 004 004 1.13 0.89
000 0.12 0.11 1.03 0.97
0.00 0.08 0.07 1.03 0.97
-0.02 0.11 0.11 1.0l 0.99
0.00 0.04 0.04 098 1.02
-0.01  0.12 0.12 1.05 0.95
0.03 0.04 0.04 097 1.03
-0.02  0.13 014 094 1.07
-0.02  0.14 0.15 095 1.05
0.04 0.03 0.03 097 1.03
-0.02 0.12 0.12 1.00 1.00
0.03 0.03 0.03 1.00 1.00
0.00 0.07 0.07 1.01 0.99
-0.01  0.07 0.07 099 1.01
0.01 0.03 0.03 1.03 0.97
0.01 0.07 0.07 1.00 1.00
-0.01 0.10 0.10 099 1.01
-0.01 0.11 0.11 1.01 0.99
0.03 0.03 0.03 1.00 1.00
-0.02  0.15 015 1.01 0.99

11 Tetra capped hexagon

12 Penta capped hexagon

13 Hexa capped hexagon

Qe -0 o0 T 0T =m0 000 A0 g

The minimum energy Aug cluster is a bi edge-capped hexagon formed by
cappings two edges of the hexagonal Aug cluster. This structure consists of six
kinds of unique atoms. As observed from the relative reactivity indices presented in
Table 4.3, each unique atom of this cluster is amphiphilic, i.e, they bear the
possibility of both electrophilic and nucleophilic attacks. The tri-capped hexagon is
the minimum energy structure of the Auyo cluster. This structure is formed by
capping an atom of the hexagon of the bi edge-capped hexagonal Aug cluster. This
structure has a higher Dy, symmetry. Consequently the number of unique atoms is
reduced to four. This structure may also be assumed to be consisting of two
hexagons joined side by side, with a small region of overlap between them. The
four corner atoms ‘a’ of this structure are amphiphilic. The edge atoms ‘b’ and the
inner atoms ‘d’ favour nucleophilic attacks. On the other hand, the corner atoms ‘c’

prefer electrophilic attacks. For the next cluster size, Auy;, features a tetra capped
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hexagon as the minimum energy structure. This structure is formed by capping over
two atoms of the tri-capped hexagonal Au,g cluster. This structure has Cs symmetry
and has nine unique atoms. Unique atoms ‘c’ and ‘d’ are amphiphilic. Of the other

’

unique atoms, ‘a’, ‘b’ and ‘e’ are more favourable for nucleophilic attacks, while the

b

remaining atoms ‘f’, ‘g’, ‘h’ and ‘i’ prefer electrophilic attacks. The minimum
energy Auy; cluster is formed by capping over two edge atoms of the minimum
energy Auy; cluster. The structure is a pentacapped hexagon having D3, symmetry.
This structure has three kinds of unique atoms, six corner atoms of ‘a’ type, three
inner atoms of ‘b’ type and three edge atoms of ‘c’ type which lie at the centre of the
three longer edges of the structure. The reactivity indices are indicative of the fact
that all the atoms exhibit probabilities of electrophilic and nucleophilic attacks.
Thus this structure may prove as a host molecule for reactions involving both
oxidation and reduction reactions, for example, CO oxidation which requires the
reduction of O, and oxidation of the CO molecule. Au;; features a hexacapped
hexagon as the minimum energy structure. This structure is built from the Auy;
pentacapped hexagonal structure by capping a gold atom at the bridge position
between two ‘a’ kind of atoms. This structure with C; symmetry has seven unique
atoms. All the unique atoms except ‘b’ are amphiphilic. The unique atom ‘b’
exhibits slight preference for nucleophilic attacks as can be observed from the values
of the relative reactivity indices. Thus this Au;; cluster may also serve as a good
host molecule for CO oxidation.

The geometries of the minimum energy cationic and anionic Au, clusters (n
= 2-13) depicting unique atoms alongwith the tables containing Hirshfeld charges

and Fukui functions are given in appendix A.

4.4. Conclusions

In summary, we have determined the reactivity of several isomers of cationic,
neutral and anionic gold hexamers and minimum energy neutral Au, (n = 2-13)
clusters using density functional theory based reactivity descriptors. The response of
various sites of the clusters towards electrophilic and nucleophilic attacks has been
predicted. It is found that for the highly stable planar triangular Aug cluster the CO
molecule is most likely to be adsorbed at the apex site in case of both neutral and

charged clusters.
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CHAPTER 5

Adsorption of CO and O; on Gas Phase and Zeolite
Supported Gold Clusters

Having determined the Fukui functions of some low energy isomers of gold clusters,
we attempt to verify the predictions regarding electrophilic and nucleophilic attacks
by adsorbing CO and O; molecules on the minimum energy cationic, neutral and
anionic triangular Aug cluster. We also investigate the interaction of carbon
monoxide on the gold monomer in three oxidation states 0, +1 and +3 in the gas
phase and on faujasite support of nine tetrahedral (9T) zeolite cluster using density
functional theory. The gas phase structures of the gold carbonyls are retained on the
zeolite support with only a slight change in the O-C-Au bond angle. For the
supported cluster the CO vibrational frequency shows a blue shift on going to higher
oxidation states. The CO binding energies on the supported gold monomers are
1.01, 1.15 and 1.12 €V in the oxidation states 0, +1 and +3, respectively. For a more
realistic representation of the support, the calculations are repeated by taking a larger
model of the zeolite having 60 tetrahedral (60T) atoms by using Quantum
Mechanics (QM)/Molecular Mechanics (MM) approach. It is found that increasing
the size of the support leads to a significant improvement in the CO adsorption

energy in case of Au’.

5.1. Introduction

Catalysis by gold clusters is an important area of research in chemistry,
physics and material science. An oft studied process is the adsorption of CO by
metal clusters and its subsequent oxidation. Among the transition metals gold plays

an important part in such investigations mainly due to its ability to promote such
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reactions at low temperatures. Other reactions catalysed by gold clusters include the
water-gas shift reaction,' epoxidation of propylene’ and vinyl chloride synthesis.’
Having determined the triangular Aug cluster to be highly stable, we now investigate
adsorption of the CO and O; molecules on the minimum energy cationic, neutral and
anionic Aug clusters. This will serve to verify the predictions regarding electrophilic
and nucleophilic attacks on these systems obtained on the basis of Fukui functions
which have been presented in the last chapter. The co-adsorption of these two
molecules on the gold hexamer shall also be studied.

It has been observed that the catalytic activity of gold clusters improve
drastically on providing a metal oxide support. The gold-support interface is
believed to act as an active site for catalysis. The factors determining the catalytic
activity of the nanocluster are size, structure and charge state of the cluster, nature of
the support and the cluster support interaction. Phala er al* studied the
chemisorption of hydrogen and carbon monoxide onto small gold clusters Au, (n =
1-13) using density functional theory. Yoon ef al.’ determined that the Aug cluster
bound to an oxygen-vacancy F-centre defect of MgO(001) is the smallest cluster that
can catalyse the oxidation of CO to CO, at temperatures as low as 140 K. The metal
carbonyl bond is attributed to a balance between two processes, namely, electron
donation from a filled o orbital of the CO to an empty symmetry compatible metal
orbital and back donation from filled d-type metal orbitals to empty n* orbitals of
the CO. Zeolites with adjustable acidic properties- having pores and cavities of
molecular dimensions form an important class of support for nanoclusters in
catalysis. The charged state of the cluster depends upon the concentration of acidic
centres in the zeolite which can be modified. This renders it possible to study the
effect of varying charge of the cluster on catalytic properties. Fierro-Gonzalez and

111

Gates® have synthesized and characterized mononuclear Au' and Au™ complexes in

zeolite NaY. They found that under the condition of CO oxidation catalysis at 298

K and 760 Torr the gold remained mononuclear and that the Au™

complex is more
active as a catalyst compared to the Au' complex. Simakov et al.’ investigated the
influence of Na substitution on oxidation of CO in Y zeolites and found two types of
active sites viz, partly charged gold clusters Au,’" for low temperature activity and
gold nanoparticles Au,’ for high temperature activity. It is thus seen that the
oxidation state of the zeolite supported cluster greatly influences its catalytic

activity. The gold atom is known to exhibit several oxidation states from -1 to +5
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and its 5d’7 shell participates actively in bonding coordination in various
compounds.s’9 To the best of our knowledge there has been no theoretical study on
the gold monomer adsorbed on a faujasite zeolite support. In view of the marked
influence of the charged state of the gold cluster on its catalytic activity, we
investigate the adsorption of the CO molecule on zeolite supported gold monomer in
three oxidation states 0, +1 and +3 and compare them with their gas phase
counterparts. Further, in order to understand the role of the size of the support on
catalytic properties of gold clusters, our study is performed by considering two
models of the support, viz, a faujasite zeolite cluster having 9 tetrahedral atoms,
which shall be treated quantum mechanically, and a larger faujasite zeolite model
having 60 tetrahedral atoms, which shall be treated by the hybrid QM/MM approach

as implemented in the program Gaussian03.

5.2. Computational Details

For adsorption studies in the gas phase, full geometry optimizations have
been performed at the DFT level without imposing any symmetry constraint by
incorporating relativistic effects. The program package used is DMol’. The basis
set is DNP and exchange—correlation functional used is BLYP in case of CO and O;
adsorption on the gold hexamer. In case of both gas phase and supported gold
monomers, the geometry optimizations were performed by using the VWN
functional. Single point calculations were then carried out at the VWN optimized
geometry by using the GGA functional BLYP in order to determine energy and
other properties. This choice of exchange correlation functional is guided by the fact
that LDA functionals give a better description of geometry and GGA functionals are
better suited to describe molecular properties in case of zeolite supported metal
clusters. Vibrational frequency calculations were carried out at the optimized
geometry in order to verify that the obtained structures are global minima on the
potential energy surface.

For the first part of the study on zeolite supported gold monomers the
framework of zeolite has been modelled with a 9T (T = tetrahedral unit of zeolite)
cluster containing the six-member ring and three other Si atoms of the wall of the
supercage of faujasite structure which is accessible by metal clusters and adsorbed

molecules. Three Si atoms of the six-member ring were isomorphously substituted
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by three Al atoms in an alternating sequence according to the Lowenstein rule.”® The
excess negative charges generated due to three Al atoms were compensated by protons
forming bridging OH groups with framework oxygen atoms. Three models of the
zeolite having different number of compensating protons were used. The neutral atom
was adsorbed onto the zeolite cluster having three compensating protons. With two
compensating protons the zeolite cluster carried a charge of -1 which was neutralized by
adsorbing the gold atom in the +1 state. The third model of the zeolite with no
compensating protons bore a charge of -3 which was neutralized by adsorbing Au®'.
The free valences of silicon and aluminum atoms were saturated with hydrogen atoms.
At first, only Si—H, Al-—H and O—H bonds were optimized keeping the position of

other atoms fixed at their crystallographic positions."

In subsequent calculations, the
optimized positions of the terminating hydrogen atoms were held fixed and all other
atoms were allowed to relax.

The second part of the study taking the larger faujasite zeolite model with 60T
atoms has been undertaken by using the two layer ONIOM (Our-own-N-layered
Integrated molecular Orbital + molecular Mechanics) method,'? as implemented in the
Gaussian03 suite of programs. ONIOM involves a hybrid QM/MM method in which
the entire zeolite cluster is divided into two regions, (i) an inner core region which is
treated quantum mechanically, and (ii) an outer region which is investigated with the
less expensive molecular mechanics. In our case we use DFT to model the QM part and
universal force field (UFF) to model the MM part of our system. The inner region
consists of 6T sites in which three Si atoms are substituted by Al atoms according to
Lowenstein rule.'® The excess negative charges are compensated by protons. Thus our
QM region consists of up to 18 atoms including the compensating protons, the adsorbed
Au atom and the CO molecule. The MM region consists of 54 T atoms. For the DFT
calculations we use the B3LYP functional'>' and the 6-31G(d,p) basis set for on all
electrons of H, C, O, Si and Al and the relativistic LANL2DZ pseudopotential”’I6 for
the Au atom. It has been found in earlier adsorption studies on FAU and MFI zeolites
that ONIOM2 (B3LYP/6-31G(d,p):UFF) gives reasonable values corresponding to
experimental results. For structure optimization, we follow the methodology of Joshi et
al.'” All atoms of the outer MM region are kept fixed at the respective crystallographic
positions and only the atoms in the core QM region alongwith the adsorbates are

allowed to relax during geometry optimization. It is believed that this method leads

to proper simulation of the core structure and reduces errors in the force field
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parameters. At the boundary of the QM/MM region, link H atoms have been
incorporated by replacing the O atoms of the Si—O bonds with H atoms. The Si—H
distance has been fixed at 1.47 A.

In the results to follow, the binding energies are computed as
Ep(CO) = - [Equco — Eau - Eco (3.1
Ey(0,)=-EAu,, - E,, - Ep,] (3.2)

in the gas phase

EB(AuO‘ IR - [E:eolue-Au complex — EAuO, A - E:ealue] (33)

for the Au-zeolite complex

EB-:eo(CO) =- [ E:eolxte-Au-CO complex = E:eoltte-Au complex ~ ECO] (3 4)

for the Au-zeolite-CO complex

In all cases, positive values correspond to exothermic processes.

5.3. Results and Discussion
5.3.1 Adsorption of CO and O; on cationic, neutral and anionic Aug

cluster

We use CO and O; as probe molecules in order to study the reactivity at
various sites of the minimum energy triangular Aug structures. The optimized
geometries of the cationic and neutral adsorption complexes are shown in Figure 5.1
while those of the anionic complexes are shown in Figure 5.2. The adsorption
complexes have been arranged in the order of increasing energy. This adsorption
study on Aug clusters is performed at three sites, the apex site, which forms a vertex
of the outer triangle, the mid site, which forms a vertex of the inner triangle and a
bridge site, which is in between the apex and the mid sites.

It has been found that CO does not adsorb at the bridge site, while O, adsorbs
at all three sites. For all the three clusters relative reactivity indices predict that the
apex atom ‘a’ is more prone to attack by a nucleophile. We studied the adsorption
of the CO molecule at the apex and mid sites of these clusters and found that the
adsorption energy at the low coordination apex site is higher than that at the mid site.
Thus CO adsorbs more strongly at the apex site. Also the adsorption energy for the

cationic cluster is higher than that of the neutral and anionic clusters. These obser-
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@ () ©
Figure 5.1. Adsorption complexes of the neutral (upper panel) and cationic (lower

panel) Aug clusters with (a) CO (b) O, and (¢) CO and O, co-adsorbed.

vations are in agreement with previous experimental and theoretical results.'®?’ Then
we tried to adsorb O, at these sites. As per the predictions obtained from Fukui
function analysis, the O, atom is more likely to be adsorbed at the mid site for

neutral as well as charged clusters. We find that for all the Aug clusters adsorption
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Figure 5.2. Adsorption complexes of anionic Aug clusters with (a) CO (b) O, and (c)
CO and O, co-adsorbed.

of O, takes place at all three sites. The adsorption energies provided in Table 5.1
indicate that adsorption at the mid site is highly favorable over that at the apex site

for neutral and cationic clusters.

Table 5.1. Adsorption energy of CO and O, molecules at various sites of the most

stable neutral, cationic and anionic Aug clusters.

Structure Adsorption Energy(eV)
Neutral Cationic Anionic
AusCO-apex 1.21 1.37 1.25
AugCO-mid 0.69 1.06 0.72
AugOr-apex 0.28 0.26 1.11
AugO,-bridge 0.03 1.01 1.03
AugOr-mid 0.74 1.01 1.06

For the anionic cluster adsorption of O, at the apex site is slightly more

favourable than that at the mid site. The O, adsorption energies at the apex and the
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mid sites are 1.11 and 1.06 eV, respectively. The co-adsorption of CO and O, is
then studied by adsorbing CO at the apex site and O at the mid site and then
interchanging their positions. It is found that for both the neutral and charged
clusters the adsorption energy of the co-adsorption complex with CO at the apex
position and O, at the bridge position is higher than that with the adsorbates
interchanged (Table 5.2).

Table 5.2. Adsorption energy of CO and (CO+0O;) molecules at various sites of the

most stable neutral, cationic and anionic Aug clusters when CO and O, are adsorbed

simultaneously.
Structure Adsorption Energy CO (eV)
Neutral  Cationic Anionic
AugCOapexO2md 1.16 1.49 1.55
Aug022pexCOmyq 0.84 1.21 1.11
Adsorption Energy (CO+0,) (eV)
AusCO4pexO2mud 1.90 2.50 2.61
Au024pexCOmud 1.60 2.24 2.98

This observation supports our assignment of electrophilic and nucleophilic sites
based on Fukui function which predicts that CO prefers the apex site and O, prefers

the mid site in Aug clusters.

5.3.2 Adsorption of CO on gas phase gold atom

We have performed all electron scalar-relativistic calculations without using
any symmetry constraint to study the adsorption of the CO molecule onto the gold
monomer in various oxidation states. The optimized structures are given in Figure
5.3. Our optimized geometry of the CO molecule gives a bond length of 1.133 A,
which compares well with the experimental value of 1.128 A.*! Our calculations for
CO adsorbed on the neutral Au atom reveal a strongly bound molecule (0.88 eV)
with a shift of -128.9 cm™ in the CO vibrational frequency, computed as the
difference between the harmonic frequency of AuCO and the free CO molecule.
The structure is a bent one with the Au-C-O angle of 149°. The CO bond length
elongates to 1.151 A in keeping with the red shift in the CO vibrational frequency.
The Au-C bond length is 1.88 A. Giordano et al.** obtained values of the Au-C-O
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Figure 5.3. Optimized structures of CO and CO adsorbed Au atom in various
oxidation states in the gas phase. Bond lengths are in angstroms (A) and bond angle

is in degree.

bond angle between 139° and 142° and vibrational shift between -125 and -162 cm’
by DFT method using various functionals. Moving over to the cationic gold
monomer, the adsorption of CO leads to a linear molecule with the CO binding
energy value of 2.54 eV. The properties of the adsorption complexes are listed in
Table 5.3.

Table 5.3 Computational results of CO adsorption on gold atom in the gas phase.

Bond lengths are in angstroms (A) and bond angle is in degree.

System Bond Length (A) B.E.(eV) @(CO) (cm™) Ao (cm') a(deg)

C-O Au-C
CO 1.133 2179.8
AuCO 1.15 1.88 0.88 2050.9 -128.9 149.03
Au'CO 113 1.83 2.54 2263.5 83.7 180.00
Ar'CO  1.13 1.99 11.11 2129.3 -50.5 180.00

In order to investigate the nature of interaction between the gold atom and carbon
monoxide molecule, we have performed Natural Bond Orbital (NBO) analysis by

# The natural charges and atomic orbital

using Gaussian03 program package.
occupancies of the gold carbonyls obtained from this analysis are given in Table 5.4.
The values of the partial charges reveal that during formation of AuCO, there is
withdrawal of charge density from the gold atom. This leads to an increase in the
charge density on the CO molecule. The orbital occupancies for p, and p, orbitals

show that in case of AuCO, participation of p, and p, orbitals of carbon and oxygen
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Table 5.4 Partial charges and orbital occupancies of the gas phase complexes based on NPA from NBO analysis.

Complexes Partial Charge Orbital Occupancies
Au C 0 Au C 0] C 0]
Cco 0.194 -0.190 2s(1.747)2p«(0.581)  2s(1.802)2p«(1.419) Px+py
2py(0.581)2p,(0.897) 2p,(1.419)2p,(1.554) 1.162 2.838
AuCO 0.127  0.396 -0.523 6s(0.522)5dx,(1.926) 25(1.356)2p«(0.856)  2s(1.744)2p«(1.620)

5d(1.936)5d,(1.996)  2p,(0.576)2p,(0.564) 2p,(1.492)2p,(1.504) 1.486 3.128
5d,%,%(1.846)5dz*(1.958)

Au'CO 0.839 0.416 -0.250 65(0.465)5d,(1.930) 25(1.339)2p,(0.918)  2s(1.738)2p,(1.608)
5de(1.919)5d,,(1.997)  2p,(0.649)2p(0.629)  2p,(1.446)2p,(0.454) 1.567 3.054
5d,%,(1.892)d,°(1.964)

Au*'CO 2.065 0.801 0.134 65(0.040)5d,,(1.768) 25(1.013)2p«(0.785)  2s(1.756)2py(1.427)
5dx2(1.963)5d,(1.999)  2p,(0.679)2p(0.670)  2p,(1.338)2p,(1.336) 1.464 2.765
5d.2,4(1.422)d,%(1.748)
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in the interaction is very high. That is, the occupancy of the antibonding 2n* orbital
is high, which leads to lower vibrational frequency.

Wu et al.'® found that the binding energy of CO on monomeric gold
increases on going from anionic to neutral, and then from neutral to cationic species.
They concluded that CO — metal electron donation is the dominant mechanism in
the formation of the metal-CO bond. In our case too we have found that the binding
energy of the CO molecule increases with increasing positive charge on the gold
atom (Table 5.3). That is, as the atom becomes more and more deficient in
electrons, the interaction with the CO molecule becomes stronger. From Table 5.3 it
is observed that the vibrational frequency of the CO molecule in Au’CO is higher
than the frequency of free CO. While there are several factors responsible for this
shift in the CO vibrational frequency, one plausible explanation may be given from
the electron donation/back-donation mechanism. The molecular orbitals of the CO
molecule interacting with the metal are the 50 (the HOMO), which is weakly
antibonding and 2z* (the LUMO), which is highly antibonding. While interacting
with positively charged metal centers CO acts as a Lewis base. The filled 5o orbital
donates electrons to the empty metal orbitals. This shifts the CO vibrational
frequency to higher values. From the partial charges listed in Table 5.4 it is seen
that in case of Au"CO there is donation of electrons from CO to Au resulting in a
charge of 0.839 on the cationic metal centre. Analysis of the orbital occupancies
indicate that this transfer of charge from the CO to the Au atom takes place mainly
from the 2s orbital of carbon and 2p. orbitals of carbon and oxygen, which overlap
to from the 5o orbital of CO. In case of Au’" the adsorption complex with CO is
again linear. The bond length of the adsorbed CO molecule changes only slightly
over that of the gas phase CO. Table 5.3 also shows that there is a shift of -50.5 cm™
in the CO vibrational frequency on going from the free CO molecule to the gold
carbonyl in the 3+ oxidation state. The above mentioned mechanism of electron
donation from the CO to the metal is not sufficient to explain this red shift in case of
Au**CO. Thus, while electron donation/back-donation has a role to play in shifting
the CO vibrational frequency, contribution from other factors like electrostatic effect

of the charge on the metal interacting with the CO dipole may also be significant.
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5.3.3 Adsorption of CO on zeolite supported gold atom

A) cluster model

The optimized structures of the gold monomer in three oxidation states 0, +1
and +3 adsorbed on the six-member ring of faujasite (FAU) zeolite are shown in
Figure 5.4. Selected geometric parameters of the CO-Au-Zeo clusters are

summarized in Table 5.5.

Figure 5.4. Optimized structures of (a-c) gold atom and (d-f) gold carbonyls

adsorbed on the six member ring of faujasite zeolite.

An analysis of total energies of the gold atom in the gas phase in the three
oxidation states shows that the Au’ state is the most stable followed by Au". Au’" is
the least stable one. However, when gold is adsorbed on faujasite zeolite Au’* has
the highest binding energy of 61.76 eV, followed by the Au’ state with a binding
energy of 6.91 eV. The adsorption of Au on faujasite zeolite is endothermic with a
binding energy of -0.50 eV. To the best of our knowledge there is no previous
theoretical study of a metal atom adsorbed on a faujasite zeolite. In a recent study

Sierraalta ef al.** have performed DFT calculations to investigate the possible active
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Table 5.5 Computational results of zeolite (T9 cluster) supported Au atom: bond
distances (A), bond angles (degree), Mulliken charges (q) of selected atoms,

vibrational frequency (cm'l) and adsorption energy (eV).

Au-CO- Au'CO- A CO-
Au-FAU FAU Au'-FAU FAU AU'FAU FAU
Bond distances
Au-Oyz 2.43 2.14 2.12 2.09 2.12 2.01
Au-Al 3.51 3.26 3.20 3.30 3.02 3.08
Au-Si 3.41 3.15 3.07 3.18 2.92 3.09
Au-Oy 2.86 3.05 3.18 3.06
Au-C 1.89 1.83 1.82
C-O0 1.18 1.14 1.14
Bond Angle
Au-C-O 141.63 178.15 176.95
Charges
q( Oz) -0.83 -0.84 -0.86 -0.87 -0.85 -0.85
q(Au) 0.80 -0.01 0.32 0.20 0.71 0.34
q(C) 0.02 0.34 0.35
q(0) -0.18 -0.10 -0.10
q(CO) -0.16 0.24 0.25
Vibrational Freq
v-CO 1911.80 2167.20 2174.10
Binding Energy
AE-Au (eV) -0.50 6.91 61.76
AE-CO (eV) 1.01 1.15 1.12

sites of Au(l) ion exchanged ZSM-5 zeolite. They obtained binding energy values
of Au’ ranging from 6.68 to 8.22 eV at different tetrahedral sites. In our earlier
study of Aug adsorbed on a T9 cluster of faujasite zeolite we have found that the
cluster binds to the oxygen atoms of the six member ring with Au-O bond distances
lying in the range 2.08 —2.13 A In the present study the Au-O distances show a
decreasing trend on going to higher oxidation states having a value of 2.43 A for the
neutral gold monomer and 2.12 A for the monomer in the oxidation state +3. Thus
the neutral gold monomer binds weakly with the zeolite support. The calculated
average Au-O distances of supported cationic gold monomer are in good agreement
with the experimental EXAFS value of 2.08 A in NaY zeolite supported cationic

6

gold atoms.” Both Au-Al and Au-Si distances decrease on going from oxidation
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state 0 to +1 and then to +3. This shows that the interaction of the gold atom with
the zeolite support gets stronger on going to higher oxidation states.

The carbonyl complexes were formed by adsorbing a CO molecule on the
supported Au monomer. In all the three oxidation states they were found to retain
their gas phase structures with only a slight decrease in the Au-C-O bond angle. The
C-O bond length of the supported gold carbonyl was found to vary from 1.14 to 1.18
A which is only slightly higher than the gas phase value of 1.13 A. A comparison of
the structures of the zeolite supported gold monomers with and without CO shows
that for all three oxidation states the Au-O bond distances decrease on CO
adsorption indicating that CO facilitates stronger interaction of the Au atom with the
support. The Au-O bond lengths in the carbonyls are 2.15, 2.05 and 2.01 A,
respectively in the oxidation states 0, +1 and +3. The change in Au-O bond length
due to CO adsorption is largest in case of Au’. It is also observed from Table 5.5
that the Au-O bond distance decreases with increasing oxidation state of the gold
atom. Thus the gold carbonyl in the oxidation state +3 is most strongly anchored to
the zeolite support. The Au-Al bond distances in the carbonyls are 3.26, 3.23 and
3.07 A for CO adsorbed on the gold monomer in the oxidation states 0, +1 and +3,
respectively. The CO vibrational frequency in the supported AuCO complex is
1911.8 ecm™ which is red shifted by 268 cm™ over that of the gas phase carbonyl.
Gates and his group, in their experimental study®® of tricarbonyls of mononuclear
gold Au® supported on zeolite NaY using X-ray absorption spectroscopy found three
vco bands at 2070, 2033 and 2000 cm™'. Sterrer e al.*” in their investigation of CO
adsorption on Au/MgO involving a single gold atom using EPR and STM found red
shifts in the CO vibrational frequency of 290 and 220 cm™ by using perfect
MgO(100) and O-deficient MgO samples, respectively. A DFT based theoretical
investigation by Castellani and coworkers®® regarding interaction of CO on gold
atoms adsorbed on surface anionic (02') and neutral oxygen vacancy (F;) sites of
MgO(100) surface revealed red shifts in the CO vibrational frequency between 232
and 358 cm’’ over that of free CO. For the supported gold carbonyl in the neutral
state the electron cloud is relatively more polarizable than in the other cases because
the nearest neighbor oxygen atoms of the zeolite framework are more distant (Au-O
distance is 2.14 A). As a result there is a substantial charge transfer to CO, thus
populating the 2z* antibonding orbital, which leads to the large red shift in the CO

vibrational frequency. This can be observed from the Mulliken population analysis
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given in Table 5.5. The binding energy of the CO molecule to the zeolite supported
gold atom has the values 1.01, 1.15 and 1.12 eV in the oxidation states 0, +1 and +3,
respectively. Thus the binding of CO is strongest when the gold atom is in the
oxidation state +1. This is supported by the low value of Au-C bond distance as

seen from Table 5.3.

B) embedded cluster model

For a more realistic representation of the support we extend our study of CO
adsorption on the supported gold monomer to a large zeolite cluster having 60T
sites. Choosing a six-member ring which forms a wall of the supercage of the
faujasite zeolite structure as the core region, we adsorb a gold atom onto it. As in
the case of the cluster model study described above, for the embedded cluster too,
the gold monomer is adsorbed in three charged states Au’, Au" and Au®*. The
optimized geometries are shown in 5.5 and selected geometric parameters of the Au-
Zeo-CO complexes are listed in Table 5.6. The binding energies of Au® and Au®*
onto the zeolite cluster follow the same trend as observed in case of the T9 cluster,
i.e, Au’" binds most strongly to faujasite zeolite, followed by Au’. The adsorption
of Au’ on faujasite zeolite is endothermic with a binding energy of -0.29 eV. As in
case of the cluster model, the Au—O distances show a decreasing trend with
increasing charge on the gold atom, 2.70, 2.20 and 2.11 A, in the oxidation states 0,
+1 and +3, respectively. The Au-Al and Au-Si distance are minimum for Au"
followed by Au**. The Au’—Zeo complex exhibits the highest Au—Al and Au-Si
distances of 3.71 and 3.61 A, respectively. For the supported carbonyls, the
Au—C-O structures are retained in case of Au* and Au**. For Au’ the Au—C—O bond
angle has a value of 132.75°, while the gas phase value is 149.03°. The C-O bond
distances for the supported carbonyls vary from 1.13 to 1.15 A. As found for the
cluster model, the Au-O distance decreases with CO adsorption, indicating that the
presence of CO enhances the interaction of the gold monomer with the zeolite
support. The Au—O bond lengths in the supported carbonyls are 2.11 A in case of
Au' and Au**, while it is 2.50 A in case of Au’. It is seen from the values of the
bond lengths provided in Table 5.6 that both for the supported carbonyls with and
without CO, the Au—O, Au—Al and Au-CO distances are minimum in case of Au’,

followed by Au®*. Thus the gold monomer in the oxidation state +1 is most strongly
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Figure 5.5. Optimized structures of (a-c) gold atom and (d-f) gold carbonyls

adsorbed on the T60 cluster of faujasite zeolite.

anchored to the faujasite zeolite support. The CO vibrational frequency for the Au’-
Zeo-CO complex is found to be 1949.99 cm™, which is red shifted by 230 cm™ over
the gas phase value while for the Au’-Zeo-CO complex there is a red shift of 141
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cm’! compared to the gas phase value. Red shifts in the CO vibrational frequencies

have also been found for the zeolite supported gold carbonyls for oxidation states 0

and +1 by using the cluster model. The binding energies of the CO molecule to the

zeolite supported gold monomer are 0.42, 1.34 and 1.07 eV as found by our

embedded cluster model. A comparison with the values obtained by the cluster

model reveals that use of the embedded cluster model leads to a significant

improvement in the CO binding energy (1.34 eV in the embedded cluster model

versus 1.15 eV in the cluster model) for the supported gold monomer in the +1

oxidation state.

Table 5.6 Computational results of zeolite (T60 cluster) supported Au atom: bond

distances (A), bond angles (degree), Mulliken

vibrational frequency (cm™) and adsorption energy (eV).

charges (q) of selected atoms,

Au-  Au-CO- Au- Au'CO- Auv'- Auw CO-

FAU FAU FAU FAU FAU FAU
Bond
distances
Au-Oy 2.70 2.50 2.20 2.11 2.24 2.11
Au-Al 3.71 3.46 3.17 3.01 3.25 3.23
Au-Si 3.61 3.44 3.13 3.21 333 3.22
Au-Oy 3.50 3.51 3.21 6.58
Au-C 2.06 1.89 1.90
C-O 1.15 1.13 1.13
Bond Angle
Au-C-O 132.75 178.53 179.17
Charges
q( Oz) -0.64 -0.66 -1.17 -1.32 -1.29 -1.22
q(Au) 0.45 0.29 0.77 0.73 0.98 0.73
q(C) 0.33 0.43 0.46
q(0) -0.16 -0.36 -0.35
Dq -0.16 -0.07 -0.12
Vibrational Freq
v-CO 1949.99 2122.07 2478.72
Binding
Energy
AE-Au (eV) -0.29 6.82 62.93
AE-CO (eV) 0.42 1.34 1.07
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5.4. Conclusions

We have tried to verify the predictions regarding the response of various sites
of the cationic, neural and anionic triangular Au, clusters towards electrophilic and
nucleophilic attacks by adsorbing CO and O, molecules onto these structures. It has
been found that CO adsorbs more strongly on the cationic cluster compared to the
neutral and anionic clusters. The CO molecule prefers the apex site for adsorption,
while the O, molecule prefers the mid site. Also, the co-adsorption of CO and O; on
these clusters has been investigated. For the most stable co-adsorption complex, CO
adsorbs at the apex site and O, at the bridge site in agreement with Fukui function
values.

We have also investigated the adsorption of the CO molecule on the gold
monomer in three oxidation states 0, +1 and +3 in the gas phase and on a zeolite
support. The results of our study reveal that in case of the gas phase carbonyls, the
adsorption of CO is strongest in the oxidation state +3, while on a faujasite zeolite
support having 9T sites CO binds most strongly to Au’. For the AuCO complex, the
vibrational frequency of CO is red shifted over that of free CO (Av = -128.9 cm™),
while in case of AuCO it is blue shifted (Av = 83.7 em™). Au**CO shows a red
shift of 50.5 cm™. The binding energy of the gold monomer on the zeolite support
increases on going to higher oxidation states. CO facilitates stronger interaction of
the gold monomer with the support. For the supported carbonyls, CO vibrational
frequencies have the values 1911.8, 2167.2 and 2174.1 em’! for oxidation states 0,
+1 and +3, respectively. Thus the vibrational frequencies increase on going to
higher oxidation states. Further, in order to understand the effect of the size of the
support on adsorption of CO molecule onto the gold monomer, we have repeated our
study on the supported gold monomer by taking a large zeolite cluster having 60T
sites. This cluster has been treated by the hybrid QM/MM method. Our results for
this larger zeolite model show the same trend in the adsorption energies and
vibrational frequencies as observed in case of the cluster model. However, the
binding of the CO molecule onto Au" becomes stronger on increasing the size of the

support.
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CHAPTER 6

Energetics of Reverse Hydrogen Spillover from

Zeolite Support to Gold Nanoclusters

Having determined the structure of mononuclear gold supported on faujasite zeolite,
we now investigate the phenomenon of reverse hydrogen spillover of acidic protons
from zeolite to the gold monomer in the oxidation states 0 and +1. It is found that in
the oxidation state 0, the hydrogenated clusters AuH/(2H)-FAU and AuH,/H-FAU,
generated by stepwise reverse hydrogen spillover from bridging OH groups of
zeolite are energetically preferred over the non hydrogenated Au/(3H)-FAU
structure. Reverse hydrogen spillover of all three acidic protons onto the gold
monomer does not lead to a stable structure. This study is further extended to the
highly stable neutral triangular Aug cluster. It is found that the hydrogenated cluster
AwH/(2H)-FAU, AugH,/H-FAU and AugH;3/FAU are energetically favourable over
the non hydrogenated Aug/(3H)-FAU structure. The energies of reverse hydrogen
spillover per transferred proton are —67.6, ~65.6 and —59.1 kJ/mol, respectively for
zeolite supported AugH, AugH, and AugHj clusters.

6.1 Introduction

Oxide supported transition metal clusters form an important class of system
for a large number of investigations mainly due to their widespread applications as
catalysts.  For clusters of nanometer and subnanometer size, direct and
comprehensive experimental information is difficult to achieve. Such clusters have
been theoretically investigated using various computational methods over the past

5

few years." Zeolites with pores and cavities of molecular dimensions form an

important class of support for nanoclusters in catalysis. It has been emphasized that
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well-dispersed gold clusters inside faujasite and ZSM-5 zeolites exhibit high activity
for chemisorption of NO and CO and also in NO + CO and direct NO decomposition
reactions.® In view of the growing interest in metal cluster catalysis, there have been
a large number of experimental studies’'® devoted towards understanding the
structure and nature of active sites in supported metal clusters. However, it is seen
that sometimes experimental investigations yield incomplete or ambiguous results.
It is here that theoretical studies''™ based on pertinent models and accurate
electronic structure techniques contribute significantly.

From their studies on gas phase and zeolite supported Rhg clusters with and
without impurity atoms, Résch and co-workers 14 concluded that zeolite supported
Rhg clusters contain hydrogen impurity atoms. They have also performed extensive
studies on the reverse hydrogen spillover of acidic hydrogen atoms of zeolite to a
large number of hexanuclear transition metal clusters using density functional

theory.”’l5

They found that reverse spillover of acidic hydrogen of zeolite to the
metal clusters was favourable for many transition metals with a very low value for
gold (18 kJ/mol). However, it should be noted that the isolated cluster models used
by them contain 6 tetrahedral atoms of faujasite zeolite which was terminated by OH
groups. The OH terminated cluster may not be a good model to represent zeolite.
Shor et al."® improved the energy of reverse hydrogen spillover to some extent by
using a novel embedded cluster method. However, they found that in case of gold
cluster, unlike the other transition metals studied, the hydrogenated form M¢H3/FAU
(M = transition metal) is not necessarily more stable than the bare zeolite-supported
form M¢/(3H)-FAU and that the process of reverse hydrogen spillover from the
zeolite to the metal cluster may be exothermic or endothermic depending upon the
initial location of the migrating protons in the zeolite substrate. It was found that
reverse hydrogen spillover from less acidic hydroxyl groups to the gold cluster was
endothermic by a value 29 kJ/mol per transferred proton and that from more acidic
hydroxyl groups to the metal cluster was exothermic by 47 kJ/mol per proton.
Experimentally also it have been observed that reverse spillover takes place on
zeolite supported Irg cluster during catalysis.16 In the case of zeolite supported Aug
cluster, to the best of our knowledge, there is no experimental data available yet.

As we have already determined the structure of the gold monomer anchored
on a T9 cluster of faujasite zeolite, which has been presented in the last chapter, we

now investigate the process of reverse hydrogen spillover from the support onto the
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gold atom in the oxidation states 0 and +1. To the best of our knowledge, this is the
first study of reverse hydrogen spillover onto a zeolite supported gold monomer.
Further, keeping in mind the discrepancies regarding the process of reverse
hydrogen spillover in case of zeolite supported gold hexamer, we examine the
process in detail by systematically transferring acidic hydrogen of a zeolite cluster

containing 9 tetrahedral sites and terminated by hydrogen atoms, one by one.

6.2 Computational Details

In this study we have used the same T9 cluster of the zeolite used in our
earlier investigation on CO adsorption on supported gold monomer presented in
Chapter 5. The optimization follows the same methodology of optimizing only the
Si-H, Al-H and O-H bonds while keeping the other atoms fixed at their
crystallographic positions and allowing all atoms other than the terminating
hydrogen atoms to relax in the subsequent calculations. All electron relativistic
calculations have been performed by using the DMol® program with DNP basis set.
The calculations for the gold monomer use the VWN exchange-correlation
functional for geometry optimization and the BLYP functional for determination of
energy and other related properties, while the calculations for the supported gold
hexamer involve the VWN functional only.

We calculate the reverse hydrogen spillover energy per transferred acidic

hydrogen atom, Egs, to the supported Au monomer using the following equation:

Eg = {E[4uH, (3 - n)HFAU)|- E[Au/3HFAU) |}/ n , (6.1)
where n =1 and 2, and

Ey = {E|4u” H (HFAU) |- E|du* 12 HF4U) |} (6.2)

For the supported Aug cluster we have

E ={E[4u H, (3 - n)HFAU)]- E[4u, (GHFAU)]}/ n, (6.3)

wheren=1, 2 and 3.
A negative value of the Egs implies that the hydrogenated metal clusters, Au®"H, or
AugH, on zeolite support are more stable than their corresponding dehydrogenated

counterparts.



Chapter 6 Reverse Hydrogen Spillover 119

1.1 6.3 Results and Discussion

6.3.1 Reverse hydrogen spillover onto zeolite supported Ad’, Au’

The optimized structures of bare and hydrogenated Au’ and Au" clusters
adsorbed on the six-member ring of faujasite zeolite are shown in Figure 6.1.

Selected geometric parameters of the adsorbed clusters are summarized in Table 6.1.

(a) A/(3H-FAU) (b AUHIZH-FAU) (C)AUHI(H-FAU)

Ho A

\_L y’/:" 15

A «
(d) Au*/(ZH-FAU) (e) Au*HI(H-FAU)
Figure 6.1. Optimized structures of (a, d) bare and (b, c, e) hydrogenated clusters of

Au and Au" adsorbed on the six member ring of faujasite zeolite.

As seen from Table 6.1, the Au—Oz distance for the Au/3H-FAU cluster is
2.428 A which is significantly higher than the experimental EXAFS value of 2.08 A

’ This shows that the neutral gold monomer is

in zeolite supported gold clusters.
weakly bound to the zeolite support. Moving over to the supported gold monomer
in the oxidation state +1, the Au—Oz distance is 2.115 A, indicating that the bonding
with the support is stronger in this case.

The hydrogenated clusters, AuH, AuH, and Au'H were formed by

transferring acidic protons in a stepwise manner from the zeolite to the supported



Chapter 6 Reverse Hydrogen Spillover 120

Table 6.1. Computational results of zeolite supported Au and Au’ monomer and
complexes formed after stepwise reverse hydrogen spillover: average distances (A),
total charge of the clusters and energy characteristics (kJ/mol) per transfer of

hydrogen atoms.

AW(3H)- AuH/(2H)- AuHyH- Au'/(2H)- Au'H/(H)-

FAU FAU FAU FAU FAU
Bond distances
Au—'0, 2.429 2.191 2.179 2.115 2.151
Au—20y 2.863 3.064 3.020 2.904 2.282
Au—Al 3.512 3.372 3.279 3.196 3.134
Au—Si 3.406 3.226 3.242 3.065 3.149
Au—Ha, 1.527 1.519 1.530
Charges
q(Mulliken) Au  -0.174 0.156 0.241 0.324 0.165
q(Mulliken)'Ho ~ 0.355 0.333 0.337 0.333 0.338
q(Mulliken)Hay 0.020 0.289 0.083
q (Hirshfeld)Au  0.081 0.243 0.381 0.278 0.240
q(Hirshfeld)Ho  0.145 0.288 0.205 0.305 0.208
q(Hirshfeld)Ha, -0.045 0.293 -0.017
SErs -10.164 -5.118 20.938

'0; — oxygen atoms of zeolite connected to the gold atom, 2Oy - oxygen atoms where
acidic hydrogen atoms are attached, *Ha, — acidic hydrogen of zeolite which has
migrated to the gold atom, *Ho acidic hydrogen of zeolite, *Egs — reverse spillover

energy.

Au”" atom. Attempts to simulate the transfer of three protons in case of the
supported neutral monomer and two protons in case of the monomer in the oxidation
state +1 failed. As seen from Table 6.1, the Au—Oz distance gets significantly
reduced in presence of hydrogen spilt over from the zeolite to the gold atom. The
Au-Oz distance with two spilled over hydrogen atoms is 2.18 A. Thus with
increasing number of protons in the clusters, the Au—O distance decreases.
However, in case of the gold monomer in the oxidation state +1 the Au—Oz distance
increases due to reverse hydrogen spillover. Thus in this case, the bare monomer is
more strongly anchored to the support than that with the spilled over hydrogen. The
Au-Al distance is found to decrease from supported Au’* cluster to supported

Au®"H,. The Au-Si distance decreases due to reverse hydrogen spillover in case of
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the supported Au’ while it increases in case of the supported Au" monomer. The
distance of Au atom to the spilled over hydrogen atom is found to decrease with the
increase in the number of hydrogen atoms in the cluster indicating a strong
interaction of the metal atom with hydrogen.

The total charges on AuH, AuH, and Au'H clusters are also presented in
Table 6.1. The increasing values of the charges reveal oxidation of the gold atom on
going from the bare to the hydrogenated cluster in case of the supported gold
monomer in the oxidation state 0 while in case of the oxidation state +1 the charges
decrease on going from the bare to the hydrogenated cluster indicating reduction of
the gold atom. As seen from Table 6.1, in case of the supported gold monomer in
the oxidation state 0, reverse hydrogen spillover energy Exs for the first proton is —
10.16 kJ/mol while Egg per atom for transfer of two protons from the zeolite cluster
is —5.12 kJ/mol. Thus both these processes are exothermic. In case of the gold
monomer in the oxidation state +1, reverse spillover of a single proton takes place
from the support to the gold atom. The reverse spillover energy is 20.94 kJ/mol.

Thus this process is endothermic and hence is not energetically favoured.

6.3.2 Reverse hydrogen spillover onto zeolite supported Aug

We first present the structure of Aug cluster in the gas phase. As found in Chapter 3,
the most stable form of the Aug cluster has a triangular structure (Figure 6.2) with a
slight deviation of the three edge atoms from linearity (£ Au—Au—Au = 176.3"). The
average Au—Au bond length of the outer triangles is 2.533 A whereas that of the
inner triangle is 2.647 A. On zeolite support Aug is significantly deviated from its
planar triangular structure observed in the gas phase (Figure 6.2). This is in contrast

with the adsorption of Auy on MgO(001) surface where geometry of the adsorbed

176.03°

Figure 6.2. Optimized structure of Aug cluster in the gas phase. Bond lengths are in
angstroms (A) and bond angle is in degree.
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cluster changes very little compared to their gas phase values.'®!”  As shown in
Figure 6.3(a), the three apical Au atoms of supported Aus cluster move closer to the
oxygen atoms of the zeolite and thus it deviates from its original planar structure.
For the convenience of discussion, the three atoms in the top triangle are designated
as Ay and the three apical atoms attached to the zeolite framework are designated as
Au,. The average Au,~Au, distance (2.559 A) is very close to the gas phase average
bond length of the outer triangles (2.533 A) and the average Au~Au, (2.650 A)
distance also remains almost same as that of the inner triangle (2.647 A) of the gas
phase structure. However, the Au,~Au—Au, angle deviates significantly from its gas
phase value of 176.3° to 104.7° in the zeolite supported cluster. Vayssilov and
Rosch'! found an almost planar structure in both gas phase and adsorbed state using
a different zeolite cluster model with constraint geometry optimization. The
calculated average Au-O (2.135 A) distance of supported Aug cluster is in very good
agreement with the experimental EXAFS value of 2.08 A in zeolite supported gold

clusters.’

(b) AugH/(2H)-FAU (d) AugH,/FAU

Figure 6.3. Optimized structures of (a) bare and (b-d) hydrogenated clusters of Aug

adsorbed on the six member ring of faujasite zeolite.
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The hydrogenated clusters AugH, AugH, and AugHj are found to retain the
shape of the zeolite supported Aug cluster. The average Au,—~Au—Au, angles in
AugH/(2H)-FAU, AugHy/(1H)-FAU and AugH3/FAU are 117.0°, 129.7° and 143.3°,
respectively. The average Au-O bond distances of AugH/(2H)-FAU, AugH,/(1H)-
FAU and AugH3/FAU clusters are given in Table 6.2. It is seen from Table 6.2 that
with the increasing number of protons in the clusters, the average Au—O distance
decreases from 2.135 A in Aug/(3H)-FAU cluster to 2.084 A in AugH3/FAU cluster.
It should be noted that the Au-O distance obtained by EXAFS (2.08 AY for
mononuclear gold particles in faujasite zeolite is exactly same with the value
obtained in our calculation for zeolite supported Au¢H; cluster. For large gold
particles supported on alumina, the EXAFS value of Au-O distance (2.04-2.05 A)"
is very close to our results. The average Au—Al distance is found to decrease from
supported Aug cluster to AugH3 while there is an increase in average Au-Si distance.
The distance of Au atom to the spilled over hydrogen atom is found to decrease with
the increase in the number of hydrogen atoms in the cluster indicating a strong
interaction of the metal cluster with hydrogen atoms. The average Auz—Oy (oxygen
atom where acidic hydrogen atom is attached) distance in the adsorption complex
AugH3/FAU is 2.303 A. Thus, while in the Aug cluster supported on zeolite each
Augz atom interacts with only one oxygen atom (average Auz—0;=2.135 A) of zeolite
framework, the Auz atoms of the hydrogenated cluster, AugHs, are coordinated to
two oxygen atoms of the zeolite cluster, Oz and Oy with average Auz-O; and
Auz—Opy distances of 2.084 A and 2.303 A, respectively. Therefore, due to reverse
hydrogen spillover there is a stronger interaction of the metal cluster with the zeolite
support. This is at variance with the findings of Vayssilov and Rosch.!' Their study
showed that Aug is bound to the zeolite cluster via three metal-oxygen bonds unlike
the other transition metal clusters of groups 8-11.

The charges of the Au and H atoms calculated using both Mulliken
Population Analysis (MPA) and Hirshfeld Population Analysis (HPA) in the zeolite
supported bare and hydrogenated clusters are collected in Table 6.2. The MPA
derived charges of Aug cluster in Aug/(3H)-FAU have negative values for the all the
six Au atoms with a total charge of —0.411 e. However, HPA for Au, atoms in
contact with oxygen atoms of zeolite show positive values (0.066 e per atom) in
contrast to negative values for the “top” triangle, Au, atoms (-0.059 e per atom) with

atotal charge of the cluster close to zero (0.021 ¢). Both MPA and HPA values for
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Table 6.2. Computational results of zeolite supported Aug cluster and complexes
formed after stepwise reverse hydrogen spillover: average distances (A), average
angles (degree), Mulliken and Hirshfeld charges (q) of selected atoms and energy

characteristics (kJ/mol) per transfer of hydrogen atoms.

Aug/(3H)-FAU AugH/(2H)-FAU  AugHy/H-FAU  AugH;/FAU

Bond distances

'Au,—2Au, 2.559 2.564 2.563 2.561
Au—Auy 2.650 2.638 2.651 2.681
Au,—0, 2.135 2.116 2.089 2.084
Au,—'Oy 2.374 2.355 2.303
Au,—Al 2.934 2.899 2.796 2.662
Au,—Si 3.201 3.219 3.287 3.427
Au—"Hp, 1.634 1.625 1.607
Bond angle

Au,—Au—Au, 104.7 117.0 129.7 143.3
Charges

q(Mulliken) Au, -0.074 0.005 0.090 0.160
q(Mulliken) Au, -0.063 -0.028 0.002 0.034
q(Mulliken) Aug -0.411 -0.071 0.277 0.583
q(Mulliken) *Ho 0.331 0.337 0.343

q(Mulliken) Haq 0.116 0.126 0.142
q(Mulliken)

AugH, 0.045 0.529 1.010
q(Hirshfeld) Au, 0.066 0.127 0.207 0.292
q (Hirshfeld) Au, -0.059 -0.009 0.045 0.094
q (Hirshfeld) Aug 0.021 0.352 0.757 1.157
q(Hirshfeld)*Ho 0.098 0.123 0.138
q(Hirshfeld)Ha, -0.055 -0.051 -0.044
q(Hirshfeld)AugH, 0.297 0.654 1.026
"Egs -67.6 -65.6 -59.1

'Auz - gold atoms bound to the zeolite cluster, 2Au, — gold atoms of the “top triangle” of
supported Aus clusters, >0z — oxygen atoms of zeolite connected to the gold cluster, *Oy
- oxygen atoms where acidic hydrogen atoms are attached, *Ha, — acidic hydrogen of
zeolite which has migrated to the gold cluster, ®°Hy, - acidic hydrogen of zeolite, "Egs ~

reverse spillover energy.

Auz and Ay, atoms in AugHy/((3-n)H)-FAU, n = 1-3, reveal oxidation of the gold
atoms as indicated by the increasing values of the charges on going from the bare to

the hydrogenated cluster with a maximum value in AugH3/FAU. This clearly shows
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oxidation of both the Au, and Au, atoms upon stepwise hydrogen spillover. Our
calculations on zeolite supported Aug cluster are in agreement with those reported by
Vayssilov ef al.** Such an analysis for hydrogen atoms gives an HPA value of 0.098
e in Aug/3H-FAU whereas that in AugH3/FAU complex is —0.044e indicating a
formal reduction of H' to H™ during reverse hydrogen spillover process. MPA
values also support this trend as seen in Table 6.2. The HPA charges of acidic
hydrogen of zeolite (Hz) in AugH/(2H)-FAU and AugH,/(1H)-FAU clusters are
0.123¢ and 0.138e (MPA values: 0.337, 0.343), respectively whereas that of spilled
over hydrogen (Ha,) are -0.055¢ and -0.05le (MPA values: 0.116, 0.126),
respectively. Thus, both MPA and HPA values for all the clusters are supportive of
the fact that reverse hydrogen spillover from the zeolite to gold cluster leads to
reduction of hydrogen atoms.

Finally, we present the reverse spillover energy, Egs, for migration of acidic
hydrogen atoms of the zeolite cluster to Aug cluster. It is seen from Table 6.2 that
the Egs for the first proton is —-67.6 kJ/mol. The Egs per atom for transfer of two and
three protons from the zeolite cluster are —65.6 and —59.1 kJ/mol, respectively. Our
reported reverse hydrogen spillover energy of —59.1 kJ/mol for the AugHi/FAU
system is very close to the value (-47.0 kJ/mol) estimated by Shor ef al."’ using a
hybrid QM/MM approach. Moreover, we have modelled the sequential migration of
1, 2 and 3 protons from the bridging OH groups of faujasite zeolite without any
symmetry constraint. Vayssilov and Rosch'* calculated reverse hydrogen spillover
energy for Aue supported on zeolites and obtained a value of —18.0 kJ/mol per
transfer of hydrogen. This may be due to different position of acidic hydrogen

atoms in the cluster model chosen by them.

6.4 Conclusions

We have systematically modeled the sequential migration of protons from
the bridging OH groups of faujasite zeolite to the Au monomer in the oxidation
states 0 and +1 and to the triangular Aug cluster without any symmetry constraint.
We have found that the migration of one and two protons are possible in the case of
Au’ atom, while in the case of Au*, migration of only one proton is possible. For the
Aug cluster migration of all three hydrogen atoms from bridging OH groups of the

zeolite onto the gold cluster are possible. In case of Au’, the hydrogenated atom is
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more stable than the dehydrogenated one, while in the case of Au’, the
dehydrogenated monomer is more stable.

For zeolite supported Aug cluster it is found that the hydrogenated clusters
are energetically favourable over the bare supported cluster. The calculated Au-O
distances for the model clusters are in very good agreement with the available
experimental results. We found a decrease in Au-O distances in the hydrogenated
Aug clusters as compared to the bare supported cluster, approaching a value of ~
2.08 A for AugH3/FAU complex which is exactly the same as EXAFS data reported
for Au supported on faujasite zeolite. The reverse hydrogen spillover energies for
migration of 1, 2 and 3 acidic hydrogen atoms from the zeolite cluster on to the Aug
cluster are —67.6, -65.6 and —59.1 kJ/mol, respectively. Reverse hydrogen spillover
leads to oxidation of the gold atoms and simultaneous reduction of hydrogen atoms.
The two types of gold atoms Au, and Au,, both in bare and protonated supported Aug
clusters are seen to carry different charges. This indicates the existence of metal

centers with different oxidation states within the same cluster.
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CHAPTER 7

TDDFT Optical Absorption Spectra of Coinage
Metal Dimers Supported on MgO(001)

In this chapter we investigate the optical spectra of coinage metal dimers adsorbed
on three types of sites on the MgO(001) surface: regular O site and oxygen
vacancies F; and Fy". This chapter is the result of a collaborative work carried out at
Prof. Notker Rosch’s group, Technische Universitit Miinchen, Germany, which has
been reported in Reference 19. That work'® describes the development of the
combined Natural Transition Orbital (NTO)-Fragment Molecular Orbital (FMO)
method and its implementation into the TDDFT module of the parallel density
functional code PARAGAUSS as well as the evaluation of this novel analysis tool by
applying it to coinage metal dimers adsorbed on the MgO(001) surface. M. Huix-
Rotllant and A. V. Matveev, under guidance of N. Raosch, augmented the TDDFT
module of PARAGAUSS, originally developed by Bosko ef al.!' My contribution to
this collaborative work was the evaluation of this new methodology by applying it to
a system that was already well studied,'' but not sufficiently understood. The new
approach leads to a more quantitative and hence improved description of optical
transitions. Each spectral transition is identified in terms of electron-hole excitations
characterized by pairs of occupied and unoccupied NTOs. For each of these NTOs
the dominant contributing Kohn Sham orbitals are determined which are then
subjected to a Fragment Molecular Orbital analysis taking the cluster and the support
as fragments. Specific spectral features are found for adsorbed Ag, compared to Au,
and Cu,, which is attributed to the weaker adsorption of Ag: on the MgO(001)

surface.
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7.1 Introduction

Optical spectroscopy is an essential tool to determine and quantify chemical
and physical properties of chemical systems. Recent advances in spectroscopic
techniques for such multi-component systems as metal species on oxide support,M
provide rich spectral data at high precision. In spite of this progress with
experimental techniques, less attention has been paid to interpreting such spectrain a
quantitative way and the assignment of the bands remained a tedious task. With the
development of quantum mechanical methods, it became possible to carry out
spectroscopic studies theoretically, thus giving out valuable information which
would aid in the understanding of the physical phenomenon underlying the
experimental results.”” Although these theoretical studies have gone a long way in
simplifying the interpretation of spectra, spectroscopic studies of complex systems
still remain an arduous task.

Linear response time-dependent density functional theory is one among the
state-of—the-art techniques that allows the efficient calculation of vertical electronic
transitions of large systems with sufficient accuracy.® This method represents each
peak as superposition of particle-hole contributions. Excitations of simple systems
often are characterized by one leading pair of orbitals, making the assignment
straightforward. This method has been applied to study the optical absorption
spectra of systems like metal clusters protected by ligands,”!° Cu or Au atoms and

small aggregates supported on MgO,?**

atomic and dimer gold species on SiO; and
coinage metal dimers supported on MgO(001) surface.!! Theoretical predictions
based on TDDFT are found to have good agreement with experimental values. For
larger systems simple interpretations are not valid as many particle-hole pairs with
orbitals localized in different parts of the complex system contribute towards a
particular transition with comparable amplitudes. An assignment of such spectral
bands is not only tedious,'' but a simplistic approach may also be misleading.

In order to simplify the interpretation of such complex spectra Martin
developed an approach'? whereby the leading contributions to a particular transition
can be identified. This method relies on a linear transformation of the ground-state
orbitals (leaving invariant each of the subspaces of occupied and virtual orbitals) to

form a set of orbital pairs which affords a simpler description of the first-order

transition density matrix. Transitions are no longer described as superposition of
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pairs of Kohn-Sham (KS) orbitals, but by a smaller number of NTO pairs to which
new weights are assigned. The recent popularity of the NTO analysis testifies to the
usefulness of this technique, e.g. for characterizing reaction sites of organic

13-15

chromophores and optical-active metal complexes. Efficient algorithms are

available to restrict the invariant subspaces for linear combinations even further if
the systems exhibit spatial symmetry.w’17

For complex systems, neither KS orbitals nor NTOs are sufficiently localized
in general to allow a simple characterization of the charge rearrangement associated
with an excitation. For this purpose, a Fragment Molecular Orbital (FMO) analysis
is required as an additional tool. This method divides the complex system into some
parts, called fragments. Having identified the leading NTOs for a particular
transition, it is possible to characterize these NTOs in terms of fragments of the
system. This approach enables a more detailed description of optical transitions.
For example, charge-transfer (CT) excitations between two fragments of a
compound system can be easily identified in this way. The FMO approach has been
implemented in combination with the NTO analysis in the parallel density functional
(DF) program package PARAGAUSS'® by Résch and coworkers."’

In the present work the benefit of this combined NTO-FMO analysis is
demonstrated by applying it to dimers M, of coinage metals (M = Cu, Ag, Au)
adsorbed at regular oxygen sites as well as on oxygen vacancies Fs and F' of the
MgO(001) surface. Due to their technological importance, numerous computational
studies on adsorption and spectral properties have been carried out on these
systems.m'28 A study analogous to the present work has already been carried out by
Résch and coworkers'' in which the optical absorption spectra of coinage metal
dimers supported on MgO(001) has been explored. The attempt here is to put such
analysis on a more quantitative footing by making use of the combined NTO-FMO

analysis.

7.2 Computational Details

At first we briefly review the formulation of the NTO analysis in a basis set
of symmetry-adapted ground-state orbitals in the framework of linear response
TDDFT."”  Then, we describe the FMO analysis. All calculations have been
performed by using the program PARAGAUSS developed by Résch and his group.'®
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7.2.1 Symmetry-Adapted Natural Transition Orbitals
Linear response TDDFT is an approximation where only pair products of
occupied and virtual ground-state Kohn-Sham (KS) orbitals contribute to the density
response Sp(r,@)
5p(F,0) = pOF,0) = 3 Toy(@)p, (P, (P) (7.1)
Here ¢,(F)and y, (¥) designate occupied and unoccupied ground-state KS orbitals,
respectively. The labels a and s shall be used throughout the text to refer to
occupied and unoccupied KS orbitals. T, (o) is the transition density matrix (TDM),
a rectangular matrix representation of the response of the density in the KS basis set.
It contains probability amplitudes of particle-hole excitations, each corresponding to
a pair of orbitals. The frequencies @ of the external perturbation refer to a discrete
spectrum of resonance frequencies, interpreted in TDDFT as electronic excitation
energies.
When symmetry-adapted KS orbitals are used, a block structure of the TDM
emerges. The symmetrized MOs have been labeled as {(par” “ (F)} and { 257 (F) },

respectively. The labels I',, T', represent irreducible representations (irreps) of a

)

particular point-group; the indices y,, y, enumerate multiple occurrences of
possibly degenerate irreps I', and I',. The response of the density to a perturbation,
characterized by row y of irrep I', is described as linear combination of

symmetrized orbital products p{ """

as >

5" F.w)x YT (@) pl " (F), (7.2)

(r,I,)-r

which in turn are linear combinations of pair products:

dimTl, dmT,

P = Y Y CO o Ty I (P e (F)  (1.3)
Ya=1 7=l

Here C(T',y,.I'y,,I'y) are Clebsch-Gordan coefficients that originate from reducing
the direct product I, ®I'.. The rare case, where reduction of this direct product

leads to multiple instances of the same irrep, is not conceptually different, but can be
handled by delineating these instances of an irrep I’ by an independent index 7 in

the expressions above; this index has been omitted for clarity. Each block of the
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transition density matrix, T.(<")"(w), in this representation carries a symmetry label
I’ and may be subdivided into subblocks characterized by the parental symmetries
of the initial and final states I, and I, respectively. Index I" is a “good” quantum
number for linear response TDDFT solutions; it corresponds to the electronic term
symmetry of traditional electronic structure theory. The corresponding equations for
the resonance excitations of each symmetry are solved independently. Each solution
is, in general, a superposition of particle-hole excitations from several channels

[, > T',, where each channel is described by a pair of initial and final state
symmetries, I, and I',. A given point group symmetry restricts the channels that
may contribute to terms of a specific symmetry [', whereas a channel may
contribute to the terms of different symmetries I'. The transition amplitudes

750 () are not specific to row y of irrep I': in case of degenerate irreps, multiple

solutions of the density response dp'”, Eq. (7.2), that differ only by the row index
y are equivalent by symmetry. The corresponding resonances are induced by the

same type of the periodic perturbation with different polarizations: in the particular
case of a nearly axial symmetry of the systems under study we will distinguish
between the polarization direction of the electric field normal to the surface plane
and two in-plane polarization directions.

The amplitudes of the particle-hole contributions in a selected channel of some
resonance term are collected in the N, x N, block 7" (») of the TDM; N, and
N, are the dimensions of the occupied and virtual orbital subspaces of irreps ', and
I',, respectively. A more concise description of a channel is achieved when
electronic transitions are represented in terms of NTOs.'”” NTOs are linear
combination of the original occupied or virtual Kohn-Sham orbitals that achieve a
singular value decomposition of the corresponding block of the TDM. The
coefficients of the linear transformations of the occupied and virtual subspaces from

the KS picture have been organized to the NTO picture into square matrices U"™"

and V(I‘,,I‘,)F .
r occ (
Slava — LIIr Ly,
Dy - ZUaa‘ Dy
a (7.4a)
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uhocc

ZF': Ys — ZV‘('\FHDPZ{'V‘
' (7.4b)

Here @'’ and 7" are occupied and virtual NTOs and one has:

(Tl () = UELITPETOT (yp (Tl Tt (7.5)

where the (rectangular) so-called Natural Transition Density Matrix (NTDM)

15" (w) has non-zero elements only along its main diagonal.

In the analysis of the spectral lines below, probabilities or weights w, of the

transitions (particle-hole excitations) is used according to

r,ror |2

wl :| tIl

(7.6)
For each excitation, the sum of these weights is adjusted so that they add up to one.
The singular value decomposition, Eq. (7.5), is carried out with a standard library
routine.”’

Just as the original KS orbitals, Egs. (7.4a, 7.4b), pairs of NTOs, one each
from the occupied and the virtual subspaces, are also classified by an irrep I (and a
row 7). Moreover, as NTOs are defined for specific channels of a given resonance,
they carry implicitly the channel labels (I,[", )" which have been omitted here for
brevity. Thus, the basis of NTOs is optimized for the description of every channel

of each resonance.

7.2.2 Fragment Orbital Analysis

MOs can be efficiently represented in a suitable finite (atomic) basis set:

¥, ()= 0,7,
i (7.7)

where the coefficients ¢, are determined in a KS ground-state calculation or come

from an NTO analysis of a particular excitation channel. If the system is then
broken into F fragments, and a ground state calculation is performed for each

fragment /'in the subset of the atomic basis functions ¢, (7) that belong to it, the KS

eigenfunctions of each fragment will be given by shorter linear combinations:

N,
v/ (%)= 0,F)d), f=1..,F.
o (7.8)
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Here N, is the size of the basis set of fragment f; for the total number of basis

functions one has: N :Z;:I N,. We also assume here that the geometry of the

separate fragments, and thus the location of the basis functions, is the same as in the
compound system. Then the joined set of MOs of all F' fragments spans the same
space as the original basis, Eq. (7.7). We obtain the FMO representation of the KS

orbitals (or NTOs) as linear combination of this joined fragments basis set:

¥," =YY v/ gl
e . (7.9)

The expansion coefficients g/ can be used to analyze the composition (and

localization) of the KS orbitals in terms of the chemically more appealing FMOs

instead of the computationally more convenient atomic basis set. The coefficients

g/ are determined by solving the system of linear equations:

E N,
cjk =ZZd1f,g,{

st (7.10)

Using the coefficients g and accounting for the overlap of the fragment orbitals,

one can construct the fragment based population analysis.*

7.3 Results and Discussion

To demonstrate the efficiency of the procedure in identifying and
systematically quantifying electronic transitions, the NTO-FMO analysis is applied
to TDDFT results on coinage metal dimers M; (M = Cu, Ag, Au), adsorbed on ideal
O sites as well as at neutral, F,, and singly-charged oxygen vacancies, F,", of the
MgO(001) surface. These spectra had previously been analyzed by Résch and co-

workers in a qualitative fashion.'!

Here, a detailed quantitative description of the
physical processes involved in the main transitions of these adsorption systems is
provided.

The same model systems and structures as in the previous TDDFT study
mentioned earlier'' has been used. The adsorption systems are modeled by a hybrid
QM/MM approach: a quantum mechanical (QM) subsystem is embedded at the
molecular mechanics (MM) level in an Elastic Polarizable Environment (EPE),*!

that represents the confining and electrostatic effects of the MgO substrate. The
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EPE method affords an accurate description of the relaxation of the support, induced
by an impurity on the surface such as an oxygen vacancy and/or an adsorbed metal
species. For adsorption at the ideal surface, the cluster Mg;o01o(Mg™);2 has been
used as QM partition of the model and the cluster MggOg(MgPP 12 for F, and F" sites
(Figure 7.1). The geometry of the adsorption complexes had been optimized
assuming C; symmetry.”> The QM partition was described at the all-electron level
using the linear combination of Gaussian-type orbitals fitting-functions density-
functional (LCGTO-FF-DF) method” and the exchange-correlation functional as
suggested by Becke and Perdew (BP86).>> Further computational details and results
on metal species adsorbed at MgO(001) are available in previous works by the group

of Rosch. 252

Cu,Au,Ag Mg o) Mg

Figure 7.1. Example of the QM part of the embedded cluster model used for the
calculations: optimized structure of M; (M = Cu, Ag, Au) adsorbed on an F," site
modeled by a substrate of the form MgoOs(Mg"")12. The preferred orientation of the
dimer axis is almost upright, exhibiting approximate Cy, symmetry.

7.3.1. General Remarks

To describe the optical spectra of adsorbed M; systems, linear-response
TDDFT approach has been applied to the optimized structures and oscillator

strengths are calculated for the solutions, corresponding to the dipole allowed

2

transitions.’”  Singlet-triplet transitions are not addressed in the present study,
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although spin-orbit interaction may make them accessible in some experimental
setups. With the BP exchange-correlation functional and the substrate model used, a
band gap of ~4.6 eV is calculated for the MgO(001) surface, as estimated by the
differences of KS eigenvalues. This underestimation of the experimental gap, ~7.8
eV, is well known.>* Therefore, we consider TDDFT solutions for resonances at
energies larger than 4 eV as unreliable, as they may be subject to artificial
admixtures of MgO valence states. Even at excitation energies below the band gap,
transitions are found to comprise contributions both from the adsorbate and the
support. To account for these limitations, the present analysis is restricted to
transitions below 3.5 eV, but for completeness major spectral peaks are listed up to 4
eV. In Table 7.1 calculated spectra of M, (M = Cu, Ag, Au) in the gas phase and
adsorbed at ideal O* sites of the MgO(001) surface are compared and analysed. In
Tables 7.2 and 7.3 the NTO-FMO analysis for M, at Fs and F," sites of MgO(001),
respectively are presented. Figures 7.2 to 7.4 present the corresponding information
in graphical form to convey a qualitative impression of the spectra to be expected.
For this purpose, the resulting line spectra, separately for each polarization
component, are subject to a Gaussian broadening with o = 0.05 eV which implies a
full width of 0.12 eV at half-height.

In the tables, each spectral peak is characterized by major particle-hole
contributions, represented by pairs of occupied and unoccupied NTOs. Only pairs
with weight at least 0.30 are listed. In turn, for each of these NTOs dominant
contributing KS eigenstates are listed. Finally, these characteristic KS eigenstates are
subjected to an FMO analysis, taking as fragments the corresponding cluster and the
support. The tables quantify only the dominant one of these two populations, the
other one is determined via the normalization condition.

To illustrate the NTO-FMO analysis in detail, Peak IV of Cu, on F; is
considered as an example (Table II). This peak is calculated at an excitation energy
of 2.88 eV, with oscillator strengths of 0.095 and 0.018 for light polarized
perpendicular and parallel to the surface, respectively. The remaining information in
the table characterizes the transition in detail. The weight wnto = 0.59 of the NTO
pair under scrutiny implies that, according to Eq. (7.6), about 40 % of the NTO
information of Peak IV is not taken into account in the analysis. Specific

combinations of each NTO pair are described as linear combinations where initial
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and final states are separated by an arrow (occupied — LHS, unoccupied — RHS).
The coefficients U and ¥, Eq. (4a,b), quantify the linear combination of KS orbitals
that form the initial and final state, respectively. Next, each KS orbital is
characterized by its main FMO, together with the corresponding weight (in square
brackets) and a label that indicates the orbital character. The final state is a linear
combination of two main contributions: 81 % is due to a KS state that is mainly,
59 %, due to the defect, F,, and 9 % are due to KS state whose main contribution,
42 %, is the po;, level of Cu,. As two NTO contributions each are listed for initial
and final states of Peak IV, this implies four contributions to the transition in the KS
picture:0.92 x 0.90 = 0.83 (do,* — F),-0.28(do,* — poy),0.35 (sou* — F;),0.12 (so
W¥ > poy). The squares of these emerging coefficients indicate the relative
importance of the transition KS pair for the transition. Next, the assignments of the
spectra of the various adsorption systems, at 02', F,, and F," sites, obtained with the

NTO-FMO analysis are compared and discussed.

7.3.2 Optical Transitions of M, at Regular Sites of MgO(001)

On the ideal MgO(001) surface, coinage metal dimers M, were calculated to
adsorb in almost upright orientation on top of oxygen anions with M-O distances of
191.7, 2242, and 213.6 pm for M = Cu, Ag, and Au, respectively.26 The
corresponding adsorption energies were calculated 132, 80, and 164 kJ mol™. In this
energy range, the interaction of the metal species with the oxide support involves
mainly polarization and Pauli repulsion.®

In a Kohn-Sham description, Ag, exhibits a large separation between the s and
d valence shells (~1.5 eV), essentially without any hybridization."' The s and d
valence manifolds of Cu, and Au, are energetically closer and undergo s-d
hybridization.***° Additional mixing occurs via spin-orbit interaction, especially in
Au,, which is neglected in the present treatment. These properties translate into
analogous spectral features of the dimers in the gas phase (Figure 7.2), where Ag,
differs notably from Cu; and Au,. While Cu; and Au; exhibit two bands, a very
weak Peak I of character dng*—éscu* at lower energies and a strong Peak II,
scg—)scu', at higher energies (Table 7.1), Ag, shows only the latter peak of the o-
channel (Figure 7.2). Also the band intensities differ notably: the transition in the

spectrum of Ag, in the gas phase is twice as intensive as the correspondent peaks of
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Cu; and Au;. An NTO analysis of the TDDFT results for dimers in the gas phase
does not yield new insight because these transitions are represented by single
particle-hole excitations. The HOMO-LUMO gap of Ag, remains almost unaffected
by adsorption at regular O sites of the ideal MgO(001) surface, but it is enlarged
upon adsorption for the other two coinage metal dimers. These features are reflected
in the spectra of the adsorbed species (Figure 7.2) which otherwise closely resemble
those of the corresponding systems in the gas-phase, concomitant with the weak
adsorbate-support interaction. The unaltered HOMO-LUMO gap of Ag; anticipates
the almost vanishing shift of 0.07 eV, to higher energies of the peaks in the spectrum
of Ag, at ideal sites (Table 7.1). For Cu, Peak I, assigned to the m-channel, shifts
upward by 0.76 eV, whereas Peak II, assigned to the o-channel, appears 1.06 eV
higher than the corresponding peak in the gas phase (Table 7.1). Peak I of Au, is
shifted by the same amount as for Cu,, but the upward shift of Peak Il of Au, is
much smaller, only 0.24 eV (Table 7.1) because of the relativistic stabilization of the
s-type valence levels of Au,.

The interpretation of the optical spectrum of Ag, in the gas phase is relatively
simple because in the energy range below 3.5 eV there appears only one peak, so,
— so, (Table 7.1). In contrast to the other two coinage metal dimers, the
excitations from the lower lying dirg* level do not fall into the energy range under
study. As a result of the weak interaction with the support, the optical spectrum of
the supported dimer is hardly changed (Figure 7.2). Still, the FMO analysis shows
~20% admixture of the support in the initial state sa,, and significantly more for the
final states so, (Peak II, 59%) and pm, (Peak III, 57%) (Table 7.1). The NTO
weights wnto of the leading particle-hole excitations are at least 0.95, also in the
adsorbed system. This permits one to characterize the peaks unambiguously by a
single pair of initial and final states. The composition of the NTOs in this case is
also simple: there is no admixture of do levels to the initial state so,. The large
energy separation between the s and d molecular bands, preserved upon adsorption,
allows one to rationalize this result.

Finally, there is the low-intensity Peak Ila at 3.86 eV in the spectrum of Ag;
(Table 7.1, Agy/MgO) that previously was left unassigned.' According to the
present NTO-FMO analysis, it represents a charge transfer (CT) excitation from the

adsorbate to the substrate. This transition is considered as an artifact of the computa-
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Figure 7.2. Optical spectra of coinage metals dimers Cu,, Ag,, and Aw, in the gas phase

(left-hand panels) and adsorbed at O* regular site of MgO (right-hand panels). Polarization

components differentiated by shading: black — normal to the surface; gray — parallel to the

surface. Details of the excitations corresponding to the labeled peaks, can be found in the

text and Table 7.1.

tional methodology used that will not have a counterpart in that energy range

of the experimental spectrum. TDDFT poorly represents CT transitions, mainly due

to the lack of long-range interactions in popular exchange-correlation functionals.*!
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Table 7.1. Calculated optical spectrum of coinage metal dimers M; in the gas phase

(gp) and adsorbed on regular surface oxygen sites of MgO(001) (02").

M, Peak’ AE f. [, wno® U Char’ FMO® V¢ Char’ FMO*
Cu;, gp I 191 0.000 0006 1.00 1.00 dr," - 1.00 so,
I 253 0.080 0.000 099 091 so, - 1.00 so,
IV 367 0.017 0.000 062 1.00 dn," - 100 pn,
038 098 do, - 1.00 so,
0" 1 267 0036 0016 098 094 dm, [1.00] — 099 so,” [0.88]
la  3.16 0.000 0.007 095 1.00 dr," [1.00] — 1.00 sup [0.83]
3.17 0.006 0.005 092 1.00 dm, [1.00] — 1.00 sup [0.62)
I 359 0064 0042 078 062 sop [1.000 - 1.00 so,” [0.88]
030 do, [0.93]
IVa 397 0.004 0.007 0.54 077 dm, [097] — 1.00 sup [0.92]
030 1.00 d8,” [1.00] - 1.00 sup
Ag, gp I 3.05 0367 0.000 1.00 1.00 so, - 1.00 so,’
O™ I 3.2 0372 0.130 098 1.00 so, [0.81] — 1.00 so,” [0.41]
la 3.86 0022 0.094 096 1.00 so, [0.8]] — 1.00 sup [0.80]
I 3.87 0000 0.131 095 1.00 so, [0.81] - 1.00 pm, [0.43]
Au, gp 1 235 0000 0012 1.00 1.00 dm," - 1.00 so,’
I 278 0244 0000 099 099 so, - 100 so,’
0¥ I 302 0041 0011 099 1.00 so, [094] — 1.00 so,” [0.79]
I 3.2 0041 0015 1.00 1.00 dn, [043] — 1.00 so,” [0.79]
3.17 0.000 0.007 1.00 1.00 sup [0.81] — 1.00 so,” [0.79]
Ila 3.63 0.003 0.009 1.00 1.00 sup [0.81] — 1.00 so,” [0.79]

Excitation energy AE (eV) of each peak and components of the oscillator strength
perpendicular, f,, and parallel, £, to the surface, as well as characterization of the excitation:

transition probability wyro of the natural transition particle-hole pairs, NTO expansion
coefficients in terms of KS orbitals for the occupied (U) and unoccupied (V) state,
corresponding fragment orbital populations (FMO), and assigned character (Char) of the KS
orbitals.

“ The labels of the peaks are chosen as in Ref. 11; Figure 7.2 should also be seen.
* Only electron-hole contributions with a weight of at least 0.30 are listed.
“ Only coefficients of 0.30 and larger are listed.

d Assigned character of the KS orbitals in terms of M, orbitals. Label “sup” indicates a state
that is dominated by the support.

‘ Dominant fragment orbital population of the KS orbital under scrutiny, based on an FMO
analysis with M, and the support as partitions. For systems in the gas phase, an FMO
analysis is not meaningful.
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When Cu, adsorbs at the regular surface MgO(001), four active bands are
predicted (Table 7.1, Figure 7.2). Peak I, at 1.91 eV in Cu; in the gas phase and
assigned to dng*—ascu*, is calculated at 2.67 eV for the MgO supported dimer (Table
7.1). This shift to a higher excitation energy likely is due to a larger Pauli repulsion
in the final state. According to the NTO analysis, the leading particle-hole
excitation has a weight very close to 1.00, resulting in a rather pure picture with very
few side transitions. While the initial states are almost completely located on the
metal cluster, final states have some appreciable support contribution in addition to
the dominating cluster contribution; this can be seen from the FMO analysis data
(Table 7.1). The small support contribution provides an undistorted picture of the
KS orbitals, making their correlation with dimer orbitals straightforward.

Peak II of Cu; at the regular surface of MgO was calculated at 3.59 eV. The
NTO analysis reveals that the initial state is best described as a combination of Cu,
sog and dog with coefficients 0.62 and 0.30, respectively (Table 7.1). We should
recall that (i) some sd-hybridization already occurs in the orbitals of the free dimer,
and (7)) a minor change in orbital composition takes place upon adsorption.
Obviously, compared to Ag, the small energy separation favors the hybridization of
the s and d shells of Cu. The final state of Peak II can be unambiguously assigned to
5o, , with an NTO coefficient of 1.0. The FMO analysis also shows a very small
substrate admixture to this level.

The NTO-FMO analysis reveals Peak la of Cu, (Figure 7.2, Cuy/MgO),
previously left unassigned,'' as CT artifact. Peak IVa of Cuy/MgO, at 3.97 eV is left
unassigned as it falls right at the edge of the validity interval of 4 eV. In the
supported system, Peak IV of Cu, in the gas phase, a transition at ~3.7 eV involving
o and 7 channels (Table 7.1, Cuy/gp), is masked by spurious excitations within the
MgO support. Note that Peak IV of Cu, in the gas phase may mistakenly be
correlated with Peak IVa of Cuy/MgO; however, the NTO-FMO analysis reveals
such a suggestion as erroneous (Table 7.1).

Although the adsorption interaction of Au; is the strongest among the three
coinage metal dimers, the KS pictures of the cluster levels are still clear enough to
be characterized. For all peaks of Au, below 4 eV, the NTO analysis shows that the
spectrum comprises rather pure particle-hole excitations between largely unmodified
KS eigenstates (Table 7.1). This is in contrast to the analogous Cu, systems (see

above). All of the Au, systems low-energy excitations involve the same sa;,” final
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state, to which this dimer orbital contributes 79% (Table 7.1). The initial s oy state of
Peak 11 is almost a pure dimer orbital (94%), whereas the initial dﬂg* state of Peak I
exhibits substantial contribution from the support (57%). Thus, also the mixing
between support and cluster states of Au,/MgO(001) differs from the situation found
for Cu,/MgO(001).

The oscillator strengths, calculated for the various orientations of polarized
radiation (Table 7.1), reflect the Cy, site symmetry of the adsorption complexes,
which is essentially preserved although the geometry optimizations were carried out
with much weaker (C,) symmetry constraints.'' The low-energy transitions in the ¢
channel have low intensities when the electric field is oriented parallel to the surface
(Table 7.1). Both in the gas phase and for adsorbed species, intensities of Ag
systems are notably larger than for the other two coinage metal dimers (Figure 7.2).
This trend is noticeable already in the spectra of free and adsorbed atoms.!' From
the gas phase to supported dimers, intensities decrease for Cu, and Auj, while the
intensity of the main peak of the Ag, spectrum slightly increases after adsorption
(Figure 7.2). A possible rationalization may be derived from the different strengths
of adsorption interaction with the MgO surface. As Cu, and Au, interact stronger
with the support, their oscillator strength is distributed over several lines as a result
of orbital mixing with the support states. In contrast, the weaker interacting Ag,

preserves most of its gas phase electronic structure after adsorption.

7.3.3 Optical Transitions of M, at F Sites of MgO(001)

Coinage metal dimers M, were calculated to adsorb at neutral oxygen vacancy
F; in almost upright orientation, very slightly tilted with respect to the surface
normal.” They approach the MgO surface up to 160—180 pm; that distance is 20-50
pm shorter than at the regular site 0% yet, dimers are very far from entering the
defect cavity. The stronger bonding of the adsorbate at the defect site entails a
weaker, hence longer M-M bond, by ~10 pm. Pauli repulsion between the adsorbate
and the surface is smaller at a defect site because the oxygen core of the regular
oxygen surface site is missing. The two relatively polarizable electrons located in
the cavity permit a stronger interaction (1.6-2.7 times) than at a regular O site.
The calculated binding energy of dimers at Fs sites are 222, 244, and 382 kJ mol

for Cu,, Agy and Auy, respectively.?’
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With label Fs we refer to the surface state with two electrons in the moderately
bound cavity. This cavity state strongly interacts with the orbitals of an adsorbate
M,, primarily with po, and less with so,", thus formally creating three states of
mixed character (Figure 7.3).2 Thus, naming the resulting states is partly a matter
of convention. Labels that reflect the results of our analysis shall be used.
Accordingly, the level lowest in energy shall be referred to as so, , the two other

combinations in increasing order of energy as po,, and F (Figure 7.3).
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Figure 7.3. Molecular orbital energy diagram showing the interaction between the

metal dimer M, and an oxygen vacancy site F; at the surface of MgO(001).

The interaction of a dimer M, at a defect F; is stronger than at a regular site
O because Pauli repulsion between adsorbate and support is weaker.” Therefore,
unlike at regular sites, cluster levels undergo a larger mixing which renders a
straightforward correlation with gas phase M, orbitals difficult (Figure 7.4). The
NTO analysis reveals that either the F cavity state or another support level is
involved in each excitation as leading or next important contribution (Table 7.2).
Both the NTO analysis and the FMO analysis reveal that for all three coinage
metal dimers the initial states so, and do;, are rather pure and hardly polarized
(Table 7.2). The lower-energy part of the optical spectra of all three systems My/F,
Peaks I to III, are dominated by excitations out of a state assigned as sau* according
to the FMO character; support levels contribute only a small amount. Also, NTO
analysis reveals that do levels hardly mix with the so; initial state as is sometimes

the case in adsorption complexes at regular sites. Peaks IV, at 2.88 eV for Cu; and
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Figure 7.4. Optical spectra of coinage metals dimers Cu,, Ag;, and Au, adsorbed at
an F; site of MgO(001). Polarization components differentiated by shading: black —
normal to the surface; gray — parallel to the surface. Details of the excitations

corresponding to the labeled peaks can be found in the text and Table 7.2.

3.98 eV for Au, (Table 7.2), represents a transition out of the dou* orbital of the
dimer. As a result of the much stronger interaction between Au; and the support this
band appears at higher energies for Au,/F; (Figure 7.4). In fact, inspection of Table
7.2 reveals that the initial NTO of Peak IV of adsorbed Cu, is actually a mixture of
dau* and sau* orbitals of Cu; — in contrast to Au, where the initial state of Peak IV
exhibits pure do character. As on the regular surface, mixing of s- and d-shells is
more pronounced in Cu; than in the other two metal dimers. For Ag; no significant

d contributions were noted in the initial state of any excitation below 4 eV (Table

7.2).
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Table 7.2. Calculated optical spectrum of coinage metal dimers M, (M = Cu, Ag,

Au) adsorbed at a neutral oxygen vacancy Fs of MgO(001).

M, Peak AE f1 f, wnro U Char FMO V Char FMO
Cuy 1 217 0103 0.021 099 1.00 soc, [0.96] 0.89 po, [0.42]
045 F,  [0.79]

I 254 0.068 0014 091 1.00 so,” [0.96] 069 F, [0.79]

0.65 pog [0.59]

M 276 0.041 0007 069 1.00 so, [0.96] 0.84 po, [0.59]
047 F,  [0.79]

IV 288 0.095 0018 059 092 do, [0.96] 090 F, [0.79]

039 so, [0.96] -0.30 po, [0.42]

Ag: 1 208 0119 0023 1.00 1.00 so, [0.92] 0.83 sup [0.74]
0.55 po, [0.34]

I 248 0.081 0015 1.00 1.00 so,” [0.92] 079 F,  [0.79]

-0.52 po, [0.34]

0l 2382 0343 0.065 098 1.00 sc, [0.92] 056 po, [0.34]

040 poc, [1.00]

057 F,  [0.79]

-0.37 sup  [0.74]

V. 374 0017 008 084 099 so, [0.81] 085 pm, [0.69]

0.51 sup [1.00]

Aw; 1 271 0102 0.020 099 1.00 so, [0.95] 0.89 po, [0.67]
0.45 sup [0.66]

I 334 0047 0008 090 1.00 so, [0.95] 074 F, [0.72]

048 po, [1.00]

Il 347 0.048 0090 078 1.00 so, [0.95] 071 po, [1.00]

-041 pm, [1.00]

036 F, [0.72]

IV 398 0.104 0.020 040 1.00 do,” [0.93] 082 F, [0.72]
-0.50 sup [0.66]

Lay-out as in Table 7.1.

As Peaks I to III originate from the same level, sau*, of M; at F; for all three

coinage metal dimers, it is no surprise that the optical spectra at low excitation

energies are calculated to be similar (Figure 7.4).

The NTO analysis of these

transitions reveals that the M, po orbital dominates the final-state orbitals in various

combinations with either the F; cavity state or another support state. The list of
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contributions to the final state of an NTO pair is sometimes rather lengthy; thus,
these final-state NTOs may not be optimally represented in terms of KS eigenstates.
Nevertheless, from the combined NTO-FMO analysis one deduces that each
excitation ends up in a state with major contributions from two of the three spatial
regions: dimer, defect cavity, and support close to the adsorption site.

Peaks I to III of Cu; and Ag; at F appear at lower energies than at 02_, in fact
at very similar transition energies, as Pauli repulsion at F is lower because an
oxygen atom has been removed (Figure 7.4).11242 The lowest lying transitions of
Au, appear at least 0.5 eV higher, as this dimer interacts stronger with the support,
hence exhibits higher lying final-state orbitals. If relativistic effects were included
in the model of Agy, the bands would be expected to shift to slightly higher
transition energies.

The polarization-resolved spectra reflect the fact that local Cy, symmetry of the
adsoption complex is hardly broken (Figure 7.1). All peaks show strong interactions
with the electric field component normal to the surface, whereas a weak interaction
is anticipated with the electric field component parallel to the surface. The
intensities of the peaks are much larger than in the spectra of the congeners at
regular sites (Figure 7.4). As in Section 7.3.1, Ag, features stronger peaks than the
other coinage metal dimers. The strongest transitions with polarization parallel to
the surface, Peak V of Ag, and Peak III of Au; (Table 7.2), are due to significant M,
pm, admixtures to the final state. For Peak V of Ag,, both the oscillator strength and

the 7—character of the final state are more pronounced than for Peak III of Au,.

7.3.4 Optical Transitions of M, at F" Sites of MgO(001)

On F," sites of MgO(001), Cu; and Au, were calculated to be oriented
essentially perpendicular to the surface, while the molecular axis of Ag, was found
to be titled ~30 ° with respect to the surface normal.”® As there is only one electron
left in the cavity of the charged vacancy F,', adsorption complexes of M, are less
stabilized by (partial) transfer to the so, dimer orbital (Figure 7.3) than complexes
M,/F; at neutral defects. Consequently, binding energies are notably smaller: 132,
128, and 232 kJ mol™! for Cu,, Ag; and Auy, respectively. Consistently with the
overall weaker interaction with the substrate, M-Mg distances are 4—6 pm larger at

F;" than at F; sites and M-M bonds are 1-3 pm shorter.
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The optical spectra predicted for coinage metal dimers at F; sites do not show
the regularities of the previous two series (Figure 7.5). As the binding is
significantly weaker for M, adsorbed at F,’, the dimer states are less polarized than
in the analogous complexes at a neutral vacancy. The FMO results (Table 7.3)

confirm this analysis: initial and final states of NTO pairs are either M, states with
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Figure 7.5. Optical spectra of coinage metals dimers Cuy, Ag,, and Au, adsorbed at
an Fy" site of MgO(001). Polarization components differentiated by shading: black —
normal to the surface; gray — parallel to the surface. Details of the excitations that

correspond to the labeled peaks can be found in the text and Table 7.3.

support contributions of at most 28% or pure support states. This renders the orbital
characterization notably simpler than in the complexes M,/F,. Also at variance with
the latter complexes (Table 7.2), the Fs™ cavity state is involved only in very few
transitions, which, in addition, carry essentially no intensity. Peak I, common in all
three spectra, appears at energies 2.61 eV, 2.28 eV and 3.26 eV for Cu, Ag;, and
Auy, respectively (Figure 7.5). As for complexes at neutral defect sites, the stronger
three-orbital interaction of Au, with the support level (Figure 7.3) results in a higher

excitation energy. Peak I of Cu, involves only adsorbate states: 50, — pag* (Table
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7.3). For Ag,, the tilting of the dimer axis makes it possible that in addition pm,’
character is mixed into the final state (Table 7.3). This png* state appears also as
final state of Peak II, at 2.84 eV for Ag; and 3.11 eV for Au, (Table 7.3). Peak II], a
support-to-adsorbate transition, is another common feature of all spectra of My/F;"

(Table 7.3).

Table 7.3. Calculated optical spectrum of coinage metal dimers M, (M = Cu, Ag,
Au) adsorbed at a charged oxygen vacancy F;" of MgO(001).

M, Peak AE /i J, wnro U Char FMO V Char FMO
Cu, I 260 0122 0011 08 1.00 so, [085] — 098 po, [1.00]
I 295 0.108 0.008 0.82 097 sup [1.00] — 1.00 sc, [0.85]

m 331 0.000 0.012 087 100 sup [1.00] — -1.00 sc, [0.85]

Ag, I 228 0083 0001 079 1.00 so,” [081] — 093 po, [0.58]
037 prn, (072

I  2.84 0311 0004 070 1.00 so, [0.81] — -094 pn, [0.72)

I 3.1 0.008 0.000 0.84 091 sup [085] — 1.00 sc, [0.81]

-0.32 sup  [0.92]

I 357 0.035 0001 094 100 sup [070] — 1.00 so,” [0.81]

Au, I 286 0.000 0.006 097 1.00 sup [1.00] — 1.00 soc,” [0.91]
II 311 0000 0004 094 1.00 ss, [091] — 1.00 pr, [1.00]

I 326 0209 0042 096 099 s, [091] — 098 po, [0.80]

IV 387 0020 0004 095 100 so, [091] —> 098 sup [0.77]

Lay-out as in Table 7.1.

The minor deviation from local Cy4, symmetry for Ags is also reflected in the
distribution of the oscillator strength between the polarizations normal and parallel
to the surface (Figure 7.5). Once again, the peak intensities for Ag, as adsorbate are
notably higher than for the other two adsorbates, a trend observed also for free

dimers.

7.4 Conclusions

The characterization of optical spectra of interacting systems, obtained with
the TDDFT method, can be a tedious task; supported metal clusters are a case in
point. A transparent rationalization of the compound system starts with the

characterization of the separate partitions.
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In this work, the advantages of a method that simplifies this task for optical
spectra of interacting systems have been demonstrated. This NTO-FMO procedure
combines advantages of two approaches, a Natural Transition Orbital (NTO)
analysis and a Fragment Molecular Orbital (FMO) analysis. The NTO analysis
identifies important particle-hole pairs, yielding a compact description of the
spectral bands. The FMO analysis allows one to characterize the initial- or final-state
NTOs in a transparent fashion in terms of Kohn-Sham orbitals of the interacting
partitions.

The optical spectra of coinage metal dimers adsorbed on three types of sites on
the MgO(001) surface: regular O®~ sites as well as neutral and charged oxygen
vacancies, Fs and F;" have been investigated with the help of this combined NTO-
FMO approach. In this way, a previous analysis of these systems by the group of
Rosch'! has been confirmed and notably enhanced. Compared to that earlier study,
the present quantitative results, collected in Tables 7.1, 7.2, and 7.3, convincingly
demonstrate the wealth of pertinent information provided by a NTO-FMO
procedure. Specific features of adsorption complexes of Ag, compared to those of
Cu, and Au,, have been identified and these differences have been related to the
weaker adsorption interaction.

With the help of the NTO-FMO approach, the identification of dominant
interactions in these systems: (i) weak electrostatic interaction compensated by Pauli
repulsion for M, at regular site, (ii) strong orbital polarization by the cavity state
upon interaction of M, with a neutral defect site, and (ii/) moderately strong
polarizations of M; in adsorption complexes at singly-charged defects F;" has been
possible.  For complexes at F; sites, the NTO analysis shows significant
contributions of the cavity F; state to the orbitals responsible for many peaks in the
spectra, while the FMO procedure demonstrates that the metal cluster levels feature
strong contributions of support levels. Adsorption complexes of M, at F;" defects
are shown to exhibit intermediate properties. Identification of charge transfer
excitations from the adsorbate to the support has been possible. These have been

classified as spurious.
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CHAPTER 3

Conclusions and Future Scope

Conclusions

In this thesis we have explored the structures, electronic properties and reactivity of
a large number of gold clusters Au, in the size range n = 2-13, both in the neutral
and singly charged cationic and anionic states and studied their interaction with
metal-oxide supports. While there have been a number of studies in this field in the
past, this work is unique in the sense that a large number of structures have been
considered for detailed study. This was deemed necessary because of the ongoing
controversy regarding the 2D-to-3D (two-dimensional to three-dimensional)
crossover in case of gold nanoclusters. The highlight of our work is an
unconstrained geometry optimization by the use of all-electron relativistic method,
which is computationally expensive, but provides accurate results due to the fewer
number of approximations involved. Fukui function based reactivity descriptors
have been used to study the reactivity of charged species for the first time in this
work. In addition, ours is the first theoretical exposition of the adsorption of a gold
monomer on a faujasite zeolite support. Though the emphasis has been on the
electronic and structural properties of the potentially catalytic systems rather than the
actual reactions, a necessary first step towards catalysis has been taken by modelling
CO and O, adsorption on Aug™* cluster in the gas phase and CO adsorption on the
gold monomer in three oxidation states both in the gas phase and on a zeolite
support.

Our work is based on density functional theory which is one of the most
frequently used electronic structure methods. Most of the work has been performed
by using the program package DMol>. For NBO analysis and adsorption studies on
a large faujasite model by the hybrid Quantum Mechanics (QM)/Molecular
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Mechanics (MM) method we have used the Gaussion03 program, while the
interpretation of optical spectra of coinage metal dimers adsorbed on the MgO(001)
surface have been performed by using the program ParaGauss. At the beginning of
the thesis we present a general introduction into the field of nanoparticles stressing
on the uniqueness of gold and it applications in various fields including the
burgeoning area of heterogeneous catalysis. An overview of computational methods
used for modelling of nanoclusters, molecules, surfaces etc. is provided. These
methods are broadly classified into those belonging to Molecular Mechanics and
Quantum Mechanics. We have emphasized on the latter as our calculations mostly
involve Quantum Mechanics. Density functional theory has been discussed in detail
along with its time-dependent counterpart (TDDFT). The hybrid QM/MM method
which has been used by us for the treatment of the large zeolite cluster having 60T
sites has also been included within electronic structure methods.

Full geometry optimizations of Au, clusters (n = 2-13) have been performed
by using all electron scalar relativistic method without imposing any symmetry
constraint.  Different initial structures have been considered as candidates for
geometry optimization. We have obtained optimized geometries for fifty eight
neutral structures within the considered size range. Twelve of these are novel
structures. All these structures have been confirmed to be minima on the potential
energy surface by carrying out vibrational frequency calculations. Properties of each
of these structures have been fully explored by calculating ionization potential,
electron affinity, average bond length, binding energy, second difference of binding
energy, HOMO-LUMO gap and chemical hardness. These properties were also
calculated for the singly charged cationic and anionic counterparts. All minimum
ene}gy structures for cationic, neutral and anionic clusters have been found to be
planar, i.e, ﬁo 2D-3D crossover could be identified within the considered size range
for either neutral or charged clusters. The neutral Aug triangular structure has been
found to be exceptionally stable.

DFT based local reactivity descriptors have been used to identify unique
atoms in isomers of Aus”* clusters within an energy range of 1 eV from the
minimum energy planar triangular structure. By using parameters like Fukui
function for nucleophilic attack Fukui function for electrophilic attack, relative
nucleophilicity and relative electrophilicity, we have been able to predict the

probabilities of electrophilic and nucleophilic attacks at different sites within these
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clusters. Further, this study is extended to include all the minimum energy neutral
Aup(n = 2-13) clusters. Based on this study it is predicted that the CO molecule
prefers the apex site for adsorption on the triangular Aug cluster irrespective of the
charge state of the cluster.

In order to verify the predictions for electrophilic and nucleophilic attacks
obtained on the basis of DFT based local reactivity descriptors, we have adsorbed
the CO and O; molecules on the minimum energy cationic, neutral and anionic
triangular Aug clusters at various sites. It has been found that CO adsorbs at the
apex and mid sites, with the adsorption at the apex site being stronger in agreement
with our prediction. O is found to be adsorbed at three sites, the apex site, the mid
site and a bridge site, with the adsorption at the mid site being the strongest for
neutral and cationic clusters in keeping with our prediction. For the anionic cluster
adsorption energies at the apex and mid sites are comparable. The co-adsorption of
CO and O; on these clusters has also been studied. Further, as catalytic activity of
metal clusters depend on their charge states, we have investigated the adsorption of
the CO molecule on a gold monomer in three charge states, 0, +1 and +3. This study
has been performed in the gas phase and on a metal oxide support, namely, faujasite
zeolite, by taking a small zeolite cluster having 9 tetrahedral sites and subjecting it to
quantum mechanical treatment. In order to understand the role of the size of the
support on adsorption properties, we have repeated our study of CO adsorption on
the gold monomer by taking a large zeolite cluster with 60 tetrahedral sites and
subjecting it to the hybrid QM/MM treatment implemented within the ONIOM
method available in Gaussian03. The larger model of the support leads to a
significant improvement in the CO binding energy in case of Au".

As zeolite supported transition metal clusters are believed to contain
hydrogen as impurity atoms, we have investigated the process of revere hydrogen
spillover from the bridging OH group of the zeolite support onto the monomers Au’
and Au’ and the Aug cluster. It is found that migration of one proton is possible in
case of Au" while for Au’ migration of one and two protons are possible. The
reverse spillover energies are found to be exothermic in case of Au’ and endothermic
in case of Au'. For the Aug cluster reverse spillover of one, two and three protons
are found to be exothermic with the reverse spillover energy per transferred proton

being highest in case of single proton transfer. Charge analysis reveals that gold
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atoms get oxidized due to reverse hydrogen spillover, while the protons migrating
from the support to the cluster get reduced.

Next we present the advantages of a methodology for interpreting the optical
spectra of complex systems which uses the combined Natural Transition Orbital
(NTO)-Fragment Molecular Orbital (FMO) approach by applying it to coinage metal
dimers Au,, Ag, and Cu, adsorbed on the MgO(001) surface. This adsorption study
of coinage metal dimers is performed at three types of sites on the MgO(001)
surface: regular O site and oxygen vacancies F; and F,". These being complex
systems, analysis of their optical spectra become a tedious task. We demonstrate
that this analysis can be simplified by using the combined NTO-FMO approach.
Each optical transition is identified in terms of electron-hole excitations
characterized by occupied and unoccupied NTOs. For each NTO the Kohn-Sham
orbitals having the leading contributions are subjected to a FMO analysis by
considering the cluster and support as fragments. Our analysis reveals distinctive

features of adsorption complexes of Ag, compared to those of Cu; and Au,.

Future Scope

With continuing development in the fields of material science and
nanotechnology, theoretical study of nanoclusters has emerged as an important area
of research. For proper and complete understanding of a system of interest
experimental observations need to be complemented by theoretical study. Detailed
understanding of systems has been rendered possible in recent years by the
tremendous development in computational resources. Among metal nanoparticles,
gold plays centre stage due to innumerable applications in different fields. The
importance of gold can be judged from the volume of current literature on the topic.
It is hoped that the present study shall open up avenues for further research. We
mention some of the emerging areas which may be investigated as a follow-up to the

present work.

1) This study can be extended to investigate gold clusters of larger size and also gold

surfaces.
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2) Having determined the structure of stable gold nanoclusters, one can explore the
possibility of application of these clusters for optical data storage, improved

sensors and in medicine, for the treatment of cancer.

3) Structure and energetics of bimetallic clusters containing gold can be studied.
This will lead to an understanding of the effect of the dopant on the properties of
the cluster. Detailed study of doped clusters can be performed by varying the

nature as well as the amount of the dopant.

4) CO adsorption studies can be carried out on other stable gold clusters, for

example, Aug, Aus.

5) The oxidation reaction of CO to form CO, may be examined with gold clusters of
different size and charge state both in the gas phase and on various metal oxide

supports.

Ours has been a comprehensive study on gold clusters using density
functional theory. We have explored various aspects like cluster size, isomeric
structures, oxidation states, effect of different supports on the properties of gold
clusters. The results show good agreement with experimental values. Having
successfully investigated clusters of gold, a heavy element having 79 electrons,
which requires the inclusion of relativistic effects for a proper description, we feel
motivated to use the tremendously powerful DFT technique to carry out analogous
studies on clusters of other transition metals, alkali metals, non metals,
semiconductors etc. Such studies will enable comparison of clusters of different
elements for specific applications. Also the effect of different ligands on cluster
properties can be studied. The study can be extended to metal surfaces and
heterogeneous clusters. It would be interesting to investigate magnetic properties of
homogeneous and heterogeneous clusters and to study how these properties change

on altering the cluster composition.
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Minimum energy structures of cationic and anionic Au,

clusters (n=2-13) and their Fukui functions
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Figure A.1. Optimized geometries of minimum energy cationic Au, clusters (n = 2-13) show-

ing atom types.
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Table A.1. Hirshfeld charges, Fukui functions, relative electrophilicity and relative

nucleophilicity values for unique atoms of minimum energy cationic Au, clusters (n = 2-13).

n__ Structure Atomtype Charges /' f°  fU1fT SIS
2 Linear a 0.50 0.50 0.50 1.00 1.00
3 Triangle a 0.33 033 033 1.00 1.00
4  Rhombus a 0.24 027 029 094 1.06
b 0.26 023 0.21 1.08 0.93
5 X a 0.23 023 0.23 1.03 0.97
b 0.07 0.08 0.10 0.77 1.29
6 Triangle a 0.14 0.12 0.14 0091 1.10
b 0.20 0.21  0.20 1.06 0.94
7 Capped triangle a 0.17 0.15 0.15 1.01 0.99
b 0.16 016 0.17 095 1.05
c 0.11 0.10 0.10 0.8 1.02
d 0.21 023 0.21 1.07 0.93
e 0.19 0.19 0.19 1.02 0.98
f 0.09 0.06 0.06 1.02 0.98
g 0.07 011 0.13 090 1.12

8 Tetra edge

capped rhombus 0.07 006 006 098 1.02

[+N]

b 0.10 0.08 0.08 1.00 1.00
c 0.17 0.18 0.18 1.01 0.99
9  Biedge-capped
hexagon a 0.08 0.09 009 0.99 1.01
b 0.13 0.12  0.12 1.01 0.99
c 0.16 0.17  0.17 1.01 0.99
d 0.09 0.04 0.04 1.00 1.00
10 Tri capped
hexagon a 0.12 0.13  0.13 0.98 1.02
b 0.08 0.08 0.08 1.11 0.90
c 0.11 0.13  0.13 095 1.05
d 0.08 0.04 0.03 1.12 0.89
11 Tetra capped
hexagon a 0.13 0.15 0.15 1.01 0.99
b 0.07 0.07 0.07 1.00 1.00
c 0.04 0.03 004 094 1.06
d 0.07 0.05 0.05 1.00 1.00
12 Penta capped
hexagon a 0.10 0.12  0.12 .01 0.99
b 0.06 0.03 0.03 1.00 1.00

c 0.07 0.07 0.07 096 1.04
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Table A.1 continued
n  Structure Atomtype Charges f©  f°  fUfT f1S
13 Hexa capped

hexagon a 0.06 0.07 0.07 0.96 1.04

b 0.07 0.03 0.03 1.07 093

c 0.06 0.07 0.07 1.06 0.94

d 0.09 0.10 0.11 0.94 1.06

e 0.10 0.11 0.1 0.99 1.01

f 0.06 0.08 0.08 1.01 0.99

g 0.06 0.02  0.02 1.00 1.00

h 0.14 0.15 0.14 1.05 0.95
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Figure A.2. Optimized geometries of minimum energy anionic Au, clusters (n = 2-13)

showing atom types.
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Table A.1. Hirshfeld charges, Fukui functions, relative electrophilicity and relative

nucleophilicity values for unique atoms of minimum energy anionic Au, clusters (n = 2-13).

n_ Structure Atom type Charges /" e
2 Linear a -0.50 0.50 0.50 1.00 1.00
3 Linear a -0.39 0.38 0.37 1.03 0.97
b -0.22 0.24 0.26 0.92 1.09
4  Zigzag a -0.32 0.32 0.33 0.98 1.02
b -0.18 0.18 0.17 1.04 0.96
5 W a -0.24 0.25 0.24 1.06 0.94
b -0.20 0.16 0.19 0.86 1.16
c -0.11 0.17 0.14 1.15 0.87
6  Triangle a -0.10 0.11 0.12 0.88 1.13
b -0.23 0.23 0.21 1.06 0.94
7 Tri edge capped square a -0.13 0.12 0.13 0.98 1.02
b -0.14 0.25 0.19 1.32 0.76
c -0.06 0.08 0.08 1.08 0.93
d -0.24 0.17 0.20 0.83 1.21
8  Tetra Edge Capped
Rhombus a -0.06 0.07 0.07 1.01 0.99
b -0.19 0.18 0.18 0.99 1.01
9  Biedge-capped hexagon a -0.09 0.09 0.09 1.00 1.00
b -0.14 0.14 0.14 0.99 1.01
c -0.09 0.09 0.09 1.05 0.96
d -0.19 0.16 0.16 0.99 1.01
e 0.01 0.05 0.05 0.96 1.04
10 Tri capped hexagon a -0.14 0.13 0.13 0.99 1.01
b -0.09 0.08 0.08 1.04 0.96
c 0.00 0.04 0.04 1.03 0.98
11 Tetra capped hexagon a -0.11 0.12 0.11 1.06 0.94
b -0.07 0.08 0.08 1.05 0.95
C -0.12 0.11 0.10 1.05 0.95
d -0.04 0.04 0.04 1.00 1.00
e -0.12 0.13 0.12 1.08 0.93
f -0.01 0.04 0.04 0.92 1.09
g -0.17 0.12 0.14 0.89 1.13
h -0.18 0.14 0.15 0.91 1.09
i 0.01 0.03 0.03 0.91 1.10
12 Penta capped hexagon a -0.13 0.11 0.11 1.00 1.00
b 0.01 0.03 0.03 1.00 1.00
c -0.08 0.08 0.08 0.99 1.01
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Table A.2 continued
n__ Structure Atomtype Charges S fUIfT fISfT
13 Hexa capped hexagon a -0.01 0.07 0.07 1.00 1.00

0.04 0.03 0.03 1.03 0.97
-0.01 0.07 0.07 1.00 1.00
-0.01 0.10 0.10 0.99 1.01
-0.01 0.11  0.11 1.01 0.99
-0.01 0.07 0.07 0.99 1.01
0.03 0.03 0.03 1.00 1.00
-0.02 0.15 0.15 1.01 0.99

50 - 0 O o0 o
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