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ABSTRACT
Clusters are group of atoms combined together by covalent or van der Waals interactions,
and are usually restricted to the sub-nanometer to nanometer range, where the number of atoms
are defined accurately. Properties of clusters can be altered by changing the number of atoms or
their composition or geometry. This presents a unique opportunity to create cluster assembled
materials, in which bulk properties can be tuned based on the inherent property of the cluster
building blocks. The main focus of the research work presented in this thesis is to use
experimental observations to identify clusters that are stable and can be used as building blocks,
and determine why they are stable. Once the cluster stability has been rationalized, the results are
confirmed using first principles theoretical calculations performed by research collaborators at
Virginia Commonwealth University.
The clusters are synthesized using a laser vaporization cluster source, separated based on
their mass/charge ratio using the time-of-flight mass spectrometer and characterized using the
magnetic-bottle photoelectron spectrometer and a velocity-map photoelectron imaging
spectrometer.
It is illustrated, in a synergistic approach, that by using bismuth as a dopant to tin
clusters, Zintl clusters with both aromatic and antiaromatic character can be designed. In all
clusters, it is found that the aromatic character originates from the combination of the s-electrons,
while the antiaromatic character evolves from the interaction of the p-electrons from the bismuth
and tin atoms. The singly doped tin cluster Sn4Bi- is stable and aromatic in character with an
electronic structure that mimics the Zintl cluster Sn52-. The agreement between vertical and
adiabatic detachment energy from the negative ion photodetachment spectra and theoretical
calculations confirm the ground state structures of the clusters.
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Studies of nine atom bismuth doped tin clusters established that highly charged Zintl
ions, observed in the condensed phase, can be stabilized as isolated gas phase clusters through
atomic substitution that preserves the overall electron count but reduces the net charge and
thereby avoids instability due to Coulomb repulsion. Mass spectrometry studies reveal that Sn8Bi, Sn7Bi2- and Sn6Bi3- exhibit higher abundances than neighboring species and photoelectron
spectra show that all of these heteroatomic gas phase Zintl analogues (GPZAs) have high
adiabatic electron detachment energies. Sn6Bi3- is found to be a particularly stable cluster, having
a large HOMO-LUMO gap. Theoretical calculations demonstrate that the Sn6Bi3- cluster is
isoelectronic with the well known Sn9-4 Zintl ion, however the fluxionality reported for Sn9-4 is
suppressed by substituting Sn atoms with Bi atoms. Thus, while the electronic stability of the
clusters is dominated by electron count, the size and position of the atoms affects the dynamics of
the cluster as well.
In another study, evidence is presented that the HOMO-LUMO gap can be tuned (1.12
eV-1.89 eV) by changing the Ga composition of Bi3Gay neutral and anionic clusters, some of
which display special stability. The Bi3Ga2- cluster is very stable with a large calculated HOMOLUMO gap of 1.89 eV, and can be viewed as a gas phase Zintl analogue of Sn52-, already
synthesized in the solution phase. The stability of Bi3Ga2- is further attributed to the fact that it has
12 valence electrons and possesses a closo structure in agreement with Wade’s rules.
It is also shown that In2Bi- is a triatomic cluster anion with a bent structure, where
bismuth is the bridging atom between the two indium atoms. It is found that 6 p-electrons (2 π
and 4σ) are delocalized over the cluster. The In-Bi bond lengths in In2Bi- are identical to bond
lengths of In3Bi, which is an all-metal aromatic analogue to Al3Bi, and are shorter than the rest of
InxBiy- clusters, showing the presence of a higher bond order. Therefore, the concept of
delocalization of electrons in a chain structure can be applied to an all-metal system.
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The electronic and structural properties of neutral and negatively charged Bi xIny (x – 1-4,
y = 1-6) clusters are also presented. The experimental and theoretical adiabatic and vertical
detachment energies of the anionic species are reported. Among the BixIny series many clusters
are found to exhibit a special stability and exhibit a large HOMO-LUMO gap in the range of 0.95
to 1.98 eV. This stability is rationalized by different mechanisms. Bi 2In- is classified as a gas
phase Zintl species despite only having three atoms, making it the smallest possible case. Bi 3In2-,
with 12 valence electrons and a closo structure in agreement with Wade’s rules, is similar to
Bi3Ga2-, a gas phase Zintl analogue of Sn52-. Bi4In- and Bi4In2 are also identified as gas phase Zintl
clusters. BiIn3 is a cyclic planar molecule similar to BiGa3 and BiAl3, all-metal aromatic systems.
Additionally, an even odd oscillation of the HOMO-LUMO gap, formation energy and adiabatic
electron affinities is found correlating with the open-shell/closed-shell nature of the clusters.
In this thesis the identification of numerous stable clusters has been made. The
experimental design has proven to be a powerful technique for this purpose, and these clusters
can be considered as candidates for cluster assembled materials applications going forward.
However, to encourage synthetic efforts, an understanding of the reasons for stability is crucial.
For this reason, each stable cluster has been rationalized within a theoretical model. In particular,
the model of gas phase Zintl analogues has been constructed to rationalize gas phase behavior by
using established rules in condensed phase chemistry. The more common models of aromaticity
and the Jellium model have also been used to explain the behavior of stable clusters
experimentally observed.
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Chapter 1

Introduction

1.1 Why Cluster Research
Nanomaterials behave differently from their bulk counterparts due to reduced
dimensionality and quantum effects.1 Because of the difference in properties and an increased
surface area, they have been proposed for various technological applications. Most of the
methods currently available to synthesize these nanomaterials are top-down, where bulk material
is broken down into smaller and smaller materials. This method fails after reaching a threshold
due to inadequate analytical and synthetic tools to maintain uniformity and scalability.2
Alternatively, the bottom-up approach combines one atom at a time to form materials. This
provides the basic requirement of controlling the uniformity across the material, while also tuning
the properties of the material. However, this is a high energy and high cost process, and the
scalability of such efforts is an issue.2 The optimal solution will be when both top-down and
bottom-up approaches can be combined together to make nanomaterials that have the requisite
properties and uniformity, and where the production process can be scaled. The study of clusters
offers a unique opportunity to achieve this goal.3 Clusters are group of atoms combined together
by covalent or van der Waals interactions, and are usually restricted to the sub-nanometer to
nanometer range, where the number of atoms are defined accurately. Properties of clusters can be
altered by changing the number of atoms or their composition or geometry. 4 This presents a
unique opportunity to create cluster assembled materials, in which bulk properties can be tuned
based on the inherent property of the cluster building blocks.
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1.2 Research Approach
The main focus of the research work presented in this thesis is to use experimental
observations to identify clusters that are stable and can be used as building blocks (Step 1), and
determine why they are stable (Step 2). Once the cluster stability has been rationalized, the results
are confirmed using first principles theoretical calculations performed by research collaborators at
Virginia Commonwealth University.

1.2.1 Identification of Building Blocks
To accomplish Step 1, there are three different ways of identifying building blocks using
experimental results:
1. Abundance in the mass spectrum: If a particular cluster is more abundant in the mass
spectrum than its neighboring species, it is considered to be a stable species as shown
in Figure 1A.5
2. Oxygen etching: A cluster that does not etch with oxygen is considered to be a stable
cluster. In Figure 1B there is a mass spectrum before oxygen is passed through the
system and a mass spectrum after oxygen is passed through the system.6 It can be
observed that Al13- does not react with oxygen and hence is a stable cluster.
3. Large energy gap between the highest occupied molecular orbital and lowest
unoccupied molecular orbital (HOMO-LUMO gap) or high adiabatic detachment
energy (ADE): A large HOMO-LUMO gap is an indicator that the neutral cluster is
stable7 and a high ADE indicates stability for the anion,8 as is shown in Figure 1C.
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Figure 1.1. A) Relative abundance of C60 in a mass spectrum,5 B) Inertness of Al13- towards
oxygen etching,6 C) A large HOMO-LUMO gap for Al4H67 and high adiabatic electron
detachment energy for Al13- cluster.8

1.2.2 Applicable Models
Once the candidates for building blocks are identified using experimental observations,
rationalizing the stability is accomplished by correlating a stability mechanism with experimental
observation. In general, there are three models available in the current literature that can be
considered in order to account for a cluster’s stability, namely:
1. Jellium Model: Metals have free delocalized electrons. In clusters these valence
electrons combine together to form shells similar to atomic shells.9 The chemistry of
atoms is predicted depending upon when the shell closes. Similarly, for clusters the
stability and chemistry can be predicted when the Jellium shell closes. 9 For example,
noble gases are very stable because they have closed atomic shells, while Al 13- has

4
been shown to be very stable because it is a closed Jellium shell with 40 valence
electrons.10 To provide a better understanding of the Jellium concept, Al13 is one
electron short of a closed shell, similar to an iodine atom. It has been shown that Al13
behaves very similar to iodine, and has been deemed a superhalogen for that very
reason.11
2. Aromaticity: A molecule that follows Huckel’s rule (contains (4n + 2) electrons)
and is cyclic and planar is classified as an aromatic molecule.12 This concept of
aromaticity was recently extended to Al42-, an all-metal cluster.13 Additionally, it has
been shown to be applicable to Al3Bi, an all-metal neutral cluster.14
3. Zintl Clusters: Some polyatomic clusters of post transition metal and semimetal
atoms have been shown to be stable in the condensed phase.15-18 The stability of these
clusters is attributed to a topological model, which results in these clusters following
a set of mathematical rules known as Wade’s rules.19 According to these rules, a
closo (D3h) cluster with n vertices exhibits enhanced stability for 2n + 2 electrons,
while a nido (C4V) cluster with n vertices exhibits enhanced stability for 2n+4
electrons.

1.3 Heteroatomic Clusters
After identification of the cluster as the building block, the information can be used by
synthetic groups to synthesize the clusters and assemble them into materials. Cluster assembly
can be viewed in the same light as polymerization. Polymerization is a process in which multiple
monomers (clusters for cluster assembly) combine together to form polymers (extended repeating
unit structures). To further cluster assembly, the same principles involved in polymerization can
be used. For example, in polymerization the property of the polymer can be changed by changing
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one functional group of the monomer. The research effort in this thesis attempts to apply this
phenomenon to the realm of clusters, and thus focuses on heteroatomic clusters. There are
multiple advantages of studying heteroatomic clusters:
1. Heteroatomic clusters provide the ability to increase or reduce the charge of the
cluster by simply changing the ratio between the two elements, provided that the
elements have different numbers of valence electrons (example: BiSn4- and Bi2Sn3).
2. Occupation of different elements at various vertices provides these clusters
opportunity to possess differing reactivities (example: Sn52-, BiSn4-, Bi3Ga2-).
3. Different elements have different electronegativity values. Cluster assembly requires
that multiple clusters form bonds between them. A difference in electronegativity
provides a better potential for assembly.
4. Heteroatomic clusters provide an opportunity to study the chemistry of elements that
may not be able to form clusters on their own.

1.4 Dissertation Overview
The remainder of this thesis is divided as follows. Chapter 2 briefly describes the
experimental setup used to perform the experiments. It includes the cluster source, the time-offlight mass spectrometer, the magnetic-bottle photoelectron spectrometer and a velocity-map
photoelectron imaging spectrometer.
Chapter 3 illustrates, in a synergistic approach, that by using bismuth as a dopant to tin
clusters, Zintl clusters with both aromatic and antiaromatic character can be designed. The singly
doped tin cluster Sn4Bi- is stable and aromatic in character with an electronic structure that
mimics the Zintl cluster Sn52-. In all clusters the aromatic character originates from the
combination of the s-electrons, while the antiaromatic character evolves from the interaction of
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the p-electrons from the bismuth and tin atoms. The agreement between vertical and adiabatic
detachment energy from the negative ion photodetachment spectra and theoretical calculations
confirm the ground state structures of the clusters.
Chapter 4 presents synergistic studies of nine atom bismuth doped tin clusters. It is
established that highly charged Zintl ions, observed in the condensed phase, can be stabilized as
isolated gas phase clusters through atomic substitution that preserves the overall electron count
but reduces the net charge and thereby avoids instability due to coulomb repulsion. Mass
spectrometry studies reveal that Sn8Bi-, Sn7Bi2- and Sn6Bi3- exhibit higher abundances than
neighboring species and photoelectron spectra show that all of these heteroatomic gas phase Zintl
analogues (GPZAs) have high adiabatic electron detachment energies. Sn6Bi3- is found to be a
particularly stable cluster, having a large HOMO-LUMO gap. Theoretical calculations
demonstrate that the Sn6Bi3- cluster is isoelectronic with the well known Sn9-4 Zintl ion, however
the fluxionality reported for Sn9-4 is suppressed by substituting Sn atoms with Bi atoms. Thus,
while the electronic stability of the clusters is dominated by electron count, the size and position
of the atoms affects the dynamics of the cluster as well.
Chapter 5 presents evidence that the HOMO-LUMO gap can be tuned (1.12 eV-1.89 eV)
by changing the Ga composition of Bi3Gay neutral and anionic clusters, some of which display
special stability. The Bi3Ga2- cluster is very stable with a large calculated HOMO-LUMO gap of
1.89 eV, and can be viewed as a gas phase Zintl analogue of Sn52-, already synthesized in the
solution phase. The stability of Bi3Ga2- is further attributed to the fact that it has 12 valence
electrons and possesses a closo structure in agreement with Wade’s rules.
Chapter 6 shows how the concept of delocalization of electrons in a chain structure can
be applied to an all-metal system. It is shown that In2Bi- is a triatomic cluster anion with a bent
structure, where bismuth is the bridging atom between the two indium atoms. It is found that 6 pelectrons (2 π and 4σ) are delocalized over the cluster. The In-Bi bond lengths in In2Bi- are
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identical to bond lengths of In3Bi, which is an all-metal aromatic analogue to Al3Bi, and are
shorter than the rest of InxBiy- clusters, showing the presence of a higher bond order.
Chapter 7 presents the electronic and structural properties of neutral and negatively
charged BixIny (x – 1-4, y = 1-6) clusters. The experimental and theoretical adiabatic and vertical
detachment energies of the anionic species are reported. Among the BixIny series many clusters
are found to exhibit a special stability and exhibit a large HOMO-LUMO gap in the range of 0.95
to 1.98 eV. This stability is rationalized by different mechanisms. Bi 2In- is classified as a gas
phase Zintl species despite only having three atoms, making it the smallest possible case. Bi 3In2-,
with 12 valence electrons and a closo structure in agreement with Wade’s rules, is similar to
Bi3Ga2-, a gas phase Zintl analogue of Sn52-. Bi4In- and Bi4In2 are also identified as gas phase Zintl
clusters. BiIn3 is a cyclic planar molecule similar to BiGa3 and BiAl3, all-metal aromatic systems.
Additionally, an even odd oscillation of the HOMO-LUMO gap, formation energy and adiabatic
electron affinities is found correlating with the open-shell/closed-shell nature of the clusters.
Chapter 8 provides concluding remarks about the clusters that are identified as suitable
candidates for building blocks.
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Chapter 2

Details of the Experiment

2.1 Experimental Setup
A schematic of the experimental apparatus is shown in Figure 2.1. It consists of a laser
vaporization cluster source, a Wiley McLaren Time-of-Flight spectrometer, an electron Time-ofFlight magnetic bottle analyzer and a velocity map imaging setup. The details of each part of the
instrument have been described elsewhere.1-9 A short description of each is presented in the
following sections.

2.1.1 Laser Vaporization (LaVa) Cluster Source
The second harmonic (532 nm) of a Nd3+:YAG (Yttrium-Aluminum-Garnet) laser
operating at a 10 Hz repetition rate is used to ablate a metal rod. The metal rod continuously
translates back and forth so that a new spot on the rod is hit with every laser shot, thereby
maintaining a uniform plasma. The plasma generated from the laser is then carried by a helium
backing gas, at a pressure of 40-80 psi. The backing gas also helps to cool the plasma, resulting in
the formation of clusters. The clusters can be generated from any material that can be molded into
a rod. Most of the studies performed during the course of this thesis have been on mixed metal
clusters created through the use of a mixed metal rod. Cations, anions and neutral clusters are
synthesized in the laser vaporization process. The cluster plume is then passed through a nozzle,
the diameter and length of which can be varied before the beam undergoes a supersonic
expansion. The cluster beam is collimated and skimmed through a skimmer before it reaches the
time-of-flight extraction region. The backing gas pressure, laser energy and position, nozzle
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diameter and length, and the timing of the backing gas mixing with the plasma must be optimized
for every cluster system in order to achieve the highest intensity of clusters for characterization.

Figure 2.1. Schematic of the instrumental setup.

2.1.2 Wiley McLaren Time-of-Flight Mass Spectrometer (TOFMS)
The cluster beam enters the time-of-flight (TOF) extraction region from above, in a
perpendicular direction. The extraction region consists of three TOF grids; the first two acquire a
voltage through an electronic trigger pulse while the third grid is held at ground potential. The
voltage provided to the first two TOF grids can be varied to change the speed of the clusters.
Only anionic clusters have been studied during the course of this thesis and therefore negative
potentials are used, with the first TOF grid placed at a higher potential then the second TOF grid.
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Since all the clusters of a given charge are provided with equal energy, the clusters separate out in
time based on their mass/charge ratio. The smaller clusters move faster and reach the detection
region earlier than larger clusters. The timing of the trigger for the TOF grids is considered to be
time zero for the mass spectrum. The distance between the TOF and detection region is known
and is used to calculate the mass of each peak in the mass spectrum. The clusters are collimated
using a set of Einzel lenses before reaching the field free region, as shown in the schematic.

2.1.3 Magnetic Bottle TOF Photoelectron Spectrometer
The anionic clusters can be subjected to a pulse of laser light in the magnetic bottle
region. The photon energy used in this thesis is either 308 nm, obtained from a XeCl excimer
laser, or 355 nm, obtained from the third harmonic of a Nd3+:YAG laser. Outer valence electrons
are photodetached from the cluster and are detected by a microchannel plate detector at the end of
the magnetic bottle. This photodetachment process can be summed up by applying conservation
of energy as given by
hν = e-KE + e-BE

2.1

where ν is the photon energy of the laser, e-KE is the kinetic energy of the photodetached electron
and e-BE is the binding energy of the photodetached electron. The photon energy of the laser is
known and the kinetic energy is measured during the experiment. Thus, by using Equation 2.1 the
binding energy of the electron can be calculated. This process provides a fingerprint of the
electronic spectrum of the neutral cluster. The spectra are then used by collaborators at Virginia
Commonwealth University to confirm the geometry, electron affinity value and the HOMOLUMO gap. These pointers are important in confirming the stability of the identified cluster.
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2.1.4 Velocity Map Imaging
Velocity map imaging is another technique8,
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that provides information about the

electronic spectra of the cluster. However, it simultaneously provides the angular distribution of
the molecular orbitals of the photodetached electrons. Instead of magnetic fields redirecting the
photodetached electrons, as is the case in the magnetic bottle, an electric field is used to redirect
the photodetached electrons onto a position sensitive detector. The three-dimensional
distributions are reconstructed from the photoelectron images using the BASEX program.10 The
velocity distribution and photoelectron energy spectra are then obtained from the reconstructed
images. Angular information is provided by the anisotropy parameter β, which is determined
from the photoelectron intensity distribution through fitting with the equation

I( )

total [1
4

2

(3 cos 2

1)]

where θ is the angle between the laser polarization and the velocity vector of the detached
electron, σtotal is the total cross section and the factor 4π normalizes the function for the full solid
angle.11 The anisotropy parameter, β, can range from -1 to 2. β = 2 corresponds to a transition
with maximum intensity along the polarization direction, while β = -1 denotes that the maximum
intensity of the transition is perpendicular to the polarization vector and β = 0 corresponds to an
isotropic angular distribution.

2.2 Advantages of the Techniques Used
There are multiple advantages of using the instrumental setup as described above. The
LaVa source is a high energy laser source and can atomize any material. The atoms combine to
form all possible combinations of clusters. Therefore, the LaVa cluster source provides a
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technique to easily study clusters of every possible stoichiometry. This method of cluster
production would be extremely cost and time inefficient to replicate in a bench-top experimental
setup, but is highly effective for the gas phase studies in this thesis. The Wiley McLaren TOF
mass spectrometer is an ideal candidate for the selection of anionic or cationic charge states. The
charge state required for the experiment can be extracted and the clusters can be further separated
based on their mass/charge ratio. All of the studies in this research work were performed on
anionic clusters. Owing to low binding energies of the anionic clusters, lasers in the visible and
ultraviolet range can be used for photodetachment, unlike neutral clusters which require high
energy lasers for ionization. Moreover, photoelectron spectroscopy on an anionic cluster provides
information about the neutral cluster such as the HOMO-LUMO gap and electron affinity.
Velocity map imaging adds value by providing angular information about the molecular orbitals
of the photodetached electrons. This is a powerful tool in confirming theoretical results.
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Chapter 3

Gas Phase Zintl Analogues in the BiSnn- System: A Case Study to Explore the
Applicability of Aromaticity and Antiaromaticity in Zintl Clusters

3.1 Introduction
A model that has been applied to the characterization of the electronic and geometric
structure of gas phase clusters is aromaticity. The term aromatic has been used to describe a
variety of organic compounds for centuries,1 but has recently extended into cluster science with
the advent of all-metal aromatic clusters such as Al42-, As5-, and Al3Bi.2-4 The aromatic character
of these two-dimensional clusters, as well as three-dimensional ones, are exemplified by the
delocalization of electrons and a diatropic (negative) nucleus independent chemical shift (NICS)
value,5 along with other criteria.6 Several aromatic boranes use Wade's 2N + 2 skeletal electron
rule,7 while Hirsch's 2(N + 1)2 electron counting rule has been used for spherical clusters. 8 The
interest in all-metal aromatic clusters has gained much attention for their unique properties in
forming clustered assembled materials (CAMs), such as the superatoms Al7C- and Al7O-,9,10 and
the aromatic [Te2As2]2- in the crystal structure [K(18-crown-6)]2[Te2As2].11 All-metal aromatic
clusters are not just planar, but can be two or three-dimensional. Using both NICS and Hirsch's
rule, it can be shown that much like the Zintl Sn94- species, the cluster Bi3Sn6- is a spherically
aromatic Zintl cluster.12
Along with the all-metal aromatic construct comes the term antiaromatic.
Antiaromatic clusters are identified by their paratropic NICS values much like the organic
counterpart cyclobutadiene (C4H4). Examples of antiaromatic all-metal clusters have been shown
to exist theoretically but there have been very few seen experimentally. At first, the gas phase
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cluster Li3Al4- was believed to be antiaromatic but was later shown by Chen et al. to be aromatic
due to the sigma orbitals using molecular orbital NICS (MO-NICS).13 Other studies have
attempted to harness the antiaromatic character in gas phase experiments by adding counter ions
such as Na or K, but the results have fallen short, such as the nonaromatic K +[Sn12]2-, and the
NaSi6- cluster, which in the ground state is shown to be aromatic.14 Some groups have predicted
that the E62- clusters (E = Si, Ge, Sn, Pb) are antiaromatic,13,14 but only the Zintl ion, Sn62- is
known to exist in the solid phase.15
In this chapter an extensive gas phase study is carried out on all the tin Zintl dianions
known in solution by substituting one tin atom with bismuth, creating singly charged BiSnnclusters. Three clusters in particular, BiSn4-, BiSn8- and BiSn9-, are discussed, which show
enhanced stability experimentally, and this stability is rationalized through the recently developed
theory of gas phase Zintl analogues (GPZAs). Further, how the concepts of aromaticity and
antiaromaticity may be applied to Zintl clusters is examined, providing experimental proof of past
theoretical arguments.

3.2 Experimental and Theoretical Methodology
The details of the apparatus employed have been described elsewhere.16,17 In brief,
BixSny- clusters were formed by using a ¼” 50:50 molar ratio Sn-Bi molded rod in a laser
vaporization source. Helium was used as a carrier gas and the clusters were mass analyzed using
Wiley McLaren time-of-flight mass spectrometry.18 The photoelectron spectra of the clusters
were obtained using a magnetic bottle time-of-flight photoelectron spectrometer19, employing
photons from a 308 nm excimer laser. Velocity map images were also collected, employing
photons from a 355 nm third harmonic Nd:YAG laser, for electron detachment. For velocity map
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images, three-dimensional distributions are reconstructed from raw images using the BASEX
software20 before obtaining velocity distributions and corresponding photoelectron spectra.
First-principle electronic structure studies on the anion and neutral forms of
BiSnn (n = 2-7) were performed within the density functional formalism by our VCU
collaborators.21 The actual calculations were carried out using the deMon2k22 software while
using the generalized gradient approximation of Perdew, Burke and Enzerhof,23 with
supplemental calculations performed with the Amsterdam Density Functional (ADF). 24 For Bi
and Sn, the 23 electron scalar relativistic effective core potential and 22 electron scalar relativistic
effective core potential were used, respectively, which were both proposed by B. Metz et al.25
Both potentials for Sn and Bi were used in combination with the correlation consistent aug-ccpVDZ valence basis set.26 The auxilliary density was expanded in primitive Hermite Gaussian
functions using the GEN-A2* auxiliary function set for both atoms. The exchange-correlation
potential was calculated with the orbital density. The numerical integration of the exchangecorrelation energy and potential were performed on an adaptive grid,27 and a half-numeric
integrator was used for the effective core potential (ECP) integrals.28 The lowest energy structures
were then optimized using the Amsterdam Density Functional program within the GGA
functional which has been described previously. The structures in this chapter come from the
ADF program.24

3.3 Results and Discussion
A typical mass spectrum of BixSny- clusters is shown in Figure 3.1. This chapter
concentrates mainly on the singly-doped tin clusters (BiSn(1-11)-). It is observed from the BiSnnseries that BiSn4-, BiSn8- and BiSn9- are more abundant than their neighboring species, which is
an indication of enhanced stability. The magnetic bottle spectra of BiSn (1-9)- are shown in Figure
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3.2, along with VMI images of BiSn(1-6)-. The beta parameters obtained from VMI images

Figure 3.1. Mass spectrum of SnnBi- clusters

for BiSn(1-6)- are provided in Table 3.2. Although BiSn10- and BiSn11- can be observed in the mass
spectrum, the intensity of the clusters was not sufficient to collect photoelectron spectra. Table
3.1 represents the adiabatic electron detachment energies and vertical detachment energies for the
clusters. It can be seen that BiSn4-, BiSn8- and BiSn9- have high adiabatic detachment energies
(ADEs), another pointer of enhanced stability.
Now, a question arises: why are these cluster species showing this enhanced stability? To
answer this question and gain more insight about these clusters, simple electron counting can be
used. The tin atom has two s-electrons and two p-electrons in its valence shell (5s25p2), which is
one less valence electron than the bismuth atom (6s26p3). In other words, the bismuth atom can be

19
viewed as a negatively charged tin atom (Sn-). Thus, replacing one tin atom with a bismuth atom

Figure 3.2. Top: Collected velocity map images and corresponding photoelectron spectra of
SnnBi- clusters (n = 1-6). Bottom: Magnetic bottle photoelectron spectra for SnnBi- clusters (n =
1-9). For n = 1-6 the spectra are displayed directly under the VMI spectra for comparison; for n =
7-9 the spectra are labeled accordingly.

on pure tin clusters and adding an electron, gas phase clusters (BiSn4-, BiSn8- and BiSn9-) that are
isoelectronic with the more famous Zintl ions (Sn52-, Sn92- and Sn102-) can be designed. As an
example, a closer look at the molecular orbitals (Figure 3.3) of the BiSn4- cluster show they are
virtually identical to those found in Sn52-. Notice that the HOMO-5 in both cases is a sigma
orbital, whereas the others can be considered pi orbitals in the two clusters. This similarity allows
BiSn4- to be classified as a gas phase Zintl analogue of Sn52-. Equivalent arguments can be applied
to BiSn8- and BiSn9-, revealing that both of these clusters have gas phase Zintl analogues, namely
Sn92- and Sn102-, respectively.
To confirm the gas phase Zintl analogue theory, the global minimum structures of the
BiSnn- clusters (n = 1 – 11) have been calculated (Figure 3.4). The structures obtained for
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Figure 3.3. Molecular orbital comparison of HOMO, HOMO-1, HOMO-2, HOMO-3, HOMO-4,
and HOMO-5 of Sn52- (left) and Sn4Bi- (right).
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BiSn3-, BiSn4- and BiSn5- are in agreement with those previously reported by Sun et al.29 Notice
that in most cases the structures are highly symmetrical, the exception being BiSn 7-. Additionally,
almost all of the BiSnn- clusters show the same geometrical shapes as their Snn2- counterparts. The
primary differences are due to the fact that the Bi atom replaces one of the Sn atoms. Notice that
for BiSn4-, BiSn8- and BiSn9-, the structures closely resemble the Zintl counter parts Sn52-, Sn92and Sn102-, reinforcing the GPZA arguments. In order to verify the theoretical structures were the
ground state structures, calculated adiabatic detachment energies and vertical detachment
energies can be compared with photoelectron spectroscopy experiments. The experimental and
theoretical values for the adiabatic detachment energy (energy difference between the ground
state of the anionic cluster and that of the neutral ground state geometry) for nearly all of the
SnnBi- species are within error, as can be seen in Table 3.1. The largest discrepancy is for the first
cluster species, SnBi-, which has a theoretical value of 2.44 eV, while the experimental ADE is
2.10 eV. However, for the other singly doped tin clusters all of the values agree very well, all
being within acceptable error.
To further establish the stability of the gas phase Zintl analogues, the energetics
of the BiSn4-, BiSn8- and BiSn9- clusters was investigated. A good indicator for a species being
stable is the removal energy. The removal energy (R.E.) is the energy required to remove one Sn
atom from the cluster, defined as:
R.E. = E(Sn) + E(Snn-1Bi-) - E(SnnBi-).
A plot of the removal energies of the clusters can be seen in Figure 3.5. The three largest removal
energies are 3.9, 3.8 eV and X eV, corresponding to n = 4, 8 and 9 respectively. This is another
sign of enhanced stability of these clusters. Another way to confirm the stable character is by
looking at the HOMO-LUMO gap. The larger the HOMO-LUMO gap, the more stable a cluster
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is deemed to be in the gas phase. The cluster with the largest gap is Sn4Bi- with a value of

Sn2Bi-

Sn5Bi-

Sn3Bi-

Sn6Bi-

Sn4Bi-

Sn7Bi-

Figure 3.4. Ground state structures of SnnBi- clusters (n = 2-7).

1.9 eV. However, it is interesting to note that the cluster with the second largest gap in the series
is Sn5Bi- (1.76 eV).
Though the stable nature of these gas phase Zintl analogues has been confirmed, there is
one intriguing property that has been explored theoretically on similar Zintl clusters: aromaticity.
Many of the tin and germanium doubly charged anionic clusters are, in most cases, aromatic. The
exception is that of Sn62-, which is known to be antiaromatic. In order to see if the singly doped
tin clusters illustrate the same type of aromatic characteristics as other Zintl clusters, the nucleus
independent chemical shift (NICS) has been calculated for each of the SnnBi- clusters. The NICS
calculations were performed using the ADF code. If the cluster is truly aromatic it will have a
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Table 3.1. Experimental and theoretical Adiabatic Detachment Energies (ADEs) for BiSnnclusters (in eV). Experimental values have an error of ± 0.1 eV. Theoretical values are calculated
with the ADF code.
Species
BiSn
BiSn2
BiSn3
BiSn4
BiSn5
BiSn6
BiSn7
BiSn8
BiSn9

ADE(exp)
2.10
2.20
2.55
2.82
2.52
2.32
2.65
2.95
2.98

ADE(theo)
2.44
2.19
2.44
2.72
2.54
2.38
2.71

VDE1(exp)
2.36
2.39
2.81
3.18
2.83
2.72
2.93
3.26
3.31

VDE2(exp)
2.64
2.87
3.01
(3.4)
3.15
3.45
(3.1)
3.47
3.55

VDE3(exp)
3.56
3.26
3.31, 3.63
3.70
(3.3), 3.4
3.35
(3.6), 3.73
(3.7)

diatropic (negative) value and if a cluster is antiaromatic it will have a paratropic (positive) value.
Table 3.3 contains the NICS values for the BiSnn- clusters and the previously reported values for
Sn(n+1)2- and Ge(n+1)2- clusters. Notice that BiSn4-, BiSn8- and BiSn9- all have significantly negative
NICS values, indicating that the GPZAs have aromatic character. Remarkably, BiSn5- and BiSn11have significant overall paratropic NICS(0) values, and thus are antiaromatic. Thus, the bismuth
doped negatively charge tin clusters follow the same trend as doubly charged Zintl clusters shown
by Schleyer et. al.30 Their theoretical work revealed Si52-, Si92- and Si102- to have large negative
NICS values, while Si62- and Sn122- had large, positive NICS values. The findings presented here
show similar trends, providing the first experimental evidence for this behavior.
In order to explore more deeply the evolution of aromatic character throughout these
clusters, a NICS analysis of the individual molecular orbitals (MO-NICS) using the ADF code
was undertaken. For each of the BiSnn- clusters studied, the lower electronic levels yields a
significant diatropic (negative) value. This is an indication that the aromatic character must come
from the interaction of the s-electrons in the clusters. However, the upper electronic levels, which
result from the combination of p-electrons, presents a variation throughout the BiSnn- series. As
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an example, the BiSn4- and BiSn5- clusters are explored in depth. For BiSn4-, the HOMO has a
paratropic (positive) value of 16.88, indicating that the HOMO is antiaromatic in character
Table 3.2. Beta parameters for BiSnn- clusters (n = 1-6). Beta 1 corresponds to the lowest binding
energy feature in the spectrum, while Betas 2 and 3 correspond to higher energy peaks observed
in the spectra.

Species

Beta 1

Beta 2

Beta 3

0.373

0.373

0.160

0.162

0.105

0.382

-0.238

-0.098

0.164

-

BiSn
-

BiSn

2
-

BiSn3
-

BiSn

-0.070

4
-

BiSn

0.241

0.144

0.138

0.016

5
-

BiSn6

Table 3.3. NICS(0) values for SnnBi-, Snn+12- and Gen+12- clusters (in ppm).

a

n

SnnBi-

a

Sn(n+1)2-

a

Ge(n+1)2-

4

-26.9

-26.4

-33.4

5

16.7

14.5

14.3

6

-11.7

-2.5

0.4

7

-6.6

-4.2

-5.3

8

-33.4

-33.4

-39.2

See Reference 14a

(Figure 3.6). However, the HOMO-1, HOMO-2, HOMO-3, etc. all have negative NICS values,
bringing the sum of the upper combination of p-electrons to -0.65 ppm, thus slightly aromatic.
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When the lower electronic levels (-25.46 ppm) are added, and the entire molecular orbital picture
is considered, the aromaticity observed in BiSn4- clearly originates from the combination of the selectrons that form the lower electronic levels, with a very small contribution from the upper pRemoval Energy
HOMO-LUMO Gap

4.00
3.50

Energy (eV)

3.00
2.50
2.00
1.50
1.00
0.50
0.00
0

1

2

3
4
5
Number of Sn atoms

6

7

8

Figure 3.5. Plot of Sn and Bi removal energies for SnnBi- clusters and HOMO-LUMO gaps.
electron states. In the antiaromatic case of BiSn5-, the lower levels still show aromaticity with a
NICS value of -29.65 ppm, but the upper electronic levels show a dramatic change. Whereas in
the previous cluster only the HOMO showed antiaromatic character, the HOMO, HOMO-1, and
HOMO-2 all are antiaromatic with values of 24.42, 24.42, and 24.32 ppm, respectively (Figure
3.7). The total of these three levels alone dramatically amounts to a much larger paratropic value
than the diatropic value obtained from the lower electronic levels. The overall resulting NICS
value is +16.71 ppm, clearly antiaromatic in character. The resulting antiaromatic character
evolves almost exclusively from the HOMO, HOMO-1 and HOMO-2. The interaction of the pelectrons between the bismuth and tin atoms allows the cluster to exhibit antiaromatic character.
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This effect is further seen in BiSn6-, BiSn7-, BiSn8- and BiSn9- where the HOMO,
HOMO-1 and HOMO-2 are antiaromatic in character (Figures 3.8 and 3.9), but the combination
of s-electrons forming the lower electronic levels are overwhelmingly aromatic in character.

Figure 3.6. Electronic levels for Sn4Bi- with MO-NICS values in red (ppm).
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Therefore the aromatic character seen in bismuth doped tin clusters primarily comes from the
combination of s-electrons, whereas the antiaromatic character originates from the combination of
p-electrons. This effect is again observed in BiSn11- where the antiaromatic character of the p-

Figure 3.7. Electronic levels for Sn5Bi- with MO-NICS values in red (ppm).
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electrons dominates the aromatic character of s-electrons making it an antiaromatic cluster. This
may be th reason the ion intensity of BiSn11- is very low in the mass spectrum. All of these
findings are the experimental evidence of what Schleyer et. al. have concluded in similar
theoretical studies on the antiaromaticity present in bare deltahedral Sin2- clusters (n = 6 and 12).30

Figure 3.8. Electronic levels for Sn6Bi- and Sn7Bi- with MO-NICS values in red (ppm).

3.4 Conclusions
Even though the terms aromatic and antiaromatic have been in existence for long,
only recently has all-metal aromaticity become a reality. Previously the search for an antiaromatic
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all-metal cluster has led many to question whether they exist as ground state species in the gas
phase. In this chapter, it is clearly shown both experimentally and theoretically, that by using a
dopant instead of using counter ions, therein lies a greater potential for designing more all-metal
aromatic and antiaromatic clusters. It is hoped that this will open a new door to all-metal aromatic
and antiaromatic Zintl gas phase clusters and lead to their use in clustered assembled materials
and catalysts.
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Chapter 4

Effect of Charge and Composition on the Structural Fluxionality and
Stability of Nine Atom Tin-Bismuth Zintl Analogs
Reproduced with permission from the Inorganic Chemistry 2008, 47, 23. Copyright 2008
American Chemical Society

4.1 Introduction
Ever since their discovery in 1930, stable polyatomic anions of the post transition
metal and semimetal atoms have drawn considerable interest.1-4 These anions, called Zintl ions,
are fairly stable and combine with cations to form solids or melts called Zintl phases. Studies of
their structure and exploration of their stability has remained an active subject of investigation.1-11
Since Zintl ions are well known in the condensed phase, there has been interest in examining their
stability and properties as free ions in the gas phase.12-17 This renewed interest is partly driven by
the recent quest in developing cluster assembled materials where size selected atomic clusters
serve as the primitive building blocks.18-23 As the properties of clusters can be altered by size and
composition, the feasibility of cluster assembled materials would provide a novel approach to
synthesizing materials with tunable properties. Studies of Zintl ions in the gas phase could
provide information on how stable clusters in beams can be translated into developing condensed
phase cluster materials, and reveal unique structures and properties such as those associated with
the Stannaspherene cluster.24,25 Two prominent Zintl anions in this category are Sn9-2 and Sn9-4
clusters.5,26,27 The Sn9-2 species with 20 electrons has a closo D3h structure, which can be
accounted for within Wade-Mingos rules.28-31 The other stable cluster is the Sn9-4 anion. Previous
theoretical studies have indicated that the Sn9-4 cluster has a square-antiprismatic ground state and
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represents a nido-type cluster.5 Sn9-4 is isoelectronic with the Bi9+5 cluster, whose electronic
structure was determined in a pioneering study by Corbett and Rundle. 32 Its stability is also
explained by Wade-Mingos rules. According to these rules, a closo (D3h) cluster with n vertices
exhibits enhanced stability for 2n+2 electrons while a nido (C4v) cluster with n vertices exhibits
enhanced stability for 2n+4 electrons. Since each Sn atom contributes two p-electrons to the
valence pool, the stability of Sn9-2 and Sn9-4 with 20 and 22 valence electrons, respectively, can be
reconciled within such a simple model. In addition to the nido-C4v structure, the Sn9-4 cluster is
found to exhibit a closely lying isomer with a closo-D3h structure. This gives the cluster some
structural fluxionality, as the breaking or stretching of one bond in the D 3h geometry can lead to
the C4v structure. Such fluxionality is also shown by the Zintl anions Ge9-4 and Pb9-4, and all these
clusters are marked by 22 valence p-electrons.5,26 Since a cluster’s electronic structure is
intimately linked to its geometrical configuration, the existence of isomers must relate to special
electronic features at 22 electrons that override the changes in geometry and atomic size.
The above observations raise important questions regarding the relationship between
geometry and the electron count. If the existence of the isomers is dependent on the number of
electrons, it is of interest to explore how their relative stability evolves as the charge on the anion
is progressively altered while the electron count is kept constant. This can be accomplished by
replacing some of the Sn atoms with Bi atoms, which would contribute one additional electron
each.33-35 The extra electron from the substituted Bi atom should decrease by one the overall
charge for the most stable anion for each substitution. Will the isomeric behavior continue to take
place, and if so what effect does this substitution have on the relative stability of the two isomers?
Furthermore, what role do the sizes of the constituent atoms play as one substitutes a larger Bi
atom in place of a Sn atom? This chapter addresses the above questions through studies of Sn9-q
(q = 1 - 4) and Sn9-xBix- (x = 1 - 3) free clusters, where the number of atoms and the charged state
can be varied one atom and one electron at a time. First principles electronic structure
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calculations are combined with results from negative ion photoelectron spectroscopy experiments
to ascertain the electronic structure of the systems. It is shown that while in Sn9-4 clusters the C4v
and D3h isomers have comparable stability, the bismuth doped analog, Sn6Bi3-, shows a marked
preference towards the D3h isomer (0.22 eV lower in energy). Through studies of Sn9-xBix clusters
containing 1-3 Bi atoms, it is demonstrated that the geometrical size also contributes to the
structural fluxionality and that the fluxional conversion can be suppressed by substituting Sn
atoms with Bi atoms. Further, the Sn6Bi3- cluster shows unique stability, and the reasons for this
are explored through molecular orbital diagrams and aromaticity studies.

4.2 Experimental and Theoretical Methodology
The electronic structure of the anions was probed via negative ion photoelectron
spectroscopy. A beam of mass selected anions is crossed with a photon beam to analyze the
kinetic energies of the photodetached electrons. If hv is the energy of the photon and e -KE is the
measured kinetic energy of the emitted electron, the difference (hv – e-KE) provides a direct
measure of the energy required to make a transition from the anion of multiplicity M to neutral
clusters with multiplicity M ± 1. As the transition to the neutral cluster can occur to the ground
or excited states of the multiplicity M ± 1, the photodetachment spectra provides a fingerprint of
the electronic structure for comparison with the theoretical calculations. When the calculated
transitions agree with experiment, it can reasonably be assumed that the calculated ground state
including its multiplicity should be correct. The experimental investigations focused on Sn 9-xBixclusters.
The details of the apparatus employed have been described elsewhere.36 In brief, SnxBiyclusters were formed by using a ¼” 50:50 molar ratio Sn-Bi molded rod in a laser vaporization
source. Helium was used as a carrier gas and the clusters were mass analyzed using Wiley
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McLaren time-of-flight mass spectrometry.37 The photoelectron spectra for the clusters were
obtained using a magnetic bottle time-of-flight photoelectron spectrometer38 and employing
photons from a 308 nm excimer laser for electron detachment.
The theoretical investigations were carried out within a density functional formalism39,40
that incorporated exchange and correlation effects within the generalized gradient approximation
(GGA) functional proposed by the gradient-corrected BP86 DFT functional.41,42 The molecular
structures of the studied species were optimized using A Quadruple-ζ with polarization functions
(QZ4P) basis set with an all electron calculation. The Zeroth-Order Regular Approximation
(ZORA) was employed in the calculation to account for the scalar relativistic effects. 43 Excited
states were calculated using time-dependent DFT (TDDFT). For each cluster size, the geometry
was optimized by starting from several initial configurations and moving the atoms along the
direction of forces until the forces dropped below a threshold value.

4.3 Results and Discussion
Investigations of the effect of charge on the fluxional behavior of the Sn9q- (q = 1 - 4)
clusters into the D3h and C4v isomers were first performed. The results on the lowest energy
structures (within the symmetry constraint) and their relative stability are shown in Figure 4.1.
Note that the D3h structure is more stable in Sn9-, Sn9-2, and Sn9-3. However, for Sn9-4 the D3h
structure differs from the C4v structure by only 0.003 eV, which is beyond the accuracy of the
calculations, and hence the two structures are considered degenerate. Previous studies have
shown that the polyatomic anion Sn9-4 in the condensed phase exhibits D3h and C4v structures that
can interconvert.44,45 To further examine the fluxional behavior in this species, the barrier for the
transition from the D3h ground state to the C4v structure was calculated by examining the total
energy for various values of the diagonal Sn-Sn bond length in the square. The barrier was less
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than 0.01 eV! This shows that the interconversion could occur under normal conditions of
temperature. However, this is not the case for the other Sn9 anions. The charge has a major effect
on the fluxional behavior of the cluster. As shown in Figure 4.1, when the charge is reduced from
-4 to -3, the C4v structure is destabilized by about 0.33 eV relative to the D3h structure. Further, as
the charge is reduced from -2 to -1, the C4v structure is destabilized by 0.18 eV compared to the
D3h structure. As expected, the D3h structure for Sn9-2 is much more stable, 1.02 eV lower in
energy, a result of Wade-Mingos rules discussed previously.
While the multiply charged clusters are observed in the condensed phase, the coulomb
repulsion destabilizes the binding of multiple electrons in free clusters. Consequently, a different
approach has to be utilized. One way is to replace some of the Sn atoms with Bi atoms. As a Bi
atom has one more valence electron than Sn, it should be possible to create singly charged species
having the same number of electrons as in Sn9-q. For example, Sn6Bi3-, Sn7Bi2-, and Sn8Bi- have
the same number of electrons as Sn9-4, Sn9-3, and Sn9-2, respectively. It is important to underscore
that the size of a Bi atom is larger than that of a Sn atom. Hence, while the replacement of Sn by
Bi enables the control of the overall charge, the substitution of Sn by Bi also involves the effect
of size. As is shown below, the difference in size does slightly reduce the overall stability.
In Figure 4.1 the relative stability of the D3h and C4v structures in Sn6Bi3-, Sn7Bi2-, and
Sn8Bi- clusters is shown. Note that, in all cases, the ground state has a D3h structure as in the case
of Sn9-q clusters. The replacement of the Sn atom with Bi breaks the symmetry; D3h indicates
closo geometries, and C4v indicates nido geometries. For Sn8Bi-, which is the analog of Sn9-2, the
D3h is indeed more stable than the C4v structure by 1.12 eV, comparable to 1.02 eV in Sn9-2. For
Sn7Bi2-, the C4v structure converted to D3h, and the C4v structure was found to be 0.13 eV less
stable. Finally, for Sn6Bi3- the two structures differ by only 0.22 eV, compared to 1.12 eV for
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Sn8Bi-. This shows that while the trend towards fluxionality in pure Sn9-q clusters is maintained as
q increases, the differing size of Bi and Sn in Sn6Bi3- does result in the C4v structure lying higher
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C4v

Sn93.10
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Figure 4.1. The geometry and relative energy of Sn9-x clusters with D3h and C4v geometries, and
the relative energies in their isoelectronic SnnBiy- clusters.

in energy by 0.22 eV. Thus, while the behavior is dominated by electron count, the size of the
atom changes the relative stability of the isomers of different symmetry.
Table 4.1. Experimental and theoretical values for the SnxBiy- clusters. All values are in eV.
Experimental

Theoretical

Cluster

VDE

VDE2

AEDE

VDE

VDE2

AEDE

Gap

Sn R.E.

Bi R.E.

Bi Exc.

Sn8Bi-

3.26±.02

3.47±.05

2.95±.07

3.11

3.19

2.97

1.18

3.64

3.47

0.09

Sn7Bi2-

2.93±.07

3.40±.07

2.47±.11

2.72

3.27

2.26

0.21

3.43

3.10

-0.52

Sn6Bi3-

3.25±.04

3.63±.05

2.96±.06

3.04

3.61

2.92

2.25

3.60

3.51

0.07
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These findings were substantiated through an experimental study of the Sn6Bi3-, Sn7Bi2-,
and Sn8Bi- clusters. Figure 4.2 shows the mass spectrum of the anions produced from ablation of
a Sn-Bi rod. The spectrum shows that all the 9 atom clusters (Sn6Bi3-, Sn7Bi2-, and Sn8Bi-) appear
with appreciable intensity compared to their neighboring species and hence are quite stable. To
investigate the electronic features of these stable species, negative ion photoelectron spectra were
taken and are shown in Figure 4.3. Assigned values of spectral features are presented in Table
4.1. The adiabatic electron detachment energy (AEDE) corresponds to the difference in energy
between the ground state of the anion and the ground state of the neutral species. The
experimental assignment is derived by linear extrapolation of the onset marking the first peak.
Additional information on the anion geometry is provided by the peaks of the features in the
photodetachment spectra that correspond to vertical transitions from the anion with a multiplicity
(M) to neutral clusters with multiplicity M±1. These vertical detachment energies (VDEs) are
also listed in Table 4.1.

Figure 4.2. Experimental mass spectrum of SnxBiy- clusters.
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Accompanying these experimentally determined values are the theoretical assignments of
AEDE and VDE provided by first principles electronic structure calculations. Table 4.1 shows the

Intensity (arbitrary units)

BiSn8-

Bi2Sn7-

Bi3Sn6-

e-Binding Energy (eV)
Figure 4.3. Photoelectron spectra of 9 atom Tin-Bismuth Zintl analogs.
calculated adiabatic electron detachment energies and vertical detachment energies for the Sn9-,
Sn6Bi3-, Sn7Bi2-, and Sn8Bi- clusters undergoing a transition from an anion to a neutral with
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multiplicity M±1. To examine cluster stability, the energy required to remove a Sn or Bi atom
from the cluster, listed as ∆ESn and ∆EBi, was calculated. Also shown in Table 4.1 are the
Removal Energies (R.E.) calculated using the equation
R.E. (Sn) = E(Snx-1Biy-) + E(Sn) – E(SnxBiy-)

(1)

Here E(Sn) is the total energy of a Sn atom, and E(SnxBiy-) is the total energy of the SnxBiycluster and E(Snx-1Biy-) is the total energy of the cluster with one fewer Sn atoms. A similar
calculation is done to determine the Bi removal energy. Additionally, the calculated HOMOLUMO gap for the anions is listed in Table 4.1. A large HOMO-LUMO gap is a signature of
electronic stability and reduced chemical reactivity as the cluster prefers to neither donate nor to
receive another electron.46,47
The first thing to note in Table 4.1 is that the calculated values of AEDE and VDE are in
good agreement with experiment. As mentioned before, the vertical transitions provide a
fingerprint of the geometrical structure and the close agreement shows that the calculated
structures match with experiment. As expected, the AEDE is higher for the Sn 8Bi- and Sn6Bi3clusters, as they are the Sn9-2 and Sn9-4 analogs and are particularly stable. This is also seen in the
Sn R.E and Bi R.E values, which show larger values for Sn8Bi- and Sn6Bi3-. The Bi exchange
energy, which is a comparison of the atomization energies, has also been calculated. This shows
that the doping with a Bi atom in Sn8Bi- and Sn6Bi3- increases the stability, while it decreases the
stability in Sn7Bi2-.
Bi Exc. (SnxBiy-) = E(Snx+1Biy-1-) – E(SnxBiy-)

(2)

The Sn6Bi3- cluster, in addition, exhibits a large HOMO-LUMO gap of 2.25 eV. As a point of
reference, the HOMO-LUMO gap in the C60 cluster is around 1.70 eV,48 and Al13- has a gap of
1.87 eV.49
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While the substitution of Sn by Bi yields isoelectronic structures, the size of Bi is larger
than Sn and this can affect the overall stability. To examine these size effects, calculations on
SnnSbm- clusters were performed, as Sb has the same number of valence electrons as Bi, but is in
the same row as Sn. A comparison of the atomization energies of the 9 atom clusters with the
same number of Sb and Bi atoms revealed that the substitution pattern is the same in both
clusters, and that the larger size of Bi reduces the binding energy by about 0.25 eV per
substitution compared to Sb. It can be noted that the near mass degeneracy of Sn and Sb make the
experimental study of SnnSbm- clusters difficult.
To further investigate the special electronic features that contribute to the stability of Sn 92

and Sn9-4, Figure 4.4 displays the one electron levels in Sn9-2, Sn9-4 (C4v) and Sn6Bi3-. The

electronic levels dominated by p-states are shown. The continuous lines represent the occupied
states while the dashed lines represent the unfilled states. Noticeably, the p-orbitals normal to the
cage can form -orbitals which differ from the expected Wade-Mingos structures, and may lead
to a spherical aromaticity while the other orbitals form skeleton molecular orbitals. Spherical
aromaticity refers to the shell closures in the particle on a sphere with 2(n+1)2 electrons as
opposed to 4n+2 electrons which result in a shell closure in a particle on a ring. To show this
more explicitly, the charge density distribution in the most stable electronic orbital is shown,
which corresponds to an overall -bonding orbital. The next orbitals are either σ or composed of a
mixture of σ-like and

-like. For the case of Sn9-2, the manifold of the skeleton orbitals is

separated by the LUMO that has -bonding in the top and bottom triangles leaving a node in the
middle. Since the LUMO in Sn9-2 is separated substantially from the LUMO+1, another stable
species could be created if the LUMO state could be filled by two additional electrons. In the pure
Sn case, a distortion into C4v or a simple stretching of the separation between two triangles in a
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D3h structure stabilizes this LUMO and leads to another stable species in Sn9-4. The two

D3h

C4v

Sn1 9-2

Sn9-4

D3h

04

Energy (eV)

-13
-22
-31
-40
4

7

Sn6Bi3-

Figure 4.4. The electronic structure of Sn9-2, Sn9-4 C4v and Sn6Bi3-. The levels of Sn9-2 and Sn9-4
have been shifted down by 3.54 eV and 8.75 eV respectively, to that of Sn6Bi3-. The charge
density of HOMO in Sn9-4 has been plotted along with the analogous states in the other species,
and the all π bonding orbital of Sn6Bi3-.

distortions are shown in Figure 4.4. A C4v distortion lowers the energy of the LUMO in Sn9-2 and
the cluster becomes stabilized by acquiring two extra electrons leading to Sn 9-4. The addition of
three Bi atoms to form Sn6Bi3- accomplishes a similar effect. As shown in Figure 4.4, the cluster
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exhibits a large HOMO-LUMO gap. To further examine the filling of the -like orbitals, the
Nucleus-Independent Chemical Shift (NICS) magnetic criterion proposed by Schleyer and coworkers50 was calculated. Systems with negative NICS values have aromatic character while
those with positive NICS values are considered antiaromatic. The calculated NICS values for
Sn8Bi- and Sn6Bi3- were -33.4 and -37.7 respectively, both of which are large negative values and
further confirm the presence of filled

orbitals.

One of the objectives of the research is to identify clusters with interesting properties that
are suitable for cluster assembled materials. Along these lines, the spin magnetic moment of
cages containing Fe, Co, and Ni atoms were examined, as the inclusion of three Bi sites in Sn6Bi3enlarges the cage compared to Sn9-4. It was found that the resulting endohedral species had large
binding energies, and spin magnetic moments of 3μB, 2μB, and 1μB, respectively, offering the
possibility of synthesizing magnetic materials using the stable cages. 51-53 The doping of the tin
clusters with bismuth may allow for the formation of endohedrally doped tin cages with larger
electronic stability than the M@Sn12-2 based cages,54 and permit doping of smaller tin cage
clusters.55,56 The cages may also be used as a possible cluster assembled material for solar energy
conversion, much like Bi2S3 and SnO2 in various nanostructures.57

4.4 Conclusions
To summarize, this chapter has examined the fluxionality and stability of pure
Sn9-q and mixed Sn9-xBiy- clusters. A similar trend in fluxionality exists for both the pure and
mixed systems, but it is also revealed that atomic size does play a role in the relative stability.
Negative ion photoelectron experiments coupled with theoretical investigations have shown the
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Sn8Bi- and Sn6Bi3- species to be stable, a result of their similarities to the known Zintl ions Sn 9-2
and Sn9-4. Further, Sn6Bi3- is an unusually stable cluster with a large HOMO-LUMO gap.
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Chapter 5

Electronic Structure of Bi3Gay(-) Semiconductor Clusters and the Special
Stability of Bi3Ga2- - A Gas Phase Zintl Analogue
Reproduced with permission from the Chem. Phys. Lett. 2009, 467, 223. Copyright 2009 Elsevier
B. V.

5.1 Introduction
Semiconductor materials are the backbone of the electronic industry and finding
novel ways to control their band-gaps is an important undertaking with significant implications.
The discovery of C60 and the possibility of making fullerides with carbon cages as the building
blocks showed that it may indeed be possible to control material properties through assemblies of
stable cluster motifs with specific characteristics.1,2 This concept has been recently extended to
other systems, in particular cluster assembled materials based on As7 motifs and alkali atoms, and
it has been shown that the band gap can be tuned by varying the alkali atom composition. 3 In this
context, an important class of materials is one comprised of III-V semiconductors that are
currently used in a wide range of technologies including bipolar transistors, light-emitting diodes,
photodetectors, and electro-optic modulators.4 Several experimental and theoretical studies have
been reported on the evolution of electronic structure in mixed clusters of semiconductors as a
function of size and composition.5-13 Consequently, finding novel ways to tune cluster properties
is an important objective. In assembled materials, where the clusters are the building blocks, the
band gap of the solid evolves from the gap between the highest occupied and lowest unoccupied
molecular orbitals (HOMO-LUMO gap) of the cluster species. Studies of the variation of the
HOMO-LUMO gap with composition, and identification of the stable motifs suitable for such
cluster assemblies is then the first step towards the synthesis of new materials.
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In this chapter, mass spectrometry and anion photoelectron spectroscopy (PES)
experiments in molecular beams are combined with first-principles theoretical studies to examine
the stability and HOMO-LUMO gaps of mixed clusters of gallium and bismuth. It is shown that
by varying the gallium composition in the anionic and neutral Bi 3Gay series, it is possible to
generate clusters with enhanced stability and ones in which the HOMO-LUMO gap can be
varied. Synthesizing bulk amounts of cluster assembled materials may then be realized through
the direct deposition of the selected species, or through synthetic chemical approaches.3
A related objective of the present study is to examine, via experimental and theoretical
evidence, simple models that may be applicable for the mixed gallium and bismuth clusters, in an
attempt to guide further exploration for stable clusters. There are various possibilities. The
Jellium model, in which a nearly free electron gas responds to the uniform positive background
formed by the ionic cores, has been used as the primary model for explaining the exceptional
stability of metal clusters, like Al13-, and has given rise to the concept of superatoms as promising
building blocks for new materials.14-16 Recently, the Jellium model also has been used to explain
the stability of singly doped metal clusters like Pb12Al+ cluster.17 It is, however, unclear if these
simple ideas can be extended to describe BixGay systems, where both constituents are poor
metals, and where there is a probability of forming mixed, rather than singly doped clusters,
which would be expected to require a more complex shell model.
An alternate approach is to consider stable ionic species identified in the solution phase,
known as Zintl clusters,18-20 and to look for their gas phase analogues.21 Zintl compounds are
anionic clusters generated by combining poor metals from group 13 to 16 with alkali metals. As a
consequence of the large electronegativity difference, the valence electron of the alkali metals is
transferred to the cluster making it a polyanionic Zintl cluster. So far, most of the studies done on
Zintl clusters have been on homoatomic species like Sn44- and Si52- clusters,20-24 and it is only
recently that attention has been given to heteroatomic Zintl species such as Sn2Bi22- and Bi3Ga2-
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clusters,20,25 in spite of the distinct advantages offered by them. Heteroatomic Zintl clusters
provide the ability to increase or reduce the charge of the cluster by simply changing the ratio
between the two elements, provided that the elements have different numbers of valence
electrons. Additionally, occupation of different elements at various vertices provides these
clusters opportunity to possess differing reactivities. However, there is still one major question:
will these heteroatomic Zintl clusters exhibit similar stability in the gas phase as do their solution
phase analogues? Studying these gas phase Zintl analogues (GPZA) in an effort to identify
possible cluster building blocks is a major goal of current research.

5.2 Experimental and Theoretical Methodology
The details of the apparatus employed have been described elsewhere.26 In brief, BixGayclusters were formed by using a ¼” 50:50 molar ratio Bi-Ga molded rod in a laser vaporization
source. Helium was used as a carrier gas and the clusters were mass analyzed using Wiley
McLaren time-of-flight mass spectrometry.27 Mass selected clusters were then analyzed in a
magnetic bottle type time-of-flight spectrophotometer.28 The photodetachment of the cluster
anions of interest was carried out using a 308 nm excimer laser and the kinetic energies of
different electrons were detected. The kinetic energy distribution recorded was calibrated using
the known electron spectrum of Bi-.29
First-principles electronic structure calculations were performed on both anionic and
neutral forms of Bi3Gay (y = 1-5) clusters. The electronic orbitals and eigenstates were
determined by using a linear combination of Gaussian atomic type orbitals molecular orbital
approach (LCGTO) within a density functional framework. The actual calculations were carried
out by the VCU group using the deMon2k software.30 The exchange and correlation effects were
included within the generalized gradient approximation (GGA) proposed by Perdew, Burke and
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Enzerhof.31 For Ga the DZVP basis set optimized for GGA functionals was used,32 and the Bi
atom was described using a 23 electron scalar relativistic effective core potential proposed by B.
Metz et al.33 in combination with the correlation consistent aug-cc-pVDZ valence basis set.34 The
A2 auxiliary function set was used for Ga, and the GEN-A2* auxiliary function set for Bi. The
exchange-correlation energy and potential were calculated from the orbital density, and more
details can be found in recent publications.17,35 The molecular geometries and orbitals were
plotted using the Schakal and Molden software, respectively.36,37 HOMO-LUMO gaps are also
provided, which have been shown to provide a semi-quantitative guidance.38
The methodology was first tested with the calculation of the electronic properties of
individual atoms. For Ga, calculations predict an electron affinity of 0.26 eV, in agreement with
the experimental values that range from 0.30 ± 0.15 eV to 0.430 ± 0.03. 39,40 Additionally, the
ground state spin multiplicity of the Bi atom is correctly predicted as a quartet, Bi- as a triplet, and
the electron affinity was calculated to be 0.85 eV, in good agreement with the experimental value
of 0.9424 eV.41 For Bi2, a singlet ground state was found with a bond length of 2.67 Å and a
binding energy of 2.74 eV, in good agreement with the experimental bond length of 2.66 Å42 and
binding energy of 2.04 eV.43 To further benchmark the methodology the geometries of pure
neutral and anionic Gay clusters (y = 1-6) were calculated, where previous calculations exist by
Zhao et al.44 and Song et al.45 The previously reported ground state geometries and multiplicities
were reproduced, and calculated vertical detachment energies reproduced the experimental and
theoretical trends with fair agreement.

5.3 Results and Discussion
The results of calculated ground state geometries and lowest energy isomers of the
neutral and anionic Bi3Gay series are given in Figure 5.1. The experimental binding energies of
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Bi-Bi, Bi-Ga, and Ga-Ga dimers are 2.04 eV, 1.65 eV, and 1.43 eV, respectively.43 This suggests
that the larger binding energy of Bi-Bi bonds is probably the reason that some of the Bi-Bi bonds
survive even at large Ga concentration (Figure 5.1). Table 5.1 lists the calculated HOMO-LUMO
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Figure 5.1. Optimized geometries of Bi3Gay (y = 0 - 5) anionic and neutral clusters. Bond lengths
are given in Angstroms, and the superscripts indicate spin multiplicity. The relative energies (Erel)
of the low lying energy isomers are given in eV. The gray circles correspond to Bi atoms, while
the yellow circles represent Ga atoms.
Table 5.1. Calculated gain in energy ∆EGa(Bi3Gay) in adding a Ga atom to the preceding Bi3Gay-1
cluster, and HOMO-LUMO gaps (in units of eV) of the neutral and anionic Bi 3Gay (y = 1-5)
clusters.
y

∆EGa(Bi3Gay)

1
2
3
4
5

2.58
2.64
2.48
2.09
2.49

HOMO-LUMO
Gap
1.12
0.55
1.39
0.46
1.20

∆EGa(Bi3Gay-)
2.70
3.09
1.94
2.77
2.16

HOMO-LUMO
Gap
0.44
1.89
0.43
1.17
0.34

gaps and Ga gain energies (∆EGa) that were calculated to further examine the stability of the
Bi3Ga neutral and anionic species. ∆EGa represents the energy gained in adding a Ga atom to the
preceding Bi3Gay-1 size:
∆EGa = E(Bi3Gay-1) + E(Ga) – E(Bi3Gay)
here, E(Bi3Gay), E(Bi3Gay-1), and E(Ga) are the total energies of the Bi3Gay, Bi3Gay-1 clusters and
of the Ga atom respectively. Figure 5.2A shows the variation of HOMO-LUMO gap and ∆EGa as
a function of gallium atoms. Figure 5.2B shows a representative mass spectrum for the cluster
series, with red highlighted peaks denoting the most abundant species. Further evidence of the
stable character of the observed species was obtained through PES experiments of the entire
Bi3Gay- series, displayed in Figure 5.2C. The red arrows denote the adiabatic electron detachment
energies (AEDEs), while the blue arrows indicate the vertical detachment energies (VDEs).
AEDE is defined by the vibrational origin of the transition from the anion to neutral ground state,
which can be difficult to pin down because of the absence of vibrationally resolved spectra. The
exact determination of the AEDE is also difficult to ascertain because of the presence of
vibrational hot bands and the possibility of large geometry changes upon photodetachment. On
the other hand, determination of VDEs is straightforward, as each one corresponds to a band
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maximum. The red arrows in Figure 5.2C thus only reflect best estimates of the cluster AEDEs,
and the error associated with the AEDEs was estimated to be on average ±0.06 eV.

Figure 5.2. A) Calculated gallium gain in energy ∆EGa and HOMO-LUMO gaps (in units of eV),
of the neutral and anionic Bi3Gay (y = 1 - 5) clusters, B) Mass spectrum of Bi3Gay- series with red
triangles denoting higher abundances, C) Photoelectron spectra of the Bi3Gay- (y = 1 - 4) series.
Red arrows indicate AEDE, and distance between blue arrows represents the HOMO-LUMO gap
of the respective neutral clusters.

Figure 5.2B shows that Bi3Ga2- has the highest abundance and Bi3Ga4- also has slightly
higher intensity than that of neighboring sizes. Photoelectron spectra revealed that both clusters
have a high adiabatic electron detachment energy. Table 5.2 lists the observed and calculated
values of the AEDEs and VDEs for all the clusters, showing reasonable agreement. For Bi 3Ga2the calculated AEDE of 2.21eV is close to the experimental value of 2.39 ± 0.05 eV. For Bi 3Ga4the calculated AEDE (2.36 eV) is also in close agreement with the experimental value (2.29 ±
0.08 eV), and is higher than the neighboring species. The examination of the energetics in Figure
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5.2A shows that in forming Bi3Ga2- and Bi3Ga4- from the preceding sizes, the energy gain ∆EGa is
large, with values of 3.09 eV and 2.77 eV respectively, while it is smaller in growing the clusters
to the next size. The HOMO-LUMO gaps of Bi3Ga2- and Bi3Ga4- are also large. As seen in Table
5.2, Bi3Ga2- has the largest gap in the series, 1.89 eV, while Bi3Ga4- has a relatively large gap of
1.17 eV. Consequently, both these clusters are highly stable. The stability appears to be driven by
the electron count as the neutral clusters Bi3Ga, Bi3Ga3 and Bi3Ga5 also show similar variations in
∆EGa and large HOMO-LUMO gaps above 1.1 eV.
Table 5.2. Experimental and theoretical adiabatic electron detachment energy (AEDE),
experimental and theoretical vertical detachment energies (VDE) to neutral states of M+1 and M1 spin multiplicities, and calculated HOMO-LUMO gaps of the Bi3Gay (y = 0 - 5) neutral and
anionic clusters. The superscripts indicate the M spin multiplicity. The relative energies of the
low lying energy isomers are also given. All values are given in units of eV.
Erel
2

Bi3
Bi31
Bi3Ga
2
Bi3Ga2
Bi3Ga2

AEDE
Exp.

AEDE
Theo.

1.57±0.05

1.64

3

1

Bi3Ga2-

1

Bi3Ga3

2

Bi3Ga3-

2

Bi3Ga4

1

Bi3Ga4-

1

Bi3Ga5

2

Bi3Ga5-

1.87±0.06
0.0
0.09
0.0
0.08
0.0
0.02
0.02
0.0
0.03
0.0
0.07
0.0
0.08
0.0
0.08

2.39±0.05

1.84±0.06

2.29±0.08

VDE 1
Exp.

VDE 2
Exp.

VDE
(M-1)
Theo.

1.87±0.04 2.80±0.05

1.72

2.21±0.04 2.60±0.06

2.02

2.70±0.05

2.47
2.45

2.25±0.05 2.80±0.06

1.96
2.22

2.73±0.1

2.59
2.72

1.76
2.21

1.67

2.36

2.03
2.30

VDE HOMO(M+1) LUMO
Theo.
Gap
0.54
2.94
0.76
1.12
2.36
0.44
0.55
0.59
1.89
1.72
1.39
1.68
1.81
2.60
0.43
2.57
0.43
0.46
0.46
1.17
1.61
1.20
1.22
2.86
0.34
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For the cases where the anion has a doublet ground state while the neutral is a singlet, the
photoelectron spectra can also provide a rough estimate of the HOMO-LUMO gaps for the
anions’ corresponding neutrals. In these cases, the first VDE corresponds to the photodetachment
of one electron from the HOMO of the anionic cluster, while the second peak (transition) in the
PES corresponds to the photodetachment of one electron from the HOMO of the neutral cluster at
the anion geometry. Therefore, the difference in energies between the first and the second peaks
should be a reasonable representative of the HOMO-LUMO gap for the neutral cluster at the
anion geometry. A large difference in the first two transitions is observed in the PES of Bi 3Ga3cluster. This is indicative of a large HOMO-LUMO gap of the corresponding Bi3Ga3 neutral
cluster, attesting to its special stability. This conclusion is further supported by the theoretical
results, as Table 5.2 reveals a larger HOMO-LUMO gap for Bi3Ga3 compared to other neutral
clusters.
In order to examine the applicability of the Jellium model to explain the stability of the
BixGay systems, electron counting rules can be applied to Bi3Ga, Bi3Ga2-, Bi3Ga3, Bi3Ga4- and
Bi3Ga5. Bi and Ga have respectively valence electron configurations of 6s2 6p3 and 4s2 4p1.
Considering Bi to donate 5 electrons and Ga to donate 3 electrons to the valence pool, the stable
clusters have a total of 18, 22, 24, 28 and 30 valence electrons respectively. On the other hand, if
Bi donates only 3 p electrons, and Ga donates 1 p electron, the stable clusters have a total of 10,
12, 12, 14, and 14 valence electrons respectively. From these two possibilities, only Bi 3Ga with
18 valence electrons corresponds to a Jellium closed shell, and thus, the Jellium model is unable
to explain the stability.
Based on this result, the observed stability could be associated with an even-odd
oscillation as concluded in previous studies on III-V clusters,46-48 with systems having even
number of electrons exhibiting enhanced stability and large HOMO-LUMO gaps. However,
something unique seems to be occurring with Bi3Ga2-, given the high abundance in the mass
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spectrum and the large HOMO-LUMO gap of 1.89 eV, higher than any other stable cluster.
Clusters having the same number of valence electrons, such as In2P3-, Ga2As3- and Ga2P3-,46-48
have been studied before, but only the even electron effect has been attributed to their special
stability. Therefore, a theoretical study was undertaken to look further into the enhanced stability
of Bi3Ga2-.
Bismuth has a total of two s (6s2), and three p valence electrons (6p3); however, it is
known that there is a large energy separation between s and p electrons, termed the inert pair
effect. This effect is still pertinent in Bi3, as can be seen in Figure 5.3 that shows the calculated
one electron energy levels, isosurfaces, and atomic s and p percentages of the molecular orbitals.
It is noted that the lower six energy levels have a dominant s character, while the top nine levels
are dominantly p. Essentially, there is no sp hybridization. Furthermore, looking at the enlarged
one electron energy levels shown in Figure 5.3, it is observed that there are three close lying
empty LUMOs marked as L, L+1 and L+2 above the HOMO, which is marked as H. These three
LUMOs when filled can lead to a large HOMO-LUMO gap, and this is the reason that Bi33- has
been observed in high abundances, and has been concluded to be a very stable cluster. 49 In
conventional cases, Bi3 can acquire these electrons when it is combined with alkali atoms. Here,
however, there is a different scenario. A Ga atom has two s (4s2) and one p (4p1) valence
electrons. The one electron energy levels, isosurfaces, and composition of the molecular orbitals
for Ga2-, Ga2- and Ga3 were drawn and displayed in Figure 5.4. In all these species, the ground
state structure corresponds to a quartet state in which the three topmost occupied orbitals
(HOMOs) are dominantly p and without or with minimal s character. These three p orbitals can
then be considered to interact with the three empty LUMOs of Bi 3, forming covalent bonds and
generating a large HOMO-LUMO gap. This bonding would then render Bi3Ga2-, Bi3Ga2- and
Bi3Ga3 as closed shell species.
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Figure 5.3. One electron levels, isosurfaces (isovalue = 0.03 a.u), percentages of s and p
compositions of the molecular orbitals for Bi3, and enlarged section showing the first three
LUMOs and top HOMOs. The optimized geometry of the Bi3 cluster is also given.

To confirm this hypothesis, one electron energy levels, isosurfaces and composition of
the molecular orbitals of Bi3Ga2-, Bi3Ga2- and Bi3Ga3 were analyzed, and the results are shown in
Figure 5.5. In the figure, the upper case S and P, and lower case s and p indicate, respectively,
orbital contributions from Bi and Ga to the molecular orbitals. For Bi3Ga2-, as in the case of Bi3,
there is a separation of the energy levels, in which the lower 6 energy levels have a predominant s
character coming from the Bi atoms. Higher in energy, there are two energy levels that possess a
majority of s character from the Ga atom. Notably, the 12 most occupied energy levels have a
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dominantly p character with contributions from both Bi and Ga, and with reduced s contributions.
This separation of the energy levels and character of the molecular orbitals was also true for
Bi3Ga2- and Bi3Ga3 clusters as seen in Figure 5.5. In these cases, two and four extra energy levels,
which have chiefly s character from the Ga atoms, are found just above the lower 6 energy levels
that have predominantly Bi s contributions.

Figure 5.4. One electron levels, isosurfaces (isovalue = 0.03 a.u), and percentages of s and p
compositions of the molecular orbitals for Ga2-, Ga2- and Ga3. The optimized geometries are also
given.

Therefore, the dominant p-character in the 12 upper energy levels is responsible for the
stability of Bi33- and Bi3Ga2-, and the stability of Bi3Ga2- and Bi3Ga3 can be accounted for in a
similar way. Since Bi3Ga2- is a Zintl species, Wade’s rule50 can be applied to the Bi3Ga2- cluster.
The ground state geometry of Bi3Ga2- was found to be a trigonal pyramid, and in accordance with
Wade’s rule as it does correspond to a 12 p electron system (2n + 4 = 12; with n = 4 vertices)
with a nido deltahedral structure. In the case of Bi3Ga2-, the ground state is a trigonal bipyramid
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(Figure 5.1). It has five vertices and also 12 p electrons (2n + 2 = 12; n= 5 vertices) with a closo
structure, and thus, also follows Wade’s rule.

Figure 5.5. One electron levels, isosurfaces (isovalue = 0.03 a.u), and percentages of
compositions of the molecular orbitals for Bi3Ga2-, Bi3Ga2- and Bi3Ga3. Upper case S and P, and
lower case s and p indicate respectively contributions from bismuth and gallium to the molecular
orbitals. The 12 topmost occupied electron levels are highlighted by a dotted square. The
optimized geometries are also given with gallium and bismuth atoms in yellow and gray colors
respectively.

Furthermore, looking at the Zintl ion chemistry, Si52- and Sn52- are two of the most stable
and studied Zintl clusters.20 Both of these clusters have five atoms, 12 p valence electrons and
trigonal bipyramidal geometry, quite similar to Bi3Ga2-. The one electron energy levels,
isosurfaces, and compositions of the molecular orbitals for Sn52- are compared with the ones of
Bi3Ga2- in Figure 5.6. For Sn52- the lower energy levels have a dominant s character, and thus can
be considered to accommodate the 10 s electrons of the system. Above these levels, there is a

61
group of 12 energy levels with p character, as in the case of Bi3Ga2-. Further, it is clear that the
twelve most occupied levels of Sn52- and Bi3Ga2- are very similar, although differently ordered.
Finally, the calculated HOMO-LUMO gap of 1.97 eV for Sn52- is very close to the calculated
HOMO-LUMO gap of 1.89 eV for Bi3Ga2-. This analogy reinforces the conclusion that Bi3Ga2- is
a gas phase Zintl analogue of Bi3Ga2- and Sn52-.

Figure 5.6. Comparison of one electron levels, isosurfaces (isovalue = 0.03 a.u) and percentages
of s and p compositions of the molecular orbitals for Sn52- and Bi3Ga2-. The 12 topmost occupied
electron levels are highlighted by a dotted square. The optimized geometries are also given.

5.4 Conclusions
A combined experimental and theoretical study of neutral and anionic BixGay clusters has
been presented in this chapter. It has been shown that by varying the Ga composition in Bi3Gay,
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several stable clusters can be formed in which the HOMO-LUMO gap can be tuned. Further,
Bi3Ga, Bi3Ga2-, Bi3Ga3, Bi3Ga4- and Bi3Ga5 all are stable species with a HOMO-LUMO gap
varying from 1.12 to 1.89 eV. This study establishes that while the Jellium model is insufficient
to explain the stability of the Bi3Gay clusters, the concept of Zintl ion chemistry can account for
the geometry and stability of the gas phase systems. Consequently, Bi3Ga2- can be considered as a
gas phase Zintl analogue that follows Wade’s rules and is the analogue of Bi 3Ga2- and Sn52- Zintl
ions. The stability of Bi3Ga, Bi3Ga3, Bi3Ga4- and Bi3Ga5 is further attributed to an even-odd
behavior in which systems with an even number of electrons have a large HOMO-LUMO gap
and enhanced stability.
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Chapter 6

Electron Delocalization in a Non-Cyclic All-Metal III-V Cluster
Reproduced with permission from the Chem. Phys. Lett. 2009, doi:10.1016/j.cplett.2009.09.046.
Copyright 2009 Elsevier B. V.

6.1 Introduction
The concept of resonance has long been used to illustrate enhanced stability and electron
delocalization. Perhaps the most notable example is benzene, in which multiple resonant
structures are present, making all the benzene bonds equivalent in length. 1 This phenomenon is a
crucial component of aromaticity, an idea that has recently been extended to an all-metal anionic
system2 (Al42-), and further shown in an all-metal neutral aromatic species3 (Al3Bi). Here the
valence p-states combine to form σ

σ tangential, and

molecular orbitals. However, the

concept of two-dimensional aromaticity is only applicable to cyclic structures,4,5 while the
concept of electron delocalization is not limited to cyclic structures and has been observed in
organic compounds such as the allyl anion6 (C3H5-), and inorganic molecules such as CO32-, SO42-,
and NO2-, where the electrons are delocalized over multiple bonds. In this chapter, experimental
and theoretical studies illustrate the nature of electron delocalization in an all-metal mixed (III-V)
cluster: In2Bi-. This species possesses a bent, non-cyclic, planar structure with two delocalized π
electrons and four delocalized σ electrons, similar to Al3Bi. It is shown to be analogous to C3H5in its structural and electronic properties, and theoretical studies suggest that a salt structure can
be grown from In2Bi- with alkali metals, to form crystals in bulk amounts.
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6.2 Experimental Methodology
To experimentally study the In2Bi- cluster, a series of InxBiy- clusters were formed using a
¼” 50:50 molar ratio In-Bi molded rod in a laser vaporization source. Helium was used as a
carrier gas and the clusters were mass analyzed using Wiley McLaren time-of-flight mass
spectrometry.7 Mass selected clusters were then analyzed using both a magnetic bottle type timeof-flight spectrophotometer8,9 and a velocity map imaging apparatus.10 Photodetachment of the
cluster anions of interest was carried out using an excimer laser (308 nm) for magnetic bottle
spectra, and the third harmonic of a Nd:YAG laser (355 nm) for velocity map imaging.

6.3 Results and Discussion
The photoelectron spectrum (PES) of In2Bi- using the magnetic bottle is shown in Figure
6.1A and its velocity map image (VMI), and BASEX reconstruction 11 are shown in Figure 6.1BC. The adiabatic electron detachment energy was measured as the onset of the band X, while
vertical detachment energies were measured from the peak maximum. In2Bi- exhibits two
electronic features (X and A) separated by a gap of approximately 1 eV in both PES and VMI.
The calculated β anisotropy parameters were 0.057 and 0.44 for the X and A transitions
respectively. To aid in the investigation of the In2Bi- species, a study of the electronic structure of
InxBiy clusters using first principles calculations was performed within the generalized gradient
density functional theory (DFT) formalism.12 The actual calculations were carried out using the
linear combination of Gaussian atomic type orbitals DFT Kohn-Sham code deMon2k.13 Figure
6.1D shows the highest occupied molecular orbital (HOMO) charge density plot of In 2Bi- being
of marked p character, and in agreement with the β parameter of the X transition.
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Figure 6.2 depicts the optimized geometries of the ground state of the anionic and neutral
InxBi (x = 1-4) clusters, and Figure 6.3 shows the geometries of the species with (x = 5-6). In
general, these geometries were similar to GaxBi (x = 1-6) clusters previously reported.14 Even and
odd electrons systems presented a singlet and doublet multiplicity, respectively. The InBi neutral
cluster was the only cluster that presented a higher triplet state. The In-Bi bond length in anionic
InBi- and In2Bi- optimized to 2.87 and 2.85 Å, respectively, and for InxBi- x>2 the In-Bi bond
length ranged from 2.97 to 3.13 Å. Neutral In xBi species presented In-Bi bond lengths from 2.99
to 3.11 Å. Notably, In3Bi was the only exception to this trend with a reduced In-Bi bond length of
2.87 Å in a symmetric C2v geometry, attesting to its aromatic nature as discussed below.

Figure 6.1. Panel A displays the photoelectron spectrum of In2Bi- obtained with photons of 308
nm using magnetic bottle time-of-flight spectrometry. The raw and reconstructed photoelectron
images of In2Bi- recorded at 355 nm are depicted in panels B and C, respectively. The symbols X
and A denote the electronic transitions from the anionic ground state to the first and higher
excited states of the neutral species. The HOMO charge density plot is shown in column D.

Neutral and anionic In2Bi clusters were found to possess a bent non-cyclic structure with
bismuth as the bridging atom between the two indium atoms. The measured and calculated
adiabatic detachment energies (2.13±0.06 eV and 2.15 eV, respectively), and vertical detachment
energies (2.39±0.1 eV and 2.25 eV respectively) are in excellent agreement, which further
validates the theoretical results.
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Figure 6.2. Optimized geometries of InxBi (x = 1 - 4) anionic and neutral clusters. Bond lengths
are given in Angstroms, and the superscripts indicate spin multiplicity. The gray and blue circles
represent respectively the Bi and In atoms.

Figure 6.3. Optimized geometries of InxBi (x = 5 - 6) anionic and neutral clusters. Bond lengths
are given in Angstroms, and the superscripts indicate spin multiplicity. The gray and blue circles
represent respectively the Bi and In atoms.

To investigate the stability of the anionic and neutral InxBi series, “pointers” were
calculated. These include the gain in energy as successive In atoms are added to a In xBi cluster,
the energy required to dissociate the cluster into individual atoms, the adiabatic electron
detachment energy, and the HOMO-LUMO gap. These pointers are indicative of both energetic
and chemical stability (Figures 6.4 and 6.5). The results indicated that both In2Bi- and In3Bi are
the most energetically favorable and chemically stable clusters in the anionic and neutral series,
respectively. These results, together with the finding of a bent structure of In 2Bi- marked by a
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reduced In-Bi bond length as in In3Bi (Figure 6.2), hints at the presence of electron delocalization
over the whole cluster. To further look for evidence of the delocalization, the one electron energy
levels and molecular orbitals of In2Bi- were analyzed and are shown in Figure 6.6. Note that both
Bi and In atoms have partially filled p-states with 3 and 1 electrons, respectively. For comparison,
the molecular orbitals of In3Bi are also presented. In3Bi, which is an analogue of Al3Bi (an allmetal neutral aromatic),3 possesses π and double σ aromaticity. It can be seen that the HOMO,
HOMO-1, and HOMO-2 of In2Bi- are highly delocalized σ, π and σ orbitals. Similarly the
HOMO, HOMO-1, and HOMO-2 of In3Bi are delocalized π, σ and σ orbitals. While In2Bi- has a
bent structure, In3Bi is cyclic and hence provides better opportunity for delocalization. However,
they are both marked by similar, delocalized, highest occupied molecular orbitals.
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Figure 6.4. A) Calculated adiabatic electron detachment energies (AEDE), Indium energy gain
(∆EIn) and HOMO-LUMO gaps (HL gaps) of anionic InxBi (x = 1-6) clusters. B) Calculated ∆EIn
and HL gaps of neutral InxBi (x = 1-6) clusters. All values are in units of eV.
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Figure 6.5. Calculated atomization energy per atom (AE/atom) of the anionic and neutral In xBi
(x = 1-6) clusters.
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Figure 6.6. One electron energy levels and isosurfaces (isovalue = 0.03 a.u.) of the molecular
orbitals for In2Bi- and In3Bi. The continuous lines represent occupied levels, the dotted lines
correspond to single unfilled states, the degeneracy is marked next to each level, and the arrows
indicate the majority (up) and minority spin states. The atomic composition of each occupied
orbital is also given.

To further confirm the electron delocalization in In2Bi- it was compared with the allyl
anion (C3H5-). Figure 6.7 shows the position of the π electrons determined as minima of the
molecular electrostatic potential,15

-1, and its comparison with the

In2Bi- species. It was found that both C3H5- and In2Bi- have a delocalized π molecular orbital and
contain bond equalization, attesting for the electron delocalization.
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Figure 6.7. (A) Magenta circles show the location of the π electrons determined as minima of the
molecular electrostatic potential for the C3H5- and In2Bi- molecules. (B) HOMO-1 charge density
π delocalization.

Additionally, a theoretical study involving In2Bi- with Li+, Na+, and Cu+ was performed
to ascertain the stability of In2BiM salts. Figure 6.8 depicts the optimized geometries of the
ground state anionic InBi2- and neutral InBi2M (M = Li, Na and Cu) clusters. All In2BiM species
optimized to closed shells states in symmetric Cs geometries, and the In-Bi bond reduction in the
In2Bi- core was preserved independently of the M atom. Natural bonding orbital charges 16 were
calculated at the optimized In2BiM geometries, revealing a charge transfer of 0.76, 0.7 and 0.23
electrons from the M atom to the In2Bi- core for Li, Na and Cu, respectively, thus confirming the
In2Bi- M+ picture. To additionally support the possibility of creating salts of the In 2Bi- cluster
while maintaining the inherent In2Bi- properties, the HOMO-LUMO gaps and vibrational
frequencies of the salts were calculated and compared to the In2Bi- species as shown in Table 1. It
is clear from the HOMO-LUMO gap measurements that all the salts formed are highly stable
with values larger than 1.2 eV. Moreover, the calculated vibrational frequencies (all of which
where found to be Infrared and Raman active), and Infrared and Raman spectra (Table 1 and
Figure 6.9) of the In2Bi- core for In2BiLi and In2BiNa are quite similar to those of the raw anion.
These results show that the salts retain the electronic properties of the In 2Bi anion core, and may
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be able to be tuned through varying the nature of the ligand. Thus, by adding counter-cations to
create an overall neutral cluster, the stability and electronic structure of the In 2Bi- cluster is
maintained. The neutral salts represent viable candidates for future synthetic efforts.

Figure 6.8. Lateral A) and top view B) of the optimized geometries of the In 2Bi-, In2BiLi,
In2BiNa and In2BiCu clusters. Symmetry point group and electronic state are given in
parentheses. Bond lengths are given in angstroms.

Table 6.1. Calculated HOMO-LUMO gap (HL gap), and vibrational frequencies of the In2Bi-,
In2BiLi, In2BiNa, and In2BiCu clusters.
Frequencies (cm-1)

HL gap (eV)
1

In2Bi1
In2BiLi
1
In2BiNa
1
In2BiCu

1.46
1.57
1.56
1.21

27.5
25.9
24.6
24.0

67.5
33.1
42.0

69.0
38.7
49.7

137.6
123.7
123.9
109.9

146.3
131.6
133.9
118.6

371.4
185.4
187.2
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Figure 6.9. Simulated Infrared and Raman spectra of the In2Bi-, In2BiLi, In2BiNa, and In2BiCu
clusters.
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6.4 Conclusions
In this chapter electron delocalization in an all metal non-cyclic cluster, In2Bi-, whose
electronic properties are quite similar to In3Bi (an all metal aromatic cluster), and C3H5- (an
organic allyl anion) has been explored. Further, it has been shown that upon the addition of
counter-cations, the stable In2Bi- core is retained. Future work will be aimed at creating these salt
crystals in bulk amounts.
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Chapter 7

Gas Phase Zintl Analogues in Mixed Bismuth-Indium Clusters

7.1 Introduction
Zintl clusters have been one of the few classes of metal clusters synthesized in
the condensed phase. Most of these clusters are homoatomic, with a few heteroatomic examples
present in the literature. It is a current goal of cluster research to assemble these clusters into
materials, and heteroatomicity will provide a better positioning for cluster assembly. One class of
heteroatomic clusters, III-V semiconductor clusters, have been the subject of several experimental
and theoretical studies over the last 20 years, motivated by the great technological importance of
III-V materials in the fabrication of fast microelectronic devices, small devices and light-emitting
diodes.1-3 The study of the properties of clusters as a function of size and composition can provide
insight into the evolution from the molecular level to the bulk. From the experimental side, many
studies of anion photoelectron spectroscopy (PES), a technique that yields the electronic and
vibrational spectroscopy of mass-selected clusters, have been reported on III-V clusters, i.e.
AlxPy,2 BxNy,4 GaxPy,1,5 GaxAsy,1 InxPy,6 Bi3Gay7. Complementing the experimental studies several
theoretical studies have expanded the understanding of the geometric and electronic properties of
these clusters.3,7-12
In this chapter a combined experimental and theoretical study of the electronic
and structural properties of neutral and negatively charged BixIny clusters is described. Magneticbottle photoelectron spectra (and in some cases velocity map images), ground state structures,
removal energies and HOMO-LUMO gaps for a variety of these clusters are provided. In
particular, the focus is on four distinct cases of stable clusters. In these clusters (Bi 2In- , Bi3Ga2-,
Bi4In- and Bi4In2) the recent theory of gas phase zintl analogues7 is applied to account for
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stability. Additionally, there is evidence for a neutral, all-metal, aromatic cluster in BiIn3,
analogous to recently characterized III-V clusters.13-14

7.2 Experimental and Theoretical Methodology
The details of the apparatus employed have been described elsewhere.15-16 In
brief, BixIny- clusters were formed by using a ¼” 50:50 molar ratio Bi-In molded rod in a laser
vaporization source. Helium was used as a carrier gas and the clusters were mass analyzed using
Wiley McLaren time-of-flight mass spectrometry.17 Mass selected clusters were then studied in a
magnetic bottle type time-of-flight spectrophotometer18 and a velocity map imaging apparatus.16
The photodetachment of the cluster anions of interest was carried out using a 308 nm excimer
laser for magnetic bottle studies, while for velocity map images the third harmonic of a Nd:YAG
laser was used. In both cases, the kinetic energy distribution of electrons was recorded and
calibrated using the known spectrum of Bi- anion.19 For velocity map images, three-dimensional
distributions are reconstructed from raw images using the BASEX software 20 before obtaining
velocity distributions and corresponding photoelectron spectra.
First principles electronic structure calculations within the generalized gradient
density functional theory (DFT) formalism were performed on the neutral and anionic forms of
BixIny (x = 1-4, y = 16) clusters. The actual calculations were carried out using the linear
combination of Gaussian type orbitals DFT Kohn-Sham code deMon2k.21 The exchange and
correlation effects were incorporated through the functional proposed by Perdew et al. 22 The In
and Bi atoms were described respectively using the 3 and 23 electron scalar relativistic effective
core potentials (ECP) proposed by Igel-Mann et al.23 and B. Metz et al. repectively.24 The
corresponding relativistic ECP basis set for In,23 and the correlation consistent aug-cc-pVDZ
valence basis set for Bi were used.25 The GEN-A2* auxiliary function set was used for both In
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and Bi atoms, and the exchange-correlation potential was calculated from the orbital density. To
determine the ground state geometries, several initial configurations were generated and fully
optimized employing a quasi-Newton method in delocalized internal coordinates26 without
symmetry constrains. The molecular geometries and orbitals were plotted using the Schakal 27 and
Molekel28 software respectively. The validity of this method for the calculation of Bi xIny clusters
has been previously demonstrated.29

7.3 Results and Discussion
Figure 7.1 shows a characteristic mass spectrum of the BixIny- clusters
synthesized in the laser vaporization source. There are four observations in Figure 7.1 to note,
which will be discussed in detail below. First, Bi2In- is consistently the most intense peak in the
spectrum, signifying a special stability. Second, Bi3In2- is produced in much greater intensity than
any of its nearest neighbors, a finding that can be explained within the theory of gas phase Zintl
analogues. Third, Bi4In- has a high ADE and large calculated HOMO-LUMO gap. Fourth,
considering the series of BiIny- clusters, there seems to be a large drop-off in intensity between
BiIn2- and BiIn3-.
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Figure 7.1. The mass spectrum of BixIny- cluster anions.

In Figure 7.2 the photoelectron spectra, based on magnetic-bottle measurements,
of a majority of the clusters shown in the mass spectrum is provided. Figure 7.3 displays the raw
velocity map images of several of the smaller clusters, with rings in a velocity map image being
analogous to peaks in the magnetic-bottle spectrum. The peaks (rings) represent electronic
transitions from the anion to the neutral, and for each peak (ring) the maximum intensity is taken
as the vertical detachment energy (VDE), which can be compared with a theoretical VDE.
Calculated VDEs represent the energy difference between the ground state geometry of the anion
with multiplicity M, and the neutral cluster with the anion geometry in M+1 and M-1 multiplicity
states. The experimental and theoretical VDEs for the BiIn y-, Bi2Iny-, and Bi3Iny- and Bi4Inyclusters are listed in Tables 7.1, 7.2, and 7.3, respectively. The theoretical assignments of VDE
are based on the calculated ground state structures provided in Figures 7.4-7.6. Where
appropriate, the structures of low-lying energy isomers are provided, and their presence is noted
in the corresponding table. Good agreement is observed between experimental and theoretical
VDEs, providing confidence in the proposed ground state structures. Further, for the first peak in
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each spectrum adiabatic detachment energy (ADE) is assigned, which corresponds to an
extrapolation of the leading edge of the first peak in each spectrum. These experimental ADEs are
provided in Tables 7.1-7.3. Likewise, calculated ADEs are given, which were obtained as the
energy difference between the ground state geometry of the anion and the ground state geometry
of the neutral cluster. These values agree very well with experiments in the BiIny- and Bi2Inyseries, and are within acceptable error for the Bi3Iny- and Bi4Iny- clusters.
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Figure 7.2. The photoelectron spectra of BixIny- cluster anions, where x = 1-4 and y = 1-4.
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Figure 7.3. The raw photoelectron images of BiIny-, Bi2Iny- and Bi3Iny- clusters.
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Table 7.1. Experimental and theoretical adiabatic electron detachment energy (AEDE),
experimental and theoretical vertical detachment energies (VDE) to neutral states of M+1 and M1 spin multiplicities, and calculated HOMO-LUMO gap (HL gap) of the BiIny (y = 1 - 6) neutral
and anionic clusters. The superscripts indicate the M spin multiplicity. The relative energies of
the low lying energy isomers are also given. All values are given in units of eV.
Erel
3

BiIn

2

-

BiIn

2

BiIn2

AEDE
Exp.

AEDE
Theo.

1.72
1.54

1.63

VDE 1
Exp.*

2.13
1.92

VDE
(M-1)
Theo.

VDE
(M+1) HL gap
Theo.
0.38

1.85
1.86

0

VDE 2
Exp.*

2.38, 2.93,
3.32
2.30, 2.63,
2.88, 3.30

1.85

2.69

2.15

0.20

0.06

0.16
2.39
2.28

1

BiIn2-

1

BiIn3
BiIn32
BiIn4
1
BiIn4BiIn5
BiIn5-

2

2

BiIn6

3.35
3.27

2.25

1.73

2

1.96

2.58

1.79
0
0.09

1

1.83
2..02

0
0.00
0.05
0
0.01
0.07

0.06

2.28

2.36

2.38

1

BiIn6-

*Values in blue were obtained from the VMI images

2.51

1.46
1.34
0.62
0.56
0.54
0.44
0.82
0.51
0.51
0.61
0.46
0.41
0.52
0.96
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Table 7.2. Experimental and theoretical AEDE and VDE, and calculated HL gap of the Bi2Iny (y
= 1 - 6) neutral and anionic clusters. See caption of Table 7.1.
Erel
2

Bi2In

AEDE
Exp.
2.11
1.84

AEDE
Theo.

1.82
1.75

Bi2In2

2.36
2.21

2.57
2.50

1.96

2.72,
3.51
2.62

2.07

2.40

2.47

Bi2In3

Bi2In4

2.61
2.57

2

Bi2In4-

0
0.05
0
0.06

2

Bi2In5
Bi2In5-

1

1

Bi2In6
Bi2In6-

0.50

0.45

-

1

0.47

0.26

0.09
1

HLgap

0.96
2.12
2.14

Bi2In20

VDE (M+1)
Theo.

1.74

2

Bi2In3

VDE (M-1)
Theo.

0.58
2.37
2.23

Bi2In-

1

VDE 2
Exp.*

1.84

1

2

VDE 1
Exp.*

2.85,
3.18
2.80,
3.09

2.65

1.87
2.19

2.75

2.02
0
0.01
0.04
0.09

2.40

1.70

2

*Values in blue were obtained from the VMI images

1.73

2.71

1.21
1.36
1.37
0.51
0.56
0.49
0.91
0.72
0.93
0.92
1.14
0.26
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Table 7.3. Experimental and theoretical AEDE and VDE, and calculated HL gap of the the Bi 3Iny
(y = 1 - 5) and Bi4Iny (y = 1 - 2) neutral and anionic clusters. See caption of Table 7.1.
Erel
1

Bi3In

0

AEDE
Exp.
1.96
2.01

0.23

AEDE
Theo.

2.42
2.26

Bi3In4Bi3In5

Bi3In52
Bi4In

0
0.04

3.0, 3.29
2.92

2.18

2.66

2.69

2.91,
3.15

0
0.01

2.00

Bi4In2-

0

1.82

2.81

1.90
2.15

0
0.01

2.59

2.51

2.42

1

2

2.17

2.18

2

Bi4In1
Bi4In2

2.52

2.36

1

1

2.05

1.62

2

2.05

2.29

0.45
0.65

2.75
2.73

0
0.03
0.03

2.22
2.24

2.32

Bi3In21.93

HL
Gap

0.95

1

1

VDE (M+1)
Theo.

1.80
2.68
2.53

Bi3In2

VDE (M-1)
Theo.

0.95

Bi3In-

2

VDE 2
Exp.*

1.57

2

Bi3In3
Bi3In32
Bi3In4

VDE 1
Exp.*

1.90

1.73
2.12

2.86,
3.27

0.02
* Values in blue were obtained from the VMI images

1.82

2.65

1.98
1.62
0.45
0.40
0.47
0.41
0.99
1.05
0.93
0.38
0.45
0.49
1.11
1.31
1.26
0.34
0.43
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Table 7.4. Calculated gain in energy ∆EIn(BixIny) in adding a In atom to the preceding BixIny-1
cluster, and HOMO-LUMO gap (HL gap) of the neutral and anionic BixIny (x = 1-4, y = 1-6)
clusters. All values are in units of eV.
y
1,1
1,2
1,3
1,4
1,5
1,6

ΔEIn(BixIny)
1.71
2.05
2.50
1.66
2.16
1.92

HL gap
0.38
0.20
1.34
0.56
0.82
0.46

ΔEIn(BixIny-)
2.49
2.58
2.08
1.72
2.39
2.28

2,1
2,2
2,3
2,4
2,5
2,6

1.67
2.39
1.69
2.66
1.84
2.63

0.58
0.96
0.26
1.36
0.49
1.14

2.41
2.29
2.43
2.05
1.99
2.31

0.47
0.50
1.21
0.51
0.91
0.26

3,1
3,2
3,3
3,4
3,5

2.55
2.14
2.27
1.57
2.21

0.95
0.65
1.62
0.44
1.05

2.47
2.89
1.57
2.31
2.03

0.45
1.98
0.45
0.99
0.38

4,1
4,2

1.10
2.21

0.45
1.31

2.32
2.04

1.11
0.34

HL gap
0.06
1.46
0.62
0.54
0.51
0.96

Figure 7.4 depicts the optimized geometries of the ground state and low-lying energy
isomers of the anionic and neutral BiIny (y = 1-6) clusters. In general, these geometries were
similar to those of previously reported BiGay (y = 1-6) clusters.16 Even- and odd-electron systems
presented a singlet and doublet multiplicity, respectively. The BiIn neutral cluster was the only
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cluster that presented a higher triplet state. The Bi-In bond length ranged from 2.85 to 2.97 Å for
the anionic clusters for y ≤ 3, and is smaller than the corresponding neutral clusters. The neutral
BiIn3 cluster was the exception to this trend with the smallest Bi-In bond lengths among the
neutral clusters of only 2.87 Å in a symmetric C2v geometry. For y > 3 the Bi-In bond was around
3.10 Å with a few exceptions of 3.20 Å for BiIn5 and BiIn6-. At y > 4 the clusters favored a
compact geometry, although the low-lying isomer of BiIn4- also exhibited a compact geometry as
well. BiIn5 presented a symmetric Cs geometry, while the corresponding anionic BiIn5- with a
similar geometry deviated to a non-symmetric structure. The anionic and low-lying energy isomer
of BiIn6 presented a similar C2v geometry. In general, the Bi atom bound with the most In atoms,
which can be explained as the experimental binding energy of the BiIn dimer (1.53 eV) is almost
twice the binding energy of the In2 dimer (0.82 eV).30
The optimized geometries of the Bi2Iny (y = 1-6) clusters are shown in Figure 7.5. In all
cases the ground state presented the lowest multiplicity possible. The Bi-Bi bond is present in all
clusters, explained by the large experimental binding energy of the Bi 2 dimer (2.04 eV),30 larger
than the binding energy of the BiIn and In2 dimers. Both neutral and anionic Bi2In clusters
presented a C2v symmetry in which the Bi-Bi bond length stretches compared with the free
dimers. Bi2In2 clusters formed similar rhombus geometries, planar in the neutral cluster and nonplanar in the anionic cluster. Compact geometries were found for y > 3 and the Bi-Bi bond length
optimized to a length ranging from 2.99 to 3.06 Å. In most cases the In atoms bound to the Bi 2
dimer, favoring Bi-In bonds.
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Figure 7.4. Optimized geometries of BiIny (y = 1 - 6) anionic and neutral clusters. Bond lengths
are given in Angstroms, and the superscripts indicate spin multiplicity. The relative energies (E rel)
of the low lying energy isomers are given in eV. The gray circles correspond to Bi atoms, while
the blue circles represent In atoms.

Figure 7.6 presents the optimized geometries of the Bi3Iny (y = 1-5) and Bi4Iny (y = 1-2)
clusters. The In atoms bound to the Bi3 trimer in each case of Bi3Iny clusters up to y = 3, except
for the Bi3In3- cluster in which one of the Bi-Bi bonds is broken. In Bi3In4, both the anion and
neutral clusters have one Bi-Bi bond broken, though one low-lying energy isomer of Bi3In4 has
the Bi trimer intact. At y = 5, the ground state structures of both the anionic and neutral clusters
have two Bi-Bi bonds broken, with one of the Bi atoms entirely separated from the trimer seen in
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lower sizes. For Bi4Iny species, most of the clusters were accompanied by low-lying energy
isomers, but in all cases the Bi-Bi bonds seem to be favored.

Figure 7.5. Optimized geometries of Bi2Iny (y = 0 - 6) anionic and neutral clusters. See caption of
Figure 7.4.
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Figure 7.6. Optimized geometries of Bi3Iny (y = 0 - 5) and Bi4Iny (y = 0 - 2) anionic and neutral
clusters. See caption of Figure 7.4.
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In order to investigate the stability of the anionic and neutral Bi xIny series, “pointers”
were calculated that established both energetic and chemical stability. Energetic stability is
determined by calculating the energy gain ∆EIn when successive In atoms bind to a given Bix
species:
∆EIn = E(BixIny-1) + E(In) – E(BixIny).
Here E(BixIny), E(BixIny-1), and E(In) are the total ground state energies of the BixIny,
BixIny-1 clusters, and that of the In atom. A large gain in energy is obtained when a cluster forms
from a stoichiometry with one less atom, and a small energy gain occurs when one additional
atom binds to the cluster, attesting to energetic stability. Chemical stability is defined as the
resistance to change in electron number or deformation of the electron cloud and is tested by the
size of the HOMO-LUMO gap, as a large gap indicates inertness. Figure 7.7 shows the HOMOLUMO gaps and calculated ∆EIn of the anionic and neutral BiIny, Bi2Iny and Bi3Iny clusters, while
the corresponding values are given in Table 7.4.
Inspection of Figure 7.7 leads to an initial explanation of the observed stability as
a result of an even–odd oscillation. This has been concluded in previous studies on III–V
clusters5,31,32, in which systems that possess an even number of electrons exhibit enhanced
stability. However, the even-odd oscillation does not justify the existence of large differences
between the observed maxima both in the HOMO-LUMO gaps and in the ∆EIn. In all of these
clusters, there are four cases in which specific clusters displayed interesting behavior. The first
cluster is Bi2In-, which is consistently the most intense cluster produced in the laser vaporization
source, as seen in Figure 7.1. This overwhelming production must come from a stability of the
cluster. Bi2In- is a three atom cluster with eight p-electrons and a planar, triangular, ground state
geometry. If the theory of gas phase Zintl analogues is applied to this cluster, it satisfies Wade’s
electron counting rule, which states that 2n+2 p-electrons (8 electrons for n = 3 vertices) should
possess a closo structure. This makes Bi2In- the smallest possible gas phase Zintl analogue. The
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theoretical calculations on removal energy support this claim, as it is nearly the highest removal
energy in the Bi2Iny- series.

Figure 7.7. Variation of the HOMO-LUMO gap (HL gap) and of the gain in energy caused by In
addition (∆EIn) with y in the (a) BiIny, (b) Bi2Iny, and (c) Bi3Iny series.
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A second unique cluster is Bi3In2-. As seen in the mass spectrum (Figure 7.1), it is more
intense than either of its neighbors. As the isoelectronic cluster Bi 3Ga2- has previously been
identified as a gas phase Zintl analogue of Sn52-,7 Bi3In2- is expected to behave similarly. As seen
in Figure 7.6, the ground state of Bi3In2-, like Bi3Ga2- and Sn52-, is trigonal bipyramidal. The
cluster has 12 p-electrons and 5 vertices (2n+2 = 12; n = 5) with a closo structure; thus, it follows
Wade’s rule. Further, Figure 7.8 reveals that the molecular orbitals are quite similar between
Bi3In2- and Sn52-. Finally, the calculated HOMO-LUMO gap of Bi3In2- (1.98 eV) is the largest
among the series studied, which is quite close to the HOMO-LUMO gaps of Bi3Ga2- (1.89 eV)
and Sn52- (1.97 eV). These findings establish Bi3In2- as a gas phase Zintl analogue of Sn52-.
Third, in the Bi4Iny- series, the photoelectron spectrum of Bi4In- shows that it has
a high ADE (2.00 eV), showing that it is a stable cluster. Theoretical calculations show high
indium removal energy and a large HOMO-LUMO gap for the cluster. The ground state structure
of Bi4In- is square pyramidal. According to Wade’s rule, any cluster with a 2n+4 p electrons and a
nido structure should be a stable structure. Bi4In- indeed has 14 (2*4+4) p electrons and a nido
(square pyramidal) structure confirming that it is gas phase Zintl anion. In the same series, Bi 4In2
neutral showed a high indium removal energy and large calculated HOMO-LUMO gap. It has 14
(2*6+2) p electrons and a square bipyramidal (closo) structure, following Wade’s rule. Thus,
Bi4In2 can be classified as another gas phase Zintl cluster.
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Figure 7.8. Comparison of one electron levels and isosurfaces (isovalue = 0.03 a.u.) of the
molecular orbitals for Sn52- and Bi3In2-. The 12 topmost occupied electron levels are highlighted
by a dotted square. The optimized geometries are also given.

Last, examining Figure 7.1, there seems to be a large drop-off in intensity between BiIn2and BiIn3-, with essentially no larger BiIny- clusters being produced. This is surprising, as both the
Bi2Iny- and Bi3Iny- series show peaks of moderate intensity in this size range. One explanation is
revealed when considering calculations on BiIn2-, which is shown to possess both the largest
indium removal energy (2.58 eV) and the largest HOMO-LUMO gap (1.46 eV) of any cluster in
the BiIny- series. These findings indicate a special stability of BiIn2-. This is due to the electron
delocalization in this non-cyclic all-metal cluster, as shown in a recent publication.29
Additionally, the surprising lack of BiIn3- production can be explained due to the special stability
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of the neutral BiIn3, which has the largest indium removal energy (2.50 eV) and the largest
HOMO-LUMO gap (1.34 eV) of any cluster in the BiIn y series. This stability may be expected
when considering that indium is in the same group as aluminum. Thus, BiIn3 should be similar to
the class of neutral all-metal aromatics Al3X (X = Bi, Sb, As) that have recently been
studied.13,14,28

7.4 Conclusions
The electronic and structural properties of neutral and negative charged Bi xIny
clusters were investigated by anionic photoelectron spectroscopy and first principles calculations,
and the adiabatic and vertical detachment energies of the anionic species were reported. Among
the BixIny series many clusters were found to exhibit a special energetic and chemical stability,
with large HOMO-LUMO gap in the range of 0.95 to 1.98 eV. This stability is rationalized by
different mechanisms. Bi2In-, Bi3Ga2-, Bi4In- and Bi4In2 are classified as gas phase Zintl anions
that follow Wade’s rules and are analogous to known Zintl species, while BiIn3 is a cyclic planar
molecule similar to BiGa3 and BiAl3, all-metal aromatic systems. Finally, a correlation between
the open-shell/closed-shell nature of the neutral and anionic BixIny clusters and the even-odd
oscillation of the HOMO-LUMO gap, formation energy and adiabatic electron affinities is
reported.
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Chapter 8

Concluding Remarks
In this thesis the identification of numerous stable clusters has been made. The
experimental design outlined in Chapter 2 has proven to be a powerful technique for this purpose,
and these clusters can be considered as candidates for cluster assembled materials applications
going forward. However, to encourage synthetic efforts, an understanding of the reasons for
stability is crucial. For this reason, each stable cluster has been rationalized within a theoretical
model. In particular, the model of gas phase Zintl analogues has been constructed to rationalize
gas phase behavior by relating to established rules in condensed phase chemistry. The more
common models of aromaticity and the Jellium model have also been used to explain the
behavior of stable clusters experimentally observed.
Chapters 3 and 4 of this thesis detail studies involving bismuth-tin clusters. Multiple
clusters are identified as suitable candidates for cluster assembly. BiSn 4-, Bi3Sn-, BiSn5-, BiSn8-,
Bi2Sn7-, BiSn9- and Bi3Sn6- are all shown to be gas phase Zintl analogues of Sn52-, Sn44-, Sn62-,
Sn92-, Sn93-, Sn102- and Sn94- respectively. BiSn4-, BiSn8- and BiSn9- are shown to be 3D aromatic
clusters and BiSn5- and BiSn11- are shown to have antiaromatic character. Bi3Sn6- has been shown
to be a Zintl analogue of the well known Sn94- ion, possessing a large HOMO-LUMO gap.
However, the fluxionality reported for Sn94- is suppressed by substituting Sn atoms with Bi atoms
(Figure 8.1). Thus, it is concluded that while the electronic stability of the clusters is dominated
by electron count, the size and position of the atoms affect the dynamics of the cluster as well.
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Figure 8.1 Structural fluxionality is reduced by substituting Sn atoms with Bi atoms in Sn94-.

In Chapter 5, it is observed that by varying the Ga composition in Bi3Gay, several stable
clusters can be formed in which the HOMO-LUMO gap can be tuned. It is shown that Bi3Ga,
Bi3Ga2-, Bi3Ga3, Bi3Ga4- and Bi3Ga5 all are stable species with a HOMO-LUMO gap varying
from 1.12 to 1.89 eV (Figure 8.2). This study further establishes that while the Jellium model is
insufficient to explain the stability of the Bi3Gay clusters, the concept of Zintl ion chemistry can
account for the geometry and stability of the gas phase systems. Consequently, Bi 3Ga2- can be
considered as a gas phase Zintl analogue that follows Wade’s rules and is the analogue of the
Bi3Ga2- and Sn52- Zintl ions. The stability of Bi3Ga, Bi3Ga3, Bi3Ga4- and Bi3Ga5 is attributed to an
even-odd behavior in which systems with an even number of electrons have a large HOMOLUMO gap and enhanced stability.

Figure 8.2 Band gap tuning by varying Ga composition in Bi3Gay(-) clusters.
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In Chapter 6 electron delocalization in an all metal non-cyclic cluster, In2Bi-, whose
electronic properties are quite similar to In3Bi (an all metal aromatic cluster), and C3H5- (an
organic allyl anion) is observed (Figure 8.3). Further, it is shown that upon the addition of
counter-cations, the stable In2Bi- core is retained.

Figure 8.3 Electron delocalization in In2Bi- analogous to C3H5-.

Finally, Chapter 7 describes the electronic and structural properties of neutral and
negatively charged BixIny clusters. Among the BixIny series many clusters were found to exhibit a
special energetic and chemical stability, with large HOMO-LUMO gaps in the range of 0.95 to
1.98 eV. This stability is rationalized by different mechanisms. Bi2In-, Bi3In2-, Bi4In- and Bi4In2
are classified as gas phase Zintl anions that follow Wade’s rules and are analogous to known Zintl
species. BiIn3 is a cyclic planar molecule similar to BiGa3 and BiAl3, all-metal aromatic systems.
Finally, a correlation between the open-shell/closed-shell nature of the neutral and anionic BixIny
clusters and the even-odd oscillation of the HOMO-LUMO gap, formation energy and adiabatic
electron affinities is reported.
The present studies should be helpful in fueling the development of cluster assembled
materials using gas phase Zintl clusters as one of the viable building blocks. Future studies, where
this concept can be transferred back to solution phase synthesis, will allow for the creation of
Zintl ions that may be used to develop III-V and IV-V cluster assembled materials.
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Figure 8.4 A proposed assembly of EDTA with two Bi3Ga2- or BiSn4- clusters.

As an example, various possibilities can be explored of assembling these clusters with
some common organic mono dentate ligands (CO, NCS- and N3-), bidentate ligands (glycinate) or
hexadentate ligands (EDTA, shown in Figure 8.4). HOMO-LUMO gaps and atomization energies
can be calculated and it will be interesting to see whether heteroatomicity provides more
opportunity for cluster assembly. Additionally, III-V and IV-V materials are used in various
technological applications including detectors and thermal imaging. The reduced dimensionality
and confinement of electrons in the nano-regime provides an opportunity to design III-V, IV-V
devices.
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