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LIGAND EFFECTS ON ELECTRONIC, MAGNETIC, AND CATALYTIC 
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Ligands commonly protect  metallic clusters against reacting with outside reactants. 

However, ligands can also be used to control the redox properties enabling the formation 

of super donors/acceptors that can donate/accept multiple electrons. This thesis focuses on 

how the ligands can be used to control the electronic and magnetic features of clusters and 

ligand stabilized cluster-based assemblies, leading to nano pn junctions with directed 

transport, the possibility of light-harvesting, and catalysts for cross-coupling reactions. The 

thesis addresses three distinct classes of clusters and their applications. The first class of 

cluster “metal chalcogen clusters” is the central idea of the thesis focused on recent 

experiments where metal-chalcogenide clusters have been stabilized in solutions, where 

clusters assemblies have been synthesized by combining them with counter ions. We also 
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investigate the fusion of metal-chalcogenide clusters leading to nano pn-junctions with 

immense dipole moments and their potential applications in photovoltaics and spintronics.  

We then investigate simple metal clusters and show how ligands can control the 

ionization characteristics of aluminum-based clusters and how assemblies of such clusters 

linked through organometallic wires can form dimer with a significant dipole moment 

enabling directed transport, applicable in photovoltaics. Finally, we demonstrate how 

transition metal (palladium-based) clusters adsorbed on double vacant graphene, reduced 

graphene oxide, and graphene-acid-based supports catalyze cross-coupling reactions in 

different ligand environments. The graphene supports can also be realized as the solid-state 

ligands for cross-coupling reactions. 

 

Organization of Thesis 

The thesis work is arranged as follows:  

Chapter 1  

The first chapter introduces the overview of the atomic clusters. Additionally, the 

concept of superatom, magnetic superatom, cluster assembly using metal-chalcogenide 

clusters, and the role of ligands in cluster assembly are reviewed.  

 

 

 

Chapter 2 
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The second part of this chapter briefly summarizes the methodology, i.e., density 

functional theory(DFT). It briefly summarizes the computational details of the subsequent 

research works done. 

 

Chapter 3 

 The third chapter discusses the ligand effects on the atomic cluster, including simple metal, 

metal-chalcogenide, metal-oxide, transition metal clusters, etc. The observed variation in 

the electronic properties of the atomic clusters due to ligand effects is generalized using 

phosphine ligands. Furthermore, the physical reason behind a general trend of lowering 

ionization energy (IE) with phosphine ligation is also offered.  

 

Chapter 4 

          This chapter presents the dimer formation by combining the ligated metal-

chalcogenide clusters. The electronic and magnetic properties of the fused dimers and their 

potential application as a nono-pn junction and their use in photovoltaics and spintronics-

related applications are explored. On the other hand,  a theoretical verification of the 

experimentally synthesized cluster assembled material [(Co6Se8(PEt3)5)2).C140], using 

metal-chalcogenide dimers as a building block is also given. An intriguing phenomenon of 

the interfacial magnetic moment localized at the junction of the (Co6Se8(PEt3)5)2 dimer is 

also expounded. 

 

 

Chapter 5 
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It is a short chapter, pretty much like an extension of the third chapter on the fused 

dimer. The dimer formation is not limited to the metal-chalcogenide clusters but can also 

be extended to the simple metallic clusters. However, the direct fusion of two simple 

metallic clusters (aluminum-based clusters) leads to coalescence, and an organometallic 

linker is needed to link two simple metal clusters. Furthermore, their potential application 

in photovoltaics is elaborated using time-dependent density functional theory (TDFT). 

 

Chapter 6 

     In this chapter, the potential applications of transition metal clusters (palladium clusters) 

in catalysis are explored. Palladium clusters adsorbed on various graphene supports are 

compared to pursue an improved catalytic performance of the Suzuki cross-coupling 

reactions. 

 

Chapter 7 

      The last chapter summarizes all the works contained in the thesis. In addition, the future 

directions and possible applications of the included results are also briefly analyzed. 

Note: The references are given immediately after each chapter. 

 
 



 

1 

 

Chapter 1 

Introduction to Clusters and Ligated Cluster Assemblies 

Cluster science is a rapidly growing field that offers exciting prospects in understanding 

the properties of materials and creating exotic materials for human needs. Atomic clusters are 

defined as a combination of a few to a few hundred atoms that cannot be described by electron-

precise bonding, and clusters have emerged as a new phase of matter, intermediate between atoms 

and bulk materials.1 In this regime, the properties are governed by quantum confinement due to 

restricted size.  The rise in the interest in cluster science lies in the following two factors. 

1) The atomic clusters can be treated as a bridge connecting the ideas between atoms and the bulk 

materials.2 Their study can help understand the evolution of electronic, magnetic, and optical 

properties when atoms come together to form a bulk material.   

2)  The connection of clusters to the field of nanoscale science seems increasingly profound, where 

the clusters can serve as the building blocks for new materials with tunable properties. 

Experimental and theoretical research works over the past few decades have shown that novel 

behaviors can emerge as the cluster size is reduced to the sub-nanometer scale. The electronic, 

chemical, and optical properties are found to change with the cluster size. For example, clusters of 

inert metals like Au are found to be good catalysts, while clusters of a non-magnetic solid like Rh 

or Pd exhibit magnetic character. More importantly, properties can change dramatically even by 

the addition of an atom or an electron. For example, the reactivity of Fen clusters is found to vary 

by order of magnitude through just an atom’s addition. Consequently, clusters provide an 

unprecedented strategy to create materials with tailored electronic, magnetic, and optical properties 

using a bottom-up approach.3 Such cluster-assembled materials, with their unique properties, can 

enlarge the scale of materials science.  
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Not all clusters can maintain their identity as they are assembled, and the stability of a 

cluster is critical in synthesizing cluster assembled materials. Consequently, identifying clusters 

that are stable and maintain their identity is crucial in forming the cluster assembled nanoscale 

materials. In this regard, identifying the physical principles that control the stability of clusters is 

an essential step in creating such materials. For clusters of metallic elements, the conceptual 

development of “superatoms” provides a framework for identifying such species.1 The term 

superatom, coined by Prof Khanna et al., can be defined as an atomic cluster with a well-defined 

valence. The clusters' chemical and electronic properties may be projected by their proximity to 

this valence.  A brief overview of atomic clusters, emphasizing ligated metal-chalcogenides 

clusters, the superatomic concept, and magnetic superatoms, will appear later in this chapter.  

 

1.a Atomic clusters: An agglomeration of a few to a few hundred atoms that are marked by a 

deficiency of electron-precise bonding constitute an atomic cluster, and clusters show different 

physical, chemical, and magnetic properties compared with their bulk counterparts. The study of 

clusters helps us understand the evolution of the structure and collective properties of matter, such 

as the electrical conductivity, melting point, color, magnetic characters, etc. Size regimes are 

crucial when dealing with atomic clusters. A schematic view of how properties of matter evolve 

from a single atom to the bulk solid is shown in Figure 1.1. When the size of a material is reduced, 

the properties showed a monotonic variation initially, as labeled as a scalable regime in Fig 1b. 

However, when a critical size (∼100 nm or 104 atoms) is reached, the variation in properties 

becomes nonmonotonic. Nanoparticles belong to this critical regime; still, their properties are not 

highly responsive to the addition or removal of a  
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single atom or an electron.2 As the particle size is further reduced, the properties change is abrupt 

and unexpected. Even the addition or removal of a single atom or electron may induce a drastic 

change in the properties.4,5 This includes clusters of non-magnetic solids becoming magnetic,6 

reactive metals turning out to be inert,7  and noble metals showing catalytic activity.8 The quantum 

confinement and a large volume to size ratio are responsible for the observed nonmonotonic 

behaviors. Quantum confinement is defined as a regime where the electron wavelength and its 

particle size become comparable. Additionally, for the particle size in this regime, the large percent 

atoms are on their surface; hence such a larger large volume to size ratio plays a crucial role in the 

unpredictable behaviors of the atomic clusters9.  

One of the biggest breakthroughs in cluster science occurred in 1984 when Knight and co-

workers investigated size-selected alkali metal clusters (Nan) in an interaction-free environment.9 

The mass spectra of alkali metal (Nan) clusters revealed that specific sizes were more abundant 

than others, as seen by prominent peaks at N=8, 20, 40, 58, and 92, as seen in Figure 1.2(a).9 These 

were labeled as magic numbers in analogy with nuclear physics, where certain nuclei have higher 

binding energy. It can be understood by using a simplified model called the nearly free electron 

Figure 1.1 (a) Regime of solids with respect to lengthscale  (b) Variation in Physical Properties 

of materials with number of atoms. (Figure Credit Professor Arthur C. Reber) 

(a) (b) 
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gas model, where a cluster could be modeled by a quantum gas of nearly free electrons confined 

to a sphere with a uniform positive background of the size of the cluster. In addition to the peaks 

at mass spectra, the magic sizes showed higher ionization energy and low polarizability, patterns 

consistent with filled electronic shells. The quantum states in such a confined nearly free electron 

gas are grouped into shells that are in order as 1S, 1P, 1D, 2S, 1F, 2P, ... The model reported the 

observed magic numbers in Nan clusters at sizes 2, 8, 18, 20, 34, 40, 58, and 92. 

 

 

 

 

 

 

 

 

 

 

More direct evidence is that the electronic shells control the chemistry emanated from experiments 

on the reactivity of aluminum cluster anions with oxygen. Bulk aluminum is highly reactive with 

oxygen, but experiments on Al
-

n
  revealed that clusters including Al

-

13
 , Al

-

23
 ... were resistant to 

reacting with oxygen, as shown in Figure 2(b).5 This could be the consequence of filled electronic 

shells with 40 and 70  electrons, respectively, thus providing explicit chemical evidence of the 

electronic shell picture. Using this model, an Al
-

13
  had an electronic configuration of 1S2, 1P6, 

(b) 

Figure 1.2 (a) Mass Abundance spectrum of Sodium “Na” clusters (Reproduced With 

Permission)9(b) Series of mass spectra showing progression of the etching reaction of aluminum 

cluster anions with oxygen showing peaks at  Al13
- and Al23

-(Reproduced With Permission).5 

(a) 
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Figure 1.3 Energy levels in atoms and clusters. Electronic levels in a Cl- atom and Al13
-
 cluster. 

(Reused with permission, Copyright American Chemical Society)11 

1D10, 1F14, 2P6. This electronic configuration resembled a halogen anion and raised the prospect 

of an Al13 cluster behaving like a halogen atom. Theoretical studies indeed predicted an electron 

affinity of 3.34 eV for the Al13 cluster that was afterward corroborated by experiments.6  Figure 

1.3 compares Cl atom with Al13 cluster. Subsequent combined experimental and theoretical 

findings confirmed that an Al14 with 42 valence electrons behaved much like an alkaline earth 

element.10 These findings led to a burst of work detecting clusters that mimic multiple valence and 

magnetic elements.  

 

 

 

 

         

 

 

 

 

 

 

b) Superatoms 

Symmetric compact clusters have electronic states clustered into electronic shells. The 

occupancy of the electronic shells defines the chemical behavior of clusters. Clusters with filled 

shells are found to be more stable, just as found in atoms. Likewise, the clusters with unfilled shells 

may exhibit a chemical valence, just like in atoms. These features were originally understood for 

the confined nearly free electron gas is not limited to metal clusters. Hence, the nature of electronic 
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Figure 1.4 A pictorial representation of the periodic table of atomic and superatomic orbitals.(Reused 

with permission, Copyright American Chemical Society)11 

interactions leading to the filled electronic shells may differ depending on the type of the cluster, 

and several stable clusters have shown well-defined valence. Hence, these clusters can be deemed  

 

 

 

 

 

 

 

 

 

 

 

 

as superatoms forming the 3rd dimension of the periodic table.11 Superatom is a powerful 

organizing principle for understanding stability of atomic clusters is the concept of “superatom”.1 

When a stable cluster keeps its properties intact even after reacting with etchants, these clusters 

are regarded as “superatom”, the name coined by Khanna et al. Previous studies by Khanna and 

Castleman and co-workers had proposed superatoms resembling alkali, alkaline earth, and multiple 

valence atoms abundance spectra in larger alkali and alkaline earth systems showed enhanced  

stability of clusters with complete geometrical shells.10,12 Furthermore, discovery and 

characterization of Al13I
- and Al13I2

- showed that the negative charge is pulled towards Al13 even 

in the presence of iodine.10 Hence, the Al13 cluster displays characteristics of a “super-halogen”. 
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Al13
- has enhanced stability from electronic shell closure with 40 electrons. Al13 and Al14 exhibit 

behavior of halogen and alkaline-earth metal-like behaviors with one electron deficiency and with 

two extra electrons, respectively. Hence, Khanna et al. proposed superatoms to form a 3rd 

dimensional periodic table, as shown in Fig 1.4. The geometric structure also plays a pivotal role 

in the chemical stability and properties of clusters. For example, superatomic cluster Ni9Te6(PR)8 

shows stability despite an open electronic shell.13 Likewise, certain anions of the aluminum cluster 

that have closed electronic shells are found to be highly reactive when reacted with polar etchants 

such as water or methanol.11 This reactivity corresponds to the open geometric structure. Hence, 

both geometric and electronic shell closure plays a dividend in acquiring stability.11 Apart from the 

jellium model, the Wade-Mingos rule14 and covalent bonding, as shown in Figure 1.5, can also 

help explain the stability of atomic clusters. The superatoms can be designed to act as both 

superhalogen and superalkali.15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Cluster stabilizations explained through NFE, Wade-Mingos, and covalent bonding. 
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c) Metal clusters:  

During the last three decades, metal clusters have been the most extensively explored clusters by 

experimental and theoretical means. Clusters formed by atoms that form metallic systems in bulk 

are designated metal clusters. Additionally, metal clusters can be segmented into simple metal, 

transition metal (TM), noble metal, and mixed or alloy clusters. 

i) Simple Metal clusters: The clusters comprised of atoms from group-IA (alkali), group-

II(alkaline), and group-IIIA metal elements are called simple metal clusters. The bonding in these 

clusters is mainly through the delocalized valence electrons of s and p orbitals. The main feature 

of simple metal clusters is that their stability can be explained by nearly free electron gas theory. 

One of the most interesting simple metal clusters is Al13
-
, also labeled as the first superatom,6 

shown in Figure 1.6, is a very stable cluster with an HL gap of 1.87 eV. In comparison, the Al13 

cluster behaves much like a halogen exhibiting a momentous electron affinity (EA) of 3.4 eV. 

Using 3 valence electrons for an Al atom, the Al13 cluster corresponds to 39 valence electrons 

leading to an open shell electronic configuration 1S2, 1P6, 1D10, 2S2, 1F14, 2P5. When an electron is added 

to the Al13 cluster to form an anion Al13
-, the valence electrons become 40, which is a magic 

number providing stability through the electronic shell closure. F 

 

 

 

 

 

 

 

 

 

 

 

 

                 Figure 1.6 First superatoms: Al13 and Al13
-. 
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Figure 1.7 Optimized ground state structure of Pd13 cluster. 

ii) Transition metal clusters: The transition metal (TM) clusters comprise atoms from 3d, 4d, and 

5d series elements. The main characteristic of the transition metal clusters is the partially occupied 

d orbitals. They commonly favor compact atomic arrangements like icosahedral structures. One of 

the most exciting features of TM clusters is their magnetic character owing to their partially 

occupied d orbitals. 

 

 

 

 

 

 

 

For illustration, CoN and FeN clusters exhibit superior magnetic moments than their corresponding 

bulk equivalents.16 The jellium model cannot explain the stability of the transition metal clusters. 

One of the most exciting transition metal clusters is Pd clusters due to their appeal for catalysis.17 

The Pd13 cluster shown in Figure 1.7 is extensively used in catalysis as Pd has a very stable 0 

and +2 oxidation state, and hence it can switch back and forth between those oxidation states 

easily. Therefore, Pd can both act as a very good 2-electrons donor in an oxidative addition stage 

and an excellent 2e acceptor in the reductive elimination step during cross-coupling reactions. It 

will be discussed in detail in chapter 5. 

 

 



 

10 

 

Figure 1.8 The HOMO-LUMO gap of the M6Se8L6
 clusters, with L=CO, and PH3, and M=Y-

Pd, and La, Hf-Pt. For CO ligated clusters, charge states of +2, 0, and -2 were studied, while for 

PH3 ligated cluster charge states of +4, +2 and 0 are shown. 

iii) Ligated Metal chalcogenide clusters:  Chalcogens are the elements of group 16 in the periodic 

table, including, Sulfur, Selenium, and Tellurium atoms, which accommodate six electrons in their 

valence shell. Hence, -2 is the most common oxidation state for these elements; however, the +2, 

+4, and +6 are also possible. A Chalcogenide is a chemical composite consisting of at least one 

chalcogen anion and at least one more electropositive element. The term is usually reserved for 

sulfides, selenides, and tellurides. Metal Chalcogenides are referred to as the combination of metal 

and chalcogen atoms. However, transition metal atoms are generally more favorable to bind with 

chalcogens to form metal chalcogenides. The bonding between the transition metal and chalcogens 

shows characteristics in between that of ionic and covalent characters. Apart from their rich redox 

properties, metal chalcogenides are found helpful in many recent applications. Metal 

Chalcogenides are a rich source of Nonlinear Optical Materials.18 Transition Metal Chalcogenides 

can form ultrathin inorganic materials with tunable electronic properties, which find applications 

in spintronics, straintronics, and valleytronics.19 
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Furthermore, ligated metal chalcogenides are extremely rich in redox behaviors. With phosphine 

ligands, they can act as a superalkali with ionization energy as low as 3.11 eV for Re6Se8(PMe3)6 

cluster lower than Cs atom (3.89 eV). Furthermore, with moderate acceptor ligands like CO, these 

clusters can act as a super halogen with electron affinity as high as a 3.76 eV for Mo6Se8(CO)6 

cluster comparable with Cl atom (3.612 eV).  

As we know that the critical criteria for a cluster to be considered a superatom is that the cluster 

has a well-defined valence. Bonding in metal-chalcogenide clusters is a mixture of covalent 

bonding between the metal and chalcogen and bonding and charge transfer complexes between the 

metal and ligand. For this reason, a nearly free electron gas cannot determine the electronic counts 

leading to stable species. The analysis of the electronic structure of metal-chalcogen clusters hinted 

that these clusters have periodic closed electronic shells that can classify them as superatoms with 

well-defined valence. In principle, these clusters can be stabilized via two paradigms, the oxidation 

state of the metal atoms within the cluster may form a closed electronic shell or a shell of 

delocalized bonding orbitals over the entire symmetric cluster may lead to a large HOMO-LUMO 

gap and corresponding stability associated with a closed electronic shell. Stabilization may also 

occur via mixed-valence or Jahn-Teller distortion, resulting in symmetry breaking, and the cluster 

will no longer remain octahedral. Khanna et al. have thoroughly studied many octahedral metal 

chalcogenide clusters of the form, M6Se8L6 (M = 4d and 5d transition metals including Y-Pd, and 

La, Hf-Pt, & L = CO/ PH3). For the electron counting, all of the valence s and d electrons of the 

transition metal, 6 valence electrons from the Se, and 2 electrons per CO and PH3 ligand are 

considered. Figure 1.8 shows periodic electron counts with large HOMO-LUMO gaps that 

correspond to 76, 96, 100, and 114 valence electrons, with secondary peaks at 78 and 88 valence 

electrons for the 4d and 5d transition metal series in different ligand environments (CO/PH3). 
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Octahedral M6X8L6 clusters with 76 valence electrons are stable due to the local oxidation state of 

the atoms. The second mode of stabilization is through the filling of closely packed states that have 

the same energy due to the high octahedral symmetry of the cluster, or similar energies due to 

coincidental degeneracy. Examples of electron counts with such large HOMO-LUMO gaps 

include 96, 100, and 114 valence electrons. The peak at 88 valence electrons is due to a Jahn-Teller 

distortion that breaks the symmetry and leads to the different metal atoms having different charge 

states. On the other hand, the electron counts of 76, 78, 96, 100, and 114 have Oh symmetry. This 

result demonstrates that there are electron counts in metal-chalcogen clusters that correspond to 

enhanced electronic stability.   

 

d) Cluster Assembled Material (CAM): An important class of clusters that have drawn 

tremendous attention in recent years is based on ligated metal-chalcogenide clusters. These clusters 

can form solids when combined with counterions. Some of the initially reported clusters include 

Co6Se8(PEt3)6, Cr6Te8(PEt3)6, Ni9Te6(PEt3)8, Ni6Se5(PR3)8, Co6Te8(PR3)6, Ni9Te6(CO)8, 

Co11Te7(CO)10, and Co9Te6(CO)8.
3,20,21 The ligated clusters consist of a central core of transition 

metals and chalcogens and are stabilized by ligands such as phosphines, CO, or other ligands. 

These interesting classes of superatoms are found to be highly stable and can be independently 

prepared in solutions. Further, the ligands offer an additional pathway to tuning the properties of 

a cluster, either through stabilizing a closed electronic shell, inducing active sites, or controlling 

the donor-acceptor characteristics. Further, depending on the ligand, they can have charge 

donor/acceptor characteristics that allow them to form a variety of solids when combined with 

complementary ions, including C60, FeCl4, and other clusters with high electron affinity, 

maintaining the identity of the metal-chalcogenide core. 
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Figure 1.9 Library of SACs self-assembled using complementary charge transfer between 

superatomic building blocks. Supporting ligands have been omitted for clarity. (Reused With 

Permission, Copyright American Chemical Society)3 

 

 

 

 

 

 

 

 

 

 

 

The primary goal of synthesizing stable atomic clusters and superatomic clusters is to form cluster 

assembled materials with tailored properties. The clusters and ligand-protected clusters may be 

used to form CAMs from bottom-up technique, with flexibility in tailoring electronic, magnetic, 

optoelectronic properties in the material with precision and control.  The clusters stabilized by 

ligands can not only be assembled from wet chemical synthesis but can also be deposited on 

supports to form CAMs. Figure 1.9 shows some of the solids formed through cluster assembly 

using metal-chalcogenide clusters.3  

 

 

d) Ligands:   

                A neutral molecule or ions bound to a metal site is called a ligand. In other words, any 

functional group that binds strongly to a metal center can be considered a ligand. Ligands are 

tremendously important in the synthesis of metallic and semiconducting nanoparticles. They can 

act as a structure-directing agent for the synthesis of nanoparticles.10 They can also change the 
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solubility of the reagents during synthesis. Ligands are also used for functionalization and protect 

the surface of the particle from reactions.11 Moreover, ligands are found to alter the redox 

properties of the metal clusters. They stabilize the cluster by shifting HOMO levels and can also 

modulate the magnetic moment of the system.13,22,23 The stability of clusters in the wet phase can 

be explained based on the ligand effects. Apart from stabilization, the ligands can also alter the 

redox properties of the clusters.22 The shape and size of the ligands play significant roles in cluster 

assembly and the electron conduction pathway through the cluster assembled material. Figure 1.10 

shows the ligands stabilized clusters using phosphines, carbonyl (CO), cyanide (CN), thiols, etc. 

ligands. 

 

 

 

 

 

 

 

1.2. Motivations  

a) Experimental work 

More recently, Xavier Roy et al. have successfully assembled different superatomic solids. New 

classes of materials termed superatomic crystals (SACs) are synthesized through cluster assembly 

using molecular clusters as superatomic building blocks.3 Equipped with a rich library of 

molecular clusters with exciting properties such as diverse functionalization, redox activity, and 

magnetic ordering, SAC with high tunability, atomic precision, and robust architectures were 

created.3,20 Their work has the following four facets:  

Figure 1.10 Metal chalcogenide and gold clusters stabilized in different ligand environments. 
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 (1) Design and synthesis of molecular cluster superatomic building blocks 

(2)  self-assembly into SACs (formation of solids) 

(3) Study of the resulting collective properties of SACs. 

(4) Finding potential applications of SACs 

The cluster cores comprise octahedral [M6E8] and cubane [M4E4] (M = metal; E = chalcogen), 

which are typically passivated by a shell of supporting ligands, that can also help in direct solid-

state assembly. They have designed whole families of binary SACs where the building blocks are 

held together through electrostatic, covalent, or van der Waals interactions, as shown in Figure 

1.11. The blend of atomic precision and intercluster interactions in these SACs generates unique 

collective properties involving tunable electron transport, crystalline thermal conductivity, and 

ferromagnetic characteristics. Additionally, they have created a synthetic approach to incorporate 

redox-active guests into the superstructure of SACs through single-crystal to single-crystal 

intercalation. This process allows the tuning of the optical and electrical transport properties of the 

superatomic crystal host. Using a host of techniques, SCXRD, Raman spectroscopy, SQUID 

magnetometry, electrical transport measurements, electronic absorption spectroscopy, differential 

scanning calorimetry, and frequency-domain thermoreflectance, the investigation of collective 

properties of superatomic crystals are achieved. The ability to exactly modulate the structure and 

properties of nanoscale building blocks is key in developing the next generation of functional 

materials. The bottom-up assembly of preformed molecular clusters toward well-defined 

hierarchical materials has proven to be a successful approach in designing new functional 

materials. These materials exhibit collective physical properties that emerge because of their 

atomic precision. Their extensive work in modifying the building blocks with functional ligands 
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Figure 1.11 The Selected SACs and their atomic structural analogues. Supporting ligands in all of the 

SACs have been removed for clarity. (a)[Co6Te8(PEt3)6][Fe8O4pz12Cl4] and CsCl; (b) 

[Ni9Te6(PEt3)8][C60] and NaCl; (c) [Co6Se8(PEt3)6][C60]2 and CdI2; (d) 

[Ni12Te12(PEt3)8]2[(Lu3N@C80)2] and Rb2O2. (Reused With Permission, Copyright American 

Chemical Society)3 

has been successful. Additionally, they are exploring a new dimension to employ molecular 

clusters in various applications. 

 

 

 

 

 

 

 

 

 

 

 

For example, Co6Te8(PEt3)6 clusters have been used as dopants for 2D semiconductors by Yu. et 

al.24  These experimental findings and the theoretical works on metal-chalcogenide clusters from 

our lab, which are discussed below, have inspired my research towards metal-chalcogenide 

clusters and their cluster assembly.  

 

b) Theoretical Work 

Our group has been working with octahedral ligated metal chalcogenides for the past few years. 

Inspired by the experimental synthesis of cluster assembled materials,3,20 our group has worked 

independently and in collaboration with experimental groups to investigate the ligand effects on 

the electronic and magnetic properties of the metal chalcogenide clusters in different ligand 
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Figure 1.12 (a) Successive replacement of PEt3 ligand by CO ligand (b) IP and EA with 

subsequent replacement of PEt3 ligands by CO ligands. (c) The plot of total charge with the 

subsequent exchange of PEt3 ligands by CO ligands. (Reused With Permission, Copyright  

American Chemical Society)25 

environments. Our group was also the first one to propose the design of magnetic superatom. A 

few exciting works related to ligand effects on metal chalcogenides clusters and the magnetic 

superatom has been listed below: 

(i) Tuning the properties of metal-chalcogenide clusters using different ligand environments. 

Vikas Chauhan et al. showed that the metal-chalcogenide cluster might transform from an  

electron donor to an electron acceptor through the ligand exchange.25 Using the first-principles 

calculations, they showed that when phosphines (PEt3) ligands are exchanged by CO (Carbonyl)  

ligands, the electronic properties of cluster Co6Te8 are significantly changed while the magnetic 

character stays the same. Co6Te8(PEt3)6 is a closed electronic shell with small ionization energy of 

4.74 eV, comparable with alkali atoms. Upon successive replacement of PEt3 ligands by CO ligand, 

Co6Te8(CO)6 is formed, exhibiting halogen-like behavior with high electron affinity, as shown in 

Figure 1.12. Co6Te8(PEt3)6 and Co6Te8(CO)6 both have closed electronic shells marked by high 

HOMO-LUMO gaps of 1.24 eV and 1.39 eV, respectively. With these two different ligands, only 

the polarity of interaction between Co 4s orbital and the lone pair of ligands change, while the 

effective valence count remains intact. 
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The change in the electronic character is associated with the shift in the electronic spectrum that 

can be explained as ligands forming Coulomb well that surrounds the cluster and may raise or 

lower the energy states depending on the donor-acceptor ligand characteristics. 

(ii) Inducing super-alkali character of Ni9Te6 cluster upon ligation with PEt3 ligands. 

The choice of ligand controls the donor/acceptor properties of ligand protected clusters with closed 

electronic shells.26 A bare cluster of Ni9Te8 has an ionization energy of 5.88 eV, which upon ligation 

with PEt3 ligands, reduces to 3.36 eV lower than the IP of the Cesium atom (3.89 eV). For a 

completely ligated clusters, the ligands shift the HOMO levels of the system by 1.98 eV.  The 

rearrangement of charges due to the ligands shifts the electronic spectrum. The transfer of charge 

from a super-alkali metal-chalcogenide cluster (Ni9Te6(PEt3)8) to acceptor counterion C60 

stabilizes the ionic solid [Ni9Te8(PEt3)8.C60] as shown in Figure 1.13. Ligands can modulate the 

electronic and magnetic properties of the ligand-protected clusters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.13 (a) IE drop on PEt3 ligation (b) Schematic of formation of ionic solid 

Ni9Te6(PEt3)8.C60. 
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(iii) Modulation of the magnetic moment of Ni9Te6 clusters ligated with CO/phosphines.13 

When a single ligand is detached from a fully ligated magnetic cluster, Ni9Te6(CO)8[6 μB], the 

magnetic moment is completely quenched, as seen in Fig 1.14. The role of ligand in changing the 

magnetic moment has been explained as the tussle between Hund's rule and Jahn-Teller distortion 

for the stability of the cluster. This research concludes that the geometrical structure of the cluster 

dictates the stabilization of the magnetic state. When the cluster is symmetric, as in bare and fully 

ligated clusters, the geometric symmetry leads to the degenerate energy states closer to the HOMO. 

Thus, it follows Hund's rule and attains high spin multiplicity breaking the spin symmetry. 

However, when there is distortion in geometry, as in the cases with one or seven ligands, Jahn-

Teller distortion breaks the spatial symmetry, thereby quenching the magnetic moment 

maintaining the spin symmetry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.14 (a) ground state structures of Ni9Te6(CO)n (n=8-0) (b) modulation of magnetic 

moments with CO and PR3 ligands (c) A molecular orbital diagram of Ni9Te6(CO)8 and 

Ni9Te6(CO)7. HOMO corresponds to 0 eV. (Reused with Permission, Copyright JCP)13 
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Figure 1.15 Negative ion photoelectron spectra of Co6S8(PEt3)6-x(CO)x
− (x = 0−3) anions 

collected using 355 nm (3.49 eV) photons from a Nd:YAG laser. The arrows point to the 

experimental values of AEA and VDE; the red lines correspond to theoretical AEA, and the blue 

lines correspond to vertical transitions from the anion to the singlet and triplet neutral states. 

(Reproduced With Permission)27 

c) Experimental Collaboration  

 

Our group has successfully collaborated with the experimental group to verify the change in 

electronic characteristics of ligated metal chalcogenide clusters through ligand substitution. In one 

of our recent collaborations with experimental groups from Johns Hopkins University and 

Columbia University, the theoretical predictions confirmed the raising of the electronic spectrum 

when donor PEt3 ligands are attached to the Co6Se8 cluster core.27 In contrast, the lowering of the 

spectrum was observed upon the addition of acceptor CO ligands. A specialized infrared 

desorption/laser photoemission (IR/PE) supersonic helium expansion source is employed to make 

the parent anions Co6S8(PEt3)6-x(CO)x
– in the gas phase. The electronic structure and electron 

affinity (EA) of a series of cobalt sulfide clusters, whose ligand shells consist of differing 

combinations of PEt3 and CO ligands, were probed using the anion photoelectron spectroscopy. 

The parent cluster Co6S8(PEt3)6 gives Co6S8(PEt3)6-x(CO)x cluster by ligand substitution with CO.  

 

 

 

 

 

 

 

 

 

 

 



 

21 

 

Mass spectrometry then bolsters the existence of carbonylated products with x up to 3 (i.e., 

Co6S8(PEt3)5(CO)−, Co6S8(PEt3)4(CO)2
−, and Co6S8(PEt3)3(CO)3

−). The experimental results 

revealed that the electron affinity and vertical detachment energy increase with the number of CO 

ligands, demonstrating the electronic spectral tunability of this group of superatoms. Figure 1.15 

presents the anion photoelectron spectra of Co6S8(PEt3)6-x(CO)x
− (x = 0−3) from which the 

adiabatic electron affinity (AEA) and vertical detachment energy (VDE) of each cluster were 

determined. The value of the AEA is taken to be the onset of the lowest electron binding energy 

(EBE) peak in the photoelectron spectrum. The VDE is the vertical transition energy from the 

ground state of the anion to the neutral state at the anion geometry. It is determined as the EBE 

value at the intensity maximum of the peak of interest, i.e., typically the first EBE peak. Based on 

the anion photoelectron spectra, the AEA values of Co6S8(PEt3)6-x(CO)x are 1.1, 1.3, 1.7 and 1.8 

eV for x = 0, 1, 2, 3, respectively, while the corresponding anion VDE values are 1.30, 1.51, 1.95 

and 2.09 eV, respectively. By sequentially swapping half of the PEt3 ligands with CO ligands, the 

AEA of this superatom increases from 1.1 eV to 1.8 eV, meanwhile maintaining the same oxidation 

state for the Co6S8 core.  Hence, the observed variation in AEA for the ligated superatoms, 

preserving the oxidation state of the Co6S8 core across the ligation series, underlined the 

remarkable characteristics of the superatoms. Henceforth, the unequivocal tendency of increase in 

AEA and VDE with ligand substitution provides direct evidence that the effective tuning of 

electronic properties of superatom is viable through the ligand substitution. 

 

 

(d) Magnetic Superatom:  

The existing idea of superatoms hinges on acquiring stability through closed electronic shells of 

paired electrons. Consequently, it is restricted to non-magnetic species because magnetism 
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Figure 1.16.  Schematic showing electronic states in Na8V cluster. (Reproduced With 

Permission)28 

requires unpaired species. However, intriguing hypotheses were proposed for designing the 

magnetic superatom.28 The first one proposed by Khanna et al. stated that magnetic superatoms 

could be attained if the stability is achieved through delocalized electrons while the magnetic 

character is incorporated through the localized electronic states. 

 

 

 

 

 

 

 

 

 

It is successfully showed that by doping the Vanadium atom in the Sodium cluster (Na8V), with 

13 valence electrons, as shown in Fig 1.16. 8 valence electrons were related to the delocalized 

shells filling 1S2, 1P6 while the remaining 5 valence electrons remained localized, half filling the 

3d5 orbitals, thereby inducing 5 μB of magnetic moment in the Na8V cluster. 
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Chapter 2 

Density Functional Theory and Computational Methods 

Introduction and Background 

The density functional theory (DFT) has developed the essential computational tool for theoretical 

and experimental scientists working in diverse fields such as physics, chemistry, materials science, 

biology, nanoscience, and nanotechnology. DFT has made it possible to perform complicated 

calculations precisely for many systems within a limited timeframe. Besides, among many others, 

DFT has been successful in predicting new 2D materials, their properties,1,2  and applications.3 

Briefly stating, DFT can predict new materials and their properties, thereby helping experimentalist 

to identify best material of their interest from thousands of materials before they start the synthesis 

of materials experimentally. This, in turn, reduces the experimental time and cost significantly.  

2.1 Background: 

The development of quantum mechanics in early 20th century made it possible to understand the 

microscopic properties of the systems. Besides, it helped to understand the underlying physics 

behind many fundamental phenomena. Thanks to quantum mechanics and the most famous 

Schrodinger wave equation (SWE), which makes it possible to explain the microscopic systems. 

SWE in its simplest form can be represented by equation 2.1. 

 EH =


               (2.1) 

 

Where, H


is the Hamiltonian operator, “E” is the corresponding energy eigenvalue, and 𝜓 
 
 represents the wavefunction of the total system containing all the information that can be extracted  

 

out for a given system. The expanded form of the Hamiltonian Operator H


is given by equation 

(2.2). 
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The Hamiltonian operator ( H


) is the sum total of the kinetic energy of electrons and nuclei, 

electron-nuclei, and electron-electron interactions. The solution of Eq. 2.1. provides an abundance 

of information that can be useful for physicists, chemists, and material scientists. However, SWE 

can be solved precisely only for hydrogen-like systems. The equation possesses intrinsic 

difficulties due to electron-electron interactions present in the system with many electrons.. Hence, 

solving the many-body Schrödinger equation is probably the most substantial challenge in 

quantum mechanics. Many wavefunction theories have been developed to incorporate the 

exchange and correlations of the system for the optimum possible representations. Hartree-Fock's4 

method is a mean-field theory that includes the exchange interaction but unable to contain the 

correlation. Then Post-Hartree-Fock methods such as CCSD, CI, etc., can encompass the 

correlation effect; however, the computational cost increases with the number of electrons making 

their usage impractical for the solids and sizeable molecules. 

The wave function has no physical significance as it is not “observable”. However, the square of 

a wave function is directly related to the probability density of electrons. The electron density is 

observable and can be gauged by fitting experiments such as x-ray diffractions. Hence, using 

electron density seemed more straightforward and rational. Utilizing electron density as the 

fundamental parameter of a quantum mechanical system has always been a tempting topic to 

theoretical chemists because of the following two reasons:  

1) Unlike the wave function, the electron density of a quantum mechanical system is an 

experimentally quantifiable quantity.  
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2) Compared with the 4N number of variables (3N+ N for the coordinates and the spin) in wave-

function formulation, electron density depends only on 3 Cartesian coordinates. Thus, using 

electron density is computationally cheaper and can also be realized more directly than the 

wavefunction-based approach. Thomas and Fermi proposed the first simplest approximation of 

utilizing electron density in the early 1930s, famously known as the Thomas–Fermi(TM) model.5,6 

This model successfully described the total energy of atoms qualitatively; however, due to its 

complete negligence of exchange and correlation effects, its results do not fit most chemistry and 

material science.7 However, the true significance of this model is not due to the accuracy of the 

method. Still, it provided the first glimpse of the possibility of using electron density as the 

fundamental variable. DFT is an alternative approach in which the electron density replaces the 

wave function. The fundamental concepts of quantum chemistry, starting from the evolution of the 

Schrodinger equation to the Kohn-Sham method, are discussed briefly below. 

 

The Schrodinger equation  for an N-electron system using the Born-Oppenheimer approximation 

is given by equation 2.3,  

)3.2(..........]
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ψ represents the N-electron wavefunction. The first term on the left-hand side of equation (2.3) 

(inside the square bracket) is the kinetic energy. The second and the third terms are the nucleus-

electron interaction and the repulsive electron-electron interaction potentials, respectively. One 

can solve equation 2.3 using Kohn-Sham equations, which utilize localized and plane-wave basis 
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sets. The two theorems by Hohenberg and Kohn8 and the Kohn-Sham method laid the foundation 

of the density functional theory, which are briefly summarized below 

2.2 (i) First Hohenberg-Kohn theorem 

It states that the ground-state electron density ρ(r) of an electronic system distinctively determines 

an external potential (Vext) acting on the electrons up to an additive constant. This theorem creates 

a one-to-one correspondence between the ground-state electron density and the external potential. 

The ground-state electron density determines the total number of electrons(N) of the system. 

Hence ρ(r) uniquely determines the Hamiltonian through N and Vext. 

(ii) Second Hohenberg-Kohn theorem 

The ground state wavefunction and all the ground state properties like kinetic and potential 

energies can be distinctively determined by the ground-state electron density ρ(r). Thus, for an 

external potential (Vext), the total energy becomes a functional of ρ (r) as follows: 

E[ρ] = T[ρ] + Vee[ρ] + ∫ 𝜌(𝑟)𝑉𝑒𝑥𝑡 ⅆ𝑟 = FHK[ρ] + ∫ 𝜌(𝑟)𝑉𝑒×𝑡 ⅆ𝑟 -----------(2.4) 

 

Where, FHK[ρ]=T[ρ] + Vee[ρ] is dubbed the Hohenberg-Kohn functional, specified for the ground 

state of an N-electron system. Additionally, it is independent of the external potential (Vext) and is 

also known as a universal functional of ρ(r). T[ρ] and Vee[ρ] are the kinetic energy functional and 

electron-electron interaction functionals, respectively. The second theorem offers a variational 

principle for E[ρ], considering ρ(r) as the primary variable. 

 
(iii) Kohn Sham Method: 

Despite offering possibilities of calculating ground state properties via the ground-state electron 

density ρ(r), Hohenberg-Kohn theorems lack a computational method to calculate ρ(r) as the 
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functional form of FHK is undetermined. Later, Kohn and Sham provided formalism with a set of 

equations known as the Kohn-Sham equations, which are solved self-consistently to find ρ(r) that 

minimizes E[ρ]. For a given N-electron interacting system, Kohn and Sham assumed the existence 

of a non-interacting reference system, with an imposed constraint that the fictitious reference 

system must have the same electron density ρ(r) in the ground state as the interacting system of 

curiosity.9 For such a non-interacting N-electron system, the Hamiltonian of the system can be 

expressed as the sum of single-electron Hamiltonians. The kinetic energy TKS[ρ] can also be 

calculated exactly; however, this kinetic energy is not equal to the kinetic energy of the interacting 

system. Hence, they expressed the E[ρ] as 

E[ρ] = TKS[ρ] + J[ρ] + Exc[ρ] + ∫ 𝜌(𝑟)𝑉𝑒×𝑡 ⅆ𝑟 -----------------(2.5) 

where, J[ρ] is the classical electron-electron repulsion energy and Exc[ρ] is exchange-correlation 

functional defined as, 

Exc[ρ] = T[ρ] - TKS[ρ] + Vee[ρ] - J[ρ ] 

Exc[ρ] = ∆T[ρ] + ∆ J[ρ ]---------------------------------------------(2.6) 

The first term offers the difference between the kinetic energies of real (interacting) and non-

interacting systems. In contrast, the second term provides the non-classical part, which includes 

the Coulomb repulsion and interaction energy. Hence, the interacting N-electron system in Vext 

potential can be mapped to the non-interacting electrons in an effective potential of Veff(r). 

Consequently, a set of the N single-electron equations is given by, 


iiieff

rV
i =+ )](

2
[

2

      ---------------(2.7) 

These N single-electron equations are knowns as Kohn-Sham equations. The ground-state electron 

density and Kohn-Sham orbitals are related by 
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Figure 2.1 Schematic of self consistent calculation (SCF) using Kohn-Sham formalism. 
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We start with some trial charge density and generate effective potential Veff(r). Then we solve the 

Kohn-Sham equation 2.7 iteratively to total energy E[ρ] and density ρ(r) of the system. This 

process repeats until the output charge density is the same as the input charge density, or the 

system's energy does not alter any longer, as shown in Figure 2.1. 
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2.3 Exchange-Correlation Energy 

The exchange-correlation potential is an exciting and essential piece lacking its exact form in 

general. Although the complexity of the quantum many-body interactions (that are contained in 

the exchange-correlation energy) is unknown, several suitable approximations can be made. The 

most successful way to estimate the exchange-correlation energy is the constraint search method 

that uses the exact mathematical conditions, universal, assured by the exchange and correlation 

energies. The approximations to Exc can be exquisitely categorized into Jacob's ladder10 as defined 

by J. Perdew. As one rises the ladder, the complexity of the approximation and its accuracy 

increases, and the computational cost. 

(i) Local Density Approximation (LDA) 

The local density approximation LDA is the simplest but equally successful approximation for 

The exchange-correlation energy. LDA assumes that the energy depends on the electron density 

at every point in space. The key ingredient of this approximation is the uniform electron gas. The 

exchange-correlation energy per particle of a uniform electron gas of density (ρ) can be 

disintegrated into an exchange and a correlation part 

Exc[ρ] = Ex[ρ] + Ec[ρ] 

The exchange part Ex[ρ] is the exchange energy of an electron in a uniform electron gas of 

particular density and is known precisely. The correlation energy can also be obtained numerically 

up to two or three significant figures at selected values of the density11 and later fitted for all 

densities.12 The LDA successfully defines slowly varying electronic density, like bulk metals. 

Besides, LDA has also accomplished forecasting various materials properties such as structures, 

vibrational frequencies, elastic moduli, etc., of an appropriate system. Nevertheless, it underrates 

the binding energy of several systems and somewhat fails to predict the energy barriers in the 
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chemical reactions. Therefore, it is not very popular in quantum chemistry. Moreover, it tends to 

make less accurate predictions in the systems with dominating electron-electron interaction. Apart 

from being easier to use, the triumph of LDA lies in the error cancellation between exchange and 

correlation. It underestimates Ec[ρ] but overestimates Ex[ρ], generating fair value for Exc[ρ]. 

 

(ii) Generalized Gradient Approximation (GGA) 

In LDA, one assumes uniform electron density; however, in practice, the electron density in any 

real system tends to be spatially inhomogeneous. Hence, it is logical to consider the non-

homogeneity (i.e., the gradient) of the electron density, including uniform electron density.  GGA 

substantially adjusts the binding energy problems and other systematic errors such as 

overestimating molecular atomization energies and bond lengths (as found with LDA). Hence, it 

was broadly received by chemists during the early 1990s. Several functionals within GGA have 

been developed. Some of the most successful GGA functionals are Perdew-Burke-Ernzehof 

(PBE)13 and Perdew-Wang (PW91)12 in physics and Becke- Lee-Yang-Parr (BLYP).14 Nowadays, 

many other GGA functionals are available, and new ones are also continuously developed. In 

general, the currently available GGAs can produce accurate results for main types of chemical 

bonds such as covalent, ionic, and metallic. However, common GGAs and LDAs fail to define 

Van der Walls interactions.15 Hence, other more sophisticated approaches have been developed 

within DFT to work with such weak interactions. 

(iii) Meta-GGA functionals 

The Recent development of exchange functionals has led to a more complex exchange-correlation 

functional. In addition to the density and its derivatives, the new ingredient in these complex 

functional is the Kohn-Sham kinetic-energy density. Some functionals which depend explicitly on 
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the semi-local information in the Laplacian of the spin density have been developed. These 

functionals are named meta-GGA functionals.  Meta-GGA functionals show improvements over 

GGA functionals in many cases, such as atomization energies and metal surface energies, and 

transition pressure.16 Furthermore, they also supplement the missing van der Walls interactions 

required to address the adsorption problems.17
 

(iv) Hybrid Exchange Functionals 

All the approximations discussed so far are based on local (LDA) or semi-local (GGA and meta-

GGA) functionals of the density. Among others, the most severe drawback of LDA and GGA is 

the underestimation of the band gaps of Kohn-Sham band structures. To address the band gap 

problem, recent developments in exchange-correlation functional introduce a non-locality in DFT 

by incorporating a fraction of Fock exchange with exchange-correlation energy within the GGA. 

The main shortcoming of this high-level functional is the computational requirement. Some of the 

widely adopted hybrid functionals in physics include PBE018,19, and the Coulomb interaction 

screened hybrid functional famously known as HSE (Heyd-Scuseria-Ernzehof)19 based on the PBE 

exchange-correlation (Exc). In quantum chemistry, a widely used hybrid functional (B3LYP),20 

introduces mixing and other empirical considerations into its forerunner BLYP. These functionals 

can make substantial upgrades in calculating many material properties, such as bond lengths, 

atomization energies, and bang gap in solids. When the number of electrons increases, only using 

DFT might not suffice. Hence, applying a data-driven machine learning approach in conjunction 

might be key in solving such rigorous problems. Concurrently, such an approach has accomplished 

in predicting different parameters of materials such as bond lengths, electronic structures, crystal 

structures, etc.21 
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Due to the success of DFT and the development in the computational resources, every year 

hundreds of thousands of materials has been added in various databases such as Materials Project, 

OQMD, and many others. Due to these available datasets material science community has shown 

their interest towards data-driven approach for the material property prediction. The success of 

Machine learning in predicting various material properties such as band gap, formation energy, 

melting point, boiling point, and many others has shown its substantial presence in material 

science. In addition to DFT machine learning can be the alternative approach to identify the 

structure-property relations among many crystals. 

 

2.4 Computational Details 

The studies performed here are based on the first-principles density functional methods using the 

Amsterdam Density Functional (ADF) program.22 The exchange-correlation functional proposed 

by Perdew, Burke, and Ernzerhof (PBE), which utilizes the generalized gradient approximation 

(GGA), was used.23 The Slater type valance triple-ζ basis sets with two polarization functions 

(TZ2P) basis sets24,25 were used for all the elements with a large frozen electron core. The local 

minimum for each structure was found using the quasi-Newton method26 without any symmetry 

restrictions, and the lowest energy structures were determined for all the calculated systems. The 

SCF convergence criterion was set to 1e-8 Hartree, whereas the default criteria22 were used for all 

optimizations. The relativistic effects were incorporated using the zero-order regular 

approximation (ZORA).27 We have investigated several spin multiplicities to determine the most 

energetically stable ground state structure for the anionic, neutral, and cationic species. The 

geometric optimization and the electronic structure calculation of the periodic crystal structure 

were performed by the projector-augmented wave (PAW) method28,29 as implemented in the  
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Vienna Ab-initio Simulation Package (VASP).30,31 The dispersion-corrected density functional 

theory (DFT) within the generalized gradient approximation (GGA) framework proposed by 

Perdew, Burke, and Ernzerhof (PBE)13 for the exchange and correlation functional is utilized for 

all calculations. The DFT-D3 method was utilized to include the Van der Waals corrections.32 The 

Kohn–Sham orbitals were expanded using a plane-wave basis set, and the cut-off was set to 400 

eV. For the VASP calculations, the crystal structure was fully optimized, and the threshold for the 

electronic convergence was set to 10-5 eV, whereas 0.01 eV Å-1 was chosen as the criterion for 

ionic convergence. For catalysis, all the optimizations and transition state calculations are carried 

out by the hessian-based quasi-Newton approach without any symmetry constraints using the 

delocalized coordinates.30,31 Frequency calculations were performed to correctly identify the 

transition states, and it was ensured that all the reported transition states have a single imaginary 

frequency of appropriate magnitude. 
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Chapter 3 

Transforming Redox Properties of Clusters Using Phosphine Ligands 

Our group studied the ligand effects on the fundamental electronic properties of the metal clusters, 

especially metal-chalcogenide clusters, for the past few years, as briefly summarized in the 

previous section. Our previous studies suggested that the rise/drop in the highest occupied 

molecular orbital (HOMO) levels of metal-chalcogenides clusters with donor/acceptor ligands 

(like phosphines/CO) is responsible for the change in the electronic properties of the atomic 

clusters. Hence, to generalize the ligands invoked transformation in the electronic properties of 

atomic clusters, we investigated one of the essential electronic properties, i.e., the ionization 

energy (I.E.), for various classes of atomic clusters using a common ligand (phosphine). 

Furthermore, we want to understand the exact reason for the upward shifting of the HOMO levels 

and check if some other effects are also responsible for lowering the IE induced through PMe3 

ligation. Finally, we successfully expounded the physics behind such a universal trend and 

explained which impact is more prominent for particular cluster types.  

This chapter has been reproduced from the article which I co-authored. It has been slightly 

adapted for readability in the context of my dissertation but has not been changed in any way 

affecting the data, meaning, or interpretation and adapted from J. Phys. Chem. C 2019, 123, 14, 

8983–8989. Copyright (2019) American Chemical Society. 

  

Introduction 

Organic ligands that protect the surfaces of clusters and nanoparticles against reactions and control 

the growth rate are generally considered passive coatings. Here we demonstrate in a computational 
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study that the ligands can also strongly affect the redox properties of clusters. By attaching 

phosphine ligands to various clusters such as simple metal, metal-chalcogenide, noble metal, 

semiconducting, metal-oxide, transition metal clusters, etc., a severe reduction in the ionization 

energies in all clusters is shown. Several of the simple and noble metal ligated clusters are 

transformed into super donors with ionization energies nearly half that of cesium atoms and 

extremely low second and third ionization energies. The reduction in ionization energy can be split 

into initial and final state effects. The initial state effect derives in part from the surface dipole but 

primarily through the formation of bonding/antibonding orbitals that shift the HOMO. The final 

state effect derives from the enhanced binding of the donor ligand to the charged cluster. In 

comparing simple and noble metal clusters with transition metal clusters, the strength of the 

different effects dominates over another. For example, the final state effect plays a more prominent 

role than the initial state effect in transition metal clusters. Ligation is shown to be an excellent 

strategy for the formation of multiple electron donors.   

The electronic properties of bulk surfaces are modified by depositing a surface layer in which 

charge transfer and the intrinsic dipole moment of the layer results in band bending that can change 

the work function of the surface.1–6 The vast majority of functional nanoparticles and clusters are 

also coated by a similar layer of ligands or surfactants. The effect of this layer is significant, but 

sometimes it is an overlooked contributor to the properties of clusters and nanoparticles.6–18 In this 

work, we seek to demonstrate how the interaction between ligands and particles can be used to 

alter their redox properties. We demonstrate that even the weakly interacting ligands can 

dramatically change the redox character by transforming metallic or semiconducting clusters into 

donors with I.E. substantially lower or comparable to the atoms with the lowest I.E. in the periodic 

table. For superatomic clusters, this can lead to entities that can donate multiple electrons with low 
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I.E.. These developments are strongly valuable as clusters and nanoparticles with remarkable 

oxidative, or reductive properties are extremely useful in applications such as using dopants to 

modify conductivity in two-dimensional semiconductors,19,20 carriers for batteries,21,22 catalysis,23–

32 and pre-programmed motifs for forming ionic cluster assembled solids when combined with 

counterions.10,33–40  

In this study, we examine the effect of phosphine ligands on the electronic properties of a variety 

of clusters, including simple and noble metal, transition metal, and semiconductor clusters, to 

detail the types of interaction that may occur between a ligand and the cluster core. The objective 

is to develop concepts that can help understand the role of ligands in stabilizing multiply-charged 

ionic particles and the microscopic mechanisms underlying the interaction with ligands. In 

particular, we examine how a charge transfer ligand such as phosphine affects the I.E. of an atom 

or cluster and how the ligation provides a strategy for developing multiple electron donors. Hence, 

a species that have extremely low multiple I.E. may be constructed. From an electron donation 

viewpoint, the removal of the lowest energy electron starts from the Highest Occupied Molecular 

Orbital (HOMO). The first step towards building multiple charge donors is then to start with units 

that have multiple electrons in the highest occupied electronic state or in states close to HOMO. 

The quantum states in small compact metallic clusters are grouped into shells much in the same 

way as in atoms.41,42 Within a simplified model of a nearly free electron gas, the quantum states 

order as 1S2, 1P6, 1D10, 2S2, 1F14, 2P6, .. and numerous studies have confirmed the presence of 

such a shell structure.43–48 Their similarity with electronic states in atoms has promoted the 

designation of stable clusters with a well-defined valence known as superatoms. As metallic 

clusters/superatoms typically have high numbers of degeneracies in the outermost electronic shell, 

they are ideal candidates for multi-electron donors. Highly symmetric structures in semiconductors 
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Figure 3.1 Mechanisms that affect the I.E. of a cluster after ligation. A) Dipole-induced shift of the 

electronic levels. B) Bonding and antibonding shifts in the HOMO, and C) enhanced binding of 

the ligand to a charged species, and electronic relaxation after ionization. 

or transition metals clusters cause them to have a high degree of degeneracies at or near the 

HOMO.  

The next step towards controlling the donor characteristics of a cluster or nanoparticle is to 

control the location of the HOMO. Organic ligands, especially those that form charge-transfer 

complexes, can serve as excellent candidates for such control. Consider the case of developing 

multi-electron donors using ligands such as PEt3, PMe3, N-ethyl-2-pyrrolidone (EP=C6H11NO) 

that bind to metal clusters by donating charge.49,50 Such ligands can help lower the I.E. in different 

ways, as shown in Figure 3.1. First, through charge transfer, these ligands form surface dipoles 

leading to an electrostatic shift in the vacuum level or lowering I.E. in a manner similar to the 

lowering of work function in metals.  

 

 

 

 

 

 

 

 

 

 

 

One can also look upon this change as shifting the HOMO energy (marked as Δ1 in Figure 3.1) 

relative to the vacuum level. Secondly, the ligands bond with surface sites forming bonding and 
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antibonding pairs. The filling of the antibonding states results in the rise of the hybridized HOMO 

levels marked as Δ2 in Figure 3.1.  The emptying of the antibonding state may also occur, resulting 

in a reordering of the levels leading to covalent bonding instead of a simple charge-transfer 

complex. These two effects governed by the nature of the metal cluster and the binding to the 

ligand can be grouped as Initial State Effects (ISE). These effects act on the neutral cluster before 

ionization. The shift in the energy of the HOMO upon ligation can be used as a rough indicator of 

the ISE. Finally, the ligands can help lower the I.E. through a Final State Effect (FSE) when the 

ligand binds more strongly to the cationic cluster than to the neutral species, further reducing the 

I.E., denoted by Δ3, stabilizing the charged species. This binding enhancement is due to the charge 

donating nature of the ligand gaining extra stability because the cluster has become a better change 

acceptor.23 The combination of these effects can lead to excellent donors that can donate multiple 

electrons with lower energies, thereby acting as potential reducers. We also examine how the 

strength of these mechanisms differ as the type of cluster is changed from a simple and noble 

metallic core to a semiconductor core and a transition metal-based core. The current discussion is 

aimed towards creating the reducing agents. On the other hand, a similar strategy but using 

acceptor ligands can lead to controllable oxidizing agents.  

Results and discussion 

To show how ligation can act to lower the I.E., we consider the Trimethylphosphine, PMe3 ligand, 

which is a strong -donor that generally increases the electron density in the cluster core through 

the lone pair of the phosphorus. We found that the lowering in I.E. is a general phenomenon. To 

clarify how the interplay between the cluster core and the ligand affects the I.E., we examined the 

change in I.E. of various clusters. The investigations calculated the adiabatic I.E. of simple and 

noble metal clusters, Au7,
56 Au11,

57 Au13Cl2,
58 Ag11, and Al7;

59 an Al4O6 cluster corresponding to 
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an insulator;60 Ga12N12,
61 and Zn12O12

62 as representative of semiconductor clusters; Co6, Pd6, and 

Pd7 as representative of transition metal clusters; and Mo6Te8
63 corresponding to the essential 

metal-chalcogenide clusters recently synthesized by Roy and co-workers.10 In each case, the metal 

sites were successively covered with PMe3 ligands. Figure 3.2 shows the ground state geometry 

and the calculated I.E. of bare and fully ligated clusters considered in this study. 

In most cases, the geometry of the bare and ligated cluster are similar; and however, in the case of 

Au11, Au7, and Au13Cl2, the structures are notably different. The main reason for different 

structures is that the phosphine ligands act as charge donors, putting more charge on the metal 

clusters expanding the bond distances. Gold clusters are unique due to the relativistic contraction 

of the 6s orbital, and the resulting expansion of the 5d orbital of Gold results in the 5d orbitals 

participating in bonding.64,65 The expansion in Au7 takes the average Au-Au bond distance from 

2.69 Å to 2.89 Å. As the distance increases, the interaction between the localized 5d orbitals 

decreases, and Au tends to behave more like a simple metal. The I.E. of the ligated clusters 

universally decreases as compared to the bare clusters. The I.E. of the ligated and bare species are 

shown in Figure 3.2, and Table 3.1 offers additional details. The most significant decrease in I.E. 

belongs to the noble metal clusters, including Au7, Au13Cl2, and Au11 . The I.E. of Au11(PMe3)10, 

Au7(PMe3)7 Ag11(PMe3)10 are all 2.23 eV to 2.40 eV, slightly more than half that of the atom with 

the lowest I.E., Cesium (3.89 eV).  Even in Mo6Te8, which has the most minor decrease in I.E., 

the I.E. is reduced by 1.68 eV. To analyze the origin of the change in I.E., we examined the HOMO 

of the bare (A) and ligated clusters and compared the change in HOMO (Δ HOMO) with the shift 

in the I.E.. 
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For all the clusters, the shift in HOMO is calculated using Eq. 3.1, and the % ISE is calculated 

using Eq. 3.2. 

HOMO Shift = HOMO(A-PMe3)-HOMO(A)    …………..(3.1) 

%ISE = HOMO Shift / ΔI.E.  ………………………… …..(3.2) 

Figure 3.2 The ground state geometry of bare and fully ligated Au11, Au7, Au13Cl2,  Ag11, 

 Al7, Al4O6, Ga12N12, Zn12O12, Mo6Te8, Co6, Pd6, and Pd7 clusters, along with their respective 

 Ionization Energies. 
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 The ratio provides an estimate of the portion of the change in the I.E. due to ISE.  

 

 

 

 

 

 

 

 

 

Table 3.1 shows the calculated values along with the binding energy of the last ligand. The reduced 

I.E. falls into two groups depending on the dominance of the ISE or FSE. The first group is marked 

by a larger ISE and includes simple or noble metal or semiconducting species Au11, Au7, Au13Cl2, 

Ag11, Al7, Al4O6, Ga12N12, and Zn12O12. In contrast, the second group marked by a relatively larger 

FSE (42%-59%) has transition metal and metal chalcogenide clusters, including Co6, Pd6, Pd7, and 

Mo6Te8. Note that Mo6Te8, a cluster with a HOMO-LUMO gap of 0.84, might be expected to 

behave like the other semiconductor cluster; however, its ISE, FSE, and I.E. are more similar to 

the other transition metal clusters. This suggests that the presence of 3d and 4d valence electrons 

is more important to this effect than the bandgap energy of the nanoparticle.  

Cluster I.E.  

(eV) 

I.E. 

PMe3 

(eV) 

Δ 

I.E. 

(eV) 

HOMO 

Shift 

(eV) 

FSE 

(eV) 

%    

ISE 

B.E. 

(eV) 

Au13Cl2 6.86 2.82 4.05 3.50 0.55 87 0.30 

Au11 6.18 2.23 3.94 3.31 0.63 84 0.43 

Ag11 5.40 2.40 3.00 2.43 0.48 81 0.01 

Ga12N12 7.37 4.15 3.22 2.60 0.62 81 0.69 

Au7 6.53 2.33 4.21 3.38 0.83 80 0.40 

Al4O6 9.05 5.68 3.37 2.59 0.78 77 1.32 

Zn12O12 8.11 4.72 3.39 2.64 0.75 77 0.79 

Al7 5.82 2.83 2.99 2.18 0.80 73 0.38 

Co6 6.48 3.77 2.71 1.59 1.12 58 1.60 

Pd7 6.38 4.48 1.91 1.04 0.87 54 1.44 

Mo6Te8 7.26 5.58 1.68 0.78 0.91 46 1.30 

Pd6 6.48 4.54 1.94 0.81 1.13 41 1.22 

Table 3.1 The adiabatic ionization energy of the clusters and the PMe3 ligated 

cluster, shift in the HOMO from the neutral cluster to the ligated cluster. PMe3 

binding energy is for the last ligand.     
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The I.E. of the semiconducting and transition metal-based clusters are slightly higher and are in 

the range of 3.77-5.68 eV, still comparable to the I.E. for alkali atoms. The difference in the two 

groups is better seen in Figure 3.3 that separates the change in I.E. (ΔI.E.), breaking it down into  

the ISE (ΔHOMO), and the FSE. The relative size of the ISE and FSE differ considerably with 

clusters with transition metal atoms and those that have simple or noble metal cores.  An intriguing 

feature of the ligated species is that the reduction in I.E. is not specific to the first I.E., opening the 

pathway to species that can donate multiple electrons without excessive increase in I.E.. To show 

this exciting aspect, we examined the 1st, 2nd and 3rd  I.E. for the bare and ligated species and found 

that even the 3rd I.E. in ligated species are less than 11 eV, indicating that the ligated species are 

truly super donors. For example, Au11(PMe3)10 has a 3rd I.E. of 7.01 eV, less than the first I.E. of 

the Mg atom, 7.65 eV, and 15.03 eV is the second I.E. of Mg atom. The reduction from the value 

in bare clusters is not uniform; noble and simple metal clusters undergo larger reductions in I.E., 

while the smallest reductions in I.E. are for the four transition metal-based clusters. These 

differences are rooted in the relative importance of ISE and FSE which depend on the nature of 

the cluster. 

 

 

 

 

 

 

 

Figure 3.3 The initial and HOMO shift in the ionization energy of the clusters. 
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The variations in the relative proportion of ISE and FSE are rooted in the nature of bonding. To 

highlight this difference, we present the interaction diagram that depicts the formation of the 

electronic states in ligated cluster starting from the bare cluster and the ligands in Figure 3.4. We 

have examined Ga12N12, Au7, Pd7, and Co6 as they represent a semiconductor, noble metal, and 

two transition metal-based species. In Ga12N12, the empty 5s orbitals of Ga is filled by interaction 

with the lone pair of PMe3, leading to an increase in the HOMO level, while the electronic structure 

of the cluster is stabilized with a large HOMO-LUMO gap of 2.11 eV. For Au7, the bonding with 

s-states leads to the formation of the antibonding orbitals that considerably increase the energy of 

the HOMO, a larger increase than in the case of Ga12N12. As the antibonding orbital between the 

phosphine ligand pushes up the HOMO, this destabilizes the neutral cluster leading to an extremely  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Molecular orbital diagrams for the binding of Ga12N12, Au7, Pd7, and Co6 to PMe3. 

Continuous lines represent filled orbitals while the dashed lines represent unfilled orbitals. 

Colored lines or for the spin majority channel, the gray lines are for the spin minority channel. 
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Figure 3.5 Molecular orbital diagrams for the atoms Zn, Au, Pd, and Co when binding 

with PMe3 ligand 

low I.E. For Pd7, the change in HOMO is smaller than that seen in other clusters due to the 

electronic relaxation when the covalent bond forms between the cluster and the PMe3. This 

electronic relaxation is shown by forming the antibonding orbitals near the HOMO. In contrast, 

other antibonding orbitals derived from the 4d orbitals of Pd are partially emptied, quenching the 

magnetic moment. This phenomenon is also observed in the Co6 cluster as the orbitals near the 

HOMO are also antibonding in nature. The magnetic moment of the cluster decreases from 14 µB 

to 8 µB. Thus, the increase in the HOMO level is decreased due to the ability of changing the 

occupations in s and d orbitalss. This reduces the initial state effect while the final state effect is 

maintained.  To analyze this phenomenon in a more straightforward system, we have examined 

how the I.E. of Na, Mg, Al, Mo, Co, Pd, Au, and Zn atoms are affected by PMe3. The largest 

decrease in I.E. after ligation is found for Au, Zn, and Mo, where the I.E. decreases by 3.92, 2.97, 

and 2.57 eV, respectively.  
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By using only a single ligand, we can use the dipole moments to analyze if the initial state effect 

is dominated by the surface dipole. Despite having larger dipole moments, surprisingly, Al and Na 

have the smallest changes in I.E.. Hence, we can infer that the dipole moment and change in I.E. 

are not strongly correlated, nor is the dipole moment and the shift in the HOMO levels. In 

analyzing the importance of the final state effect, it is seen that the ISE is only 1% for Pd. This is 

due to the ligand field splitting of the atomic 4d orbitals of Pd in which the ligand forms weakly 

bonding and antibonding orbitals with the 5s orbital of Pd atom, as shown in Figure 3.5. There is 

a trivial change in the energy of the HOMO due to the weakly bonding orbital being the HOMO. 

The binding energy of the ligand to the Pd neutral is quite strong at 2.17 eV, but the binding energy 

of the cation is even higher, almost twice that of the neutral atom. The change in I.E. is then almost 

entirely due to FSE, where the removal of the electron enhances the binding with the cation.      

Returning to the ligated clusters, we find further evidence that the formation of bonding and 

antibonding orbitals are critical for understanding the reduction in the I.E.. We do this by 

examining the charge transfer between the ligand and cluster by studying the Hirshfeld charges on 

the clusters. However, the ligands donate charge to most of the neutral clusters, not to Pd6 and Pd7 

Clusters. Thus, the dipole due to charge transfer has the opposite sign suggesting the I.E. should 

increase. Instead, the bonding/anti-bonding effects in the ISE overshadow the dipole-induced 

changes leading to an increase in the energy of the HOMO. We calculated the binding energy of 

the last ligand to the neutral and charged species, and Figure 3.6 shows the variation of the binding 

energy with charged state, including the binding energy to the neutral species. For simple and 

noble metal species Al7, Au7, Au11, Au13Cl2, the binding energy varies linearly with the charge 

state, which, if extrapolated, has a y-intercept close to zero at 0.27 eV. For the transition metal 

clusters, the binding energy of the neutral clusters is typically more prominent, with a y-intercept 
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Figure 3.6 The binding energy of PMe3 as a function of the charge of the cluster divided by 

the number of PMe3 ligands. A linear regression is plotted for the noble metal and simple 

metal clusters, Au11, Au13Cl2, Au7, Ag11, and Al7, the transition metal clusters, Mo6Te8, Pd6, 

Pd7, and Co6, and the semiconducting clusters, Al4O6, Zn12O12, and Ga12N12. Lines are plotted 

using a linear least squares method. 

averaging 1.33 eV and the slope being positive but somewhat lower than the slope for the metallic 

clusters. This implies that in the transition metal clusters, the electronic structure is affected by the 

binding, and the ligands are non-innocent. 

In contrast, for the simple and noble metal clusters, the ligands are innocent. The striking result 

is that the binding energy of phosphine to metallic clusters is greatly enhanced by charging the 

cluster. This effect is a significant portion of the FSE, as phosphine being a better charge donor 

binds much more strongly to a decent charge acceptor. By making the cluster more positively 

charged, it enhances the binding energy of the ligand. For this reason, the vast majority of 

phosphine-protected gold clusters have multiple positive charges.  
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Conclusions 

The present studies investigated the ligand effects on the I.E. of various clusters, including simple 

metal and noble metal, semiconductor, and transition metal-based clusters before and after PMe3 

ligation. The substantial reduction in the I.E. of clusters was found to be a universal phenomenon 

incurred by phosphine ligation. An analogous effect has recently been experimentally observed in 

the electron affinities of Cobalt-Sulfide Clusters, with the ligand exchange from PEt3 to CO ligands 

leading to a systematic increase in the electron affinity.8 The mechanism by which this shift in I.E. 

occurs is different from the conventional approach in bulk. The formation of the dipole layer can 

lead to a reduction in the work function, and in the atomic case where the filling of electronic shells 

controls I.E.. As we show, the I.E. of different clusters can be reduced by attaching ligands that 

form charge-transfer complexes. While part of the reduction is associated with a cluster version of 

band bending, the formation of bonding/anti-bonding pairs labeled as the initial state effect. 

On the other hand, the binding enhancement in the cationic clusters and their stabilization 

at the charged state by the ligands also play a crucial role. The effect is called the final state effect. 

We also found that the nature of the cluster core affects how the I.E. would be reduced. In the 

simple metal and noble metal clusters, the initial state effect is more prominent as the antibonding 

orbitals formed between phosphine and the metal increase the HOMO of the neutral cluster leading 

to a lowering of the I.E.. In transition metal clusters, the electronic relaxation of the cluster core 

prevents the HOMO from increasing as much as in simple metal and noble metal clusters. After 

the electron is removed, the covalent binding may be enhanced through further electronic 

relaxation. The ligand effect in a finite size has several additional features. Firstly, the I.E. can be 

controlled by changing the number of ligands, enabling species with tunable ionization 

characteristics. Secondly, the ligand effect allows a pathway to create donor species that can donate 
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multiple electrons. Finally, the ligand effect can be combined with the electronic shell effect in 

simple metal and noble metal clusters to create multiple donor species with very low I.E.. Such 

species could be utilized as dopants (donors) in semiconductors. 
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Chapter 4  

Fused superatomic clusters 

The fusion of superatomic clusters to form dimers leads to strong inter superatomic 

coupling. The combination of electronic structure and optical data has exhibited 

delocalization of electronic coupling and electron delocalization during the fusion.1 One of 

the most fundamental questions was to find how the coupling between the constituent 

clusters incurs the magnetic state and the internal electric dipole in the fused cluster. We 

have found that the magnetic state and the dipole moment can be significantly enhanced 

for the fused cluster. Then there arises a question if enhancement of such fundamental 

properties can be used for different applications. This part of the thesis will put some light 

on such promising possibilities. 

Furthermore, as discussed in the previous section, ligation can also induce variations 

in the individual clusters' redox properties. Thus, with plenty of flexibility to tune electronic 

and redox properties, fused superatomic clusters are an interesting subject to study. 

However, the research on the fused cluster is still in its infancy. Still, we have shown its 

potential applications in nano p-n junctions, spintronics, photovoltaics, and a flexible 

building block for the cluster assembled materials. 

The first section of this chapter deals with our research article where metal 

chalcogenide dimer, [Re6S8(PEt3)3Cl2]2, exhibits band-bending-like properties. 

Furthermore, it is shown to behave like a nano p-n junction, and the external field can 

modulate the electronic levels. Moreover, it is found that such dimer is helpful in light-

harvesting applications. 
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In the second section, the formation of magnetic dimer [(PMe3)5(Fe6S8)2(CO)5] is 

elaborated. Additionally, its potential spintronics-related applications due to the intense 

internal electric diploe and gigantic magnetic moment are also explored. 

Finally, in the third section, the theoretical work explaining the formation of the 

cluster assembled material using [Co6Se8(PEt3)5]2 dimer and [C70]2 dimers in the presence 

of Toluenes solvents are shown. Apart from the theoretical explanations of the formation 

of cluster assembled materials, we also discovered an intriguing magnetic character in the 

metal-chalcogenides dimers. The metal chalcogenide dimers in the solid exhibited the 

localized magnetic moment at the junction of the metal chalcogenide dimers, where two 

Co6Se8(PEt3)5 clusters combine to form the dimer through their unligated (transition metal 

atoms) sites. 

Chapter 4a 

Superatomic Molecules with Internal Electric Fields for Light Harvesting. 

The study of superatomic dimer [Re6S8(PEt3)3Cl2]2 is found to display band-

bending-like characteristics at the junction of the fused dimer, where two clusters combine 

to form a fused dimer. The fused dimer showed promising potential in photovoltaics 

applications. This chapter has been reproduced from the article which I co-authored. It has 

been slightly adapted for the readability in the framework of my dissertation. Still, it has 

not been changed in any way affecting the data, meaning, or interpretation. Adapted from 

Nanoscale, 2020, 12, 4736-4742. Copyright (2020) Royal Society of Chemistry. 
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4a.1. Introduction 

Traditional p-n junctions used for photovoltaics require an interface where an electric field 

separates a light-induced electron-hole pair. Developing alternate strategies for forming strong 

internal electric fields for electron-hole pair separation offers the possibility for better 

performance. We demonstrate that fusing two superatomic clusters with donor/acceptor ligands on 

opposite sides of the cluster spearheads a strong internal electric field. In a fused metal-

chalcogenide dimer consisting of Re6S8Cl2(L)4 superatomic clusters with donor PMe3 ligands and 

acceptor CO ligands on the opposite sides, the electronic levels undergo shifts analogous to band 

bending in traditional p-n junctions. The fused cluster has a large dipole moment, and an optical 

spectrum shows strong absorption excitations above the HOMO-LUMO gap of the fused clusters 

but is optically very weak for the lowest energy excitations that can lead to electron-hole pair 

recombination. This is because the electron is localized on the CO portion of the fused cluster, 

while the electron-hole is localized on the PMe3 side of the cluster. Furthermore, it is demonstrated 

that the electronic states localized on each side of the cluster can be aligned/misaligned by applying 

voltage in different directions, offering diode-like characteristics.  

The formation of an interface with an internal electric field can allow for the separation of electron-

hole pairs as well as directed electrical transport.2–6 In typical p-n junctions, n- and p- type 

semiconductors are joined together, and the chemical potential imbalance leads to a flow of charge 

across the junction boundary resulting in the formation of a depletion layer and an internal electric 

field.7 The internal electric field can separate electron-hole pairs or provide a diode character as 

the width of the depletion layer can change with the direction of the applied voltage.8,9 To construct 

a p-n junction at the cluster level, one would need to join two clusters with different chemical 

potentials to produce such an internal electric field. However, in most fused clusters, where two 
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superatomic clusters are strongly bound, the clusters are identical.10,11 A dimer of two identical 

clusters will not generally exhibit a large internal electric field or dipole moment, and the binding 

of two different atom precise clusters requires exquisite chemical control.12–14 One promising 

candidate for such systems is metal chalcogenide clusters, as Roy and co-workers have reported 

the formation of highly stable ligated metal chalcogenide clusters, including Co6Se8(PEt3)6, 

Cr6Te8(PEt3)6, Ni9Te6(PEt3)8. The clusters are composed of metal-chalcogenide cores with ligands 

such as triethylphosphine (PEt3) attached to the metal sites.15–20 However, to create an internal 

electric field, the location of the energy levels in the constituent units needs to be controllable. In 

recent work, we investigated this possibility in metal-chalcogenide clusters.21–25 The electronic 

donor or acceptor characteristics of these clusters can be controlled by attaching appropriate 

ligands.21,22 The electronic spectrum of metal-chalcogenide clusters can be raised or lowered by 

using donors (e.g., phosphine) or acceptors (e.g., CO) ligands where the phosphine raises the 

electronic spectra making the cluster a better donor, while the CO lowers the spectrum making the 

cluster a better acceptor.21,22 This can be done via raising or lowering the electronic spectra, 

without significant variation in the HOMO-LUMO (Highest Occupied Molecular Orbital, Lowest 

Unoccupied Molecular Orbital) gap. These predictions have since been confirmed by experiment 

and provide a unique possibility to tune donor or acceptor characteristics without changing 

the electron count.26 Recent experiments by Nuckolls and co-workers have also shown that 

it is possible to make molecular dimers of metal-chalcogenide clusters with precise control 

over the placement of ligands.11 These fused metal-chalcogenide clusters are an ideal 

system for creating p-n junctions in the cluster size regime, but how can an internal electric 

field be induced? This work demonstrates that large dipole moments in fused molecular 

clusters can be generated by joining identical metal-chalcogenide clusters and breaking the 
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symmetry by ligating opposite units of the fused cluster with donor or acceptor ligand Re8S8 

is our first example because it has the largest HOMO-LUMO gap of the metal chalcogenide 

clusters when it is in the +2 oxidation state, and it is known to be a semiconductor when 

assembled into materials.27–31 When the clusters are fused together, the interface is marked 

by bonds between the Re and S sites belonging to the two units. We then attach charge 

donating PMe3 (Trimethylphosphine) ligands that make one side of the fused cluster a 

better donor and charge accepting ligands, CO, making the other side of the fused cluster a 

better acceptor. The shift in the electronic levels in the composite superatomic molecule is 

reminiscent of the band bending found in conventional p- and n- junctions without the 

formation of the depletion layer. The difference in redox properties induced by the ligands 

leads to a large dipole moment.  Investigations into the electric field required to counter the 

dipole indicate that the effect is equivalent to applying a voltage of 1.7 V across the cluster. 

We consider the fused cluster with separated donor-acceptor ligands to be a nano p-n 

junction. It is shown that the junction has an interesting transport characteristic in that the 

application of an electric field increases or lowers the barrier at the interface depending on 

the direction of the field, suggesting that the nano unit has diode-like characteristics. The 

absorption spectra reveal that the optical gap (the lowest energy excitation that readily 

absorbs light) of the fused clusters is significantly higher than the HOMO-LUMO gap of 

the fused clusters, and because the absorption at the HOMO-LUMO gap once the electron-

hole pairs are separated is optically weak, this suggests that electron-hole pair 

recombination will be inhibited. The findings are fairly general, and we also present results 

on Co6S8 based clusters to show that the concept may be extended to other dimeric 

superatom clusters. 



 

66 

 

Figure. 4.1 The ground state structure, HOMO-LUMO gap, adiabatic electron affinity (E.A.), and  

adiabatic ionization energy (I.E.) of Re6S8(Cl)2(PMe3)m(CO)n  

4a.2. Results and discussion 

Metal-chalcogenide clusters with large HOMO-LUMO Gaps 

The first step towards developing such p-n junctions is the identification of clusters with 

well-defined valence and large HOMO-LUMO gaps. Such clusters may be classified as 

superatoms and are well-positioned to maintain identity when integrated into 

assemblies.32,33 Within this context, metal chalcogenide clusters have recently received 

considerable attention for the formation of functional solids with tunable properties, 

including ferromagnetism, semiconductors with tunable optical gaps, and variable 

conductivity.11,15–20,34–36 An important advantage of this approach over traditional atomic 

solids is that the characteristics of the building blocks can be tuned pre-assembly,
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Figure 4.2 The electronic structure of Re6S8(Cl)2(PMe3)m(CO)n  

and the building blocks are highly stable. Figure 4.1 shows the ground state of Re6S8Cl2(L)4 clusters, 

L=CO, or trimethyl phosphine (PMe3). These clusters have HOMO-LUMO gaps of 1.49-2.25 eV 

depending on the ligand, and Figure 2 shows the electronic levels of the cluster. Re6S8(L)6 clusters 

are well-known to be highly stable with 84 valence electrons, so the additional 2 Cl ligands is 

needed to close the electronic shell. 

 

Tuning the Electronic Spectrum of Metal-chalcogenide cluster. 

By changing the ligand, superatomic clusters with closed electronic shells and large HOMO-LUMO 

gaps can be transformed into donors or acceptors while maintaining their electron shell closure. The 

electron affinity for Re6S8Cl2(CO)4 is 3.21 eV, making it an excellent electron acceptor despite its 

large gap, and the cluster’s electron affinity is much larger than the 0.96 eV electron affinity of 

Re6S8Cl2(PMe3)4. Re6S8Cl2(PMe3)4 has an ionization energy of 6.00 eV, much lower than the 7.78 

eV of Re6S8Cl2(CO)4, making the phosphine ligated cluster a significantly better electron donor.  
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Figure 4.3  The structure, HOMO-LUMO gap, Optical Gap, and Dipole moment of A)  (Re6S8Cl2(PMe3)3)2, 

B) Re6S8Cl2(CO)3: Re6S8Cl2(PMe3)3, and C) (Re6S8Cl2(CO)3)2. D) The calculated optical absorption 

spectra of (Re6S8Cl2(PMe3)3)2, Re6S8Cl2(CO)3: Re6S8Cl2(PMe3)3, and (Re6S8Cl2(CO3))2 

The unusual feature is that irrespective of the combination of ligands, the ligated species always 

have a closed-shell electronic configuration with a high HOMO-LUMO gap, and that that the 

change in the electronic character is not associated with a change in the electron count.  

Instead, the donor/acceptor transformation is due to a shift in the electronic spectrum that can be 

rationalized as ligands forming a coulomb well that surrounds the cluster and may raise or lower 

the energy of the states depending on the donor-acceptor characteristics of the ligand. This can be 

clearly seen in Figure 2, in which the absolute HOMO and LUMO of the ligated clusters are 

graphed. The electronic structure of the ligated clusters is effectively isoelectronic with each other, 

but their donor/acceptor characteristics are drastically different. In recent works, these findings have 

been confirmed by experiments.26 

 

Cluster Fusion 

Based on this concept that the ligand may transform a cluster from a donor to an acceptor, we fused 

two Re6S8Cl2(L)4 clusters. We consider the case where the PMe3 ligand transforms one cluster into  
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The superatoms bind with the Sulfur of one cluster, binding the Re of the adjacent cluster.  Hence, 

we decorated the stable Re6S8Cl2 cluster with 3 CO and 3 PMe3 ligands to form Re6S8Cl2(CO)3 and 

Re6S8Cl2(PMe3)3 motifs. Figure 3 shows the structure of the three fused clusters or superatomic 

molecules with two Re6S8Cl2(PMe3)3 motifs, B) the mixed Re6S8Cl2(PMe3)3:Re6S8Cl2(CO)3 cluster, 

and C) two Re6S8Cl2(CO)3 clusters. The binding energies of the fused clusters are 1.67 eV, 1.80 

eV, and 1.62 eV, respectively, showing that the fused clusters are reasonably stable. The enhanced 

binding energy of the fused clusters with mixed ligands is more stable due to the binding 

enhancement due to donor-acceptor pair forming.24,37–41  The HOMO-LUMO gap of the clusters 

are 2.00 eV, 1.11 eV, and 1.48 eV, showing that they all have a significant gap. 

The next question is whether the fusion of these superatomic clusters results in a strong internal 

electric field. The simplest way to test this is to find the dipole moment of the clusters. The dipole 

moment of the mixed cluster is 11.2 Debye, an extremely large dipole moment, while the moment 

of all PMe3 and CO clusters are 0.31 and 0.30 Debye. This result suggests that there is an extremely 

strong internal electric field in the mixed cluster that causes a redistribution of charge, and this 

result is consistent with our donor-acceptor hypothesis. Next, we investigate the optical spectra of 

the cluster, using Time Dependent-Density Functional Theory (TD-DFT). We have checked our 

results with a TD-DFT calculation that includes a perturbative spin-orbit coupling and finds no 

significant excitation energy changes.42 We find that the optical absorption of the mixed cluster is 

optically very weak for the HOMO-LUMO gap, and the optical gap is effectively 1.52 eV. This 

corresponds to the 8th lowest excitation, which is the first excitation with a non-negligible oscillator 

strength. The pure CO cluster has nearly the same optical gap of 1.50 eV, which corresponds to the 

lowest energy excited state, and the PMe3 cluster has an optical gap of 2.03 eV. The results with 

the mixed cluster suggest that an excitation of the CO side of the cluster may strongly absorb light; 

however, the lower energy excitations that the cluster will decay to are optically weak, which should 

inhibit electron-hole pair recombination.43,44  
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A Cluster p-n junction 

We now want to determine if the combined donor-acceptor units are genuine superatomic models 

of p-n junctions and whether they can separate electron-hole pairs. The combined superatomic 

molecule Re6S8Cl2(CO)3: Re6S8Cl2(PMe3)3 is composed of an acceptor (CO) and donor (PMe3) 

superatoms. The I.E. and E.A of 6.49 eV and 2.90 eV, which are in between the values of the 

clusters with all PMe3 ligands, 5.86 eV, and 1.68 eV, and all CO ligands, 7.37 eV, and 3.54 eV. An 

analysis of the charge distribution indicates that there is a net charge flow of 0.14 e- from the PMe3 

donor side to the CO acceptor. Next, we look at the charge distribution of the anionic and cationic 

clusters. The anionic cluster (Figure 4A), shows the excess charge is localized on the acceptor, CO 

side of the cluster, while in Figure 4B, the hole is localized on the PMe3 side of the cluster. This 

demonstrates that the electron-hole pair is well-separated on the different sides of the fused cluster. 

Next, we want to know if the superatomic molecule (Figure 4C) has band bending at the interface, 

one of the hallmark characteristics of a p-n junction. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4  The structure of the A) Anionic, B) Cationic, and C) Neutral Re6S8Cl2(CO)3Re6S8Cl2(PMe3)3. 

The isosurface indicates the excess charge, and electron hole. D) shows the density of states at different 

locations in the fused cluster. The position is indicated in part C. 
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Figure 4D shows the local density of states as a function of the position. The acceptor, CO, side of 

the cluster has effectively no density at the HOMO energy level, and the valence band energy is at 

-0.49 eV. The conduction band energy of the CO side is at 1.12 eV, with the gap on the CO side of 

the cluster being effectively 1.61 eV. On the PMe3 side of the cluster, the valence band is at 0 

energy, and the conduction band is at 1.73 eV. Thus the valence band of the PMe3 side is 0.49 eV 

higher than the CO side, and the conduction band is 0.61 eV higher in energy. It is intriguing that 

both sides of the cluster have a local density of states with gaps of 1.61 and 1.73 eV, but the states 

of PMe3 side are raised with respect to the CO side, a precise analog of band bending. This gives 

the look of a reduction of overall bandwidth, but is in fact, due to band bending.   

   

Effect of an External Electric Field on the Fused Clusters 

To examine the response of the electronic structure, an external field was applied to the mixed 

cluster, and the density of states and band energies are shown as a function of the voltage across the 

two-terminal Re atoms. The field strength corresponds to 2.57 ×109 V/m for the 2.6 V calculation, 

which is similar in strength to the 109 V/m  electric fields found under an STM tip.45    

 

 

 

 

 

 

 

 

 

 

Figure 4.5  The density of states of the Re6S8Cl2(CO)3:Re6S8Cl2(PMe3)3 cluster as a function of an 

electric field perpendicular to the cluster. The voltage across the terminal Re atoms are given, and 

the valence and conduction band energies of the CO and PMe3 sides of the cluster are plotted. 
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Figure 5 shows the density of states as a function of the field. When the voltage across the terminal 

Re atoms is -1.55 V, the dipole moment approaches zero, and the HOMO-LUMO gap of the cluster 

increases to 1.47 eV. At a voltage of -1.55 V, the valence band of both sides of the cluster become 

aligned, causing this increase in the HOMO-LUMO gap. On the other hand, if the electric field is 

aligned as positive towards the acceptor CO, and negative towards the donor PMe3, the electronic 

spectrum on the CO side of the fused cluster is lowered in energy versus the PMe3 side. This leads 

to a reduction in the HOMO-LUMO gap, and the potential drop from the PMe3 valence band to the 

CO valence band increases to 1.19 eV, versus the 0.49 eV at zero fields. This field-dependent shift 

indicates that the unit could be used as a rectifier in that it allows less resistance to the current in 

one direction. In contrast, the resistance (barrier due to difference in HOMO) increases as the field 

is applied in the opposite direction. It is essential to highlight that the current diode action is not 

due to any depletion layer as in conventional semiconductors but due to the misalignment of states 

in the two regions. 

To determine if this concept can be further extended, we have examined the electronic structure of 

four fused Re6S8Cl2L4 clusters. In the tetramer cluster, the dipole moment has increased to 17.6 

Debye. The HOMO-LUMO gap of the tetramer is 1.25 eV, the electron affinity increases from 2.86 

eV for the dimer to 3.07 eV for the tetramer, and the ionization energy increases negligibly from 

6.49 eV to 6.51 eV. The density of states reveals that the band bending across the cluster molecule 

has increased with the valence band on the far CO end of the cluster being 1.00 eV below the 

HOMO, while the energy of the valence band on the PMe3 side is at the HOMO. Most of the band 

bending is at the junction, but there is a shift of 0.16 eV in the valence band across the outer and 

central CO ligated cluster and a shift of 0.34 eV in the valence band across the outer and central 

PMe3 cluster. The shifts in the valence band are approximately the same. The separation and low 

oscillator strength suggest that electron-hole pair recombination will be inhibited. When we apply 

an electric field across the tetramer, we find that the bands are aligned when the voltage across the 
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terminal Re atoms are 1.7 V, slightly higher than the 1.55 V of the dimer. This shows that the 

concept may be extended to longer wires and may even be used to produce pnp or npn type 

junctions. In this work, we have focused on metal-chalcogenide species based on Re6S8 cores. 

However, our findings are fairly general. To show this, we investigated the Co6S8(CO)5: 

Co6S8(PMe3)5 fused cluster. We find that the clusters bind by 2.45 eV and that the cluster has a 

dipole moment of 18.0 Debye, an even larger dipole than that for the Rhenium cluster. The cobalt 

cluster does not need Chlorine to close its electronic shell, so the dipole is larger. The HOMO-

LUMO gap is only 0.29 eV, with the frontier orbitals being localized in the p-n junction. However, 

we found from the optical absorption spectra that the Cobalt cluster is unlikely to work for electron-

hole pair excitation due to the presence of the defect states in the junction, and the concept may be 

applied to other ligated clusters. 

 

4a.3. Conclusions 

The dimer formed by fusing two metal-chalcogenide Re6S8Cl2(L)4 clusters with the charge donating 

ligands on one side and the charge accepting ligands on the other side acquires a substantial dipole 

moment and internal electric field. This internal electric field may easily separate electron-hole 

pairs because the electron is localized on the charge accepting CO side of the cluster. In contrast, 

the hole is localized on the charge donating PMe3 side of the cluster. Because of this strong internal 

electric field, the electron and hole are separated, inhibiting recombination. The fused clusters 

behave much like a cluster p-n junction, with the ligands acting as charge transfer dopants. An 

external electric field may realign the levels, and the response suggests that these fused clusters 

may behave much like a diode. The fused clusters may be extended into nanowires, opening the 

possibility of more complicated pnp and npn type junctions using this strategy. 

Furthermore, this concept may be applied to other ligated clusters. However, the presence of defect 

states in the cluster junction may prevent electron-hole separation, so the choice of the cluster 
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requires care for applications related to photovoltaics. Additionally, such an atom-precise material 

synthesis is quite challenging; however, such fused clusters have been successfully synthesized.11 

The use of multi-dentate ligands may be used to encapsulate one side of the cluster, greatly 

enhancing the binding. Another strategy would be to use a surface as a ligand. A surface such as a 

metal-chalcogenide or a graphene surface may act as a donor or acceptor, and free ligands may 

serve as the acceptor or donor.  These results reveal an alternative strategy for forming and 

engineering internal electric fields at the scale of a single nanometer.  

 

Section 4b 

A Magnetic Superatomic Dimer with an Intense Internal Electric Dipole and 

Magnetic Moment 

Continuing with the dimer formation, the Fe6S8-based clusters formed a dimer 

[(CO5)(Fe6S8)2(PMe3)5] with a gigantic magnetic moment and electric dipole moment. Such dimers 

can be valuable entities for spintronics-related applications. 

This chapter has been reproduced from the article which I co-authored. It has been slightly adapted 

for the readability in the framework of my dissertation. Still, it has not been changed in any way 

affecting the data, meaning, or interpretation. Adapted from J. Phys. Chem. A 2021, 125, 3, 816–

824. Copyright (2021) American Chemical Society. 

 

4b.1. Introduction 

The electronic and magnetic properties of ligand decorated Fe6S8 cluster, and fused superatomic dimer 

are investigated using the first-principles density functional theory. It is shown that the redox properties of 

the Fe6S8 cluster can be efficiently controlled by varying the nature of the attached ligands. Donor ligands 

such as phosphines reduce the ionization energy of the Fe6S8 cluster, whereas the acceptor ligands such as 

CO increase the electron affinity. Such variation in the redox properties of the Fe6S8 cluster is the result of 
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the ligand-induced shift in the cluster’s electronic levels keeping the occupation number mostly unaffected, 

leading to a marginal change in the spin magnetic moment of the cluster. Combining two identical Fe6S8 

clusters decorated with unbalanced ligands results in a superatomic dimer with a massive dipole moment 

and a large spin magnetic moment. Donor ligands on one side and the acceptor ligands on the other side 

cause significant inter-cluster charge transfer across the superatomic dimer. The resulting superatomic 

dimer offers an exciting motif for spintronics-related applications. 

Recent developments in synthetic chemical techniques that allow their facile synthesis in solutions and their 

assembly into solids have attracted considerable interest in ligated metal-chalcogenide clusters.46–51 These 

ligated species are highly stable, can be prepared in solutions, and have charge donor and acceptor 

characteristics, allowing them to form solids with complementary units maintaining individual clusters' 

identity.49–53 They represent a new class of superatoms, some of which have open electronic shells that can 

lead to magnetic materials.54 This exciting class of solids has been extensively investigated by Roy, 

Nuckolls, and co-workers49–53. They have successfully synthesized a wide range of cluster-based solids 

from an assembly of superatoms acting as electron donors that exchange charge with C60 counterions to 

form ionic materials. Roy et al. reported many such solids, including those based on [Co6Se8(PEt3)6], 

[Cr6Te8(PEt3)6], [Re6S8Cl2(PEt3)4], and [Ni9Te6(PEt3)8].
49–53 The metal chalcogenide-based clusters are 

typically fully ligated by phosphine ligands such as tri-ethylphosphine (PEt3) connected to the metal atoms, 

thus protecting the metallic core. The phosphine-ligated clusters become excellent charge donors and 

combine with the charge acceptor C60 to form superatomic ionic solids similar to CdI2 or NaCl.51 The 

resulting solids offer exciting properties, including enhanced conductivity, ferromagnetism, and unusual 

magneto-optical properties.50–52 Materials in which the metal-chalcogen clusters can directly bind to each 

other produce dimeric or extended structures, which have also been synthesized, offering the opportunity 

for extended semiconducting materials constructed from cluster building blocks.11,55–57 This includes 

dimeric structures of ([Co6Se8](PEt3)5)2 and extended sheets of  [Re6S8Cl2] clusters. These results 

demonstrate that exquisite control of superatomic solids is possible, including superatomic dimer structures 
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Iron-sulfur clusters are also known for their reversible electron transfer chemistry and are marked by high 

spin multiplicity making them behave as small magnetic units.58–60 Thus, understanding how redox 

properties can be controlled without quenching the magnetic characteristics is an essential undertaking with 

extensive applications including spintronics materials.61–64 In this work, we have investigated the nature of 

electronic states and the magnetic properties of Fe6S8Ln (L= ligands) clusters. The magnetic and electronic 

properties of the Fe6S8 cluster are found to be controlled by changing the number and the nature of the 

attached ligands.64–67,26,68 Tri-methylphosphine (PMe3) is used as a donor ligand, while carbon monoxide 

(CO) serves as an acceptor ligand. The bare Fe6S8 cluster is observed to be magnetic with a high spin 

magnetic moment. The addition of donor ligands reduces the ionization energy of clusters with a minor 

reduction in the magnetic moment. The ligated clusters' donor-acceptor nature becomes apparent when a 

fully ligated cluster Fe6S8(PMe3)6 is investigated through the successive replacement of PMe3 ligands by 

CO ligands.  The sequential replacement of PMe3 ligand by CO leads to an increment in the electron affinity 

and the ionization energy of the cluster. Microscopic analysis reveals that the calculated changes in redox 

properties are driven by raising or lowering the electronic states without changing the respective occupation 

of the minority or majority spins levels. The effect of the charge transfer ligands can be thought of as 

creating a Coulomb potential well that shifts the electronic levels without changing the exchange splitting 

or the moment in the majority of cases.69 This unusual ability of ligands to control the location of the 

electronic levels leads to intriguing possibilities. We have shown that by combining two identical bare 

clusters and decorating them with different kinds of ligands, one can create an interface with units where 

the electronic states on individual clusters are misaligned, resembling a semiconductor junction.70,71 When 

the superatomic dimer is formed, the charge transfer across the clusters on different sides leads to align the 

highest occupied molecular orbital, similar to the alignment of Fermi energy in the p-n junctions. What is 

unique in this case is that the alignment does not destroy the magnetic features leading to a superatomic 

molecule with a large magnetic moment and a massive electrical dipole moment that could be utilized to 

design a spin polarizer.72 
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Figure 4.6. Ground state structures of Fe6S8(PMe3)n (n = 0-6). The net magnetic moments for 

each system are given in μB. 

 

4b.2. Results and Discussion 

Controlling the HOMO, LUMO, and Exchange Splitting via Ligands 

Our discussion starts with a brief review of how PMe3 ligands can control the position of energy levels. 

The ground-state structure of the Fe6S8 cluster, which has a spin magnetic moment of 8 µB, consists of an 

octahedron of 6 Fe sites with faces decorated with 8 S atoms. Figure 4.6 shows the ground state geometries 

of Fe6S8(PMe3)n clusters (n = 0-6. For the electronic properties, we have monitored the progression of (1) 

HOMO-LUMO (HL) gap: the energy difference between the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO), (2) the adiabatic ionization potential (AIP), and (3) 

adiabatic electron affinity (AEA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similarly, we have also investigated the progression in the magnetic moment with the subsequent addition 

of PMe3 ligands, shown in Figure 4.7(a). One would expect that the addition of charge donor ligands 

changes the magnetic moment; 73–76; however, the overall magnetic moment remains constant until the 

addition of the fifth PMe3 ligand. 
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Figure 4.7. (a) Magnetic moment (b) HOMO-LUMO (HL) Gap (c) Adiabatic Ionization 

Potential (AIP), and (d) Adiabatic Electron Affinity (AEA) for Fe6S8(PMe3)n (n = 0-6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The sixth ligand addition reduces the moment to 6 µB from 8µB, as shown in Figure 4.7(a). The HOMO-

LUMO gap varies between 0.22-0.85 eV, and the cluster Fe6S8(PMe3)5 is found to possess the largest 

HOMO-LUMO gap of around 0.85 eV, as shown in Figure 4.7(b). It is unique to have a stable cluster with 

one metal (Fe) site unligated, especially with a large spin magnetic moment. Such clusters provide some 

intriguing opportunities, e.g., such stable clusters can be combined to form a fused dimer and can also be 

used as n/p type dopants on 2D semiconducting surfaces.77  The AIP monotonically decreases with the 

addition of the ligands, as shown in Figure 4.7(c), finally attaining a value of 4.09 eV, the IP of cesium (3.9 

eV). Figure 4.7(d) shows a parallel decrease in the AEA, achieving a low value of 1.16 eV for Fe6S8(PMe3)6. 

The monotonic decrease in the AIP and AEA while maintaining the constant spin moment until the 5th 

ligand implies that the variations in electronic properties are probably not due to the filling of the electronic 

states. The alteration of HOMO and LUMO levels with the addition of the PMe3 ligands for both alpha and 

beta channels are shown in Figure 4.8. The major effect of adding PMe3 ligands is an upward shift in the 
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Figure 4.8 HOMO and LUMO levels in alpha and beta channels of Fe6S8(PMe3)n (n = 0-6).  

The red solid and dashed lines represent HOMO and LUMO levels in α-channel while the blue 

solid and dashed lines represent HOMO and LUMO levels in the β-channel. 

electronic levels. Interestingly, the shift is observed for both spin states; however, the majority and minority 

spin states undergo slightly different shifts that change the exchange splitting of the system. The reduction 

in the magnetic moment of Fe6S8(PMe3)6 is associated with the lifting of a minority spin state to the 

occupied manifold. To understand the change in the magnetic moment during the transition from  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fe6S8(PMe3)5 to Fe6S8(PMe3)6, we investigate the similar evolution in going from Fe6S8(CO)5 to 

Fe6S8(CO)6 cluster. Both the PMe3 and CO-based systems exhibit a similar change in a magnetic moment 

from 8 μB to 6 μB with the final (6th) ligand. Both Fe6S8(PMe3)5 and Fe6S8(CO)5 have relatively large 

HOMO-LUMO gaps of 0.84 eV and 0.68 eV, respectively, especially for the high spin clusters. Besides, 

the C4v symmetry of the CO ligated clusters allows for a simpler analysis of the cluster orbitals.  Starting 

with Fe6S8(CO)5 in C4v symmetry, we find a half-occupied cluster orbital with A1 symmetry indicated in 

red in Figure 4.9 (a) (I). This orbital is primarily constructed from the 3dz
2 orbital of the unligated Fe-atom, 

and it is occupied in the The destabilized 17A1 state becomes unoccupied in the majority spin channel; 
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hence the HOMO state is now an A2 orbital of the minority channel that becomes occupied after the 

complete attachment of the CO ligand, as shown in Figure 4.9(a) (II-III).  The 1-electron energy level 

diagram given in Figure 4.9(a) (III) shows that the A1 orbital (in a red box) in the α-channel gets destabilized 

and becomes unoccupied with the beta-channel HOMO level becoming filled. Hence, the magnetic moment 

decreases spin majority channel and unoccupied in the spin minority channel.

Figure 4.9 One-electron energy levels of (a) (I-III) Fe6S8(CO)5, when the sixth CO ligand is brought 

closer to Fe6S8(CO)5 until Fe6S8(CO)6 is formed in C4V symmetry. The solid and dashed lines represent 

the occupied and unoccupied energy states respectively. The solid red box shows the raising of a 

particular energy state(A1) in α-channel while the blue box marks the state(A2) which finally gets 

occupied in the β-channel for Fe6S8(CO)6. (b) One-electron energy levels of (I-III) Fe6S8(PMe3)5, when 

the sixth PMe3 ligand is brought closer to Fe6S8(PMe3)5 until Fe6S8(PMe3)6 is formed. 
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Next, as a CO ligand is brought in with a bond distance that is 0.5 Å longer than the expected Fe−CO 

bond length, the half-filled 3dz
2 orbital is pushed up in energy as seen in Figure 4.9(a)(II) due to the 

crystal-field effect, where the charge on the CO destabilized this orbital. by 2 μB. A similar process occurs 

with PMe3 ligands; we observe the raising of the states shown by the solid red line in Figure 4.9(b)(I) in 

α-channel. The sixth PMe3 ligand is brought closer to the Fe6S8(PMe3)5 cluster until it forms 

Fe6S8(PMe3)6. The LUMO in the minority channel shown by the blue line in Figure 4.9(b)(I) gets occupied 

at the expense of the destabilization of the α-channel state depicted by red color, as can be seen in Figure 

4.9(b)(II-III). Therefore, the magnetic moment is reduced by 2 μB. 

The stability of Fe6S8(PMe3)5 can be explained using the cationic cluster [Fe6S8(PEt3)6]
+, which was 

observed to have an unusually stable oxidation state with a large spin magnetic moments of approximately 

7 μB and high symmetry.
78  Again, we can use Fe6S8(CO)5 and [Fe6S8(CO)6]

+
 clusters as their symmetry  

provides a more accessible analysis of the cluster orbitals. The electronic structures in Figure 4.10 show 

that the electronic structures of Fe6S8(CO)5 and [Fe6S8(CO)6]
+ are almost identical and that [Fe6S8(CO)6]

+ 

has Oh symmetry. Furthermore, we calculated the deformation coefficient79, Δ, which offers the overall 

symmetry of the system. The spherical cluster or octahedral cluster will have Δ=1, whereas a deformed 

oblate structure will have Δ<1. A planar structure will be marked by Δ=0. We hypothesize that if the 

stability in the metal-chalcogenide cluster is due to a shell filling, then the symmetry will be high, and the 

deformation coefficient will be 1. However, if the stability is due to a Jahn-Teller distortion or due to 

mixed oxidation states of Fe, then the sites will be inequivalent, and the deformation coefficient will move 

away from 1.79. The deformation coefficient of Fe6S8(CO)5 is found to be close to 1, similar to 

[Fe6S8(CO)6]
+, while Fe6S8(CO)4 and Fe6S8(CO)6 have deformations away from the symmetry. Note that 

in this argument, [Fe6S8(CO)6]
+ is stabilized by the filling of the electronic shells delocalized over the 

cluster, so the shell filling should correspond to the symmetric cluster with a deformation coefficient of 
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1, confirmed by stable oxidation state in the experiments, and the high symmetry of [Fe6S8(CO)6]
+. Also, 

the spin moment on all of the atoms should be identical. Likewise, we found Δ~1 for Fe6S8(PMe3)5 and 

[Fe6S8(PMe3)6]
+. However, Fe6S8(PMe3)5 has a high spin magnetic moment of 8 μB. So, what is occurring 

when the ligand is removed from the Fe6S8(CO)6 cluster to form Fe6S8(CO)5, an empty A1 antibonding 

state in the spin alpha channel that CO destabilized gets filled after the removal of the ligand. So, we have 

magnetic clusters with a large HOMO-LUMO gap in both Fe6S8(CO)6
+ and Fe6S8(CO)5, however the spin 

of Fe6S8(CO)5 increases from 7 to 8 μB because of the occupation of this extra dz
2 state on the unligated 

Fe atom. The origin of the high stability of Fe6S8(PMe3)5 is confirmed by its spatial symmetry, the high 

spin state of 8 μB, and its substantial HOMO-LUMO gap. The donor-acceptor nature of PMe3 and CO 

ligands becomes more evident when PMe3 ligands of a fully ligated Fe6S8(PMe3)6 cluster is subsequently 

replaced by CO ligands. 

Figure 4.10 One-electron energy levels of (a) [Fe6S8(CO)6]
+ (b) Fe6S8(CO)5 in C4V symmetry. The solid 

and dashed lines represent the occupied and unoccupied energy states respectively. The up- and down-

arrow represent the majority and minority spin-channels respectively. 
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Figure 4.11 Ground state structures of Fe6S8(PMe3)6-n(CO)n (n = 0-6). The net magnetic 

moments for each system are given in μB. 

 

Properties of Fe6S8(PMe3)6-n(CO)n Clusters (n=0-6) 

The charge donor and acceptor features of the ligated cluster depend on the nature of the attached 

ligands. One of the quantities of interest is the variation in a fully ligated cluster's electronic properties as 

the acceptor ligands (CO) successively replace the donor ligands (PMe3). Figure 4.11 shows the ground-

state structures of the Fe6S8(PMe3)6-n(CO)n clusters. Note that we have explored all possible sites for the 

CO ligands  

 

 

 

 

 

 

 

 

 

 

to partially replace PMe3 ligands. Irrespective of the number of PMe3/CO ligands in fully ligated clusters, 

they always exhibit the same magnetic moment of 6 μB. The replacement of PMe3 by CO leads to a 

monotonic increase in the AIP and AEA, as shown in Figure 4.12(a). The AIP increases from a low value 

of 4.09 eV, which is reminiscent of alkali metals' low ionization potential, to a higher value of 7.06 eV. 

The AEA is increased from 1.16 eV to 3.68 eV, close to the electron affinity of a Cl atom.80  
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Figure 4.12 (a) Adiabatic Ionization Potential (AIP) and Adiabatic Electron Affinity (AEA) for 

Fe6S8(PMe3)6-n(CO)n (n = 0-6). (b) Variation in Hirshfeld charge50 in Fe6S8(PMe3)6-n(CO)n (n = 0-6). 

(c) Variation in Magnetic moment and (d) HOMO LUMO Gap for neutral and cationic clusters of 

Fe6S8(PMe3)6-n(CO)n (n = 0-6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We confirmed the electronic spectrum's lowering when CO replaces PMe3 by analysis of 1-electron 

energy level. There are some variations in the HOMO-LUMO gap; however, the magnetic moment stays 

constant. To show that the effect is general, we also carried out similar calculations on singly ionized 

clusters [Fe6S8(PMe3)6-n(CO)n]
 +. The magnetic moment remained constant while the HOMO-LUMO 

gaps slightly varied but with larger values, as shown in Figures 4.12(c) and 4.12(d), respectively. These 

cationic systems with larger HOMO-LUMO gaps and the magnetic moment of 7 μB confirm the stable 

high spin clusters discussed in the previous section. 
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Finally, the Hirshfeld charge81 plot in Figure 4.12(b) shows that CO ligands exhibit a moderately weak 

charge accepting nature in  Fe6S8(PMe3)6-n(CO)n for n = 1-6. As the number of the CO ligands are 

subsequently increased, the overall negative charge on the Fe6S8 is observed to decrease. This is because 

CO ligand acts as a σ donor (base) as well as a π acceptor (acid) when it binds to a metal center.82,83 The 

Fe atoms can easily donate charge to the empty π* orbital of CO via dFe→πCO* back donation as they are 

energetically very close.82,83 In PMe3 ligands, such back-donation is not possible, since the sigma 

antibonding (σ*) orbitals of P−C bonds are energetically much higher compared to the filled ‘d’ orbitals 

of the metal centers.83 Thus, the observed effect of (CO)n is synergistic and depends on which of the 

electronic effect (σ donor or π acceptor) dominates over the other. It is evident from the plot (Figure 

4.12(b)), that the maximum negative charge accumulation on (CO)n is observed when the numbers of 

PMe3 and CO ligands are equal, i.e., at n= 3. 

 

Magnetic Superatomic Molecule (PMe3)5(Fe6S8)2(CO)5  

Next, we investigated the stability and structure of a fused dimer formed by combining two Fe6S8(L)5 

clusters. There are two possibilities for the fused superatomic dimer: a dimer where the ligands are all the 

same and an unbalanced dimer where acceptor CO ligands are on one Fe6S8 cluster, while donor PMe3 

ligands are on the other Fe6S8 cluster. The dimers with only PMe3 ligands are found to have binding 

energies (BE) of 0.38 eV, HOMO-LUMO gap of 0.08 eV, and total spin magnetic moment of 14 uB while 

the binding energy, HOMO-LUMO gap, and the total spin magnetic moment for the only CO-ligated 

dimers are found to be 0.88 eV, 0.26 eV and 12 µB respectively. It is observed that the large HOMO-

LUMO gaps of the monomeric clusters, Fe6S8L5 are reduced by the fusion. The weak binding between 

the monomers is due to the relatively high stability of the Fe6S8(L)5 clusters.  Furthermore, both the dimers 

also possess negligible dipole moments, showing minimal charge transfer between the monomers. The 

high spin magnetic moment of the dimers suggests that such fused superatomic clusters may be attractive 
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Figure 4.13 The ground state optimized structures of (a) Fe6S8(CO)5 (b) Fe6S8(PMe3)5 and (c) 

(PMe3)5(Fe6S8)2(CO)5. The dipole and magnetic moment values are also shown. The important bond 

lengths are in Å. Figure (d) shows the spin density isosurface for (PMe3)5(Fe6S8)2(CO)5.    

motifs for spintronics applications; however, the dimer with unbalanced ligand may be even more 

interesting because of the possibility of charge transfer across the junction between the dimer.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For this reason, we investigated a fused dimer, (PMe3)5(Fe6S8)2(CO)5, consisting of a Fe6S8 cluster ligated 

with CO ligands on one side and the PMe3 ligated cluster on the other side. Figure. 4.13(a), 4.13(b) and 

4.13(c) show the optimized ground state structures, dipole moment, and spin magnetic moment of the 

Fe6S8(CO)5, Fe6S8(PMe3)5, and (PMe3)5(Fe6S8)2(CO)5, respectively. The electronic and magnetic 

properties of the monomeric and dimeric clusters are listed in Table 4.1. The dimer with unbalanced 

ligands has a spin magnetic moment of 14 uB and has a relatively larger binding energy of 1.58 eV.  We 

calculated the binding energy of the dimer using the expression, 

5286535386586 )()()()()(.. COSFePMePMeSFeCOSFe EEEEB −+=
      (4.1) 
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Figure 4.14 The total density of states (TDOS) for (PMe3)5(Fe6S8)2(CO)5. Solid and dashed lines 

represent the occupied and unoccupied energy levels respectively. The red solid and dashed lines 

represent HOMO and LUMO levels in the alpha-channel while blue solid and dashed lines represent 

HOMO and LUMO levels in the beta-channel. 

where 
586 )(COSFeE ,

5386 )(PMeSFeE , and 
528653 )()()( COSFePMeE are the total energies of the Fe6S8(CO)5, Fe6S8(PMe3)5, 

and (CO)5(Fe6S8)2(PMe3)5 clusters, respectively. The binding energy of the dimer with the unbalanced 

ligand is significantly larger than for the dimers with the same ligands on both sides of the cluster due to 

the enhanced charge transfer. We find the net charge on the donor PMe3 side of the dimer is +0.58 e-, and 

the charge on the acceptor CO side is -0.58 e-. This confirms that the PMe3 is causing one side of the 

cluster to act as a donor, and the CO is causing its side of the cluster to act as an acceptor.  This results in 

a large dipole moment of 21.56 D. The HOMO of the monomeric PMe3 is 2.2 eV higher than that of the 

CO, lying at -3.59 and -5.78 eV, as shown in Table 1. The HOMO of the fused dimer lies approximately 

in the middle at -4.26 eV. The HOMO of the dimer is an antibonding state between the two monomers, 

and this orbital is spread across the junction.  

 

 

 

 

 

 

 

 

 

 

 

The bond formation and charge rearrangement in dimer across the monomeric units lead to a significant 

change in the electronic and magnetic features compared to the individual species. The dimer has a spin 

magnetic moment of 14 µB. The 14 unoccupied orbitals in β-channel and their corresponding counterparts 
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occupied in α-channel are detectable. Figure 4.14 shows the total density of states (TDOS) for both spins 

in (PMe3)5(Fe6S8)2(CO)5. Note that the majority spin states are marked by a gap of around 0.73 eV above 

the HOMO. On the other hand, the minority spin states have an appreciable density of states in the gap 

region following the HOMO. This indicates that any electrical transport will be polarized by carriers from 

the minority spins. The situation is like half-metallic ferromagnets, where the conducting carriers are spin-

polarized. 

 

TABLE 4.1 Electronic and Magnetic Properties of Fe6S8(CO)5, Fe6S8(PMe3)5, and (PMe3)5(Fe6S8)2(CO)5 

clusters. The x, y, and z components of the dipole moment are included within parenthesis. * 

*H and L are the energies (eV) of HOMO and LUMO states, respectively. ΔH-L is the HOMO-LUMO 

gap in eV.

 

 

 

System Magneti
c 

Momen
t 

(μB) 

Dipole Moment 
(Debye) 

Electronic Properties (eV) 

   α-spin β-spin Both spin AIP AEA 

Fe6S8(CO)5 8 0.00 

(0.0, 0.0, 0.0) 

H= -5.78 
L= -4.14 
ΔH-L= 1.64 

H= -5.84 
L= -5.10 
ΔH-L= 0.74 

H= -5.78 
L= -5.10 
ΔH-L= 0.68 

7.48 3.59 

Fe6S8(PMe3)5 8 5.20 

(0.35, 0.64, 5.15) 

H= -3.60 
L= -2.32 
ΔH-L= 1.28 

H= -3.64 
L= -2.75 
ΔH-L = 0.89 

H= -3.60 
L= -2.75 
ΔH-L= 0.85 

4.97 1.34 

(PMe3)5(Fe6S8)2(C

O)5 

14 21.56 

(-3.29, -5.27, -
20.64) 

H= -4.26 
L= -3.52 
ΔH-L= 0.74 

H= -4.33 
L= -3.96 
ΔH-L= 0.37 

H= -4.26 
L= -3.96 
ΔH-L= 0.30 

5.33 2.75 
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4b.3. Conclusions 

In this work, we have shown that the electronic and redox properties of Fe6S8 clusters can be predictably 

altered by using suitable donor/acceptor ligands. Successive attachment of donor ligands (e.g., PMe3) to 

the cluster induces an upward shift to the electronic levels, reducing the AIP significantly. However, the 

cluster's magnetic moment remains the same except for the fully ligated cluster, i.e., Fe6S8(PMe3)6. On 

the other hand, when CO ligands sequentially replace PMe3 ligands in Fe6S8(PMe3)6 such that the cluster 

always remains fully ligated, lowering the energy levels is observed. The CO ligand's π-acceptor 

characteristics are responsible for the substantial increase in AIP and AEA without perturbation in the net 

magnetic moment. The increase in the AIP and AEA suggests that a donor cluster, Fe6S8(PMe3)6, has 

transformed into an acceptor cluster, Fe6S8(CO)6,  through a simple ligand substitution. Finally, the 

combination of two stable cluster motifs: Fe6S8(PMe3)5 and Fe6S8(CO)5, consisting of ligands with two 

different natures, leads to a superatomic dimer, (PMe3)5(Fe6S8)2(CO)5 marked by massive internal electric 

dipole moment and a large magnetic moment. Such dimers with rare properties might offer tremendous 

potentials in various applications such as spin-polarized transport and could act as building blocks for 

ferroelectric materials consisting of weakly coupled magnetic units. 
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Chapter 4c 

Interfacial Magnetism in a Fused Superatomic Cluster  [Co6Se8(PEt3)5]2 

 

The study of superatomic dimer [Co6Se8(PEt3)5]2 studied shadowing an experiment where a 

cluster assembly used the dimer as a building block. We successfully explained the formation of 

the cluster assembled materials consisting of [Co6Se8(PEt3)5]2 dimer and fullerenes. Furthermore, 

an intriguing magnetic character is also detected. There exists an interfacial magnetism at the 

junction of [Co6Se8(PEt3)5]2, where two [Co6Se8(PEt3)5 clusters fuse to form a dimer. 

This chapter has been reproduced from the article which I co-authored. It has been slightly 

adapted for the readability in the framework of my dissertation. Still, it has not been changed in 

any way affecting the data, meaning, or interpretation. Submitted to Nanoscale, 2021, Under 

Consideration. Copyright (2021) Royal Society of Chemistry. 

 

4c.1. Introduction 

An isolated Co6Se8(PEt3)6 cluster is non-magnetic; however, we find that a magnetic unit can be formed 

by fusing two Co6Se8(PEt3)5 superatoms into a [Co6Se8(PEt3)5]2 dimer. Theoretical studies indicate that 

the dumbbell-shaped [Co6Se8(PEt3)5]2 dimer has a spin moment of 2 µB, and the spin density is primarily 

localized at the interfacial Co-sites of the fused dimer. The dimer has a low ionization energy of 4.17 eV, 

allowing donation of charge to C70 while forming a cluster assembled material, as seen in recent 

experiments by Nuckolls and co-workers. The donation of charge causes the dimer’s magnetic moment 

to drop to 1 µB. We hypothesize that adding electrons to the dimer, such as doping impurities to the crystal 

lattice, may enhance the magnetic moment by neutralizing the charged cluster, revealing a strategy for 

stabilizing magnetic moments in ligated cluster assemblies.
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Ligated metal chalcogenide clusters have emerged as a new class of superatoms that have attracted 

considerable interest.46–51,84 The most common central core of metal-chalcogenide clusters has a 

composition of TM6X8(L)6 (TM: transition metal, X: Chalcogen, L: Ligand). These building blocks 

are highly stable, can be prepared in solution, and are redox-active, allowing the formation of ionic 

cluster assembled solids with various complementary units.49–53,84,85 These interesting classes of 

solids were initially reported by Roy et al.,49–53,84,85 who synthesized three such solids, including 

[Co6Se8(PEt3)6][C60]2, [Cr6Te8(PEt3)6][C60]2, and [Ni9Te6(PEt3)8][C60]. In each case, the core 

consists of chalcogenide-based clusters decorated with 6 or 8 triethylphosphine (PEt3) ligands 

connected to the metal atoms, thus protecting the sensitive metallic core. In the solid phase, the 

ligated clusters donate charge to C60 (charge acceptor) to form an ionic assembly analogous to CdI2 

or NaCl class of ionic salts.51 Recent theoretical investigations have revealed that the ligands protect 

the metallic cores and control the electronic and magnetic properties. Furthermore, donation of 

charge to counterions promotes the formation of stable crystalline solids through ionic cluster 

assemblies.86–89   

The attached ligands generally protect the clusters and promote the formation of the ionic solids; 

however, the ligands may quench the magnetic moment of the transition metal atoms in the 

cluster.90 Thus, we seek a way to protect the metal-chalcogenide cluster with ligands while also 

stabilizing the respective magnetic state. In this work, we show that by fusing two ligated 

superatomic clusters, one can form a dimer with a  magnetic moment localized at the interface 

between the fused clusters.11,91–93 We demonstrate this by considering the metal-chalcogenide 

cluster-core of Co6Se8 with PEt3 ligands. The addition of six PEt3 ligands to the Co-sites quenches 

the spin magnetic moment of the cluster. 
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In contrast, removing the PEt3 ligands can restore the spin moment. However, the unligated cluster 

becomes unstable. One way to overcome this problem is to join two Co6Se8(PEt3)5 clusters into a 

composite [Co6Se8(PEt3)5]2 unit through covalent bonding between Co and Se sites on different 

clusters. Here we show that such a composite cluster has a finite spin moment localized at the 

interfacial sites, thus offering a unique opportunity for a tunable spin magnetic moment in a ligand 

protected cluster. Additionally, these magnetic units can also be arranged into a magnetic cluster 

assembly. 

Our investigations are inspired by the recent experimental work by Nuckolls et al.,94, who have 

stabilized metal-chalcogenide dimers, [Co6Se8(PEt3)5]2 with C70
- dimers forming a cluster 

assembled solid using toluene solvent. As pointed out by Nuckolls et al.94, the dimers’ elongated 

shapes allow the facile synthesis of novel solids that pack these dumbbell-shaped composite metal-

chalcogenide clusters with other dumbbell-shaped C140 counterions to form stable anisotropic 

solids. Furthermore, the shape allows the generation of multiple assemblies with differing atomic 

arrangements of these ionic cluster solids formed from [Co6Se8(PEt3)5]2
+ cations and C140

2- anions. 

We find the large cohesive energy of the cluster assembled material demonstrating a significant 

stabilization during the formation of the material by charge transfer from the metal-chalcogenide 

dimers to the fullerenes. Hence, the material is stabilized via ionic bonding.  

 

4c.2. Results 

Effect of Ligands on the magnetic properties of a Co6Se8(PEt3)n (n=0-6) cluster and dimer formation 

We present a brief review of the ligand effects on a Co6Se8 cluster's spin-magnetic moment. The 

ground-state structure of Co6Se8 cluster has a net spin magnetic moment of 10 µB. The average 

Co−Se bond is around 2.39 Å, and each Co-site carries a local spin magnetic moment of 

approximately 1.5 µB. The successive additions of PEt3 ligands decrease the total magnetic moment 

monotonically until the magnetic moment is wholly quenched for the fully ligated cluster. The local 
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spin-moments reduce drastically after the ligation on the Co-sites, also seen in Figure 4.15. A 

detailed electronic structure investigation reveals that the ligand states bind with the d-states of the 

Co-sites that lead to a filling of minority states resulting in a decrease in the local moment, as shown 

in our previous work.90 These results suggest that one way to create a magnetic cluster is to remove 

one or more ligands; however, such unligated species are likely to be transient. One strategy for 

stabilizing such magnetic clusters is to fuse two ligated metal-chalcogenide clusters. When two 

Co6Se8(PEt3)5 clusters combine through the unligated Co-sites with the Se-sites of another cluster, 

they form a composite superatomic dimer [Co6Se8(PEt3)5]2, as shown in Figure 4.16.  This dimer 

could result in a magnetic species with no exposed metal sites and enhanced stability. The ligated 

dimer is protected from exposure; however, the lack of a closed electronic shell and numerous 

phosphine ligands means that such dimers will likely be excellent charge donors and become cations 

when forming the cluster assembled solids. Figure 4.16 shows the dumbbell-shaped ground state 

structure of [Co6Se8(PEt3)5]2 with a net spin moment of 2 µB. The dimer's Adiabatic Ionization 

Potential (AIP) is only 4.17 eV, slightly less than that of a K atom95, showing its aptness as a donor. 

Since the cluster is expected to donate charge while forming an ionic solid, we also calculated the 

spin magnetic moment of the cationic species and found it to be 1 µB. The spin densities for both 

neutral and cationic dimers are localized at the interfacial Co-atoms of the fused clusters, as seen in 

the isosurfaces in Figure 4.16(b). Thus, we have a magnetic moment on the unligated Co-sites at 

the interface while still protecting the interfacial Co-atoms from the reactivity. To gain more insight 

into the nature of states contributing to the moment, we show in Figure 4.17 the one-electron levels 

in the neutral and cationic dimers. The ground state of the neutral cluster is marked by a pair of d-

states a1 and a2 (Dyz/Dxz and Dz
2) in the majority spin states that are unoccupied in the minority spin 

states, as shown in Figure 4.17(a). 
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These states correspond to the d-states of the interfacial Co-atoms and are responsible for the spin 

magnetic moment of 2 µB. The HOMO level is in the majority spin, while the LUMO level is in the 

minority manifold. However, when the dimer becomes cationic, the HOMO level shifts to the 

minority spin channel, and the LUMO level shifts to the majority spin states, as shown in Figure 

4.17(b). 

Figure 4.15 (a) Ground state structures of Co6Se8(PEt3)n (n = 0-6). The net magnetic moments (μB) 

for each system are also provided. (b) A representative plot of the local magnetic moments of the 

unligated and ligated Co sites for Co6Se8(PEt3)n (n = 0-6). The total magnetic moments of each 

clusters are also plotted in orange. 
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Figure 4.16 (a) Optimized ground state structure and (b) Spin density isosurface plot of the neutral 

and cationic [Co6Se8(PEt3)5]2 dimer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We also analyzed the electronic states to examine the stability of clusters. The neutral and cationic 

species are marked by HOMO-LUMO gaps of 0.35 and 0.30 eV, respectively. Additionally, we 

found that the magnetic moment of the dimer with +2 oxidation state is also 2 µB. It is interesting 

to note that both neutral and +2 state has a magnetic moment of 2 µB, while the cationic dimer has 

the spin magnetic moment of 1 µB. 
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Figure 4.17 The one-electronic energy levels of (a) neutral and (b)cationic [Co6Se8(PEt3)5]2 dimer. 

The isosurfaces of a few selected orbitals are also shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Since a pair of unfilled minority states characterize the neutral species, one may ask if filling those 

states would complete the electronic shell and lead to an electronically stable cluster. To explore 

this possibility, we investigated the electronic structure of a [Co6Se8(PEt3)5]2
2- cluster, which is 
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found to be non-magnetic with a larger HOMO-LUMO gap of 0.53 eV, indicative of an 

electronically stable species.  

Cluster assembled solid 

As mentioned earlier, Nuckolls et al.94 have recently synthesized a cluster assembled solid by 

combining [Co6Se8(PEt3)5]2 dimers with C140 motifs composed of two-linked C70 clusters with 

toluene solvent molecules.94 Both [Co6Se8(PEt3)5]2 and C140 are observed to have dumbbell-shaped 

structures. They have synthesized three different cluster-assembled solids made from 

[Co6Se8(PEt3)5]2 and the C70 dimers(C140), using different stoichiometry of toluene molecules. 

Initially, we start with investigating the redox properties of the cluster building blocks to understand 

the formation of this cluster assembled solid.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 a) The optimized unit cell structure of {[Co6Se8(PEt3)5]2(Toluene)2C140}2 crystal. 

b) The spin density isosurface of the dimer unit.   
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As the HOMO of the [Co6Se8(PEt3)5]2 dimer is higher than the LUMO of the C70, the electron 

transfer from the dimer to the C70 is energetically favorable. The radical C70
- anions formed have 

HOMO-LUMO gaps of only 0.12 eV and are highly reactive. Hence, the C70
- anions combine to 

form the dimer C140
2-, that has a closed electronic shell and a large HOMO-LUMO gap of 0.73 eV.  

We next examined one of the crystal structures from experiment94 to understand how the electronic 

structure of the metal chalcogenide-dimers evolves as they form the observed cluster-assembled 

solid. We studied the crystal structure of the solid with the stoichiometry of 

{[Co6Se8(PEt3)5]2(Toluene)2C140}2 in the unit cell, and the details of the calculations are noted in 

the Methods Section in Chapter 2. Figure 4.18 shows the unit cell and an isosurface of the electron 

spin density, which exhibits that spin density is localized on the interface between the fused clusters, 

as seen in Figure 4.18(b). The magnetic moment on each dimer is found to be 1 µB; however, the 

coupling between the four dimers in the unit cell is antiferromagnetic. This antiferromagnetic 

arrangement is only 0.03 eV lower than the ferromagnetic state, displaying the magnetic moment 

of 1 µB per dimer or 4 µB per unit cell. The schematic of the antiferromagnetic and ferromagnetic 

couplings between the dimers in the solid is given in Appendix Figure A1. Besides the energies 

being very close for the antiferromagnetic and ferromagnetic couplings, the bandgap energies are 

also almost equal with the values of 0.24 eV for each.  We know that the spin magnetic moments 

of the neutral and cationic dimers are 2 µB and 1 µB, respectively, from our free cluster calculations. 

Hence, the dimers in the solid with 1 µB can be best described as cations [Co6Se8(PEt3)5]2
+. To 

confirm this, we did a Bader analysis of the charge density and found a charge transfer of 0.81 e- 

from each [Co6Se8(PEt3)5]2-dimer units to the C140 units as seen in Table 4.2. It confirms that the 

dimers are in the cationic state, and the C140 are also best described as C140
2-. These theoretical 

calculations verify the experimental inference of charge transfer between the dimers and the 

fullerene units.94 The stabilization of the cluster assembly due to charge transfer is confirmed by an 
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energy analysis that gives the cohesive energy of the unit cell to be 26.68 eV. The cohesive energy 

is calculated by equation 1, 

TolC])(PEtSe[CoSolidcohesive E4E4E4EE
7025386
−−−=              (4.2) 

 SolidE ,
25386 ])(PEtSe[CoE ,

70CE , and 
TolE represent the energies of solid, [Co6Se8(PEt3)5]2, C70, and 

toluene molecules, respectively in equation 4.2. To investigate further, we have calculated the 

removal energy of individual components in the solid. The removal energy is computed as the 

energy difference between the optimized {[Co6Se8(PEt3)5]2(Toluene)2C140}2 crystal and the 

optimized solid without the respective component.  We found that the toluene's removal energy is 

0.97 eV per molecule, and this comes to 3.88 eV for the four molecules in the unit cell. For 

comparison, the removal energies of the (C70)2 and [Co6Se8(PEt3)5]2 are found to be 9.66 and 7.72 

eV, respectively. These large removal energies confirm that there is ionic interaction holding the 

material together. An alternative way of looking at this is that the cohesive energy of the cluster 

assembled material per electron transfer from the dimer to the C70 is 6.67 eV, as there are 4 electron 

transfers per unit cell. For comparison, the cohesive energy for NaCl is ~8.19 eV per electron 

transfer96,97, so the value is in the range expected for an ionic solid. The 6.67 eV cohesive energy 

combines several factors; in addition to the electron transfer, the bonding that forms the (C70)2 by 

combining two C70 is also included, as our reference energy is isolated C70. For free clusters, this 

bond energy is approximately 1.11 eV for combining two C70
- into (C70)2

2-. The result of this dimer 

formation is a rough estimate since the stability of double anions in free space is much lower than 

in a solution or in a solid. The cohesive energy of 6.67 eV per electron transfer demonstrates that 

the present cluster assembled material is not a molecular solid but rather a material held together 

via ionic bonding. The projected density of states (PDOS) of metal chalcogenide dimer, fullerene, 

and toluene within the solid is shown in Figure 4.19. The material's bandgap energy is calculated 

to be 0.24 eV, with the valence band edge composed of the states on the metal-chalcogenide dimer. 

In contrast, the conduction band edge is mostly localized on the fullerenes (C140). The gap on the 
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Table 4.2 The charge transfer between fused clusters, C140 units, and toluene molecules.  

Figure 4.19 The projected density of state (PDOS) plot including the various components 

of {[Co12Se16(PEt3)10]2(Toluene)2C140}2 solid. 

metal-chalcogenide dimers is found to be 0.32 eV. The optical bandgap from the experiment is 

reported to be 0.55 eV, which is higher than the calculated value. Our calculated value is expected  

 

 

 

 

to be lower than the experimentally observed value since the valence band edge is found on the 

metal-chalcogenide while the edge of the conduction band is on the fullerenes so that the band edge 

excitations may be relatively weak.  

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore, the density functional theory also tends to underestimate the bandgap energy.98–101 

We next want to understand how the electronic structure changes as we move through the fused 

cluster dimer and are especially interested in the interfacial region where the two clusters are joined. 

We plotted the local density of states of different regions of the dimer in Figure 4.20. The regions 

Units Charges Total number of 
units 

Total-Charge 

Cluster 0.8056 4 3.2224 

C140 -1.6174 2 -3.2348 
Toluene 0.00297 4 0.0119 
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correspond to different cross-sections of the fused clusters as we move from one terminal end, the 

1st and 2nd regions, through the interface, the 3rd region, and on to the other terminal end of the 

cluster dimer, the 4th and 5th regions. 

 

 

 

 

 

 

 

 

 

 

The 1st and 2nd regions are the mirror images of the 5th and 4th regions, respectively, as shown in 

Figure 4.20(a). Figure 4.20(b) provides the local density of states of free cationic dimer 

[Co6Se8(PEt3)5]2
+, and Figure 4.20(c) presents the local density of states of the metal-chalcogenide 

dimer in the cluster assembled solid. In both the free cluster and the solid, we see that the spin is 

quenched in every region except in the 3rd region that lies at the junction between the fused clusters. 

In the 3rd region, two unfilled minority states and one unfilled majority impurity state are found, 

consistent with a spin of 1 µB per cluster, offering additional proof that the spin is localized only at 

the interfacial Co-atoms. Hence, we have stabilized a ligand-protected cluster with a finite magnetic 

moment at the junction by fusing two clusters. Besides, we have reconfirmed that the interfacial 

magnetic moments of the metal-chalcogenide dimers are preserved even after the solid assembly. 

Next, we consider the effect of adding or removing electrons on the magnetic state of such metal-

chalcogenide dimers. The metal-chalcogenide dimers in the solid have +1 charge states with a 

Figure 4.20 a) The splitting of dimer into different regions, b) local density of states of different 

sections of the cationic metal-chalcogenide dimer in isolated system and c) within the  solid 

{[Co6Se8(PEt3)5]2(Toluene)2C140}2. 
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magnetic moment of 1 µB. However, the neutral and +2 states of metal-chalcogenide dimers have 

a magnetic moment of 2 µB.  Hence, if an electron can be added to or taken out from the dimers in 

the solid, then the magnetic moment of the solid can be increased. Fortunately, the controlled doping 

of impurities in the crystal lattice is possible through chemical synthesis.30 Thus, the addition of 

electron-donating or electron-withdrawing species to the material might enhance the magnetic 

moment, offering a cluster assembled material with tunable magnetic properties.18,102  It can be used 

as a method to enhance the magnetic moment in the ligated cluster assembled materials. We would 

like to add that in recent experiments, the significant electron transport was observed for only one 

of the three synthesized cluster assembled materials- {[Co6Se8(PEt3)5]1.44(Toluene)2C140}2, where 

the distance between the C140 chains was only 3.8 Å (the shortest distance between three cluster 

assembled materials). It was proposed that the conduction in that assembly was through fullerenes. 

However, it should be possible to induce conduction pathways through chalcogenide clusters by 

appropriate doping. One strategy to induce conductivity through the metal-chalcogen clusters 

would be to use bidentate aromatic ligands that could connect different clusters or use smaller 

ligands such as PMe3 to decrease the distance between the clusters. The second strategy could be 

to use 4d or 5d transition metals as these clusters may be more delocalized than the 3d clusters, 

resulting in better conduction. However, this may also lead to a change in the spin on the cluster 

interface. Hence, under circumstances where the conduction is through the metal-chalcogen 

clusters, the currents will be spin-polarized. 

 

4c.3. Conclusions 

To summarize, we have shown that by linking two Co6Se8(PEt3)5 clusters, it is possible to form a composite 

dimer [Co6Se8(PEt3)5]2 that is magnetic. The spin magnetic moment is primarily localized at the interfacial 

Co-sites of the fused into a dimer. Furthermore, the dumb-bell-shaped dimer is marked by low ionization 

energy of 4.17 eV, which can interact with the similar shaped C140 composed of two C70 units, characterized 
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by a high electron affinity to form a stable ionic solid. Additionally, the theoretical calculations confirm 

that the [Co6Se8(PEt3)5]2 dimer loses electrons to C140 in the solid, leaving each metal-chalcogenide dimer 

as cations supporting the experimental work done by Nuckolls and co-workers.94 The neutral dimers have 

a spin moment of 2 µB per cluster, while the cationic dimers have spin moments of 1 µB. When an electron 

passes through the metal-chalcogenide dimer, the transient neutrality of the cationic species will favor the 

higher magnetic state of the neutral dimer. Thus, the cluster-dimer is expected to show an intriguing 

magnetic characteristic when an electron is added to the system. Suppose the electron is induced through 

the impurities to the cluster assembled materials. In that case, it can be used as a strategy to enhance the 

magnetic moment. It might also lead to the spin-polarized current, a helpful situation for spintronic-related 

applications. 
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Chapter 5 

A ligand-induced homojunction between aluminum-based superatomic clusters 

This chapter is somewhat like an extension of the previous chapter on the fused dimer. We 

wanted to broaden that the dimer formation is not only limited to the metal-chalcogenide 

clusters but can also be extended to the simple metallic clusters, as we know that simple 

metal clusters are fairly established from the research of the past few decades. However, 

the direct fusion of two simple metallic clusters (aluminum-based clusters) leads to 

coalescence, and an organometallic linker is needed to link two simple metal clusters. Once 

the dimers are formed, the electronic levels in the dimer can be controlled by using organic 

ligands and the external electric field. Furthermore, the dimer consisting of simple metal 

clusters showed potential for photovoltaics application. 

This chapter has been reproduced from the article which I co-authored. It has been slightly adapted 

for readability in the context of my dissertation but has not been changed in any way affecting the 

data, meaning, or interpretation and adapted from Nanoscale 2020, 12, 12046-12056. Copyright 

(2020) Royal Chemical Society. 

 

Introduction 

A superatomic cluster formed by joining two metallic clusters through an organometallic bridge 

can behave like a semiconductor. Moreover, the addition of ligands can induce a significant shift 

between the conduction and valence band edges across the inter-cluster interface. The N-ethyl-2-

pyrrolidone ligands induce the band alignment, and the location of the ligands strongly affects the 

direction of the dipole moment, including the case where the dipole moment is parallel to the inter-

cluster interface. This provides an alternative strategy for constructing nanometer-scale electronic 
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interfaces. The semiconducting features in the PAl12 clusters emerge from the grouping of the 

quantum states in a confined nearly free electron gas that creates a substantial energy gap. An 

organometallic Ge(CH3)2(CH2)2 bridge links the clusters while maintaining the cluster’s electronic 

shell structure. The amount of band shifting between the bridged clusters can be changed by 

controlling the number of ligands. Attaching multiple ligands can result in the valence band edge 

of one cluster being aligned with the conduction band edge of the other bridged cluster. Similarly, 

the band shift across two linked metallic clusters can also be modulated by the external 

homogeneous electric field. Furthermore, the singly ligated bridged superatomic molecule exhibits 

promising features to separate the electron-hole pairs for photovoltaic applications. 

Band alignment at the diode interface takes place by stacking two semiconductor materials in bulk: 

a p−type semiconductor carrying an excess of holes and an n−type semiconductor with an excess 

of electrons.1–4 The difference in their chemical potentials causes diffusion of charge carriers that 

generate an internal electric field.5–10 Consequently, an in-built potential accompanied by an 

internal electric field at the interface results in a directional electrical current under an applied 

external bias voltage. Several kinds of p−n junctions in two dimensions have been proposed; for 

example, two 2D materials joined at the same plane provide the lateral junction while face-to-face 

stacking of materials leads to a vertical junction.11–13 An attractive alternative way is to use 

electronics based on single molecules or clusters. Such systems exhibit valuable and unusual 

properties such as current rectification, photovoltaics, electronic switching, and negative 

differential resistance (NDR).14–25 The majority of such research has focused on molecular rather 

than cluster-based materials. This work investigates the possibilities of connecting simple metal 

clusters that attain closed electronic shells and test the hypothesis that significant band alignment 

in these systems may occur through ligand attachments and the application of external fields.    
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In this study, we link two metallic clusters with the open-electronic shell using an organometallic 

linker. Simple metallic clusters can have large HOMO-LUMO gaps because the quantum states in 

small symmetric clusters are bunched into electronic shells due to the quantum confinement.26 The 

quantum confinement leads to quantum states with orbital character 1S, 1P, 1D… resembling the 

s, p, d.. states in atoms, where the uppercase letters are used to denote states in clusters while the 

lower case letters are used for atoms.26–29 Research over the past thirty years has shown that the 

shell structure controls electronic, magnetic, optical, and chemical behavior.30–36 Extensive work 

has shown that the electronic structure of aluminum clusters can be fairly rationalized in terms of 

a confined free electron gas.37–39 Aluminum is trivalent; hence, the PAl12 cluster has 41 valence 

electrons corresponding to a closed shell structure of 1S2, 1P6, 1D10, 2S2, 1F14, 2P6 with an extra 

electron past the filled shell. Attachment of a bridging molecule to the PAl12 cluster results in a 

covalent bond, which reduces the effective electron count to 40 valence electrons in the cluster, 

maintaining a closed electronic shell with a large HOMO-LUMO (HL) gap. Two PAl12 clusters 

are combined by a Ge(CH2)2(CH3)2 linker, representing an unsaturated version of a tetra-methyl 

germanium Ge(CH3)4, to form a bridged superatomic cluster, PAl12[CH2CH3GeCH3CH2]PAl12. 

We further show that such a bridged metallic cluster marked by a large gap can emulate 

semiconducting features arising from quantum confinement. 

Generally, the chemical potentials of clusters are governed by the position of the HOMO and 

LUMO levels that in turn affect the electronic characteristics like the ionization energy and 

electron affinity. Recently, we have shown that the position of HOMO or LUMO levels in a variety 

of metal clusters can be tuned by using charge transfer ligands with electron-donating or accepting 

properties such as phosphine (PEt3, PMe3), CO, CN as they bond and form surface dipoles.40–48 

We have also found that fused metal-chalcogenide clusters with unbalanced ligands may create 
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intense internal electric fields ideal for separating electron-hole pairs in photon harvesting.49 In 

this work, we have induced a diode-like shift in the conduction and valence band edges on both 

sides of the bridged superatomic molecule by attaching N-ethyl-2-pyrrolidone (EP=C6H11NO) 

ligands on one of the PAl12 clusters. We have previously shown that EP ligands raise the chemical 

potential of the cluster, making it an effective donor without changing the electronic shell 

structure.50 The proposed bridged superatomic molecule shows pronounced band alignment. The 

valence band edge of the donor cluster (ligated cluster) becomes aligned with the conduction band 

edge of the non-ligated cluster. A unique feature of this arrangement is that the placement of the 

ligands primarily determines the direction of the dipole moment so that the net dipole moment may 

be parallel to the inter-cluster interface. Independent of the placement of the ligands, a significant 

shift in the band energies on both sides of the interface occurs. Finally, an examination of the 

optical spectra of our proposed bridged superatomic molecule reveals that the electrons and holes 

on each side of the inter-cluster interface are well-separated.    

Results and discussion 

Controlling the HOMO and LUMO via Ligands 

Our discussion starts with a brief review of modulation of the position of energy levels invoked 

by ligands. To show that the effect is general, we have investigated the impact of the EP ligand on 

the electronic states of Al13 and PAl12 clusters. Metallic clusters with 40 valence electrons are 

found to have a closed electronic shell. Hence, the Al13 cluster, with 39 valence electrons, can be 

considered a halogen, while the PAl12 cluster, with 41 valence electrons, behaves like an alkali. 

Figure 5.1 shows the optimized ground-state structures of bare, and the EP ligated Al13 and PAl12 

clusters and their corresponding one-electron energy. We find that the effective valence electron 

count or the electronic configuration of Al13 and PAl12 is not altered by attaching an EP ligand.  
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Figure 5.1 One-electron energy levels of bare and EP ligated Al13 and PAl12 clusters. 

Solid and dashed lines represent the occupied and unoccupied energy levels, 

respectively. The arrows represent the occupation of up and down spin states. 

 

For example, Al13 and Al13(EP) are both one electron short of a closed electronic shell. The last 

unfilled orbitals are 2P states (43 MOβ and 20 MOβ), leading to an open-shell electronic 

configuration 1S2, 1P6, 1D10, 2S2, 1F14, 2P5. A similar phenomenon is observed in PAl12 and 

PAl12(EP), both having one extra electron past the closed electronic shell, with the last filled 

orbitals in both clusters being 1G1. However, upon ligation, there is a pronounced upward shift in 

the entire electronic spectrum of Al13 and PAl12, where the HOMO level of Al13 is raised by 0.63 

eV while in the PAl12 the HOMO level is increased by 0.59 eV. The raising of the electronic  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

spectrum can be partly understood from the increased charge density in the core due to the electron-

donating nature of the EP ligand. A Hirshfeld charge analysis confirms a gross charge of -0.369 e- 

and -0.349 e- on Al13 and PAl12 clusters, respectively, in the presence of EP ligand. The ligated 
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clusters show the decrease in adiabatic ionization energy (AIE) relative to the bare clusters as the 

HOMO levels of the ligated clusters are raised in energy. One of the entities of our interest in the 

current work is the dipole moment of the ligated clusters due to local charge transfer. Al13(EP) and 

PAl12(EP) have dipole moments of 14.16 and 13.91 Debye, respectively pointing from cluster to 

the EP ligand, which confirms the donor nature of the ligand.  

 

Superatomic clusters and Ge Bridge (CH3CH3GeCH3CH3) molecule 

To examine our hypothesis that ligands may induce significant band alignment between two 

bridged metallic superatoms. Two metallic superatom clusters coalesced when they are linked 

directly, unlike the metal chalcogenides clusters. Hence, we first need to identify a way for linking 

two metallic superatom clusters. An organometallic linker, tetramethyl germanium (Ge(CH3)4) 

offered the possibility to connect two metallic superatomic clusters. This organometallic species 

has insulator-like properties, a very high HL gap of 6.23 eV and an adiabatic IE of 8.75 eV. It is 

observed that the removal of one H atom from a CH3 group leaves an unsaturated carbon, which 

binds the linker to the clusters through σ-bonding. The notation is made simpler by denoting 

−CH2CH3GeCH3CH3 linker as Ge1
B, while Ge2

B means the linker −CH2CH3GeCH3CH2−. The 

subscript ‘B’ represents that the Ge-linker is acting as a bridge between two clusters. Three metallic 

clusters, namely, MAl12, (M = C, P, and Al) are chosen as possible motifs to form the bridged 

superatomic molecule with Ge-linker. The CAl12Ge1
B cluster turns out to be an open-shell system 

with a small HOMO-LUMO gap of 0.51 eV. Al13Ge1
B is found to be a closed-shell system with a 

relatively high HOMO-LUMO gap of 1.45 eV. However, Al13 does not retain its icosahedron 

structure in the ground state of Al13Ge1
B. On the other hand, attaching Ge1

B to the PAl12 cluster 

also results in a closed shell system with the highest HOMO-LUMO gap of 1.65 eV showing 
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enhanced chemical stability among all the MAl12Ge1
B. Hence, the PAl12 cluster is favored as a 

suitable motif for building the bridged superatomic molecule. The binding energy (BE) is 

calculated using the following equation: 

BE = E[PAl12] + E[Ge1
B] – E[PAl12Ge1

B]            (5.1) 

where, E is the total energy of the respective system. We have found that Ge1
B strongly binds with 

the PAl12 cluster with a BE of 2.85 eV. The PAl12 cluster has 41 valence electrons, and the higher 

value of BE between the PAl12 cluster and Ge1
B is attributed to the polar-covalent Al-C bonding 

that localizes one electron from the PAl12 valence pool. Hence, PAl12 attains a filled valence shell 

of 40 electrons leading to its electronic shell closure and a high HOMO-LUMO gap of 1.65 eV 

when bonding to the Ge-linker. 

Ge2
B Bridged superatomic molecule PAl12[Ge2

B]PAl12 

We then designed a bridged superatomic molecule in which two identical PAl12 superatoms are 

linked through an organometallic linker, Ge2
B. Figure 5.2 shows the optimized ground state 

structure of PAl12[Ge2
B]PAl12. The bridged superatomic molecule turns out to have a large 

HOMO-LUMO gap of 1.53 eV. To see whether its electronic structure can be described by nearly 

free electrons gas, we have analyzed the molecular orbitals of PAl12[Ge2
B]PAl12. Figure 5.2 reveals 

a unique feature of the electronic structure of PAl12[Ge2
B]PAl12 in which each PAl12 cluster 

maintains its closed electronic shell structure with 40 valence electrons. It is important to highlight 

that this feature can be attributed to the presence of Ge-linker. The bridged superatomic molecule 

has a relatively high AIE of 5.66 eV and a relatively low AEA of 2.16 eV. 
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Figure 5.2 Optimized ground-state structure and electronic structure of bridged superatomic 

molecule PAl12[Ge2
B]PAl12. Solid and dashed lines represent the occupied and unoccupied 

energy levels, respectively. The color-coding indicates the type of delocalized orbitals, and gray 

indicates orbitals localized on the Ge linker. Only a few delocalized molecular orbitals of P, D, 

and F characters are shown for clarity. 

 

    

 

 

 

 

 

 

 

 

 

 

In Figure 5.3, we show the projected density of states of the bridged superatomic molecule 

corresponding to PAl12, Ge2
B, and PAl12 components and the one-electron energy levels of the 

bridged superatomic molecule. Interestingly, the HOMO of the bridged molecule is found to be -

4.68 eV, and a HOMO-LUMO gap of 1.53 eV marks each PAl12 cluster. The HOMO level is 

significantly lower than the bare PAl12 (-3.72 eV), confirming that the bridged superatomic 

molecule no longer has alkali-like superatomic behavior of the bare PAl12 cluster.  
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Figure 5.3 A) Partial density of states (PDOS) and B) One-Electron energy levels of 

PAl12[Ge2
B]PAl12 molecule. Solid and dotted lines represent occupied and unoccupied levels, 

respectively. 

 

 

 

 

 

 

 

 

 

 

Effect of EP ligand on the Electronic Structure of the Superatomic Molecule 

As we have discussed earlier that the addition of ligands can modulate the chemical potential of 

the clusters, we next examine whether that can also induce an internal electric field in our bridged 

superatomic molecule. We start with binding an EP ligand to one of the PAl12 clusters to form 

(EP)PAl12Ge2
BPAl12 molecule. The relative energy and structures of ortho, meta, and para 

(EP)PAl12Ge2
BPAl12 showed that the ortho–isomer is found to be the most stable while meta– and 

para–isomers are 0.06 and 0.65 eV higher in energy, respectively. The most stable configuration 

has the EP ligand pointing parallel to the inter-cluster interface. The para is relatively unstable 

because the binding of the organometallic linker has induced a charge donating active site on the 

opposite side of the cluster that reduces the binding of the charge donating EP ligand.54,55  
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We subsequently added two, three, and four EP ligands to form ligated (EP)nPAl12Ge2
BPAl12 

molecules, as shown in Figure 5.4A). The binding energies of the successive EP ligands are 0.91, 

0.79, 0.56, and 0.32 eV, respectively. The EP ligands bind to the aluminum sites of PAl12 clusters 

through their oxygen atoms. While the binding energies are modest, there can be a significant 

effect on the electronic structure of the bridged superatomic clusters. The addition of ligands 

changes the position of the HOMO, indicating a shift in the chemical potential. Figure 5.4B) shows 

that the successive addition of four EP ligands raises the HOMO by 0.50, 0.58, 0.35, and 0.40 eV, 

respectively, from the previous size resulting in a total change of 1.83 eV. The electronic properties 

Figure 5.4 A) Ground state structures of (EP)nPAl12[Ge2
B]PAl12 for n = 0-4 and B) HOMO-LUMO 

levels in left (PAl12
L) and right (PAl12

R) clusters of (EP)nPAl12Ge2
BPAl12 for n = 0-4 respectively. 
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of the (EP)nPAl12Ge2
BPAl12, for n=1-4, are given in Table 1. The rise in the HOMO is exclusively 

due to the orbitals that are located on the ligated cluster. The rise in HOMO leads to a monotonic 

decrease in the AIE, which decreases from 5.66 eV to 3.70 eV in going from zero to four ligands 

on the left PAl12 cluster (PAl12
L). This is because higher is the HOMO, more easily a species can 

be ionized. However, the change in the AEA is not entirely monotonical, as shown in Table 5.1.  

The superatomic molecule with one ligand, (EP)PAl12Ge2
BPAl12, is found to have a large 

dipole moment of 14.32 Debye; however, all this dipole is pointed from the cluster to the EP 

ligand, perpendicular to the molecular axis and parallel to the inter-cluster interface. In a standard 

p-n junction, the n-type side is positively charged, and the p-type side is negatively charged causing 

an internal dipole to point from p-type to n-type. Therefore, one would expect the dipole to be 

pointed towards the ligated cluster. However, as seen in Table 5.1, the dipole along the 

supermolecular axis is merely -1.27 Debye, which represents the dipole pointing towards the 

ligated cluster. The strong electron-donating nature of EP is so dominating that almost all the 

dipole moment in (EP)PAl12Ge2
BPAl12 points from the cluster to the EP ligand. Figure 5.5 shows 

the magnitude and direction of dipole moment vectors in (EP)nPAl12Ge2
BPAl12 for n = 1-4. In the 

case with 2 and 3 EP ligands, the z-component of the dipole moment points back towards the “p-

type” non-ligated cluster that should be negatively charged. The addition of the fourth EP ligand 

makes dipole moment perpendicular to the inter-cluster interface, dipole pointing from the non-

ligated to the ligated side with a value of 8.55 Debye, out of a total dipole moment of 8.78 Debye. 

To determine if charge transfer is occurring across the cluster-cluster interface, we investigated 

the charging across the cluster as a function of the number of EP ligands. 
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We found that the net charge on the ligated side of the cluster monotonically increases from +0.18 

e-, and reaches to +0.23 e-, +0.26 e-, +0.29 e-, and +0.32 e-, as the EP ligands are successively 

added. This confirms that the cluster units are behaving like a p−n junction; however, the direction 

of the net dipole is driven by the coordination of the ligand. Another exciting feature of the ligated 

bridged superatomic molecule is the HOMO-LUMO gap that decreases from 1.53 eV for the non-

ligated system to 0.06 eV for the molecule with 4 ligands.  As shown earlier, the addition of ligands 

changes the positions of HOMO and LUMO without significantly affecting the HOMO-LUMO 

gap43; however, our current result indicates a monotonic decrease in the HOMO-LUMO gap with 

the gap almost disappearing when 4 ligands are attached to one side of the bridged superatomic 

molecule. Is there a contradiction? 

   

Figure 5.5 The dipole moment vector in (EP)nPAl12[Ge2
B]PAl12 for n=1-4. The pink 

arrow represents the magnitude and direction of the total dipole moment vector. The 

origin of the cartesian-axes is taken at the center of mass of each system. 
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To resolve this apparent paradox and characterize the molecule's nature, we now examine the 

electronic structure in more detail. We projected the density of states (DOS) of the ligand, the left 

cluster (PAl12
L), bridge (Ge2

B), and the cluster on the right side (PAl12
R). For the symmetric 

superatomic molecule without ligands, the PDOS on the left and right PAl12 is marked by a gap of 

1.53 eV, as discussed earlier. appreciable change in the HOMO-LUMO gap of the orbitals on that 

cluster (PAl12
L). However, the LUMO of the PAl12

R becomes the effective LUMO of the combined 

system. This leads to an apparent decrease in the HOMO-LUMO gap even though the PDOS on 

each side is marked by large HOMO-LUMO gaps. As seen in Figure 5.6, for one EP ligand, the 

HOMO shifts up by 0.52 eV, and LUMO shifts up by 0.56 eV. With the successive addition of EP 

ligands, the shift of the HOMO increases to 1.02 eV, 1.40 eV, and 1.53 eV, respectively. 

 

 

(EP)nPAl12Ge2
BPAl12 

HOMO-

LUMO Gap 
AIP AEA  

Dipole 

Moment 
Dx Dy Dz 

 (eV)  (Debye) 

0 1.53 5.66 2.16  0.97 0.03 -0.97 0.00 

1 1.13 5.21 2.43  14.37 -7.61 -12.13 -1.27 

2 0.60 4.70 1.96  8.82 2.34 -8.28 1.93 

3 0.21 4.19 2.13  5.62 0.91 -2.05 5.16 

4 0.06 3.70 2.00  8.78 -1.45 1.36 -8.55 

Table 5.1 The electronic properties of (EP)nPAl12Ge2
BPAl12, for n=1-4. The total dipole 

moment and their x-, y-, and z- components are also given in Debye.  
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Adding a single ligand to the PAl12
L raises the HOMO and LUMO of the PAl12

L without any  

 

This process results in an apparent decrease in the HOMO-LUMO gap as the HOMO and LUMO 

are located at different clusters. More importantly, the combination now shows the PDOS on the 

PAl12
L is raised compared to the PAl12

R, the hallmark of the p-n junction. One remarkable feature 

of the ligated bridged superatomic molecule with 3 and 4 EP ligands is that the HOMO of the 

ligated cluster becomes nearly aligned with the LUMO of the non-ligated cluster.  

Figure 5.6 The density of states of the (EP)nPAl12[Ge2
B]PAl12 for n=1-4. The projected density 

of states of both sides of the cluster are plotted separately with the ligated cluster on the left, and 

the non-ligated on the right. The red dotted lines indicate the shift of the HOMO and LUMO 

levels across the intercluster interface. HOMO-LUMO gaps in eV are given by ∆. 
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Electric Field Effects  

To better understand the band alignment that is occurring across the inter-cluster interface, we 

have applied an external homogeneous electric field perpendicular to this interface. The z-axis of 

the superatomic molecule is aligned perpendicular to the interface, with the origin of the cartesian 

coordinate placed at the center of mass of the whole molecule. The uniform external field is applied 

from the center of mass of the superatomic molecule along +/- z-axes. This allows us to compare 

the effective band alignment induced by the ligands to the band alignment caused by the voltage 

drop due to the external homogeneous electric field. The shift is symmetric over both directions of 

the applied field for PAl12[Ge2
B]PAl12, as shown in Figure 5.7A. An electric field of -0.0036 a.u. 

(Hartree/e Bohr) results in a full band alignment in which the HOMO of PAl12
L aligns with the 

LUMO of the PAl12
R. Likewise, 0.0036 a.u. aligns HOMO of the PAl12

R to the LUMO of the 

PAl12
L. This corresponds to a voltage drop of about 3.2 V across the two PAl12 clusters to fully 

align the HOMO and LUMO. In the case of the ligated superatomic molecule, 

(EP)PAl12[Ge2
B]PAl12, we see that the bands are not aligned at the zero electric fields. An 

approximate electric field of 0.001 a.u. needs to be applied to align the HOMO of the left and right 

clusters. As shown in Figure 7B), it requires an electric field of -0.0026 a.u, which corresponds to 

2.3 V, to align HOMO of PAl12
L with LUMO of PAl12

R. Hence, the effective voltage shift across 

the cluster due to the addition of a single EP ligand is about 0.9 V. Similarly, the HOMO of PAl12
R 

can be also aligned with the LUMO of the ligated PAl12
L cluster. However, a larger (almost twice) 

electric field of +0.005 a.u, which correspond to voltages of 4.4 V, is required. These results 

confirm that the addition of the EP ligand produces an asymmetric bias in the response of the band 

alignment when a voltage is placed across the bridged superatomic molecule. 
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Optical Absorption of (EP)PAl12Ge2
BPAl12 

We now examine the potential of the bridged superatomic molecule to separate the electron-hole 

pairs for photovoltaic applications. Our earlier studies suggest that for a fused cluster to qualify 

for photovoltaics, the system should have the following three attributes: (i) a large dipole moment 

to separate electron-hole pairs, (ii) The holes and electrons should be localized at different regions 

Figure 5.7 A) The energies of the HOMO and LUMO on the left and right cluster in 

PAl12(Ge2
B)PAl12 as a function of an electric field along the shown z-axis. B) The energies 

of the HOMO and LUMO on the PAl12
L and PAl12

R clusters in (EP)PAl12(Ge2
B)PAl12 as a 

function of an electric field along the shown z-axis. 
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of the superatomic unit, and (iii) The optical gap must be greater than the HOMO-LUMO gap of 

the system, which would show that the electron-hole recombination is unlikely.49 The spin density 

of cationic and anionic states of (EP)PAl12Ge2
BPAl12 exhibit that the electron and holes are located 

at different regions of the bridged superatomic molecule, as shown in Figure 5.8A). The absorption 

spectrum of the molecule using time-dependent density functional theory is also shown in Figure  

5.8B). The lowest energy excitation is 1.127 eV; however, the effective optical gap is around 1.70 

eV. Transitions near the HOMO-LUMO gap turn out to have negligible oscillator strengths. Figure 

5.8C) displays the lowest four excitations: HOMO→LUMO, HOMO→LUMO+1, 

HOMO→LUMO+2, and HOMO→LUMO+3. All the HOMOs from where electron gets excited 

leaving behind holes are the superatomic states associated with ligated PAl12 part, and the 

corresponding states where excited electron stay are the states over the non-ligated PAl12 part of 

the molecule. These excitations are optically very weak, leading to a low probability of electron-

hole recombination. The presence of a Ge linker as a bridge between two clusters is crucial for 

electron-hole separation in metallic clusters. This could be understood from the fact that electronic 

states directly fused two metallic clusters without bridging molecule span over the combined 

system due to its delocalized nature, minimizing the probability of the electron-hole separation. 

Furthermore, the addition of the EP ligand results in band alignment, that changes the alignment 

of the frontier orbitals of the bridged clusters. Hence, such a bridged metallic superatomic molecule 

provides an alternative route to create separated electron-hole pairs for light harvesting.  
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Conclusions 

The present studies show how the quantum gaps in metallic clusters associated with the quantum 

confinement of a nearly free electron gas can form a well-defined band gap system. The bridged 

superatomic molecule, PAl12[Ge2
B]PAl12, is a possible model for such a device made out of 

metallic clusters. The Ge organometallic linker prevents the coalescing of the metallic clusters. 

The PAl12 clusters have one more valence electron than a closed electronic shell, so by bonding 

with the linker, the cluster attains a closed electronic shell. Hence, the germanium linker separates 

Figure 5.8 A) The spin density on the (EP)PAl12Ge2
BPAl12 cluster to show the location of the 

electron and electron-hole. B) The optical absorption spectra and C) the orbitals corresponding 

to the low energy excitations that could cause electron-hole pair recombination. The excitation 

energies are given in eV and are represented in pink.  
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the individual clusters into two separate branches and provides electronic stability. Once the 

clusters are stable and well separated, we can add ligands to alter the electronic structure. One of 

the unique features of the current proposal is how the addition of charge transfer ligands may alter 

and tune the chemical potential of the individual clusters. The addition of the EP ligand raises the 

bands of the cluster, on which the ligand is bound, leading to a shift in the alignment of bands 

across the inter-cluster interface. The dipole moment in such a device is driven by the direction of 

the ligand-cluster bond, so the net dipole moment of the system can vary from parallel to 

perpendicular to the inter-cluster interface, depending on the direction of the bonding. The unit, 

(EP)PAl12[Ge2
B]PAl12, is an intriguing system for photon harvesting because the band alignment 

within the cluster may prevent the recombination of electron-hole pairs. These results reveal an 

alternative strategy for engineering internal electric fields at the scale of a single nanometer.    
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Chapter 6 

Ligand Effects in Heterogeneous catalysis using Palladium clusters on 

supported defected graphene, reduced graphene oxide, and graphene acid 

6.1 Background 

The Cross-Coupling(C-C) reaction is a chemical phenomenon that couples two isolated 

hydrocarbon fragments using a suitable metal catalyst.1–3 Serving as an essential tool for complex 

molecular synthesis, the metal-catalyzed C-C cross-coupling reaction has revolutionized the field 

of synthetic chemistry. As a result, the practical application of the reaction is omnipresent, 

including pharmaceutical, chemical industries, and green energy companies.4,5 The reaction is 

routinely used to synthesize various materials from polymers, medicinal to natural products. In a 

simplified manner, the overall reaction can be represented as, 

XNRRXRNR M −+−⎯⎯→⎯−+− 12

][

12
          (6.1) 

where the final product R2−R1 (R2, R1 = hydrocarbon fragments) of the reaction is synthesized by 

the reaction between an organometallic molecule (R2−N) and an organic halide R1−X in the 

presence of a metal catalyst M.1–3 A general schematics of the whole catalytic cycle is shown in 

Figure 6.1. In standard conditions, the C-C bond formation process is energetically unfavorable; 

hence a suitable catalyst is required to achieve a reasonable reaction rate and a decent chemical 

yield. Thus, the synthesis and utilization of versatile and efficient catalysts are essential. Among 

the available options, the homogenous Pd(0) based catalysts are the most popular because they 

usually lead to high turnover frequencies (TOFs).6 These catalysts were primarily developed in the 

early 1970−80s, which rightfully earned the 2010’s Nobel prize in chemistry.7  

 

 



 

136 

 

 

 

The Suzuki−Miyaura8,9 (or commonly known as Suzuki reaction) C−C cross-coupling reaction is 

a variation of the conventional coupling reaction in which an organo-boronic compound (aryl 

alkenyl, alkynyl, etc.) is treated with organo-halide under a basic condition and in the presence of 

a suitable palladium catalyst (Figure 6.2). An organometallic palladium (0) compound, e.g., 

Pd(PPh3)2, catalyzes the reaction. As shown in Figure 6.2, the overall catalytic cycle proceeds via 

three significant steps a) oxidative addition, b) transmetalation, and c) reductive elimination. In 

the oxidative addition step, the carbon-halogen (R1-X) bond gets dissociated at the active site of 

the organometallic catalyst. In this step, the metal donates an electron pair to the empty antibonding 

orbital of the R1-X bond resulting in the dissociation of the respective bond. Due to the donation 

Figure 6.1  A generalized schematic of the cross-coupling reaction 
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of the electron pair, the Pd (0) metal gets oxidized to Pd (II). Since the reaction is carried out in a 

basic condition (e.g., aq NaOH), in the next step, the halide ion is first replaced by the OHˉ ion, 

followed by a Lewis acid-base adduct formation between the boron and the metal catalyst. In the 

transmetalation step, the R2 group is transferred to the Pd (II)  

 

 

metal center from the boron atom via an intramolecular substitution. The boron atom leaves the 

coordination sphere of the metal as boric acid (B(OH)3). In the final step, i.e., reductive 

elimination, the Pd (II) is reduced to Pd (0) via the formation of the coupled product (R2−R1), and 

the catalyst is regenerated for the next cycle. The developments in synthetic chemistry have 

increased the accessibility to molecules of greater chemical complexity through C-C couplings. 

Figure 6.2 The catalytic cycle of the Suzuki cross-coupling reaction.  
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These reactions are typically performed under homogenous conditions, utilizing ligands to 

enhance activity and selectivity, and are widely used in synthetic chemistry. However, the process 

leads to residual metal contaminating the reaction product as the metal in the solution is used to 

catalyze the reaction.10 This is mainly a significant problem where C-C reactions are extensively 

used. The palladium compounds being highly toxic and the inability to recycle the metal and the 

ligand result in a significant cost component in catalytic applications.11 One way to overcome such 

limitations is to perform the catalysis by particles that can strongly bind to the supports that would 

prevent the leaching of the catalyst into the solutions. These have led to the utilization of palladium 

metal clusters with a wide range of traditional catalyst support systems utilizing various synthetic 

techniques.10,12–15 The development of supported catalysts that could reduce or eliminate leaching 

and sintering while enabling the recyclability processes would be a massive stride in enhancing 

the performance and reducing the cost of the synthesis for various applications. Realizing the 

elements controlling the different reaction steps in the catalysis using the Pdn cluster on the surface, 

including the function of support in lowering the reaction barriers, is the first step towards 

improving the catalysts. Moreover, such insight could also offer pathways to replace Palladium 

with less expensive and more effective metals. 

Since the catalytic activity is directly proportional to the total available surface area, and 

smaller particle-like clusters show significantly higher catalytic activity than larger ones. The 

support also immobilizes the clusters as well as stabilizes them against coalescence. Additionally, 

the support aids in recovering the catalysts after the reaction is complete and helps in the separation 

of the product mixture. Thus, the recoverability and reusability of such heterogeneous catalysts are 

much higher than the conventional homogeneous catalyst, which also reduces the overall cost of 

the synthesis. The clusters can be kept pristine or coated with ligands. The ligands prevent smaller 
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clusters from coalescence and help to bind the cluster with the surface firmly. For catalytic 

purposes, oxides like silica (SiO2), titania (TiO2), alumina (Al2O3), etc., are usually chosen as the 

support. It is essential to mention that the support does not always play a passive role; the 

interaction between the support and the cluster can also activate clusters toward particular 

reactions.16 Thus, the choice of support is essential to stabilize the clusters and enhance the 

catalytic performance of the nanoclusters with careful selection.  

It was recently discovered that palladium particles supported on reduced graphene oxide could 

represent a high-performance heterogeneous catalyst. These studies concentrated on a template 

Suzuki reaction using 4-bromobenzoic acid and phenylboronic acid as reagents. The reaction 

follows a three-step pathway of oxidative addition, trans-metalation, and reductive elimination 

steps that could be recycled multiple times, thus overcoming the leaching and recyclability 

issues.16  Yuan et al. synthesized Pd nanoparticles supported on graphene oxide by impregnating 

Pd precursor with graphene oxide followed by hydrazine and microwave heating co-reduction. 

Structural investigations using STM and other probes indicated that such a method generates 

vacancy defect sites/voids in the graphene sheet with the Pdn clusters strongly binding to these 

vacancies/voids. It was remarkable that the resulting catalysts exhibited outstanding catalytic 

activity (Table 6.1) compared to other support systems with turnover frequencies (TOF) that were 

orders of magnitude higher than other catalysts. 

 

 

 

 

Solid Support Turn Over Frequency (TOF) (hr-1) 

Defected Graphene 230,000 

Graphite Oxide 39,000 

Silica 25,000 

Al2O3 9,600 

Table 6.1: Comparison of TOF for different solid state supports for C-C reactions 
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Furthermore, only minor metal leaching was observed during Suzuki cross-coupling reactions 

(<300 ppb Pd in the reaction mixture). The catalysts could be retrieved and recycled multiple times 

without significant loss of catalytic activity. The enhanced catalytic activity and the strong binding 

of Pd clusters to the graphene support suggested that a unique interfacial interaction was occurring 

between Pd nanoclusters and defected graphene. The role of support as the theoretical 

investigations demonstrates that the resulting metal-ligand interaction promotes electron flow 

between the metal cluster and the defected graphene due to the conductive nature of the support 

facilitating any charge transfer to and from the reactants. Hence, such supports enhancing charge 

donation and acceptance imply that the graphene surface functions as a solid-state ligand. These 

findings indicate that further functionalization of the cluster or support can lead to better catalyst.18  

Our group is working with an experimental collaboration to compare the catalytic 

efficiency of Pdn clusters adsorbed on different graphene supports. In this present chapter, by using 

the density functional theory, we have investigated the effect of graphene functionalization toward 

Suzuki8,9 cross-coupling reaction. The solid supports which are considered in this chapter are 

double vacant graphene (G), reduced graphene oxide (RGO), and graphene acid (GA). The 

primary focus of the research is to figure out which Pdn cluster adsorbed graphene-based support 

works best for the catalytic enhancement of Suzuki C-C reactions. Furthermore, the reasoning 

behind such catalytic enhancement of the functionalized RGO and GA is also explored. As the 

related experiments are still going on, we will only present our side of the story. The work is 

organized as follows. First, we have identified and optimized the global minima of Pdn clusters 

considering several possible spin multiplicities. We have chosen only the Pd13 cluster for the 

reaction pathway calculations as having a larger cluster size would provide a greater reactive site 

for catalytic activities. Additionally, the size of the Pd13 cluster is well suited according to the 
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experimental specifications. We have utilized cluster models for the three graphene-based 

supports, and the carbon atoms at the edges are saturated by using hydrogen atoms. A detailed 

discussion regarding the computational method is given in Chapter 3 of this thesis. 

Furthermore, the calculated results also include the optimized structure of the pristine, single, and 

double carbon vacant graphene surface. Doping of Pd13 was more suitable on double carbon vacant 

graphene surface as the earlier investigations have shown that double vacant graphene support 

exhibited better binding with the Pd cluster.19 Hence, the optimized structures of double vacant 

graphene (G), reduced graphene oxide (RGO), and graphene acid (GA) are identified and 

considered for adsorbing Pdn clusters.  

 Then the reaction pathways for each support are computed. Finally, the comparison of catalytic 

activity between different supports is compared. 

 

2. Results and Discussion 

(a) The ground-state structure of palladium clusters 

The Pdn cluster is widely used in catalysis as Pd has a very stable 0 and +2 oxidation state and can 

be easily switched back and forth between those oxidation states. Therefore, Pdn clusters can act 

as a perfect 2-electrons donor in the oxidative addition step and an excellent 2e acceptor in the 

reductive elimination during cross-coupling reactions.20 As for the nanoclusters, we have chosen 

Figure 6.3.  Optimized structure (ADF: PBE/TZ2P+ZORA) of the Pdn (n=3−6, 13) clusters. 

Bond lengths are presented in Å unit. 
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Table 6.2 Relative Energies of Selected Pdn Clusters at Different Spin Multiplicities (PBE/TZ2P) 

. 

*Binding energies (ΔEb) of the lowest energy structure are given. 

a series of small- to medium-sized palladium clusters. The selected clusters are Pd3, Pd4, Pd5, Pd6, 

and icosahedral Pd13, respectively. The ground state for the transition metal clusters usually has 

high spin multiplicity. To detect the ground state structure, we have performed optimization 

employing different spin multiplicities within a range of 3 to 13. Their relative energies and 

binding energies (per atom) of the lowest energy structure are listed in Table 1. As seen from Table 

6.2, the ground state spin multiplicities of Pd3−Pd6 are triplet, whereas the spin multiplicity of 

icosahedral Pd13 is nonet. The calculated binding energies (ΔEb by equation (2)) are observed to 

increase with the size of the palladium cluster. Figure 6.3 includes the optimized structures of the 

clusters as obtained by ADF21 (non-periodic) calculation. Based on the non-periodic calculations, 

it is observed that the ground state structure of Pd3 is a triangle, and Pd4 is a tetrahedron. On the 

other hand, the global minima of Pd5 is a tetragonal pyramid, and Pd6 is an octahedron, as shown 

in Figure 6.3.  

                                                     
n

EEn
E nPdPd

b

−
=

.
                 (6.2) 

Where 
nPdE is the energy of the cluster and PdE is the energy of the palladium atom. 

 

 

 

Spin Relative Energy (eV) 

Multiplicity Pd3 Pd4 Pd5 Pd6 Pd13 

 (2S+1)      

1 0.01 0.09 0.07 0.04 0.42 

3 0.00 0.00 0.00 0.00 0.35 

5 1.75 1.43 0.86 0.83 0.27 

7 4.56 3.78 2.10 1.74 0.16 

9 9.46 6.75 4.23 2.92 0.00 

11 16.12 12.33 8.45 6.40 1.55 

13 23.57 18.27 13.91 10.3 3.19 

ΔEb (eV)* 1.10 1.50 1.61 1.75 2.07 
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Figure 6.4. Optimized (ADF:PBE/TZ2P) geometries of a) pristine (C112H26) b) single C 

vacancy (C111H26) and (c) double C vacancy (C110H26) graphene sheets. The calculated 

HOMO−LUMO gaps (ΔH-L) and important bond lengths (Å) are also included. 

(b) The optimized geometries of graphene-based supports 

By using a cluster model, non-periodic calculations for pristine graphene are performed with a 

fragment of 112 carbon atoms. H atoms truncated the carbon atoms at the edges. Thus, the 

stoichiometric composition for the pristine graphene fragment is C112H26. The cluster model for 

the single (C111H26) and double (C110H26) vacant graphene is constructed by removing one and two 

C atoms from the center of the optimized C112H26 structure, as shown in Figure 6.4. It is also 

observed that upon introducing carbon defect (single or double), the HOMO−LUMO gap of the 

cluster models is reduced by ~0.35eV (Figure 6.4). Also, as expected, the C−C bond lengths are 

mainly altered surrounding the defect and near vicinity.  

 

 

 

 

 

 

 

 

 

 

However, the C−C bond length did not change (as with pristine graphene) in the regions further 

away from the defect. The optimized structure of doubly defected graphene was used as a template 

to generate and obtain the optimized structure of reduced graphene oxide (RGO) and Graphene 

acid (GA) by attaching hydroxyl (-OH), epoxy (-O-) groups (for RGO) and the carboxylic acid (-

COOH) groups (for GA) at random locations on the sheet, respectively, as shown in Figure 6.5. 
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Figure 6.5 Optimized (ADF: PBE/TZ2P) geometries of (a) RGO (C112H28O5) and (b) GA (C115H2306). 

Calculated HOMO−LUMO gaps (ΔH-L) and and spin polarization (μB) are also included. 

 

 

 

 

 

 

 

 

 

 

(c) Reaction pathway for the interacting/ non-interacting systems: Pd13 on graphene-based 

supports 

After obtaining the ground state geometries for Pdn and graphene supports, we calculated the 

reaction pathway for the Suzuki cross-coupling reaction on the Pdn cluster adsorbed surface. 

According to the experimental specifications, the Pd13 cluster was the most suitable due to its larger 

size; hence, we considered it the cluster of choice for studying the reaction pathway. As for the 

model of chemical reaction, we have chosen the synthesis of biphenyl (Ph–Ph) via the Suzuki 

cross-coupling reaction between bromobenzene (Ph–Br) and phenylboronic acid (Ph–B(OH)2). 

We have first adsorbed the Pd13 cluster at the respective vacancy of each graphene-based support. 

After that, the bromobenzene molecule is adsorbed and optimized on the cluster surface to generate 

the pre-reaction complex. We have considered many different Ph–Br molecule orientations and 

the lowest energy conformer is considered for calculating the complete reaction pathway. Since, 

in RGO and GA, the functional groups (–OH, –O–, –COOH) distributed on the surface can also 
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interact with the cluster, we have computed two separate pathways. The first one is the non-

interacting pathway in which the ligands do not interact with the adsorbed Pd13 cluster. Since 

defected graphene does not contain any functional group on the surface, the reaction pathway on 

supported double vacant graphene also falls under this category. In contrast, the other case is the 

reaction pathway of the interacting systems, i.e., when the functional groups interact with the Pd13 

clusters, thereby influencing the activation barrier. In the following sections, we have presented a 

summary of our calculated results for both types of systems. 

(i) Non-interacting systems 

 

As mentioned before, our first set of calculations involves computing the reaction pathway for the 

non-interacting systems, i.e., when the functional ligands (–OH, –O–, –COOH) do not interact 

with the Pd13 cluster on RGO or GA. The Pd13 cluster adsorbed on a double vacant graphene 

surface can also be regarded as a non-interacting system and hence also included herewith. Figures 

6.6, 6.7, and 6.8 show the calculated reaction pathways alongside the structure of the respective 

Figure 6.6 Reaction Pathway for the non-interacting system in case of Pd13 on defected 

Graphene Support. 
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geometries and the energy barriers for a complete Suzuki cross-coupling reaction using the 

supported Pd13 cluster as the catalyst. The reaction pathway of the Suzuki Cross-Coupling reaction 

for the Pd13 cluster supported on defected graphene (G) is shown in Figure 6.6. The reaction 

barriers for oxidative addition, transmetallation, and reductive elimination steps for non-

interacting systems are given in Table 3. The step with the highest activation barrier is regarded as 

the most critical rate-determining step for any catalytic cycle. Here, as seen from Table 3, the 

transmetallation step is the rate-determining for all three cases. The barrier for the transmetallation 

is observed to be similar for G and RGO, whereas the same is found to be slightly higher for GA. 

A similar phenomenon is observed for the oxidative addition step. The activation barrier of 

oxidative addition for graphene and RGO is very similar. In the case of graphene surface (0.0818 

eV), it is marginally lower than RGO (0.092 eV). The barrier height of oxidative addition on GA 

is slightly higher than both G and RGO. The energy data for the reductive elimination is found to 

be quite interesting. In this step, The RGO shows a significantly lower barrier (0.299 eV) than the 

other two systems (Table 6.3). The GA offers the highest barriers in this step, similar to the 

oxidative addition and transmetallation steps. 

 

 

Surface Oxidative Addition 

(eV) 

Transmetallation  

(eV) 

Reductive Elimination 

(eV) 

Graphene (G) 0.0818 1.1047 0.3646 

RGO 0.092 1.097 0.299 

GA 0.114 1.126 0.396 

Table 6.3 Comparison of energy barriers of the three important steps of C-C reactions for the 

non-interacting systems. 
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A similar phenomenon is observed for the oxidative addition step. The activation barrier of 

oxidative addition for graphene and RGO is very similar. In the case of graphene surface (0.0818  

eV), it is marginally lower than RGO (0.092 eV). The barrier height of oxidative addition on GA 

is slightly higher than both G and RGO. The energy data for the reductive elimination is found to 

be quite interesting. In this step, The RGO shows a significantly lower barrier (0.299 eV) than the 

other two systems (Table 6.3). The GA offers the highest barriers in this step, similar to the  

 

oxidative addition and transmetallation steps. Thus, considering all three cases, it can be projected 

that GA's catalytic performance will be the worst for the non-interacting systems. In contrast, it 

can be expected that the graphene and RGO will show near similar catalytic efficiency. The 

performance of the RGO supported system appears marginally better than the graphene due to the 

lower barrier of the reductive elimination step.   

 

Figure 6.7  Reaction Pathway for the non-interacting system in case of Pd13 on RGO support. 



 

148 

 

Figure 6.8 Reaction Pathway for the non-interacting system in case of Pd13 on GA Support. 

 

 

 

 

 

 

 

 

 

 

 

(ii) Interacting systems 

 Since the donor-acceptor characteristics of a cluster can be easily altered by attaching 

ligand to the surface, it is expected that the cluster will behave differently when the functional 

group on the support interacts with the cluster. Thus, the catalytic performance, including the 

barrier heights, is also expected to be altered upon ligand interaction. Our calculation showed a 

similar observation. We have calculated the reaction pathways and the energy barriers for a 

complete Suzuki cross-coupling reaction using the Pd13 cluster for two interacting systems shown 

in Figures 6.9 and 6.10. The reaction barriers for oxidative addition, transmetallation, and 

reductive elimination steps for these two interacting systems are provided in Table 6.4.  The 

transmetallation step with the highest energy barrier has remained the rate-determining step and 

was observed to be very close for both cases. However, GA shows a lower barrier for both the 

oxidative addition and reductive elimination steps compared to RGO. The oxidative addition 
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barrier is lowered by 0.04 eV, whereas the reductive elimination is lowered by 0.03 eV. Important 

to note the 0.074 eV barrier height, as obtained for GA, is the lowest barrier among all the reported  

ones in this chapter. Thus, from the computed results, it can be expected that if the functional 

groups on the surface interact with the cluster, GA will show the best catalytic performance among 

all. 

 

 

 

 

 

Surface Oxidative Addition 

(eV) 

Transmetallation  

(eV) 

Reductive Elimination 

 (eV) 

RGO 0.115 1.091 0.387 

GA 0.074 1.082 0.361 

Table 6.4 Comparison between energy barriers for different steps in Pd13 adsorbed on RGO and 

GA supports for interacting systems. 

Figure 6.9 Reaction Pathway for the interacting system in case of Pd13 on RGO support. 
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3. Conclusion 

The catalytic performance of the Suzuki C-C reactions for three different Pd13 doped graphene 

surfaces is investigated through the first-principles calculations. Two distinct models are designed: 

a non-interacting system, where the ligands on the graphene surface do not interact with the 

adsorbed Pd13 cluster, and an interacting system where the ligands on the surface interact with the 

Pd13 cluster. The transmetallation step turned out to be the rate-determining step; however, the 

barrier height for this step is almost the same for all compared systems. However, the reaction 

barriers for oxidative addition and reductive elimination steps showed that the Pd13 adsorbed RGO 

surface acts as the best catalyst for a non-interacting system. On the other hand, the Pd13 doped 

GA surface demonstrated better catalytic enhancement in an interacting system. 

Figure 6.10 Reaction Pathway for the interacting system in case of Pd13 on GA support. 
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Next, the search for cheaper and effective catalysts continued using other more inexpensive 

transition metal clusters such as Ni13, Fe13, etc., and adsorbing them on different graphene supports 

for better catalytic performance. Recently, Yuan et al. also considered the possibility of reducing 

the activation energy of the supported catalysts by using bimetallic catalysts. Ni12Pd and Pd12Ni 

clusters, which were created by impregnating one transition metal atom endohedral at the center.19 

Then, the reaction pathways for the Suzuki C-C reaction were computed. The results showed that 

the electronic properties of the individual Pd and Ni active sites are modified significantly in the 

bimetallic cluster, altering the charge donating and accepting capability of the atoms, which then 

translated into the variation of the activation energies. They also found that depositing the 

bimetallic clusters on the graphene surface further decreased the activation energy.  

Hence, for our future work, we plan to incorporate noble metal atoms like silver atoms (Ag) 

on the vertex of the icosahedral Pd13 cluster instead of endohedral doping of Ag-atom. The 

bimetallic Pd12Ag cluster might result in the efficient catalyst as we deem doping Ag-like 

metal on the outer surface instead of at the centre of the cluster would significantly change 

the charge distribution of the cluster’s surface. Consequently, the property of the surface 

can be substantially altered, which can be confirmed via conceptual density functional 

theory. The choice of noble metal atoms like Ag is driven by its electronic configuration 

with a filled d-shells and a single 5s electron. Hence, it can act as an efficient donor or 

acceptor by losing 5s-electron or accepting an electron to complete 5s-shell respectively, 

thereby enhancing the catalytic activity of nearby Pd-sites. Furthermore, Ag is significantly 

less expensive than the Pd. Hence, the Pd12Ag blend might serve as an efficient and 

inexpensive catalyst.  The reaction pathways can be calculated to check whether such 

bimetallic PdAg12 clusters can significantly reduce the barrier heights of the redox steps of 
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Suzuki coupling compared with the pristine Pd13 clusters. Additionally, computing the 

reaction pathways by adsorbing bimetallic Pd12Ag clusters on different graphene supports 

such as double vacant graphene, reduced graphene oxide, and graphene acid would be the 

next step towards finding a novel heterogeneous catalyst for C-C reactions. 
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Chapter 7 

Summary and Future Directions 

To summarize, in this thesis work, I have explored the ligand effects on the different atomic 

clusters. It is shown that by attaching suitable donor/acceptor ligands, the electronic and magnetic 

properties of the ligated clusters can be modulated.1 Additionally, by fusing two clusters through 

their unligated metal sites, dimers can be formed. The dimer formed by attaching Re6S8-based 

clusters ligated by phosphine and CO ligands on opposite sides of the dimer showed substantial 

applications in photovoltaics. It can also be realized as a nanoscale pn-junction.2 Similarly, dimer 

formed by combing Fe6S8-based clusters exhibited potential applications in spintronics-related 

applications.3 Then, a theoretical investigation is performed on the experimental synthesis of a 

cluster assembly,4 which utilizes Co6Se8-based dimers as a building block with fullerene 

counterions. 

Moreover, such dimers exhibited intriguing magnetic properties with interfacial magnetic moment 

localized at the junction where clusters fuse to form a dimer. Likewise, forming dimers are not 

only limited to the metal-chalcogenides clusters. It is shown by forming dimers of simple metallic 

clusters (Al-based) using organometallic linkers. These dimers are shown to be helpful in light 

harvesting.5 Finally, it was shown that the Pd clusters adsorbed on solid support enhance the 

catalytic performance of Suzuki cross-coupling reactions. The catalytic performances of Pd 

adsorbed on three different surfaces: defected graphene, reduced graphene oxide, and graphene-

acid were compared. The prospect of my research work would be exploring more applications 

using ligated metal chalcogenides clusters, which are briefly summarized below. 

➢ Extending pn-junction to transistor by making appropriately fused trimer: A primitive 

calculation provided an optimized ground state structure of Re6S8 based trimer, as shown  
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in Figure 1. Donor cluster Re6S8Cl2C(PMe3) is sandwiched between acceptor clusters  

Re6S8Cl2CO3 to form an analog of PNP transistor. Similarly, using appropriate 

arrangements of donor-acceptor clusters, an NPN transistor analog can also be developed. 

However, a comprehensive study of essential transistor characteristics is further required 

to conclude that the proposed combinations of clusters exhibit realistic transistor's 

analogy. Furthermore, this scheme can be applied by combining other ligated metal-

chalcogenides clusters which have better acceptor-donor characteristics. 

 

 

 

 

 

 

 

 

 

➢ Doping 2D metal dichalcogenides by magnetic cluster: This will be an extension of earlier 

work done by Reber et al., which showed that by doping suitably ligated Co6Se8 clusters 

on 2D WSe2 surface, the characteristic-polarity of the 2D-semiconductor could be altered.6 

This theoretical work is inspired by an experimental job by Yu et al.7 I want to explore if 

we can create a magnetic semiconductor by doping the Fe6S8-based magnetic cluster on 

the WSe2 surface. As we know from our previous calculations, that the Fe6S8(CO)5 cluster 

Figure 7.1 Optimized ground-state structure of [Re6S8Cl2(CO)3]2[Re6S8Cl2(PMe3)3]. 
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Figure 7.2 Electronic and magnetic properties of (a) Fe6S8(CO)5WSe2 (b) 

Fe6S8(PMe3)5WSe2. 

has a spin multiplicity of  9.3 When the Fe6S8(CO)5 cluster is doped on a 2D WSe2 surface, 

the spin multiplicity of the system remains 9. When CO ligands are subsequently 

exchanged by PMe3 ligand one at a time until Fe6S8(PMe3)5 on WSe2 is formed. Then, we 

can compare how the electronic and magnetic properties of the system (metal-

chalcogenides clusters doped on the 2D surface) change. From preliminary calculations, 

it is seen that when all CO ligands are exchanged by PMe3 ligands, the HOMO levels shift 

in an upward direction by almost 1.44 eV, matching our previous works.1,6,8 Furthermore, 

the spin multiplicity stays the same throughout the transition, i.e., 9. Hence, exploring the 

electronic and magnetic properties of the whole series appears as an intriguing prospect. 

Consequently, such systems might serve as magnetic semiconductors. 

 

 

 

 

 

 

 

 

 

 

 

 



 

157 

 

➢ Doping noble metal atoms on the surface of Pdn clusters to create an efficient and 

inexpensive catalyst:  The key idea is to dope the surface of the Pdn clusters with noble 

atoms such as Ag or Au aiming to alter the characteristics of the surface. The electronic 

characteristics of the Ag/Au atom, which has a filled d-shells and single 5s or 6s electrons, 

can make the Pdn cluster act as an efficient donor or acceptor. The added donor/acceptor 

efficiency in the bimetallic cluster might lower the barriers in different steps of catalytic 

reaction pathways. Furthermore, the Ag/Au atoms are less expensive than Pd. 

➢ Generalizing Superatomic Framework for ligated metal-chalcogenides clusters: The 

superatomic concept for simple metal clusters is generally exemplified by using nearly 

free electron gas. As described in the first chapter of this thesis, the stability of ligated 

metal-chalcogenides clusters in the solution and the formation of cluster-assembled 

materials with exciting properties from metal-chalcogenides clusters make them 

interesting spices in cluster science. It would be fascinating to explain the stability of 

ligated metal-chalcogenide clusters and their assembles from the superatomic framework. 

We can look if any specific magic numbers are available for the ligated metal-

chalcogenide clusters and build our framework based on such a trend. 

➢ Using Machine Learning (ML) and data-mining for predicting the properties of the metal-

chalcogenide dimer formed by utilizing monomer clusters: As I have shown in my thesis 

that by combining two monomer units (M6X8L5: M = Transition metal atom, X = 

chalcogen, L = CO/PMe3 ligand), the dimer can be formed. I have already worked with 

three such systems and can be extended using other transition metal-atom or different 

chalcogens and various ligands also. Only using DFT can be computationally very 
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expensive. Hence, using DFT for few basic calculations and then using ML and data-

mining can be a useful strategy to create a library of dimers. 
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Appendix 

 

 

 

 

 

 

Figure A1 Schematic showing (a) antiferromagnetic-coupling between dimers in the cluster 

assembled solid {[Co6Se8(PEt3)5]2(Toluene)2C140}2 (b) ferromagnetic-coupling between dimers in the 

solid. The red arrows show the direction of the spin-magnetic moment at the junction of the dimer. 

The antiferromagnetic coupling is more stable than ferromagnetic coupling by only 0.03 eV. 


