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ABSTRACT 
 

We have investigated the Optical absorption, Infrared spectra, Binding Energies, and various other 

cluster properties to determine the existence of periodic trend for Transition Metal Chalcogenide 

Clusters ligated with CO ligands. We were motivated by the prospect of answering the question 

whether periodic behavior can be observed in properties of octahedral metal-chalcogenide clusters. 

To answer this question, we have used the Amsterdam Density Functional code to calculate the 

electronic structure of Transition Metal Chalcogenide Clusters using gradient-corrected density 

functional theory. During the course of our investigation, we determined the existence of several 

periodic trends in properties of octahedral Transition Metal Chalcogenide Clusters TM6Se8(CO)6. 

In order to investigate these trends, the ground state, optical spectra, and infrared spectra of ligated 

transition metal chalcogenide clusters with valence electron counts ranging from 90-116 were 

calculated. We found that octahedral metal-chalcogenide clusters with 96, 100, and 114 have larger 

excitation energies, consistent with these clusters having closed-electronic shells and longer gap 

between the highest occupied and lowest unoccupied orbitals. Periodic trends were also observed 

in the Infrared spectra, with the CO bond stretch having the highest energy at 100 and 114 valence 

electrons due to the closed-electronic shell minimizing back-bonding with the CO molecule. A 

periodic trend in the antisymmetric TM-C stretch was also observed, with the vibrational energy 

increasing as the valence electron count increased. This is due to decrease in the TM-C bond length 

resulting in a larger force constant. These results reveal that periodic trends can be found in clusters 

other than simple or noble metal clusters, they can also be observed in symmetric transition-metal 

chalcogenide clusters. Further, these trends can be observed via optical and infrared spectroscopy 

showing that the superatom concept in metal chalcogenide clusters goes beyond electronic 

excitations, and can be seen in other observable properties. 
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I. Introduction 
 

1.1 Background 

Materials are critical to all aspects of human life. They can be found in applications ranging from 

textiles and clothing to building materials, food processing, vehicles, and machinery. Modern 

cluster research has focused on identifying new physical properties of clusters, and new theoretical 

frameworks to understand the notable effects that removing atoms has on those physical properties 

and cluster geometry. The materials used in everyday life are constructed from clusters that reside 

in the nanoscale size regime. In particular, clusters are of particular interests due to their strongly 

size-dependent properties1. The potential of understanding material behavior at the nanoscale has 

been a source of inspiration for studying nanoclusters. Nanoclusters are defined as a grouping of 

atoms that range in size from two to a few hundred, and inhabit the subnanoscale to nanometer 

size range, and are characterized by non-integer bonding. A picture of the length scale of cluster 

aggregates is seen in Figure 1, which can be compared to the length scales of neighboring regions. 

The field of nanoscale cluster science is drawing increasing attention due to the strong size and 

composition-dependent properties of clusters, and the exciting prospect of nanoclusters serving as 

the building blocks for materials with tailored properties2. There are many kinds of nanocluster 

combinations that can be created using the elements of the periodic table such as Transition Metals, 

which are typically malleable, ductile, and good conductors of electricity. In clusters, properties 

change non-monotonically and depend on Quantum Confinement, Geometric Shell Filling, and 

Spin effects compared to larger particles that depend on, surface/volume ratios which are variables 

that lead to more gradual changes. The behavior of physical properties as they depend on the 

number of atoms is presented in Figure 2. The behavior of physical properties is an area of 

important research due to the potential applications of tunable devices that can be manipulated on 
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the nanoscale3. The nanoclusters that are the focus of this paper are a class of Metal Chalcogenide 

clusters called Transition Metal Chalcogenide clusters. 

 

 

Figure 1: The Lengthscale of nanoclusters 

 

Figure 2: The dependency of Physical Properties on the number of atoms 
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Transition Metal chalcogenide clusters are an inorganic chemical compound group consisting of 

at least one chalcogen atom (S, Se, Te) and one more electropositive transition metal element.4 

Transition Metals bond strongly with chalcogens, leading to these clusters being highly stable due 

to covalent interaction. The location of Chalcogens on the periodic table is presented in Figure 3. 

For this work, we investigated if periodic properties are found in the infrared and optical 

frequencies of Transition Metal chalcogenides clusters. To do this, we reviewed prior literature 

concerning the electronic structure of various clusters, and various properties such as the binding 

energy, in order to determine what experiments have previously been conducted, and what results 

were produced. For example, the electronic structure of metal chalcogenide structures as a function 

of valence electrons was previously studied by the Khanna Group. They determined that the 

substitution of ligands within a cluster strongly affects some of the electronic properties of the 

cluster 5. In addition, the effect of chalcogen and metal on the electronic properties and stability of 

metal-chalcogenide clusters has been well documented for a variety of clusters 6. The Khanna 

Group wanted to analyze the electronic structure of metal–chalcogen clusters and identify if these 

clusters have periodic closed electronic shells that can lead to superatomic states with a well-

defined valence. The key criterion for a cluster to be considered a superatom is that the cluster has 

a well-defined valence. For the valence to be identified, the Khanna Group had to find valence 

electron counts that correspond to enhanced stability. More research concerning the properties of 

large clusters has been conducted by the Roy Group, led by Xavier Roy. The Roy Group has 

utilized Superatoms, such as Cr6Se8(PR3)6, Co6Te8(PR3)6, and Ni9Te6(PR3)8 as seen in Figure 6.7 

In particular, the Roy Group has used Re6Se8, in the process of synthesizing surface-functionalized 

2D superatomic materials due to its stability properties: Re6Se8I2, Re6Se8(SPh)2, Re6Se8 

(SPhNH2)2, and Re6Se8 (SC16H33)2, with chemically modified surfaces and properties.7  Also, the 
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Roy Group has studied the cluster assembly of Superatoms as a means to assemble stable 2D 

materials. Due to these results and similar conclusions, we wanted to understand if TMCC are 

stable can they be considered Superatoms. Pictures of some of the potential applications of Metal 

Chalcogenides are presented in Figures 4 and 5. 

 

 

Figure 3: The location of Chalcogens on the periodic table 
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Figure 4: Potential applications of TMCC with tunable properties 

 

 

Figure 5: Potential of TMCC to be used as Nonlinear Optical Materials 
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As previously mentioned, the Khanna Group’s, and many other research groups, investigations 

into the electronic structure of metal chalcogenide clusters are built on the concept of a Superatom 

structure, which is any cluster of atoms that seem to exhibit some of the properties of elemental 

atoms. The reason for this is that the clusters have a well-defined valence due to an electronic shell 

closing. A figure displaying examples of Metal Chalcogenide Superatoms is seen in Figure 6. 

Because of the unique characteristics of Superatoms and their commercial potential, Superatoms 

have drawn increasing attention from research groups due to their potential to act as building 

blocks for novel cluster materials with variable properties, and this interest has led to numerous 

collaborative research efforts, such as the experimental Superatom work carried out by the Roy 

Research Group, in collaboration with the Khanna Group. The Roy Group determined that 

Superatom materials show great promise for use in a versatile approach to create 2D materials with 

tunable physical and chemical properties depending on the chemistry of the 2D region 8. Finally, 

research by the Roy Group has investigated the electronic structure of Superatoms, and their 

stability compared to the stability of single atoms. The different types of stabilization seen in 

Superatom structures are presented in Figure 8. Results from prior literature show that the 

electronic structure of atoms is different from the electronic structure of clusters, which is 

presented in Figure 7. However, the enhanced electronic stability possessed by atoms and 

Superatoms, with filled shells, displays the ability of Superatoms to demonstrate characteristics of 

single atoms 9. Additional research has also been conducted into the change of electronic structure 

of thin films, as the band gap is altered by geometric confinement 10. The Khanna Group has also 

studied the effect of ligands acting on aluminum-iodine clusters, which showed that ligands can 

alter the electronic structure of clusters and enhance the stability 11. In addition, pictures of ligand 
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protected Superatom structures are presented in Figure 9 to display Superatom structures with 

ligands. 

 

 

Figure 6: Examples of Metal Chalcogenide Superatoms 
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Figure 7: Electronic Structure of Atoms vs Clusters 
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Figure 8: Examples of the types of stabilization in Superatoms 

 

 
Figure 9: Examples of Ligand-Protected Superatoms 
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1.2 Motivation 

The motivation for this work was founded on the fact that identifying the periodic properties in 

TMCC’s is an outstanding problem in identifying organizational principles in clusters that are not 

noble or simple metal clusters. Specifically, we wanted to answer if there are periodic trends in 

TMCC. Since, the elements in the periodic table are arranged in order of increasing atomic number, 

unique characteristics of the periodic table can be determined. All of these elements display several 

other chemical, physical, and atomic trends that can be understood by using periodic law and table 

formation. The process of understanding these trends is done by analyzing the elements’ electron 

configuration; a key aspect of the electron configuration is that all elements prefer a closed 

electronic shell, and will gain or lose electrons to form a preferred stable configuration. Studying 

the electronic configuration will supply knowledge that can be used to understand the periodic 

trends of clusters. Examples of periodic trends include Ionization Energy, Electron Affinity, 

Electronegativity, Metallic Character, Redox Potentials, etc. Periodic properties can have 

increased or decreased strength depending on the location of an atom on the periodic table. For 

example, a picture of the trend for electronegativity is seen in Figure 10. From Figure 10, we see 

that electronegativity increases up and to the right of the periodic table. Periodic property behavior 

has been observed in the nano electronic structure of clusters as seen in Figure 11. From Figure 

11, we noticed that as the number of atoms within a cluster increases, periodic properties will vary 

in value. Additional periodic trend research regarding this problem will help answer an important 

problem for the field of cluster science and deepen our understanding of periodic properties.  
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Figure 10: The trend of Electronegativity 

 

 

Figure 11: Trends in simple metal clusters that depend on valence electrons 
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As previously mentioned, superatoms represent an important topic in cluster science, and have 

enormous potential to construct materials with specially curated properties. This potential has 

sparked the synthesis of many types of clusters over the past few decades, with the creation of 

clusters containing many types of atoms and ligands investigated to catalogue the effects on 

stability and other attributes such as magnetism. For example, research by the Khanna Group has 

investigated the effects of ligands acting on the stability of metal chalcogenide clusters and the 

changes in the magnetic attributes 12. The Khanna Group has also investigated the geometric 

effects ligands have on clusters 13. Finally, A study performed by the Khanna Group on the 

Electronic structure of Cobalt Sulfide clusters demonstrated cluster properties are able to be fine-

tuned to affect the charge density in regions 14. Furthermore, the continued understanding of 

variables that affect the stability of different stable clusters has led to a better understanding of 

superatomic chemistry, which can enable the creation of new superatomic materials 15. With many 

new developments on the horizon the development of cluster science is poised to generate exciting 

research. 
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II. Methods 
 

2.1 DFT 

As previously mentioned, the theoretical results presented in this paper are based on studies carried 

out using the Amsterdam Density Functional code to investigate how the infrared, optical, and 

molecular binding energy of Transition Metal Chalcogenide clusters changed as the number of 

valence electrons increased. The ADF program supports a wide variety of exchange–correlation 

(XC) functionals to determine charge densities. This means that if you know the charge density of 

a system, you can write a functional that converts charge density into an exchange correlation 

energy, which makes DFT extremely versatile. The exchange correlation function is written as: 

EXC[ρ] = (T[ρ] – Ts[ρ]) + (Vee[ρ] – J[ρ]) 

ADF uses Density Functional Theory, which is one of the most notable and successful quantum-

mechanical approaches in studying solid state physics and cluster systems.16 Specifically, the 

theory can be used to calculate the electronic structure of many body systems by using functionals 

to determine the properties of systems, such as the binding energy of clusters and band structures. 

DFT can find the ground state of a system as large as 1000 valence electrons. This means that DFT 

can apply to biomolecules, crystals, and other systems in order to investigate the dynamics of those 

systems. Theoretical studies using DFT have provided data that has assisted in understanding 

complex biological processes at the molecular level. Depending upon the size of these systems, 

which can range from a few molecules to thousands of atoms, they can be studied by means of 

various quantum-chemical methods 17.  
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Two core theorems of DFT are the Hohenberg Kohn theorem and the Kohn-Sham equations. First 

published in 1964, the seminal paper by P. Hohenburg and W. Kohn was used to describe the 

ground state of an interacting electron gas in an external potential 18. The Hohenberg-Kohn 

theorems describe any system where the electrons move under the influence of an external 

potential. Specifically, the Hohenberg Kohn theorem states that the ground state electron density 

of an electronic system is responsible for uniquely determining the external potential acting on the 

electrons up to an additive constant. The Kohn-Sham equations provide the computational scheme 

to calculate ground state electron density, and are given as: 

 

 Despite the popularity of DFT, there are still some calculations that the software has difficulty 

describing. These calculations can include van der Waals interactions, certain charge transfer 

excitations, transition states, global potential energy surfaces, dopant interactions, and some 

strongly correlated systems. There is robust discussion about the limitations of Ground State 

Density Functional Theory that has been presented in scientific literature. In general, for TMCC’s 

we found that DFT accurately describes the electronic structure, and for this reason we are 

confident that DFT works reasonably well with TMCC 19. 
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2.2 ADF 

Amsterdam Density Functional (ADF) is a program for first-principles electronic structure 

calculations that makes use of the aforementioned density functional theory (DFT). The 

Amsterdam Density Functional (ADF) program was developed in the early seventies and at that 

time was named HFS, for Hartree–Fock–Slater, with the explicit purpose to exploit the DFT 

computational advantages 20. The ADF program incorporates relativistic effects with the ZORA 

formalism, in the scalar approach or with spin-orbit terms included. ADF uses Slater-type orbital 

functions to build Basis sets. Finally, energy gradients and second derivatives allow the 

computation of energy minima, transition states, reaction paths, and harmonic frequencies with IR 

intensities 20.  ADF has been used to calculate the electronic structure of many clusters, including 

Colloidal Au single-atom catalysts embedded on Pd nanoclusters 21. Determining periodic 

properties in TMCC’s required the collection of simulation data pertaining to numerous properties 

of TMCC. Consequently, ADF was used to investigate how the IR, OP, and molecular binding 

energy properties of 14 Transition Metal Chalcogenide clusters changed as the number of valence 

electrons increased. The 14 Transition Metal Chalcogenide clusters, in order of increasing valence 

electrons count, are as follows: Ta6Se8(CO)6, Ta4W2Se8(CO)6, Ta2W4Se8(CO)6, W6Se8(CO)6, 

W4Re2Se8(CO)6, W2Re4Se8(CO)6, Re6Se8(CO)6, Re4Os2Se8(CO)6, Re2Os4Se8(CO)6, Os6Se8(CO)6, 

Os4Ir2Se8(CO)6, Os2Ir4Se8(CO)6, Ir6Se8(CO)6, Ir4Pt2Se8(CO)6. First, ADF was used to determine 

the converged coordinate systems of the clusters; this means that the SCF (Self-Consistent Field) 

has converged and the total energy of the system has been minimized. The self-consistent field 

(SCF) method is the standard algorithm for finding electronic structure configurations within 

Hartree-Fock and density functional theory. The self-consistent field method is an iterative method 

that involves selecting an approximate Hamiltonian, solving the Schrödinger equation to obtain a 
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more accurate set of orbitals, and then solving the Schrödinger equation again with these until the 

results converge. Self-consistent field (SCF), or mean-field methods, are widely used in physics 

to describe many-body problems. Because the SCF process is an iterative procedure, this meant 

that convergence issues could arise depending on numerous factors 22. Next, we had to ensure that 

the atomic system under study used proper values of bond lengths, angles, and other internal 

degrees of freedom in the geometry. Finally, when copying the coordinates of atomic structures 

into the graphical user interface, we checked that the imported structure was complete and that no 

atoms were lost during the transition process. One advantage of using ADF is time dependent 

density functional theory (TD-DFT), which allows us to investigate the excitation energies and 

optical absorption of TMCC’s. TD-DFT has previously been used to calculate the crystal structure, 

absorption band, and optical properties of Thiol protected Au25 cluster 23. Additionally, the optical 

gap of Au114(SC2H4Ph)60 clusters was determined using TD-DFT 24. Finally, TD-DFT has been 

utilized to study the origin of photoluminescence in nanoparticles  25. We will summarize the 

results in the next section.  

 

 

 

 

 

 

 



17 
 

III. Results and Discussion 
 

3.1 Structure of Clusters 

We are interested in discovering if periodic behavior can be observed in octahedral metal-

chalcogenide clusters. To accomplish this goal, we have carried out theoretical studies on 

octahedral metal-chalcogenide clusters using ADF. Prior literature studying octahedral metal-

chalcogenide clusters has focused on multicentered bonding and quasi aromaticity 26. Prior cluster 

structure research has included studying the Electronic Structures of Electron-Rich Octahedrally 

Condensed Transition-Metal Chalcogenide Clusters 27. The final converged geometric structures 

were then visualized using the ADFView software program. A picture of all the converged 

geometries, with minimized total energy, is seen in Figure 12. In order to vary our clusters, we 

used electron counting. Electron counting can utilize different rules to determine the number of 

valence electrons in a cluster depending on the cluster elements and can be affected by the cluster 

geometry 28. For example, the superatom complex electron counting rule was determined to be 

influenced by dopant atoms  29. For our purposes, we have varied the transition metal to tune the 

valence count starting from 90 valence electrons. For example, for Ta6Se8(CO)6, there are 5 

valence electrons for the 6 Ta atoms (30 e-), 6 valence electrons for the 8 Se atoms (48 e-), and CO 

adds 2 valence electrons for the 6 CO molecules (12 e-); so, Ta6Se8(CO)6 has a total of 90 valence 

electrons and we successively replaced two transition metals with one that had a larger valence 

number so that we could go by two’s up until 116 valence electrons. We noticed 96 to 100 and 114 

valence electrons resulted in increased stability. 
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Figure 12: A picture of the converged geometric coordinates for the 14 Metal Chalcogenide 
Clusters studied in the research 
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3.2 Optical Spectroscopy in TMCC’s 

The optical spectroscopy behavior of TMCC’s is important because prior research has shown a 

connection between charge transfer of molecular clusters and the absorption intensity of the optical 

spectroscopy; data about this relationship will be useful for analyzing the energetics behavior of 

TMCC’s  30. To investigate properties of the optical spectra, we calculated the optical absorption 

spectra of TMCC’s from a valence electron counts of 90 to 116, with a variation of successive 

valence electrons. The lowest excitation state was determined using TD-DFT. The Lowest 

Excitation State (LES) is defined as the lowest possible excited energy level of the cluster. We 

confirmed during our research that the LES noticeably changed as the number of valence electrons 

increased, which was a periodic trend that changed as the number of valence electrons increased. 

A graph of lowest excitation state as a function of valence electrons is seen in Figure 13. We 

noticed large peaks in the Lowest Excitation State at 96, 100, and 114 valence electrons. This is 

evidence of electronic shell closure and a large gap between occupied and unoccupied levels, and 

was evidence that 96, 100, and 114 were magic numbers. To further investigate the periodic 

properties of the optical frequency, the optical absorption intensity of the individual clusters was 

determined using ADF. First, we confirmed during our research that the absorption intensity 

noticeably changed as the number of valence electrons increased. A graph of optical absorption 

intensity as a function of valence electrons is seen in Figure 14 for the selected clusters. The 

clusters: W6Se8(CO)6, W2Re4Se8(CO)6, Os6Se8(CO)6, and Ir6Se8(CO)6 were chosen to represent a 

large spread of valence electron numbers, with 108 being an example of a cluster with an 

observable gap. This in turn would allow us to determine general changes in the behavior of trends. 

In the next section, we discuss the energetics of select clusters. 
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Figure 13: A picture of the lowest excitation state vs valence electrons 
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Figure 14: A graph of optical absorbance as a function of the photon energy for W6Se8(CO)6, 
W2Re4Se8(CO)6, Os6Se8(CO)6, Ir6Se8(CO)6. Which corresponds to 96, 100, 108 and 114 valence 

electrons respectively. 

 

 

 

 

 

 



22 
 

3.3 Energetics Results 

The graphs in Figure 15 communicate energetics periodic trends that are seen in the infrared of 

clusters as the number of valence electrons increased. For example, the Atomization Energy starts 

to steadily decrease after 96 valence electrons, with two large drop offs in atomization energy at 

102 and 116. This implies enhanced stability after 96 valence electrons. Using Ta6Se8(CO)6 as an 

example, we define the atomization energy as:  

∆E (eV) = 6(Ta) + 8(Se) + 6(CO) - Ta6Se8(CO)6 

The CO Binding Energy steadily increased as the number of valence electrons increased, with a 

reversal in behavior after 114 valence electrons.  Using Ta6Se8(CO)6 as an example, we define the 

CO Binding Energy as:  

∆E(eV) = Ta6Se8(CO)5 + CO - Ta6Se8(CO)6 

 The Total CO Binding Energy steadily increased as the number of valence electrons increased, 

with a notable drop off at 102 and 114 valence electrons. Using Ta6Se8(CO)6 as an example, we 

define the Total CO Binding Energy as: 

∆E (eV) = Ta6Se8 + 6(CO) - Ta6Se8(CO)6 

Finally, the Hirschfeld Charge CO increased steadily up to 100 valence electrons before a series 

of large drop offs, and then increased until peaking at 114 valence electrons. We determined the 

reason for the behavior in the Hirschfeld Charge graph is due to back-bonding, which means the 

charges transfer to the CO. The fact that there is little charge transfer for W2Re4 in the closed 

electron shell, is likely due to reduced back-bonding. If the CO is more positive, there is reduced 

back-bonding; if the CO is negative, there is more back-bonding.  
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Figure 15: The atomization energy, CO binding energy, total CO binding energy, and Hirshfeld 
charge on the CO molecules for the TM6Se8(CO)6 clusters. 
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3.4 Infrared Frequency Results 

To investigate properties of the infrared frequency, we calculated the infrared frequency of TMCC 

from a valence electron counts of 90 to 116, with a variation of successive valence electrons. For 

the IR spectra analysis, four primary clusters were chosen to demonstrate the relation between IR 

absorption intensity and energy. These four clusters were chosen due to the range of valence 

electrons that are represented, which allowed us to determine general conclusions about the IR 

behavior of these clusters. A graph of these four clusters is presented in Figure 16. The graphs 

communicate that the lower energy absorption peaks are noticeably affected by a change in the 

number of valence electrons compared to the absorption intensity at higher energy levels. For 

example, the Ir6Se8(CO)6 cluster, which has the largest valence electron number, demonstrated 

absorption intensity peaks almost exclusively around the 500cm-1 range. Next, we made a graph 

of CO Absorption as a function of valence electrons, which can be seen in Figure 17. From the 

results of Figure 17, we determined that the charge transfer and CO bond noticeably depend on 

one another, which can be seen in Figure 18. The two graphs in Figure 18 demonstrated almost 

the exact same behavior. To further investigate this behavior, we analyzed the metal carbon 

asymmetric stretch to determine the relationship to the number of valence electrons, which can be 

seen in Figure 19. We noticed that as the number of valence electrons increased so did the M-C 

Asymmetric Stretch. Figure 19 displays two steep increases in the M-C stretch length at 94 and 98 

valence electrons. A general trend of the M-C bond length is given in Figure 20. From Figure 20, 

we see that the two separate lines correspond to a smaller Z as the starting element in a cluster or 

the larger Z to graph distinctive behavior of the M-C bond length as a function of the number of 

valence electrons. From Figure 20, we noticed that as the number of valence electrons increased 

for larger z the M-C Bond Length decreases faster compared to smaller Z. This behavior is 
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consistent until 116 valence electrons, when the behavior reverses as the MC- Bond Length sharply 

increased for larger z value. From prior literature, we know that the metal carbon bond length is 

an important variable that can influence catalysis  31. The M-C Asymmetric stretch will be further 

evaluated in the Infrared Frequency Results section. 

 

 

Figure 16: The IR Intensity vs Valence Electrons for selected clusters 
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Figure 17: CO Absorption energy vs Number of Valence Electrons 

 

 

Figure 18: CO Absorption energy and Hirshfeld Charge CO(e-) comparison 
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Figure 19: MC-Antisymmetric stretch energy in cm-1 as a function of the valence electron count. 

 

Figure 20: Metal Carbon bond length for smaller Z and larger Z 
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Graphs of the individual IR behavior for the Ta family of clusters are presented in Figures 21, 22, 

and 23. The numerous individual graphs created to display absorption intensity vs energy for all 

14 MCC were combined to create a composite IR absorption graph. The combined IR absorption 

graph as a function of energy can be seen in Figure 24. In Figure 24, we noticed that the energy of 

the absorption peak shifted to the right as the number of valence electrons increased. Furthermore, 

as the number of valence electrons increased the absorption intensity peaks decreased, this is most 

prevalent towards the far right. To determine why that happened, we investigated the Normal 

Modes of the clusters in order to determine the direction of displacement for the atoms. 

 

 

Figure 21: The IR Intensity vs Valence Electrons for Ta6Se8(CO)6 clusters 
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Figure 22: The IR Intensity vs Valence Electrons for Ta4W2Se8(CO)6 clusters 

 

Figure 23: The IR Intensity vs Valence Electrons for Ta4W2Se8(CO)6 clusters 
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Figure 24: The Composite IR absorption intensity vs energy graph 
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The normal modes of an oscillating system are patterns of motion in which all parts of the system 

move sinusoidally with the same frequency and with a fixed phase relation. A picture of the normal 

modes of each cluster, with visible displacement vectors, are seen in Figure 25, with the energy of 

the normal modes listed at the bottom of each cluster. For the four visible clusters, we noticed that 

W5Se8(CO)6, Re2Os4Se8(CO)6, and Ir6Se8(CO)6 all have asymmetric displacements, while 

W2Re4Se8(CO)6 has a waggle displacement. In all examples, the asymmetric displacement is along 

the CO molecules. We noticed that all of the strongest displacements were among antisymmetric 

stretches, this is because they were optically active with a dipole. This fact is important to note 

since the existence of dipoles are critical to potential chemical control applications 32. The second 

highest set of absorptions are the metal carbon stretches, and this is to be expected because low 

mass in the CO equates to a higher energy excitation. 
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Figure 25: The Cluster Normal Modes with visible displacement vectors 
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IV. Conclusions 
 

Prior work has studied the effects of ligands and valence electrons on the electronic properties and 

electrical transport in clusters 33. This study contributes to the collection of prior work by further 

studying the periodic properties of clusters in order to understand their influence on the properties 

of clusters. During the course of our investigation, we determined the existence of several periodic 

trends in octahedral Transition Metal Chalcogenide Clusters TM6Se8(CO)6. In order to investigate 

further, the ground state, optical spectra, and infrared spectra of doped transition metal 

chalcogenide clusters with 90-116 valence electrons were calculated. The number of valence 

electrons were increased from Ta6Se8 by adding, or doping, two of the transition metals with an 

atomic number that is one higher until it is fully doped. The electron counting was done by 

counting all the valence electrons of the transition metal and selenium and we added two valence 

electrons for every carbon monoxide molecule. We found that octahedral metal-chalcogenide 

clusters with 96, 100, and 114 have larger excitation energies, which is consistent with these 

clusters having closed-electronic shells. Periodic trends were also observed in the Infrared spectra, 

with the CO bond stretch having the highest energy at 100 valence electrons, and a significant peak 

at 114 valence electrons due to the closed-electronic shell minimizing back-bonding with the CO 

molecule. The origin of this can be seen in the Hirshfeld charge, where there is reduced back- 

bonding when the cluster has a closed electronic shell. Back-bonding causes a decrease in the CO 

stretch energy; thus, reducing back-bonding causes a stretch. A periodic trend in the antisymmetric 

TM-C stretch was also observed, with the vibrational energy increasing as the valence electron 

count increased. This is due to decrease in the TM-C bond length resulting in a larger force 

constant. These results reveal that periodic trends can be found in clusters other than simple or 

noble metal clusters, they can also be observed in symmetric transition-metal chalcogenide 
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clusters. Further, these trends can be observed via optical and infrared spectroscopy showing that 

the superatom concept in metal chalcogenide clusters goes beyond electronic excitations, and can 

be seen in other observable properties. 
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