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STURCTURAL AND ELECTRONIC PROPERTIES OF
BARE AND SUPPORTED PALLADIUM NANOCLUSTERS:

A DENSITY FUNCTIONAL APPROACH

ABSTRACT

The aim of this thesis is to investigate the structure and energetics of small gas phase
palladium (Pd) clusters. Density functional theory (DFT) calculations have been
performed to optimize a large number of geometrical and spin isomers of bare
neutral, cationic and anionic Pd, (n=1-13) clusters. From these studies, different
parameters namely bond length, binding energy, stability function, fragmentation
energy, bond dissociation energy, ionization potential, electron affinity, HOMO-
LUMO gap, global hardness and dipole moment have been calculated for the
clusters. On the basis of these data, we have predicted the stability of small
palladium clusters. Further, from the study of CO interaction with bare and oxidized
Pd clusters, the intermediates of CO oxidation reaction catalyzed by small palladium
clusters have been identified. The reaction energy profiles indicate the effect of
charge state of Pd cluster on CO oxidation. We have also intended to study the
effect of oxide support on the structural and electronic properties of small stable
palladium clusters taking zeolite as a model support, with proper modelling of the
support using hybrid quantum mechanics/molecular mechanics (QM/MM) methods.
All the results are compared with the available experimental and theoretical values.

The contents of the thesis have been distributed into seven chapters:

Chapter 1 gives brief introduction, importance and motivation of the present work
along with the review of literatures on gas phase and supported palladium clusters.
Metal nanoclusters exhibit significantly different physical properties from their bulk
counterparts. Properties such as high electrical and thermal conductivity, high
reflectivity and mechanical ductility in bulk metals may fully or partially be absent

in metal nanoclusters, while new properties develop, which are strongly size
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dependent. The change in relevant properties is due to the quantum confinement of
electrons in metal nanoclusters compared to the delocalized electrons in bulk metals.
In contrast to the simple metal clusters, transition metal clusters are extremely
complicated. Because of the unfilled d orbitals, transition metal clusters posses a
high density of states and exhibit interesting chemical, magnetic and electronic
properties. When metal complexes and clusters are bonded to oxide or zeolite
supports, they give rise to technologically advantageous solid catalysts having
robustness for high temperature operation, lack of corrosiveness, ease of separation
from products along with the selectivity of soluble molecular catalysts. Supported

metal complexes have wide applications in heterogeneous catalysis.

Chapter 2 describes the electronic structure methods used in computational material
science including density functional theory (DFT). We have also presented a
detailed description of the basis sets and functionals used in DFT in this chapter.
Moreover, we have discussed the usefulness of the hybrid quantum
‘mechanics/molecular mechanics (QM/MM) method. The advantage of using
QM/MM method lies in treating the active region (i.e., the site for chemical
processes involving bond breaking and formation) accurately with a high level QM

method and the remainder of the system with low level MM method.

Chapter 3 presents the results of structure and stability of neutral, cationic and
anionic Pd, (n=1-13) clusters on the basis of DFT calculations. We have used the
DMol® program for optimization of different structural and spin isomers of small
palladium clusters. Double numerical polarization (DNP) basis set and exchange-
correlation functional, BLYP, which is a combination of the exchange functional
developed by Becke with the gradient corrected correlation functional of Lee, Yang
and Parr, are adopted for geometry optimizations. Full geometry optimizations have
been performed on different possible structural isomers of neutral Pd, (n=1-13)
clusters in their singlet (M=1), triplet (M=3) and quintet (M=S) states without
imposing symmetry constraints. In the present work, cationic and anionic palladium
clusters are formed by removing and adding one electron, respectively from the
ground state neutral palladium clusters.  Symmetry unrestricted geometry
optimizations have been carried out for these ionized clusters in three different

multiplicities (M=2, 4, and 6). Frequency calculations have been performed on all
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the structures and none of them is found to exhibit any imaginary frequency.
Absence of imaginary frequency verifies the structures to be stable. In this study,
we have calculated different parameters like bond length, binding energy,
coordination number, stability function, fragmentation energy, bond dissociation
energy, ionization potential, electron affinity, HOMO-LUMO gap, global hardness
and dipole moment. Based on all these parameters, we have found Pds to be the

most stable cluster in the present study.

Chapter 4 discusses the interaction of carbon monoxide (CO) with the neutral,
cationic and anionic Pd, (n=1-7) clusters. Adsorption of CO on neutral clusters are
examined with multiplicities M=1 and 3, while the calculations for cationic and
anionic clusters have been performed with multiplicities M=2 and 4. Our results
indicate that for both neutral and cationic complexes, all the 1-, 2- and 3-fold
coordination are preferred by the CO molecule. But CO adsorption takes place
mostly in single coordination in case of anionic clusters barring bridging adsorption
in Pd; cluster i.e., charge states of small palladium clusters have strong influence on
adsorption configurations. The lowest value of CO binding energy is observed for
neutral Pds cluster, which implies higher stability of this cluster and its less

reactivity towards CO.

Chapter 5 is focused on the study of adsorption sites of different forms of oxygen
(03, 20, O) as well as their co-adsorption with CO on neutral, cationic and anionic
Pd, clusters. For all the clusters, the dissociative adsorption of oxygen (20) sitting
on Pd bridge sites is preferred. Pre-adsorption of O, is found to affect the adsorption
geometry as well as the binding energy of CO in the co-adsorption complexes.
Binding energies of both O, and CO are higher in anionic Pdy4 cluster followed by
cationic and neutral clusters. However, binding energies of O, or CO in the co-
adsorption complexes follow the trend: anionic> neutral> cationic Pd4 clusters.
Based on these observations, oxygen adsorbed anionic Pds cluster is found to have
strong binding towards CO followed by neutral and cationic clusters. DFT studies
on the co-adsorbate combinations, including O,+CO, 20+CO and O+CO and
0O+CO, on neutral, cationic and anionic Pds clusters revealed the possible

intermediates of: (1) Pd4+0,+CO—Pd4,0+CO,, (2) Pdy+20+CO—Pd,0+CO, and
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(3) Pd4+O+CO—Pd4+CO; reactions. The energy profiles of these reactions indicate
that Pd4" and Pd, are more effective for catalyzing CO in comparison with Pd4". Itis
further observed that dissociated oxygen is a superior oxidant for CO oxidation on

Pds? (g=0, 1, -1) than molecular and atomic oxygen.

Chapter 6 reports the investigation of metal-support interaction of a Pd atom with
H-ZSM-5 zeolite by using cluster model and embedded cluster model. We have
used two layer ONIOM (Our-own-N-layered Integrated molecular Orbital +
molecular Mechanics) method, as implemented in the Gaussian 03 program to
perform the embedded cluster calculations. In our calculations, the 93T cluster has
been divided into two regions: (i) inner core region consists of 7T sites including
adsorbed Pd atom and adsorbates (CO, NO molecules) and (ii) outer region consists
of the rest 86T sites. The high level (QM) region was treated with hybrid B3LYP
functional using 6-31G (d,p) basis set for H, O, Al, Si and LANL2DZ relativistic
pseudo potential for Pd atom. The outer region has been modelled by molecular
mechanics using the universal force field (UFF). From the calculations, it is found
that the Pd atom interacts with a Brensted proton as well as a nearby oxygen atom of
the zeolite framework. Interaction with the framework oxygen causes excess
electron density on the Pd atom via charge transfer from the zeolite to the Pd atom,
which is concurrently withdrawn by a Brensted proton. Embedded cluster study has
resulted in stronger interaction of Pd atom with H-ZSM-5 zeolite (E.¢s = -5.18
kcal/mol) than that from the cluster model study (E,4s = -1.83 kcal/mol). Adsorption
energy values as well as thermodynamic analyses have shown preferable adsorption
of CO over NO on Pd-HZSM-5.

To determine the favourable chemical state of zeolite-supported Pd, clusters,
we have modelled the support with 60T (T=tetrahedral atoms) clusters of faujasite
(FAU) zeolites, including the super-cage, where the metal species and adsorbates
can be trapped inside. The high level (QM) region of the system consists of 6T ring
of FAU zeolite, in which, one, two and three Si atoms have been isomorphously
substituted by Al atoms to generate three different QM clusters. Our results suggest
that the lowest energy structures of Pd, in gas phase as well as on zeolite support are
in triplet states. The calculations show that reverse hydrogen spillover from bridging
OH groups of zeolite support onto Pd, results in hydrogenated Pd4H/FAU((m-1)H),

m=1-3 species, which are energetically preferable over bare zeolite-supported form
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of Pdy/FAU(mH). The process of single hydrogen transfer from zeolite support to
Pd, cluster is found to be exothermic and more favourable than two and three proton

transfer processes.

Chapter 7 summarizes the salient observations of the entire work and the future
scopes of the present investigation. From the DFT study on a large number of
structural and spin isomers of gas phase neutral and charged Pd, (n=1—13) clusters,
neutral Pdy4 cluster has been found to be the most stable cluster. Lowest value of CO
binding energy with neutral Pd4 cluster also signifies higher stability of the cluster.
Therefore, we have chosen Pd, cluster for investigating adsorption of O,, CO and
their co-adsorption. This study reveals superior catalytic activity of neutral and
cationic Pd4 clusters for CO oxidation than anionic Pd4 cluster. Binding of CO with
Pd atom supported on H-ZSM-5 zeolite is preferred over NO. The lowest energy
structures of Pd, in gas phase as well as on zeolite support are found to be in triplet
states. Adsorption complex Pd;H/FAU, formed by reverse spillover of single proton
from faujasite zeolite to the Pd4 cluster is more stable than the Pds/FAU complex.

In the appendices A and B, relative stability of different structural and spin isomers
of gas phase palladium clusters and their interaction with different adsorbates are

presented.
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CHAPTER

INTRODUCTION AND MOTIVATION

There’s plenty of room at the bottom

(Richard Feynman on nanoscience)

GAS PHASE NANOCLUSTERS
1.1 Definition

Nanoclusters are defined as aggregates of atoms or molecules of nanometric size,
containing a number of constituent particles ranging from ~10 to 10° [1,2]. The
origin of the word cluster comes from the German word “Klustro” which represents
a pile of material or nonmaterials [3]. The importance of clusters was first proposed
by Robert Boyle in his book, The Sceptical Chymist (1661) [4], where he spoke of
“minute masses or clusters that were not easily dissipable into such particles that
composed them”. “Small is different”, was postulated a few years ago by U.
Landman, referring to the physical and chemical properties of clusters, which can
differ completely from those of the corresponding bulk materials [S]. Every cluster
has its own intrinsic discrete electronic structure. Due to this, by adding or
removing a single atom from a cluster of a certain size, drastic changes in the
physical and chemical properties can be obtained. Bulk metallic properties such as
delocalization of electrons, which imbue them with high electrical and thermal
conductivity, light reflectivity and mechanical ductility may be wholly or partially
absent in metal nanoclusters, while new properties develop in them [6]. Figure 1.1
depicts clusters as a state between isolated atoms or bulk solid [7]. It also implies
that it is possible to get them either from atoms or molecules or from bulk material.
Clusters serve as a bridge among different disciplines of atomic, molecular,
condensed matter and nuclear physics as well as physical, organic and analytical
chemistry [8,9]. Improvements in experimental techniques and advancement in

computational methods have increased the interest in cluster science.
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Atomic clusters
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Molecular clusters

Figure 1.1: Schematic representation of cluster placed in between atom, molecule

and bulk material. The dimension increases from left to right in the figure.

1.2 TYPES OF CLUSTERS AND CLUSTER BONDING
Clusters can be formed either from similar constituents or form the combination of
different types of constituents. According to the nature of constituents clusters may

be classified in the following way [2]:
Homo-atomic (or homo-molecular) clusters, A, are defined as clusters with identical
constituent particles. Examples: rare gases (e.g. Ar,), metals (e.g. Au,), carbon

(Ceo), small molecules (e.g. (H2O)n).

Hetero-atomic (or hetero-molecular) clusters, A,By, result from two or more

different species. Examples: Cd,Sep,, Pd, Pty etc.

Some of the cluster types are shown in Figure 1.2.

NaCl cluster Bsg4 cluster Agss cluster Fesgo cluster

Figure 1.2: Few examples of various cluster types.
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There are, of course, various types of clusters depending on the nature of chemical
bonding among the constituents forming the aggregate, which may be of ionic,
covalent, metallic, hydrogen bond and van der Waals in character. Table 1.1 shows

a summary of the various cluster types according to the nature of bonding [7].

Table 1.1: Classification of clusters according to the nature of bonding.

Binding
Cluster type Examples Nature of bonding energy/mol
(kcal)
Ionic clusters (NaCl), Strong ionic bonding ~50-100
Covalent .
Cso, Bs, Sin Strong covalent bonding ~20-100
clusters
Simple and noble metal Moderately strong metallic
clusters bonding
(Al,, Ag,, Au,)
Metal clusters ~10-50
Transition metal clusters ~ Moderate to strong metallo-
(Fe., Pd,) covalent bonding
Molecular interactions,
Molecular
(H,0), hydrogen bonding, van der <10
clusters
Waals, etc.
van der Waals Rare gas clusters Weak bonding due to s
<

clusters (Ar,, Xe,) polarization
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1.3 CLUSTER GENERATION AND DETECTION IN GAS PHASE

1.3.1 Cluster generation in gas phase

The formation of clusters in gas phase normally involves condensation of the vapour
of the constituents. Vapours from non-volatile materials can be produced in one of
the several ways including laser vaporization, thermal evaporation and sputtering
[10].

(a) Supersonic expansion source
It is an indispensable tool in modern chemical physics and physical chemistry for
effective production of weakly bonded clusters from gaseous species. A number of
parameters (nozzle size, shape and backing pressure) can be varied to produce cold
clusters and to tune cluster size distributions. A small amount of condensing gas is
seeded in a helium beam to promote cluster formation and cooling. Clusters of rare
gases and other molecules are produced and studied using the supersonic beam
technique.

(b) Laser vaporization supersonic cluster source
It is one of the most popular and powerful techniques to produce metal and
semiconductor clusters in the gas phase. In this technique, the target material is
heated up to ~ 10,000 K with an intense pulsed laser beam, producing plasma with
both neutral and charged atomic species. The cluster growth is initiated due to rapid
cooling by introducing a pulsed high pressure carrier gas (usually helium). Mixed
clusters can be produced using this technique either by using an alloy target or
adding a reactive gas in the carrier gas. A two-laser vaporization source has also
been used to produce alloy clusters [11,12].

(c) Thermal evaporation source
This is the earliest method used to produce mostly alkali and other low melting point
metal clusters in the gas phase [13,14]. In this technique, a bulk sample is simply
heated in an oven to produce the atomic vapour, which is entrained in a low-pressure

as flow for nucleation and cluster growth. Clusters of sodium atoms with more

than 20,000 atoms have been made with this source [15].

(d) Sputtering source
In this method, sputtering of target surface is made with ion beams of the rare gases
or cestum. Cluster sizes produced in this technique are generally limited and the

cluster temperatures are high. A related technique is a cold cathode discharge in
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flowing rare gas. The discharge ionizes the rare gas, which then sputter metal atoms
off the cathode target. Cluster ions are formed through aggregation in the flowing

gas stream.

1.3.2 Cluster detection in gas phase

The development of cluster research is driven by new techniques to generate clusters
and by new experimental tools to probe them. Mass spectrometry is the most useful
tool in gas phase cluster research because it gives the information about cluster’s
mass and size. Since more stable clusters tend to be more abundant, a mass
distribution of clusters contains valuable information about cluster stabilities,
revealing magic number clusters with significantly higher abundance than their
neighbours. Some of the most important discoveries of cluster science viz., the shell
structure of free electron metal clusters [16] and Cg [17] are based on the mass
distribution of clusters.

The most popular mass spectrometric technique is the time of flight (TOF)
method [18], in which cluster mass information is obtained by measuring the flight
times of a cluster ion beam in a given distance. This method is particularly suitable
with pulsed laser vaporization cluster sources. Jlon cyclotron resonance (ICR) is
another powerful mass spectrometric technique used in cluster research [19], in
which, highly accurate masses (m/g) can be obtained by measuring cyclotron
frequencies, o, = gB/m for ion beam of charge ¢ moving in a strong magnetic field
B. There are other mass separation techniques such as the quadrapole mass filter
(QMF) and Wien filter. Ion chromatography is one more mass spectrometry
technique, which is also capable of gathering the information about cluster isomers

of significantly different shapes, such as carbon and silicon clusters [20].

1.4 SIZE EFFECTS IN CLUSTERS
1.4.1 High fraction of surface atoms

One important difference of cluster properties from the corresponding material in
macroscopic bulk phase is the high percentage of their atoms on the surface [2].
These under-coordinated surface atoms have tendency to form additional bonds with
ligands to give stability to the clusters. The reactivity of surface atoms makes

clusters interesting in heterogeneous catalysis.
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In the Spherical Cluster Approximation (SCA), an N atom cluster is modelled by a
sphere of cluster volume (V;), radius (R.) and surface area (S,), which can be related
to the volume (V,), radius (R,) and surface area (S,) of the constituent atoms, as
follows [2]:

V.= NV, (1.1)
(Oversimplified equatipn without considering the fact that hard sphere cannot pack

to fill up space exactly)

OR %rzRﬁ =N gan (1.2)
R.=N"R, (1.3)
S, = 4R’ - 4n (N'° R,)? =4x N° R/’ (1.4)

In the limit of a large cluster, the number of surface atoms (¥;) in a cluster is given
by dividing the surface area of the cluster by the cross sectional area of an atom (4,):
47W2/3R 2

2
a

N, = = 4N*? (1.5)

For pseudo-spherical clusters, fraction of surface atoms (F;) can be defined as

_NS

= 4N (1.6)

Equation (1.6) indicates that the percentage of atoms becomes an appreciable
fraction of the total number of atoms as the cluster size decreases. The variation of

fraction of of surface atoms with different cluster sizes is shown in Table 1.2.

Table 1.2: Variation of fraction of surface atoms (Fs) with number of atoms (N) of a

Na cluster of diameter D (nm).

Parameters Small Medium Large
N <10 10°- 10 >10*
D <19 1.9-8.6 > 8.6

Fy >0.86 0.86-0.19 <0.19
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1.4.2 Electronic structure

Energy bands in a lattice arise from the discrete energy levels of the individual atoms
forming the lattice. For a metal, the top occupied band, called the conduction band
(CB) and the next higher unfilled band, called the valence band (VB) overlap with
each other. The number of energy levels in a given interval of energy is termed as
density of states (DOS). In reducing the size of a bulk metal to a few hundreds of
atoms, there occurs a dramatic change in the DOS of the conduction band. The
continuous DOS in the band is replaced by a set of discrete energy levels with
spacings larger than the thermal energy kzT and a gap opens up. The changes in
electronic structure during the transition of a bulk metal to a large cluster of 100
atoms and then down to a small cluster of less than 15 atoms, which is analogous to

a molecule with bonding and antibonding orbitals are illustrated in Figure 1.3 [21].

Bulk Metal Large Metal Small Metal
Cluster Cluster
Unoccupied Decreasing : Decreasing
States Size . . . = e
Occupied == — R —
States ““ —

Figure 1.3: Energy band structure in bulk metal turns to discrete energy levels in

large and small metal clusters.

Continuously decreasing cluster size leads to an extreme case, in which, particle
diameters are in the order of wavelengths of electrons. In this situation, the energy
levels can be modelled by the quantum mechanical treatment of a particle in a box.
This phenomenon is referred to as the quantum size effect (QSE). The QSE leads to
new electronic properties in metal nanoclusters, which can be understood in terms of
Heisenberg uncertainty principle stating more an electron is spatially confined the

broader will be its range of momentum [21].
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1.5 VARIATION OF CLUSTER PROPERTIES WITH SIZE

Scaling laws
Considering spherical cluster model, the variation of cluster properties with size can
be described by simple scaling laws (interpolation formulae) [2], either in powers of
the cluster radius:

G(R) = G(o) + aR™ (1.7)
or the number of atoms:

G(N) = G(o) + aN” (1.8)
where G() is the value of property G in the bulk limit.
Since many properties depend on the fraction of surface atoms in a cluster (F,) and
Fs (< I/R) « N3 the exponents o in equation (1.7) and B in equation (1.8) are
generally 1 and 1/3.

The variation in properties of elements from atoms to bulk is shown in Figure 1.4.

G (=) |~ bulk limit

size effect atom

N J\—"f"%"@,f"l 4

G(R.N)

B

scaled cluster size R% x°

Figure 1.4: Schematic representation of variation of cluster properties with cluster

size or number of atoms in the cluster.

It is seen from the figure that materials starting from a single atom to its bulk phase
can be divided into two regions: (i) a scalable regime where properties vary
smoothly until they reach the bulk limit and (ii) a non-scalable regime, characterized
by clusters, where the variation is highly non-monotonic [22].

Variation of some cluster properties like ionization potential, electron
affinity, melting temperature and binding energy with cluster size are shown in

Figures 1.5 - 1.8.
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Ionization potential
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Figure 1.5: Variation of ionization potential of potassium clusters with cluster size
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Figure 1.6: Experimental electron affinities of silver anionic clusters with cluster

size {23].
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Binding energy
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Figure 1.7: Binding energy per atom versus N' '3 for the cluster series of palladium
(Pdy, N=2-23, 55 and 147) clusters. [24].
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Figure 1.8: Variation of melting temperature of gold clusters with cluster size [2].
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1.6 WHY CLUSTERS ARE INTERESTING?

Clusters possess properties sigﬁiﬁcantly different from molecules and bulk material.
These differences result from the fact that the number of surface atoms is a
substantial fraction of the number of atoms forming the clusters of smaller sizes.
The confinement of electrons in the potential well of small volume in clusters also
gives rise to the differences from their bulk counterpart. Moreover, clusters
containing not more than a few hundred particles have strongly size-dependent
properties, viz., geometric and electronic structure, binding energy, melting
temperature etc. These peculiar properties make nanoclusters well suited for several
applications. Besides the traditional interest in applications as catalysts [25],
nanoclusters have a much older history of their applications in the decoration of
majolicas with lustre of Ag and Cu clusters by Renaissance masters in Umbria, Italy
[26,27] to the more recent biological uses [28,29] of Au clusters.

Determination of geometric structure is the starting point for understanding
the properties of nanoclusters. With this goal in mind, the first question to answer is:
what is the most stable structure of a cluster from an energetic point of view? To
answer this question we need to find the global minimum on the potential-energy
surface (PES) of the cluster [30]. The focus of this thesis is to find the lowest
energy structures of small palladium clusters based on density functional theory
study. We remark that cluster science is an interdisciplinary field [9,9], in which,
the interplay among experiments, theory and simulations is very active. In fact, the
analysis of an experiment is very often carried out by some kind of simulation. In
the words of Marks [31], “small particle structures cannot be understood purely
from experimental data and it is necessary to simultaneously use theoretical or other
modeling”. Due to these facts, theoretical approaches towards the study of metal
nanoclusters have become a subject of many investigations during the last few

decades. .

1.7 SUPPORTED METAL CLUSTERS

Supported metal cluster catalysis plays an enormous role in modem chemical
industry and much effort is devoted in understanding this phenomenon at molecular
level to design catalysts with high efficiency and selectivity [32-35]. High-area

porous oxides and zeolites, normally used as supports have potential application in
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heterogeneous catalysis [36-40]. With the recent emphasis on environmental
protection, the need for solid catalysts to replace liquids has grown and this field is
burgeoning from laboratory preparative chemistry to industrial applications. Metal
clusters bonded to oxide or zeolite supports combine the technological advantages of
solid catalysts (robustness for high temperature reaction, lack of corrosiveness, ease
of separation from products) with the selectivity of soluble molecular catalysts.
Uniform supported catalytic species are regarded as molecular analogues, with
structures that may be determined far more precisely than those of conventional
supported metal catalysts consisting of particles (or crystallites) of metal on supports
[35]. The first step in understanding the properties of supported metal catalysts is to
clarify how the interaction with the support can modify the structural and electronic
properties of supported metal clusters. Charge transfer between support and cluster
and diffusion of reactant molecules from support, a process known as reverse
spillover [41], are some of the important and complex roles of the support materials
in these catalytic systems.

Researchers have dedicated substantial effort to the development of methods
for synthesis and characterization of supported molecular metal complexes and
clusters. These important classes of catalysts are typically prepared by the reaction
of a metal complex incorporating reactive ligands (such as alkyls, allyls or
carbonyls) with oxygen atoms or OH groups of oxide or zeolite supports [33]. The
metal atoms in these complexes are normally bonded to the oxygen atoms of the
support. Characterization of supported metal-clusters consisting of only one or a
few atoms is challenging because of their small sizes, dispersed states and non
uniformity. Therefore a large number of techniques are required to characterize their
structures [35]. The intrinsic non uniformity of the sites on support surfaces also
gives variations in structure and bonding of the supported species. Due to this, the
anchored materials are generally not characterizable by crystallographic methods
such as X-ray diffraction. Instead, the most appropriate methods for characterizing
local surface structure and bonding include (i) transmission electron microscopy
(TEM); (i1) a set of spectroscopic methods viz., X-ray absorption (comprising
extended X-ray absorption fine structure (EXAFS) and X-ray absorption near edge
structure (XANES)), NMR, infrared (IR), Raman, Mossbauer, UV-visible and
others; (iii) temperature-programmed methods such as reduction, oxidation and

decomposition and (iv) theoretical techniques. These methods are developing
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rapidly and the results emerging from different investigations provide important

segment for their improvement at fundamental level.
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1.8 IMPORTANCE OF PALLADIUM CLUSTERS

Most of the properties of transition metal (TM) clusters are entirely different from
simple metal clusters due to the significant contribution from localized and unfilled
d electrons. The unusual electronic and magnetic properties have made TM clusters
a subject of many investigations [42,43]. These properties depend on the geometric
and electronic structures of the lowest energy isomers and that is why the search for
the global minimum becomes very important. The possibility of coexisting various
low energy isomers with different spin states adds a lot of difficulties to the study of
the geomertric [44] and electronic properties of 4d TM clusters [45,46]. Palladium
(Pd) is one of the best studied 4d TM element due to its wide application in catalytic
reactions. Small clusters of Pd are used in automotive exhaust systems to reduce
toxic pollutants such as CO, NO and hydrocarbons. Ultra-dispersed Pd clusters
supported on alumina are found to be more active than Pd (111) single crystals for
oxidation of CO [47]. In exhaust gas treatment, catalytic reduction of nitrogen
monoxide with propane takes place on zeolite supported Pd clusters [48,49] and CO
reduces the extremely reactive NO in presence of highly dispersed Pd clusters
supported on y-alumina [S0]. Moreover, ultra-dispersed Pd clusters up to 2 nm (150
atoms) in size act as highly active catalysts in hydrogenation processes [51], having
much higher selectivity in the conversion of triple to double bonds than that of bulk
Pd [52]. Due to this remarkable property, Pd nanoclusters replace Rh in automobile
catalytic converters [53,54]. In addition, recent observation of ferromagnetism in Pd
nanoparticles makes the possibility of their potential use in magnetic storage
materials [55-57]. Extensive experimental investigations [58-68] have been
performed to study the geometric and electronic structures of small palladium
clusters, which allow one to understand the size-dependencies of their chemisorptive
and catalytic properties in a better way. In the following sections, we have presented
a brief review of the research work made on palladium nanoclusters in gas phase as

well as in support.

CENTRAL LIBRARY, T. U.
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1.8.1 Bare palladium clusters

One important feature of Pd metal is that in bulk form, it exhibits high paramagnetic
susceptibility and only 6% lattice expansion induces ferromagnetism in it [69].
However, small clusters of Pd are found to possess magnetic moments [70-80]. In
contrast, the Pd atom is nonmagnetic with a closed-shell electronic configuration of
4d'%5s°. In gas-phase palladium clusters, the interaction between the Pd atoms
involves s-d hybridization, which leads to the depletion of 4d levels giving rise to the
local magnetic moments and magnetism in small Pd clusters [74] and enhances their
reactivity.  Although many theoretical and experimental studies have been
performed to study the magnetic moment of small palladium clusters, some of them
are found to contradict each other. The Stern-Gerlach experiments [81-83] showed
the absence of magnetic moments in Pd clusters, while photoemission experiments
[84] suggested a Ni-like spin-distribution in Pdy clusters with N < 6, and non-
magnetic behavior for N > 15. In contrast, dc susceptibility measurements [57]
resulted in magnetic moments of (0.23 + 0.19) up per atom in Pd clusters with
diameters in the range of 50 to 70 A.

However, experimental determination of ground state structure for small TM
clusters is difficult due to their extremely small sizes that make experimental
methods based on diffraction techniques not useful to elucidate the structures.
Therefore, a large number of theoretical approaches [24,85-100] have been used to
study the electronic structures and geometries of ultra dispersed Pd clusters.
Theoretical studies become highly efficient because direct calculations of small sized
clusters is possible with complete minimization of their total energy with respect to
all the atomic positions. The theoretical studies are based on a wide variety of
different approaches, ranging from multi-configuration self consistent field
calculations for smallest clusters [88,89,89] over density functional theory (DFT)
calculations for small and medium clusters [91-100] to extended Hiickel [86,86] and
tight-binding methods [90] applied to large clusters.

Different studies [72,93] have confirmed the non-zero spin of the lowest
lying isomers of small Pd clusters, being thus magnetic. Zhang et al. [100] have
performed an extensive study of the structural, energetic, electronic, and magnetic
properties of Pdy clusters (N < 13 and selected structures at N=19 and 55) with DFT

method. Their results indicate that binding energy of these clusters increases from
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linear to planar, and further to three-dimensional conformations and that icosahedral
structures are favoured over both decahedral and cuboctahedral structures for N=13
and 55. These results are in good agreement with previous calculations of Kumar
and Kawazoe [24]. Rogan et al. [99] reported increment of bond lengths and
binding energies with increasing cluster size of small Pdy clusters (2 < N < 13) and
predicted Pd,3 as a magic-number cluster. From a recent study on Pdy clusters (14 <
N < 21) [101], they have found that the minimal energy configurations are not
necessarily associated with high symmetry of the atomic arrangement. Luo et al.
[102) observed variation of magnetic moments with cluster size and shape for Pdy,
N=2-15 clusters. Nava et al. [103] investigated neutral ligand-free Pd, clusters, n=2-
309, using density functional calculations. They treated numerous clusters and
optimized them within a given symmetry and investigated Jahn-Teller distortions for
n up to about 100. Rosch and co-workers [90] observed increment of average bond
lengths with cluster size from an all-electron DFT study on a series of gas-phase Pdy
(N= 4-309) clusters. This study also revealed accuracy of LDA over GGA
calculations in determining bond distances. Recently, Zhang et al. [75] showed that
fce-like structures generated from Pd;9 octahedron dominate the growth pathway of
Pdn clusters (N=15-23) based on spin-polarized density functional calculations.
Molecular dynamics study on size dependent analysis of structural stabilities and
energetics of Pdy (N < 40) clusters [104] resulted preferable three-dimensional
structures. A very recent DFT study [105] showed relative stability of Pds, Pdg and
Pdy clusters among a series of Pdy (N=1-9) clusters. Special attention has been put
forward to study 13-atom palladium clusters [106-111] because it is the first magic
number according to geometric shell model to form high symmetric icosahedral and
cuboctahedral structures. Recent first-principles calculations showed that the ground
state structures of Pd,;; cluster do not favour high-symmetry compact structures.
Instead, there are less symmetric structures such as cubic [112] and buckled biplanar
(BBP) [108,113] structures lying significantly lower in energy than the icosahedral
isomers [24,72,100].

1.8.2 Chemisorptions on small gas phase palladium clusters

Studies of chemisorption and oxidation reactions of transition metal clusters can

provide information about the properties of the clusters in comparison to those of the
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bulk metals. The interaction between CO and a metal atom was first described by
Blyholder, in a model based on Hiickel molecular orbitals (MOs) [114]. According
to this model, the nature of CO interaction with transition metal surfaces is
determined by two main components: a ¢ bond formed between the CO carbon atom
and metal surface mainly due to the electron transfer from the adsorbent to the
surface and the partial filling of the nt_ orbitals of CO due to back-donation from the
metal d orbitals. CO is one of the most studied molecules to probe metal surfaces
[115] due its simplicity and importance in the field of heterogeneous catalysis. Its
vibrational properties reflect the metal-CO bond strength at various possible sites
and also the influence of direct environment. Previous theoretical studies of CO
chemisorption on palladium clusters include extended Hiickel [116], X, [117], local
spin density [118] and Hartree-Fock [119] methods. A pseudopotential CI
investigation [120] on CO adsorbed Pd, (n=2—4) clusters provided some insights
into the nature of Pd-CO bonding, confirming the repulsive nature of the o
interaction and the essential role of the n-back-donation mechanism for the
formation of Pd—CO bond. Ab initio studies of PACO and Pd,CO (n=1—4) clusters,
with or without relativistic corrections and correlation effects, have led to a
predominant n bonding, coherent with d'® or d’ metal atomic configurations for Pd
system [120-123]. A series of all-electron CCSD(T), QCISD(T) and MP4(SDQ)
methods were applied to study details of molecular structure, bonding and
vibrational spectrum of PdCO [124]. Hartree-Fock study [125] showed that besides
the classical © back-donation from transition metal to CO, the CO ¢ donation to the
partially occupied 4dc—5sp metal hybrid orbitals significantly contributes to the
chemisorption energy of CO. DFT calculations based on LCGTO-MCP-DF [126]
gave different binding energy values of CO bonded to top, bridge, and 3-fold sites of
small Pd, and Pds clusters, having largest value corresponding to the 3-fold
adsorption site. Calculations performed with LCGTO-DF method [127] observed
non-negligible relativistic effects for palladium monocarbonyls. Adsorption of CO
on nanosize Pd particles of about 140 atoms was studied theoretically (DFT method)
and spectroscopically (IRAS and SFG method) by Freund and co-workers [128].
Bertin et al. [129] studied chemisorption of CO on some active sites of Pd, Pd; and
Pds clusters. CO adsorption on large palladium clusters were investigated by
Yudanov et al. [130] using LCGTO-FF-DF method. Recently, Zanti and Peeters
[105] have used DFT method to study the interaction of a CO molecule with Pd,
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(n=1-9) clusters, which shows that the favoured co-ordination mode of CO is one
that promotes the back-bonding interaction. Moreover, the interaction is found to
affect the metal-metal bond along with the singlet state of the cluster in the ground
state. Experimentally, bond dissociation energies of palladium trimer anion, Pds’,
and its carbonyls, Pd;(CO), (n=1-6), were measured in gas phase by the energy-
resolved collision-induced dissociation method [131]. Gruene et al. [132] applied
infrared multiple photon dissociation (IR-MPD) spectroscopy to study the adsorption
of CO on singly charged palladium clusters containing 3—25 metal atoms. From this
study, they have concluded that palladium clusters exhibit a variety of binding sites
for CO including a-top, bridge and hollow positions. Catalytic oxidation of CO to
CO; on palladium is of great practical importance and it is used in commercial three-
way catalysts to reduce automotive emission [133,134]. In the real oxidation
process, dissociation of O, and diffusion of adsorbates on the surface also play
important roles. Thus knowledge of co-adsorption properties of CO and O is
essential in studying catalytic CO oxidation. Due to this fact, interaction between
adsorbed CO and oxygen on palladium has been a subject of large number of
experimental [135-142] and theoretical [143-146] studies over the years. Engel and
Ertl [136,137] proposed that CO oxidation on Pd occurs via Langmuir-Hinshelwood
mechanism, where CO molecules adsorb on the surface and react with chemisorbed
oxygen. They found that ad;orbed CO inhibits oxygen adsorption, but the reverse is
not true. Experimenal study of Gabasch et al. [141] showed that the reactivity of
several Pd-O species towards CO oxidation decreases with increasing oxidation
state. Oxidation of CO by supported Pd clusters has also been reported using

various experimental and theoretical techniques [142,144-146].

1.8.3 Zeolite supported small palladium clusters
Zeolite supported transition metals have been found to show catalytic activities for
many reactions [147-150]. Zeolites are crystalline microporous materials and are
being used widely as industrial catalysts. Zeolites ZSM-5 (MFI) and Faujasite
(FAU) are the two most important members of the zeolite family, possessing
medium and large pores in their respective frameworks.

Since the pioneering work of Li and Armor [151] on the catalytic activity of
Co-ZSM-5, metal exchanged ZSM-5 have appeared to be promising catalysts for
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catalytic reduction of NO4 by methane in presence of excess O,. Recently, zeolite
supported Pd catalysts; especially, Pd-ZSM-5 and Pd-H-ZSM-5 have drawn a lot of
attention worldwide [152-157] due to their excellent catalytic activity in methane
combustion [158-160], NO reduction by CH4 [161] and many organic reactions
[162]. The findings of Nishizaka and Misono [163] suggest that Bransted acid sites
may play important role in stabilizing Pd in a highly dispersed state and this form of
Pd is required to achieve high activity and selectivity for NO reduction by CH, in the
presence of O,. Okumura and Niwa [156] used X-ray photoelectron spectroscopy
and EXAFS spectra to study Pd loaded on various kinds of metal oxide and zeolites.
This study revealed that the metal-support interaction is an important factor affecting
profoundly the structure, oxidation state, mobility and catalysis of Pd. Quantum
chemical investigations have been widely and successfully applied to study the
properties of metal particles within zeolites [164-169]. Rice et al. [154] studied the
co-ordination and stability of Pd*" in ZSM-5 using gradient corrected density
functional theory. Bell and his co-workers [170,171] investigated the state of Pd in
Pd-H-ZSM-5 by means of infrared and mass spectroscopies, using CO and NO as
probe molecules. Recently, Barone et al. [165] have shown that the lowest energy
state of a single Pd atom on H-ZSM-5 support is singlet with finite modelling of the
support framework.

A large number of experimental studies have been put forward to study the
incorporation of small palladium clusters inside pores of FAU zeolites [172-184].
The transmission electron microscopy (TEM) and extended X-ray adsorption fine
structure (EXAFS) techniques have confirmed the existence of small Pd, clusters
(n=1-4, 6, 13) inside sodalite cages and supercages of FAU zeolites [172-184].
There is also evidence for pure silica-supported palladium clusters [185]. To
understand the protonation of zeolite-supported small palladium clusters and the
effect of protonation on interaction of these clusters with CO probe molecules,
Yakovlev ef al. [186] carried out density functional based investigation on free and
protonated Pds and Pdg clusters. From this study, they showed that electron-
deficient [Pd,H]" species can be formed in faujasites (e.g., Pd/NaY) as a result of
interaction of guest metal particles with zeolitic protons. It was also found that
protonation reduces the CO adsorption energy and increases the vibrational
frequency of adsorbed CO. Harmsen et al. [187] reported a model describing the

interaction of a palladium atom with the Brensted acidic site of zeolite. They found
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that the reduction of Pd** to Pd® and 2H" is strongly exothermic. Recently,
Morokuma and co-workers [188] have studied the reactivity of zeolite-supported
palladium tetramers towards hydrogen .molecules. They found that embedding of
Pd4 on a zeolite reduces the barrier for H; addition by 7.53 kJ/mol from that in the
gas-phase Pdy4 cluster. During the last few years, Rosch and co-workers [189-193]
have developed a systematic study of reverse hydrogen spillover from the hydroxyl
groups of zeolite support onto four atom and six atom metal clusters. In an extended
study [190] on zeolite-supported transition metal clusters (M) of platinum and gold
groups (Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Os, Ir, Pt, Au), resulted energetically
favorable reverse hydrogen spillover process for all the metals.

In spite of these experimental and theoretical studies, there are several issues
to be addressed on the structure and reactivity of gas phase and supported palladium

clusters. Some of these points will be covered in the present thesis.

1.9 OBJECTIVES OF THE PRESENT WORK

The present Ph. D. work was undertaken with the following objectives:
1. Systematic investigation of structural and electronic properties of small gas
phase neutral, cationic and anionic palladium clusters and to find their

stability and reactivity based on Density Functional Theory (DFT).,

2. Theoretical studies of the nature of chemisorption of carbon monoxide and

oxygen on small stable gas phase palladium clusters.

3. DFT studies of adsorption and coadsorption of oxygen and carbon monoxide

on lowest energy palladium clusters.

4. DFT studies on the effect of zeolite support on the geometry and adsorption
properties of small stable palladium clusters using hybrid QM/MM method.



CHAPTER

ELECTRONIC STRUCTURE METHODS

1 don’t like it, and I'm sorry
I ever had anything to do with it

(Erwin Schrodinger on quantum mechanics)

2.1 INTRODUCTION

Quantum mechanics, formulated over 100 years ago, is one of the most successful
scientific theories ever created. The exact determination of the electronic structure
of atoms, molecules and solids is a difficult problem, as the electrons must be treated
using the laws of quantum mechanics and not those of classical physics. Among the
different quantum mechanics based methods, Density Functional Theory (DFT) has
long been the mainstay of electronic structure calculations in all areas of modemn
computational science including chemistry, physics, material science, biochemistry
and geophysics. With its early developments in the late 1920’s by Thomas and
Fermi, DFT is the first successful method avoiding the most fundamental difficulty
in condensed matter theory- the many body problems. It is until now one of the
most popular quantum mechanical approaches to electronic structure calculations of
molecular and condensed matter systems. In this chapter, we will give a short
insight into the most important concepts of the computational methods used to

investigate structural and electronic properties of materials.

2.2 OVERVIEW OF COMPUTATIONAL METHODS

Computational methods act as a bridge connecting theory and experiment. It is an
interdisciplinary subject implying the synergy of quantum, classical and statistical
physics, chemistry and even biochemistry. Computational methods combine all
numerical methods based on molecular mechanics, molecular dynamics, Monte

Carlo and quantum mechanics employed for qualitative and quantitative
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informations like the atomic structure of the material, viz., bond lengths and angles,
crystal lattice parameters, surface reconstructions, structural phase transitions; its
electronic, optical and magnetic properties; reactivity of surfaces; chemical reactions
and catalytic behaviour.

In the present thesis, we have used density functional theory (DFT) based
quantum mechanics (QM) and quantum mechanics/molecular mechanics (QM/MM)
methods to perform all the calculations. A brief discussion on these methods has

been given in the following sections.

2.2.1 Molecular mechanical methods

These methods apply classical laws of physics to predict the structures and
properties of molecules. Molecular mechanics view a molecule as spheres of
different masses (atoms) connected together by a variety of springs (chemical
bonds). The coordinates of all the atoms at the equilibrium length of all the springs
correspond to the lowest energy state of the molecule. Molecular mechanics
represent the interactions between the atomic species by force field method. All the
energy terms to define the different types of interactions in a molecule is called the

“steric” energy or the total potential energy of the molecule, which is given by

Elotal = Estretch + Ebend + Etorston + EvdW + EHB + Eelectro (21)

where Egeicn in equation (2.1) is the bond stretching, Ejp.,, is the bond angle bending,
Eworsion 1s the dihedral angle rotation, E,4 is the van der Waals forces, Eyp is the
hydrogen bonding and E.jeqrro 1S the electrostatic interaction term.
Eioar 1s the basis of a force field, which allows calculation of all the forces on
a system giving its energy. Molecular mechanics calculations are performed based
on nuclei interactions and do not treat the electrons in a molecular system explicitly.
However, electronic effects are included implicitly in force fields through
parameterizations.
Advantages: They
e rely on force-field with embedded empirical parameters.
e are computationally least intensive - fast and useful with limited computer

resources.
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e can be used for bio-molecules as large as enzymes (thousands of atoms).
Disadvantages: They

e are applicable only for a limited class of molecules.

¢ do not calculate electronic properties.

e require experimental data (or data from ab-initio) for parameters.

e calculate systems or processes with no breaking or forming of bonds.

Models: MM1, MM2, MM3, MM4, AMBER, CHARMM, GROMOS, UFF

2.2.2 Quantum mechanical methods

Quantum mechanical methods can be divided into two categories: ab initio and
semi-empirical models. Ab initio methods include Hartree-Fock (HF), Moller-
Plesset perturbation theory (MP), Configuration Interaction (CI), Coupled Cluster
(CC) method and density functional theory (DFT). A drawback of ab initio
calculations is the extremely demanding computer resources, especially for large
molecular systems. Semi-empirical quantum chemical methods lie between ab initio
and molecular mechanics (MM). Like MM, they use experimentally derived
parameters to strive for accuracy; like ab initio methods, they are quantum
mechanical in nature. Semi-empirical methods are computationally fast because
many of the difficult integrals are neglected. The error thus introduced is
compensated through the use of parameters. The following subsections briefly

discuss about some important quantum mechanical methods.

2.2.2.1 Hartree-Fock theory
The electronic structure and total electronic energy of atoms, molecules and crystals
can be obtained by solving the time-independent, non-relativistic Schrodinger
equation:

Hy=Ey (2.2)
The Bormn-Oppenheimer approximation allows us to calculate the wave function for

electrons moving in the potential field of positively charged fixed nuclei.
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Within this approximation, the Hamiltonian, H,is expressed as
1Y Yy Ly Loy L =

Ry <) 'V 4<B Rz
The first term on right hand side of equation (2.3) represents the kinetic energy of
electrons i, the other terms represent the potential energies, including attractions
between electron i and nuclei A separated by a distance of Ry4,; repulsions among
electrons i and j; repulsions among nuclei 4 and B of atomic numbers Z, and Zp

separated by a distance of Ryp

The many electron wave function ¥ is approximated as a product of one
electron wave functions or molecular orbitals ¢,, which can be expanded as a linear

combination of atomic orbitals or basis functions, x:

=Z Xuu = XC, (2.4)
U

Utilization of variational principle <z,u| H Ia//> / < wlw}ZE(exp) yields an eigenvalue

equation that gives molecular orbitals and energies:

fid=¢d (2.5)
where f is an effective one-electron Fock operator with matrix elements given by
Fou =t F120) = o+ 3 Py [rlst)—(uslve) /2] 2.6)
st
The one-electron matrix elements are given by
I_, 1
=(ul-=V\v)— ) Zglul—|v 2.7
(ki )-Zes bhe *
and two-electron integrals by
1
(whst)= [ [ dr D atr @ 2, (1) 2, ) [—J RO TAC) 28)
12

P is the first-order Fock-Dirac (or one-particle) density matrix
=Y ncucy (2.9)

where n, occupation number, 0, 1 or 2.

The Fock equations can be solved by matrix diagonalization of the matrix equations
FC=SCE (2.10)

where S is the overlap matrix and C is a square matrix with the ith column being the

MO coefficients of the ith molecular orbital.
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The real cost of computation of HF methods is due to the two-electron integrals in

the Hamiltonian that has been simplified in semiempirical methods.

2.2.2.2 Semiempirical methods

Semiempirical methods are simplified versions of Hartree-Fock theory using
empirical (derived from experimental data) corrections in order to improve
performance. These methods are based on three approximation schemes:

(a) The elimination of the core electrons from the calculation, (b) The use of the
minimum number of basis sets and (c) The reduction of the number of two-electron
integrals. The hierarchy of integral approximation and their effect on the Fock

matrix formation are given below.

Zero Differential Overlap (ZDO) method

In this method, the integral containing the product y, x, in equation (2.8) is neglected
when u is not equal to v. This leads to:

<uv|st> = d,, Oy <uufss>

where 6,, =(0 u#v

l u=v

Methods such as the Pariser-Parr-Pople method (PPP) and Complete Neglect of
Differential Overlap method (CNDQO) use the ZDO approximation completgly.

Intermediate Neglect of Differential Overlap (INDO) method

In contrast to PPP and CNDO methods, in INDO, the ZDO approximation is not
applied to the one-center-two-electron integrals, <uv/st>, with ¢,, ¢, s am";i #: all on
the same ‘atom. Models such as Modified Intermediate Neglect: of Differential
Overlap (MINDO) and parameterized versions of INDO, ‘such as ~H;1150/S and
ZINDO/S are based on INDO methods.

Neglect of Diatomic Differential Overlap (NDDO) method
NDDO goes beyond INDO in that the ZDO approximation is not applied to orbitals
on the same atom, i.e., ZDO is used only for atomic orbitals on different atoms.

NDDO is the basis of the currently popular semiempirical methods: Modified
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Neglect of Differential Overlap (MNDO), Austin Model 1 (AM1) and Parametric
Method 3 (PM3).

Ab initio methods include all the difficult integrals neglected in semiempirical
techniques. Moreover, ab initio methods such as DFT include electron correlation,
which provide accuracy comparable with experiment in predicting structure and
energy of a molecule. The basic idea of density functional theory has been discussed

in the following section.

2.3 DENSITY FUNCTIONAL THEORY (DFT)
Starting from the late eighties and early nineties density functional theory (DFT)

gained an enormous popularity due to its high computational efficiency and very
good accuracy for determining the structure of molecules, crystals, surfaces [194]
and since then it has enjoyed a meteoric rise from a peripheral position in quantum
chemistry to centre stage. In Figure 2.1 we have shown the increasing number of
publications where the phrases ‘DFT’ or ‘density functional theory’ appear in the

title or abstract covering the years from 1980 to 2000.
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Figure 2.1: Number of publications where the phrase “density functional theory”
appears in the title or abstract (taken from ISI Web of Science).
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DFT is based on the proof of Hohenberg and Kohn [195] that ground-state electronic
energy is determined completely by the electron density p in the system of non-

interacting electrons.

p() = NJ'...J'\ WOy Xy y) | s B @.11)

where p (F) determines the probability of finding any of the N electrons within the
volume element dr;, but with arbitrary spin while the other N-1 electrons have
arbitrary positions and spin in the state presented by y. Clearly p(r) is a non-
negative function of only three spatial variables in contrast to wave function (y),
which is a function of 4N variables (3 spatial variables and 1 spin variable for each
electron) for an N electron system. Moreover, unlike the wave-function, the electron

density is an observable and can be measured experimentally, e.g. by X-ray

diffraction [196].

2.3.1 Hohenberg-Kohn theorem

The first Hohenberg-Kohn (H-K) theorem demonstrates that the electron density p(r)

uniquely determines the external potential ¥, , () in the Hamiltonian operator of the

Xt
Schrédinger equation and hence all the properties of the ground state. The total

energy can therefore be written as

Elp)= Exe o)+ Tlo)+ Euclol= [ o)V )ar + Fielp). @12)
Fux[p]=Tlp]+ E..[p] (2.13)

where Ey, [p] is electron-nuclei interaction energy, T [p] is the kinetic energy, E.. [p]

is the electron-electron interaction energy, the explicit form of which is
e[ [0 g, s )=l Bl @10
12

J [p] is the classical part and En. [p] is the non-classical contribution to the electron-
electron interaction: self-interaction correction, exchange and Coulomb correlation.
The second H-K theorem states that the functional Fyx [p] delivers the
ground state energy of a system, if and only if the input density is the ground state
density. However, the exact form of Fux [p] is a major challenge in DFT and H-K
theorem does not tell anything regarding the form of such functional. Moreover, the

performance of Fux [p] is really bad with the poor approximation of kinetic energy
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by Thomas and Fermi [197,198]. To solve this problem, Kohn and Sham proposed

an approach, which is described below.

2.3.2 Kohn-Sham equations and energy functional
In 1965, Kohn and Sham [199] developed a formulation defining atomic orbitals,
that yields a practical way to solve the Hohenberg-Kohn theorem for a set of
interacting electrons. They introduced a universal functional F [p], which contains
the contributions of the kinetic energy, the classical Coulomb interaction and the
non-classical portion:

Elp]=Ts[p]+ o]+ E.. [o] (2.15)
where E,[p] is the so-called exchange-correlation energy defined as

E, [p]=(Tlp]-T[pD+ (E..[o]- /oD 2.16)

E,.is the functional that contains all the unknown terms.

The subscript s in Ts [p] of equations (2.15) and (2.16) denotes that it is the kinetic

energy calculated from a Slater determinant as

T =i<¢,’-%vz

=1

¢,> (2.17)

where ¢, is the Kohn-Sham (KS) orbitals that satisfies the Kohn-Sham (KS)
equation
hKS¢1 =& ¢l (218)

where

b =39 4 g Vbl [2harer ) s

where V.. is the functional derivative of the exchange-correlation energy, given by

Vie [p]=-——dE;;[p] (2.20)

The Kohn-Sham (KS) orbitals can be expressed as a linear combination of a set of

functions known as basis functions {v,} as
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b, =ch#, .21)
]
The electron density p is related to the KS orbital by

plr)= il ¢,(r)| (2.22)

The importance of the KS orbitals is that they allow density to be calculated. The
solution of the KS equation proceeds via a self-consistent fashion, starting from a
crude charge density, which could be simply the superposition of the atomic
densities of the constituent atoms. An approximate form for the functional that
describes the dependence of the E,. on the electron density is then used to calculate
Vic. This allows the KS equation to be solved, yielding initial set of KS orbitals.
This set of orbitals is then used to calculate an improved density from equation
(2.22). This procedure is repeated until the density and the exchange-correlation
energy satisfies a convergence criterion.

The exact form of exchange-correlation functional is currently unknown.
Approximate FE,. [p] are however available in various forms. Most existing

exchange-correlation functionals are split into a pure exchange and correlation

contribution, 1.e.,

E.[p]=E.[o]+E.[] (2.23)

2.3.2.1 The local density approximation (LDA)

The LDA is the basis of all approximate exchange-correlation energy functionals.
The central idea of this model is a uniform electron gas, in which, the electrons
move in a positive background of charge distribution so that the total ensemble is

neutral. With this assumption, the E, takes the form
EL [o]= [ P (o ()7 (224)

Here, ¢, (p(7)) is the exchange-correlation energy per particle of a uniform electron
gas of density p(7).

¢..(p(F)) can be further split into exchange and correlation contributions,

exc(p(F)) =2, (p(F)+ 2. (o () (225)
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The exchange part, e_(p (7)), which represents the exchange energy of an electron in

a uniform electron gas of a particular density, was originally derived by Bloch and

Dirac [200] in the late 1920's.
~\\ /3
3
€, = _i(_&(_r_)] (2.26)
4\ &

No such explicit expression is known for the correlation part, & (p(7)). However,

highly accurate numerical quantum Monte-Carlo simulations of the homogeneous
electron gas are available [201].
Example: LSD (Exchange functional of Dirac and Slater 1951) [202,203], VWN
(Correlation functional of Vosko, Wilk and Nusair 1980) [204].

In LDA, the paired electrons with opposite spin have (or occupy) the same
KS orbital. The local spin density approximation (LSDA), on the other hand, allow
the electrons (with opposite spins a and B) to have different KS orbitals, in analogy
with unrestricted Hartree-Fock (UHF) method.

2.3.2.2 The generalized gradient approximation (GGA)

The first logical step to go beyond LDA is to consider the non-homogeneity of the
true electron density, which is taken into account in the GGA method by making the
exchange and correlation energies dependent not only on the density but also on the
gradient of the density 4p(r). In this model, the exchange-correlation energy takes

the form

ES[p]= [ pF)eelp, Vo) 7 (2:27)

Examples: B88 (Exchange functional of Becke, 1988) [205], PW91 (Perdew-Wang
correlation functional, 1991) [206], LYP (Lee-Yang-Parr correlation functional,
1988) [207], PBE (Perdew-Bourke-Emzerhof exchange-correlation functional, 1996)
[208] and BLYP (Combination of B88 with LYP functional).

2.3.2.3 Hybrid functional
It is to be noted that the exchange contributions are usually significantly larger in
absolute numbers than the corresponding correlation effects [196]. Therefore, an

accurate expression for the exchange functional in particular is a prerequisite for
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obtaining meaningful results from density functional theory. This suggest a

combination of the Hartree-Fock exchange with the DFT functionals,
HF KS
E.=E" +E. (2.28)
Examples: B3LYP:
EBYP Z(1-0)EMP +aE" +bE™ +cEM +(1-)E™  (2.29)
The values of the three parameters are

a=0.20, b=0.72 and c= 0.81

Figure 2.2 shows the comparision of density functional theory (DFT) with other
available computational methods. It is seen that the accuracy of DFT is close to the
computationally more expansive CCSD(T) method and higher than that of HF, MP2,
AMI1 and PM3 methods. A great advantage of the DFT method over the wave
function-based methods is in its computational costs or economy. For this reason,
DFT is applicable to fairly large molecular systems. The computational effort is

similar to a SCF calculation, but since DFT implicitly includes electron correlation,
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even better.
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Figure 2.2: Comparison of accuracy of different computational methods (taken from
http://www.chm.bris.ac.uk/pt/manby/11).

The next important point to discuss is the kind of basis functions {n,} used to
express the Kohn-Sham orbitals ¢, using equation (2.21). The following section
provides an overview of the basis sets generally used in DFT calculations.
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2.3.3 Basis sets
A basis set is a mathematical description of orbitals of a system, which is used to
approximate theoretical calculation or modelling. Basis sets can be broadly

classified into the following types:

2.3.3.1 Slater Type Orbitals (STO)
J. C. Slater first introduced the idea of basis sets in computation, known as Slater
Type Orbitals (STOs). STOs use a function that correctly models the form of the

variation of the electron density with distance from the nucleus.

o 53 0.5
() =[—”—] exp (- &) (2.30)

However, STOs is a very tedious calculation. To overcome this problem, S. F. Boys

developed Gaussian Type Orbitals (GTOs) as an alternative.

2.3.3.2 Gaussian Type Orbitals (GTO)

GTOs have the advantage that the two electron integrals may be quickly and easily
evaluated. The form of a GTO is

0.5
£ (r)= (27“} exp (- ar?) 2.31)

In order to achieve comparable accuracy for GTOs to that of STOs, GTOs are
generally grouped together as linear combinations to provide a best fit to an STO.
All basis set equations in the form STO-NG (where N represents the number of
GTOs combined to approximate the STO) are called minimal basis sets.

Minimal basis sets approximate all orbitals to be of the same shape. For

more accurate representation of orbitals, the following basis sets have been defined.

2.3.3.3 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 (2.30). 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 they use three and four STOs instead of two as in DZ.
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2.3.3.4 Split-valence basis sets

In order to avoid the rigorous calculations involved in DZ basis set for each orbital
of an atom, inner-shell electrons can be described by a single STO and only the
valence electrons can be treated with DZ basis sets. These types of basis sets are
called split-valence basis sets. A few examples of common split valence basis sets
are 3-21G, 4-31G and 6-31G. In 3-21G, three GTOs are summed to describe the
single STO of inner-shell electrons. The first and second STO of the DZ of outer

electrons is comprised of two and one GTOs, respectively.

2.3.3.5 Polarization functions

As atoms are brought close together, their charge distribution causes a polarization
effect which distorts the shape of the atomic orbitals. In this case, s orbitals begin to
have a little of the p flavour and p orbitals begin to have a little of the d flavour. 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**.

2.3.3.6 Diffuse functions

Diffuse functions are basis functions with a larger spatial extent than the normal
ones, which are particularly important in the modelling of anions or excited states of
an atom. Diffuse basis sets are represented by the ‘+’ signs. One ‘+’ means that we
are accounting for the p orbitals, while ‘++’ signals that we are looking at both p and

s orbitals.

2.3.3.7 Numerical basis sets

Another kind of basis function is realized within the program DMol® [209,210],
which does not use analytical but numerical basis functions. Here, the orbitals are
represented numerically on atomic centered grids with cubic spline interpolations
between mesh points [196]. These basis functions are generated by numerically
solving the atomic KS equations with the corresponding approximate exchange-
correlation functional. Thus numerical basis sets provide exact energies (within the

given functional) for a molecule.
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2.3.3.8 Effective Core Potentials (ECP)

These basis functions are useful for heavy elements (4™ period onwards) to include
relativistic effects. The electrons near the very positive nucleus of a heavy element
experience a larger relative attraction than for lighter elements, which accelerates the
electrons close to the speed of light. In this situation, Einstein’s theory of special
relativity starts to have an effect on the shape of the atomic orbitals. The net effect
1s that the inner core orbitals of a heavy element are contracted relative to the
corresponding orbitals in a lighter element. Moreover, the core orbitals are in most
cases not affected significantly by changes in chemical bonding. This prompted the
development of ECP approach, which allows treatment of inner shell electrons as
some average potential. ECP's are not orbitals but modifications to a hamiltonian,
and as such are very efficient computationally.

Figure 2.3 | represents the tradeoff/relationship between basis sets and
accuracy. Moving across from left to right in the figure, the calculations account for
the electron correlation. Similarly moving from bottom to top indicates more
complex and more accurate basis set calculations. Therefore it is important to
choose a basis set that will run a molecule fast without compromising the desired

level of accuracy.

Basis 4 Exact

complete[ ~+ Exact HF T solution

Minimal || L.
HF Full CI

Figure 2.3: Use of various basis sets with different computational methods leading

to the exact solution of Schrédinger equation.

2.3.4 Basis Set Superposition Error (BSSE)

As the atoms of interacting molecules (or of different parts of the same molecule) or
two molecules approach one another, their basis functions overlap. Hence the basic
function of each component is influenced by functions of the nearby components,

giving rise to an effective increase in its basis sets. It can lead to a spurious result
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known as basis set superposition error. This is rapidly grasped in the context of the
binding of two molecules A and B, to form a complex AB
Epinaing = B2~ (E4 + E3) 2.32)
where a refers to the basis set on A4, b refers to the basis set on B and ab indicates the
union of these two basis sets. Now in the complex 4B, the basis set a will be used to
describe (i) the electrons on 4, (ii) in part, the electrons involved in the binding of 4
and B and (iii) aid in the electrons on B. The same is true for the basis set b. The
result is that the complex 4B, by having a larger basis set than available to describe
either 4 or B individually, is treated more completely and its energy will
consequently be lowered, relative to the energy of 4 or B. The binding energy will
therefore be larger (more negative) due to this basis set superposition error.
The counterpoise method proposed by Boys and Bernardi [211] attempts to

remove some of the effects of BSSE. The counterpoise correction is defined as

Ecp =E% + E% —(E4 + EL.) (2.33)
E% is the energy of molecule 4 in its geometry of the complex AB computed with
the basis set @ and the basis set of B placed at the position of the nuclei of B, but in

the absence of the nuclei and electrons of B. These basis functions are called ghost

orbitals. Eg is the energy of B in its geometry of the complex 4B computed with
its basis functions and the ghost orbitals of 4. E4. and E}. are the energies of 4 and

B respectively in their isolated structures with their individual basis functions. The

counterpoise corrected binding energy is then

E ,f,,l:,.,,g = Epinding ~ Ecp (2.34)

2.4 QUANTUM MECHANICS-MOLECULAR MECHANICS
(OM/MM) METHODS

Although molecular mechanical (MM) methods are widely used to treat large and
complex molecules, they are unable to describe the changes in the electronic
structure of a system undergoing a chemical reaction. Such changes require
quantum mechanics (QM) for a proper treatment. However, due to the very
demanding computational cost, the application of QM is still limited to relatively
small systems consisting of up to tens or several hundreds of atoms, or even to

smaller systems when the highest levels of theory are employed. Algorithms that
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combine quantum mechanics and molecular mechanics can provide a solution to this
problem. These algorithms in principle combine the accuracy of a quantum
mechanical description with the low computational cost of molecular mechanics,
which leads to the combined quantum mechanics/molecular mechanics (QM/MM)
methodology.‘ The advantage of using QM/MM method lies in treating the active
region (i.e., the site for chemical processes involving bond breaking and formation)
accurately with a high level QM method and the remainder of the system with low
level MM method. ONIOM (Our-own-N-layered Integrated molecular Orbital +
molecular Mechanics) is a hybrid QM/MM method developed by Morokuma and co-
workers [212-215] and this method has been implemented in Gaussian03 program.
The simplified expression of total energy of the whole system within the framework

of ONIOM methodology can be given as,
Eoniomz = EZ::I + (EZ.I;‘;'” - ELC::M) (2.35)

where the superscript “Real” means the whole system and the superscript “Cluster”
means the active region. Subscripts “High” and “Low” mean high- and low-level of
calculations used in the ONIOM method. The scheme can be extended to three or
multiple layers. This method has been successfully applied to deal with problems in
bond energies in large molecular systems, organometallic reactions and
homogeneous catalysis, structure, reactivity and bond energies of large organic
molecules including fullerenes, nanotubes and biomolecular structure and enzymatic
reaction mechanisms [216].

In the present thesis, we have performed DFT based QM and QM/MM
calculations on small gas phase and zeolite supported palladium clusters using
DMol® and Gaussian 03 program, respectively. The results of these investigations

are summarized in the following chapters.



CHAPTER

GAS PHASE SMALL PALLADIUM CLUSTERS

Palladium—Metal of the 21° Century

(www.palladiumcoins.com)

In this chapter, we present a comprehensive investigation of gas phase palladium
(Pdn, n=1-13) clusters using density functional theory. The novel aspects of our
study are the symmetry unrestricted geometry optimization of small palladium
clusters in different spin multiplicities and in different charge states. In several
cases, very small energy differences among various structural and spin isomers give
the idea of their coexistence at room temperature. We have calculated electronic
properties such as binding energy, fragmentation energy, bond dissociation energy,
ionization potential, electron affinity, chemical hardness and dipole moment of the
optimized clusters. From comparison of these parameters, we have predicted the
four-atom palladium cluster (Pd4) to be a magic number cluster [Kalita and Deka, J.

Chem. Phys. 127, 244306 (2007)].

3.1 INTRODUCTION

In the recent years, transition metal clusters like palladium have been widely studied
experimentally [70-80] and theoretically {85-100] primarily because of their unique
catalytic properties. In spite of these, a detail study on Pd clusters is still missing to
correlate different cluster properties such as bond length, coordination number,
binding energy, fragmentation energy, bond dissociation energy, ionization
potential, electron affinity, HOMO-LUMO gap and global hardness with cluster size
and stability. In the present work, we have carried out density functional theory
studies of small Pd clusters to obtain their accurate geometric and electronic

structures as well as to find the most stable and/or reactive cluster on the basis of the
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various cluster properties mentioned above. Moreover, for the first time, we have
performed a systematic investigation of the structural and ¢lectronic properties of small
cationic and anionic palladium clusters. The results from this study will be helpful in

providing basic understanding of the catalytic activities of these clusters.

3.2 COMPUTATIONAL DETAILS

All the density functional calculations reported here have been carried out using the
DMol® package [209,210]. Relativistic calculations are performed with scalar
relativistic corrections to valence orbitals (referred to as VPSR) [217]. This method
uses a local pseudopotential [217] acting on all electrons, for the correction of the
atomic properties due to relativistic affect, which arises mainly from the mass-velocity,
Darwin terms and higher-order kinematics. However, the spin-orbit coupling term
appearing in Dirac’s equation is eliminated in this approximation. In our calculations,
self consistent field procedures are performed with a convergence criterion of 2x10”
a.u. on the total energy and 10 a.u. on electron density. DMol’ realizes the use of
numerically tabulated basis functions [Section 2.3.3.7 in Chapter 2]. Generation of an
entire second set of functions results in doubling the basis set size; this is referred to as
a double-numerical (DN) set. We have used the DNP basis set [209] for our
calculations. These basis sets are significantly improved from DN basis by adding
higher angular momentum valence polarization functions and also by core polarization
functions. Adding a function on each atom with one angular momentum unit higher
than that of its highest occupied orbital leads to a double numerical with polarization
(DNP) basis set. These basis sets are generally more complete than a comparable set
of linearly independent Gaussian functions and have been demonstrated to have small
basis set superposition errors [218,219]. The DNP basis set is comparable to Gaussian
6-31G** basis set [220-222]. We have used the generalized gradient approximation
(GGA) implemented in the exchange-correlation functional, BLYP, which is a
combination of the exchange functional developed by Becke [205] with the gradient
corrected correlation functional of Lee, Yang and Parr [207].

Full geometry optimizations have been performed for different possible
structural isomers of neutral Pd, (n=1-13) clusters in their singlet states (M=1) without
imposing symmetry constraints. The corresponding calculations for the large sized
palladium clusters have been carried out on a large number of initial ‘geometries that
have been modelled by considering all possible orientations of the palladium atoms.
Some of the optimized structures resulted in negative frequency values, which were
removed by re-optimizing the structures with re-ordered xyz coordinates (CCL January
21, 2002 [003]). However, some of the optimized structures gave large values of
negative frequencies even after the re-optimizations, which were not taken for
consideration. The optimized structures have been considered as the initial geometries
for the optimization in higher multiplicities and we followed the same procedure as
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before to get rid of the negative frequencies. The energy landscapes of the different
sized clusters have been obtained by comparing their respective energies in different
multiplicities. In extending the calculations to higher multiplicities (M=3, 5), most of
the clusters are found to retain the symmetries of their singlet states. However, some
clusters change symmetry while changing multiplicity. In order to compare energy
values of these clusters we have performed symmetry-restricted calculations at higher
multiplicities. We have also carried out symmetry unrestricted geometry optimizations
for single charged clusters in three different multiplicities (M=2, 4 and 6). In the
present work, the cationic and anionic Pd, (n=1-13) clusters have been formed by
removing and adding one electron, respectively from the ground state of neutral Pd,,
n=1-13 clusters. Frequency calculations have been performed for all the isomers and
none of them is found to exhibit any imaginary frequency. Absence of imaginary
frequency in the ground-states verifies them to be the true minima on the potential
energy surfaces. The zero-point vibrational energy corrections have been inctuded in
all calculations.
In the results to follow, the binding energy per atom of optimized neutral
clusters are computed as
BE=-E, /n (3.1)
where E,, is the total energy of a cluster defined as E,, = £, —nE| with E, and E, are

the energies of a neutral Pd atom and of the optimized cluster, r.espectively and 7 is the

number of Pd atoms in the cluster.

For ionic clusters, the formula used for binding energy per atom calculation is
BE=-E! /n (3.2)

where E}, =Ef —(n—-1)E, —E{ is the total energy of an ionized cluster, in which E®

and EF are the energies of the single charged Pd atom (Pd,*) and Pd,” clusters (n=2—

13), respectively.

Several reactivity descriptors are used in density functional theory to define the
reactivity of molecules. One such descriptor is global hardness (#), which is defined as
the second derivative of energy (E) with respect to the number of electrons (N) at
constant external potential, v(¥)[223]

1( 8*E 1{o
n=L[2E z_(_#) (3.3)
2\anv? ), 2\ N ),

where p is the chemical potential of the system.

Using the finite difference approximation, global hardness, # can be approximated as

_p . £4 (3.4)

where [P and EA are respectively the first vertical ionization potential and vertical

n

electron affinity of the chemical system.
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3.3 RESULTS AND DISCUSSION

3.3.1 Geometries and energetics
Pd ** atom

First we present the results obtained for single Pd atom. Our results show that for Pd
atom, singlet state is the lowest energy state with 0.75 eV lower in energy than the
triplet state. This value is in close agreement with the experimental value (0.82 eV)
[224] and previous theoretical values of 0.87 eV by Valerio and Toulhoat [92] and
Seminario et al. [97] using B3LYP functional. It is observed that the most stable
structures of both the cation and the anion of Pd atom are doublets (M=2). For Pd"

and Pd’, the quartet-doublet energy separations are 3.31 and 4.78 eV, respectively.

Pd,"* cluster

The lowest energy structures of neutral Pd, (n=2-13) clusters are shown in Figure
3.1. Similar structures are possessed by the corrésponding lowest energy cationic
and anionic clusters. The average bond lengths and binding energies of all the
lowest energy palladium clusters are given in Table 3.1. The lowest energy structure
of neutral Pd; is a triplet with a symmetric point group of D, in agreement with
other studies [92,97,98,99,126]. The bond length of this structure is found to be 2.54
A, which agrees well with B3LYP/LANL2DZ result of Valerio and Toulhoat [92]
(2.53 A) and B3LYP/HUZINAGA result of Seminario et al. [97] (2.559 A). The
calculated value is slightly higher than the experimental value of 2.48 A [66]. It is
seen from Table 3.1 that the binding energy of the ground state Pd, is 1.11 eV, in
agreement with the trustworthy value of (1.03+0.16 eV) [58,225]. The singlet and
triplet states are very close in energy, the singlet state lies only 0.0018 eV higher in
energy than the triplet state (Appendix A).

For both Pd," and Pd,, the lowest energy structures are doublets with
symmetric point group of D.y. It is seen from Table 3.1 that the bond lengths for
Pd," and Pd, are 2.70 A and 2.54 A, respectively. For Pd,", this value is slightly
higher and for Pdy’, it is lower than the earlier results (2.661 A for Pd;" and 2.675 A
for Pd,") of Efremenko and Sheintuch [86]. For Pd," and Pd;’, the quartet states are
higher in energy by 0.57 eV and 0.98 eV, respectively compared to their doublet
states. Binding energy per atom for Pd," is 1.087 eV/atom, which is slightly higher
than the value reported by Efremenko and Sheintuch [86] (1.059 eV/atom). Binding
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energy per atom for Pd, is 1.31 eV/atom (Table 3.1) and this is higher than the value
0.944 eV/atom, reported by Efremenko and Sheintuch [86].

o—9

PdZ (D:ch: M=3)

Pdy(Dy, M=1) Pd,, (Dy,, M=1) Pd,,(C,, M=1) Pd,;(C,, M=1)

Figure 3.1: Lowest energy optimized structures of neutral Pd,~Pd,; clusters. The
point group symmetry and spin multiplicity for each cluster are shown in

parenthesis. Blue spheres represent the palladium atoms.

Pd"* cluster

For neutral Pd;, the lowest energy isomer is a singlet with an equilateral triangular
structure of bond length 2.52 A in Dj, symmetry. The energy difference between
the singlet and the triplet state is only 0.046 eV (Appendix A). This contradicts the
results of Seminario et al. [97] and Nakao et al. [98] stating the lowest energy state
of Pds to be a triplet with D3, symmetry. Valerio and Toulhoat [92] and Nava ef al.
[103] reported that the lowest energy state of Pd; is a triplet in C;, symmetry. Our
result is in agreement with that of Luo et al. [102] and Zacarias et al. [226]. The

binding energy per atom for most stable Pd; cluster is 1.11 eV/atom. This value is
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less than the reported value 1.203 eV/atom by Kumar and Kawazoe [24] (GGA) and
1.23 eV/atom by Zhang et al. [100] (PW91).

Table 3.1: Average bond lengths (<Pd-Pd>) in A and binding energy per atom

(BE/atom) in eV for the most stable palladium clusters as a function of cluster size.

Neutral clusters Cationic clusters Anionic clusters
Cluster

size (n) <Pd-Pd> BE/atom <Pd-Pd> BE/atom <Pd-Pd> BE/atom
(A) (eV) (A) (eV) (A) (eV)

2 2.54 0.56 2.70 1.09 2.54 1.08
3 2.52 1.11 2.52 1.48 2.52 1.44
4 2.67 1.41 2.64 1.87 2.72 1.60
5 2.71 1.48 2.69 1.90 2.73 1.69
6 2.72 1.60 2.71 1.99 2.73 1.76
7 2.75 1.61 2.74 1.95 2.75 1.81

2.74 1.70 2.74 1.98 2.74 1.87

2.73 1.75 2.72 2.02 2.73 1.93
10 2.75 1.77 2.75 2.02 2.76 1.94
11 2.74 1.81 2.75 2.02 2.74 1.99
12 2.72 1.84 2.72 2.05 2.73 2.00
13 2.74 1.86 2.74 2.06 2.74 2.02

For Pd;*, the lowest energy structure is a quartet with triangular structure and Ds;,
symmetry. The doublet state of this triangular structure is 0.52 eV higher in energy.
The binding energy per atom for the lowest energy state is 1.48 eV/atom. This value
is higher than that reported by Efremenko and Sheintuch [86] (1.185 eV/atom).
Lowest energy structure of Pd; is a doublet with triangular structure (Dsy
symmetry), which is not definitely known from spectroscopy [227]. However, from
the calculations of Balasubramanian [89], it is indicated that the most stable structure
of neutral Pd; has a triangular geometry. The additional electron in the anion can
occupy moderately bonding or nonbonding molecular orbitals in the calculated
configuration [89] of the lowest energy state. Therefore, it is likely that the lowest
energy isomer of Pd3™ is triangular [131]. The quartet state lies 0.72 eV higher in
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energy. The binding energy per atom for the lowest energy state of Pd; is 1.44
eV/atom, which is close to the value reported by Efremenko and Sheintuch [86]
(1.503 eV/atom). From Table 3.1, both Pd;* and Pd;™ are found to have an average
bond length of 2.52 A. These values are less than the previous results (2.756 A for
Pd;* and 2.604 A for Pd3") [86].

Pd* cluster

A triplet state with distorted tetrahedron and C, symmetry is found to be the lowest
energy structure for neutral Pds (Figure 3.1). The average bond length of this
structure is 2.67 A (Table 3.1). Kumar and Kawazoe [24] reported a similar lowest
energy state for Pd, with an average bond length of 2.61 A. The energy difference
between the triplet and the singlet state is 0.017 eV. A regular tetrahedron (T4
symmetry) in triplet state is found to be 0.0022 eV higher in energy than the lowest
energy structure (Appendix A). The structure and relative stability of some other
isomers are shown in Appendix A. Binding energy for the most stable structure of
Pds is 1.41 eV/atom (Table 3.1), which is lower than the earlier observations of
1.628 eV/atom by Kumar and Kawazoe [24] (GGA), 1.58 eV/atom by Goursot et al.
[126] (VWN), and 1.63 eV/atom by Nava et al. [103] (BP86) but higher than the
reported value of 1.245 eV/atom by Valerio and Toulhoat [92] (B3LYP).

For Pd,", the most stable structure is a quartet with a regular tetrahedron in
Ta symmetry. The average bond length of this structure is 2.64 A (Table 3.1). The
doublet state lies 0.07 eV higher in energy. Binding energy per atom of the lowest
energy structure is 1.87 eV/atom. For Pd4 , the lowest energy structure is a doublet
with a regular tetrahedron and the average bond length is 2.72 A. This structure is
0.38 eV lower in energy than the quartet state. Binding energy for Pd, is 1.60

eV/atom.

Pd 50'i cluster

The lowest energy structure of neutral Pds is a singlet in D3, symmetry as shown in
Figure 3.1. The average bond length of this trigonal bypiramidal structure is 2.71 A
(Table 3.1). A similar lowest energy state was reported by Kumar and Kawazoe [24]
with an average bond length of 2.65 A (GGA) and by Rogan et al. [99] with an
average bond length of 2.69 A (LSDA result). Two tetragonal pyramid structures in
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C,v and C4, symmetries in the singlet states are found to lie 0.0017 and 0.0038 eV
higher in energy, respectively, than the lowest energy state. It is found that a
trigonal bypiramid structure (D3, symmetry) in the triplet state lies 0.024 eV higher
in energy than the most stable one. The relative energies of all the structural and
spin isomers with respect to the most stable cluster are given in Appendix A. The
binding energy per atom for the lowest energy structure is 1.48 eV/atom (Table 3.1)
and 1t is less than the results of Kumar and Kawazoe [24] (1.766 eV/atom) and Nava
etal. [103] (1.744 eV/atom).

A quartet state with a trigonal bipyramid of an average bond length of 2.69 A
in D3;, symmetry is the lowest energy structure for Pds*. The doublet state lies only
0.0036 eV higher in energy. It is seen from Table 3.1 that the binding energy per
atom for the most stable structure of Pds' is 1.90 eV/atom. Pds is a doublet with
trigonal bipyramidal structure (D3, symmetry) and average bond length of 2.73 A in
its lowest energy. The corresponding quartet state is 0.16 eV higher in energy. The
binding energy per atom of the lowest energy structure is 1.69 eV/atom.

Pd* cluster
For neutral Pds, the lowest energy structure is a distorted octahedron with Cj,
symmetry (Figure 3.1) and its average bond length is 2.72 A (Table 3.1). This
structure is a singlet, in agreement with the earlier observation by Kumar and
Kawazoe [24]. The triplet state of this structure lies 0.067 eV higher in energy
compared to the singlet state. An octahedral structure (O, symmetry) in singlet state
lies 0.004 eV higher in energy than the lowest energy structure. Few other structural
and spin isomers with their relative energies are given in Appendix A. The binding
energy (1.60 eV/atom) for the lowest energy state is found to be less than those
reported by Kumar and Kawazoe [24] (1.922 eV/atom) and Nava et al. [103] (1.878
eV/atom), but higher than the result of Valerio and Toulhoat [92] (1.411 eV/atom).
For Pds’, the lowest energy structure is a doublet with an octahedron in Oy
symmetry. The average bond length is 2.71 A. The corresponding quartet state lies
0.055 eV higher in energy. Binding energy for the lowest energy structure is 1.99
eV/atom. The most stable structure of Pd¢ 1s also a doublet with an octahedron (O,
symmetry) of average bond length of 2.73 A. The quartet state of this structure is
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0.13 eV higher in energy. The binding energy for the most stable Pd¢ is 1.76

eV/atom.

Pd;"* cluster

The most stable structure of neutral Pd; is a singlet with pentagonal bipyramid (PBP)
structure (Figure 3.1), average bond length of 2.75 A and Ds, symmetry. This result
1s in agreement with the suggestion [84] based on the photoemission data that Pd;
may be a closed shell species with zero magnetic moment. The relative energies and
structures of some other structural and spin isomers with respect to the lowest energy
structure are given in Appendix A. It is seen from Table 3.1 that the binding energy
for the PBP structure is 1.61 eV/atom, which is less in comparison to the earlier
results of Kumar and Kawazoe [24] (1.917 eV/atom) and Nava et al. [103] (1.903
eV/atom).

The lowest energy structure of Pd;" is a doublet with a pentagonal bipyramid
structure in Ds, symmetry and the average bond length is 2.74 A. The quartet state
lies 0.049 eV higher in energy than the lowest energy structure. The binding energy
for the lowest energy isomer is 1.95 eV/atom. The most stable structure of Pd;™ is
also a doublet with a pentagonal bipyramid structure (Ds, symmetry) of average
bond length of 2.75 A. The quartet state of this structure is 0.045 eV higher in
energy compared to the lowest energy state. The binding energy per atom of the
most stable Pd; is 1.81 eV.

Pd>* cluster

The lowest energy structure of neutral Pdg cluster is a bicapped octahedron as shown
in Figure 3.1. The structure is a triplet with C,, symmetry and its average bond
length is 2.74 A. This structure is similar to the earlier observations [24,102-
104,228]. However, the lowest energy structure found by Zhang et al. [100] and
Rogan et al. [101] are in the singlet and quintet states, respectively. In our study, the
corresponding singlet state lies 0.223 eV higher in energy than the lowest energy
structure. Binding energy of the most stable structure is found to be 1.70 eV/atom
(Table 3.1), which is less than the earlier reported values [24,100,103]. It is found
that an isomer having similar structure as that of the most stable one with Dy,

symmetry in singlet, triplet and quintet states lie 0.226, 0.242 and 0.351 €V higher in
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energy, respectively, than the ground state. The relative stabilities and structures of
some other isomers with different spin multiplicities are presented in Appendix A.
The lowest energy structure of Pds™ is a bicapped octahedron with Dyg
symmetry in doublet state. The corresponding structures in quartet and sextet states
lie 0.040 and 0.253 eV higher in energy, respectively, than the lowest energy
structure. The average bond length and binding energy per atom values of the most
stable structure are 2.74 A and 1.98 eV/atom, respectively. The most stable structure
of Pdg™ is also a bicapped octahedron with D,y symmetry in doublet state. This
structure is found to have an average bond length of 2.74 A and binding energy per
atom of 1.87 eV/atom. The relative energies of this structure in quartet and sextet

states are 0.049 and 0.235 eV, respectively, with respect to the lowest energy state.

Pd)>* cluster

For neutral Pdy cluster, the most stable structure is composed of double octahedrons
fused with one facet (Figure 3.1). This structure is in singlet spin multiplicity and
with Dsj, point group symmetry. Bdyiikata and Belchior [104] have also predicted
this structure to be the most stable configuration using molecular dynamics. A
similar ground state structure has been observed by Zanti and Peeters [105] and Luo
et al. [102] in quintet and triplet states, respectively. The calculated average bond
length and binding energy per atom of the most stable isomer are 2.73 A and 1.75
eV/atom, respectively (Table 3.1). Our calculated triplet and quintet states of the
lowest energy structures lie 0.022 and 0.131 eV, higher in energy, respectively, than
the singlet state. Several other local minima structures have been predicted, which
are shown with their relative energies in Appendix A.

The lowest energy structure of Pdy” and Pdy” are similar to that of the ground
state structure of neutral Pdy cluster. These structures have doublet spin states and
D;, symmetries. The average bond lengths and binding energies per atom of these
structures are found to be 2.72, 2.73 A and 2.02, 1.93 eV/atom, respectively (Table
3.1). The cationic Pdy cluster in quartet and sextet spin states lie only 0.003 and

0.109 eV higher in energy, respectively, than the lowest energy state. Similarly, the
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relative energies of the quartet and sextet states with respect to the lowest energy

state of anionic Pdy cluster are 0.073 and 0.259 eV, respectively.

Pd,;,"* cluster

The configuration with edge sharing double octahedrons in singlet state with Djy
symmetry is found to be the lowest energy structure for Pd,q in our calculations,
which is shown in Figure 3.1. A similar structure in quintet state has been predicted
to be the ground state by Nava et al. [103]. It has been observed that the lowest
energy structure lies only 0.010 and 0.068 eV lower in energy than the triplet and
quintet states, respectively. The calculated average bond length and binding energy
per atom of the lowest energy structure are 2.75 A and 1.77 eV/atom, respectively
(Table 3.1). We have predicted a large number of low energy geometric and spin
isomers, whose structures and relative energies from the lowest energy structures are
summarized in Appendix A.

Pd;o" and Pd,q clusters are found to have similar structures as that of the
neutral Pdjo cluster. These two structures have D,, symmetry and they are in
doublet states. The average bond lengths of these isomers are found to be 2.75 and
2.76 A, respectively. Their respective binding energy values are 2.02 and 1.94
eV/atom. The corresponding structures in quartet and sextet states for cationic and

anionic Pd,g clusters lie 0.004, 0.033 and 0.069, 0.158 eV, respectively.

Pd,>* cluster

The highest binding energy structure of Pd;, cluster consists of three octahedrons,
each of which fuses one facet with the other two (Figure 3.1). This structure is in
singlet state with D3, symmetry. A similar lowest energy structure in triplet state has
been predicted by Luo et al. [102]. The average bond length of our calculated
lowest energy structure is 2.74 A with binding energy value of 1.81 eV/atom (Table
3.1). The triplet and quintet states of this structure are almost degenerate to the
singlet state (0.004 and 0.032 eV higher in energy, respectively). A structure formed
by two fused Pd; decahedra (structure 11(c) in Appendix A) was found to be the
most stable structure by Nava et al. [103]. However, our study shows that this
structure in singlet, triplet and quintet states lie 0.413, 0.424 and 0.481 eV higher in

energy, respectively than that of the lowest energy structure. Several other spin
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isomers with different structures have also been detected lying in varieties of
energies relative to the ground state energy (Appendix A).

The lowest energy structures of Pd;;" and Pd,;" are found to be similar to that
of neutral Pd;; cluster. They are in quartet and doublet states, respectively, with Djy,
symmetry. The average bond lengths of the two isomers are 2.75 and 2.74 A,
respectively. Their respective binding energies per atom are found to be 2.02 and
1.99 eV/atom (Table 3.1). The doublet and sextet states of anionic Pd;; cluster have
small energy difference of 0.003 and 0.006 eV from the ground state. For cationic
Pd,;, the quartet and sextet states lie 0.027 and 0.116 eV higher in energy,

respectively, than the lowest energy state.

Pd,,"* cluster

We have detected a structure consisting of two octahedrons, a square pyramid and a
prism, each of which shares one facet with the two others to be the most stable
structure of Pd,,. This structure is found to be in singlet state with C; symmetry and
it has not been reported earlier. An average bond length of 2.72 A and binding
energy of 1.84 eV/atom have been calculated for the most stable structure of Pd,,
(Table 3.1). This structure in triplet and quintet states has small difference of energy
(0.014 and 0.069 eV, respectively) from that of the ground state. A different
structure with two octahedrons and a pentagonal bipyramid was predicted to be the
lowest energy Pd,, structure by Luo et al. [102]. Similar to the observation of Luo
et al. [102], our calculations reveal that an icosahedral structure in singlet state lie
0.694 eV higher in energy than the lowest energy isomer. Several other local
minima structures have also been predicted with different relative energies with
respect to the ground state as given in Appendix A.

Pd;," and Pd,, clusters are found to have similar structure as that of neutral
Pd;; cluster with C; symmetry in doublet states. The average bond lengths and
binding energies of these two isomers are calculated to be 2.72 A, 2.05 eV/atom and
2.73 A, 2.00 eV/atom, respectively (Table 3.1). For Pd,,", the quartet and sextet
states lie 0.016 and 0.062 eV higher in energy, respectively, than the lowest energy
state. Similarly, the respective energies of quartet and sextet states of Pd,,” are 0.042
and 0.155 eV higher than that of the ground state.
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Pd,; 30'i cluster

In contrast to the previously predicted icosahedral structures [24,74,103], we have
found a less symmetric (C, point group) structure to be the most stable form of Pd,s.
This structure is in singlet state and is composed of two octahedrons, a pentagonal
bipyramid and a square pyramid sharing facets with one another. The corresponding
triplet and quintet states are 0.014 and 0.073 eV higher in energy, respectively than
the ground state. An icosahedral isomer in singlet state (structure 13(g) in Appendix
A) has an energy difference of 0.124 eV relative to the lowest energy structure.
Recent theoretical calculations [108,112] have also predicted non icosahedral low
symmetry open structures to be the ground state of Pd;3. Our computed values of
average bond length and binding energy for the most stable Pd,; cluster are 2.74 A
and 1.86 eV/atom, respectively. The relative energies of different geometric and spin
isomers of Pd;; clusters are given in Table 3.1 and their structures are shown in
Appendix A.

For Pd;3" and Pd,3’, the lowest energy structures are similar to that of neutral
Pd;3. These two structures lie in doublet states and with C; symmetry. Their average
bond lengths (2.74 A) are also similar to that of neutral Pd;; cluster. Binding energy
values of these clusters are 2=.06 and 2.02 eV/atom, respectively. The corresponding
quartet and sextet states of cationic and anionic Pd,; lie 0.016, 0.041 eV and 0.076,
0.144 eV higher in energies, respectively.

The variations in the global minima structures as observed above depend on
different exchange-correlation functional as well as basis functions used for

calculations [111].

Trends

Variation of average bond lengths of the most stable clusters with cluster size is
shown in Figure 3.2. It is quite visible from the figure that the average bond length
decreases as we go from Pd,? to Pd;? (¢=0, 1, —1) and then it increases very slowly
with slight variation with cluster size. The increase in average bond length from n=3
may be due to the growing of three dimensional configurations at n=4.

In Figure 3.3, we have plotted the binding energies per atom of the most
stable structures of all the clusters as a function of cluster size. It is observed that for
neutral, cationic and anionic clusters, the binding energy per atom, in general,
increases with the number of atoms in the cluster. It shows that the stability of the

clusters increases with cluster size and this increment becomes very slow toward the
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bigger sized clusters. This gives an idea that a very large number of atoms in the
cluster are needed to reproduce the bulk cohesive behaviour, as the experimental

value of bulk binding energy is 3.91 eV/atom [229].
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Figure 3.2: Variation of average bond lengths (A) with cluster size for the most

stable palladium clusters.
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Figure 3.3: Binding energies per atom in eV for the most stable palladium clusters

as a function of cluster size.

In accordance with the spherical drop model [230,231], we have also plotted the
binding energy per atom for the lowest energy clusters as a function of the inverse of

the cluster radius R, R'~n'? [232] (Figure 3.4).
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Figure 3.4: Binding energies per atom versus n " for the neutral, cationic, and

anionic clusters.

There is a linear correlation with correlation coefficients of 0.989, 0.977 and 0.998
for neutral, cationic and anionic clusters, respectively. Moreover, the plot indicates
the charge distribution in anionic clusters is more “spherical” compared to that in
neutral and cationic clusters. This is because of the large spatial extents of the
electrons in anions due to the presence of extra electrons. If we extrapolate our data,
we obtain a value of ~3.30 eV/atom for the bulk cohesive energy of neutral clusters,
which is fairly close to the experimental value of 3.91 eV/atom [229].

We have also defined the coordination number vy, as the average number of
bonds for each atom in a cluster. Values of y for the lowest energy palladium
clusters are tabulated in Table 3.2. This value is found to be equal for neutral,
cationic, and anionic clusters of the same size. Naturally, the coordination numbers
increase with the number of atoms in the cluster (except only for Pdlzo‘*). We have
already seen that the binding energy of all the lowest energy isomers of palladium
clusters increases with the cluster size (Figure 3.3). Therefore, we can say that the
stabilities of the most stable neutral, cationic, and anionic clusters increase as the
coordination number increases. This is in agreement with the principle proposed by
Stave and DePristo [233] which states that transition metal clusters generally

maximize the minimum coordination of any atom.
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Table 3.2: Average coordination numbers (y) of the ground state palladium clusters

as a function of cluster size.

Average coordination number (y)

Cluster size

Neutral Cationic Anionic
3 2.00 2.00 2.00
4 3.00 3.00 3.00
5 3.60 3.60 3.60
6 4.00 4.00 4.00
7 4.29 4.29 4.29
8 4.50 4.50 4.50
9 4.67 4.67 4.67
10 5.00 5.00 5.00
11 5.09 5.09 5.09
12 4.75 4.75 4.75
13 5.15 5.15 5.15

3.3.2 Relative stability _
To examine the relative stability of the clusters, we have calculated the second finite
difference of the total energies, i.e. the stability function as defined below:

S¥%(n)= Epi + B - 2B (3.5)
for neutral and ionized clusters, respectively. Figure 3.5 displays the evolution of
% “*(n) as a function of cluster size. Noticeable peaks at n = 4, 6 and 9 for neutral
clusters indicate that these clusters are more stable than the neighboring clusters.

We have also calculated the fragmentation energies of all the clusters into
differe_nt binary channels from

E

n—(n-m)+m

=En_m+Em—En;n>m21, (3.6)
for the channel Pd,— Pd,_, +Pd, where E, is the energy of the corresponding

stable structure. These values for neutral, cationic and anionic clusters are displayed
in Tables 3.3, 3.4 and 3.5, respectively. The preferred decay channel for each of the
neutral clusters involves a neutral atom. For the cationic as well as for the anionic
clusters, the most favorable decay channel is that in which the larger fragment

carries the charge and neutral palladium atom is one of the decay products.
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Figure 3.5: The stability function of the most stable palladium clusters as a function

of cluster size.

Table 3.3: Fragmentation energies (eV) of the lowest energy neutral palladium

clusters.

Final Initial clusters

clusters py  p4, pd, Pd;s Pds Pd; Pdy Pdy Pdy Pdy Pdy, Pdys
Pd, L.11 221 233 176 216 1.70 233 215 192 221 222 2.09
Pd, 221 343 297 281 275 292 337 294 301 331 320
Pd; 233 297 292 229 287 285 3.07 295 3.02 3.19
Pd, 1.76 2.81 229 230 269 245 295 284 279
Pds 2.16 275 2.87 2.69 286 290 342 3.18
Pd, 170 2.92 285 245 290 295 3.34
Pd, 233 337 307 295 342 334
Pds 2.15 294 295 2.84 3.18
Pd, 192 301 3.02 279
Pdyo 221 331 3.19
Pdy, 222 3.20
Pd, 2.09




Chapter 3 Gas phase small palladium clusters -53-

Table 3.4: Fragmentation energies (eV) of the lowest energy cationic palladium

clusters.

Final Initial clusters

clusters Pd,;" Pd;" Pdy" Pds’ Pds” Pd;” Pdg" Pdy" Pdyy" Pdyy" Pdy;" Pdys"

Pd, 217 227 3.05 201 244 1.73 214 237 199 207 235 213

Pd, 333 420 394 333 3.06 276 340 324 294 331 337
Pd; 3.05 4.00 4.16 285 299 292 3.17 3.10 3.08 323
Pd, 3.84 4.11 3.57 267 303 258 291 312 289
Pd; 452 408 396 328 326 289 351 350
Pds 409 406 4.16 3.10 316 3.08 348
Pd, 454 473 444 347 382 351
Pdsg 457 438 419 349 3.62
Pdy 441 431 439 347
Pdyo 456 474 4.00
Pdy, 471 4.67
Pd,, 4.62

Table 3.5: Fragmentation energies (e¢V) of the lowest energy anionic palladium

clusters.

. Initial clusters
Final

clusters

sz- Pd3- Pd4. Pds Pd6 Pd7- Pds- Pdg- Pdlo- Pdn- Pdlz- Pdlg-

Pd, 215 216 207 206 213 2.10 226 244 205 245 218 218

Pd, 320 311 3.02 3.08 3.12 324 359 338 338 352 324
Pd; 305 296 293 296 3.16 347 342 361 335 348
Pd, 279 277 271 289 328 3.19 354 347 3.20
Pds 316 3.11 320 358 356 3.88 396 3.89
Pds 309 320 348 346 385 390 398
Pd, 365 394 383 421 433 437
Pds 376  3.65 394 405 4.17
Pd, 366 395 398 4.08
Pd,o 419 421 423
Pd,, 4.16 4.19

Pd,; 4.12
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As a subset of the fragmentation energy, the bond dissociation energy (BDE),
defined as the energy required in fragmenting a cluster Pd, to Pd,- and Pd, is plotted

for all the ground state clusters as a function of cluster size in Figure 3.6.
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Figure 3.6: Bond dissociation energies in eV as a function of clusters size for most

stable palladium clusters.

Bond dissociation energy for Pd,, is found to be 1.11 eV (first row of Table 3.3),
which is very close to the experimental value of 1.03 + 0.16 eV by Shim and
Gingerich [225]. For Pd;’, the observed value is 2.15 eV and the experimental value
is 2.15+0.17 eV by Ho et al. [59]. For Pd; and Pds’, bond dissociation energies are
2.21 eV and 2.16 eV, respectively. These are in agreement with the experimental
values (2.49+0.42 eV for Pd; and 2.28+0.42 eV for Pd;’) reported by Spasov and
Ervin [131]. Higher values of bond dissociation energies are observed for neutral
Pd;, Pd4, Pds, Pdg and Pd,, clusters, indicating them to be more stable than their

neighbors and Pd, is found to have the highest among all the clusters.

3.3.3 Electronic properties
3.3.3.1 Ionization potential and electron affinity
We have computed the adiabatic and vertical ionization potentials (AIP and VIP

respectively) of the clusters using the formula
IP=E,"-E,, 3.7
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where E," is the energy of the cationic clusters at the optimized geometry of the
cation (for AIP) and at the optimized geometry of neutral cluster(for VIP).

The adiabatic and vertical electron affinities (AEA and VEA, respectively)
are calculated from

FEA=E,-E,, (3.8)
where E, is the energy of the anionic clusters at the optimized geometry of anion
(for AEA) and at the optimizeci geometry neutral cluster (for VEA).

Ionization potentials and electron affinities are compared with the
experimental values in Table 3.6. It is seen from the table that adiabatic ionization
potential for Pd atom is 8.69 eV. This is close to the experimental value of Ishikawa
(8.3365+0.0001) [234] and Lide (8.3369+0.0001) [235]. The value of AIP for Pd, is
7.63 eV, which agrees well with the experimental result (7.7+0.3) of Gingerich ef al.
[236].

Table 3.6: Ionization potentials (IP) and electron affinities (EA) in eV for the lowest

energy palladium clusters.

Cluster

a b
size (n) AIP VIP IP (Expt.) AEA VEA EA (Expt.)
8.3365+0.0001, 0.5620+0.0050,
1 8.6883 8.6883 8 3369+0.0001 0.5402 0.5402 0.5570 + 0 0080
1.6850+0.0080,
2 7.6280 7.6936 7.7+03 1.5809 1.5809 130+015
1.35+0.10,
3 7.5734 7.6084 — 1.5230  1.4860 <150+010
4 6.8492 6.8580 — 1.2695 1.2388 1.35+0.10
5 6.6006 6.6046 — 1.5698 1.5575 1.45+0.10
6 6.3289 6.3268 — 1.5377 1.5307 1.65+0.10
7 6.2949 6.2992 — 19346 1.9224 1.70+0.15
8 6.4834 6.4910 — 1.8579 1.8569 1.85+0.25
9 6.2654 6.2646 — 2.1542  2.1456 1.95+0.25
10 6.2011 6.2004 — 22787 2.2772 2.00+0.25
11 6.3336 6.3377 — 2.5220 2.5139 1.95+0.25
12 6.1991 6.1975 — 2.4839 2.4753 2.00+0.30
13 6.1615 6.1621 - 2.5679  2.5595 2.25+0.30

 References 234-236.
® References 59, 65, 227, 238.
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Variation of IP and EA with cluster size is plotted in Figure 3.7. Work function of
Pd is 4.97 eV [237]. Therefore it is clear that convergence to the bulk limit s slow
for small palladium clusters.
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Figure 3.7: Variation of ionization potential (IP) and electron affinity (EA) of

lowest energy palladium clusters with cluster size.

It is clear from Table 3.6 and Figure 3.7 that the calculated EA values agree well
with the experimental values. We have obtained an EA value of 0.54 eV for single
Pd atom, which agrees well with the experimental results of Ho et al. [59] (0.5620 +
0.0050) eV and Hotop et al. [238] (0.5570+0.0080) eV. EA values obtained for all
other clusters are close to the experimental results of Ho et al. [59], Ervin et al. [227]
and Gantefor et al. [65]. We note from the graph (Figure 3.7) that Pd,, Pde, Pdg and
Pd,; have rather low EAs, which support the result of higher stability of these

clusters predicted from stability function.

3.3.3.2 HOMO-LUMO gap, global hardness and dipole moment
We have plotted the HOMO-LUMO gaps of the lowest energy clusters in Figure 3.8.
It has been observed that there is a kind of even-odd oscillation in the varnation of

the HOMO-LUMO gaps with respect to the cluster size. The HOMO-LUMO gaps
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for cationic clusters are larger than those of neutral and anionic clusters. A gradual
decrement in the magnitude of the gaps is evident.. Among the neutral clusters, Pd,
has the highest gap of 1.50 eV and Pds has the next higher gap of 1.12 eV. For
anionic clusters, except for smaller peaks at Pds and Pdy, the variation of the gap is
almost smoother. It may be due to the presence of an extra electron in anions, which

reduces the HOMO-LUMO gap and makes the variation smaller.
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Figure 3.8: Variation of HOMO-LUMO gap with cluster size of most stable

palladium clusters.

The results obtained for global hardness (#7) are plotted in Figure 3.9.
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Figure 3.9: Global hardness of most stable palladium clusters with cluster size.
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For single Pd atom, this value is found to be 4.07 eV, which is slightly higher than
the experimental value of 3.89 eV [239]. Pd; and Pd; are observed to show almost
the same hardness among the clusters followed by Pds. The value decreases
continuously for larger sized clusters with a sudden increment in Pdg.

Finally, we have shown the dipole moments z. (in debyes) of all the ground
state clusters as a function of cluster size in Table 3.7. Almost zero values of .
indicate spherical charge distribution for most of the neutral, cationic and anionic
clusters. However comparatively higher u. values represent the deviation from

spherical charge distribution in Pd|; and Pd,; clusters.

Table 3.7: Dipole moments . (in debyes) of the ground state palladium clusters as a

function of cluster size.

Cluster size (n) Neutral Anionic Cationic
2 0.0000 0.0127 0.0127
3 0.0000 0.0085 0.0085
4 0.0010 0.0069 0.0065
5 0.0019 0.0050 0.0001
6 0.0004 0.0066 0.0059
7 0.0038 0.0080 0.0012
8 0.0003 0.0004 0.0001
9 0.0001 0.0000 0.0000
10 0.0005 0.0005 0.0003
11 0.0000 0.0000 0.0004
12 0.0613 0.1135 0.0108
13 0.0935 0.0167 0.1884

3.4 SALIENT OBSERVATIONS

We have carried out systematic relativistic density functional calculations for a
series of nanoscale bare palladium clusters with atoms from 1 to 13 for three
different multiplicities M=1, 3, and 5. Cations and anions formed from the lowest
energy states of neutral clusters are examined with multipiicities M=2, 4, and 6. In

this study, we have calculated different parameters such as bond length, binding
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energy, coordination number, stability function, fragmentation energy, bond
dissociation energy, ionization potential, electron affinity, HOMO-LUMO gap,
global hardness and dipole moment. Based on all the above-discussed data, we can
draw an important conclusion on the magicity of the clusters. In light of the jellium
model [231] clusters of simple metals exhibit electronic shell structure similar to the
shell model of nucleus and this leads to magic behavior of clusters with. 8, 20, 40,
58, 92,... valence electrons [24]. On this basis, Pd4 can be claimed to exhibit shell
closure as it has 40 valence electrons. However, photoelectron spectra of palladium
cluster anions [65] reveal that the more localized d valence electrons in Pd clusters
dominate the density of states near the Fermi level, which suppress possible shell
structures. As mentioned before, it is found that Pd, has relatively high binding
energy (1.41 eV/atom) and the stability function shows higher relative stability of
Pd, than the neighbours. Again, Pd, is found to have considerably high (6.85 eV)
adiabatic ionization potential and lowest adiabatic electron affinity (1.27 eV) among
all the clusters. Moreover, Pds possesses the highest value of bond dissociation
energy (2.33 eV) in the cluster series and also a high HOMO-LUMO gap of 1.12 eV.
Along with these, global hardness calculation and dipole moment value of Pds
showed higher chemical hardness and closed shell structure, respectively. Although
binding energy values of Pds—Pd,; are higher than that of Pds, their AIP values are
lower and also they have higher AEAs. These clusters have lower HOMO-LUMO
gaps, bond dissociation energies (except for Pd¢ and Pdg) and global hardness
values. Similarly, though Pd, has higher AIP, HOMO-LUMO gap and global
hardness than Pds, the values of the other parameters do not support it as a magic
cluster. Low electron affinity, high ionization potential (i.e., large HOMO-LUMO
gap) and enhanced stability are hallmarks of magic clusters [240]. So, we can accept
Pd,4 as the electronically most stable cluster or a magic-number cluster among the

clusters studied here.



CHAPTER

ADSORPTION OF CO ON GAS PHASE SMALL
PALLADIUM CLUSTERS

In the present chapter, we have presented the results of the DFT investigation of
carbon monoxide adsorption on neutral, cationic and anionic Pd, (n=1-7) clusters.
In this study, we have checked all possible modes of adsorption of CO on small
stable palladium clusters obtained in Chapter 3. Symmetry unrestricted geometry
optimizations have been performed for all the complexes in different spin
multiplicities. The results indicate that the binding of CO molecule to neutral and
cationic palladium clusters takes place via 1-, 2- and 3-fold coordination. On the
other hand, only terminal adsorption of CO molecule is possible in anionic clusters
barring bridging adsorption in Pd; cluster [Kalita and Deka, Eur. Phys. J. D 53, 51
(2009)].

4.1 INTRODUCTION

Adsorption on metal surfaces has been extensively studied due to its importance in
understanding surface phenomena and catalysis. The chemisorptions of CO on
metal surfaces have become a subject of great interest as part of the necessary
activation steps during the catalytic reduction/oxidation of these molecules in
industrial processes. Previous theoretical [105,116-129] and experimental [131,132]
investigations on different nanosized neutral and charged palladium clusters have
concluded that these clusters exhibit a variety of binding sites for CO including a-
top, bridge and hollow positions.

In spite of these theoretical and experimental studies, a systematic theoretical
study of CO adsorption on anionic Pd clusters is still missing and till date, there have
been no theoretical reports on Pd,CO" clusters to the best of our, knowledge. In the

present work, we have carried out a systematic investigation of the adsorption
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properties of CO on neutral, cationic and anionic Pd, (n=1-7) clusters using density

functional calculations.

4.2 COMPUTATIONAL DETAILS.

All the density functional calculations ieported here have been carried out using the
DMol® package [209,210]. Relativistic calculations are performed using a local
pseudopotential (VPSR) [217]. Self consistent field procedures are performed with
a convergence criterion of 2x10” a.u. on the total energy and 10 a.u. on electron
density. We have used the DNP basis set [209] and the generalized gradient
approximation (GGA) implemented in the exchange-correlation functional, BLYP
[205,207]. Values of binding energy, bond length and vibrational frequency for free
CO molecule are found to be 11.01 eV, 1.16 A and 2111.7 cm™', respectively. These
results are in well agreement with the experimental values [66] of 11.23 eV, 1.14 A
and 2143 cm’". Stability of all the structures has been confirmed by the absence of
any imaginary frequency. The zero-point vibrational energy corrections have been
included in all calculations.

In the results to follow, the binding energies of CO molecule onto bare Pd,?

(n=1-7, g=1, 0,-1) clusters are computed as,

BE = E (Pd,%) + E (CO) ~ E (Pd,*-CO adduct) (4.1)

4.3 RESULTS AND DISCUSSION

4.3.1 Geometries and energetics

The lowest energy structures of Pd,? (n=1-7 and q=0, 1, -1) clusters have been taken
from our recent work [Chapter 3] to study their interaction with CO molecule.
Symmetry unrestricted full geometry optimization have been carried out on a large
number of possible structural isomers of CO adsorbed palladium complexes
corresponding to the on-top, atop, bridge and hollow adsorption sites for the
adsorbed CO molecule in the complexes. In this study, we have examined two
different spin multiplicities (M=1 and 3) for all the isomers of each cluster size of
the neutral clusters. For cationic and anionic clusters, the isomers of each cluster
size have been fully optimized in spin multiplicities, M=2 and 4. The resulting most

stable structures of palladium monocarbonyl complexes are shown in Figures 4.1
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and 4.2. Computed data for bare and CO adsorbed Pd,? (n=1-7, q=0, 1, -1) clusters
are reported in Table 4.1, 4.2 and 4.3, respectively. The elongation of Pd—Pd bond
lengths of the bare clusters upon CO adsorption shows that there is a bonding

interaction between the cluster and the CO molecule.

Pd,COo'*complexes

The lowest energy structure of neutral Pd;CO is a singlet with linear on-top
geometry and C,, symmetry (Figure 4.1). The structure retains a-top geometry in
triplet state with C; symmetry, which lies 2.095 eV higher in energy (Table Bl in
Appendix B). The cationic Pd;CO also has the linear on-top geometry with Cey
symmetry (Figure 4.1), but it is a doublet. The next higher energy structure (3.790
eV higher in energy) is in a-top geometry in the quartet state with C; symmetry
(Table B2 in Appendix B). The Pd—CO distance and C-O bond length in Pd,CO are
1.87 and 1.16 A, respectively (Table 4.1) which overestimate the experimental
values [241] of 1.843+.003 A and 1.138+0.002 A. However, these values are in
good agreement with the B3LYP/TZVPP results of Nava et al. [242] and with the
recent results of Zanti and Peeters [105]. The lowest energy structure of Pd,CO’ is
found to be a doublet with a-top geometry (<Pd—C—0=143.8") and C; symmetry
(Figure 4.1). A-top geometry (Cs symmetry) of this structure in quartet state lies
2.559 eV higher in energy (Table B3 in Appendix B). Calculated values of Pd-CO
distances in Pd;CO" and Pd,CO" clusters are 1.98 and 1.92 A, respectively. Values
of C-O bond lengths are found to be 1.13 and 1.20 A, respectively for Pd;CO" and
Pd,CO’ clusters. Changes in bond distances are found to be Arpg—c0)=0.048 A and
Arc-0=0.036 A, in transition from neutral to anionic complex. The increment in
bond distances from neutral to anion is not very different from the earlier result
[243]. CO binding energies with neutral, cationic and anionic Pd atom are 1.86, 1.72
and 1.54 eV, respectively. Binding energy value for neutral Pd,CO agrees well with
the B3LYP/TZVPP results of an earlier study [242].

Pd,;C o* complexes
CO molecule prefers the bridge adsorption site in neutral Pd,CO. The structure is a
singlet with C,, symmetry. This observation is similar with other reported works

[105,244]. A structure with a-top adsorption site for CO (M=1 with C; symmetry) is
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0.994 eV higher in energy than the lowest energy state (Table Bl in Appendix B).
A-top (C symmetry) and bridge (C,, symmetry) structures in triplet states are found
to be 1.360 and 1.590 eV higher in energy, respectively than the'most stable state.
For cationic Pd,CO (M=2 with C,, symmetry), CO occupies the bridge adsorption
site¢ of Pd;. The structure with CO adsorbing in the a-top site (M=2 with Cyy
symmetry) lies 0.874 eV higher in energy (Table B2 in Appendix B). In anionic
Pd,CO complex, the structure is a doublet with C., symmetry, in which CO prefers
to be singly coordinated in the on-top adsorption site (Figure 4.1). The values of
Pd—Pd bond lengths in neutral, cationic and anionic clusters are 2.67, 2.68 and 2.63
A, respectively. In neutral Pd,CO cluster, Pd—CO distance and C—O bond length are
1.97 and 1.18 A, respectively. For cationic cluster, these distances are found to be
2.03 and 1.16 A, respectively and for anionic cluster the corresponding values are
1.86 and 1.18 A. The Pd—CO and C—O distances of neutral Pd;CO complex agree
well with some reported results [129,242]. CO binding energies for neutral, cationic
and anionic Pd; clusters are 2.49, 2.06 and 1.98 eV, respectively. This value in
neutral Pd,CO complex is in well agreement with some earlier tesults [242,244,245]

and slightly lower than that reported by Dai et al. [246].

Pd;CO"* complexes

For Pd;CO, the lowest energy state of the neutral complex is a singlet with Cs,
symmetry, in which CO is adsorbed through the threefold hollow adsorption site
(Figure 4.1). This is similar to the observation of Joshi et al. [244]. It is seen from
Table 4.1 that values of CO binding energy and C—O bond length are 1.93 eV and
1.20 A, respectively, which are lower than the earlier results [244]. Energy of the
structure corresponding to a-top adsorption of CO in singlet state with C; symmetry
is 0.704 eV higher in energy than the ground state. Two more structures (C,
symmetry) in triplet states with a-top and bridge adsorption sites for CO lie 0.823
and 0.933 eV higher in energy, respectively than the most stable structure. The
ground state of cationic Pd;CO complex is a doublet (C3, symmetry) with threefold
hollow adsorption site for CO. A-top (M=2) and bridge (M=4) geometry with C,
symmetry of Pd;CO" are found to be 1.033 and 1.497 eV higher in energy,
respectively, than the corresponding lowest energy structure. All the bond distances

and CO binding energy values of the lowest energy Pd;CO” structure are reported in
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Table 4.2. It is seen that binding energy value of Pd;CO" (2.24 eV) is higher than
that of Pd;CO. Anionic Pd;CO ground state has a doublet with C; symmetry and
CO is adsorbed in the a-top adsorption site (<Pd—C—0=174.2°). Binding energy
value of CO in this complex is 1.84 eV (Table 4.3), which is close to the
experimental result [247] of 1.78+0.32 eV. Bridge (with C; symmetry) and three-
fold (Cs, symmetry) adsorption of CO in doublet state for this structure are 0.321
and 0.422 eV higher in energy, respectively. The structures and relative energies of

all low energy isomers are shown in Tables B1-B3 in Appendix B.

Pd,CO"* complexes

CO molecule is adsorbed in the threefold hollow adsorption site for both neutral and
cationic Pd4CO complexes, in their lowest energy states (Figure 4.1). Both the
structures are found to be in C;, symmetry (singlet for neutral and doublet for
cationic complex). For neutral Pd4CO cluster, energies of a-top (C; symmetry) and
bridge (C; symmetry) adsorption geometry of CO in singlet states are 0.130-0.132
eV (structures 4a—4d in Table B1 of Appendix B) and 0.263-0.264 eV (structures
4e—4g in Table Bl of Appendix B) higher in energy, respectively, than the lowest
energy structure. CO adsorption geometries in a-top (C; symmetry) and bridge sites
(C, symmetry) with doublet state for cationic Pd4sCO, lie 0.400 and 0.149 eV higher
in energy, respectively, than the corresponding lowest energy structure. Value of
C-0 bond length for the ground state neutral cluster is found to be 1.21 A, which is
close to the earlier results [118,129]. Our computed value of Pd—CO distance (2.03
A) agrees well with Bertin et al. [129] and slightly less than the observation of
Pacchioni and Koutecky [120]. CO binding energy in neutral Pd,CO (1.321 eV) is
found to be less than other observations [118,129]. Anionic Pd4CO ground state is a
doublet (C, symmetry) with single coordination of the CO molecule in a slightly
tilted on-top site (KPd—C—0=179.634") (Figure 4.1). Table 4.3 summarizes all the
bond distances and the CO binding energy values for all the anionic complexes.
Three-fold adsorptions of CO in doublet and quartet states with C;, symmetry are
found to be 0.580 and 1.136 eV higher in energy, respectively than the anionic
Pd4CO ground state. Tables B1-B3 of Appendix B summarizes the structures and
relative energies of all structural and spin isomers of neutrai, cationic and anionic

Pd4CO complexes.
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e

Pd,CO P4,CO* Pd,COr

Pd4,CO Pd,CO*

P4,CO

Figure 4.1: Optimized structures for the most stable geometries of Pd,*CO (q=0, 1
and -1, n=1-4) clusters. Blue, gray and red spheres represent palladium, carbon and

oxygen atoms, respectively.
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Table 4.1: Calculated parameters of the most stable adsorption complexes of CO on

neutral Pd, (n=1-7) clusters.

Pd-Pd o C0
) Pd-C C-O0
Spin COBE bond . '+ bond
Complex  Geometry distance freq.
state (eV) length length |
(A) (cm™)
(A) (A)
Pd,CO On-top Singlet 1.86 — 1.87 1.16 2004.5

Pi,CO  Bridge  Singlet 249 267 197 118 18279
Pd;CO  Three-fold Singlet  1.93  2.74 204 120 17079
Pd,CO  Three-fold Singlet 132 278  2.03 121  1660.3
PdsCO  On-top  Singlet 146 271 191 1.16  1986.2

Pd¢CO A-top  Singlet 135 273 191 1.16 19710

Pd,CO Bridge Singlet 1.62 2.76 2.00 1.18 1814.8

PdsCO"* complexes

Figure 4.2 shows the most stable structures of PdsCO, PdsCO" and PdsCO". The
lowest energy structure of neutral PdsCO cluster has on-top geometry with Cs,
symmetry (M=1) and structure of PdsCO" cluster is close to the on-top geometry
(<Pd—C-0=179.9°) with C, symmetry (M=2). The lowest energy structure of
cationic PdsCO" cluster is a doublet with C, symmetry, in which, CO molecule
coordinates to three palladium atoms through the carbon atom. For neutral PdsCO
complex, bridge and three-fold adsorption of CO in singlet states (Cs symmetry) are
0.093 and 0.174 eV higher in energy, respectively, than the most stable structure
(Table B1 in Appendix B). Two more structures in triplet states with on-top (Ciy
symmetry) and bridge (Cs symmetry) site adsorption of CG are found to be 0.014
and 0.146 eV higher in energy, respectively, than the lowest energy state. In cationic
PdsCO complex, a-top adsorption of CO in doublet and quartet states with C;
symmetries are 0.125 and 0.136 eV higher in energy, respectively, than the
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corresponding ground state (Table B2 in Appendix B). Doublet states of one a-top
and bridge sites adsorption of CO (C, symmetry) in anibnic PdsCO complex lie
0.207 and 0.212 eV higher in energy, respectively, than the corresponding most
stable structure (Table B3 in Appendix B). A higher binding energy value of CO is
observed for anionic PdsCO ‘complex (1.97 eV), followed by neutral (1.46 eV) and

cationic (1.32 eV) clusters, respectively.

Table 4.2: Calculated parameters of the most stable adsorption complexes of CO on

cationic Pd, (n=1-7) clusters.

Pd-Pd C-0
Pd-C C-0
Spin COBE: bond bond
Complex  Geometry distance freq.
state (eV) . length length ¥
(A) (cm™)
A) A)
Pd;CO"  On-top Doublet 1.72 - 1.98 113 2160.5

Pd,CO"  Bridge Doublet 206 272  2.68 1.16  1964.8
Pd;CO"  Three-fold Doublet 2.24 267  2.09 1.18  1848.5
Pd;CO" Three-fold Doublet  1.37 2.77 2.05 1.19  1753.7
PdsCO" Three-fold Doublet 132 276  2.05 120 17258

\

PdsCO"*  A-top Doublet 107 272 ‘196 115 20579

Pd;CO* Bridge  Doublet  1.42 2.76 2.61 1.17  1883.1

PdsCO° *'complexes

For Pd¢CO, CO prefers to be singly coordinated in all the neutral, cationic and
anionic clusters (Figure 4.2). CO adsorption is slightly tilted from the on-top
position (<Pd—C—0=179.1°) in the neutral cluster, which is in singlet state with Cs
symmetria One structure with a-top geometry (M=3 with CTsymﬁlet.ry) (Table B1
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in Appendix B) and one with bridge geometry (M=1 with C; symmetry) (structure 6¢
in Table B1 of Appendix B) for the neutral complex are found to be 0.062 and 0.190
eV higher in energy, respectively, than ihe'ground stais. - A-top adsorption sites are
favorable for CO in Pd¢CO" (doublet with C, symmetry) and Pd¢CO (doublet with
C; symmetry) with <Pd—C—0=178.9" and 178.8", respectively.

For cationic complex, a-top adsotption geometry (C, symmetry) in quartet
state and three-fold adsorption geometry (C;, symmetry) in doublet state are only
0.046 and 0.089 eV higher in energy, respectively, than the corresponding ground
state (Appendix B). In anionic Pd¢CO complex, a-top adsorption geometry (M=4)
and bridge adsorption geometry (M=2) with C; symmetry are found to be 0.204 and
0.231 eV higher in energy, respectively, than the most stable structure (Table B3 in
Appendix B). Our calculated bond lengiths and CO binding energies of all these
clusters are tabulated in Tables 4.1, 4.2 and 4.3. The calculated C—O bond lengths

and CO binding energies follow the trend: cationic < reutrai < anionic clusters.

Table 4.3: Calculated parameters of the most stable adsorption complexes of CO on

anionic Pd, (n=1-7) clusters.

Pd-Pd C-O
Pd-C C-O
Spin COBE bond bond
Complex Geometry , distance freq.
state (V) length length ¥
) (cm™)
ey (A)
Pd,CO A-top Doublet 1.54 - 1.92 1.20 1740.7
Pd,CO On-top  Doublet 1.98 2.63 1.86 1.18 1868.6
Pd;CO A-top Doublet 1.84 2.67 1.88 1.18 1870.5
PdsCO A-top Doublet  1.95 2.76 1.88 1.18  1863.2
PdsCO A-top Doublet  1.97 2.74 1.87 1.18 1877.6
Pd¢CO A-top Doublet  1.85 2.75 1.88 1.18 18773

Pd,CO Bridge @ Doublet  1.89 2.77 2.01 1.19  1756.6
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Pd;CO

Pd,CO Pd,CO* Pd,CO

Figure 4.2: Optimized structures for the most stable geometries of Pd,*CO (q=0, 1
and -1, n=5-7) clusters. Blue, gray and red spheres represent palladium, carbon and

oxygen atoms, respectively.

Pd;C (0 complexes

Adsorption of CO takes place in the bridge site of neutral, cationic and anionic
Pd;CO complexes. Pentagonal bipyramid structures of bare Pd; and Pd;" change to
monocaped octahedra upon CO adsorption, but for Pd;y, the structure remains the
same as that of the bare cluster (Figure 4.2). The lowest energy structures of both
Pd;CO (singlet) and Pd;CO" (doublet) have C, symmetry while the ground state
Pd;CO’ is a doublet with C; symmetry. In neutral Pd;CO complex, three structures
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corresponding to the bridge site adsorption of CO are close in energy to the ground
state. The differences in energy of these siructures from those of the ground states
are 0.029 eV (for structure in singlet state with Cg symmetry), 0.043 and 0.083 eV
(for structures in triplet states with C; symmetry). Bridge site adsorption of CO in
quartet state with C; symmetry, in cationic Pd;CO complex, is close in energy to the
corresponding ground state (the difference in energy is only 0.045 eV). Other two
structures in doublet states with a-top and bridge (C, symmetry) site adsorption are
found to be 0.189 and 0.112 eV higher in energy, respectively, than the lowest
energy structure. In anionic complex, on-top (C, symmetry), a-top (C; symmetry)
and bridge (C; symmetry) adsorption of CO in doublet states are only 0.083, 0.421
and 0.098 eV higher in energy, respectively, than the corresponding most stable
structure. CO binding energy and C-O bond length values follow the same pattern
as that of the Pd¢CO complexes((Tables 4.1, 4.2 and 4.3). The structures and
relative energies of all the structural and spin isomers of Pd;CO%* complexes are
shown in Tables B1-B3 of Appendix B..

4.3.2 Variation in bond lengths and adsorption properties
From Tables 4.1, 4.2 and 4.3, it is observed that both the Pd—CO distance and C-O
bond length increase in going from top td bridge to 3-fold adsorption sites in all the
clusters. The increment of intermolecular CO interactions due to high coverage
leads to the lengthening of the metal-CO distances.! On the other hand, lengthening
of C—O bonds in moving from top to bridge to hollow sites may be related to the
increased metal—n" back-donation, which progressively weakens the C—O bond.
From the pertinent calculations, it has been observed that the binding
_energies of CO with palladium clusters follow the trend: Pd,CO" < Pd,CO < Pd,CO~
(only n = S onwards). This may be due to the iucreased metal -CO back-donation in
anionic clusters followed by neutral and cationic clusters. It suggests that
metal-CO back-donation is the probable dominant mechanism for CO adsorption
in larger three dimensional palladium clusters. No pronounced correlation is
observed between the frontier orbital energies of the gas phase palladium clusters
and their binding energies with CO. This is similar to the observation in case of gold
clusters [248].
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4.3.3 Vibrational properties

Calculated C—O vibrational frequencies for neutral, cationic and anionic Pd,CO
(n=1-7) complexes are given in Tables 4.1, 4.2 and 4.3, respectively. It is found
from Table 4.1 that C—O stretching frequency of Pd,CO complex is 2004.2 cm™,
which lies in the range of some earlier observations [122,123,249]. However, this
value is less than the exp-erimental value of 2050 cm™ [250]. As the C—O bond
lengths in cationic and anionic Pd,CO complexes are shorter and longer,
respectively, than free CO m_olecule, the corresponding C—O vibrational frequencies
(Table 4.2 and Table 4.3) are found to be larger and smaller than the free C-O
stretch frequency. Value of C—0 stretch frequency decreases from Pd,CO to Pd,CO
cluster (1827.9 cm™"). This value is slightly less in comparison with the value
reported by Andzelm and Salahub [118] and the ex;‘)erimen'taI range of 1880-2000
cm’ [251]. Values of C—O vibrational frequencies in cationic and anionic Pd,CO
complexes are higher than 1hat the neutral complex. For Pd;CO, C-O bond lengths
in anionic and cationic clusiers are shorter than the neutral cluster. As a result, c-O
vibrational frequencies are- found to be higher’in the charged clusters than in the
neutral cluster (Tables 4.1,‘?4.2 and 4.3). Our calculated value of C—O frequency in
neutral Pd;CO cluster (1707.9 cm™) is Iess than that of Joshi et al. (1825 cm’™") [244].
C-0 bond length succeésively decreases from neutral to cationic to anionic clusters
in case of Pd4CO. Accordingly, the C—O stretch frequencies follow the trend of
anionic > cationic > neutral. C—O frequency value for neutral Pd4CO cluster is
found to be less than the earlier observations [126,129]. C—O bond length values in
PdsCO clusters suggest that the C—O interaction is the weakest in cationic followed
by that in anionic and r:ieutral clusters. Following this trend, C—O frequencies
(Tables 4.1, 4.2 and 4.3) show an increasing pattern from cationic to anionic to
neutral PdsCO clusters. .C—O v;brational frequency trends in case of Pd¢CO and
Pd;CO clusters are found to be in the order: cationic> neutral> anionic clusters. It
has been observed that the C—O frequency values in Pd,CO" (1753.7 cm™) and
PdsCO" (1725.8 cm™) clustess are close to the experimenial values (1735 cm™) [132]
of adsorbed CO in three-fold site of caiionic Pd clusiers. Similarly, C-O frequency
for bridge site adsorption of CO in Pd;CO" (1883.1 cm™) agrees well with the

corresponding experimental value (1855 em™) [132].
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Figure 4.3 displays the linear

correlation between the changes in C—O bond length

and shift in C-O stretch frequencies of adsorbed CO in Pd,*CO (q=0, 1 and -1,

n=1-7) complexes.
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Figure 4.3: Linear correlation between change in the C-O bond length and shift in

the C-O stretching frequency for adsorbed CO molecule in neutral (upper panel),

cationic (middle panel), and anionic (lower panel) Pd,CO clusters.
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The red shift in the C—O stretching frequency upon adsorption correlates linearly
with the elongation of the C—O bond in case of neutral and anionic clusters (upper
and lower panel of Figure 4.3) with correlation coefficients of 0.9928 and 0.9808,
respectively. In Pd;CO" complex, C~O bond length is smaller and vibrational
frequency is larger than the corresponding values of free CO molecule. This effect
is essentially as a result of the electrostatic interaction due to a change in polarization
of the bond orbitals caused by the positive charge of the cationic clusters [252].
However, for the larger cationic clusters, the trends are same as that of the neutral

and anionic clusters. The correlation coefficient for the cationic clusters is §.9988.

4.4 SALIENT OBSERVATIONS

We have carried out a systematic relativistic density functional calculation within the
generalized gradient approximation to investiga'te the geometry and electronic
properties of CO adsorption on small neutral and charged palladium clusters.
Adsorption of CO on neutral clusters are examined with multiplicities M=1 and 3,
while the calculations for cationic and anionic clusters have been performed with
multiplicities M=2 and 4. Our results indicate that both for neutral and cationic
complexes, all the 1-, 2- and 3-fold coordination are preferred by the CO molecule.
But CO adsorption takes place mostly in single coordination (2-fold coordination
only for Pd;y cluster) in case of anionic clusters, i.e., charge states of small palladium
clusters have strong influence on the adsorption configurations. Cluster charges are
also found to play an important role on the CO to metal forward donation and metal
to CO back-donation, which is related to the C—O bond length and the CO binding
energy in the metal clusters. CO binding energies of the larger three dimensional
palladium clusters follow a trend like Pd,CO* < Pd,CO < Pd,CO’, in which
metal»CO back-donation is the dominant factor. For all the clusters, CO binding
energies oscillate with cluster size. Neutral Pd4 cluster is found to have the lowest
binding with CO, which implies least reactivity of bare Pd,4 cluster towards CO or
higher stability of Pd, as predicted in Chapier 3. Based on these observations, we
can say that CO binding on small palladium clusters can be tuned by the charge and
size of the clusters. Advantage of this property can be taken in the catalytic

CO—CO; conversion process.



CHAPTER

CO-ADSORPTION OF CO, O, AND OXIDATION
OF CO ON GAS PHASE Pd, CLUSTERS

Neutral Pd4 has been found to have higher stability from our investigations presented
in the previous two chapters. Therefore, in the present chapter we have chosen Pdy
as a model cluster to study the catalytic activity of small palladium clusters in
catalyzing carbon monoxide oxidation. Moreover, recent experimental studies [253-
255] have shown that small clusters can dominate catalytic activity although most of
the metal is present in form of much larger particles. In this chapter, various
adsorption modes of molecular, dissociative and atomic forms of oxygen on neutral,
cationic and anionic Pd4 clusters have been studied. The lowest energy structures of
these calculations have been taken for investigating co-adsorption of carbon
monoxide with pre-adsorbed oxygen. The different optimized co-adsorbed
complexes form all possible reaction intermediates of oxidation of carbon monoxide
by oxygen. Reaction energy profiles of these reactions show better catalytic activity
of neutral and cationic Pd4 clusters than that of anionic Pds4 cluster for carbon
monoxide oxidation process [Kalita and Deka, J Am. Chem. Soc. 131, 13252
(2009)).

5.1 INTRODUCTION

Removal of poisonous carbon monoxide gas emitted mainly in automobile exhaust is

a major challenge in catalysis research and has been a subject of many
investigations. This is a very simple oxidation process (co+%o , > C0,), which
has a relatively slow reaction rate in a gaseous mixture. Transition metals such as

palladium, platinum and rhodium are well known for speeding up the oxidation

process significantly [256,257]. Thus understanding adsorption mechanism,
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dissociation of oxygen and oxidation of CO at molecular -level are of great
importance in designing suitable catalysts.\ Recently, Moseler and co-workers
[145,146] reported an extensive density functional theory (DFT) study of -the
oxidation of magnesia-supported Pdy clusters (N=4-9) and their behavior in catalytic
oxidation of CO. Their study revealed that adsorption of dissociated oxygen is
preferred on Pds#/MgO with dissociation barrier of only 0.5 eV, lower than the
corresponding value of 1.0 eV on a Pd(111) surface [258]. The dissociation of O, is
accompanied by a strong relaxation of the Pd cluster. Moreover, adsorption site of
CO changes from hollow on Pdy4 to top on Pd4O, and the stretching frequency of CO
is enhanced upon dissociation of O,. Another important observation of this study
[145] is that pre-adsorption of CO inhibits subsequent O, dissociation giving rise to
the poisoning effect [259]. Charges of small palladium clusters are aiso found to
play significant roles in controlling their catalytic activity {68,260,261]. Keeping
this in mind, we have studied the affect of charge of small palladium clusters on
various adsorption sites of CO molecule. Further investigation of the co-adsorption
of O; and CO on neutral and charged Pd clusters will certainly clarify catalytic
activities of these clusters towards CO oxidation. The present chapter is focused on
the nature of O, adsorption as well as their co-adsorption with CO leading to

formation of CO; on neutral, cationic and anionic Pd, clusters.

5.2 COMPUTATIONAL DETAILS

We performed scalar relativistic DFT calculation as implemented in the DMol®
package [209,210] using DNP [209] basis set and BLYP [205,207] functional. The
reliability of this basis set and functional can be judged from the binding energy
values of O; (5.72 eV), CO (11.01 eV) and CO, (5.76 V), that are in agreement
with the experimental values [66,262]: 5.12, 11.23 and 5.50 eV, respectively. In our
calculations, self consistent field procedures are performed with a convergence
criterion of 2x10” a.u. on the total energy and 10® a.u. on the electron density.
None of the complex is found to exhibit any imaginary frequency from the
frequency calculations. The zero point vibrational energy corrections have been
included in all calculations. Transition state structures have been located with the
help of transition state search option available in DMol®. This calculation is based

on the linear (LST) and quadratic synchronous transit (QST) methods proposed by
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Halgren and Lipscomb [263]. In the LST approach, a series of single point energy
calculations are performed on a set of linearly interpolated structures between a
given set of reactants and products. The maximum energy structure along this path
provides a first estimate to the transition state structure. A single refinement in an
orthogonal direction to the LST path is then performed, which is then used as an
intermediate to define a QST pathway. This procedure yields a further refined
estimate to transition state geometry. This new robust and fast scheme [264] allows
rapid location of the transition states.
We have defined the binding energy (BE) of the adsorbates, X (O3, 20, O,
CO, COy), as
BE=E (Pd) + E (X) - E (Pd/-X), q=0, 1, -1 ¢.1)
and the binding energy of the co-adsorbates, X2 (CO and CO,) with X1 (O,, 20 and
0), as |
BE = E (Pdj-X1) + E (X2) - E (Pd$-X1-X2), g=0, 1, -1 (5.2)

5.3 RESULTS AND DISCUSSION

In this work, we have performed full geometry optimizations of all possible
structural isomers of Pd40,”* corresponding to the different adsorption sites of
molecular and dissociative adsorption of O, on Pd4°’i. We have examined the
neutral Pd4O, complexes with multiplicities, M=1, 3, 5 and 7 while the cationic and

anionic Pd4O, complexes have been optimized in multiplicities, M=2, 4, 6 and 8
(Appendix B). The initial geometries of bare Pd; (q=0, 1, -1) clusters have been

taken from our previous work (Chapter 3). The lowest energy structures of Pd40,>*
have been chosen to study co-adsorption of CO on these complexes. Full geometry
optimizations have been performed on various possible adsorption sites of CO on
palladium oxide clusters. The results of oxygen adsorbed Pd4 complexes and their
co-adsorbed complexes with CO have been compared with the lowest energy CO

adsorbed bare Pd4 complexes obtained in Chapter 4.

5.3.1 Adsorption of oxygen on Pd, clusters
Figures 5.1, 5.2 and 5.3 display optimized structures of the lowest energy isomers of
neutral, cationic and anionic complexes, respectively, of Pds corresponding to the

adsorption of molecular (Pd40,) and dissociated (Pd4s20) forms of oxygen. Table
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5.1 presents more details of these geometries, binding energies as well as the

electronic properties of the adsorbates.
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Figure 5.1: Reaction energy profile for dissociation of oxygen on gas phase neutral
Pd4 cluster for singlet and triplet states. The spin multiplicities are shown in

parentheses.

Molecular adsorption (MA) of O, takes place preferably in bridge position of neutral
and anionic Pds with spin multiplicities M=3 and 4, respectively. For cationic Pd,,
adsorption of O, takes place in a-top position (<Pd—0—-0=126.7") of Pd; with
multiplicity M=2. The lowest energy Pd4O,>* complexes are in C, symmetry.
Dissociative adsorption (DA) of O, with the oxygen atoms occupying bridge sites of
palladium clusters appears to be energetically most favourable for all the complexes.
All the lowest energy complexes (Cs symmetry) are highly distorted from the gas
phase tetrahedral Pd4 clusters. For neutral Pd4O,, the lowest energy DA structure
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with multiplicity M=1 lies 0.813 eV lower in energy than the MA complex. Energy
difference of the lowest energy structure from a similar one with multiplicity M=3 is
only 0.015 eV (Table BS in Appendix B). This signifies the co-existence of these
structures in the lowest energy state within the accuracy limit of DFT functional.
Two more DA complexes with oxygen atoms sitting in bridge and hollow adsorption
sites of Pd, cluster with multiplicities M=1 and 3 are found to be 0.147 and 0.191 eV
higher in energy, respectively than the most stable structure (Table BS in Appendix
B).

TS (M2)

0.97 eV

Pd,0,* (M2)

Pd,20* (M2)

Figure 5.2: Reaction energy profile for dissociation of oxygen on gas phase cationic

Pd4 cluster. The spin multiplicities are shown in parentheses.

In case of cationic Pd4;O, complexes, highly distorted lowest energy DA structure
(M=2) is 0.231 eV lower in energy than another structure (M=2) with similar
adsorption configuration, which is slightly distorted from the gas phase Pd," cluster
(Table B7 in Appendix B). The lowest energy MA structure of Pd,0," lies 0.831 eV
higher in energy than the lowest energy DA complex. One of the cationic
complexes (M=2), in which, both the dissociated oxygen atoms gets adsorbed in
three-fold co-ordination of the Pd," cluster has energy difference of only 0.082 eV
from the most stable one. For anionic Pd4O; complexes, the lowest energy DA

structure (M=2) has a similar isomer with multiplicity M=4 having an energy
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difference of only 0.081 eV. The lowest energy MA anionic complex lies 1.125 eV
higher in energy than the most stable DA structure. The structural and spin isomers

with their relative stability are shown in Appendix B.

Table S.1: Spin multiplicity (M), bond distances (d) of the adsorbates in A, binding
energy (BE) and activation energy (E,) in eV, vibrational frequency in cm” and
Mulliken charge (q) of the adsorbates for the lowest energy isomers of oxygen

adsorbed neutral, cationic and anionic Pd4 clusters.

Complexes M do.o BE (0,/20/0) E, Vo2 qo/902
Pd;0, 3 1.35 0.82 - 960.4 -0.40
TSN 3 2.06 - 1.66 —. -
Pd,20 1 3.86 1.63 - - -1.22
Pd,O 1 - 0.66 - - -0.59
Pd,0," 2 1.25 1.14 - 1318.1 -0.03
TSc 2 1.60 - 0.97 - -
Pd,20° 2 3.80 1.98 - - -1.06
Pd,O" 2 - 0.67 - - -0.61
Pds0, 4 1.40 2.27 - 841.70 -0.62
TSA 4 2.03 - 0.71 - -
Pd, 20" 2 3.90 3.39 - - -1.35
Pd,O 2 - 1.19 - - -0.68

The transition state structures, termed TSy (C; symmetry) (Figures 5.1), TSc (C;
symmetry) (Figures 5.2) and TS, (C;, symmetry) (Figures 5.3) associate with the
dissociation of O, on neutral, cationic and anionic Pd4 clusters, respectively. The
magnitudes of the corresponding imaginary frequencies are 609 cm™, 287 cm™ and
250 cm™. The geometry and energetics of the transition state structures are given in
Table 5.1. The neutral gas phase Pd,4 cluster is found to retain its tetrahedral shape
during the O, dissociation reaction with a high activation barrier of 1.66 eV. This

value is slightly lower than the activation barrier of 1.9 eV as observed by Huber et
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al. [265]. The energy difference (2.43 eV) between TSy and Pd,O; complex is
close to the value (2.3 eV) observed by Huber et al. [265]. The activation barriers
for cationic and anionic Pd4 clusters are calculated to be 0.97 eV and 0.71 eV,
respectively. Low value of activation barrier for O, dissociation on Pd4 is similar to
the experimental finding [68] of small activation barriers for O, chemisorption on Pd
clusters anions (Pd,’, n<11). Itis seen that in case of neutral and anionic clusters, the
transition state structures retain the spin multiplicity of the reactants (Pds0,
complexes). However, the corresponding products are found to be stable in
multiplicities other than those of the reactants and transition states. The surface
crossing (singlet—triplet and doublet—quartet) is an indication of the two-state
reactivity (TSR) [266] processes, characterized accurately by DFT approaches in
some other transition metal clusters [267]. The trend in activation barriers among

the clusters is similar with the trend in binding energies of oxygen with the clusters.

TS (M2)

0.71 eV % . Pd20 (Md)

Pd 0, (M4)

Pd,20" (M2)

Figure 5.3: Reaction energy profile for dissociation of oxygen on gas phase anionic

Pd, cluster. The spin multiplicities are shown in parentheses.
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Calculation of binding energies of O, (Table 5.1) in all the structures shows
maximum value for Pd4 cluster followed by Pds* and Pds clusters. Our calculated
binding energies for structures Pd4O; and Pd420 (0.82 eV and .63, respectively) are
in agreement with the results of Huber ef al. [265]. We have observed that OO
bond distance is larger in case of adsorbed O; (both in MA and DA mode) than in
the free molecule (1.21 A), being maximum for the dissociative adsorption of
oxygen on anionic Pd4 cluster. Mulliken charge analysis shows that electron charge
transfer from palladium to dissociatively adsorbed O, takes place in the order: Pd4 >
Pd, > Pds". This trend is similar to that of O—O bond distance, which is due to fact
that metal—oxygen back-donation increases the population of n* orbital leading to
weakening of O—O bonds and thereby lengthen these bonds. Our computed O—-O
bond length values of structures Pd4sO, and Pds20 (Table 5.1) are in excellent
agreement with those of Huber et al. [265]. No clear relation is visible between the
oxygen binding energy and the Mulliken charge on adsorbed oxygen in its
dissociative mode, probably due to the very complicated electron density transfer
process during dissociative adsorption of oxygen. Similarly, in the lowest energy
MA structures, trend of O, binding energy does not tally with the trend of Pd—O,
back-donation (Table 5.1). For all the MA adsorption complexes, we obtain more
charge transfer from palladium to O; adsorbed in the bridge position than that in the
a-top sites.

The lowest energy adsorption complexes of Pd,0™* complexes are shown in

Figure 5.4.

(b)

Figure 5.4: Lowest energy structures of: (a) neutral, (b) cationic and (c) anionic

Pd4O complexes.

Adsorption of atomic oxygen takes place in the bridge sites of neutral (singlet state)
and anionic Pd4 (doublet state) clusters, while hollow site adsorption is preferred by

O in cationic Pd4—O complex (doublet state). The adsorption site as well as the Pd—
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O bond length (1.94 A) of neutral Pd4—O complex is in agreement with that of Résch
and co-workers [268]. Several other structural and spin isomers of Pd,0%*
complexes with their relative energies are shown in Table B10 of Appendix B.
Binding energies of O with neutral, cationic and anionic Pds clusters are found to be

-0.66 €V, -0.67 eV and -1.19 eV, respectively (Table 5.1).

5.3.2 Adsorption of CO; on Pd, clusters

Figure 5.5 shows the lowest energy structures of Pds~CO,"* complexes. It is seen
from the figures that CO, molecule binds to neutral and anionic Pd, clusters through
C atom, while CO; adsorption in the cationic Pd, cluster takes place through one of
its O atoms. The geometry and energetics of these complexes are given in Table 5.2.
Mulliken charge analysis shows that in neutral and anionic Pd4~CO, complexes, C
atom of CO; withdraws charge from the palladium atom to which it is connected.
On the other hand, there occurs charge transfer from the O to the Pd atom of Pd4’,
which participates in Pd—O bonding. This charge transfer is accompanied by a flow

of electron inside the CO, molecule in the direction of O0—C—0O-—Pd.

Figure 5.5: Lowest energy structures of: (a) neutral, (b) cationic and (c) anionic
Pd;CO; complexes.

BE of the adsorbates with neutral and anionic Pd4 clusters follows the order:
CO>0,>0>CO0O,. This observation agrees well with the previous experimental study
[260] on reactivity order of palladium cluster,anions. Small negative value of BE for
CO;, with neutral Pd, cluster signifies repulsive nature of the adsorption process

(Table 5.2). This is in agreement with the observation that surface reactions of
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nickel group metals with CO, at room temperature result in no adsorption or
dissociation of CO, [269-271].

5.3.3 Co-adsorption of O,, 20, O, CO and CO, or Pd, clusters

Adsorption of CO on neutral, cationic and anionic Pd,4 clusters has been studied in
Chapter 4. The lowest energy structures of these complexes are shown in Figure 4.1.
The corresponding structural characteristics and energetics are given in Tables 4.1-
4.3. The important observations of this investigation are that CO binds to hollow
adsorption sites in neutral and cationic Pd4 clusters, whereas adsorption of CO takes
place in a-top position of anionic Pds cluster. Moreover, the trend of CO binding
energy in these clusters is: Pdq" > Pds" > Pds. We will make a comparision of these
results with those of the co-adsorption complexes of CO with oxygen pre-adsorbed

Pd,%* clusters as discussed in the following sections.

Co-adsorption of O; and CO on Pdy clusters

The lowest energy structures of O, and CO co-adsorbed Pd,** complexes are shown
in Figure 5.6. It is seen from the figure that the adsorption sites of CO on O; pre-
adsorbed Pds* changes to bridge position from the hollow position in gas phase Pds"
cluster. However, the adsorption sites of CO in neutral and anionic PdiO;
complexes remain the same as those in Pds"" clusters (Figure 4.1). For neutral Pdy
cluster, a-top and bridge adsorptions of CO lie 0.329 and 0.056 €V higher in energy,
respectively, than the lowest energy structure. Two structural isomers with a-top
adsorption of CO lie 0.306 and 0.336 eV higher in energy than the lowest energy
structure of cationic Pd40,CO complex. A number of structural isomers with
adsorption of CO in various ways in neutral, cationic and anionic Pd4O, complexes
have been shown in Table B11 of Appendix B. CO binding energies for the O, pre-
adsorbed Pd,>* complexes follow the trend: Pdy > Pds; > Pd,*, which is similar to
that of Pd—0, and Pd—CO back-donations. This means that pre-adsorption of O;
changes the trend of CO binding energy from that in gas phase Pds clusters.
Moreover, comparision of Table 4.1 and 5.2 shows that binding of CO is

strengthened in case of neutral Pd4O, complex from that of gas phase Pd4 cluster.
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Pd,20CO Pd,0CO Pd,0CO,

Pd-SOZCO- Pd_;:OCO- Pd‘loc O Pd;OCOJ'
Pd,0.COr Pd;20CO: Pd,0CO" Pd,0CO-

Figure 5.6: The lowest energy structures corresponding to the co-adsorption of
0,+CO, 20+CO, O+CO and O+CO; on gas phase neutral (first row), cationic

(second row) and anionic (third row) Pd, clusters.

Co-adsorption of 20 and CO on Pd, clusters

The optimized structures of two lowest energy adsorption complexes of CO on 20
pre-adsorbed palladium clusters are shown in Figure 5.6. It has been observed that
three-fold adsorption site of CO in gas phase neutral and cationic Pds20 clusters
change to bridge and a-top position, respectively (Figure 4.1). However in anionic
cluster, CO retains the same a-top adsorption site in oxide of palladium as that in
bare cluster with a very small deviation in the orientation of the CO molecule
(<Pd—C—-0=179.8"). In case of neutral complexes, a structure with a-top adsorption
of CO (<Pd—C-0=178.7") on Pd420 is only 0.018 eV higher in energy than the
lowest energy structure. It means that these structures exist simultaneously within
the accuracy limit of density functional theory. Experimental studies [146] have
confirmed the change of CO adsorption sites from three-fold to top site in MgO

supported bare and oxidized neutral Pdy cluster, respectively. In cationic complexes,
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bridge site adsorption of CO lies 0.238 eV higher in energy than the corresponding
most stable structure. Again, CO adsorption in a-top site of Pds20° with
<Pd—C—-0=169.8" is found to be 0.397 eV higher in energy than the corresponding
lowest energy structure. Several structural isomers with different adsorption modes

of CO with their relative energies are summarized in Table B12 of Appendix B.

Table 5.2: Bond distances (A), binding energies BE (eV), vibrational frequencies
(cm’") and Mulliken charges (q) of the adsorbates for the co-adsorption complexes of
Pds? (g=0, 1, -1) clusters.

BE of
0-Obond C-O bond 0-0 freq C-O freq

Complexes CO/CO, do2/do  9co/qeor

length (A) length (A) ) (cm™) (cm™)

Pd,0,CO 1.38 1.20 1.46 913.4 17098 049 024
Pd,20CO 3.76 1.18 1.65 576.9 18786  -122  -0.06
Pd,0CO - 1.16 1.58 - 1996.6  -0.64  0.02
Pd,0CO, - 1.24 0.04 - - 0.60  -0.27

Pd,CO, - 1.21 -0.08 - - - -0.16
Pd,0,CO* 127 1.18 - 1.34 12726  1860.1  -0.07  0.02
Pd,20CO"  3.78 1.14 1.48 562.1 20875 -1.10 0.8
Pd,0CO" - 1.14 1.58 - 20800 -0.64  0.16
Pd,0CO," - 1.18 0.46 - - 063 0.09
Pd,CO," - 1.18 0.18 - - - 0.07
Pd,0,CO" 1.38 1.18 1.83 887.3 18943  -0.56  -0.13
Pd,20CO"  3.89 1.17 2.14 520.5 19132 -140  -0.11
Pd,0CO" - 1.18 1.94 - 18846 -0.70  -0.13
Pd,0CO, - 1.24 0.73 - - -0.65  -0.46

Pd,COy - 1.24 0.99 - - - -0.49
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Table 5.2 shows the geometry, energetic and the electronic properties of the lowest

energy co-adsorption complexes. In all the complexes, red-shift of CO frequency is
reduced from that in Pd,CO%* complexes, irrespective of charge state of the

complexes and co-ordination mode of adsorbed CO. This observation resembles the
recent observation in Ni4 clusters [272]. It is observed from Table 5.2 that binding
energy of CO on palladium with co-adsorbed O, follows the trend: anionic> neutral>
cationic. This trend is found to be similar to the Pd—CO and Pd—OQ; back-donation
as calculated from the Mulliken charge analysis in the complexes. Analysis of
atomic charges also shows that charge transfer from palladium clusters to O, with
CO co-adsorption is within the same quantity as that of without CO adsorption.
However, charge transfer from palladium to CO decreases with pre-adsorbed oxygen
than that in bare clusters. It is also observed from the comparisién of Tables 4.1-4.3
with Table 5.2 that CO binding energy is enhanced in oxygeﬁ \pre-adso‘rbed\
palladium clusters than that in gas phase palladium clusters irrespective of their

charge.

Co-adsorption of O and CO on Pd, clusters

The lowest energy structures of the co-adsorption complexes of neutral, cationic and
anionic Pd4 clusters are shown in Figure 5.6. Several other structural isomers with
different orientation of CO lying in different energies relative to the most stable
isomers have been observed and they are shown in Table B13 of Appendix B. The
maximum value of CO binding energy is found to be for anionic Pd4O complex
followed by neutral and cationic Pd4O complexes (Table 5.2). Pd—CO back-
donation follows the order: Pd;O > Pd4O > Pd,O" which is reflected in the C-O
bond lengths in the three complexes.

From the above discussion, it is seen that pre-adsorption of oxygen effects
the adsorption configuration as well as the binding energy of co-adsorbed CO. This
is due to the changes in the local electronic structure of palladium clusters induced
by pre-adsorption of oxygen, thereby influencing the subsequent adsorption of CO.
A change in electronic structure of anionic palladium clusters has been verified by
Kim and his co-workers [68] using Time-of-Flight (ToF) mass spectrometry and
Ultraviolet Photoelectron Spectroscopy (UPS). Figure 5.7 shows the frontier orbital
pictures of Pds>* and oxygen adsorbed Pd>* complexes. A change in charge
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localization is observed in all the clusters as a result of oxygen adsorption on
palladium. This signifies the change in electronic structure of palladium clusters due

to adsorption of oxygen.

Frontier
Complexes  molecular Pd, Pd,0, Pd;20 Pd,O

orbitals

G 38 5

Neutral
HOMO
Cationic
LUMO
et
Anionic

LUMO

sl

Figure 5.7: Frontier molecular orbitals of lowest energy gas phase and oxygen

adsorbed Pd]” clusters.
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Co-adsorption of O and CO; on Pd clusters

The lowest energy complexes of Pd,** corresponding to the co-adsorption of atomic
oxygen and CO; are shown in Figure 5.6. It is observed that among the Pds—O—CO;
co-adsorption complexes, CO, molecule binds through one of its O atoms and the C
atom in cationic and anionic Pd4O, respectively. The charge transfer processes in
these two complexes are similar to those of Pds—CO,* complexes. In case of neutral
Pd4+—0O—-CO; complex, binding of CO, molecule with Pd4O takes place through C and
one O atom. In this complex, both the C and O atoms withdraw charge from the Pd
atoms to which they are coordinated. Value of CO; binding energy is found to be
maximum for anionic Pd4O complex followed by the corresponding cationic and

neutral complexes, which do not match the Pd—CO, back-donation trend.

5.3.4 CO oxidation reaction energy profiles
With the available data, we have constructed and compared three different reaction
pathways, which combine CO with molecular, dissociated and atomic form of

oxygen on neutral, cationic and anionic Pd4 clusters to produce CO; in the following

ways:
Pd,+0,+CO—Pd,0+CO, Co2 d, 0s
Pd+0y—Pd,0; / (
Pd4+0,+CO—Pd,0,CO cO
Pd+0,+CO—Pd,0CO; Pd,0 P40,
Pd4+02+C0—>Pd40+C02

b co

Pd,+20+CO—Pd,0+CO;
Pd+0,—Pd,0; j‘oz Pd, (02
Pd,+0,—Pd,20 o /
Pd4+02+CO—>Pd420C0 Pd,O ‘ qu(:)2
Pd+0,+CO—Pd,0CO, CO%&
Pd,+0>,+CO—-Pd O+
ds+0,;+CO 10+CO; co Pd,20
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&ii%Og+CO—>Pd4+COg o
Pdg+ - 07—Pd,0 /k.\
Pd4+%02+C0—>Pd40C0 Pd, Pd,0
Pd,+ 1 0,+CO—Pd,CO, \‘/

2 C'O/z—\ Cco
Pd+ % 0,+CO—Pd,+CO,

Figure 5.8 shows the calculated energy profiles of these reactions. It is seen from
the figure that there is a deep energy sink on the potential energy surface of the CO
oxidation process on anionic Pdy cluster due to its strong binding energies with CO
and CO,. This indicates worse reaction energetic for CO oxidation process by Pdy
cluster hindering the formation and desorption of CO; in comparison with those of
neutral and cationic Pdy4 clusters. Further, among the three reaction channels (Figure
5.8 (a), (b) and (c)), reaction energy profile for dissociated oxygen is found to be
more exothermic in nature and it exhibits shallower sink than those for molecular
and atomic oxygens. Therefore, dissociated oxygen may be considered as a superior

oxidant for CO oxidation on gas-phase tetra palladium clusters.

5.4 SALIENT OBSERVATIONS

Our results indicate that dissociative adsorption of oxygen is preferable on all the
clusters. Pre-adsorption of O, is found to affect the adsorption geometry as well as
the binding energy of CO in the co-adsorption complexes. CO adsorption sites
change to bridge and a-top position in the co-adsorption complexes of neutral and
cationic palladium clusters, respectively, from the three-fold position in the
corresponding gas phase clusters. There is no change in the adsorption position of
CO in case of anionic palladium cluster. Binding energy of CO with oxygen pre-
adsorption on palladium clusters follows the trend: anionic > neutral > cationic.
Based on these observations, oxygen adsorbed anionic palladium cluster is found to
be more reactive towards CO followed by neutral and cationic clusters. On the basis
of Mulliken charge analysis, it is found that metal -0, and metal-CO back-
donation mechanism plays the key role in the co-adsorption process. Comparison of

frontier orbitals of gas phase clusters with those of oxidized clusters shows a
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significant change in the electronic structure of palladium clusters due to adsorption

of oxygen. This change in electronic structure is responsible for the observed

discrepancy in the structural as well as electronic properties of co-adsorption of CO

on these clusters.
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Figure 5.8: The energetic profiles of complete reaction cycles for CO oxidation on

Pd.;o~I clusters: (a) molecular O,, (b) dissociated O, and (c) a single atomic O

reacting with CO.
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By investigating the possible reaction paths for CO oxidation over Pdy4 clusters, we
have found that Pd,” and Pd," clusters are more suitable catalysts compared to Pdy4.
In addition, dissociated form of oxygen molecule is found to be a better oxidant than
its molecular and atomic forms., .%The§e arguments could be utilized in studying
clusters with larger size, clusters of'other x:etals as well as supported metal clusters.
Experiments using neutral and cationic palladium clusters as catalysts for oxidation

of CO would be, instructive.



CHAPTER

SMALL PALLADIUM CLUSTERS ON ZEOLITE
SUPPORT

In the present chapter, we have investigated the change in electronic structure of
small palladium clusters in the presence of oxide support such as zeolites. The first
part deals with the study of electronic structure of single palladium atom on H-ZSM-
5 zeolite support via cluster model and embedded cluster models using CO and NO
as probe molecules. It is found that the Pd atom interacts with a Brensted proton as
well as a nearby oxygen atom of the zeolite framework. Embedded cluster study has
resulted in stronger interaction of Pd atom with H-ZSM-5 zeolite than that with the
cluster model study. Adsorption energy values as well as thermodynamic analyses
have shown preferable adsorption of CO over NO on Pd-H-ZSM-5. In the second
part of the present work, we have intended to study the effect of zeolites on the
electronic structure of Pd,, which has been shown to be the most stable cluster form
our previous gas phase studies in Chapters 3 and 4. To carry out this investigation,
we have chosen faujasite (FAU) zeolite as the support due to its larger pore size to
host Pd, cluster. This section summarizes the results of reverse hydrogen spillover
from the hydroxyl groups of FAU zeolite onto the Pd4 cluster by extended modelling
of the support. This study shows that hydrogenated Pd4/FAU complex with single
proton transfer is the most stable form of faujasite supported tetrapalladium cluster
[Kalita and Deka, J. Phys. Chem. C 113, 16070 (2009)]. The calculations in this
chapter have been performed using QM/MM approach implemented in the ONIOM

scheme of Gaussian 03 program for the first time.

6.1 INTRODUCTION

Removal of carbon monoxide, nitrogen oxides and other green house gases is a

major challenge in the field of catalysis as these are among the most harmful
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chemicals produced in automobile exhausts, cigarette smoke and several industrial
processes. Zeolite supported Pd catalysts, especially, Pd-ZSM-5 and Pd-H-ZSM-5
show excellent catalytic activity in NO reduction by CHy4 in presence of O, [161].
Similarly, small palladium clusters on faujasite zeolite (FAU) support have drawn a
worldwide attention [172-184,188] due to their important catalytic activity. A
fundamental study on the interaction between metal and support surface may serve
to understand the effect of support on the oxidation state, structure and catalytic
performance of the metal particle. In spite of the theoretical [154,165,187] and
experimental studies {156,170,171], the interaction between Pd and H-ZSM-5
system and their interaction with CO and NO molecules have not been studied yet
with proper modelling of the H-ZSM-5 zeolite support. In first part of the present
study, we attempt to understand the structural and electronic properties of palladium
particles on H-ZSM-5 support. Further, we have investigated the adsorption of
highly favoured IR probe molecules, CO and NO to examine the nature of electronic
state of the supported Pd. In the second part of our study, we have investigated the
reverse spillover of hydrogen from the hydroxyl groups of faujasite zeolite support
onto the Pd, cluster as no such study for tetrapalladium cluster has been explored till
date either experimentally or theoretically to the best of our knowledge. In the
present study, we apply QM/MM approach implemented in the ONIOM2 scheme of

Gaussian 03 program for proper modelling of the supports.

6.2 COMPUTATIONAL DETAILS

In the first part of the present work, the T8 site among the 12 crystallographically
distinct T-sites in the two different-sized cluster models (7T and 93T, where T is the
tetrahedral sites) of MFI framework has been substituted by an aluminium atom.
This site has been found to be one of the most probable acid sites in zeolite ZSM-5
by previous quantum chemical study [273]. The optimized structures of these
clusters are shown in Figure 6.1. The net negative charge of the zeolite framework
due to Al substitution is compensated by a proton to preserve neutrality. In the
second part of our study, the zeolite support is represented by three 60T
(T=tetrahedral atoms) model clusters Zeol, Zeo2 and Zeo3 of faujasite structure
(Figures 6.3 (b), (c); 6.4 (a), (b) and 6.5 (a), (b)), each including one super-cage,

where the metal species and adsorbates can be trapped inside. One, two and three Si
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atoms of the 6T ring of Zeol, Zeo2 and Zeo3 are isomorphously substituted by one,
two and three Al atoms, respectively. Substitutions of Si by Al in Zeo2(2H) and
Zeo3(3H) are made in an alternating sequence according to the Lowenstein rule
[274]. The extra negative charges generated due to Al substitution are balanced by
adding one, two and three protons to corresponding number of oxygen atoms at O1
crystallographic positions of Zeol, Zeo2 and Zeo3, respectively. There are six
bridging oxygens in the six-ring of the zeolite clusters with alternating bending in
and out positions and are denoted throughout as O2 and Ol, respectively (Figure 6.3
(b), 6.4 (a) and 6.5 (a)). The atomic coordinates of Si and O atoms of the zeolites
are taken from the MFI and FAU zeolite data stored in Accelrys MS Modeling 3.2
software package [275].

All calculations have been performed using the Gaussian 03 programs [276].
Full quantum mechanical calculations have been carried out for all the molecular
structures associated with the 7T cluster (HZ7) of H-ZSM-5. It is computationally
too expensive and even impractical to use pure DFT based QM calculations for the
large 93T (HZ93) and 60T clusters of H-ZSM-5 and FAU zeolite, respectively.
Therefore, we have used QM/MM modeling for these clusters by use of two-layer
ONIOM scheme [212]. According to this method, the entire complex of Pd-H-
ZSM-5 has been divided into two regions: (i) inner core region consists of 7T sites
including the T8 site along with the adsorbed Pd atom and CO, NO molecules and
(i1) outer region consists of 86T sites. Similarly, in Pd4#/FAU complex, the inner core
region consists of a 6T ring facing the super-cage of FAU zeolite and the Pd4 cluster,
while the rest of the zeolite framework constitutes the outer region. A high level
DFT based QM calculations has been used to treat the inner region of the complexes
using the B3LYP [204,205,207] density functional with 6-31G(d,p) basis set on all
electrons in H, O, Al, Si and relativistic LANL2DZ basis for Pd atom. The outer
region has been modeled by molecular mechanics using the universal force field
(UFF) [277]. From earlier studies on adsorption in MFI [278] and FAU [279]
zeolites, it has been observed that the ONIOM2 (B3LYP/6-31G(d,p):UFF) method
provides reasonable values corresponding to the experimental prediction. Following
the justifications of Joshi et al. [280], we have fixed all the outer layer atoms to their
respective crystallographic positions. Only the core region of the zeolite along with
the adsorbates is allowed to relax during structure optimization. At the QM/MM
boundary, link H atoms are placed along the Si—O covalent bonds and O atoms at the
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boundary of the MM layer have been replaced by H atoms along the Si—O bonds and
the Si—H bond distance is fixed to 1.47 A.
In the results to follow, adsorption energies of Pd with HZN (N=7 and 93)
zeolite clusters have been evaluated as
Eqis= E(PAHZN)—E(HZN) —E(Pd) 6.1)
Similarly, adsorption energies of CO and NO molecules with PAHZN (N=7 and 93)
zeolite clusters have been calculated using the following formula
Eyus= E(PAHZN-CO/NO)—E(PdHZN) —E(CO/NO) (6.2)
To determine the reactivity of the metal clusters with OH group of the zeolite
fragment, we have calculated the energy of reverse hydrogen spillover (Ers) from
the bridging OH groups of FAU zeolite to Pds4 cluster using the following formula
Ers={E[Pd,H,/Zeo((m-n)H)]—E[Pdy/Zeo(mH)]}/n, mn=1-3  (6.3)
The individual energy (Euans) in stepwise (n=1-3) spillover process of each
hydrogen transfer is calculated as
Evvans=E([PdH,/Zeo((m-n)H)] ~E[PdH,- /Zeo((m+1))—n)H)]  (6.4)
In addition, adsorption energy (E.g) of bare Pds cluster on the neutral zeolite
fragment has been evaluated as
Equs= E[Pd/Zeo(mH) —E[Zeo(mH)] —E[Pd,] 6.5)

6.3 RESULTS AND DISCUSSION
6.3.1 Pd atom supported on H-ZSM-5 zeolite
6.3.1.1 Structure and energetics

The optimized structures of 7T and 93T clusters in singlet states are shown in
Figures 6.1(a) and (e). Figures 6.1(b) and (f) show the optimized structures of
PdHZ7 and PdHZ93 complexes: Pd atom adsorbed in 7T and 93T clusters of
HZSM-S, respectively. We have performed vibrational analysis for all the
complexes and none of them is found to exhibit any imaginary frequency. Positive
values of all the vibrational frequencies verify the presented structures to be the
lowest energy states. It is seen from the figure that the Pd atom interacts with the
acidic hydrogen atom and one of the zeolite framework oxygen atoms (Oy) bound to
Al. This is in agreement with the study of van Santen et al. [187]. Recently, a

similar structure in singlet state has also been reported to be more stable than the
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corresponding triple and quintet states [165]. Selected parameters of the optimized

clusters are shown in Table 6.1.

@ (h)

Figure 6.1: Optimized structures of H-ZSM-5; Pd on H-ZSM-5; CO and NO
adsorption on Pd-H-ZSM-5: (a)-(d) 7T cluster model and (e)-(h) 93T embedded
cluster model. The quantum and molecular mechanics regions have been designated

by ball-stick and only stick representation, respectively.
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The oxygen atom connected to the acidic proton is denoted as Og. The elongation of
the Og—H bond length in Pd adsorbed HZSM-5 complexes from that in bare HZSM-
5 framework confirm a bonding interaction between the Pd atom and the proton.
The nature of the interaction of Pd atom with Oy is shown by the lengthening of the
other two bonds of Oy with Si and Al atoms (Table 6.1). The calculated values of
Op—H, Pd-H and Pd-Oy bond distances in PAHZ7 (1.02 A, 2.34 A and 1.92 A) and
PdHZ93 (1.03 A, 2.24 A and 2.00 A) complexes agree well with the available results
[165] of 1.08 A, 2.31 A and 1.91 A, respectively. The negligible changes in Al-O
and Si—O bond distances surrounding the acid site indicate only local perturbation in
the zeolite structure due to the adsorption of Pd atom.

The Pd atom interacts weakly with the HZ7 cluster with E,q4s value of -1.83
kcal/mol. The value becomes positive (2.40 kcal/mol) due to the inclusion of BSSE
correction. The increased size of the zeolite model (from 7T to 93T) can stabilize
the adsorption of Pd more (E.qs is -5.18 kcal/mol) although it has little effect on the
geometry (Table 6.1). It emphasizes the need of a realistic model to represent the
zeolite support [281]. However, E,4s for 93T clusters optimized at ONIOM?2 level
do not include BSSE as the facility of performing counterpoise corrections in
ONIOM calculations is not available in Gaussian 03 at this point. The difference in
the E.qs values is be due to the more realistic environment in HZ93 clusters than that
in HZ7 cluster of the HZSM-5 framework.

6.3.1.2 Interaction of CO and NO with Pd-H-ZSM-5

The optimized structures of the adsorption complexes of CO and NO on PdHZ7 and
PAHZ93 clusters are shown in Figures 6.1 (c), (d) and 6.1 (g), (h), respectively.
Important geometrical parameters of these structures are reported in Table 6.1. The
CO molecule gets adsorbed on the Pd atom in HZSM-5 framework in a linear
configuration with Pd—C-O angles of 179.2° and 178.3°, respectively, in PAHZ7 and
PdHZ93 clusters. The geometries of these struc-tures are similar to those of CO
adsorbed Au-ZSM-5 complexes [167] and Pt-H-Mordenite complexes [168]). Values
of Pd—C bond lengths in the two clusters are found to be 1.85 A and 1.86 A,
respectively. C—O bond distance is both the clusters are increased to 1.15 A from

the experimental value of free C-O bond distance of 1.13 A [66].
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TABLE 6.1: Important geometrical parameters: bond distances R (A), bond angles <Pd-C/N-O (deg) and calculated adsorption
energies E,4s (kcal/mol) of the optimized Pd-HZSM-5 complexes’.

Geometrical
parameters and E,o,  HZ7 PdHZ7 PdHZ7-CO PdHZ7-NO HZ93 PdHZ93 PdHZ93-CO PdHZ93-NO
(kcal/mol)
| S - -1.83(240)  -46.76(44.73)°  -31.77°(-30.02) - -5.18 46.93°" -32.29¢
R(AI-Og) 1.91 1.88 1.89 1.89 1.91 1.88 1.89 1.89
R(AI-Oy) 1.72 1.76 1.77 1.78 1.71 1.74 1.76 1.76
R(Si-Og) 1.71 1.69 1.71 1.70 1.70 1.69 1.70 1.69
R(Si-Oy) 1.62 1.63 1.65 1.65 1.6 1.62 1.64 1.64
R(Og-H) 0.97 1.02 1.00 1.01 0.97 1.03 1.01 1.02
R(Pd""H) ~ 1.92 2.04 2.07 1.90 1.90 2.00 1.99
R(Pd"Oy) - 2.34 2.25 2.26 2.33 2.24 2.25 2.25
R(Pd~C/N) - - 1.85 1.91 - - 1.86 1.91
<Pd-C/N-O - - 179.2 136.5 - - 178.3 136.6
R(C/N-0) - - 1.15 1.18 - - 1.15 1.17

* HZ7 denotes the fully optimized 7T cluster of H-ZSM-5 and HZ93 denotes the ONIOM optimized 93T cluster of H-ZSM-5. ® Zero point correction
included. ©Values in parentheses have been BSSE corrected. Calculated BE of CO with Pd-H-ZSM-5. © Calculated E 4, of NO with Pd-H-ZSM-5.
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An NO molecule adsorbs on a Pd atom in HZSM-5 support in a bent configuration.
The bent adsorption geometry is a characteristic of the nitrosyls of Ni group metals
[282] and noble metals [283]. The values of Pd-N-O angles in PAHZ7 and PdAHZ93
clusters are found to be 136.5° and 136.6°, respectively. This result agrees well with
the recent observation by Hafner ef al. [169]. The Pd-N bond length in the two
complexes (1.91 A) are comparable to the reported value (1.89 A) [169]. There is an
increment in the N-O bond distances in the Pd-HZSM-5 complexes (1.18 A and
1.17 A) from the experimental free N-O bond distance (1.15 A) [284]. Lengthening
of Pd-H (~0.1-0.2 A) in Pd-HZSM-5-CO and Pd-HZSM-5-NO complexes clearly
shows significant weakening of the interaction between Pd atom and the acid site of
HZSM-5 upon adsorption of CO and NO (Table 6.1). However, very little changes
in the Pd—-Oy distances are observed in the respective complexes (only in the
PdHZ93 clusters).

Adsorption energies of CO on PdHZ7 and PdHZ93 clusters are found to be -
44.73 kca/mol and -46.93 kcal/mol, respectively. E,4s value for PdHZ93-CO
complex agrees very well with the earlier result [187]. NO adsorption energies in Pd
adsorbed HZ7 and HZ93 complexes are -30.02 kcal/mol and -32.29 kcal/mol,
respectively. These values are in agreement with the reported values [169].
Comparison between the E,qs values for CO and NO adsorption indicates stronger
interaction of CO than NO with Pd-HZSM-5. Moreover, binding of CO and NO
with Pd-HZSM-S are much larger than the binding of PACO and PANO adducts with
HZSM-5 (E.4s values for PACO-HZSM-5 are 6.52 kcal/mol in HZ7 and 10.04
kcal/mol in HZ93; E .4 values for PANO-HZSM-5 are 4.46 kcal/mol in HZ7 and 8.33
kcal/mol in HZ93). The strong Pd—CO and Pd-NO interactions probably result in
carbonyl and nitrosyl complexes of Pd, which is also suggested by IR and FTIR
studies [155,156].

6.3.1.3 Charge analysis

Partial charges of CO and NO adsorbed Pd-HZSM-5 complexes have been examined
by using Natural Population (NPA) scheme of the Natural Bond Orbital (NBO)
methods [285]. However, NBO analysis in ONIOM is not available in Gaussian 03
at this point. Therefore, the NAO partial charges and the electronic configurations
of only PAHZ7 complexes calculated by NBO analysis are presented in Table 6.2.
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Our results indicate that electron transfer takes place among the Pd atom, the
Breonsted acid site (H) and the framework oxygen atom (On) through bonding.
There is an increase of electron density in s- and p- orbitals of Pd atom due to
interaction with Oy, which destabilizes the Pd atom. On the other hand, interaction
with the Brensted proton stabilizes the Pd atom by withdrawing excess electron
density (Table 6.2) leading to the decrease of electron density from the d- orbitals of
the Pd atom. Electron transfer from the Pd atom to the Brensted proton is a
straightforward explanation for the electron-deficient states of Pd, which is
supported by earlier investigations [156].

In PAHZ7-CO complex, the bonding orbitals are formed via electron transfer
from the occupied 50 molecular orbital (HOMQO) of CO to the unoccupied spd-
hybrid orbitals (LUMO) of PAHZ7 complex, which is mainly concentrated on Pd—
On (Figure 6.2). The o donation is accompanied by m back-donation from occupied
d-orbitals of Pd metal atom to the unoccupied 2n orbital of CO. Table 6.2 shows
the increment and decrement of electronic charge in Ss and 4d orbitals of Pd due to
the donation and back-donation process. Increment of electron density in 7 orbitals
of CO can be seen from the lengthening of C—O bond. Wiberg bond index value of
Pd—C bond (0.98) based on NBO analysis indicates it as a strong bond. On the other
hand, bonding mechanism in bent PAHZ7-NO complex is different from linear
PdHZ7-CO complex (Figure 6.1). The bonding of NO molecule in the complex can
be explained similar to a bent bare transition metal nitrosyl (TM-NO) complex, in
which, NO 2nt" electron (SOMO) is spin paired with a metal d, electron to form an
M-N covalent o bond but there is little or no NO 5¢ donation occurs to the metal
empty d orbitals (Figure 6.2). Occupancy of 5¢ orbital of N (0.92~1) from NBO
analysis confirms the absence of o-donation from NO adsorbate to Pd atom on
HZSM-5 support. Moreover, low Wiberg index value of 0.19 signifies weaker Pd-N
bond in PAHZ7-NO complex compared to the Pd—C bond in PAHZ7-CO complex.
However, NBO analysis characterizes electron deficient states of Pd in both of the
CO and NO adsorbed Pd-HZSM-5 complexes.
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TABLE 6.2: Partial charges (au) and the electronic configurations based on NPA from NBO analysis of the optimized Pd-HZSM-5 complexes.

Partial charge Electronic configuration
Complexes
Os On H Pd CO/NO On Pd
HZ7 -1.139  -1.322  0.570 - - 2s(1.77)2p(5.54)3d(0.01) -
PdHZ7  -1.166 -1.301  0.466 0.115 - 2s(1.77)2p(5.52) 5s(0.12)4d(9.76)5p(0.01)6p(0.01)
PdHZ7-CO -1.159 -1.301  0.509 0.003 0.010 2s(1.77)2p(5.52)3p(0.01) 5s(0.60)4d(9.39)6p(0.01)

PdHZ7-NO -1.160 -1.299 0487  0.160  -0.118  2s(1.77)2p(5.52)3p(0.01) 55(0.50)4d(9.33)5p(0.02)
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CO (LUMO)

CoO
(HOMO)
PdHZ7
PdHZ7 HMD
(LUMO) )

Figure 6.2: The interaction of Pd-HZSM-5 with: a CO molecule through (a) o
donation and (b) n back-donation (the arrows show the directions of electron
transfer); a NO molecule through (c) forming a covalent ¢ bond via sharing NO 21
and Pd d, electons.

6.3.1.4 Vibrational and thermodynamic analysis

Table 6.3 presents the calculated vibrational frequencies for carbonyl and nitrosyl
adsorbed on Pd supported on HZSM-5. The results show that both CO and NO
vibrational frequencies in smaller (PdHZ7-CO and PAHZ7-NO) as well as in larger
(PdHZ93-CO and PdHZ93-NO) sized model clusters are nearly same. This means
that frequency of adsorbed CO and NO is almost independent of the size of the
zeolite model cluster. These results confirm that small 7T cluster model would

provide cost-effective model for studying adsorption and reaction on Pd-HZSM-5
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system. The similar conclusion has been drawn from earlier studies of CO

adsorption on Cu-ZSM-5 [286] and Pt-ZSM-5 [168].

TABLE_6.3: Vibrational and thermodynamic property analysis of CO and NO
adsorbed Pd-HZSM-5 complexes at 298.15 K.

CO and NO

vibrational AH AG
Complexes Reaction

frequencies kcal/mol  kcal/mol

v(cm-1)

PdHZ7-CO 2131.0 PdHZ7+CO—PdHZ7-CO 47.28 -37.67
PdHZ7-NO 1830.2 PdHZ7+NO—PdHZ7-NO -32.49 -20.97
PdHZ93-CO 21383 PdHZ93+CO—PdHZ93-CO  -50.05 -39.65
PdHZ93-NO 1835.5 PdHZ93+NO—PdHZ93-NO  -34.22 -24.62

Vibrational frequency of adsorbed CO in PAHZ7-CO (2131.0 cm’') and PdHZ93-CO
(2138.3 cm’') complexes undergo small red shift from that of free CO molecule
(2143 cm™). Our calculated values of CO vibrational frequencies are close to the
experimental value [157] of Pd*—-CO (2126 cm™") species. NO vibrational frequency
in PdAHZ7-NO and PdHZ93-NO complexes are found to be 1830.2 cm™ and 1835.5
cm’, respectively. These values agree well with the experimentally determined
[155] NO frequency (1881 cm™') of Pd*~NO species. Our computed values are also
close to the NO stretching frequency (1840 cm™") in Pd-Mordenite [166]. Moreover,
there is a red shift in frequency of adsorbed NO in Pd-HZSM-5 complexes compared
to that in free NO molecule (1876 cm™) [284]. Comparison of our calculated
frequencies of adsorbed CO and NO molecules with the available IR data have
identified the formation of cationic Pd(I) carbonyl and nitrosyl complexes on H-

ZSM-S support.
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Table 6.3 shows the thermodynamic properties at standard conditions (298.15 K and
1 atm), i.e., the heat of adsorption (AH) and the Gibbs free energy of adsorption
(AG). It is important to account for the entropic effects, which are included in the
AG values. Negative values of AG indicate favorable adsorption processes. Our
calculated values of AH and AG in PdAHZ7-CO complex are close to those for CO
adsorption on Au (T8)/ZSM-5 [167]. The adsorption processes of CO and NO on
Pd-HZSM-$ are found to be more favorable in PAHZ93 complexes than in PAHZ7
complexes. Moreover, magnitude of AH and AG for CO adsorption are greater than
the values for NO adsorption. It evidences the thermodynamically more favorable
interaction of Pd-HZSM-5 with CO than with NO. The same conclusion has been
drawn on the basis of adsorption energy values of CO and NO on Pd-HZSM-S.
Therefore, NO can be displaced by CO from the adsorption site in Pd-HZSM-5.

< This observation is similar to that in Au-ZSM-5 complexes [167].

6.3.2 Pd, clusters supported on faujasite zeolite

6.3.2.1 Structure and energetics of zeolite supported bare Pd, clusters
In the present investigation, we have first optimized the structure of a gas phase Pd,4
cluster. A symmetry unrestricted full geometry optimization led bare Pds to a
distorted tetrahedron (C, symmetry) with triplet state as the lowest energy structure
(Figure 6.3 (a)). Our previous DMol® calculations have also established the ground
electronic state of isolated Pd, to be as triplet in a slightly distorted tetrahedral shape
(Chapter 3). We have computed the Pd—Pd bond distance of 2.61-2.72 A in gas
phase Pd, cluster. This value is in agreement with earlier studies [287,288]. From
our calculations, it is found that the difference in energy between singlet (S) and
triplet (T) states (C, symmetry) of Pds is 68.99 kJ/mol and the singlet state has
Pd—Pd distances of 2.58-2.82 A. These values are close to the S—T difference of
70.29 kJ/mol and Pd-Pd distances of 2.58-2.84 A in the singlet state of Pd4, as
observed by Moc et al. [287].

The ONIOM?2 level optimized structures of faujasite zeolites (Zeol, Zeo2
and Zeo3) are shown in Figures 6.3 (b), (c); 6.4 (a), (b) and 6.5 (a), (b); respectively.
Important structural parameters of the QM regions are summarized in Tables 6.4—
6.6.



Chapter 6 Small palladium clusters on zeolite support -105-

Figure 6.3: Lowest energy structures of (a) gas phase Pdy cluster; ONIOM2 model
clusters of: (b) top and (c) side view of Zeol(1H); (d) top and (e) side view of
Pdy/Zeol(1H); (f) Pd4H/Zeol. The quantum and the molecular mechanics regions

have been designated by ball-stick and only stick representations, respectively.
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Table 6.4: Important structural parameters, Mulliken charges and enegetics of gas

phase Pds, Zeol and Pds/Zeol complexes.

Complexes

Calculated parameters
Pdy  Zeol(H) Pds/Zeol(H) Pd4H/Zeol

Pd,~Pd, - - 2.72 2.72
Pd,—Pd - - 2.61 2.73
<Pd-Pd> 2.66 - 2.66 2.73
Al-Simax - 6.38 6.42 6.41
Al(O1)-Si - 3.44 3.43 3.27
Al(02)-Si - 3.09 3.16 3.22
Al-O1 - 1.89 1.86 1.75
Average Al-02 - 1.73 1.77 1.82
Distances Si—01 - 1.65 1.64 1.64
(4) $i—02 - 1.64 1.65 1.67
02-02 - 4.06 4.13 4.06
O1-H - 0.97 1.04 -
Pd,—Ol - - 3.45 3.40
Pd,~O2 - - 2.48 2.30
Pd,—Si - - 3.38 3.24
Pd,—Al - - 3.20 3.08
Pd,~H/Pd—H —~ - - 1.87/1.69
Charges <Pd> - - -0.19 -0.04
Pd, - - -0.05 0.02
Pd, - - -0.62 -0.10
Hi/H>/H; - 0.39 0.39 0.05
Pd4H, - - -0.23 -0.06
Energies Eage - - -48.75 _
(kJ/mol) (-8.75)
Ers - - - -61.35

Etrans - - - -61.35
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Our calculations reveal that AI-O1 distances (1.89 A in Zeol, 1.87 A in Zeo2 and
1.85 A in Zeo3) are higher than Al-O2 distances (1.73 A in Zeol, 1.74 A in Zeo2
and 1.75 A in Zeo3), which agrees with the earlier theoretical and experimental
observations [289,290] that the Al-O distance associated with the acidic proton is
significantly longer than the other Al-O distances, by up to 0.2 A. The values of the
Al-O1 distances are found to be close to that calculated from EXAFS multiple
scattering studies of H-FAU [291]. AIl(O1)-Si, Al(O02)-Si, 02—02 and O1-H
distances in Zeol, Zeo2 and Zeo3 are in agreement with the observation of Résch
and co-workers [193]. Our calculated values of O1-H distances (0.97 A) agrees
well with ONIOM2 (B3LYP/6-31G(d,p):UFF) result of Kasuriya et al. [279].

The resulting structures of embedded-cluster models of 60T zeolites have
been chosen to study the adsorption complexes of zeolite-supported palladium
clusters. The lowest energy Pd,4 cluster is placed orienting its base towards the 6T
ring of the optimized zeolite supercages. Orientation of Pd, cluster is so chosen that
the Pd, atoms are coordinated to the oxygen atoms at O2 positions, which do not
participate in the bridging OH groups. Labeling of Pd, and Pd, atoms are shown in
the lowest energy structures of zeolite-supported bare Pds cluster, Pds/Zeol(1H),
Pds/Zeo2(2H) and Pds/Zeo3(3H), calculated at ONIOM2 (B3LYP/6-31G(d,p),
LLANL2DZ:UFF) level (Figures 6.3 (e), (f); 6.4 (cj, (d), (e) and 6.5 (c), (d), (e), (f)).
To test the spin multiplicity of Pd4 cluster on zeolite-support, we have performed
calculations for Pds/Zeo3(3H) system in singlet and triplet states. It has been
observed that like isolated Pds4, zeolite-supported Pds cluster has a triplet ground
state. The singlet state of Pds/Zeo3(3H) complex lies 79.07 kJ/mol higher in energy
than the triplet state. Recent observation has also confirmed triplet ground state of
Pd, on zeolite-support [188]. Therefore, we have carried out the calculations for
Pdy/Zeol(1H) and Pds/Zeo2(2H) complexes in triplet states only. Our computed
structural characteristics of the lowest energy Pds/Zeol, Pdy/Zeo2 and Pds/Zeo3
complexes are given in Tables 6.4, 6.5 and 6.6, respectively.

It is found that each of Pds/Zeol(H), Pdy/Zeo2(2H) and Pds/Zeo3(3H)
complexes exhibits three shorter Pd—O2 bond distances of 2.31-2.59 A, 2.32-2.58
A and 2.36-2.37 A (with longer Pd—O1 bond distances of 3.23-3.64 A, 3.21-3.65 A
and 3.25-3.27 A), respectively. These values are shorter in comparison with the

study of Morokuma and co-workers [188].



Chapter 6 Results and discussion -108-

Figure 6.4: ONIOM2 optimized lowest energy structures of: (a) top and (b) side
view Zeo2(2H); (c¢) Pds/Zeo2(2H); (d) Pd;H/Zeo2(1H); (e) PdsH./Zeo2. The
quantum and the molecular mechanics regions have been designated by ball-stick

and only stick representations, respectively.
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Table 6.5: Important structural parameters, Mulliken charges and enegetics of Zeo2
and Pd4/Zeo2 complexes.

Complexes
Calculated parameters
Zeo2(2H) Zecl:;éH) zzg%%) Pzdgglzzl
Pd,~Pd, - 2.72 2.71 2.66
Pd,~Pd, - 2.61 2.73 2.92
<Pd-Pd> - 2.67 2.72 2.79
Al=Sigay 6.41 6.48 6.44 6.45
Al(O1)-Si 3.41 3.42 3.33 3.29
Al(02)-Si 3.08 3.15 3.17 3.24
Al-01 1.87 1.85 1.80 1.78
Al-02 1.74 1.76 1.81 1.83
Average
Distances Si-01 1.67 1.66 1.67 1.64
4) Si-02 1.62 1.64 .66 1.66
02-02 3.99 4.14 4.01 4.08
O1-H 0.97 1.02 0.97 -
Pd,—O1 - 3.35 3.41 3.28
Pd,~02 - 2.41 2.26 2.57
Pd,-Si - 3.34 3.22 3.00
Pd.-Al - 3.28 3.19 3.49
o - C e
Charges <Pd> - -0.21 -0.07 0.02
Pd, - -0.04 0.03 0.07
Pd, - -0.68 -0.19 0.11
H\/Hy/H, 0.39 0.39/0.39 0.05/0.38  0.02/0.07
Pd.H, - 0.11 0.24 0.21
Energies E. - -74.09 _ _
(kJ/mol) (-11.30)
Egs - - -65.16 -10.16

Errans - - -65.16 44 84




Chapter 6 Results and discussion -110-

Our calculated Pd~O distances are ~0.15-0.40 A shorter than the values of
2.74-2.76 A derived from EXAFS measurements of NaX FAU zeolite-supported
Pd, (n=2-4) clusters [172]. However, this experiment gives 1.5 Pd and 2.1 O
neighbors for each Pd atom, which is different from the present study. In spite of
this, Pdy/NaX FAU zeolite data are presented here for comparison because of the
unavailability of EXAFS structural data for Pds/H-FAU zeolite system. The Pd—02
bond distances in Pdy/Zeo(3H) complex are close to those reported by Vayssillov
and Roésch [190] for Pde/Zeo(3H) complex (2.28 A) and are essentially close to the
corresponding distances of Pd; clusters supported on a-AlLO; (0001) surface,
oﬁthnized without any symmetry constraints [292]. It is observed that Si—Ol,
Al-O1 bond lengths decrease and Si—02, Al-02 bond lengths increase in faujasite
zeolite support due to the adsorption of Pds. As seen in Tables 6.4—6.6, Pd—Pd bond
lengths of of zeolite-supported Pds clusters are 2.59-2.76 A, which are slightly
deviated from those in the gas phase Pds cluster. This finding is similar to the
observation of Bussai et al. [293] that adsorption of a metal cluster in a zeolite cage
does not change the structure of the cluster in a significant way compared with a
tetrahedral structure in the gas phase. A similar observation has also been reported
in case of purely siliceous FAU zeolite-supported palladium tetramer [188] as well
as in Pds cluster on a constrained six-ring model FAU zeolite cluster [190]. Almost
unchanged structural parameters along with the preserved tetrahedral-shape of gas
phase Pd, cluster on zeolite-support indicate a weak interaction between palladium

cluster and the support.

6.3.2.2 Hydrogenated Pd, clusters on zeolite

Figures 6.3 (f); 6.4 (d), (e) and 6.5 (d), (e), (f) show the ONIOM?2 model optimized
adsorption complexes of PdsH/Zeol; PdsH/Zeo2(1H), Pd;H»/Zeo2 and
PdsH/Zeo3(2H), PdsH,/Zeo3(1H), PdsHs/Zeo3, respectively, corresponding to one,
two and three proton transfer processes in Zeol, Zeo2 and Zeo3. It is found that in
the hydrogenated Pd4 adsorbed zeolite complexes, the transfer of one and two
hydrogen atoms get adsorbed in two-fold coordination between Pd, and Pd, atoms.
However, the third hydrogen in Pd4H3/Zeo3 complex is coordinated with only Pd,

atom. Characteristic features of these complexes are given in Tables 6.4-6.6.
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Figure 6.5: ONIOM2 optimized lowest energy structures of: (a) top and (b) side
view Zeo3(3H); (c) Pds/Zeo3(3H); (d) PdsH/Zeo3(2H); (e) PdsHr/Zeo3(1H); ()
PdsHj/Zeo3. The quantum and the molecular mechanics regions have been

designated by ball-stick and only stick representations, respectively.



Chapter 6 Results and discussion -112-

Table 6.6: Important structural parameters, Mulliken charges and enegetics of Zeo3
and Pd4/Zeo3 complexes.

Complexes
Calculated parameters
Pdy/ Pd,H/ Pd,H,/ Pd Hy/
Zeo3GH)  703m) Zeo(2H) Zeo(1H) Zeo
Pd,~Pd, - 2.72 2.72 2.68 2.81
Pd,~Pd, - 2.61 2.74 2.83 2.84
<Pd-Pd> - 2.67 2.73 2.76 2.83
Al-Si_., 6.45 6.55 6.50 6.48 6.43
Al(gl)' 3.38 341 3.34 3.29 3.25
Al((S)i2)— 3.07 3.14 3.15 3.19 3.22
Al-O1 1.85 1.83 1.81 1.77 1.73
Al-02 1.75 1.76 1.79 1.80 1.79
Average .
Distances  Si~O1 1.71 1.69 1.66 1.63 1.61
A) Si~02 1.60 1.61 1.64 1.66 1.67
02-02 3.91 4.17 3.95 3.94 3.97
O1-H 0.97 1.01 0.97 0.97 _
Pd,-Ol - 3.26 3.42 3.36 3.33
Pd,—02 - 2.36 2.24 2.20 223
Pd,~Si - 3.30 3.22 3.24 335
Pd,—Al - 3.33 3.20 3.10 297
Pd,~H/ _ _ 1.66/1.71,  1.65/1.68,
Pd—H 1.80/1.67 1.62/1.70 1.65/1.70,
' 1.52/2.64
Charges  <Pd> - -0.26 -0.08 -0.01 0.01
Pd, - 0.01 0.08 0.13 0.12
Pd, - -0.78 -0.16 0.10 0.15
Hy/HyH, 038/038/ 0.39/0.39/ -0.05/0.41/ 0.05/0.03/  0.06/0.05/
0.38 0.39 0.39 0.38 0.07
Pd H, - - 0.59 0.56 0.33
Encrei -72.65
nergies Eaa - - - _
(kJ/mol) (-20.39)
Eps - - -33.32 12.40 42.07

Eirans - - -33.32 58.12 101.40
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In hydrogenated Pdy/Zeo clusters, elongation of average Pd—Pd bond length is
observed by 0.05-0.07 A than that of adsorbed bare Pd, clusters. Strong interaction
of the metal cluster with zeolite supports results due to reverse hydrogen spillover,
which is reflected by the shorter Pd—O2 distances compared to adsorbed bare cluster
(Table 6.4-6.6). Bond length values of T-O1 and T-02 (T=Si, Al) in hydrogenated
Pd, clusters are found to be less and greater, respectively, in comparison with those

in bare Pd4 clusters on zeolite support.

6.3.2.3 Charge analysis

Based on finite model as well as embedded cluster studies, it has been already
established that most of the bare metal clusters (M4, Mg) on zeolite supports are
internally polarized, with uneven distribution of charges between M, and M; metal
atoms. Mulliken charge analysis in the present work reveals a qualitatively similar
charge polarization effect of Pds on Zeol, Zeo2 and Zeo3 supports (Tables 6.4-6.6).
However, unlike earlier observations [190,191], we have found that metal atoms Pd,
close to the framework oxygen atoms O2 of a zeolite fragment carry higher negative
charges while the apex Pd, atom carries small negative or positive charges. A
similar charge distribution has been observed in case of Aug cluster on zeolite
support by Ivanova Shor et al. [193]. The adsorbed Pds clusters in our study are
found to carry a total negative charge of -0.62—-0.78 ¢, which is larger than the value
of -0.18 e reported for adsorbed Pd¢ cluster in a finite zeolite model [190]. Further,
in line with the earlier results [190,191,193], we have observed that Pd4H, (n=1-3)
species formed as a result of reverse hydrogen spillover, carry positive charges,
0.21-0.59¢ (with small negative charge of -0.06 for Pd4sH/Zeol). It is seen from
Tables 6.4—6.6 that reverse hydrogen spillover results in decrement and increment of
electron density of metal atoms and transferred hydrogen species, respectively.
Therefore, the process of reverse hydrogen spillover is associated with a partial
oxidation of the metal clusters. The shift of electron density from metal atoms to
hydrogens is larger for Pd, atoms, which can interact with the transferred protons
easily than apex Pd, atoms. Electron density is less polarized in the adsorbed metal
hydride species, Pd4H, (n=1-3) compared to adsorbed bare Pd, species. This
redistribution of electron density in zeolite-supported metal clusters may be

important for their reactivity and catalytic activity.
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6.3.2.4 Energies of adsorption and reverse hydrogen spillover

The calculated energies of adsorption and reverse hydrogen spillover are tabulated in
Tables 6.4-6.6. It should be noted that the energy values do not include basis-set
superposition error (BSSE) corrections. The facility of performing counter-poise
corrections in ONIOM calculations of Gaussian 03 is not available at this point.
However, we have calculated the BSSE using counterpoise method in the fully
optimized QM geometries of Pd4 adsorbed zeolite complexes as reported by Joshi et
al. [280]. We have performed pure QM calculations on Pd, adsorbed in 6T ring of
faujasite zeolite clusters. In the first step of these calculations, we have allowed to
relax only the terminating Si-H bonds by keeping all other atoms fixed to their
respective crystallographic positions. In the subsequent step, the terminating
hydrogen atoms are kept fixed and all other atoms are allowed to relax. The values
of BSSE in Pd4s/Zeol(1H), Pdy/Zeo2(2H) and Pdy/Zeo3(3H), estimated from pure
QM calculations are 50.56 kJ/mol, 70.00 kJ/mol and 71.41 kJ/mol, respectively,
giving positive values of corrected E.qs. These are only approximated corrections as
they have been calculated from pure QM calculations on adsorption complexes of
Pd, with small zeolite clusters and not from QM/MM calculations on more realistic
Pd, adsorption zeolite model complexes. Therefore, we have not included the BSSE
corrected adsorption energies in Tables 6.4-6.6. BSSE value of 54 kJ/mol has been
reported by Moc et al. [188] for the adsorption energy of Pd4 cluster on 24T model
cluster of purely siliceous faujasite zeolite. We have calculated the MM contribution
(Eads;mm)  to the total QM/MM adsorption energy (Eads) as Eads,Mm=Eads—Eads. oM,
where Eugom is the pure QM adsorption energy. These values are shown in
parentheses of Tables 6.4—6.6. Adsorption energies of Pd4 on Zeol, Zeo2 and Zeo3
have been found to be -48.75 kJ/mol, -74.09 kJ/mol and -72.65 kJ/mol, respectively,
using equation (6.5). These values are less than the adsorption energy (BSSE
uncorrected) of -84.94 kJ/mol for Pd4 on 24T model cluster of purely siliceous FAU
zeolite [188]. An earlier study showed that adsorption energy of six atom octahedral
Pds cluster on 6T zeolite cluster is -56 kJ/mol [190]. It suggests that Pdy has
stronger binding than that of Pd¢ with FAU zeolite. This difference in adsorption
energy may be due to the lower coordination saturation of the metal atoms in the free
Pd, cluster which results in a comparatively stronger interaction with oxygen atoms

of the zeolite support. A similar observation has been reported in case of Irs and Irg
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clusters [190,191]. Our calculations reveal that binding of a Pd tetramer to the
zeolite is thus weaker than that to a MgO support (-164.03 kJ/mol) [294].

In the present study, zeolite-supported Pd4 clusters in triplet ground state is
found to be more stable in the configurations with 1H impurity (Figures 6.3 (f), 6.4
(d) and 6.5 (d)). We have calculated that proton migration from bridging OH group
of the Zeol support to the Pd, cluster is exothermic, which is given by Egs value of -
61.35 kJ/mol (Table 6.4). The corresponding process in the singlet state of
Pds/Zeo(3H) is more exothermic §vith Ers value of -54.28 kJ/mol. Values of Egg
corresponding to single proton transfer in PdsH/Zeo2(1H) and PdsH/Zeo3(2H)
complexes are calculated to be -65.16 kJ/mol and -33.32 kJ/mol, respectively
(Tables 6.5 and 6.6), showing exothermic nature of these processes. Migration of
both the protons from Zeo2 support to Pd4 is found to be less exothermic, with Egrg
of -10.16 kJ/mol (Table 6.5). On the other hand, transfer processes of two and three
protons in Pd4H»/Zeo3(1H) and Pd4Hi/Zeo3, respectively, take place at the expense
of energies (Egs), 12.40 kJ/mol and 42.07 kJ/mol, respectively (Table 6.6).
However, in the singlet excited states of Zeo3 adsorption complexes, reverse
hydrogen spillover processes for transferring two and three protons are found to be
exothermic (Ers=-4.30 kJ/mol) and endothermic (Ers=19.51 kJ/mol), respectively.
This observation contradicts the previous finding of exothermicity of three hydrogen
transfer process in case of Pd¢/Zeo(3H) complex with finite models of the zeolite
framework [190]. Recently, elaborate embedded cluster model study computed
reduced Egrs values in comparison with finite model studies [193]). This study
showed that zeolite-supported hydrogenated M¢H; (M=Rh, Ir, Au) species are not
always energetically favorable over supported bare Mg clusters. In this study, it is
also established that nature of reverse hydrogen spillover depends on the acidity of
the corresponding OH groups and the process proceeds easier from the most acidic
hydroxyl groups. Having these results in mind, there is a possibility of changing in
the nature of spillover process in Pds/Zeo(mH), m=1-3 systems with the change of
corresponding OH group, which may be a subject of further investigations.
However, there is no theoretical study on zeolite-supported metal tetramers with
proper modeling of extended zeolite framework till date. On the basis of the present
investigation, we can conclude that reverse hydrogen spillover processes of more
than one proton transfer are energetically not favorable for Pd,4 cluster on faujasite

zeolite support.



Chapter 6 Salient observations -116-

6.4 SALIENT OBSERVATIONS

We have used cluster model and embedded cluster model based on DFT/B3LYP
method to study the interaction of palladium atom with H-ZSM-5 support using 7T
and 93T model clusters of the zeolite fragment, respectively. It is observed that the
Pd atom interacts with a Brensted proton and a nearby oxygen atom of the zeolite
framework. As a result of this interaction, electron transfer takes place from the
oxygen atom to the palladium atom, increasing the electron density in s- and p-
orbitals of the Pd atom. Simultaneous withdrawal of this excess electron density by
the Brensted proton stabilizes the palladium atom with a decrement in its d-orbital
electron density. The adsorption energy of Pd in HZ7 and HZ93 systems are found
to be -1.83 and -5.18 kcal/mol, respectively. This implies the greater stability of Pd-
HZSM-5 complex with proper modeling of the support. Both the cluster and
embedded cluster model are equally efficient in terms of the adsorption of CO and
NO molecules on Pd-HZSM-5. NBO analysis gives insight to bonding
characteristics of the probe molecules with the supported Pd systems. CO gets
adsorbed linearly on Pd-HZSM-5 through the o donation and m back-donation
mechanism. Whereas, adsorption NO molecule takes place in a bent configuration
via a covalent ¢ bond formed between the NO 2n” electron and metal d, electron.
Our calculated vibrational frequency values for these adsorbed species are close to
the corresponding experimental values of Pd*—CO and Pd'-NO species,
respectively. These results indicate the presence of Pd(I) species in Pd-HZSM-5
complex, which is also reflected by the NAO partial charge analysis.

We have also studied faujasite supported bare Pd4 clusters and their
interaction with OH groups of the support to form hydrogenated Pd, clusters. The
average Pd-Pd bond length of gas phase Pd4 cluster remains almost unchanged in
Pd4/Zeo(mH), m=1-3 complexes. Elongation of the Pd—Pd bond lengths are found
to be ~0.05-0.07 A, in going from Pdy/Zeo(mH) to Pd4sHy/Zeo((m-1)H) (m, n=1-3)
complexes. The presence of the support is effective in producing internal charge
polarization in bare as well as in hydrogenated Pdy4 clusters. Pd, clusters has been
observed to undergo partial oxidation due to proton transfer process, the metal atoms
closer to zeolite oxygens are more oxidized than those located at far away. Taking
into account the effects of zeolite environment properly, it has been found that

reverse hydrogen spillover processes for single proton transfer from zeolite OH



Chapter 6 Small palladium clusters on zeolite support -117-

groups to the metal clusters are exothermic with Egs values of -61.35 kJ/mol, -65.16
kJ/mol and -33.32 kJ/mol in case of Zeol, Zeo2 and Zeo3, respectively. On the
other hand, stepwise transfer processes of two protons in Zeo2 and Zeo3 are
endothermic with E.ns values of 44.84 léJ/mol and 58.12 kJ/mol, respectively, in the
triplet states. Value of Eiups for the third proton transfer in Pd4H,/Zeo3 complex is
101.40 kJ/mol. In summary, we have observed that for zeolite-supported
tetranuclear palladium clusters, Pd4H/Zeo((m-1)H), m=1-3 in the triplet states is the

more stable complex and may be useful as an active species in catalytic processes.



CHAPTER

CONCLUSIONS AND FUTURE SCOPES

CONCLUSIONS

In the present thesis, we aimed to reach four goals: first, to investigate the structure
and stability of small gas phase palladium clusters; second, to study the nature of
adsorption of carbon monoxide on small stable gas phase palladium clusters; third,
to study the catalytic activity of gas phase palladium clusters towards oxidation of
carbon monoxide; fourth, change in electronic structure of small palladium clusters
in presence of oxide supports like zeolites. We have used the most popular density
functional theory (DFT) method to carry out our investigations. The calculations in
gas phase have been performed with the help of DMol® program, whereas QM/MM
based ONIOM method of Gaussian 03 have been used to study zeolite supported
palladium clusters.

Symmetry unrestricted full geometry optimizations have been performed on
a randomly chosen large number of gas phase neutral Pd, (n=1-13) clusters in
different spin multiplicities. The lowest energy structures of these clusters are in
agreement with the earlier reported results. Further, we have systematically
investigated the structural and electronic properties of cationic and anionic Pd,
(n=1-13) clusters for the first time. The corresponding cationic and anionic clusters
have been constructed by removing and adding one electron, respectively, from the
lowest energy neutral clusters. These clusters have been fully optimized in different
spin multiplicities. From the calculations, we have computed electronic properties
such as binding energy, fragmentation energy, bond dissociation energy, ionization
potential, electron affinity, chemical hardness and dipole moment of the optimized
clusters. Based on these parameters, we have predicted the four-atom palladium
cluster (Pd,) in triplet state to be a magic number cluster.

The various adsorption modes of carbon monoxide (CO) on gas phase

neutral, cationic and anionic Pd, (n=1-7) clusters have been investigated. It has
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been observed that both for neutral and cationic complexes, all the 1-, 2- and 3-fold
coordination are preferred by the CO molecule. But CO adsorption takes place
mostly in single coordination (2-fold coordination only for Pd; cluster) in case of
anionic clusters. i.e., charge states of small palladium clusters have strong influence
on the adsorption configurations. Both cluster charge and adsorption configuration
are found to effect Pd—CO back-donation. It is observed that Pd—CO and C-O
bond distances increase in going from top to bridge to 3-fold adsorption sites in all
the clusters. The increment of intermolecular CO interactions due to high coverage
leads to the lengthening of the metal-CO distances. On the other hand, lengthening
of C—O bonds in moving from top to bridge to hollow sites may be related to the
increased metal—n back-donation, which progressively weakens the C—O bond.
Moreover, CO binding energies of the larger three dimensional Pd, clusters (from
n=5 onwards) follow a trend like Pd,CO" < Pd,CO < Pd,CO, in which metal-CO
back-donation is the dominant factor. For all the clusters, CO binding energies
oscillate with cluster size. Neutral Pd,4 cluster is found to have the lowest binding
with CO, which implies least reactivity of bare Pdy4 cluster towards CO or higher
stability of Pds. Based on these observations, we can say that CO binding on small
palladium clusters can be tuned by the charge and size of the clusters. Advantage of
this property can be taken in the catalytic CO—CQO; conversion process.

Due to the higher stability, Pds cluster has been considered to study the
catalytic activity of small palladium clusters in removing carbon monoxide. Among
the different adsorption modes of molecular (O;), dissociative (20) and atomic (O)
oxygen on Pd,>* clusters, dissociative adsorption with the oxygen atoms occupying
bridge sites of Pds clusters appears to be energetically most favorable for all the
complexes. All these complexes are highly distorted from the gas phase tetrahedral
Pdj clusters. All of Oy, 20 and O are found to have the highest binding energy with
anionic Pd, cluster. Pre-adsorption of oxygen effect the adsorption configuration as
well as the binding energy of co-adsorbed carbon monoxide. This is due to the
change in electronic structure of gas phase of Pd, clusters by adsorption of oxygen.
The co-adsorbed complexes form all possible reaction intermediates of the oxidation
of carbon monoxide. From the study of three reaction pathways, which combine CO
with O, 20 and O to form CO,, it is observed that neutral and cationic Pdy4 clusters

are more effective in catalyzing CO oxidation reaction than that of anionic Pdy
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cluster. Further, dissociated oxygen is found to be a superior oxidant for CO
oxidation on gas phase tetra palladium clusters.

To study the change in electronic structure of small palladium clusters in
presence of oxide support, we have employed the ONIOM method implemented in
Gaussian 03 for the first time for proper modelling of the support. In our study,
zeolite has been considered as a model oxide support because of its advantageous
higher thermal stability, size, shape selectivity of reactants and products, ease
separation of products etc. We have first studied the electronic structure of single Pd
atom on MFI zeolite support using CO and NO as probe molecules. It is observed
that the Pd atom interacts with a Brensted proton and a nearby oxygen atom of the
zeolite framework, as a result of which, electron transfer takes place from the
oxygen atom to the palladium atom, increasing the electron density in s- and p-
orbitals of the Pd atom. Simultaneous withdrawal of this excess electron density by
the Bronsted proton stabilizes the palladium atom with a decrement in its d-orbital
electron density. Higher adsorption energy of Pd in HZ7 than HZ93 cluster implies
greater stability of Pd-HZSM-5 complex with proper modeling of the support. CO is
found to adsorb linearly on Pd-HZSM-5 through the ¢ donation and n back-donation
mechanism.  Whereas, adsorption of NO molecule takes place in a bent
configuration via a covalent ¢ bond formed between the NO 21" electron and metal
ds electron. Our calculated vibrational frequency values for these adsorbed species
are close to the corresponding experimental values of Pd"—~CO and Pd*-NO species,
respectively. These results indicate the presence of Pd(I) species in Pd-HZSM-5
complex.

Next we attempted to investigate the effect of zeolite support on the
electronic structure of Pds, which is found to be the most stable cluster from the gas
phase calculations. For this study, we have chosen FAU zeolite as support due to its
large pore size to accommodate Pd, in it. The results show that the structure of gas
phase Pdy cluster remains almost unchanged in the presence of FAU zeolite support.
However, the presence of the support is effective in producing internal charge
polarization in bare as well as in hydrogenated Pd, clusters. Moreover, Pd, cluster
has been observed to undergo partial oxidation due to proton transfer process in
hydrogenated Pdy/FAU complexes. The Pd atoms closer to zeolite framework
oxygens are more oxidized than those located far away. It has been found that the

reverse spillover of single proton from zeolite OH group to Pd, cluster is the most
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exothermic process or PA4H/FAU in the triplet state is the most stable complex and

may be useful as an active species in catalytic processes.

FUTURE SCOPES

Recently, there is a trend of growing interest both in theoretical and experimental
research based on palladium because of its wide application and the several issues
related to it that have remained unexplored. In the present thesis, we have dealt with
some of the important structural and electronic properties of small palladium clusters
in gas phase as well as on oxide support such as zeolite. Moreover, we have
investigated the effect of palladium cluster charge on its catalytic activity in
oxidation of carbon monoxide. Still there are a large number of directions left on
palladium research for future investigations, some of which have been mentioned
below:

1) The present study can be extended to higher atomic clusters and even to Pd

metal surfaces.

ii) Studies can be made to elucidate the structure and properties of bimetallic

palladium clusters with different charge states.

ii1) There is a possibility for the study of these clusters for various catalytic

reactions other than CO oxidation.

iv) Effect of different supports like MgO, Al O3, CNT etc. on the structural

and electronic properties of these clusters can be studied.

v) DFT studies of various catalytic reactions on supported metal clusters will

be useful in fabrication of suitable catalysts based on these clusters.
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APPENDIX

Low energy structural and spin isomers of Pd, (n=2-13)

clusters:

Table Al: Spin multiplicity (M), point group symmetry (PGS) and relative energy (AE) in

eV of different structural isomers of neutral Pd,—Pd,; clusters.

Clusters Structures' M PGS AE

Pd» =t 1 D.. 0.0018

3 D., 0.0000

5 | D 2.0346

Pd; A 1 D3, 0.0000

C,, 0.0002

3 Dy, 0.0463

C,, 0.0465

5 Dy, 1.6843

C,, 1.6838

Pd, n 1 D) 0.6199
4(a)

3 Dy, 0.7144

5 Dy, 1.6677

¢ ! C. 0.0168
4(b)

T4 0.0190

3 C, 0.0000

Ty 0.0022

5 C, 1.1762

T, 1.1785

" Blue spheres throughout the whole chapter denote palladium atoms.



Appendix A

Table A1 (Continued)

Clusters Structures M PGS AE

Pd; ¢ 1 Dy, 0.0000
5 (a)

C, 0.0011

3 sy 0.0235

C, 0.0225

5 Dy, 0.5610

c, 0.5606

A I Ca, 0.0017
5(b)

Ca, 0.0038

3 Co, 0.0280

Ci 0.0305

5 s, 0.6135

Pd, 1 Con 0.0000
6 (a)

O 0.0037

Doy 0.0004

3 s, 0.0670

0, 0.0706

Day 0.0668

5 Cax, 0.5188

0, 0.5221

Dy 0.5176

m 1 D, 1.4045
6 (b)

3 D>, 1.4592

5 D, 1.7296

g | Dy, 0.4629
6 (c)

3 Dy, 0.4746

5 5 0.7115

& 1 C 0.3915
6 (d)

3 Cs 0.4073

5 s 0.6600
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Table Al (Continued)

Clusters Structures M PGS AE

=

Pd; 0.0000
7(a)

3 Ds;, 0.0276

5 Dsy, 0.2097

% 1 C, 0.0130
7(b)

3 C, 0.0404

5 C, 0.1600

w 1 C,, 0.0222
7(c)

3 C,, 0.2293

5 C,, 0.3332

& | G, 0.0699
7(d)

3 C, 0.0853

5 C, 0.2255

Pdg @ 1 Css 0.2229
8(a)

3 Csy 0.0000

5 D»gy 0.2258

& | C,, 0.5195
8(b)

5 C, 0.5895

% | Dy 0.3477
8(c)

3 D3y 0.3416

5 Day 0.4073

é | C, 0.2143
8(d)

3 C, 0.2319

5 C, 0.3456
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Table A1 (Continued)

Clusters Structures M PGS AE

Pdg @ 1 C, 0.3371
8(e)

3 Csy 0.3587

) C,, 0.4607

& | B 0.3828
&(f)

3 C, 0.3904

5 (O3 0.5131

Q l C, 03715
8(2)

3 C, 0.3803

5 C, 0.4709

Pd, & 1 Ds, 0.0000
9(a)

3 Dsy, 0.0224

5 D3, 0.1312

& | D 0.4332
9(b)

3 Ds;, 0.4423

5 D3y, 0.4861

ﬁ 1 C 0.4769
9(c)

3 G, 0.4861

5 C, 0.5454

@ I Cs 0.3187
9(d)

3 Cs, 0.3302

5 C,, 0.3928

& | 5 0.7075
9(e)

3 Cs, 0.7118

5 Cs, 0.7476
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Table A1 (Continued)

Clusters Structures M PGS AE
Pd, @ 1 C, 0.3729
9(f)
3 C. 0.3790
5 C, 0.4483
@ 1 C, 0.4352
%)
3 C, 0.4457
5 C. 0.5235
@ | Ci 0.6745
9(h)
3 Cay 0.6795
S Ca 0.7209
Pd,, % 1 D5, 0.0000
10(a)
3 Dsp 0.0101
5 (DI 0.0681
@ 1 Dyp 04117
10(b)
3 Dyp 0.4266
5 D) 0.5040
@ | Dy 0.2830
10(c)
3 D 0.2882
5 Dy 0.3267
@ 1 Cop 0.1682
10(d)
3 Co 0.1804
5 Cay 0.2446
m 1 C, 0.4292
10(e)
3 C. 0.4383
5 C. 0.4967
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Table A1 (Continued)

Clusters Structures M PGS AE
Pd,, ¢ 1 C, 0.0588
10(f)
3 C, 0.0795
A 1 C,, 0.2738
10(g)
3 C,, 0.2785
5 Csy 0.3135
10(h)
3 C,y 0.0133
@ 1 Cs, 0.1313
10(1)
3 0.1360
5 0.1666
g ] Csy 0.4180
10()
3 Cs, 0.4224
5 Ci, 0.4906
Pd,, $ 1 D3, 0.0000
11(a)
3 Day 0.0039
5 Dsyp, 0.0317
$ ] C,, 0.2586
11(b)
3 C,, 0.2643
S C-, 0.2952
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Table Al (Continued)

Clusters Structures M PGS AE

2

Pd,, 0.4125
1(c)

3 C, 0.4239

5 C, 0.4812

% I C. 0.1567
11(d)

3 C. 0.1765

5 C. 0.2575

@ I C. 0.5173
11(e)

3 C. 0.5285

5 C. 0.6022
11(f)

3 Cay 0.5604

5 Co 0.6117

& I C 0.4259
11(g)

3 C. 0.4303

5 ' 0.4625

$ I C. 0.6166
11(h)

@ 1 C. 0.6689
113)

2 C. 0.6658

3 C. 0.6826

@ I Co, 0.3650
11()

3 Ca. 0.3777

J C,, 0.4430
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Table Al (Continued)

Clusters Structures M PGS AE

&

Pd,, 0.1817
L1(k)

3 C. 0.1856

5 C, 02161

Pd,, % 1 C, 0.0000
12(a)

3 C, 0.0138

5 . 0.0686

& l Cay 0.6629
12(b)

3 Ca 0.6671

5 Ca, 0.6993

E | Car 0.6648
12(c)

3 Can 0.6701

5 Can 0.7052

@ 1 C. 0.2919
12(d)

3 C. 0.2937

5 C. 0.3220

® 1 C. 0.2390
12(e)

3 ¢ 0.2350

5 c, 0.2464

@ | c, 0.6040
12(f)

3 o) 0.6303

5 C, 0.7140

@ I s, 0.1667
12(g)

3 Ca 0.1792

5 Cs, 0.2368
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Table A1 (Continued)

Clusters Structures M PGS AE
Pd,, & | c, 0.2988
12(h)
3 C. 0.3078
5 C, 0.3517
@ 1 C, 0.5471
12(1)
3 C, 0.5543
5 C, 0.5949
m | Cs, 1.2045
12()
3 C,, 1.2119
5 C,, 1.2508
g 1 C, 0.1739
12(k)
@ 1 Iy 0.6936
12(1)
Pd; @ 1 C, 0.0000
13(a)
3 0.0143
5 0.0726
m ] C., 0.3121
13(b)
3 C, 0.3314
5 C., 0.3992
@ ] C. 0.4107
13(c)
3 (ON 0.4149
5 C, 0.4411
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Table A1 (Continued)

Clusters Structures M PGS AE

Pd,; % | Csy 0.5070
13(d)

3 Cs, 0.5183

5 Cyy 0.5571

ﬁ 1 Cs 0.3496
13(e)

3 Cs 0.3540

5 Cs 0.3877

@ | C, 0.2356
13()

3 C, 0.2353

5 C. 0.2540

@ | I, 0.1240
13(g)

| C, 0.4816
13(h)

3 C. 0.4861

5 C, 0.5195

& | C, 0.0155
13(i)

3 C,, 0.0143

5 C,, 0.0303

g | C,, 0.5094
13()

3 C,, 0.5062

5 C,, 0.5236
13(k)

3 C,, 0.1617

5 C,, 0.2108
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Table Al (Continued)

Clusters Structures M PGS AE

Pd,; @ | C. 0.5135
13(1)

3 C. 0.5225

5 C, 0.5587

é | Ca 0.0197
13(m)

3 s, 0.0210

5 Cs. 0.0425

@ 1 C. 0.5691
13(n)

3 C. 0.5724

5 C. 0.5984

@ I C. 1.0640
13(0)

3 C. 1.0792

5 C. 1.1364

a [ C, 1.2601
13(p)

3 C. 1.2652

5 C. 1.2975

& | C, 0.5491
13(q)

3 C, 0.5631

g 1 C. 0.6398
13(r)

3 C. 0.6484

5 %) 0.6898

@ | C, 0.0550
13(s)

3 C. 0.0609

5 C. 0.0925
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Table Al (Continued)

Clusters Structures M PGS AE

Pd ;s 1 C, 0.2005
13(t)

3 C, 0.2051

5 C, 0.2422

@ I C. 0.4448
13(u)

3 C, 0.4450

5 C, 0.4613

1 C,y 03179
13(v)

3 Csy 0.3335

C,, 0.4009




APPENDIX

Low energy structural and spin isomers corresponding to
the adsorption and co-adsorption of carbon monoxide and

oxygen on Pd,”” clusters:

Table B1: Relative energies of different structural and spin isomers of neutral Pd,CO (n=1-

7) complexes.

Pd,CO Multiplicity (M) Structures' Relative energy (eV)

Pd,CO 1 f 0.0000
la

3 { 2.0946
1b

Pd,CO 1 | 0.9937
2a

& 0.0000
2b

3 similar to 2a 1.3597

similar to 2b 1.5896

' Blue, gray and red spheres throughout the whole document denote palladium, carbon and

oxygen, respectively.
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Table B1 (Continued)

Pd,CO Multiplicity (M) Structures Relative energy (eV)
Pd,CO I K 0.7044
3a
é 0.0000
3b
3 similar to 3a 0.8234
& 0.9325
3¢
similar to 3b 1.1576
Pd,CO 1 é 0.1321
4a
% 0.1298
4b
‘0—4 0.1317
4c
:4 0.1324
4d
&’ 0.2629
de
\w 0.2627
4f
& 0.2639
4g
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Table B1 (Continued)

Pd,CO Multiplicity (M) Structures Relative energy (eV)
Pd,CO 1 ¢ 0.2619
4h
Q 0.2714
4i
0.0000
0.0000
0.0000
4m
0.0000
4n
3 simifar to 4a 0.1386
similar to 4b 0.1343
similar to 4c 0.1383
similar to 4d 0.1385
similar to 4f 0.4340
similar to 4g 0.4352
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Table B1 (Continued)

Pd,CO Multiplicity (M) Structures Relative energy (eV)
Pd,CO 3 similar to 4h 0.4328
similar to 41 0.4352
similar to 4j 0.4331
similar to 4k 0.6109
similar to 41 0.6107
similar to 4m 0.6109
similar to 4n 0.6107
Pd;CO 1 $ 0.2395
Sa
% 0.0000
Sb
.@ 0.0932
5c
.& 0.1742
5d
3 similar to 5a 0.2760
similar to 5b 0.0144
similar to 5¢ 0.1459
similar to 5d 0.3554
Pd,CO 1 @ 0.0000
6a
@ 0.1957
6b
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Table Bl (Continued)

Pd,CO  Multiplicity (M)

Structures

Relative energy

(eV)
Pd,CO 1 ¢ 0.1902
6¢
Q 0.2799
6d
% 0.2799
6e
3 d 0.0624
similar to 6a 0.0615
similar to 6b 0.2335
similar to 6¢ 0.2293
similar to 6d 0.3774
similar to 6e 0.3774
Pd,CO 1 0.5206
7a
&. 0.1561
7b
0.0000
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Table B1 (Continued)

Pd,CO Multiplicity (M) Structures Relative energy (eV)

Q‘ 0.0287

Pd,CO 3

7d
0.2447

Te
similar to 7a 0.5119
similar to 7b 0.1876
similar to 7¢ 0.0433
similar to 7d 0.0832
similar to 7e 0.2963

Table B2: Relative energies of different structural and spin isomers of cationic Pd,CO

(n=1-7) complexes.

Pd,CO" Multiplicity (M) Structures Relative energy (eV)

Pd,CO’ 2 i 0.0000
la’

4 f 3.7900
b’

Pd,CO™ 2 } 0.8743
2a’

0.0000
2b’

4 Similar to 2a’ 1.5839
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Table B2 (Continued)
Pd,CO°  Multiplicity (M) Structures Re'a"(ve ‘;f)““gy

Pd,CO’ 4 A 2.3231]
2c’

PO 2 Ap. 1.0327
3a’

4 0.0000
3b’

4 & 1.4969
3¢’

Pd,CO’ 2 4. 0.3998
4a’

M 0.1485
4b’

é‘ 0.0000
4c’

4 Similar to 4a’ 0.4327

Similar to 4b’ 0.7674

Similar to 4¢’ 1.0838

Pd;CO’ 2 é 0.1249
S5a’

‘ﬁ 0.1685

5b’
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Table B2 (Continued)

Pd,CO’ Multiplicity (M) Structures Relative energy (eV)

PALCO" 5 .& 0.1597
5¢’

M 0.0000
5d’

4 Similar to 5a’ 0.1363

Similar to 5b’ 0.1987

Similar to 5c¢’ 0.3212

Similar to 5d’ 0.5258

Pd,CO’ 2 4 0.0000
6a’

g. 0.1624
6b’

y 0.0893
6¢c’

4 Similar to 6a’ 0.0458

Similar to 6b’ 0.2053

Similar to 6¢’ 0.3932

Pd,CO’ 2 é 0.4522
7a’

$ 0.1892
7b’

é 0.0000

7c’
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Table B2 (Continued)

Pd,CO" Multiplicity (M) Structures Relative energy (eV)

Pd,CO’ 2 ¢°‘ 0.1120
7d’

0.2610
Te'

4 Similar to 7a’ 0.4997

Similar to 7b’ 0.2455

Similar to 7¢’ 0.0451

Similar to 7d’ 0.2135

Similar to 7e’ 0.4036

Table B3: Relative energies of different structural and spin isomers of anionic Pd,CO (n=1-

7) complexes.

Pd,CO Multiplicity (M) Structures Relative energy (eV)
Pd,CO 2 0.0000
1 a’l
4 2.5590
l b"
Pd:,CO 2 o
2a"

0.2131
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Table B3 (Continued)
Pd,CO Multiplicity (M) Structures Relative energy (eV)

Pd,CO 4 |

Cn

&

2
2d"

Pd;CO 2 é
3a"

3b"”

3cn

4 Similar to 3a”

Similar to 3b”

Similar to 3¢”

Pd,CO 2 i
43"
4b"
4 Similar to 4b”

Pd;CO 2 ;
Sa"

1.9238

1.8588

0.0000

0.3212

0.4221

1.0344
1.0523
1.4003

0.0000

0.5803

1.1356

0.2069
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Table B3 (Continued)
Pd,CO’ Multiplicity (M) Structures Relative energy (eV)
Pd,CO 2 % 0.0000
Sbll
ﬁ. 0.6906
5c"
.& 0.2118
Sd"
Q‘ 04516
Se"
4 Similar to 5a” 0.5338
Similar to 5b” 0.4491
Similar to 5¢” 0.5732
Similar to Se” 0.8339
Pd,CO 2 0.0000
631'
0.2305
6b"
0.3735
6c”
4 Similar to 6a” 0.2038
Similar to 6b” 0.4396
Similar to 6¢” 0.5669
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Table B3 (Continued)
Pd,CO’ Multiplicity (M) Structures Relative energy (eV)
Pd,CO 2 &o‘ 0.0828
7a"
é 04211
7b”
é 0.0977
7c”
¢°’ 0.0000
7d”
q 0.2215
7d”
4 Similar to 7a” 0.4644
Similar to 7b” 0.2165
Similar to 7¢” 0.1683
Similar to 7d” 0.2616

Similar to 7¢” 0.3658
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Table B4: Relative stability of different structural isomers of molecular adsorption complexes of O, on neutral Pd, clusters.
Relative energy (eV)
M=1 M=3 M= 7

J 0.5431

& 0.0075 0.0000 0.2914 1.7805

& 0.2351

Z 0.0914
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Table BS: Relative stability of different structural isomers of dissociative adsorption complexes of O, on neutral Pd; clusters.

Relative energy (eV)

M=1 M= =5 M=7

0.0000 0.0149

0.3753 m 1.2851

0.5292

M
0.8910 é 0.9453 é
é 0.9045 é 1.5770

0.4358 0.7909

!
&l
$
&
%

0.9717 1.7440

0.9813 0.8715

0.1473 0.1914 0.4625 1.3118

BoHre &4
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Table B6: Relative stability of different structural isomers of molecular adsorption complexes of O, on cationic Pd, clusters.

Relative energy (eV)

=2 M=4 M=6 M=

0.0000

M
J 0.3493 0.4348 0.7618

0.1004 0.1239 0.3742 2.6787

0.2983 0.4438
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Table B7: Relative stability of different structural isomers of dissociative adsorption complexes of O, on cationic Pd, clusters.

Relative energy (eV)

M=2

M=4

M=6

8

m 0.0000 m 0.3267 m 0.8764 w 1.8368
m 0.2312 m 0.9378

g 0.0818
A—' 2.2900 A 2.5226 A 2.9285
é 0.9476

4 12682 & 11851 1.4021 4 2.3591
@ 0.0842 @ 0.3014 @ 1.8421
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Table B8: Relative stability of different structural isomers of molecular adsorption complexes of O, on anionic Pd, clusters.
Relative energy (eV)
M=2 M=4 M=6 M=§
5 0.8315 2.4028
J 0.2599 d 0.5510
& 0.1880 & 0.0000 & 1.0476 2.4808
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Table B9: Relative stability of different structural isomers of dissociative adsorption complexes of O, on anionic Pd, clusters.

Relative energy (eV)

M

=4

M=6

M

o B4

0.0000

0.8887

0.9108

0.5459

0.6460

0.3871

L
S
.
&
é
4 4

0.0809

1.0737

0.8898

0.7840

0.4800

5P s

0.2916

1.5122

0.9344

1.0054

1.3322

0.9193

&

4.
4
$
%

1.9070

2.3213

2.4646
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Table B10: Relative stability of different structural isomers of atomic adsorption of O on neutral, cationic and anionic Pd, clusters.

Relative energy (eV)

Relative energy (eV)

Relative energy (eV)

Pd,0 Pd,0’ Pd,O
M=1 M=3 M=2 M= M=2 M=4
0.6749  0.5850 1.2966 1.2849 0.1356  0.1059
0.0000  0.0254 0.1298 0.2627 0.0000  0.2276
0.0751 0.0999 é 0.0000 0.1689 Q 0.2792 0.4680
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Table B11: Relative stability of different structural isomers of co-adsorption complexes of O, and CO on neutral, cationic and anionic Pd, clusters.

Structural isomers of Relative energy (eV) Structural isomers  Relative energy Structural isomers of Relative energy
Pd,0,CO . of Pd,0,CO’ (eV) Pd,0,CO" (eV)

0.3285 0.3359 0.0000

0.0558 X 0.3056 %
A 0.0000 } 03112

0.4183

0.0000

0.2521
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Table B12: Relative stability of different structural isomers of co-adsorption complexes of 20 and CO on neutral, cationic and anionic Pd, clusters.

Structural isomers of Relutive energy (V) Structural isomers Relative energy Structural isomers of Relative energy
Pd,20CO ¢ &Y of Pd,20CO" (eV) Pd,20CO (eV)
.4

P 0.0177 é 0.5259 & 1.3160
é 0.4537 m..;w 0.4754 q 0.0000
ﬂ 0.0000 6 0.3529 d 0.3967
w 1.1569 q 0.0000 W 1.5335
@ 1.0186 &. 0.6994

ﬂ 0.2376
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Table B13: Relative stability of different structural isomers of co-adsorption complexes of O and CO on neutral, cationic and anionic Pd, clusters.

Structural isomers of Relative energy (V) Structural isomers Relative energy Structural isomers of Relative energy

Pd,0CO By of Pd,0CO’ (eV) Pd,0CO" (eV)

\m 0.0000 "“"A 0.4848 h 0.0000

E 0.2911 A 0.5795 A 0.1072

m 0.4077 N¢ 0.8834 m 0.4621

m 0.4904 b 0.0000 m 0.1265
w 0.2662 &‘ 0.5640
% 0.8813
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