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ABSTRACT 

Transition metal complexes in catalysis have gained a lot of interest for a decade now. 

Because of the widespread importance and applications of transition metal complexes in 

catalytic reactions of industrial importance, it is desirable to theoretically design and evaluate 

their catalytic activities. This dissertation involves a series of modeling investigations that 

have been designed to probe the influence of the electronic structure of the metal cation, the 

nature of the ligand, as well as the effect of chelation and steric interactions on the activity of 

the catalysts for ethylene oligomerization reactions. A series of transition metal cations, Fe2+, 

Co2+, Ni2+, and Pd2+ chelated by 2-(3, 5-dimethyl-pyrazol-1-yl)-ethanol and 

1-(2-chloro-ethyl)-3, 5-dimethyl-1H-pyrazole ligands have been investigated as ethylene 

oligomerization catalysts. Six chelates in total were studied: Fe1, Co1, Ni1, Pd1, Co2, and 

Ni2. Electronic structure calculations were employed to determine stable low-energy 

structures, energetics, and chemical reactivity’s of the transition metal complexes. Density 

Functional Theory (DFT) was employed to gain a conceptual understanding of the structures 

of the initial metal complexes in solution that are likely to be pre-catalysts in the ethylene 

oligomerization reaction. A further goal was to analyze the electronic factors and ligand 

effects that impact on the chemical reactivity order of the six metal complexes within the 

context of DFT simulations. Theoretical studies used B3LYP and B3PW91 DFT methods and 

LanL2DZ basis set for metal atoms and 6-311+G (2d, p) basis set for all the remaining atoms. 

Theoretical studies of the Ni1 and Ni2 metal complexes were compared to the previous 

experimental studies of analogous complexes.  The ground-state structures of all the six metal 

complexes show that the ligands bind in a fashion consistent with the simple valence shell 

electron pair repulsion model, where minor distortions from the idealized geometries are 

correlated with the structure of the ligands and more significant distortions with the valence 

electron configuration of the metal cation. The nature of the metal cation and ligand moiety 

had a discernible impact on the global chemical reactivity’s parameters of the six metal 

complexes. The chemical potential, the electrophilicity indices, the charge, and the 

electronegativity values suggest that Ni1 is the best catalyst in the series. Comparison 

between theory and experiment further confirm that Ni1 is indeed the best catalyst of the six 

catalysts studied for ethylene oligomerization reaction. Both electronic and steric factors 

correlate with the metal-ligand distances, and appear to be significant factors underpinning 

the reactivity of the six metal complexes. Thus, the results showcase the importance of using 

theoretical simulations to design catalysts rapidly and the ability to develop potentially active 

catalysts for ethylene oligomerization reaction through a thorough analysis of the global 

chemical reactivity parameters. 
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CHAPTER ONE 

BACKGROUND INFORMATION 

1.1 THEORETICAL CHEMISTRY AND COMPUTATIONAL MODELING 

Computational modeling is a discipline of chemistry, which uses computer simulations to 

understand chemical reactions and processes. It uses efficient mathematical methods and 

programs, which originate from theoretical chemistry. Theoretical chemistry gives a 

mathematical description of chemistry by developing algorithms (Louis et al., 2022). In 

addition, theoretical chemistry provides laws that govern chemical phenomena by applying 

physics and mathematical principles to account for atomic and molecular interactions 

(Choudhury, 2024).  

Theoretical chemistry methods are automated for implementation by computer programs  

(Ma, 2022). A set of approximations such as Born-Oppenheimer approximation are used. 

These approximations are adequate to calculate observable properties of molecular systems 

with accuracy matching experimental results (Brambilla et al., 2018) Chemical properties 

such as molecular structures, interaction energies, electron charge distribution, dipole 

moments, vibrational frequencies, and other spectroscopic quantities are simulated 

computationally. The knowledge acquired is used to solve chemical problems such as 

characterization of molecular species, prediction of properties, estimation  of energy between 

states, evaluation of stability of chemical systems and determination of reaction pathways 

(Hayashi et al., 2023). This makes computational chemistry a perfect tool for the study of 

reactions such as catalytic processes.  In catalysis, computational chemistry delivers  practical 

strategies in  rational design of catalysts, improvement those in use, study of catalytic 

pathways and processes, evaluation,  and prediction of catalytic properties based on quantum 

chemical calculations (Vogiatzis et al., 2019). The calculations present predictable results of 
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behaviour of atoms and molecules that are closer to experimental values (Durand & Fey, 

2019).  

1.1.1 Quantum Chemical Methods 

The core function of quantum chemical methods is to find a solution to the Schrodinger 

equation. Fundamental Schrodinger wave function equation expresses changes in physical 

quantities such as energy over time. The equation describes electron position in space and 

time factoring its wave nature. The calculations give details of  behavior of electrons 

revolving around a positively charged nucleus (Cetto et al., 2015). It accounts for the wave 

function in time dependent and time independent forms, which control electron motion.  

Time-dependent Schrodinger equation gives a description of energy of an electron against 

evolvement of time in a quantum system. Therefore, motion of an electron can be represented 

in terms of time-dependent Schrodinger equation, as in equation 1.1, where ħ is a half value 

of planks constant, t is time, Ĥ is Hamiltonian and ψ is wavefunction. 

    (1.1) 

 

For a system where the Hamiltonian has no time dependence, it is in stationary state and its 

time dependance is given by equation 1.2. 

                (1.2)  

When the time-dependent Schrodinger equation, equation 1.2 is plugged in equation 1.1, the 

Schrodinger time-independent equation, equation 1.3 is obtained. 

    
                                            (1.3) 

Solving Schrodinger time-independent equation 1.3, yields molecular wavefunction, ψ, for 

stationary state, which depends on the coordinates of all electrons in relation to the nucleus. 

Molecular energy, E, is also obtained (Brambilla et al., 2018).  
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Solving for E and |  values give the energy and wave function since it is an eigenvalue 

problem. The Schrodinger equation has led to development of quantum chemical methods, 

which calculate energy of an electron as a result of interactions with nuclei and other 

electrons. The calculations reveal behavior of atoms and electrons during chemical reactions. 

The information acquired  is used to elucidate chemical reactions (Sumiya et al., 2022). 

There are four categories of quantum chemical methods namely: Ab initio which computes 

energy and other properties as functions of the position of the nuclei from first principles 

without experimental input, Semi-empirical, Density Functional Theory, and electron 

correlation methods (Guo et al., 2021). Their merits and demerits are as shown in Table 1.1. 

Table 1. 1 Applications, merits and demerits of theoretical methods 

Theoretical Methods Applications  Merits  Demerits 

Semi-empirical  For large 

molecules 

Low cost, parametrized Less accuracy compared 

to DFT 

Density Functional 

Theory 

Material science 

study 

Good accuracy at a modest cost, 

takes care of electrons interactions, 

dispersion effects and long-range 

interactions effects  

A specific DFT method 

has to be selected for a 

specific calculation 

Molecular Mechanics Based classical 

mechanics. 

Applied to very 

large molecules 

Fast and affordable Low accuracy compared 

to DFT  

Ab initio  Material science 

study 

High accuracy High cost 

Source: Foresman (2015). 

 

In general, electronic structure methods solve the fundamental time-independent Schrodinger 

Equation. The solution to the equation gives information about the system including 

probability and distribution of electrons, energy and configuration (Scerri, 2025). The 

time-independent Schrodinger is made simpler by use of Born-Oppenheimer approximation 

which makes an assumption that, nuclei of atoms are thousands of times slower than 

electrons. This makes it possible to separation calculations of electrons and nuclei energy. 
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For many nuclei arrangements, the time-independent Schrodinger permits construction of 

potential energy surface (PES). In practice, the PES at a ground sate is of interest for quantum 

chemical calculations (Lewars, 2016). 

The first Ab initio method being the Hartree-Fock (HF) method produces reasonably good 

results comparable to experimental values for many properties. However, it fails in describing 

chemical reactions with electron correlation accurately. The Hartree-Fock method completely 

ignores interactions of electrons (Sanjeeva Kumar et al., 2024). Density Functional Theory 

(DFT) is a post Hartree-Fock electronic structural method that is used for deeper 

understanding of reactivity trends for reactions such as catalysis, electrochemical processes 

and mechanisms. Modeling of transition metal complexes is done using DFT. All these help 

in accelerating discovery of new catalyst design and evaluation (Winther et al., 2019). The 

relative energies for individual catalysts involved are determined from their PES. In addition, 

the relevant features such as transition states and barriers on PES give useful information on 

molecular structures and their energy relationships. The target of computational catalysis 

research is to gain understanding of at molecular level for better catalyst rational design 

(Funes-Ardoiz & Schoenebeck, 2020). 

The two aspects of theoretical studies include determination of a starting point of 

experimental synthetic reaction and assisting in understanding of experimental data. 

Secondly, prediction of unknown molecular properties and reaction mechanism before 

experimental studies. Chemical complexity determines theoretical methods to be used which 

vary with number of electrons, cost and accuracy (Ma, 2022). The post Hartree-Fock methods 

such as Moller-Plesset (MP) perturbation theory, coupled cluster (CC), coupled cluster with 

single double and triple perturbation excitations (CCSDT) and DFT address the limitations of 

Hartree-Fock methods. The post Hartree-Fock methods capture the electron interactions and 

correlations missing in the original HF method (Tolasa, 2025).  
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The methods work in two ways. They either correct the single determinant approximation or 

introduce correlated energy through perturbation theory to improve results. The 

Configuration Interaction (CI) methods retrieve statistical correlations. The Moller–Plesset 

(MP) perturbation theoretical methods deal with dynamical correlations. In MP methods, the 

Hamiltonian is expressed as a form of perturbation. The perturbation is a difference between 

the real electron-electron repulsion and an average one. The zeroth order and the first 

perturbation correction energy are equal to HF energy. The second order correction (MP2) is 

the first contribution to electron correction and captures correlations due to dynamics with no 

significant computational cost (Tolasa, 2025).  

In CI methods, many electron systems, wavefunction is written in form of linear combination 

of different electron configurations. This is done by use of HF wavefunctions for each 

configuration. In case of complete expansion, the best wavefunction is constructed for a 

given set of orbitals. In self-consistent Field (SCF) procedures, optimization of orbitals in 

expansion coefficients take place which includes all possible dynamical and nondyamical 

correlations (Tolasa, 2025).  

The DFT captures electron-electron interactions originally missing in HF formulation. Unlike 

other post Hartree-Fock methods, DFT does not use wavefunction to calculate energy. It 

works on the principle that, in a system, electron energy is a function of electron density. This 

phenomenon is applied to model and simulate quantum chemical systems in order to 

understand chemical reactions at molecular level (Weijing et al., 2018). The DFT quantum 

chemical calculations give a higher accuracy in the prediction of PES. DFT is used to study 

and elucidate electronic and steric effects, reaction mechanisms and rates of catalytic 

systems. It provides information on geometries, stabilities and reactivities of catalytic species. 

Therefore, it helps to understand a corrected picture of chemical phenomena at the lowest 

energy electronic level.  The DFT method models electron-electron interactions in chemical 
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systems at the lowest energy level (Dong & Deng, 2019). In addition, DFT provides key 

characteristics that control catalytic activities (descriptors) for evaluation of catalysts at 

computational design stage of a catalyst (Nzuzo et al., 2024). 

1.1.2 Schrodinger Equation  

Quantum chemical methods are efficient, user friendly and developed to make inquiries into 

organic and organometallic catalysis processes and mechanisms, among others. The methods 

have ability to predict the path of reaction from the initial mixture of reactants, additives, to 

products with associated energy changes (Durand & Fey, 2021). This achieved through 

solving of the Schrodinger equation by providing an understanding of mechanisms and 

reaction pathway that are essential in rational design and evaluation of new catalysts.  

In establishing reaction mechanisms, quantum chemical calculations are performed on a 

series of molecular configurations at various points along the reaction path. The motion of 

atoms along the path are projected and assessed for energetic feasibility through solving of 

electronic Schrodinger equation (Sumiya et al., 2022). Through comparison of kinetic and 

thermodynamic energies of various paths, identification of actual path of motion of atoms can 

be made. This gives the probable path the reaction takes (Grambow et al., 2018).  

To understand a quantum chemical system, the relevant molecular intermediates and 

reactions on PES and their evolution should be known. The in-depth understanding of a 

chemical system, aid in catalysis research to improve on efficiency (Simm et al., 2019). Thus, 

computational chemistry can be applied to predict viability and outcomes of chemical 

reactions before they occur and give an explanation to experimental results obtained. 

In rational design of new catalysts, quantum chemical calculations gives insights that  assist 

in understanding and predicting geometrical properties of molecular structures, selectivity, 

activity of a catalyst, energy of reactants, transition states, and final product in a chemical 

system (Lee, 2021). Also, quantum chemical calculations generate electronic excited states, 
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spectroscopic data and thermodynamic properties of catalytic models and processes. This 

makes computational chemistry a reliable tool in providing insights in new catalysts design, 

evaluation, and prediction of properties.  

In industrial catalytic production set up, computational chemistry models are used in probing 

progress of reactions. This is useful in making adjustments in experimental processes to get 

improved results and yields. Computational chemistry achieves its needs through use of 

modeling tools. Models are restricted representations of reality  (Sauer & Freund, 2015). 

They are miniature replica of what is the true scenario with integrated environment. Essential 

aspects of chemical systems are emphasized through modeling and corrections made to bring 

the results closer to experimental reality (Sauer & Freund, 2015).  

In computational chemistry modeling techniques are tools for prediction and or explanation 

of chemical phenomenon. Modeling techniques have been widely embraced in chemical 

research. Researchers model chemical reactions for predictions and resolution of unexplained 

chemical behavior. In addition, modeling techniques are used to study materials that cannot 

be handled physically such as radioactive, toxic, flammable etc. (Ahn et al., 2019). In 

addition, computational chemistry models are used to elucidate unclear or ambiguous 

experimental data, which is not easily observed directly or carried out experimentally. This 

includes the study of short-lived radioisotopes, unstable intermediates, or transition states. 

Although molecules have infinite sizes with forces acting between them, models are created 

by neglecting and approximating certain features. Quantum chemical calculations employ 

models to enable calculation of energy of smaller systems with accuracy. 

Applications of computational chemistry include finding stationary points position on PES. 

This is achieved by varying position of a nuclei, storage of a database, identifying correlation 

between chemical structures and properties. The information attained is used in solving 

biological science, material science, and engineering problems among others. Many 
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industries are using molecular modeling and simulations to drive innovations in area such as 

drug design and development, chemoinformatics, drug target validation, and surface 

chemistry, among others.  

The DFT functionals are used in the study and improvement of solid active pharmaceutical 

ingredients (APIs) (Mazurek et al., 2020). It is used for validation of experimentally 

synthesized pharmaceutical drug crystal structures and prediction of chemical properties. In 

drug design,  DFT studies gives insights into crystallization and  solvation processes as well 

as definition of morphology and improvement of formulation techniques (Mazurek et al., 

2020). In rational design of ethylene oligomerization catalysts, DFT and microkinetic 

calculations are crucial. The calculations are used to obtain properties on surface reactions. 

Micro-kinetic modeling of the surfaces  give  a link to quantum chemical to macroscopic 

behaviour of catalytic activity and process (Mao et al., 2017). The ability of DFT, therefore is 

best suited in the design, evaluation and study of catalysis for ethylene oligomerization 

process. 

1.2 TRANSITION METAL COMPLEXES IN CATALYSIS 

Coordination chemistry of complexes determines their properties and applications  such as 

catalytic properties (Kocharekar, 2021) magnetic properties (Moments & Molecules, 2018), 

and electrical conductivity (Talari et al., 2025) among others. Transition metal complexes 

undergo a variety of useful catalytic reaction cycles of industrial importance. Transition metal 

complexes are unique in their reactions due to tunability of metals’ electronic properties by 

appropriate choice of ligand. The ability to fine-tune electronic and steric properties a metal 

complex gives unique reaction chemistry. The metals involved exhibit variable oxidation 

numbers making the transition metal complexes, especially of the late transition metals to be 

electrophilic due to empty orbitals resulting in electron-deficiency (Pfennig, 2015).  Most of 

the early transition metal complexes exhibit nucleophile behavior due to their electron-rich 
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orbital filled, especially with low oxidation states and with donor ligands.  The size of the 

transition metal, its electrophilicity, the electron counts in their d-orbital, and the steric 

bulkiness of ligand control associative reaction and dissociative reactions. In the transition 

metal complexes, ligands dissociate with ease determined by the bond strength of 

Metal-Ligand bond. The bond strength depends on the interplay of electronic and steric 

properties.  

Bulky ligands crowd around the metal. Crowding around the transition metal cation reduces 

Metal-Ligand orbital overlap (Echanisms, 2014). It also, causes Metal-Ligand bond to 

elongate leading to rapid dissociation relieving steric effects on transition metal center. It is 

difficult to predict ligand bulkiness and electronic effects, which influence the dissociation 

rate of Metal-Ligand bond. Therefore, ligand bulkiness and electronic effects on the 

Metal-Ligand bond are considered on a case-by-case basis (Miessler et al., 2014).  

Many of the industrial catalytic reactions involve changes in metal coordination numbers by 

gaining or losing electrons or ligands. The reactions are classified based on the oxidation 

states on the central metal cation using donor pair method. The electron count factors ligand 

charges and oxidation states of metals (Comas-Vilà & Salvador, 2024). On retaining 

oxidation state of the transition metal, the reaction is addition or dissociation. When oxidation 

state is changed the reaction is oxidative addition or reductive elimination as illustrated in the 

Table 1.2 

Ligands of a given transition metal complex are also important during a reaction as illustrated 

in equation 1.4 where L represents a spectator ligand, M is the metal, X is the leaving ligand 

group and Y is the entrant ligand. The n after L is the number of ligands.  

      (1.4)                                 
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Table 1.2. Type of reaction change of coordination number and oxidation states 

No Type of Reactiona Change of Coordination Number Charge in Formal 

Oxidation 

1. Addition Increase None 

2. Dissociation Decrease None 

3. Oxidative addition Increase Increase 

4. Reductive elimination Decrease Decrease 

aClassification of catalytic reactions based on determination of oxidation states. 

Source: Miessler et al (2014). 

 

Transition metal complexes reactions occur through associative, dissociative or interchange 

pathways. The aspect of associative-dissociative, defines the mechanisms of transition metal 

complexes reactions. Associative reactions involve addition of a ligand to the metal cation 

and dissociative a ligand is lost (Pfennig, 2015). Transition metal size, electrophilicity, degree 

of saturation, Metal-Leaving group bond strength, the basicity of Y, size of ligand and nature 

of other ligands bound to the metal, determine precise mechanism of a reaction. Second-row 

transition metals are more reactive than the first and third row metals due to their ability to 

balance between larger steric size and effective nuclear charge.  

The reactivity of transition metals plays a great role in design of new catalysts. Catalysts 

control the rate and direction of a reaction. Comparison between early and late transition 

metal complexes catalysis of oligomerization reactions show that early transition metal 

complexes are hard to improve on properties or expand on applications due to their 

limitations. They are hindered by the tendency of being poisoned by polar groups (Mahmood 

& Sun, 2018) unlike the late transition metal complexes which are functional tolerant.  

Early transition metal complexes are naturally oxophilic. They have a tendency to form 

oxides by hydrolysis or abstraction of oxygen from other molecules. This leads to ease of 

being poisoned. The oxophilicity property  of early transition metal catalysts makes their use 

where polar groups are involved a challenge  (Guo et al., 2016).  Late transition metal 
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catalysts are a key to development of desired catalytic systems for oligomerization where 

polar functional groups are involved due to their tolerance. The late transition metal 

complexes used for ethylene oligomerization, can lead to attaining oligomers of desired 

molecular weights. Also,  in production of functionalized polymers and oligomers (Bogdos et 

al., 2022).  

1.2.1 Hemilabile Metal Based Catalysts 

Properties of a transition metal complexes are as a result of interactions between metal 

centers with the surrounding ligands. Ligands stabilize metal cation in catalysts and provide 

the required sterically hindered space for substrate to bind (Reek et al., 2022). The number of 

ligands forming complexes with a central metal cation can range from one (mono), two (bis), 

three (tris), or many (poly). The ligands can contain different types of chemical groups. Each 

donor atom confers different and unique reactivity to the metal complex (Adams & Weller, 

2018). 

Hemilabile ligands modify and control properties of catalysts. They provide a convenient 

approach to fine tune selectivity, yield, and rates of reactions.  Hemilabile ligands have  a 

weakly bound ligand in equilibrium with an open metal site or competing type or an easily 

displaceable ligand (Enders, 2020) illustrated in Figure 1.1. 

 

Figure 1.1: Scheme for the working of a hemilabile based catalyst  

Source: Enders M (2020). doi.org/10.1002/9783527809080.cataz07876 
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Hemilabile ligands have two or more potential donor groups attached to the metal center. The 

donor groups have  ability to dissociate to give an open coordination site for reactivity by the 

transition metal complex and stabilization (Adams & Weller, 2018). Catalysts designs based 

on late transition metals complexed with hemilabile ligands are used in transformative 

organic reactions including ethylene oligomerization and polymerization (Nyamato et al., 

2015). 

 In new catalyst designs, hemilabile ligands are attractive to use due to ease of their synthesis, 

stabilization ability of central transition metal cation with varied oxidation states, and ease to 

fine-tune both steric and electronic properties (Wang & Chen, 2019). Hemilabile ligands 

complexed with transition metal are used to design ethylene oligomerization and 

polymerization catalysts (Ahmad & Bühl, 2019).  

Architectural design and performance of a metal catalyst, fine-tuning its selectivity, 

efficiency and separation of catalyst from final product schemes highly depends on its ligand. 

For example, research done by Brookhart and coworkers in 1995 on late transition metal 

catalysts showed that a hemilabile α-diimine palladium (Pd2+) and nickel (Ni2+) complex 

catalysts produced superior ethylene oligomers. In addition, molecular structures of the 

oligomers depend on electronic and steric properties of ligands in the catalyst (Wang & Chen, 

2019). For example, the bidentate donor ligands can stabilize the late transition metal centre 

through chelation and at the same time allowing substrate monomer to coordinate to the 

transition metal centre. Therefore, the hemilabile ligands determine physical and chemical 

properties of catalyst formed. In the regulation of transition metal complex catalytic activity, 

modification of the ligand can be done. Also, the transition metal cation at the  centre of 

complex (Goonesinghe et al., 2020).  

Properties of the hemilabile ligands on late transition metals are difficult to predict because 

different transition metals at the centre of a catalytic complex behave differently towards 
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different ligands. Similarly, different ligands completely modify chemical properties of 

metals they are coordinated differently (Adams & Weller, 2018). Examples of hemilabile 

ligands include: Phosphorous-Oxygen-Phosphorus (P^O^P), Phosphorous-Oxygen (P^O), 

Phosphorous-Nitrogen (P^N), Nitrogen-Nitrogen (N^N), Nitrogen-Oxygen (N^O), 

Phosphorous-Sulphur (P^S) among others (Adams & Weller, 2018). Many of the ligands 

containing hemilabile groups have been incorporated in metallic complexes for catalytic 

transformations and found to be more advantageous over nonfunctional ligands in catalysis. 

For example amino phosphines make metal centers electron rich by direct Metal-Phosphorus 

bond or Metal-Nitrogen bond interactions (Gogoi et al., 2019). This enables oxidative 

addition and reductive elimination reactions to occur. The binding of ligands to metal atoms 

can be in different ways depending on ligand structure and metal oxidation state. 

The P-donor group stabilizes  low oxidation state metals and the N-donor group creates a 

coordinating site  for binding of substrate (Gogoi et al., 2019). The P^N donor hemilabile 

ligands are widely used in coordination chemistry work due to their ability to bind and form 

both monodentate through either P or N or as bidentate through both P and N  or as bridging 

ligands depending with metal hardness and ligand steric (Kandel, 2018). For example, the P-

N hemilabile ligands metal complexes react with small molecules to undergo fluxional ligand 

exchange processes.  

Nitrogen moieties such as amines, pyridines, imines and nitriles are weakly binding and 

exhibit hemi-lability. In these complexes, a late transition metal forms a monodentate ligand 

through complexing with either P or N and a bidentate by complexing with both P and N 

depending on the ligand steric effect  (Kandel, 2018). Activity of metal cation can be 

manipulated and controlled by hemilabile ligands. The phosphorous is considered to be a soft 

donor and inert while nitrogen is considered to be hard donor and labile. Phosphorus 
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stabilizes metal ions of low oxidation states due to its π-electron accepting behavior (soft P 

site) while nitrogen uses σ-donating ability of the hard N site (Kandel, 2018).  

1.2.2 Pyrazolyl Metal Complexes in Catalysis 

Pyrazolyl ligands are a type of hemilabile ligand. They are based on the pyrazole ring, a five 

(5)-membered ring heterocyclic compounds with three carbon atoms and two nitrogen atoms. 

Pyrazoles and their derivatives are highly attractive due to their versatility in synthesis of a 

series of analogues with various moieties. Pyrazolyl ligands are used to prepare metal 

complexes as nitrogen donor ligands. The complexes formed from the nitrogen donor ligands 

have structural diversity with potential applications as catalysts. Pyrazolyl ligands are not 

extensively used as imines and pyridines in catalysis. Pyrazolyl ligands been used as 

nitrogen-donor groups in carbon-carbon coupling reactions such as olefin oligomerization 

and polymerization. In addition, in heck and Suzuki coupling and ring opening reactions 

(Ojwach & Darkwa, 2010). Pyrazolyl-based ligands have been used for different purposes 

such as motifs pharmacophores for medicinal compounds used as anticancer, antimicrobial 

and anti-inflammatory and complexes for catalysts.  

Pyrazole-Metal based complexes have various coordination geometry (Mukherjee, 2000). 

The pyrazole-based ligands are preferred for use because they are weak electron donors 

compared to other nitrogen donor groups such as imines and pyridines. This renders the 

complex central metal to be more electrophilic. Also, the pyrazolyl based ligands can be 

easily modified by use of substituent attachments to fine tune steric and electronic properties. 

Some pyrazolyl-based metal complexes used for oligomerization and polymerization 

reactions are shown below Figure 1.2 
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Figure 1.2. Representatives of hemilabile pyrazolyl-based complexes used in polymerization 

and oligomerization catalysis.  

Source: Mukherjee R(2000).  

According to Mukherjee, pyrazolyl ligands coordination chemistry is influenced by other 

donor atoms such as oxygen, nitrogen and sulphur (Mukherjee, 2000). Pons et al (2010) 

reported on characteristics of coordination chemistry in alkylpyrazolyl with a second atom as 

nitrogen or other hetero atoms such as oxygen and sulphur with the first row or second row 

transition elements. They pointed out that when oxygen is the second atom bonded to second 

row metals, it does not coordinate (Aragay et al., 2010). After development of symmetric 

diimine catalyst by Brookhart and coworkers for ethylene oligomerization, later a number of 

imine based late transition metal pre-catalysts were developed both with and without bulky 

substituents (Wang et al., 2017).  

There exist a variety of nickel bearing imine nickel (II) complexes  with five and six 

membered chelate rings analogues of Brookhart type catalysts (Bekmukhamedov et al., 

2020). Designing of transition metal catalysts require ligands with specific functionality of  

tailor made electronic and steric properties (Raugei et al., 2015). Advantage of 
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pyrazolyl-based metal complex catalysts is ability to fine tune ligand to get tailored catalytic 

properties and performance. Ligand’s structural composition helps in  prediction of electronic 

structural changes and steric characteristics of the ligand such as electron withdrawing and 

donating abilities  (Raugei et al., 2015). The yield, rate of reaction and selectivity of a 

catalyst can be linked to steric and electronic descriptors of a ligand. Therefore, models 

derived from the descriptors can be used in discovery, optimization design, and evaluation of 

new catalysts (Durand & Fey, 2019).  

1.3 COMPUTATIONAL INVESTIGATION OF A CATALYST  

Molecular structural design of a catalyst has to be made based on the choice of method and 

technique to use on investigation of their reaction nature. Key decisions have to be made on 

the problem definition, theoretical model progression, presentation of chemical progression, 

calculation series progressions, and environmental modeling progression. Geometry 

optimization is the first step of most computational studies. It factors environmental modeling 

progression where solvent chemical environment is considered (Foresman J.B., 2015). 

Selection of the model chemistry capable of handling the problem being addressed accurately 

has to be made. For example, when addressing a problem related to excited states, the model 

chemistry selected should be able to run excited states. Also, the geometry of the model has 

to be right. It is an essential factor contributing to availability of a catalytic site. Catalytic 

sites help in comprehending performance of a given catalyst (Liu, 2024). In modeling 

parameters, optimization is critical for it is done to match experimental data (Chacko et al., 

2023). Planning a series of calculations necessary to predict the desired properties of a 

catalyst is also critical. Making decisions in each area inherently involves trade-offs between 

ideal computational accuracy, exigencies of real-world time requirements and computing 

resource availability to achieve the accuracy required (Foresman J.B., 2015). 
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Catalysts play a critical role in determining performance and results of oligomerization 

process. Catalysts accelerate chemical transformations of ethylene monomers into oligomers. 

A selected catalyst design system determines the product selectivity and type of 

oligomerization mechanism which the reaction can follow. The path can be linear or 

metallacyclic mechanism. In addition, the catalyst design controls the microstructure 

properties of an oligomer such as  formation of linear or branched oligomers (Sydora, 2019).  

In modern chemical industries, catalysis is used in many processes such as energy 

conversions, chemical transformations, and pollutant remediation among others. Catalysis 

reduces input costs and  improves production yields (Mou et al., 2023). 

Research in catalysis is focused on identification of optimal reaction conditions, designing of 

efficient catalysts and study of reaction mechanisms (Chen et al., 2024). These can be done 

by trial-and-error methods or computationally. Trial and error experimental methods of 

catalyst design are irrational. It is costly and difficult to optimize catalytic processes, predict 

outcome, and improve or develop new and better performing catalysts. Computational 

chemistry offers an accelerated approach to catalysis research due to its predictive abilities. 

This is possible with use of appropriate global descriptors to play a role of improving 

accuracy in studying and evaluating activity and selectivity of catalysts. 

1.4 STATEMENT OF THE PROBLEM 

Catalytic industrial processes need urgent sustainable industrial solutions to production 

challenges such as non-selectivity and high cost of research. Industrialist are continuously 

seeking new catalysts with ability to decreases production costs, possess high efficiency, 

resist poisoning, minimize environmental contamination and reusable (Gupta et al., 2023).  

Most ethylene oligomerization catalysts are non-selective leading to uncontrolled reactions 

which produce a range of C4 to C30 oligomers (Sydora, 2019). To achieve desired oligomer, 

further chemical processing of the mixture has to be done. During further processing, higher 
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molecular weight oligomers hinder the flow of the mixture of oligomers making the process 

time consuming and less efficient (Soleimani et al., 2012). In addition, due to changes in 

environmental and economic needs by industrialists, there is a demand for new more efficient 

easy to work with catalysts.  

The persistent industrial challenges in catalytic oligomerization of ethylene processes coupled 

with trial-and-error methods hinder design of new catalyst as fast as possible, lead to high 

costs involved in research production and tedious evaluation processes, inaccurate prediction 

of properties, and lack of control of microstructure of oligomers produced. This slows down 

or stops the progress of achieving faster solutions to oligomerization problems such as lack of 

selectivity, activity and stability. Ultimately, new catalysts should be active, selective, stable, 

and able to control microstructures and molecular weight of oligomers. In addition, they 

should be cost effective with no residues of catalyst trapped as impurities in the final product, 

should operate at lower temperatures and pressure to save energy with non-toxic effects to the 

environment. Lack of fundamental insights in catalyst design, predictability, and evaluation 

of properties, is a hindrance in timely optimization of performance of oligomerization process 

and scaling up of production of oligomers. 

1.5 JUSTIFICATION  

Due to industrial and scientific importance of catalysis, researchers are increasingly seeking 

new strategies to make catalysts discovery fast  and more predictable (Pelletier & Basset, 

2016). The major concern in oligomerization industry is to provide faster, reliable designs, 

better and comprehensive understanding of chemical mechanisms governing oligomerization 

of ethylene catalysis, also predictive and evaluation of performance of various designs. The 

outdated trial-and-error methods of catalysts design and their evaluation is inefficient, 

expensive and non-predictive. These methods require a lot of time, substantial investment of 

finances and are labor intensive with repeated sequential steps. 
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The remedy to the prevailing persistent industrial challenges affecting new catalysts design, 

high speed evaluation, prediction of properties and control of oligomerization process, lie in 

research and development work rooted in computational chemistry. Catalyst discovery and 

optimization need understanding of mode of action at molecular level theoretically.  

Computational chemistry is an innovative way that is cost effective, precise, predictive and a 

critical better alternative to the traditional trial and error experimentation methods of design, 

development and evaluation of new oligomerization catalysts. It applies mathematical 

modeling techniques and simulations to explore, understand mechanism of a reaction, predict 

intricate properties of catalyst electronic and steric characteristics and evaluation of 

oligomerization catalysts. Computational methods empower a guided approach towards 

catalytic design and predictive capabilities. The methods  are based on global descriptors that 

rely on the understanding of oligomerization reaction process (Chen et al., 2021).  

The coordination geometry and energy of transition metal catalysts can be studied 

theoretically using DFT. DFT calculations enable determination of possible microscopic 

properties of a catalytic system through computational simulations (Mao et al., 2017). In this 

study, computational modeling is used as a vital tool in designing transition metal catalysts. It 

demonstrates its capability of alleviating the lengths of time burden associated with design, 

study of activity, prediction of properties and evaluation of new designs of catalyst based on 

geometry, energy, and catalytic global descriptors. Thus, computational chemistry provides 

an accelerated approach to new catalyst development, optimization, evaluation and prediction 

of catalytic properties and abilities.  
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1.6 OBJECTIVES 

1.6.1 Main Objective 

To probe the influence of the electronic structure of the metal cation, the nature of the ligand, 

as well as the effect of chelation and steric interactions on the activity of the catalysts in 

ethylene oligomerization reactions. 

1.6.2 Specific Objectives 

1. To determine stable low-energy structures, geometries around the metal center 

and geometrical parameters of the Fe
2+

, Co
2+

, Ni
2+

 and Pd
2+

 metal complexes. 

2. To determine the global descriptors of the Fe
2+

 Co
2+

 Ni 
2+

 and Pd
2+

 metal 

complexes. 

3. To examine the electronic-, chelate-, and steric effects of the metal complexes 

by: - 

a. changing the electron configuration of the metal complexes 

from Fe
2+

 to Co
2+

 to Ni
2+

 to Pd
2+ 

  

b. comparing the two ligands, L1 and L2 

o L1 - [2-(3,5-dimethyl-pyrazol-1-yl)-ethanol] and 

o L2 - [1-(2-chloro-ethyl)-3,5-dimethyl-1H-pyrazole] 

4. To compare theoretical results of the Fe
2+

, Co
2+

, Ni
2+

 and Pd
2+ 

complexes to 

experimental results of the analogous complexes. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 INTRODUCTION 

2.1.1 Development of Computational Chemistry 

Earlier days, chemists carried out chemical transformations without computational modeling 

and simulations. When Fischer-Tropsch reaction for  liquefaction of coal was achieved in 

1925 (Sarkari et al., 2012) and the development of Ziegler-Natta catalysts by  Karl Ziegler 

and Gulio Natta in the 1950s  ( Zhang et al., 2012), computational chemistry did not play any 

role. The historical application of computational chemistry started when Neil Bohr introduced 

quantum description of an atom. In the early years of the twentieth century, Neil Bohr and 

Sommerfeld came up with the laws that govern the microscopic world in the quantum 

mechanical and wave description of electronic orbitals (Bhattacharjee, 2022). The discoveries 

differentiated classical and quantum domains. In an independent effort, Schrodinger laid the 

foundation of quantum mechanics by coming up with a generalized mathematical model that 

validated Bohr’s correspondence principle. 

In 1925, Schrodinger expressed atomic system using mathematical functions of coordinates 

of electronic positions called a wavefunction. A wavefunction holds a system’s information 

which can be extracted by treatment of a mathematical operator corresponding to a physical 

observable parameter of interest known as an eigenvalue (Bhattacharjee, 2022). A significant 

advancement in computational chemistry came with derivation of Hartree-Fock (HF) 

equations. The equations approximated wavefunction as a single slater determinant and 

optimized it according to variational principles (Recchia et al., 2024). This solved many 

electron system solutions for wave function calculation for Schrodinger equation. In general, 

the HF equations are one of the methods  for solving  Schrodinger equation(Jensen et al., 

2023). The limitations were inability to precisely solve atoms with more than one electron 
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with a variety of many forces involved. The forces include electrons-nucleus attraction, 

electro-electron repulsion and weaker magnetic forces arising from spin and electrons orbital 

motion (Sandhu, 2018).  

2.1.2 Trends in Computational Design of New Catalysts  

Discovery of new effective and efficient catalysts is key in chemical industries. It is a driving 

force in achieving global goals towards sustainability, decreases in energy use and 

development of environmentally friendly processes (Soyemi & Szilvási, 2021). However, 

new catalyst design consumes a lot of time and resources. Therefore, it is necessary to 

increase reliance on properties and performance predictive tools.  

Computational chemistry methods are powerful tools compared to traditional experimental 

methods in designing new catalysts. These methods offer useful predictions of properties and 

performance and decreases time used on screening of new catalysts (Soyemi & Szilvási, 

2021). Current computational methods used in computational design of new catalysts are 

based on three approaches, that is, reaction mechanism based, descriptor based and data 

driven approach (machine learning) (Soyemi & Szilvási, 2021).  

2.1.3 The Future of Computational Design of New Catalysts  

A long standing goal in catalysis research, is development of methods for determining 

catalytic activity, selectivity, and prediction of chemical properties in the shortest time 

possible (Bell, 2004). Quantum chemical methods and codes have made great contribution 

and advancements with impressive achievements in terms of speed in the field of research. 

The quantum chemical methods define what is possible to be done (Bell, 2004). Furthermore, 

the use of computers has revolutionalised theoretical design and development of new 

catalysts. Computational chemistry methods are used to design, screen and evaluate novel 

pre-catalysts. They have become acceptable strategies in catalyst discovery (Medford et al., 

2015). Coupling computational chemistry with experimental methods result  reveals puzzling 
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observations and enhances better understanding of catalytic processes (Medford et al., 2015). 

Additionally, computational chemistry theoretical simulations and calculations can capture 

critical aspects of a catalytic system. The challenge in catalyst design is when the molecule is 

a complex and needs big computer memory and speed making computational cost high.  

Catalysts are evaluated based on energy on potential energy surface (PES), mechanism of 

action, charges, free energies etc. Theoretical simulations provide geometric and electronic 

information for catalytic descriptor development (Mou et al., 2023). Global descriptors easily 

show computed catalytic activity in prediction of intrinsic atomic properties. Modeling of a 

reactivity trend of a singled-out parameter to describe activity or selectivity are perquisites 

for a specific catalytic descriptor.  

Computational calculations provide descriptor based inherent atomic properties such as 

electronegativity, HOMO-LUMO energy gap, polarizability, charge distribution etc. Spectral 

descriptors predict interactions between the catalyst ligand and central metal. Also, 

interaction between catalyst and monomer. An ideal descriptor should be a function of 

electronic behavior of ligand and metal cation and or monomer. The descriptor should also 

contain information  on electron distribution spatially and produce quantitative values that are 

comparable  experimentally and computationally (Hu et al., 2019). In addition, molecular 

dipoles have strong association with Raman, Ultraviolet-Visible (UV-Vis), Nuclear Magnetic 

Resonance (NMR), and Infra-red (IR) vibrational spectra. The spectra for a catalyst can be 

theoretically simulated and experimentally determined (Hu et al., 2019).  

Surface adsorption interactions including charge transfers and  energy absorption can be 

measured quantitatively  by utilizing vibrational spectral signals from Raman and IR spectra 

(Wang & Jiang, 2023). Accuracy and efficiency of electronic structure methods in new 

catalyst design is prediction of properties. Accuracy of prediction depend on physical 

description parameters such as spectra which are highly valued in achieving research goals 
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(Marzari et al., 2021). This is driven by modeling and simulations for accelerated 

identification, characterization and optimization.  

2.2 THE QUANTUM CHEMICAL THEORY AND CATALYSIS  

2.2.1 Electronic Structure Theory  

Computational chemistry entails the use of computers to solve chemical problems. It includes 

computational techniques applicable in chemistry that originate from quantum physics, 

statistical mechanics, informatics among other scientific disciplines (Lewars, E. G. 2016).  

The key role of electronic structure theory with respect to catalysis is to elucidate the 

energetics and mechanisms of catalytic reactions. The accuracy of the results depend on 

electronic structure methods derived from quantum chemistry and model chemistry used for 

calculation (Vogiatzis et al., 2019). Quantum chemistry has a set of methods derived partly or 

wholly from laws of quantum mechanics (Lewars, 2016). The laws have a direct bearing to 

time-independent version of Schrodinger equation, equation 2.1., which underlies electronic 

structure theory methods (Lewars, 2016).   

                                                  (2.1) 

 In the equation, Ψ is wavefunction of a molecule with respect to positions of electrons and 

nuclei, r and R, respectively. As stated by the equation, applying the Hamiltonian Operator, 

H, to the wavefunction, Ψ, yields energy, E, of the molecule multiplied with wavefunction, Ψ.  

Mathematically, an equation where an operator, H, is applied to a function, Ψ, to yield the 

same function, (Hamiltonian) multiplied by a constant is an eigenvalue equation. The Ψ is an 

eigenfunction of the operator H (Foresman J.B., 2015). The time-independent, non-

relativistic Schrodinger equation, H, is given as in equation 2.2.  

 

    (2.2) 
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Where r represents the distance between ί and n, j is the subscript for electron and nucleon 

and A is subscript for nuclei. Me and MA are masses of electron and nucleon, respectively. 

The ħ is planks constant divided by two (2). In Equation 2.2, first and second terms represent 

kinetic energy of electrons and nuclei respectively. The third term represent potential energy 

due to nuclei-electron attraction, the fourth is electron-electron repulsion and finally the fifth 

term represent nuclear-nuclear repulsion energies.  

The energy and wavefunction of quantum system depends on electrons coordinates. To get 

total energy of a system, term one, three and four which remain eigenvalue problems can be 

added to term two which is calculated if the charge of the nucleus is known. All information 

about the chemical system and its available states is contained in the wavefunction. Every 

quantum mechanical system has an associated operator and measurements on the system or 

collapse of wavefunction into one of its states yields an eigenstate operator. 

2.2.2  Applications of Electronic Structure Theory 

Conceptionally, quantum chemistry approach treats the nuclei of a molecule as stationary 

particles with electrons moving around it.  This approach are known as electronic structure 

methods (Götz, 2016). There are other approaches that model the behavior of a system over 

time and are known as chemical dynamics methods (Pratihar et al., 2017). These methods use 

quantum dynamics, molecular dynamics, or semi classical dynamics. Molecular Mechanics 

(MM) methods, use force fields, they are based on classical mechanics and are inexpensive. 

The MM methods are applied on large molecules (Nochebuena et al., 2021). The molecular 

dynamics methods are beyond the scope of discussion in this dissertation.  

Some electronic structure methods base their calculations on quantum mechanics and 

fundamental physical constants like speed of light, masses and charges of electrons and 

nuclei (Pratihar et al., 2017). Other methods combine versions of the first cases with 

experimental parameters and others are hybrid.  A good example of the latter is the 
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semi-empirical methods. As a result, they are inexpensive and provide a fairly accurate 

prediction of structures and energy compared to DFT methods (Lewars, 2016).  

The most widely accepted descriptive technique of computational modeling is DFT, a 

quantum-mechanical atomistic  first principle simulation technique for computation of 

molecular properties (Bhattacharjee, 2022). Density Functional Theory computes total 

electron of a molecular system. It does not require calculation of wavefunction (Baseden & 

Tye, 2014). It uses pseudo wavefunction for computation of part of energy of a system and 

the rest calculated by electron density.   

2.2.3 The Density Functional Theory (DFT) 

The DFT is a theory of electronic structure. It is based on electron density distribution instead 

of many electrons wavefunction. In DFT framework, total electron density (ρ) is related to 

normalized wavefunction (ψ) as shown in equation 2.3 below, where n is the total number of 

electrons.  

                                                                                                             (2.3) 

It is useful in understanding and calculating of ground state density and energy of any system 

having electrons and nuclei such as molecules, clusters and solids. The calculation is 

performed with or without application of static perturbations (Kohn et al., 1996).   

DFT calculations are high quality predictions with broad range of application at a reasonable 

cost. The foundation of DFT are two theorems by Hohenberg and Kohn. The first theorem 

states that, the ground-state energy is uniquely determined by electron density and can be 

obtained variationally (Vogiatzis et al., 2019). The second theorem states that if the exact 

expression of density of electron was known then an energy greater or equal to the true 

energy can be computed. The current Kohn-Sham DFT equation is derived from 

Hartree-Fock equation via Self-Consistency-Field (SCF). DFT is the most practical 
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Kohn-Sham DFT method that considers electron-electron interactions (Vogiatzis et al., 

2019).   

2.2.4 Application of DFT in Development of Oligomerization Catalysts 

Computational chemistry calculations are useful in providing interpretation of energetics and 

mechanisms of catalytic reactions. DFT in particular, has refined the  understanding of 

chemical catalytic reactions such as ethylene oligomerization using organometallic systems 

(Vogiatzis et al., 2019). Oligomerization is an advanced industrial process which applies 

organometallic chemistry in the formulation of catalysts (Sydora, 2019). Such catalysts are 

either a single or bimetallic active site metal complexes consisting of transition metals such 

as  cobalt, nickel, palladium, and chromium in a divalent state (LiBretto et al., 2021). In some 

cases, the  catalytic  systems are made of an  alkyl group or a halogen derivative of a 

transition metal with an organoaluminium compound (Belov, 2008). A good example of such 

a system is Ti(OC4H9)4-Al(C3H5), a Ziegler-Natta type of catalyst with high oligomerization 

activity (Belov & Matkovsky, 2010). High catalytic activity in oligomerization of ethylene is 

influenced by electron deficiency in transition metal complexes. Presence of coordination 

sites at active metal centers bordering a growing oligomer or polymer chain consist of a 

positive charge for enhancing electrophilicity of the metal cation. Additionally, the positive 

charge aids in inhibiting and deactivating occurrence of dimerization and stabilizing the 

active catalytic sites of the metal cation (Mecking, 2001).  

The use of DFT in modeling catalytic reactions is becoming a routine. It allows  deeper 

understanding of molecular systems in situations where application of experimental 

techniques are unfeasible (Bhattacharjee, 2022). DFT functional is preferred in calculating a 

variety of molecular properties such as  thermochemistry and reaction kinetics for 

organometallic compounds (Bursch et al., 2022). The functionals are grouped into two major 

categories, pure and hybrid. The DFT pure functionals describe two different terms of energy 
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expression, that is, exchange and correlation. The third category is hybrid functionals for 

DFT calculations which include some Hartree–Fock exchange in their formulation (Tognetti 

& Joubert, 2024). The DFT advances in the recent past also include dispersion effects and 

long range interactions of electrons in excitations state in transition to higher orbitals 

(Tsuneda & Hirao, 2014). 

In the study of organometallic systems, there is a compromise between desire for highest 

possible accuracy and the need to complete the calculation within a reasonable time limit and 

cost. Although coupled cluster methods CCSD (T) is considered to be a gold standard, DFT 

is a method of choice for catalysis studies. It has a good compromise between speed and 

accuracy (Smith et al., 2019). Also, DFT computations can be done on a broad range of 

systems on any element in any chemical environment and produce high quality predictions. A 

variety of DFT methods commonly used are shown in Table 2.1  

Table 2.1: Commonly used DFT methods 

GGA Meta GGA Hybrid -Meta-GGA Hybrid-GGA Range Separated 

BP86 M06L M06 B3LYP ωB97X-D 

B97D TPSS M062X B3PW91 DFT -D3 

   PBEO  

   APFD  

         

Source: Sancho-García & Adamo (2013) 

Hybrid functionals have enhanced accuracy and precision and DFT is synonymous with them 

(Qi et al., 2016). The first generation DFT methods are the Becke’s three parameters exact 

exchange functional (B3LYP) in combination with gradient corrected correctional functionals 

of Lee, Yang, and Parr (LYP) and  the Beck’s three parameters incorporating Perdew and 

Wang’s 1991gradient-corrected exchange and correlation functions and include 20% Hartree-

Fock exchange method (B3PW91) (Avcl et al., 2015). Others include the Amplitude 

Probability Frequency Distribution (APFD) method.  The APFD functional is used to avoid 

the unjustified  long range attractive or repulsive interactions in DFT (Austin et al., 2012). 
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 It provides a basis for addition of dispersions correction terms coming out of spherical atom 

model. Also, it has nine adjustable parameters which include ionization potentials and 

effective atomic polarizability for elements. The APFD method, describes accurately 

potential energy surface (PES) of noble gases, various diatomic molecules, dimers of 

hydrocarbons. The APFD method is also accurate in producing conformational energies of 

organic molecules comparable to coupled cluster method CCSD (T)/aug-ccpVTZ methods 

(Austin et al., 2012). The three DFT methods i.e. B3LYP, B3PW91, and APFD combined 

with a basis sets linearly create molecular orbitals used in computing energies of a given 

system  (Hill, 2013). 

2.2.5 The Model Chemistry 

The choice of the correct a model chemistry and sufficient description of route section 

instructions, modeling will not give susceptible or ambiguous results. Wrong results could 

lead to poor correlation of computational predictions against experimental results. The end 

results would be incomplete understanding of the chemical system being investigated. 

(Bhattacharjee, 2022). To achieve knowledge of system, model chemistry has to be right. 

Theoretical functional method and a basis set make up a model chemistry or level of theory. 

Basis sets are used to define the space in which molecular orbitals are built (Donchev et al., 

2021).  The selection of a right basis set results in reliable geometry and energies of the 

predicted molecule. For example, DFT functionals with selected basis sets were used to 

model organometallic complexes involving metal–metal bonds.  

Metal-Metal and Metal-Carbon distances of organometallic complexes are computed using 

double-ξ and triple-ξ (theta) plus polarization basis sets (Narendrapurapu et al., 2013).  

According to Zhao and Truhlar who examined 57 functionals with double and triple-ξ basis 

sets, suggested  that G96LYP,  MPWLYP1M, XLYP, MOHLYP and MPWLYP are the best 

choices of DFT functionals for the systems (Fernandes et al., 2007). The study showed that 
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triple-ξ basis sets are preferred to double-ξ because they are more accurate. In addition, 

increase in basis set size increases convergence (Spackman et al., 2016).  

In another study conducted by Cundari, Wilson and co-workers suggested that calculations of 

enthalpy accuracy increases with increase in basis set size (Tekarli et al., 2009). Therefore, 

increase of basis set has a direct effect on the geometry the bond parameters and energies in 

modeling. 

2.2.6 Modelling of Ethylene Oligomerization Catalysts 

Ethylene Oligomerization catalysis is a kinetic phenomenon characterized by transformation 

of ethylene at a low energy by a catalyst. The catalyst lowers activation energy of the system  

without it being part of the finished product (Sydora, 2019).  Transition metal catalyzed 

oligomerization reactions are metal centered and the reactions are thermodynamically 

accelerated by taking a reaction path of lower energy. The reactions consist of substitution, 

oxidative addition, reductive elimination and migratory insertion reactions. These 

fundamental transformations can be elucidated and predicted computationally using quantum 

chemical methods (Funes-Ardoiz & Maseras, 2018). The methods involved in calculating 

geometry and energy of reactants, intermediates, transition states, and final products. 

Accuracy of calculations of obtained geometry parameters and energy depend on electronic 

structure method and the model chemistry or level of theory used (Bogojeski et al., 2020) .  

If the ingredients of a catalyst are known, to unravel how catalysts work, requires a 

systematic approach to mimic interactions and observations of a working catalyst (Sauer & 

Freund, 2015). Electronic structure methods have emerged to be reliable in understanding 

catalytic functions and aid in the discovery of new catalysts. Thus, adopting computational 

approach, quantum chemical calculations can integrate complex systems to unravel 

successfully desired  properties (Stamatakis, 2015). Modeling catalysts according to quantum 

mechanics postulates that a particle in a quantum mechanical system has a wavefunction 
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associated with it. The wavefunction contains all knowable information related to a quantum 

chemical system. A wavefunction of a molecule is a superposition of all available states and 

depends on coordinates and time of electrons and nuclei. Consequently, coordinates of atoms 

and nuclei and time determines the wavefunction of a quantum chemical system (Foresman 

J.B, 2015). In order to obtain reliable information such as energy of a catalytic system, the 

molecular geometry of the chemical system must be right. Proper selection of the metal and 

ligand set, a single-site catalyst can be designed to target a given chemical transformation. 

The coordination chemistry and lifetime of oligomerization of catalyst for ethylene can be 

defined. In addition, the understanding of structure-activity relationship, selectivity  of 

transition metal catalyst can be achieved (Pelletier & Basset, 2016). 

2.3 APPLICATION OF THEORETICAL METHODS MECHANISM STUDY 

Theoretical methods make a significant contribution to mechanistic studies of transition metal 

catalysis. The use of quantum mechanical calculations has led to improved understanding of 

oligomerization process (Forget et al., 2017). Oligomerization of ethylene occurs in 

sequential steps whereby an activator converts a pro-catalyst into a cationic oligomerization 

initiator. Ethylene coordinates to the cationic oligomerization initiator (activated catalyst) to 

form unstable intermediates. These intermediates rearrange to stable forms intermediate 

through migratory insertion of ethylene monomer into a metal alkyl bond.  A second ethylene 

monomer binds and undergoes migratory insertion leading to chain elongation. The growth 

can be linear or branched through ẞ-hydride elimination and reinsertion of ethylene 

monomeric units (Sydora, 2019). Termination occurs though chain transfer (ẞ-hydride 

elimination and olefin dissociation) shown Figure 2.1 
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Figure 2.1: Scheme for catalyst activation for oligomerization process 

Source: Researcher (2024) 

 

The formation of unstable intermediates between reacting molecules and catalyst 

intermediate decomposes into oligomers. The intermediate formation and decomposition 

determine product selectivity and rate of chemical reaction. Also, this processes are 

accompanied by changes in Gibbs free energy of the system (Freeman et al., 2020). Analysis 

of  both  primary and secondary  oligomerization products is used to postulate mechanistic 

pathway for ethylene oligomerization (Forget et al., 2017). 

2.4 ROLE OF TRANSITION METALS IN ETHYLENE OLIGOMERIZATION 

CATALYSIS 

The need for maximum catalytic activity and selectivity of specific α-olefin production is 

driven by industrial needs. Oligomer manufacturers  need to cut production cost and address 

changing customer and market requirements (Herron et al., 2016). The technology of 

designing catalysts is now shifting away from producing mixed chain length oligomers to 

single chain lengths. The cost of further chemical processing of mixed α-olefins to isolate the 

desired one is high and time consuming (Sydora, 2018). 

The late transition metals research application in oligomerization catalysis attracts intense 

interest due to their properties. In particular, valence, electronic configuration, ionization 

potential, ionic radii and greater tolerance towards polar functional groups. Polar functional 

groups are used in polyolefins to improve on surface properties such as rheology and ease to 

mix the polyolefins in the end use applications. The polar properties potentially adding value 

to applicability of polyolefin in the end use product. Early transition metal elements such as 
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titanium, zirconium, vanadium and chromium and hafnium are mainly used  to make  

homogeneous catalysts (Chen et al., 2020).  

Homogenous catalysts are less preferred in industrial applications because they are fragile 

with short lifespan, unstable and not easily separated from reaction mixture after 

oligomerization (Pelletier & Basset, 2016). Ethylene oligomerization reactions using early 

transition metal catalysts are hard to improve on properties and expand on applications due to 

their limitation. They have a low tendency to form oxides and they are easily poisoned unlike 

late transition metal catalysts making their direct polymerization using polar groups a 

challenge (Guo et al., 2016). A desire to develop catalytic systems with polar functional 

groups tolerance is a key in addressing the limitations.  

When early transition elements are complexed with bidentate and tridentate ligands they can 

selectively oligomerize ethylene with high efficiency (Kinoshita et al., 2011). A chromium 

complexed with  monoanionic tridentate phenoxy–imine (O,N,N) ligand is more active 

catalyst(de Oliveira et al., 2021).  Mitsui chemical company developed phenoxy-imine (O, N) 

ligand for making metal complexes for control of polymerization and oligomerization of 

ethylene (Kinoshita et al., 2011). The catalyst when activated increased efficiency of 

polymerization. The working of the catalysts, showed remarkable electronic flexibility  of 

phenoxy-imine ligands in insertion process of ethylene oligomerization using a catalytic early 

transition metal  complex (Matsugi & Fujita, 2008). This lead to upsurge in early transition 

metals with phenoxy-imine complexes and related ligands application in oligomerization 

reactions of ethylene  (Kinoshita et al., 2011). 

Apart from heterogeneous nature, late transition metal can be used as catalysts for binuclear 

catalytic systems (Cao et al., 2023), dienes polymerizing systems, cyclic olefins (Lu et al., 

2014), allenes  (Bai et al., 2009), norbornene   (Lee et al., 2009) and styrenes (Camacho & 

Guan, 2010). Late transition metal catalysts are advantageous due to ease of preparation, 
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good stability and high catalytic activity (Gansukh et al., 2020). Besides the advantages, the 

catalyzed products of late transition metal complexes can be linear or branched (Qiu et al., 

2024). The properties create a desire to develop catalytic systems based on late–transition 

metals. 
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CHAPTER THREE 

COMPUTATIONAL METHODOLOGY 

3.1 STUDY DESIGN 

In this work, the late transition metals Pd2+, Co2+, Ni2+ and Fe2+ were varied in metal 

complexes. The ligands under investigation were hemilabile N^N-donor type of Ll- 

[2-(3,5-dimethyl-pyrazol-1-yl)-ethanol] and [(L2)2CoCl2] and L2=[1-(2-chloro-ethyl) 

-3,5-dimethyl-1H-pyrazole] alkylpyrazolyl ligands. After modeling and conformer search 

using Gaussian Suite of programs (www.https://gaussian.com/gaussian16) and PC Model 

version 10.0700 (WWW.serenasoft.com., 2020) respectively, quantum chemical calculations 

were done on low and high spins states models as per guidelines of  GaussView 6.1 program 

( Foresman J.B, 2015). A series of Gaussian optimizations and frequency calculations were 

done on selected PCM 10 model located conformers.  

3.2 GEOMETRY OPTIMIZATIONS AND FREQUENCY CALCULATION 

The DFT functionals B3LYP and B3PW91 with 6-311G (d, p) (a relatively low-cost basis 

set) and LANL2DZ basis sets for nonmetals and for metals respectively were used for first 

optimization with frequency calculations. Further optimization and frequency calculations 

were done using a bigger basis set of 6-311+G (2d, p) for nonmetals and LANL2DZ for 

metals in dichloromethane (DCM) solution phase. This was to allow the second calculation to 

start from a reasonable accurate value. For the two model chemistries, the route section # 

opt= (calcfc, tight) freq B3LYP or B3PW91/gen pseudo=read scrf= (SMD, 

solvent=dichloromethane) nosymm scf=xqc int=ultrafinegrid iop (9/40=3) Basis sets: 6-

311+G (2d, p) for non-metals and LanL2DZ for metals was used.  

The optimized structures were examined for their corresponding energies and compared 

within and across the model chemistries. Structures with lowest energy were isolated for 

further calculations.  In all cases, the default methods were used. For closed-shell systems, a 

http://www.serenasoft.com/
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spin restricted model was employed, whereas for open-shell systems a spin-unrestricted 

model was employed.  All geometries and energies for second optimization, were calculated 

in dichloromethane solution using the SMD implicit solvation model for solvation effects. 

Optimized geometries were confirmed to be minima with zero imaginary frequencies. 

Computed vibrational frequencies were calculated using B3LYP level of theory and scaled 

using 0.9804 factor (Foresman J.B, 2015).  Other subsequent calculations were carried out 

after second optimization. 

3.3 DETERMINATION OF LOW ENERGY CONFORMERS  

Using output file (.log file) the structures were examined for normal termination and 

convergence.  Corresponding energy of the equilibrium structures were documented.  The 

route section for the single point energy was, b3lyp/6-311+G (2d, p) SCRF (SMD, 

solvent=Dichloromethane) SCF=Tight.  

3.4 BOND PARAMETERS AND CORDINATION GEOMETRY 

Bond lengths, and bond angle for Lowest energy conformers (LECs) per pyrazolyl based 

metal complex were determined using GaussView 6.1 program. Definition of coordination 

geometry was done depending on dimension of angle, visual analysis and VSEPR criteria of 

judgement.  

3.5 DETERMINATION OF ELECTROSTATIC POTENTIAL MAPS. 

The optimization frequency calculation output check file was converted to formatted check 

file, then another optimization frequency calculation using a key word population = full 

(Pop= Full) was used to display electrostatic potential maps. Higher and lower values of 

electrostatic potential and Mulliken charges on the metal atom were documented. 
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3.6 DETERMINATION OF POLARIZABILITY 

Polarizability was computed after optimization frequency calculation. Redundant internal 

coordinates were taken and resubmitted to high performance computing calculations using   

with a key word polar=gamma in the route section. Isotropic polarizability values extracted 

from .log file were document.  

3.7 DETERMINATION OF DIPOLE MOMENTS 

Dipole moment, mean polarizability and first order hyper-polarizability (nonlinear optical) 

(NLO) properties of complexes, were computed using DFT functional B3LYP and B3PW91 

using LanL2DZ basis set for metal cation and 6-311+G (2d, p) basis set for all the remaining 

atom. Dipole moments were extracted from .log file output of the single point energy 

calculation for pyrazolyl–metal complexes. Using GaussView results, selection of summary 

was done and the magnitude of dipole moments in Debye were extracted for documentation.  

3.8 FRONTIER MOLECULAR ORBITALS AND CATALYTIC DESCRIPTORS 

ANALYSIS 

Frontier molecular orbitals which are mathematical functions describing behavior of 

electron(s) within a molecule were generated on the surface of the molecular structures.  

Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital 

(LUMO) energies were determined by TD-DFT method. The HOMO-LUMO energy gap 

calculations were done to evaluate the energy behavior of metal complexes. To visualize the 

HOMOs and LUMOs of the transition metal complexes, GaussView 6.0 program was used.  

The singlet excitation calculation was done through route section # td= (Singlets, 

nstates=400, root=1) b3lyp/6-311+G (2d, p) SCRF (SMD, solvent=dichloromethane) 

Pop=NPA Density=Current int=ultrafinegrid iop (9/40=3). Check files from singlet excitation 

were formatted by opening them in GaussView 6.1 program and clicked on molecular orbital 

(MO) editor icon for a new MO window to pop up. The method changed to load MOs from 
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excited Fchk file. The Fchk files were loaded and HOMO-LUMO visualized by clicking type 

of orbitals and waited for them to form. Ionization potential, electron affinity, chemical 

potential, chemical hardness, chemical softness, electronegativity and electrophilicity index 

properties were calculated from HOMO and LUMO energies. 

3.8.1 Calculation of HOMO-LUMO Gap (EG) 

HOMO-LUMO energy gap was calculated as a difference between HOMO energy (EHOMO) 

and LUMO energy (ELUMO) 

                                                                      (EG) = EHOMO - ELUMO  

3.8.2 Calculation of Ionization Potential (IP)  

Ionization potential which is energy required to remove an electron from atom or molecule 

helps in determining reactivity of a material. It was calculated as   

IP = –EHOMO 

3.8.3 Calculation of Electron Affinity (EA)  

Electron affinity which is the energy released when an electron is added to a compound to 

form a negative species from a neural one in gas phase. It was calculated as 

Electron affinity is = -ELUMO 

3.8.4 Calculation of Electronegativity (χ) 

Electronegativity which is the energy of ions compared to neutral atom. In a molecule with 

two atoms, an atom with net negative charge was compared with other more electronegative. 

The electronegativity values were determined as   

            Electronegativity (χ) = (IP + EA)/ 2 
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3.8.5 Calculation of Chemical Potential (µ)  

Chemical potential which is partial molar free energy is energy that can be absorbed or 

released during a chemical reaction. It was calculated as 

                 Chemical Potential (µ) = -(IP+ EA)/ 2 

3.8.6 Calculation of Chemical Hardness (ղ) 

To assign values to chemical hardness, the calculation was done as below 

                                                                 Chemical Hardness (ղ) = (IP-EA)/2 

3.8.7 Calculation of Global Electrophilicity Index (ω)  

Electrophilicity measures stabilization in energy when a molecule acquires an additional 

electronic charge from the environment. It was calculated as 

                                                 Global Electrophilicity index (ω) = µ2/ 2ղ 

3.9 DETERMINATION OF NBOS 

Natural bond orbital (NBO) analysis were performed with the Gaussian 16 integrated NBO 

program (Reed et al., 1985). The route section used was, NBO CALCS: opt= (calcfc, tight) 

freq b3lyp/6-311+G (d, p) SCRF (SMD, solvent=Dichloromethane (DCM) Pop= (NBO, 

SAVENBO) int=ultrafinegrid iop (9/40=3). 

3.10 DETERMINATION OF DENSITY OF STATES (DOs)  

The singlet excited states output files (.log file) were opened in GaussSum. The frequencies 

icon was clicked followed by the image. To get DOs spectra the Dos icon was highlighted 

then orbitals were chosen.  
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3.11 DETERMINATION OF ZERO-POINT ENERGY CORRECTIONS 

Zero-point energy (ZPE) corrections calculations in solution using the SMD model were 

studied using the B3LYP and B3PW91 DFT functional using LanL2DZ basis set for metal 

atom and 6-311+G (2d, p) basis set for all the remaining atom. Cartesian coordinates for the 

optimized geometries are provided in Appendix A1. 

3.12 DETERMINATION OF BASIS SET SUPERPOSITION ERROR 

Basis set superposition error (BSSE) is a limitation due to usage of incomplete basis set. This 

results into the description of an atom or molecular fragment under study improved by basis 

function of other atoms or fragments having a complete basis set. Estimation of BSSE in a 

counterpoise correction interaction energy between fragments A and B, in the molecule, the 

energy of molecule AB was computed as in equation 3.1, where A and B are described in 

their own basis sets. 

                      (3.1) 

Due to incompleteness of basis set A, energy of A was improved by the basis set of AB in the 

molecule. This gives a better interaction of energy, equation 3.2. 

              (3.2) 

From equation 3.2., it was concluded that the three calculations; molecule AB, fragment A 

and fragment B were performed with the full basis set for AB. Since the finite basis set 

EA(AB) < EA and EB(AB) < EB, AE from equation 3.2 was less than values of 3.1.  
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CHAPTER FOUR 

RESULTS AND DISCUSSION  

4.1 THEORETICAL CALCULATIONS 

Theoretical structures of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes were studied 

using Gaussian 16 suite of programs described in details in chapter three (Foresman J.B., 

2015). ChemDraw structures of the complexes are shown in Figure 4.1.  

 

   

Figure 4.1: ChemDraw structures of pyrazolyl-based metal complexes. 

Source: Researcher (2024) 

Structures of two ligands, 2-(3, 5-dimethyl-pyrazol-1-yl)-ethanol (L1) and 1-(2-chloro-ethyl)-

3,5-dimethyl-1H-pyrazole (L2) that coordinate to the Fe2+, Co2+, Ni2+, and Pd2+ metal cations 

to form Fe1, Co1, Ni1, Pd1, Co2, and Ni2 transition metal complexes shown in Figure 4.2.  
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Figure 4.2: The structures of 2-(3,5-dimethyl-pyrazol-1yl)-ethanol (L1) and 1-(2-chloro-

ethyl)-3,5-dimethyl-1H-pyrazole (L2) ligands. 

Source: Researcher (2024) 

 

The ground electronic spin states of metal complexes based on Fe2+, Co2+, Ni2+, and Pd2+ ions 

were found to be the same as those of bare metal cation, quintet, quartet, triplet, and singlet, 

respectively. Relative energies of Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes 

computed for various possible spin states of Fe2+, Co2+, Ni2+, and Pd12+ are summarized in 

Table 4.1. In all cases, spin contamination of the metal complexes was eliminated in the 

geometry and wavefunction optimization procedures.  
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Table 4.1: Relative energies of the various spin states of transition metal complexes in their 

ground-state conformations at STP in Hartrees. 

Metal 

Complex 

Multiplicity Ground-state Structures Gibbs Free 

Energy 

(Hartrees)a 

ΔGSTP 

(milliHartrees)a 

Fe1 

High spin 

5 

 

– 1961.7701  

 

0.0 

Fe1 

Low spin 

1 

 

 

– 1961.6945  

 

– 75.6 

Co1 

High spin 

4 

 

 

– 1983.3686 0.0 

Co1 

Low spin 

2 

 

 

– 1983.3505  – 18.1 

Source: Researcher (2024) 
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Table 4.1. (continued) Relative energies of the various spin states of transition metal 

complexes in their ground-state conformations at STP in Hartrees. 

Metal 

Complex 

Multiplicity Ground-state Structures Gibbs Free 

Energy 

(Hartrees)a 

ΔGSTP 

(milliHartrees)a 

Ni1 

High spin 

3 

 

 

– 6235.4256  0.0 

 

Ni1 

Low spin 

 

1 

 

 

– 6235.3895  

 

– 36.1 

 

Co2 

High spin 

 

4 

 

 

 

– 2752.1354 

 

0.0 

 

Co2 

Low spin 

 

2 

 

 

– 2752.1040  

 

 

 

 

 

 

– 31.4 
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Table 4.1. (continued) Relative energies of the various spin states of transition metal 

complexes in their ground-state conformations at STP in Hartrees. 

 

Complex Multiplicity Ground-state Structures Gibbs Free 

Energy 

(Hartrees)a 

ΔGSTP 

(milliHartrees)a 

 

Pd1 

High spin 

 

1 

 

– 1544.6731 0.0 

Ni2 

High spin 

3 

 

– 7004.1810  0.0 

Ni2 

Low spin 

 

 

– 7004.1738  – 7.2 

aStructures and energies are calculated at the B3LYP level of theory using LanL2DZ basis set 

for metal atoms and 6-311+G (2d, p) basis set for non-metal atoms. (Color codes: 

Carbon-cyan, Hydrogen – white, Nitrogen – blue, Oxygen – red, Chlorine – yellow, Bromine 

– dark green, Iron – light blue, Cobalt – purple, Nickel – black, Palladium – brown). 

 

                                                           Source: Researcher (2024)
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The B3LYP ground-state structures of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal 

complexes are shown in Figure 4.3. 

 

 

 

 

Figure 4.3: B3LYP optimized geometries of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 

complexes (i) B3LYP optimized geometries of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 

complexes using B3LYP functional and LanL2DZ basis set for metal atom and 6-311+G (2d, 

p) basis set for all the remaining atoms.(Color codes: Carbon (C) – cyan, Hydrogen (H) – 

white, Nitrogen (N) – blue, Oxygen (O) – red, Chlorine (Cl) – yellow, Bromine (Br) – dark 

green, Iron (Fe) – light blue, Cobalt (Co) – purple, Nickel (Ni) – black, Palladium (Pd1) – 

brown). (ii) All hydrogen atoms omitted for clarity. 

Source: Researcher (2024) 
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Ground-state structures of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes at the 

B3PW91 level of theory are highly parallel to those found using B3LYP theory. Figure 4.4. 

shows the trends in the average bond distances calculated using B3LYP and B3PW91 levels 

of theory. 
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Figure 4.4. Variations in the average bond lengths in Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal 

complexes calculated using B3LYP and B3PW91 levels of theory. 

Source: Researcher (2024) 

Relevant structural details of the B3LYP and B3PW91 geometry optimized structures for the 

Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes are listed in Table 4.2 and Table 4.3, 

respectively.  

 



48 

Table 4.2: Select geometrical parameters of the B3LYP ground-state structures of the Fe1, 

Co1, Ni1, Pd1, Co2 and Ni2 metal complexesa 

Complex Bond Lengths (Å) Bond Angles () in degrees 

Fe1 Fe–N = 2.1753 (2) 

Fe–O = 2.3528 (2) 

Fe–Cl = 2.5888 (2) 

NFeO = 82.5 (2), 95.9 (2), NFeCl = 87.7, 91.3 (3) 

NFeN = 177.1, OFeCl = 74.0 (2), 154.6 (2) 

OFeO = 82.1, ClFeCl = 130.8 

Co1 Co–N = 2.1548 (2) 

Co–O = 2.2359 (2) 

Co–Cl = 2.5332 (2) 

 NCoO = 84.3 (2), 95.7 (2), NCoCl = 90.0 (4) 

NCoN = 180.0, OCoCl = 77.8 (2), 102.2 (2) 

OCoO = 180.0, ClCoCl = 180.0 

Ni1 Ni–N = 2.1345 (2) 

Ni–O = 2.2224 (2) 

Ni–Br = 2.6482 (2) 

NNiO = 87.0 (4), NNiBr = 89.8 (2), 95.3 (2) 

NNiN = 171.1, ONiBr = 78.0, 109.9, 172.0 (2) 

ONiO = 94.1, BrNiBr = 109.9 

Pd1 Pd –N = 2.0889 (2) 

Pd –Cl = 2.5972 

Pd –C = 2.0433 

NPdCl = 91.2 (2), NPdN = 175.8 

NPdC = 88.8 (2), ClPdC = 176.4 

Co2 Co–N = 2.0969 (2) 

Co–Cl = 2.3415 (2) 

NCoCl = 100.3 (2), 119.2 (2) 

NCoN = 110.5, ClCoCl = 108.4 

Ni2 Ni–N = 2.0629 (2) 

Ni–Br = 2.4522 (2) 

NNiBr = 99.0 (2), 118.5 (2) 

NNiN = 99.5, BrNiBr = 121.3 

aTheoretically determined geometrical parameters using B3LYP functional and LanL2DZ 

basis set for metal atom and 6-311+G (2d, p) basis set for all the remaining atoms. Average 

values are given for similar bond distances or angles; degeneracies are listed in parentheses 

for values that differ significantly such that more than one value is needed to describe the 

bond angle or bond distance.  Bond angles () are given in degrees (O) and bond lengths in 

angstroms (Å).   

Source: Researcher (2024) 
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Table 4.3: Select geometrical parameters of the B3PW91 ground-state structures of the Fe1, 

Co1, Ni1, Pd1, Co2 and Ni2 metal complexesa 

Complex Bond Lengths (Å) Bond Angles () 

Fe1 Fe–N = 2.1588 (2) 

Fe–O = 2.3517 (2) 

Fe–Cl = 2.5612 (2) 

NFeO = 82.5 (2), 96.1 (2), NFeCl = 88.3, 91.1 (3) 

NFeN = 177.8, OFeCl = 73.6 (2), 154.4 (2) 

OFeO = 82.3, ClFeCl = 131.4 

Co1 Co–N = 2.1377 (2) 

Co–O = 2.2271 (2) 

Co–Cl = 2.5086 (2) 

 NCoO = 84.5 (2), 95.5 (2), NCoCl = 90.0 (4) 

NCoN = 180.0, OCoCl = 77.4 (2), 102.6 (2) 

OCoO = 180.0, ClCoCl = 180.0 

Ni1 Ni–N = 2.1156 (2) 

Ni–O = 2.2122 (2) 

Ni–Br = 2.6172 (2) 

NNiO = 87.0 (4), NNiBr = 89.7 (2), 95.3 (2) 

NNiN = 171.2, ONiBr = 77.8 (2), 172.3 (2) 

ONiO = 94.7, BrNiBr = 109.7 

Pd1 Pd –N = 2.0657 (2) 

Pd –Cl = 2.5476 

Pd –C = 2.0286 

NPdCl = 91.4 (2), NPdN = 175.5 

NPdC = 88.7 (2), ClPdC = 176.7 

Co2 Co–N = 2.0864 (2) 

Co–Cl = 2.3245 (2) 

NCoCl = 100.4 (2), 119.4 (2) 

NCoN = 110.2, ClCoCl = 108.2 

Ni2 Ni–N = 2.0437 (2) 

Ni–Br = 2.4311 (2) 

NNiBr = 98.4 (2), 118.4 (2) 

NNiN = 100.0, BrNiBr = 122.2 

aTheoretically determined geometrical parameters using B3PW91 functional and LanL2DZ basis set 

for metal atom and 6-311+G(2d,p) basis set for all the remaining atoms. Average values are given for 

similar bond distances or angles; degeneracies are listed in parentheses for values that differ 

significantly such that more than one value is needed to describe the bond angle or bond distance. 

Bond angles () are given in degrees (O) and bond lengths in angstroms (Å). 

Source: Researcher (2024) 

Cartesian coordinates of the B3LYP and B3PW91 optimized geometries of the ground-state 

structures of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes are shown in Appendix 

A.1. The B3LYP scaled vibrational frequencies, IR activities and Raman activities for the 

ground-state structures of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes are also 

listed in Appendix A.2. 
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4.2 RELATIVE ENERGIES OF THE SPIN STATES  

The relative energies of all possible spin states of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 

transition metal complexes were carefully evaluated to determine the spin states of the 

ground-state species. In this work, the following spin states were examined: quintet and 

singlet for Fe1, quartet and doublet for Co1 and Co2, triplet and singlet for Ni1 and Ni2, and 

singlet for Pd1. Relative energies of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes 

computed for the various possible spin states of the Fe2+, Co2+, Ni2+, and Pd2+ are summarized 

in Table 4.1. 

Ground-state structures of the both the high spin and low spin states of the metal complexes 

are also shown in Table 4.1. In all the five complexes with different spin states shown in 

Table 4.1, the high spin structures were predicted to be lower in energy by about -75.6, -18.1, 

– 36.1, – 31.4, – 7.2 millihartres, for Fe1, Co1, Ni1, Co2, and Ni2 complexes, respectively. 

The Pd1 complex had only one spin state, singlet state at ground state. Energy differences of 

the sizes shown in Table 4.1 indicates that, given the experimental conditions and equilibrium 

between the two spin states, only the high spin states will lead to the synthesis of products, a 

result in agreement with related experimental results where Fe1, Co1, Ni1, Co2, and Ni2 

complexes were found to be paramagnetic in nature (Ainooson et al., 2011).  

4.3 DFT–SIMULATED STRUCTURES 

Structures and structural details of metal complexes calculated at the B3LYP level of theory 

using LanL2DZ basis set for metal atoms and 6-311+G (2d, p) basis set for non-metals are 

shown in Figure 4.3 and Table 4.2, respectively.  As shown in Figure 4.3, in all the metal 

complexes, the M2+ cation, where M = Fe, Co, Ni, and Pd, binds to the nitrogen, oxygen, 

chlorine, and/or bromine lone pair(s) regardless of the identity of the metal cation. The Fe1, 

Co1, Ni1, Pd1, Co2, and Ni2 metal complexes adopt coordination geometries that closely 

approach the ideal geometries predicted by the valence shell electron pair repulsion (VSEPR) 
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model (Hargittai & Chamberland, 1986).  The B3PW91 optimized geometries of the Fe1, 

Co1, Ni1, Pd1, Co2, and Ni2 complexes using B3PW91 functional are as shown in Figure 

4.5. below. Relevant geometrical parameters are shown in Table 4.3. As can be seen from 

Figure 4.3 and Figure 4.5, B3LYP and B3PW91 levels of theory show similar results. Both 

theoretical levels of theory have been found to perform best for Fe, Co, Ni, and Pd transition 

metals (Ngcobo et al., 2022). Therefore, the discussion that follows focuses on the B3LYP 

results with comparisons to B3PW91 theory.  
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Figure 4.5. B3PW91 optimized geometries of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 

complexes (i) B3PW91 optimized geometries of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 

complexes using B3PW91 functional and LanL2DZ basis set for Pd1 metal atom and 

6-311+G (2d, p) basis set for all the remaining atoms. (Color codes: Carbon (C) – cyan, 

Hydrogen (H) – white, Nitrogen (N) – blue, Oxygen (O) – red, Chlorine (Cl) – yellow, 

Bromine (Br) – dark green, Iron (Fe) – light blue, Cobalt (Co) – purple, Nickel (Ni) – black, 

Palladium (Pd1) – brown). (ii) All hydrogen atoms omitted for clarity. 

Source: Researcher (2024) 

It’s important to mention that X-ray structures of the metal complexes were obtained only for 

Ni1, Pd1, Co2, and Ni2 metal complexes and hence these are the only structures that will be 

discussed in this section.  In general, the B3LYP geometry optimized structures of the Ni1, 

Pd1, Co2, and Ni2 metal complexes are similar to the experimentally determined structures 

obtained by X-ray crystallography (Ainooson et al., 2011).  The mean absolute deviation 

  

Ni1(i) 

Co2(i) Ni2(i) 

Pd1(i) Ni1(ii) Pd1(ii) 

Co2(ii) 
Ni2(ii) 
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(MAD) between theory and X-ray data for metal-nitrogen bond lengths in Pd1, Ni1, Co2, and 

Ni2 is 0.06±0.01 Å and 0.04±0.002 Å for B3LYP and B3PW91, respectively. For the metal-

chlorine bond distances in Pd1 and Co2, the MAD between theory and experiment is 

0.12±0.01 Å and 0.09±0.003 Å for B3LYP and B3PW91, respectively. The MAD values 

suggest a good agreement between the experimentally and theoretically determined bond 

lengths for the metal complexes. The MAD between theory and experiment for all the bond 

angles in Pd1 complex is 1.4±0.9O and 1.5±0.9O for B3LYP and B3PW91, respectively. In 

Ni1complex, the MAD between theory and experiment for all the bond angles is 2.8±3.0O 

and 3.1±3.3O for B3LYP and B3PW91, respectively. For Co2 metal complex, the MAD 

between theory and experiment for all the bond angles is 10.8±3.7O and10.8±3.7O for B3LYP 

and B3PW91, respectively whereas in Ni2 metal complex, the MAD between theory and 

experiment for all the bond angles is 2.9±1.7O and 3.3±1.8O for B3LYP and B3PW91, 

respectively. The MAD values further suggest that theoretically determined structures are in 

good agreement with the experimentally determined X-ray structures. 

4.3.1 Structures of the Fe1, Co1, and Ni1 Metal Complexes 

The B3LYP ground-state structures of the Fe1, Co1, and Ni1 metal complexes are shown in 

Figure 4.3. Relevant structural details of the B3LYP geometry optimized structures for the 

Fe1, Co1, and Ni1 metal complexes are listed in Table 4.2. The Fe1, Co1, and Ni1 metal 

complexes adopt distorted octahedral coordination geometries. The equatorial plane is 

formed by two oxygen atoms from the two bidentate ligands and two chlorine atoms for Fe1 

and Co1 (two bromine atoms for Ni1). The apical positions are occupied by two nitrogen 

atoms of the two bidentate ligands with the N–M2+–N angle spanning 177.1O, 180.0 O, and 

171.1 O for Fe1, Co1, and Ni1, respectively, where M = Fe, Co, and Ni. The nitrogen atoms 

of the bidentate ligands are cis to each other, and the oxygen atoms of the bidentate are also 

cis with respect to each other for Fe1 and Ni1 complexes whereas for the Co1 metal complex, 
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both the nitrogen atoms and oxygen atoms of the bidentate ligands are trans to each other. 

The six-membered metallacycle, M2+–N1–N3–C1–C3–O1 has a distorted envelope 

conformation whereas the heterocyle, M2+–N2–N4–C2–C4–O2 most closely approaches a 

boat conformation. In all the three metal complexes, the M2+–N bond lengths predicted by 

B3LYP theory decrease from Fe2+ (2.1753 Å) to Co2+ (2.1548) to Ni2+ (2.1345) as shown in 

Figure 4.6a.  Again, the M2+–O bond lengths predicted by B3LYP theory decrease from Fe2+ 

(2.3528 Å) to Co2+ (2.2359 Å) to Ni2+ (2.2224 Å) as shown in Figure 4.6b. Parallel behavior 

is found for the B3PW91 structures of the analogous metal complexes (see Table 4.3). Trends 

across the two levels of theory in terms of the bond lengths are very similar with B3PW91 

bond lengths generally being the shortest and the B3LYP the longest (see Tables 4.2 and 4.3).  
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Figure 4.6. Trends in the average M2+–N and M2+–O bond distances in B3LYP optimized 

geometries of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes. 

Source: Researcher (2024) 

4.3.2 Structure of the Pd1 Metal Complex 

The geometry around the palladium atom in Pd1 is a distorted square planar as shown in 

Table 4.2. The NPdCl, NPdC, NPdN, and ClPdC bond angles are 91.2o, 88.8o, 175.8o, 

and 176.4o, respectively, deviate from the expected 90o and 180o for a perfect square planar 

and thus demonstrate a distorted square planar. Two pyrazole ligands bind to the palladium 

cation through the nitrogen atom in a monodentate fashion. One chlorine atom and one 

methyl group complete the coordination sphere around the metal center with the -CH2CH2OH 

pendant arm of the pyrazole hanging uncoordinated. The two pyrazole ligands bound to the 

palladium cation are cis to each other. The Pd–N, Pd–Cl, and Pd–C bond lengths in Pd1 

determined at B3LYP level of theory are 2.0889 Å, 2.5972 Å and 2.0433 Å, respectively, 

being typical for this kind of compounds (Ainooson et al., 2011). Nearly parallel behavior is 

found for Pd1 structure determined at B3PW91 theory as shown in Figure 4.5. Trends across 

the two levels of theory are generally systematic such that the B3PW91 bond lengths are 

shortest and B3LYP the longest as observed for Fe1, Co1, and Ni1.  
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4.3.3 Structures of the Co2 and Ni2 Metal Complexes 

As shown in Figure 4.3, the Co2 adopts an almost perfect tetrahedral coordination geometry 

whereas the Ni2 complex adopts a distorted tetrahedral geometry. In both cases, the bond 

angles deviate from 109.5O for a perfect tetrahedral (see Tables 4.2). Two pyrazole ligands 

bind to the metal center through the nitrogen atom in a monodentate fashion with 

the-CH2CH2Cl pendant arm being uncoordinated. Two chloro ligands complete the 

coordination in Co2 whereas two bromo ligands complete the coordination in Ni2 compound. 

The M2+–N bond length determined using B3LYP theory again decreases from Co2+ (2.0969 

Å) to Ni2+ (2.0629 Å) as shown in Figure 4.6c. Analogous behavior is found for B3PW91 

structures of Co2 and Ni2 as shown in Table 4.3. Again, B3PW91 predicts the shortest bond 

lengths whereas B3LYP predicts the longest for Co2 and Ni2 complexes as already observed 

for the remaining metal complexes. 

4.4 SIMULATED CHEMICAL REACTIVITY PARAMETERS 

4.4.1 EHOMO and ELUMO 

The determination of energies of the HOMO and LUMO are important parameters in 

quantum chemical calculations. The HOMO is the highest occupied molecular orbital in a 

given system while the LUMO is the lowest unoccupied molecular orbital. The HOMO and 

LUMO are called the frontier molecular orbitals (FMOs). The HOMO acts as an electron 

donor while the LUMO largely acts as the electron acceptor (El-Gammal et al., 2014). 

According to the concept of HSAB, hard acids prefer to coordinate to hard bases and soft 

acids to soft bases. Soft molecules guarantee properties that the HOMO is relatively high in 

energy and the LUMO is relatively low, whereas hard molecules have the opposite 

properties. Chemical reactivity’s of the transition metal complexes can be deduced from the 

HOMO and LUMO values and are shown in Table 4.4. The HOMO-LUMO maps of the 

corresponding metal complexes are shown in Appendices A.3 and A.4. 
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Table 4.4: Global reactivity descriptors using B3LYP of the Fe1, Co1, Ni1, Pd1, Co2, and 

Ni2 metal complexesa 

 Fe1 Co1 Ni1 Pd1 Co2 Ni2 

EHOMO  – 6.55 – 6.65 – 6.25 – 6.02 – 6.98 – 6.69 

Ionization Energy  6.55 6.65 6.25 6.02 6.98 6.69 

ELUMO  – 0.18 – 0.20 – 0.16 – 1.13 – 0.51 – 0.55 

Electron affinity 0.18 0.20 0.16 1.13 0.51 0.55 

Energy gap 6.37 6.45 6.09 4.89 6.47 6.14 

Electronegativity 3.365 3.425 3.205 3.575 3.745 3.620 

Chemical potential  – 3.365 – 3.425 – 3.205 – 3.575 – 3.745 – 3.620 

Chemical hardness  3.185 3.225 3.045 2.445 3.235 3.070 

Global softness (Ev-1) 

0.157 

 

0.155 0.164 0.204 

 

0.155 

 

0.163 

Global electrophilicity 

index  

1.778 

 

 

1.819 1.687 2.614 2.168 

 

 

2.134 

NBO charge on M2+ 

metal cation 

2.3291 

 

1.7797 

 

1.1685 

 

0.3361 

 

1.7686 

 

1.1575 

 

aTheoretically determined global reactivity descriptors using B3LYP functional and 

LanL2DZ basis set for the metal atoms and 6-311+G (2d, p) basis set for all the remaining 

atoms. All values are given in electron volts (eV) except for the global softness and are as 

indicated in parenthesis. 

Source: Researcher (2024) 

 

As seen in Table 4.4, the EHOMO and ELUMO are all negative which indicates that the 

compounds are stable (Yousef, T. A., 2012). The EHOMO of the six metal complexes are –

 6.98 eV, – 6.69 eV, – 6.65 eV, – 6.55 eV, – 6.25 eV, and – 6.02 eV for Co2, Ni2, Co1, Fe1, 

Ni1, and Pd1, respectively. Comparison between the six complexes shows that the energy of 

the HOMO increases in the order, Co2 < Ni2 < Co1 < Fe1 < Ni1 < Pd1, indicating that the 

HOMO for Pd1 is relatively higher in energy compared to that of the rest of the complexes, 

implying that Pd1 is a good electron donor. The lower HOMO energy value for Co2 shows 

that the compound donating ability is the weakest. The ELUMO of the six metal complexes is – 

1.13 eV, – 0.55 eV, – 0.51 eV, – 0.20 eV, – 0.18, and – 0.16 eV for Pd1, Ni2, Co2, Co1, Fe1, 

and Ni1, respectively. The LUMO values indicate that the complexes have the ability to 

receive electron(s). In terms of the energy, the energy of the LUMO in these complexes is 
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increasing in this order, Pd1 < Ni2 < Co2 < Co1 < Fe1 < Ni1 in general. Those with Ligand 

L1 the trend is Pd1 > Fe1 > Co1 > Ni1 while for the L2 based, the trend is Ni2 > Co2.  In 

general, the trend indicates that the LUMO for Pd1 is relatively low in energy compared to 

that of the remaining compounds. According to this trend, Pd1 has the highest ability to 

receive electrons. 

4.4.2 Energy Gap (Egap) 

The energy gap is the energy difference between the ionization potential ( ) and the electron 

affinity ( ), Equation 4.1. (El-Gammal et al., 2012).  

 

As shown in Table 4.4 and Figure 4.7, the energy gap of the six metal complexes is 4.89 eV, 

6.09 eV, 6.14 eV, 6.37 eV, 6.45 eV, and 6.47 eV for Pd1, Ni1, Ni2, Fe1, Co1, and Co2, 

respectively. The  is increasing in the order, Pd1 < Ni1 < Ni2 < Fe1 < Co1 < Co2. This 

trend shows that Pd1 has the smallest  in this series followed by Ni1. A small gap means 

high polarizability and such compounds will be easily polarized, meaning that their electron 

density will be changed more easily and a reaction can occur more readily. A large HOMO–

LUMO gap increases stability, meaning that Co2 is the most stable compound in this series. 

In this set of complexes, Pd1 is considered to be a soft compound since it has a small energy 

gap whereas Co2 is considered to be a hard compound since it has a large energy gap. This 

implies that Pd1 complex is the most reactive catalyst, followed by Ni1, compared to the 

remaining complexes and that a small amount of excitation energy is needed for a reaction to 

take place for these complexes. This is also supported by the fact that the HOMO for Pd1 is 

relatively high in energy and its LUMO is relatively low in energy compared to the remaining 

compounds, making Pd1 a soft compound. Variation in the  of the Fe1, Co1, Ni1, Pd1, 

Co2, and Ni2 metal complexes.  
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Figure 4.7: Variations in the Egap of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes. 

Values determined at B3LYP level of theory 

Source: Researcher (2024) 

4.4.3 Ionization Potential (IP) 

The ionization potential of a molecule is the orbital energy of the HOMO with changes in 

sign, Equation 4.2 (Fukui, K. 1982). 

 

The ionization potential of the six metal complexes is 6.02 eV, 6.25 eV, 6.55 eV, 6.65 eV, 

6.69 eV, and 6.98 eV for Pd1, Ni1, Fe1, Co1, Ni2, and Co2, respectively, as shown in Figure 

4.8. This trend shows that a small amount of energy is required to remove an electron in 

gaseous state from the Pd1 compound where Co2 will require the largest.   
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Figure 4.8: Variation in the ionization potential of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal 

complexes. Values determined at B3LYP level of theory. 

Source: Researcher (2024) 
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4.4.4 Chemical Hardness 

The concept of chemical hardness is useful in understanding the behavior of chemical 

systems. Chemical hardness in a collection of nuclei and electrons, is a measure of resistance 

to change distribution. The gap between the HOMO and the LUMO ( ) is equal to twice 

the value of the chemical hardness, which implies that the chemical hardness is half the value 

of the , Equation 4.3  (Yousef et al., 2012). 

 

Hard molecules are less reactive than soft molecules and do not have an easily changed 

electron distribution whereas a soft molecule do not resist changes in its electronic charge 

cloud. As shown in Figure 4.9, the values for the chemical hardness of the six metal 

complexes are 2.445 eV, 3.045 eV, 3.070 eV, 3.185 eV, 3.225 eV, and 3.235 eV for Pd1, 

Ni1, Ni2, Fe1, Co1, and Co2, respectively. A small value for the chemical hardness implies 

that the compound can readily transfer electrons. For these complexes, the chemical hardness 

decreases in the order, Co2 > Co1 > Fe1 > Ni2 > Ni1 > Pd1. This means that Pd1 is the most 

reactive complex, followed by Ni1 in this series and Co2 is the least reactive. Chemical 

hardness and  are intertwined. A hard compound has a large  between the HOMO 

and LUMO, and a soft compound has a small  (El-Gammal et al., 2012). The chemical 

hardness values agree well with the  values for these complexes as they all indicate that 

Pd1, Ni1, and Ni2 are soft compounds relative to the remaining compounds 

Chemical  

Hardness trend 2.335(Pd1) <3.045(Ni1) < 3.070 (Ni2) < 3.185 (Fe1) < 3.225 (Co1) < (3.235 (Co2)    

 

Egap trend = 4.89 (Pd1) < 6.09 (Ni1) < 6.14 (Ni2) < Fe1(6.37) < 6.45 (Co1) < 6.47(Co2)  
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Figure 4.9. Variation in the chemical hardness of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal 

complexes. Values determined at B3LYP level of theory. 

Source: Researcher (2024) 

4.4.5 Global Softness 

The global softness  is expressed as shown in Equation 4.4, where  is the chemical 

hardness.  

 

The values for the global softness of the six metal complexes are 0.204 Ev-1, 0.164 Ev-1, 

0.163 Ev-1, 0.157 Ev-1, 0.155 Ev-1, and 0.155 Ev-1 for Pd1, Ni1, Ni2, Fe1, Co1, and Co2, 

respectively. In this series of compounds, Pd1 has the largest value of the global softness and 

Co1 and Co2 have the least. A small value of the global softness indicates that the compound 

is a stable molecule and therefore very hard to react (Kaya & Kaya, 2015). Both Co1 and Co2 

have seemingly small global softness values. On the contrary, a large global softness value 

means that a compound is unstable and can react easily. This shows that Pd1, Ni1, and Ni2 

are quite reactive with Pd1 being the most reactive. This may partly offer an explanation as to 

why Fe1, Co1, and Co2 were found to be inactive for ethylene oligomerization reaction. This 

trend in global softness agrees well with the  and chemical hardness values of similar 

compounds. Variation in the global softness of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal 

complexes as shown in Figure 4.10.   
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Figure 4.10: Variations in the global softness of the Fe1, Co1, Ni1, Pd1, Co2 and Ni2 

complexes. Values determined at B3LYP level of theory. 

Source: Researcher (2024) 

4.4.5 Chemical Potential 

Chemical potential () measures the tendency of electrons to escape in the species 

(Abu El-Reash et al., 2014). Chemical potential is given by equation 4.5, where  is the 

ionization potential and  is the electron affinity. A more positive value indicates a good 

electron acceptor (Abu El-Reash et al., 2014). Variation in the chemical potential and the 

electron affinity of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes as shown in 

Figure 4.11a. 

 

As shown in Figure 4.11a, the chemical potential values for the six metal complexes are         

-3.745 eV, – 3.620 eV, – 3.575 eV, – 3.425 eV, – 3.365 eV, and – 3.205 eV for Co2, Ni2, 

Pd1, Co1, Fe1, and Ni1, respectively. The trend shows that Ni1 is a good electron acceptor 

compared to the remaining compound. In addition, the trend shows that the octahedral 

complexes, Fe1, Co1, and Ni1 are good electron acceptors compared to both the square 

planar, Pd1 complex and the tetrahedral, Co2 and Ni2 complexes. The results also suggest 

that Ni1 will make a good catalyst for ethylene oligomerization reaction.  
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Figure 4.11: Variations in the chemical potential and the electron affinity of the Fe1, Co1, 

Ni1, Pd1, Co2, and Ni2 metal complexes. Values determined at B3LYP level of theory. 

Source: Researcher (2024) 

4.4.6 Electron Affinity 

The electron affinity (A) of a molecule is the orbital energy of the LUMO with changes in 

sign, Equation 4.6  (Parr & Pearson, 1983). 

 

As shown in Figure 4.11b above, the electron affinity of the six metal complexes is 0.16 eV, 

0.18 eV, 0.20 eV, 0.51 eV, 0.55 eV, and 1.13 eV for Ni1, Fe1, Co1, Co2, Ni2, and Pd1, 

respectively. This trend shows that Ni1 has the highest capability to attract precisely one 

electron from a donor compared to the rest of the metal complexes. 

4.4.7 Electronegativity 

Electronegativity ( ) is the average energy of the ionization potential ( ) and electron affinity 

( ). It is a measure of the ability of a molecule to attract electrons to itself, equation 4.7 

(Kaya & Kaya, 2015). 

 

Variation in the electronegativity of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes is 

as shown in Figure 4.12. As shown in Figure 4.12, the electronegativity values of the six 

metal complexes are 3.745 eV, 3.620 eV, 3.575 eV, 3.425 eV, 3.365 eV, and 3.205 eV for 
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Co2, Ni2, Pd1, Co1, Fe1, and Ni1, respectively. The result shows that Ni1 complex has the 

highest ability to attract electrons to its self and this makes Ni1 a good electrophile compared 

to the remaining complexes.  
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Figure 4.12: Variations in the electronegativity of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 

metal complexes. Values determined at B3LYP level of theory. 

Source: Researcher (2024) 

4.4.8 Global Electrophilicity Index 

Electrophilicity index ( ) is a measure of the electrophilicity of a compound whereas 

electron affinity reflects the capability of a compound to accept one electron from the 

environment (Pal & Chattaraj, 2023). The electrophilicity index, Equation 4.8, measures the 

energy lowering of a compound due to maximal electron flow between donor and acceptor 

(Comp Theo & Karakaş, 2017). Electronegativity squared divided by the chemical hardness 

measures the electrophilic power of a compound, that is its propensity to soak up electrons. 

 

 

Variation in the electrophilicity index of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal 

complexes as shown in Figure 4.13. As indicated in Figure 4.13, the electrophilicity indices 

for the six metal complexes are 2.614 eV, 2.168 eV, 2.134 eV, 1.819 eV, 1.778 eV, and 1.687 

eV for Pd1, Co2, Ni2, Co1, Fe1, and Ni1, respectively. A small value indicates a good 
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electron acceptor. The trend shows that Ni1 has the highest electrophilic power compared to 

the remaining compounds. This also means that Ni1 has the highest capability to accept 

electrons and can make a good electrophile for ethylene oligomerization reaction.  The trend 

also shows that the octahedral complexes, Fe1, Co1, and Ni1 make better electrophiles 

compared to the tetrahedral complexes (Co2 and Ni2) and square planar complex (Pd1). The 

results also agree quite well with both trends observed for electron affinities and 

electronegativity.  
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Figure 4.13: Variations in the electrophilicity index of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 

metal complexes. Values determined at B3LYP level of theory. 

Source: Researcher (2024) 

4.4.9 NBO Charge 

The NBO charge of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes was obtained by 

NBO analysis with B3LYP and B3PW91 functionals using LanL2DZ basis set for metal 

atoms and 6-311+G (2d, p) for all the remaining atoms. The calculation of effective NBO 

charges plays an important role in the application of quantum chemical calculations to 

molecular systems. For the studied complexes, the metal cations, Fe2+, Co2+, Ni2+, and Pd2+ 

were found to have more positive charge than other atoms in the compound. Suggesting that 

they are more likely to be electrophilic centers during a chemical reaction. Variation in the 

NBO charge of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes is as shown in Figure 

4.14.  
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The NBO charge on the metal cation for Fe1, Co1, Ni1, Pd1, Co2, and Ni2 compounds are 

2.3291 eV, 1.7797 eV, 1.1685 eV, 0.3361 eV, 1.7686 eV, and 1.1575 eV, respectively. In this 

series of compounds, the Fe1 has the highest NBO charge on the metal cation while Pd1 has 

the least. Comparison between the octahedral complexes, Fe1, Co1, and Ni1 indicate that the 

charge on the metal cation decreases from Fe2+ (2.3291 eV) to Co2+ (1.7797 eV) to Ni2+ 

(1.1685 eV) in line with the decrease in ionic radii from Fe2+ (0.76 Å) to Co2+ (0.74 Å) to 

Ni2+ (0.72 Å). Comparison between the two tetrahedral complexes, Co2 and Ni2 also show a 

similar pattern where the charge decreases from Co2+ (1.7686 eV) to Ni2+ (1.1575 eV).  
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Figure 4.14. Variation in the NBO charge of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal 

complexes. Values determined at B3LYP level of theory. 

Source: Researcher (2024) 

4.4.10 Molecular Electrostatic Potential  

Investigating the molecular electrostatic potential (MEP) generated in the space around a 

molecule by the charge distribution is very helpful in understanding the sites for electrophilic 

and nucleophilic attacks in reactions (Kosar & Albayrak, 2011). The electrostatic potential, 

 at any point,  is given by Equation 4.9, where   is the electron density of the 

molecule,  is the charge on the nucleus  located at  and  is the dummy integration 

variable.  
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MEP is an observable that can be measured experimentally by diffraction as well as can be 

evaluated computationally (Okulik & Jubert, 2004). To predict the molecular reactive sites, 

the MEP maps of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes have been 

calculated at the B3LYP/6-311+G (2d, p) optimized geometry. Figure 4.15 shows the 

electrostatic potential contour map with the negative regions (assigned to red) of MEP related 

to electrophilic attacks and positive regions (assigned to blue) related to nucleophilic 

reactivity. The molecular electrostatic potential maps of the Fe1, Co1, Ni1, Pd1, Co2, and 

Ni2 complexes are generated using B3LYP level of theory.  

Fe1    Co1     Ni1 

Pd1    Co2  Ni2 

Figure 4.15: Molecular electrostatic potential maps of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 

complexes generated from B3LYP geometry optimized structures. 

Source: Researcher (2024) 

As can be seen from the MEP map of the metal complexes, the positive regions are located 

around the Fe2+, Co2+, Ni2+, Pd2+ metal cations indicating the possible sites for nucleophilic 

reactions. The regions having the negative potential are over the electronegative atoms such 

as the chlorine, bromine, and oxygen atoms, indicating possible sites for electrophilic attacks.  

4.5 COMPARISONS OF B3LYP AND B3PW91 SIMULATED CHEMICAL 

REACTIVITY PARAMETERS 

Two different DFT methods, B3LYP and B3PW91 functionals were used to calculate the 

chemical reactivity parameters of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes. 
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The parameters obtained using B3LYP functional have been discussed in detail in previous 

section (section 4.4). Table 4.5 below provides the global reactivity parameters determined 

using B3PW91 functional including energies of frontier molecular orbitals 

( ), energy gap ( ) which explains the eventual charge transfer 

interaction within molecules, electronegativity, chemical potential, global hardness, global 

softness, and global electrophilicity index.  Figures 4.16 and 4.17 illustrate a comparison 

between B3LYP and B3PW91 simulated chemical reactivity values for Fe1, Co1, Ni1, Pd1, 

Co2, and Ni2 metal complexes.  

Table 4.5: Global reactivity descriptors using B3PW91 of the Fe1, Co1, Ni1, Pd1, Co2, and 

Ni2 metal complexesa 

 Fe1 Co1 Ni1 Pd1 Co2 Ni2 

EHOMO  – 6.56 – 6.68 – 6.33 – 6.06 – 7.05 – 6.77 

Ionization Energy  6.56 6.68 6.33 6.06 7.05 6.77 

ELUMO  – 0.11 – 0.15 – 0.06 – 1.01 – 0.45 – 0.52 

Electron affinity 0.11 0.15 0.06 1.01 0.45 0.52 

Energy gap 6.45 6.53 6.25 5.05 6.60 6.27 

Electronegativity 3.335 3.415 3.195 3.535 3.750 3.645 

Chemical potential  – 3.335 – 3.415 – 3.195 – 3.535 – 3.750 – 3.645 

Chemical hardness  3.225 3.265 3.125 2.525 3.300 3.135 

Global softness (eV 1) 0.155 0.153 0.160 0.198 0.152 0.159 

Global electrophilicity 

index 

1.724 1.786 1.628 2.475 2.131 

 

 

2.126 

NBO charge on M2+ 

metal cation 

2.3117 

 

1.7596 

 

1.1418 

 

0.2879 

 

1.7528 

 

1.1299 

 

aTheoretically determined global reactivity descriptors using B3PW91 functional and 

LanL2DZ basis set for Pd1 metal atom and 6-311+G (2d, p) basis set for all the remaining 

atoms. All values are given in electron volts (eV) except for the global softness and are as 

indicated in parenthesis. 

Source: Researcher (2024) 
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Figure 4.16: Comparison of select global chemical reactivity parameters of the Fe1, Co1, 

Ni1, Pd1, Co2, and Ni1 metal complexes as a function of B3PW91 and B3LYP DFT 

methods. 

Source: Researcher (2024) 

As can be seen in Figure 4.16 trends across the two levels of theory for , 

chemical hardness, and ionization potential are very similar with B3PW91 parameters 

generally being the largest and the B3LYP the smallest. The MAD between B3LYP and 

B3PW91 for all the six metal complexes is 0.05±0.03 eV, 0.07±0.03 eV, 0.12±0.04 eV, 

0.06±0.02 eV, and 0.05±0.03 eV for , chemical hardness, and ionization 
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potential, respectively. As illustrated in Figure 4.17, trends across the two levels of theory, 

B3LYP and B3PW91 for electron affinity, electronegativity, chemical potential, global 

softness, global electrophilicity index, and NBO charge are generally systematic such that the 

B3LYP parameters are the largest and the B3PW91 the smallest. The MAD between B3LYP 

and B3PW91 for the six metal complexes are 0.07±0.03 eV, 0.02±0.01 eV, 0.02±0.01 eV, 

0.01±0.01 eV, 0.05±0.04 eV, and 0.03±0.01 eV for electron affinity, electronegativity, 

chemical potential, global softness, global index, and NBO charge.    

In general, the MAD values suggest that B3LYP functional exhibits a very good agreement 

with the B3PW91 functional in terms of predicting the chemical reactivity descriptors of the 

six metal complexes. 
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Figure 4.17: Comparison of select global chemical reactivity parameters of the Fe1, Co1, 

Ni1, Pd1, Co2, and Ni2 metal complexes as a function of B3LYP and B3PW91 DFT 

methods. 

Source: Researcher (2024) 

 

4.6 COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL VALUES 

In this section, theoretically determined chemical reactivity values of different parameters are 

compared to the experimentally determined catalytic activities of Ni1 and Ni2 transition 

metal complexes. Theoretical values were obtained at two different functionals, that is, 

B3LYP and B3PW91 levels of theory. Parallel behavior is observed for the B3PW91 and 

B3LYP functionals such that the discussion will focus mainly on B3LYP values while the 

figures will show both theories. Only the two metal complexes, Ni1, and Ni2 are discussed in 

this section because they are the only two compounds that were found to be experimentally 

active catalysts for ethylene oligomerization reaction. The remaining Fe1, Co1, Pd1, and Co2 

metal complexes were practically found inactive, experimentally (Ainooson, et al., 2011). 

Table 4.6 shows select descriptors for Ni1 and Ni2 metal complexes. 

Table: 4.6. Comparison of Catalytic descriptors between Ni1 and Ni2. 

 

Metal 

Complex 

E gap 

(eV) 

Chemical 

Hardness 

(eV) 

Chemical 

Potential 

(eV) 

Electrophilicity  

Index (eV) 

Catalytic 

Activity 

(Kg/mol.Ni.h) 

Ni1 6.09 3.045 -3.205 1.687 4197 

Ni2 6.14 3.070 -3.620 2.134 78 

Source: Researcher (2024) 



72 

Structures of the Fe1, Co1, and Ni1 are similar in several respects, particularly as they all 

exhibit a distorted octahedral geometry. Pd1 exhibits a distorted square planar geometry 

whereas Co2 and Ni2 exhibit a distorted tetrahedral geometry. The stability of the metal 

complexes is of possible significance to the mechanism of catalyst activation encountered 

during ethylene oligomerization reactions. 2-(3, 5-dimethyl-pyrazol-1-yl)-ethanol ligand 

binds to Pd2+ cation in a monodentate fashion via the pyrazolyl nitrogen atom leaving the OH 

group uncoordinated in a Pd1 complex. However, the same ligand, 2-(3, 5-dimethyl-pyrazol-

1-yl)-ethanol binds to Fe2+, Co2+, and Ni2+ cation in a bidentate mode coordinating through a 

pyrazolyl nitrogen atom and the oxygen atom of the OH group in Fe1, Co1, and Ni1 

complexes. When the OH group in 2-(3, 5-dimethyl-pyrazol-1-yl)-ethanol was replaced with 

a chlorine atom as in 1-(2-chloro-ethyl)-3, 5-dimethyl-1H-pyrazole ligand, the coordination 

chemistry of the ligand to the Fe2+, Co2+, and Ni2+ cations also changed. The Co2 and Ni2 

showed no coordination of the chlorine atom to either the Co2+ or Ni2+ metal cation center. 

Instead, 1-(2-chloro-ethyl)-3, 5-dimethyl-1H-pyrazole ligand binds to Co2+ and Ni2+ in a 

monodentate fashion as shown in the Co2 and Ni2 complexes, respectively.  

Despite Fe1, Co1, and Ni1 having the same ligand, Ni1 was found to be active catalyst 

experimentally, whereas Fe1 and Co1 were found to be inactive. This reactivity difference for 

the three complexes reflects theoretically determined chemical potential and chemical 

hardness of Ni1 compared to Fe1 and Co1. In a similar fashion, comparison between the 

square planar, Pd1 and tetrahedral complexes, Co2 and Ni2, show that Ni2 is active whereas 

Pd1 and Co2 are inactive. These results show that the bromide species are evidently better 

catalysts compared to the chloride species in the present series of complexes. 

Comparison between the experimentally determined catalytic activities of Ni1 and Ni2 

indicate that the catalytic activity of Ni1 is more than forty times greater than that of Ni2 (see 

Figure 4.18). The tendency of 2-(3, 5-dimethyl-pyrazol-1-yl)-ethanol ligand to form a 
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bidentate complex in Ni1 and 1-(2-chloro-ethyl)-3, 5-dimethyl-1H-pyrazole ligand to form a 

monodentate complex in Ni2 seems to play a role. The formation of the bidentate complex 

results into a stable Ni1 complex compared to its monodentate Ni2 counterpart due to chelate 

effect. Furthermore, the bidentate nature of Ni1 complex highlights how the two-oxygen 

donor ligand may substitute the metal-bound bromide ions during reaction to give stable and 

reactive species.  Besides, Ni1 chelate has longer bond distances for the intrachelate 

interactions (Ni2+–N = 2.1345 Å; Ni2+–Br = 2.6482 Å) than the Ni2 complex (Ni2+–N=2.0629 

Å; Ni2+–Br = 2.4522 Å). Qualitatively, steric hindrance about the metal ion due to the 

chelating ligand’s structure is amply highlighted by these structures. The shorter Ni2+–Br 

bonds for Ni2 reflects the increase in steric repulsion between the metal–bound bromide ions 

and the chloride ions of the —CH2CH2Cl pendant arm. As a result, the Ni2+ cation is 

evidently less accessible to nucleophilic attack by olefin during ethylene oligomerization 

reaction resulting into an immense loss of activity.  
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Figure 4.18. A comparison between catalytic activity with respect to EHOMO, ELUMO and Egap 

of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes. 

Source: Researcher (2024) 

4.6.1 The Energy Gap 

As can be seen in Figure 4.18 (previous page), Ni1 has a higher catalytic activity (4197 

kg/mol.Ni.h) compared to Ni2 (78 kg/mol.Ni.h). The lower HOMO energy value of Ni2 (– 

6.69 eV) shows that Ni2 donating ability is weaker. On the contrary, the higher HOMO 

energy of Ni1 (– 6.25 eV) implies that Ni1 is a good electron donor. Both compounds present 

the ability to receive electrons from low lying LUMO energies. The HOMO–LUMO energy 

gap of a metal complex shows the direction of flow of electrons. Since the HOMOs are 

predominantly occupied by d-orbital electrons, smaller HOMO–LUMO gap will facilitate π-

back donation of electrons from the metal to the ligand system and hence the metal cation 

will be electrophilic. As can be seen from Figure 4.18, the  for Ni2 (6.14 eV) is larger 

compared to that of Ni1 (6.09 eV). This suggests that the Ni2+ cation in Ni1 is more 

electrophilic compared to that of Ni2. The results correspond to the experimental results 

where Ni1 was found to be the most active compared to Ni2. It is therefore expected that Ni1 

would be more active compared to Ni2 for olefin oligomerization reaction (Ainooson et al., 

2011).  
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4.6.2 Chemical Hardness 

The chemical hardness of a complex is an electronic quantity which is used to characterize 

the relative stability and the resistance to changes in the number of electrons. The higher the 

value for chemical hardness, the more stable and less reactive is the compound (Abu 

El-Reash et al., 2014). A comparison between theoretical and experimental values with 

respect to chemical hardness are as shown in Figure 4.19a. As can be seen, Ni1 has a 

chemical hardness of 3.045 eV which makes it more reactive compared to Ni2 complex with 

a value of 3.070 eV. A linear correlation is observed between the calculated chemical 

hardness and the catalytic yield.   

 

Figure 4.19: A comparison between theoretical and experimental catalytic activity values 

with respect to chemical hardness (a) and global softness (b) of the Fe1, Co1, Ni1, Pd1, Co2, 

and Ni2 metal complexes. 

Source: Researcher (2024) 

4.6.3 Global Softness 

The global softness is the inverse of chemical hardness (Parthasarathi., et al., 2003). Both Ni1 

and Ni2 complexes have comparable values for global softness of 0.164 and 0.163 eV, 

respectively, indicating that they are both stable compounds (see Figure 4.19b). The minor 

difference in global softness, however, brings about a huge difference in reactivity between 

the two complexes, with Ni1 exhibiting a very high catalytic activity compared to Ni2 with 

4197 kg/mol.Ni.h and 78 kg/mol.Ni.h, respectively. 
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4.6.4 Chemical Potential 

The chemical potential is the escaping tendency of electrons from a stable system (Abu 

El-Reash et al., 2014). Ni1 and Ni2 have a chemical potential of – 3.205 eV and – 3.620 eV, 

respectively. A comparison between theoretical and experimental values with respect to 

chemical potential is as shown below in figure 4.20a. The negative chemical potential values 

indicate that they are stable and do not decompose spontaneously into their elements. In 

addition, the chemical potential for Ni1 further indicates that it is a good electron acceptor 

compared to Ni2. The results correspond to the experimental catalytic activity where Ni1 was 

found to be more reactive than Ni2.  

 

Figure 4.20. A comparison between theoretical and experimental catalytic activity values 

with respect to chemical potential (a) and global electrophilicity index (b) of Fe1, Co1, Ni1, 

Pd1, Co2, and Ni2 metal complexes. 

Source: Researcher (2024) 

4.6.5 Global Electrophilicity Index 

The global electrophilicity index is a quantitative classification of the global electrophilic 

index nature of the complex (Pearson, 1989). A small value indicates a good electron 

acceptor. Figure 4.20b shows that Ni1 complex (1.687 eV) is more electrophilic compared to 

Ni2 complex (2.134 eV). This index agrees well with both the electron affinity and 

electronegativity values. Hence, Ni1 exhibits a higher catalytic activity for ethylene 
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oligomerization reaction compared to Ni2, with 4197 kg/mol.Ni.h. and 78 kg/mol.Ni.h 

reactivity’s, respectively. 

4.6.6 NBO Charge Density 

The charge density of an atom or element shows the density of electrons located around it. 

The more positive the charge density, the more electrophilic the atom or element is. A 

comparison between theoretical and experimental values with respect to NBO charge of the 

Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes is as shown in Figure 4.21. The NBO 

charge of Ni2+ cation in Ni1 and Ni2 complexes is 1.7797 eV and 1.7686 eV, respectively. 

The Ni2+ cation in Ni1 complex is more positive compared to that in Ni2 complex. This 

agrees well with the experimental catalytic activity where Ni1 is highly reactive compared to 

Ni2.  The NBO charge for both Ni1 and Ni2 agrees with the prediction made with the 

HOMO–LUMO gap.  
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Figure 4.21. A comparison between theoretical and experimental values with respect to NBO 

charge of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes. 

Source: Researcher (2024) 

4.7 ELECTRONIC EFFECTS ON THE CATALYTIC ACTIVITY OF THE METAL 

COMPLEXES 

In order to delineate the dependence of the catalytic activity of the Fe1, Co1, Ni1, Pd1, Co2, 

and Ni2 metal complexes on the electronic nature of the metal cations, structures and 
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geometrical parameters of these complexes are discussed briefly. The Fe1, Co1, and Ni1 

structures exhibit a distorted octahedral geometry whereas the Pd1 exhibits a square planar 

geometry and the Co2 and Ni2 exhibit a distorted tetrahedral geometry. A comparison 

between the octahedral complexes, Fe1, Co1, and Ni1 shows that the M2+–N bond lengths 

decrease from 2.1753 Å (Fe1) to 2.1548 Å (Co1) to 2.1345 Å (Ni1). Similar observation is 

observed with the metal-oxygen bonds, where the metal-oxygen bond length decreases from 

2.3528 Å (Fe1) to 2.2359 Å (Co1) to 2.2224 Å (Ni1). A decrease in the metal-nitrogen and 

metal-oxygen bond distances from Fe2+ to Co2+ to Ni2+ is expected on the basis of the sizes of 

these cations, and consequently, stronger electrostatic contributions to the binding.  

The trend in the metal-nitrogen bond lengths being predominantly determined by the ionic 

radii of the bare metal cation: 0.76 Å (Fe2+), 0.74 Å (Co2+) and 0.72 Å (Ni2+). The increase in 

effective nuclear charge across the period is reflected in the decrease in M2+–N bond lengths 

of the Fe1, Co1, and Ni1, which further reflects the stability of these cations when they 

coordinate to the ligands to form the metal complexes. A similar observation is noted for the 

tetrahedral complexes, Co2 and Ni2 where the metal-nitrogen bond length decreases from 

2.0969 Å (Co2) to 2.0629 Å (Ni2).  

On the other hand, the metal-nitrogen bond length for the square planar Pd1, 2.0889 Å, is 

larger compared to that of tetrahedral complexes, Co2 and Ni2. This is consistent with the 

fact that the Pd2+ has a larger ionic radius (1.00 Å) compared to Co2+ (0.74 Å) and Ni2+ (0.72 

Å). In addition, the metal-chloride bond lengths generally increase in the octahedral 

complexes, Fe1, Co1 and Ni1 complexes, with Ni1 having the longest bond length. Similar 

observations are made for the tetrahedral complexes, Co2 and Ni2, where the metal-bromide 

bond is longest for Ni2. Influence of the M2+–Cl and M2+–Br Bond Lengths on the Catalytic 

Activities of Fe1, Co1, Ni1, Pd1, Co2, and Ni2 complexes is as shown in Figure 4.22. As a 

way to create a vacant site for ethylene molecule to bind to the catalyst, a chloro ligand (Fe1, 
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Co1, Pd1, and Co2) must dissociate (a bromo ligand for Ni1 and Ni2. Thus, an increase in the 

bond length that affects the halogen leaving group is associated with easier loss of a leaving 

group thus facilitating the activation of a complex during catalytic reaction. In this case, the 

shorter Ni2+–Br bond length of 2.4522 Å in Ni2 complex compared to the longer Ni2+–Cl 

bond length of 2.6482 Å in Ni1 complex resulted in catalytic activities of 78 Kg/mol.Ni.h and 

4197 Kg/mol.Ni.h for Ni2 and Ni1, respectively. Consequently, the reactivity difference for 

Ni1 and Ni2 complexes reflects the higher electropositivity of Ni2+ cation in Ni1 (1.7797 eV) 

compared to that of Ni2+ cation in Ni2 (1.7686 eV) complex.  
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Figure 4.22: Influence of the M2+–Cl and M2+–Br Bond Lengths on the Catalytic Activities 

of Fe1, Co1, Ni1, Pd1, Co2, and Ni2 complexes. 

Source: Researcher (2024) 
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CHAPTER FIVE 

GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 GENERAL CONCLUSIONS 

Theoretical calculations that make use of   B3LYP and B3PW91 Density Functional 

Theoretical Methods and LanL2DZ basis set for metals and 6-311+G (2d, p) basis set for 

non-metals have been used to simulate transition metal complexes as potential catalysts for 

ethylene oligomerization. The theoretical studies involve a series of modeling investigations 

that have been designed to probe the influence of the electronic structure of the metal cation, 

the nature of the ligand, as well as the effect of chelation and steric interactions on the 

activity of the catalysts for ethylene oligomerization reactions. Electronic structure theory 

calculations are employed to determine stable low-energy structures, energetics, and global 

reactivity descriptors of the transition metal complexes. 

The four late transition metal cations in their +2 oxidation states, Fe2+, Co2+, Ni2+, and Pd12+, 

are included in this work. The N^N hemilabile ligands investigated here include, 2-(3, 5-

dimethyl-pyrazol-1-yl)-ethanol and 1-(2-chloro-ethyl)-3, 5-dimethyl-1H-pyrazole. By 

studying these complexes where the electron configuration of the metal cation is 

systematically varied from Fe2+ (3d6), to Co2+ (3d7), to Ni2+ (3d8), and to Pd12+ (4d8), periodic 

trends in the electronic effects and nature of the binding are elucidated. In addition, ligand 

field effects including chelate and steric effects are examined by comparing the behavior of 

the complexes among two related N^N donor ligands and by varying the extent of chelation. 

Theoretical studies of these complexes are compared with previous experimental studies of 

analogous complexes. Studies of this kind are relevant to the design and rapid development 

of effective catalysts for ethylene oligomerization reaction.  

Relative energies of all possible spin states of the transition metal complexes were carefully 

evaluated to determine spin states of the ground-state species. Regarding the electronic 
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structure of the metal complexes, the data obtained theoretically confirms the high-spin states 

for the Fe2+, Co2+, and Ni2+ compounds. In all the five complexes with different spin states, 

the high spin structures were predicted to be lower in energy by about –75.6, –18.1, –36.1, –

31.4, and –7.2 milliHartrees for Fe1, Co1, Ni1, Co2, and Ni2 complexes, respectively. Pd11 

complex had only one spin state, singlet state at ground state. Energy differences of these 

sizes indicate that given the experimental conditions and equilibrium between the two spin 

states, only the high spin states will lead to the products, a result in agreement with related 

experimental results where Fe1, Co1, Ni1, Co2, and Ni2 complexes were found to be 

paramagnetic in nature. 

The DFT-simulated structures show that the metal cation in Fe1, Co1, Ni1, Pd11, Co2, and 

Ni2 metal complexes binds to nitrogen, oxygen, chlorine, and bromine lone pair(s) regardless 

of the identity of the metal cation or level of theory employed. In all the six metal complexes, 

the geometry around the central metal cation closely approaches the ideal geometries 

predicted by the valence shell electron pair repulsion model where Fe1, Co1, and Ni1 metal 

complexes adopt a distorted octahedral coordination geometry. Both B3LYP and B3PW91 

levels of theory show similar results. These DFT theories have been found to perform best for 

similar transition metals. In all the three metal complexes, the M2+–N bond lengths predicted 

by B3LYP theory decreases from 2.1753 Å (Fe1) to 2.1548 Å (Co1), to 2.1345 Å (Ni1). 

Again, the M2+–O bond lengths predicted by B3LYP theory decrease from 2.3528 Å (Fe1) to 

2.2359 Å (Co1) to 2.2224 Å (Ni1). The Fe1 has longer bond distances than Co1 and Ni1 due 

to the large ionic radius of high-spin Fe2+ (0.76 Å), relative to that of Co2+(0.74 Å) and to that 

of Ni2+(0.72 Å). For all the three metal complexes, trends across the two levels of theory in 

terms of the bond lengths are very similar with B3PW91 bond lengths generally being the 

shortest and the B3LYP the longest. Structures for the Pd1, Co2, and Ni2 metal complexes 

indicate that the geometry around the palladium atom is a distorted square planar whereas 
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Co2 and Ni2 adopt a slightly distorted tetrahedral geometry. The M2+–N bond lengths 

determined using B3LYP theory again decreases from 2.0969 Å for Co2 to 2.0629 Å for Ni2, 

in tandem with the ionic radii of the Co2+ and Ni2+ metal cations. 

Theoretical chemical reactivity parameters are deduced from values of the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The 

parameters include: ionization energy, electron affinity, energy gap, electronegativity, 

chemical potential, chemical hardness, global softness, and global electrophilicity index. The 

EHOMO and ELUMO of all the six metal complexes are all negative which indicates that the 

compounds are stable. The Egap increases in this order, Pd1 < Ni1 < Ni2 < Fe1 < Co1 < Co2. 

The trend shows that Pd1 has the smallest Egap followed by Ni1 and that both compounds are 

more reactive compared to the remaining complexes.  

The chemical hardness of the six metal complexes decreases in the order, Co2 > Co1 > Fe1 > 

Ni2 > Ni1 > Pd1. A small value for the chemical hardness implies that the compound can 

readily transfer electrons. As per this series, Pd1 is the most reactive followed by Ni1 and 

Co2 is the lease reactive metal complex. Thus, the values indicate that Pd1, Ni1, and Ni2 

metal complexes are soft compounds and are easily polarized. The values of the global 

softness support this claim where Pd1, Ni1 and Ni2 were found to have larger values of the 

global softness compared to those of Fe1, Co1, and Ni2.  A large global softness value means 

that a compound is unstable and easily react. The trend in global softness agrees well with 

Egap and chemical hardness values. The chemical potential values of the six metal complexes 

were found to be –3.745, –3.620, –3.575, –3.425, –3.365, and –3.205 for Co2, Ni2, Pd1, Co1, 

Fe1, and Ni1, respectively. The trend shows that Ni1 is a good electron acceptor compared to 

the remaining compounds. In addition, the trend shows that the octahedral complexes, that is, 

Fe1, Co1, and Ni1 are good electron acceptors compared to both the square planar, Pd1 

complex and the tetrahedral complexes, Co2 and Ni2. These results are seconded by the 
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electronegativity values of the same complexes that show Ni1 complex having the highest 

ability to attract electrons to itself and that makes Ni1 a good electrophile compared to the 

remaining complexes.  

Lastly, the electrophilicity indices for the six metal complexes are 2.614 eV, 2.168 eV, 2.134 

eV, 1.819 eV, 1.778 eV, and 1.687 eV for Pd1, Co2, Ni2, Co1, Fe1, and Ni1, respectively. 

This trend shows that Ni1 has the highest electrophilic power compared to the remaining 

compound. This also means that Ni1 has the highest capability to accept electrons and can 

make a good electrophile for ethylene oligomerization reaction. This trend also shows that the 

octahedral complexes, Fe1, Co1, and Ni1 make better electrophiles compared to the 

tetrahedral (Co2 and Ni2) and square planar (Pd1) complexes. The results also agree quite 

well with both trends observed for electron affinities and electronegativity. 

Two different DFT methods, B3LYP and B3PW91 functionals were used to calculate the 

chemical reactivity parameters of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 metal complexes. 

Trends across the two levels of theory for EHOMO, ELUMO, Egap, chemical hardness, and 

ionization potential are very similar with B3PW91 parameters generally being the largest and 

the B3LYP the smallest. Similarly, trends across the two levels of theory for electron affinity, 

electronegativity, chemical potential, global softness, electrophilicity index, and NBO charge 

are generally systematic such that the B3PW91 parameters are the largest and the B3LYP the 

smallest.  

Comparison between theoretically determined chemical reactivity parameters and 

experimentally determined catalytic activities shows that the Egap for Ni2 (6.14 eV) is larger 

compared to that of Ni1 (6.09 eV). This suggests that Ni1 is more reactive compared to Ni2. 

It is therefore expected that Ni1 would be more active compared to Ni2 for olefin 

oligomerization reaction. Ni1 and Ni2 were found to exhibit catalytic activities of 4197 

kg/mol.Ni.h and 78 kg/mol.Ni.h, respectively. These experimental results indicate that Ni1 is 
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the most active compound and are agree well with theoretical results. The remaining 

chemical reactivity parameters agree with this pattern. For example, Ni1 has a chemical 

hardness of 3.045 eV which makes it more reactive compared to Ni2 complex with a value of 

3.070 eV. Both Ni1 and Ni2 have comparable values for global softness of 0.164 eV–1 and 

0.163 eV–1, respectively, indicating that they are both stable compounds. In addition, the 

negative chemical potential values for Ni1 (– 3.205 eV) and Ni2 (–3.620 eV) indicate that 

they are stable and do not decompose spontaneously into their elements. In addition, Ni1 is a 

good electron acceptor compared to Ni2. This is highly supported by the results of the charge 

density where the Ni2+ cation in Ni1 complex was found to be more positive compared to that 

in Ni2 complex with 1.7797 eV and 1.7686 eV, respectively.  

The global electrophilic index for Ni1 (1.687 eV) and Ni2 (2.134 eV) also agrees well with 

the electron affinity and electronegativity values of the compounds and all point out that Ni1 

is a good catalyst compared to Ni2, in agreement with experimental values that indicate the 

catalytic activity of Ni1 to be more than forty times greater than that of Ni2. The nature of the 

ligand also seems to control the catalytic reactivity’s of the two complexes. The tendency of 

2- (3, 5-dimethyl-pyrazol-1-yl)-ethanol ligand to form a bidentate complex in Ni1 and 

1-(2-chloro-ethyl)-3, 5-dimethyl-1H-pyrazole ligand to form a monodentate complex in Ni2 

seems to play a role. The formation of the bidentate complex results into a stable Ni1 

complex compared to its monodentate Ni2 counterpart due to chelate effect. As a result, the 

Ni2+ cation in Ni2 is evidently less accessible to nucleophilic attack by olefin during ethylene 

oligomerization reaction resulting into its loss of activity. 

5.2 FUTURE DIRECTIONS 

The current study highlights Ni1 complex to be the best catalyst for ethylene oligomerization 

reaction.   It has lower Homo–Lumo energy gap of 6.09 eV compared to Ni2 (6.09 eV) 

signifying that it is more reactive. The electrophilicity indices of 2.614 eV, 2.168 eV, 2.134 
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eV, 1.819 eV, 1.778 eV, and 1.687 eV for Pd1, Co2, Ni2, Co1, Fe1, and Ni1, respectively 

suggest that, Ni1 easily accepts a pair of electrons in covalent bond formation.  In addition, 

the chemical potential values for Ni1 (– 3.205 eV) and Ni2 (–3.620 eV) indicate that stability 

i.e. Ni1 does not decompose spontaneously into their elements. In addition, Ni1 is a good 

electron acceptor compared to Ni2. 

 To be able to ascertain this truth, the following are recommended; 

1. The mechanism of ethylene oligomerization using Ni1 compound as the catalyst should 

be modeled theoretically. Through such studies, the rate-determining steps involved in the 

reaction can be evaluated. Such studies can be challenging to investigate experimentally.  

2.  Based on the comparison between theoretical and experimental studies of Ni1 complex, 

suggestions on the modification of the substituents on the ligands of Ni1 compound arise. 

The modified compounds can also be studied theoretically so as to determine their 

effectiveness as ethylene oligomerization catalysts. Also, to determine ways to improve 

their catalytic activities before the final products are synthesized in the laboratories.  

3. Use methylene linker pyrazolyl ligands have been found to be active and stable ethylene 

oligomerization catalysts (Ojwach et al., 2009). This will minimize costs and save on 

time in the long run. 

4. Theoretical calculations at higher levels of theory such as  B3LYP-D3 ( Zhang et al., 

2020)  and/or using larger basis sets such as cc-pvTZ can be used to map the best 

catalysts as they provide highly reliable structures, energetics and global reactivity 

parameters.  

5. Theoretical studies of the influence of other metal cations and higher oxidation states can 

be carried out. Such studies will allow assessment of new metals and different oxidation 

states in determining their influence on the catalytic activities of different catalysts for 

ethylene oligomerization reaction. 
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APPENDICES 

Appendix A.1. Cartesian Coordinates of the B3LYP Optimized Structures of the Fe1, Co1, 

Ni1, Pd1, Co2, and Ni2 Metal Complexes using LanL2DZ basis set for metal cations and 

6-311+G (2d, p) basis set for all the remaining atoms. 
 

Fe1 Co1 

 x y z  x y z 

 O -0.19188900   -0.13635800    1.07890800 

 N   1.99164400    2.09147500   -0.28087100 

 N   1.79742900   -2.22288200    0.23326500 

 N   1.15838100   -2.82984500    1.28068500 

 C   2.47324900    4.17295600   -0.96833800 

 C   2.11233300    4.24074400    0.36658900 

 C   2.16095300   -3.20878600   -0.59777700 

 C   1.76357500   -4.44669100   -0.07281500 

 C   1.12391300   -4.17404800    1.12388000 

 C   -0.58809500   -1.20100300    1.96537000 

 C   0.60618900   -2.04545300    2.37466500 

 C    2.68630200    2.21877000   -2.66422700 

 H -1.01922100   -0.75198300    2.86375000 

 H 1.35087700   -1.81535700    1.48388700 

 H   0.29387200   -2.73910300    3.15330100 

 H 1.92358700   -5.42027600   -0.50732600 

 C   2.84701200   -2.94987200   -1.89700200 

 H 2.11709000   -2.74629700   -2.68539200 

 H 3.51535100   -2.09218600   -1.82472200 

 H   3.42869700   -3.82368800   -2.19541200 

 C   0.50900900   -5.10757100    2.11132600 

 H -0.55711900   -4.90966000    2.24886400 

 H 0.61885600   -6.13173200    1.75589000 

 H   0.99145100   -5.03534200    3.08976500 

 H   1.39273500   -1.40874500    2.77818600 

 H   3.22776300    2.93572400   -3.28294300 

 H   3.29671000    1.32017500   -2.56125100 

 H   1.76769600    1.93810800   -3.18366400 

 H   3.59551200    0.34529100    1.71264500 

 O   2.68583300    0.40603200    2.06994100 

 N   1.82679400    2.97450600    0.75050700 

 C   2.38984100    2.82136000   -1.33137600 

 C   2.02352900    5.42220700    1.27290100 

 H   2.70837600    5.33634900    2.12060800 

 H   1.01348100    5.55135600    1.67075200 

 O -0.25801400   -0.61706900    0.29055100 

 N   1.42451500    1.94884100   -0.79404400 

 N   2.32042000   -1.91686800    0.88713500 

 N   1.49868500   -2.51170400    1.80369800 

 C   0.67485800    4.00838400   -1.27334100 

 C   1.81907600    3.79030900   -2.02039200 

 C    3.28076500   -2.81017800    0.61631100 

 C   3.07007800   -3.97641000    1.36643500 

 C   1.92586100   -3.75833300    2.11348800 

 C   -0.72921300   -1.56224600    1.27286300 

 C   0.33287100   -1.81379500    2.32502600 

 C -0.63677900    2.58592300    0.45268300 

 H -1.01838000   -2.49032900    0.77708100 

 H -1.60896500   -1.13364500    1.75852800 

 H   0.66083100   -0.86748800    2.75644400 

 H 3.67632300   -4.86785400    1.36540600 

 C   4.38171200   -2.55395300   -0.35959400 

 H   3.98106000   -2.29380900   -1.34115900 

 H 5.01940900   -1.73032900   -0.03522200 

 H 4.99609000   -3.44920700   -0.46160900 

 C 1.23815100   -4.65083600    3.09084600 

 H   0.21104800   -4.87074800    2.78869600 

 H   1.77875100   -5.59448200    3.15923000 

 H   1.20498800   -4.20704900    4.08942000 

 H -0.09188100   -2.42500600    3.11920800 

 H   -1.27447600    1.76230100    0.12830700 

 H -1.25115600    3.48117700    0.55469900 

 H -0.23612800    2.32577600    1.43424700 

 H   4.00678400    1.05855800    0.68744900 

 O   4.00294900    0.64903900   -0.19745800 

 N   2.24625200    2.54367900   -1.71060500 

 C   0.46417000    2.84215000   -0.52322100 

 C   2.50678800    4.68281400   -2.99774700 

 H   3.53389100    4.90272600   -2.69559400 

 H   2.53995400    4.23902900   -3.99632200 
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 H   2.28565100    6.32270600    0.71807700 

 H   2.76202100    4.99933100   -1.59762800 

 C   1.43461900    2.50499100    2.07016500 

 C   2.50369900    1.66390100    2.74674100 

 H   1.23186600    3.37922100    2.68629400 

 H   0.51343500    1.93062800    1.97593400 

 H   2.18331300    1.45416900    3.77031600 

 H   3.45333600    2.20060500    2.78378800 

 H -0.66141000   -0.22001600    0.22913900 

 Fe 1.87047100   -0.07283100   -0.07319400 

 Cl 4.53235900   -0.12461500   -0.18581300 

 Cl 0.14728000   -0.22956700   -1.89548900 

 H 1.96618800    5.62646000   -3.06613100 

 H   0.06861300    4.89982800   -1.27231100 

 C   3.41206800    1.84577200   -2.23193100 

 C   4.47414900    1.59422000   -1.17976600 

 H   3.08411000    0.89946700   -2.66335300 

 H   3.83682200    2.45698600   -3.02611000 

 H   4.76331400    2.52230100   -0.68398000 

 H   5.35390200    1.16562100   -1.66543000 

 H -0.26186400   -1.02658700   -0.59435600 

 Cl 2.36915700    1.09811300    2.28247200 

 Cl 1.37578200   -1.06613300   -2.18938600 

 Co 1.87246700    0.01598500    0.04654200 

Ni1 Pd1 

 x y z  x y z 

  O 0.03180100   -0.19009500    1.20457900 

 N   1.53841400    2.16101100    0.02418500 

 N   2.02075500   -2.06757900    0.05528800 

 N 0.88184300   -2.82509000   -0.03539700 

 C   1.57295900    4.40594400    0.04139500 

 C   0.41821300    4.01025800   -0.60491000 

 C   3.03097200   -2.93750400    0.18169800 

 C   2.53442900   -4.25052400    0.16075900 

 C   1.16359000   -4.14922800    0.02737500 

 C -0.74764200   -1.40320500    1.17562900 

 C -0.43742200   -2.21339300   -0.06859100 

 C   3.55973300    3.15066200    1.11288400 

 H -1.80469700   -1.12641500    1.16079100 

 H -0.55327300   -1.98886700    2.07563000 

 H -1.16640600   -3.01729800   -0.15116900 

 H   3.10734500   -5.16048500    0.23822000 

 C   4.46007400   -2.53785000    0.33537400 

 H   4.55460500   -1.65745900    0.96924500 

 H   4.91181400   -2.29922400   -0.62889100 

 H   5.01869100   -3.36100900    0.78511300 

 C   0.13011500   -5.22292400   -0.04283900 

 H -0.44352700   -5.17381900   -0.97201200 

 H 0.62002500   -6.19536700   -0.00003700 

 H -0.57598900   -5.16499900    0.78977600 

 H -0.51998400   -1.59110900   -0.95835000 

 H   3.43212800    2.90887900    2.16906200 

 H   4.07005800    4.11245000    1.03483800 

 Ni 1.93684800    0.06449400    0.08972600 

 Br   2.76987900    0.05048600    2.60345300 

 N -0.22454700    0.45133200   -0.21740500 

 N   2.85250200   -1.81502800    1.46376100 

 N   2.84521800   -2.44915600    2.67474900 

 C -1.53163900    1.46497800   -1.72265600 

 C -2.05981500    1.70805800   -0.46788100 

 C 4.07430300   -1.98847500    0.94739300 

 C 4.85538700   -2.74167400    1.83641600 

 C 4.04761700   -3.02167300    2.92405700 

 C 0.55119500    0.14098000   -2.55281900 

 H 5.87754700   -3.05458600    1.69768100 

 C 4.47317200   -1.42820300   -0.37693700 

 H 4.85957400   -0.41003200   -0.27768100 

 H 3.62534900   -1.40054100   -1.06204000 

 H 5.26025900   -2.04031200   -0.82015200 

 C 4.33844300   -3.81203000    4.15435400 

 H   3.71215900   -4.70647400    4.21320500 

 H 4.17113800   -3.22823100    5.06260300 

 H 5.38063600   -4.13005700    4.14171900 

 H 0.57949000   -0.95056500   -2.52952700 

 H   1.56884200    0.50348900   -2.39102100 

 H   0.23129400    0.45439900   -3.54717500 

 N -1.25060600    1.08372900    0.42429600 

 C   -0.38763000    0.67837200   -1.52466300 

 C   -3.26155100    2.49684400   -0.07074400 

 H -3.72791000    2.91732900   -0.96124600 

 H -2.99760900    3.32201800    0.59672600 

 H -4.00328000    1.87972200    0.44225000 

 H -1.92148500    1.81731100   -2.66377300 

 C -1.41885700    1.04679300    1.87288200 
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 Br 3.99454200    0.41456300   -1.53992500 

 H   4.19066600    2.37818100    0.67471300 

 H   1.84611600    0.08064300   -2.32509000 

 O   0.96574600   -0.02392100   -1.90775500 

 N   0.42169900    2.65519000   -0.59861000 

 C 2.24602300    3.23057800    0.41058100 

 C -0.66513800    4.83527100   -1.21499700 

 H -0.75679500    4.65746300   -2.28972400 

 H -0.43864300    5.89094900   -1.06739300 

 H -1.63684400    4.63097100   -0.75767500 

 H 1.89458800    5.41919300    0.22072600 

 C -0.53617400    1.77594100   -1.24957700 

 C   0.06587000    0.99032100   -2.39887700 

 H -0.96075500    1.10036600   -0.50859700 

 H -1.34040100    2.39877600   -1.63595900 

 H -0.73887300    0.49320200   -2.94603400 

 H   0.59578400    1.65383300   -3.08451700 

 H   0.53163600   -0.13506100    2.04548900 

 

 C -2.35090100   -0.05429000    2.39137900 

 H -0.43190700    0.94274400    2.32063200 

 H -1.82124700    2.01600500    2.16833500 

 H -3.17915600   -0.20726800    1.69283600 

 H -2.77077900    0.28349100    3.34039800 

 C   1.63076900   -2.53707900    3.47423300 

 C   1.34913100   -1.27493700    4.29482400 

 H   0.80618200   -2.72670500    2.78814100 

 H 1.72797200   -3.40011200    4.13093300 

 H   2.07415200   -1.17381800    5.10513200 

 H   1.43700300   -0.39238100    3.65202800 

 Cl -0.23138700   -2.80207900    0.30106900 

 C   2.32576600    1.00839900    0.97551500 

 H   1.66576900    1.75745400    1.41598800 

 H   3.16957100    0.81716000    1.63740900 

 H   2.68095900    1.36354700    0.00562600 

 O -1.70662200   -1.29270400    2.67763500 

 O   0.06213500   -1.35059900    4.89106700 

 H -1.36215200   -1.71075900    1.85966300 

 H -0.59618100   -1.34347600    4.16724500 

 Pd11.25922500   -0.70770900    0.67104000 

Co2 Ni2 

 x y z  x y z 

 N -0.60118400    1.00170200    0.17148100 

 N   2.23030900    1.90812500    1.91499200 

 N   2.88987700    1.55102400    3.05807000 

 C -2.79806000    1.14079400    0.59760800 

 C   -2.62968700    1.16165100   -0.77527700 

 C   2.10492000    3.24110700    1.95200900 

 C   2.68820100    3.73854900    3.12585500 

 C   3.18434200    2.64258000    3.80710800 

 C -1.15175100    0.92693700    2.59474800 

 H   2.73804700    4.76760000    3.44289400 

 C   1.42969800    4.01083500    0.86554900 

 H   0.90827100    3.35171800    0.17156200 

 H   0.70643100    4.71255500    1.28660200 

 H   2.16040700    4.58982500    0.29475200 

 C   3.90392600    2.56573500    5.10972100 

 H    3.35623600    1.95570800    5.83317400 

 H   4.90037600    2.13164400    4.99578600 

 H   4.01407700    3.56758900    5.52309500 

 H -1.93259500    1.37317600    3.21157300 

 H -0.20901500    1.42936900    2.81049800 

 N -0.27664300    0.79529800   -0.61639100 

 N    2.80662900    0.69939700   -1.24763700 

 N   3.67776700    0.25691600   -2.20861600 

 C -1.80802700    2.08941200   -1.62056100 

 C   -2.07749400    2.09071900   -0.26563600 

 C   3.02284900    2.01576900   -1.12185800 

 C   4.03378100    2.41512600   -2.00729600 

 C 4.43792900    1.27751500   -2.67836100 

 C   0.00418700    0.96616400   -3.09012700 

 H   4.42294700    3.41172500   -2.13834100 

 C   2.26172600    2.88515300   -0.17704700 

 H   2.03193400    2.35810400    0.74861800 

 H   2.85709500    3.76623700    0.06631400 

 H   1.32319800    3.22931700   -0.61817300 

 C   5.48976900    1.10058700   -3.71939500 

 H   5.94792200    2.06439200   -3.93847500 

 H   5.07101200    0.70194500   -4.64704000 

 H   6.27574400    0.41710600   -3.38875100 

 H -0.68620600    1.12834100   -3.91887400 

 H   0.34617300   -0.06800600   -3.12205000 
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 H -1.04931300   -0.12092100    2.89112100 

 N -1.29681300    1.08056600   -1.00413400 

 C -1.51556000    1.03314800    1.15096200 

 C   -3.64203600    1.25491200   -1.86508800 

 H -3.47127900    2.12929000   -2.49854200 

 H -4.63698000    1.33916600   -1.42948000 

 H -3.62512400    0.37082000   -2.50729900 

 H -3.73286500    1.19849600    1.13101200 

 Cl 1.49914600   -1.63132600    0.66628600 

 Cl 2.90089900    1.24970200   -1.37264400 

 Co .46086600    0.69088600    0.39054900 

 C -0.63327200    0.99132000   -2.29769200 

 C -0.50643300   -0.46195600   -2.74076600 

 H   0.34843500    1.45378600   -2.21646300 

 H -1.22428200    1.55920400   -3.01396600 

 H   0.18066400   -1.02124000   -2.11143800 

 H -1.47038700   -0.96208100   -2.77741800 

 C 3.29834500    0.17646500    3.31225300 

 C   4.68592300   -0.08774600    2.73776400 

 H   2.56476000   -0.49043400    2.86373400 

 H   3.29508600    0.02142600    4.39005000 

 H   5.42710400    0.60172000    3.13296600 

 H   4.69021700   -0.05832200    1.65159900 

 Cl 5.24065700   -1.75752300    3.21234500 

 Cl 0.16771700   -0.53008100   -4.43241200 

 H   0.86794500    1.61769900   -3.24379000 

 N -1.13575200    1.31006500    0.31941200 

 C   -0.68475700    1.27104800   -1.80147500 

 C -3.16119400    2.77360500    0.49654500 

 H -3.80163900    2.05809300    1.01838200 

 H -3.78153400    3.34636600   -0.19185100 

 H -2.75410700    3.46146100    1.24234700 

 H -2.35648900    2.61371600   -2.38613400 

 C -1.10562600    0.89868900    1.71635300 

 C -1.98941000   -0.32446100    1.93849900 

 H -1.45619600    1.73669500    2.31670900 

 H -0.07555100    0.68563800    1.99504700 

 H -3.01421400   -0.14688200    1.62410600 

 H -1.59765600   -1.20924200    1.44371200 

 C   3.87998300   -1.16137500   -2.47365800 

 C   4.90078900   -1.74879900   -1.50428800 

 H 4.22776300   -1.25947500   -3.50053800 

 H 2.92388000   -1.67372600   -2.38582900 

 H 4.53728600   -1.75587400   -0.47985700 

 H 5.85488600   -1.23089900   -1.55542400 

 Cl -2.06040000   -0.71669000    3.71584300 

 Ni 1.36355500   -0.40955200   -0.27704800 

 Cl 5.23666500   -3.48444700   -1.94363600 

 Br 0.57649400   -2.46337300   -1.36534400  

Br 2.36978900   -0.45899900    1.95671500 

Source: Researcher (2024) 
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Appendix A.2 Vibrational Frequencies, IR activities, and Raman activities of the B3LYP 

Optimized Structures of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 Metal Complexes using 

LanL2DZ basis set for metal cations and 6-311+G(2d,p) basis set for all the remaining atoms 

at 298 K. 

 

 Fe1 Co1 

Mode 

Unscaled 

Frequenc

y 

(cm-1) 

Scaled 

Frequency 

(cm-1) 

IR 

Activity 

Raman 

Activity 

Unscaled 

Frequency 

(cm-1) 

Scaled 

Frequency 

(cm-1) 

IR 

Activity 

Ram

an 

Activ

ity 

1 26 25 3.0 0.6 18 18 7.7 0.0 

2 31 30 1.2 0.9 28 27 0.0 3.2 

3 38 37 1.3 1.7 28 27 2.5 0.0 

4 41 39 1.2 2.4 41 39 0.8 0.0 

5 50 48 1.6 1.3 42 41 0.0 6.7 

6 64 62 4.8 3.5 52 50 5.2 0.0 

7 71 68 10.2 2.6 79 76 0.0 5.8 

8 89 86 23.0 0.8 90 87 0.0 2.8 

9 93 89 5.8 1.5 95 92 15.0 0.0 

10 101 97 14.4 0.7 104 100 12.5 0.0 

11 105 101 9.5 0.8 112 108 0.0 1.6 

12 115 111 2.6 1.6 117 113 41.5 0.0 

13 126 121 8.4 0.5 121 116 0.0 1.8 

14 137 131 6.7 0.4 135 129 0.0 2.3 

15 137 132 12.0 0.5 137 132 5.5 0.0 

16 142 136 49.3 0.7 140 135 14.2 0.0 

17 144 138 5.1 0.5 140 135 0.0 1.7 

18 153 147 8.0 0.1 155 149 0.0 2.2 

19 156 150 31.6 0.6 159 152 106.4 0.0 

20 161 155 9.8 1.5 167 161 0.0 0.6 

21 171 165 79.4 0.5 175 168 18.8 0.0 

22 183 176 17.5 2.1 198 190 0.0 6.8 

23 195 187 3.4 2.9 198 190 12.3 0.0 

24 197 190 0.3 4.3 204 196 63.0 0.0 

25 215 207 71.5 1.1 220 212 0.0 14.2 

26 232 223 46.1 7.3 224 215 77.7 0.0 

27 237 228 63.7 0.4 243 233 51.0 0.0 

28 260 249 10.8 0.9 268 257 0.0 4.3 

29 266 256 14.1 1.7 274 263 28.9 0.0 

30 292 280 42.2 0.2 296 284 61.9 0.0 

31 297 285 1.3 2.8 300 288 0.0 5.5 

32 318 306 3.0 3.1 321 309 0.0 4.5 

33 322 309 5.4 2.9 325 312 8.1 0.0 

34 365 351 10.9 3.9 367 353 0.0 10.6 

35 374 359 7.9 3.3 370 355 14.3 0.0 

36 458 440 72.9 1.6 458 440 0.0 1.9 
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37 467 448 38.7 1.3 464 446 114.1 0.0 

38 509 489 43.0 3.6 512 492 0.0 8.1 

39 518 497 27.6 2.9 516 496 64.9 0.0 

40 553 532 103.5 7.3 567 545 0.0 23.1 

41 591 568 1.5 27.7 577 555 225.5 0.0 

42 592 569 0.4 25.9 592 569 0.0 47.4 

43 624 599 125.7 3.6 592 569 18.4 0.0 

44 632 608 16.1 3.9 632 607 0.0 9.3 

45 636 611 73.7 6.7 633 609 34.0 0.0 

46 658 632 4.6 1.7 659 634 0.0 2.8 

47 659 634 5.5 1.3 661 636 6.3 0.0 

48 681 654 2.1 0.9 680 654 0.0 2.2 

49 683 656 1.3 0.6 681 655 4.2 0.0 

50 785 754 7.3 2.0 784 753 0.0 10.8 

51 786 755 1.1 9.4 786 756 7.4 0.0 

52 797 766 40.9 4.0 798 767 0.0 8.7 

53 798 767 51.4 4.0 798 767 93.7 0.0 

54 876 842 45.9 16.2 879 845 92.4 0.0 

55 878 844 49.3 10.9 881 846 0.0 24.1 

56 971 933 2.4 6.0 973 936 0.0 17.9 

57 972 934 2.7 12.9 974 936 3.2 0.0 

58 1002 963 19.6 1.4 1002 963 0.0 3.5 

59 1003 964 20.8 1.5 1002 963 40.4 0.0 

60 1009 970 3.7 5.4 1012 972 0.0 13.2 

61 1011 972 1.8 4.1 1012 972 14.9 0.0 

62 1041 1001 79.8 6.7 1042 1001 0.0 18.2 

63 1044 1003 83.8 8.9 1044 1004 146.2 0.0 

64 1057 1016 41.8 6.4 1062 1021 0.0 12.9 

65 1062 1020 18.5 2.9 1063 1021 98.8 0.0 

66 1062 1021 26.3 21.8 1064 1023 0.0 13.7 

67 1064 1022 35.5 3.4 1064 1023 19.0 0.0 

68 1066 1024 22.9 7.8 1066 1025 0.0 39.0 

69 1067 1025 25.4 8.4 1068 1026 0.0 21.8 

70 1068 1026 4.6 15.2 1068 1026 60.8 0.0 

71 1069 1027 31.5 23.3 1068 1026 45.1 0.0 

72 1142 1097 25.8 8.0 1143 1098 0.0 22.7 

73 1145 1100 9.4 16.7 1144 1099 29.3 0.0 

74 1175 1129 2.2 7.3 1177 1131 0.0 22.0 

75 1176 1130 2.8 11.6 1177 1131 3.1 0.0 

76 1237 1189 5.1 15.2 1236 1188 0.0 26.3 

77 1241 1192 7.8 21.9 1237 1189 26.8 0.0 

78 1259 1210 84.4 6.4 1259 1210 0.0 84.3 

79 1261 1211 29.1 54.2 1259 1210 98.3 0.0 

80 1328 1277 60.0 22.0 1327 1275 0.0 45.1 

81 1329 1277 79.5 22.4 1327 1276 134.8 0.0 

82 1346 1293 109.9 14.1 1341 1288 0.0 46.1 



107 

83 1354 1301 139.4 16.5 1343 1291 234.2 0.0 

84 1398 1343 27.9 33.1 1400 1345 66.0 0.0 

85 1400 1345 36.4 37.6 1400 1346 0.0 89.1 

86 1405 1350 44.3 70.4 1405 1350 0.0 127.8 

87 1405 1350 40.3 47.7 1407 1352 64.3 0.0 

88 1408 1353 6.0 5.5 1410 1355 0.0 6.2 

89 1409 1354 5.9 9.8 1410 1355 12.3 0.0 

90 1417 1362 38.1 27.8 1417 1362 0.0 88.9 

91 1418 1362 12.9 75.2 1419 1364 93.1 0.0 

92 1425 1369 16.5 15.2 1426 1370 7.5 0.0 

93 1430 1374 1.1 3.5 1427 1371 0.0 25.5 

94 1444 1388 102.5 31.4 1444 1387 145.5 0.0 

95 1445 1389 47.0 52.6 1444 1388 0.0 97.6 

96 1466 1409 11.8 29.7 1467 1409 0.0 37.9 

97 1469 1412 12.7 40.8 1467 1410 21.3 0.0 

98 1471 1414 17.7 31.6 1470 1413 47.8 0.0 

99 1471 1414 13.9 17.2 1470 1413 0.0 48.6 

100 1473 1416 26.3 25.5 1473 1416 20.4 0.0 

101 1476 1418 7.7 49.8 1474 1416 0.0 75.5 

102 1482 1424 32.1 29.6 1482 1424 0.0 133.7 

103 1484 1426 12.7 63.0 1482 1424 37.0 0.0 

104 1494 1435 4.4 13.5 1493 1435 13.9 0.0 

105 1495 1437 22.1 36.6 1493 1435 0.0 16.5 

106 1495 1437 37.4 51.9 1495 1437 0.0 152.9 

107 1496 1438 48.5 61.4 1496 1437 112.2 0.0 

108 1521 1462 41.2 16.6 1520 1460 0.0 61.2 

109 1521 1462 7.4 45.4 1520 1461 32.7 0.0 

110 1577 1515 46.2 37.7 1578 1517 170.2 0.0 

111 1578 1516 128.0 61.5 1578 1517 0.0 90.0 

112 3032 2914 21.1 460.0 3033 2915 45.8 0.0 

113 3032 2914 25.7 396.2 3033 2915 0.0 921.7 

114 3034 2915 22.0 566.0 3043 2924 59.4 0.0 

115 3041 2922 26.5 473.9 3043 2924 0.0 933.2 

116 3042 2924 35.1 116.5 3047 2928 120.3 0.0 

117 3043 2924 98.9 739.3 3047 2928 0.0 820.5 

118 3080 2960 8.6 262.1 3072 2952 31.3 0.0 

119 3081 2961 4.0 117.7 3072 2952 0.0 736.1 

120 3082 2961 21.6 212.6 3082 2962 0.0 339.8 

121 3083 2963 13.9 439.2 3082 2962 25.2 0.0 

122 3090 2970 16.6 187.7 3099 2978 0.0 372.2 

123 3097 2977 32.6 199.3 3099 2978 57.0 0.0 

124 3098 2977 34.7 218.8 3102 2981 0.0 284.4 

125 3099 2978 6.4 147.3 3102 2981 12.0 0.0 

126 3112 2991 20.0 146.2 3114 2993 38.6 0.0 

127 3119 2997 3.6 152.5 3114 2993 0.0 278.5 

128 3119 2998 13.5 149.8 3120 2998 28.3 0.8 



108 

129 3120 2999 13.9 147.1 3120 2998 0.1 293.0 

130 3139 3016 1.7 142.2 3135 3013 0.0 300.2 

131 3140 3017 1.2 124.5 3135 3013 2.5 0.1 

132 3247 3120 0.7 180.4 3248 3121 0.9 0.0 

133 3247 3120 0.2 303.9 3248 3121 0.0 482.9 

134 3512 3375 634.6 178.9 3607 3466 0.0 306.8 

135 3614 3473 421.7 165.5 3608 3468 843.5 0.0 

Source: Researcher (2024) 

Appendix A.2 (continued) Vibrational Frequencies, IR activities, and Raman activities of the 

B3LYP Optimized Structures of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 Metal Complexes 

using LanL2DZ basis set for metal cations and 6-311+G(2d,p) basis set for all the remaining 

atoms at 298 K. 

 

 Ni1    Pd1    

Mode 

Unscaled 

Frequency 

(cm-1) 

Scaled 

Frequency 

(cm-1) 

IR 

Activity 

Raman 

Activity 

Unscaled 

Frequency 

(cm-1) 

Scaled 

Frequency 

(cm-1) 

IR 

Activity 

Raman 

Activity 

1 29 28 2.6 0.3 25 24 3.4 1.5 

2 36 35 0.3 3.6 33 32 0.8 1.6 

3 39 37 0.9 1.3 42 40 1.5 1.9 

4 64 62 1.9 3.7 47 46 4.4 4.3 

5 71 68 1.9 3.3 49 47 0.5 4.3 

6 74 71 2.1 1.7 65 62 6.8 8.6 

7 76 73 2.5 3.4 70 67 0.3 0.5 

8 88 84 1.9 4.2 74 71 0.1 1.1 

9 93 90 8.2 0.8 80 77 6.0 3.4 

10 99 95 1.7 0.2 100 96 11.3 0.9 

11 109 105 9.6 0.9 110 106 3.2 0.9 

12 114 109 5.9 4.4 114 110 2.9 0.3 

13 122 117 1.0 0.1 123 118 0.2 0.4 

14 128 123 0.6 4.1 126 121 1.5 1.7 

15 140 135 18.1 4.8 128 123 2.8 0.3 

16 143 137 2.0 0.8 130 125 3.6 1.3 

17 149 143 2.2 0.8 134 129 2.7 1.7 

18 153 147 0.2 0.2 145 139 2.2 0.4 

19 162 156 5.8 0.8 150 144 12.2 2.0 

20 169 162 13.1 0.7 167 160 10.0 0.5 

21 186 179 77.6 0.1 181 174 5.4 1.2 

22 197 189 4.5 5.6 190 182 15.1 3.5 

23 199 191 0.9 1.0 193 185 29.4 2.6 

24 202 194 17.7 1.7 197 189 8.2 4.4 

25 215 207 33.3 0.9 207 199 2.3 5.6 

26 227 218 1.8 12.4 216 208 6.6 0.6 

27 235 226 37.8 0.1 238 228 0.5 3.6 

28 275 264 19.8 0.4 267 257 1.9 0.8 

29 276 265 12.6 2.1 274 263 4.1 1.6 



109 

30 301 289 34.5 0.4 303 291 13.7 2.0 

31 306 294 6.3 4.2 317 304 14.7 2.9 

32 322 309 0.1 2.9 327 314 10.8 1.3 

33 326 314 17.6 5.1 334 321 5.7 6.1 

34 374 360 7.7 2.3 353 339 4.1 2.9 

35 378 363 6.9 3.3 373 358 0.8 3.4 

36 464 446 58.5 0.6 391 376 0.7 6.0 

37 468 450 22.5 4.7 475 456 12.2 2.1 

38 522 501 23.0 1.9 499 480 1.5 0.5 

39 525 505 18.4 2.6 511 491 4.1 4.1 

40 591 568 0.8 17.3 524 504 17.2 154.2 

41 591 568 1.1 38.6 589 566 1.2 34.6 

42 627 603 44.2 6.7 595 572 0.0 29.3 

43 630 605 62.0 6.1 626 602 45.4 2.9 

44 635 610 52.8 11.7 642 617 130.5 3.2 

45 638 613 218.8 21.9 649 624 1.4 3.1 

46 653 628 8.4 1.7 663 637 16.7 1.8 

47 654 629 14.0 1.3 677 651 0.8 1.6 

48 677 651 2.7 1.1 679 652 6.6 10.2 

49 678 652 3.3 0.8 704 676 4.3 2.4 

50 787 756 11.2 4.1 733 705 87.4 0.7 

51 788 757 3.9 5.9 759 729 15.4 0.4 

52 793 762 38.7 3.7 788 757 17.0 1.3 

53 793 762 44.5 3.5 792 761 43.2 4.2 

54 879 845 53.3 9.8 795 764 5.3 4.7 

55 882 847 55.2 12.9 797 766 44.6 4.5 

56 976 938 3.2 3.8 811 779 1.3 7.7 

57 977 939 3.5 6.5 836 803 3.6 8.5 

58 1002 963 19.9 2.1 863 829 27.1 6.4 

59 1004 965 22.2 2.1 972 934 1.0 5.8 

60 1013 973 8.3 3.9 1000 961 1.8 3.5 

61 1014 974 7.5 12.1 1004 965 5.1 5.7 

62 1041 1001 74.1 4.4 1005 965 8.5 0.1 

63 1043 1002 78.3 5.4 1005 966 0.9 5.0 

64 1063 1021 6.4 9.9 1038 997 1.9 14.8 

65 1064 1022 2.7 14.4 1051 1010 165.0 5.2 

66 1064 1022 27.6 0.6 1056 1015 7.6 2.6 

67 1065 1024 15.7 2.0 1061 1020 4.6 0.4 

68 1068 1026 28.2 2.9 1063 1022 45.7 3.1 

69 1068 1027 24.0 11.6 1064 1023 30.1 2.8 

70 1069 1027 37.6 7.1 1066 1024 4.1 1.1 

71 1070 1028 32.2 1.7 1069 1027 53.4 3.2 

72 1139 1095 32.1 5.2 1073 1031 5.1 23.3 

73 1141 1097 3.9 14.7 1076 1034 2.6 43.4 

74 1177 1131 2.9 8.3 1079 1036 13.5 2.6 

75 1178 1132 3.6 9.2 1151 1106 17.5 2.6 



110 

76 1241 1192 5.1 8.8 1156 1111 11.5 11.0 

77 1244 1196 3.4 8.5 1174 1128 1.8 8.7 

78 1261 1212 60.0 4.1 1177 1131 6.2 10.6 

79 1263 1214 12.9 51.4 1204 1157 36.6 133.9 

80 1325 1274 63.4 27.1 1227 1179 14.9 19.4 

81 1329 1277 63.3 27.8 1235 1187 25.7 36.0 

82 1344 1292 84.3 0.2 1251 1202 43.7 7.4 

83 1348 1295 163.5 24.6 1288 1238 12.5 44.0 

84 1396 1342 41.7 8.3 1337 1285 7.1 28.7 

85 1401 1347 23.4 30.9 1339 1286 63.7 33.7 

86 1408 1353 45.2 32.3 1357 1304 14.9 2.3 

87 1410 1355 19.5 12.9 1383 1329 12.5 15.7 

88 1412 1357 12.4 1.9 1400 1345 16.7 13.6 

89 1413 1358 0.4 7.7 1405 1351 36.8 22.7 

90 1417 1362 27.8 36.6 1407 1352 14.9 36.4 

91 1419 1363 53.5 37.0 1410 1355 12.6 9.5 

92 1431 1375 11.9 8.1 1412 1357 20.7 39.7 

93 1432 1376 0.7 4.4 1417 1362 26.8 42.0 

94 1445 1388 100.3 26.8 1420 1364 23.9 23.7 

95 1445 1388 49.6 48.5 1422 1367 36.4 86.1 

96 1469 1411 15.6 19.3 1430 1375 40.7 7.6 

97 1469 1412 7.3 31.0 1442 1386 99.9 24.5 

98 1470 1413 30.6 26.0 1445 1389 99.6 33.1 

99 1470 1413 20.6 43.4 1449 1393 5.7 13.0 

100 1478 1420 2.4 22.6 1454 1398 3.1 11.2 

101 1479 1421 13.3 95.7 1464 1407 26.6 44.7 

102 1485 1427 30.8 15.9 1465 1408 1.3 13.1 

103 1487 1429 3.1 22.4 1466 1409 8.7 11.3 

104 1494 1436 32.7 40.3 1468 1411 55.5 10.4 

105 1495 1436 15.9 47.6 1469 1412 29.0 12.1 

106 1496 1437 58.7 68.6 1472 1414 22.6 16.8 

107 1498 1440 17.0 13.6 1480 1422 12.3 44.9 

108 1518 1459 21.3 26.6 1482 1424 10.3 121.2 

109 1519 1459 13.1 27.4 1488 1430 11.7 48.3 

110 1582 1521 28.3 35.3 1489 1431 36.7 74.2 

111 1583 1522 134.9 42.0 1490 1431 10.7 42.4 

112 3031 2913 22.1 434.9 1491 1433 39.5 148.7 

113 3032 2913 25.7 522.9 1503 1445 9.5 8.3 

114 3043 2924 40.7 348.4 1517 1458 13.3 31.8 

115 3044 2925 54.2 457.9 1520 1460 15.2 45.8 

116 3045 2926 40.7 170.1 1580 1518 38.3 26.7 

117 3045 2926 78.7 888.4 1582 1520 117.4 40.8 

118 3080 2960 9.1 149.1 3014 2896 41.3 252.3 

119 3080 2960 15.1 203.7 3021 2903 70.7 432.6 

120 3089 2968 7.1 120.1 3031 2913 5.0 148.2 

121 3090 2970 4.3 459.8 3033 2915 87.3 593.6 



111 

122 3100 2980 17.1 158.8 3033 2915 26.2 416.8 

123 3102 2981 40.1 230.4 3035 2916 16.2 645.9 

124 3103 2982 29.1 289.9 3038 2919 20.6 554.3 

125 3103 2982 29.2 142.1 3074 2954 70.3 326.8 

126 3119 2997 15.6 142.3 3076 2956 5.0 214.8 

127 3119 2997 14.5 164.3 3081 2961 17.5 216.7 

128 3120 2998 6.6 114.7 3081 2961 7.6 174.6 

129 3124 3002 5.6 112.8 3083 2963 10.8 181.6 

130 3143 3020 4.4 192.9 3090 2969 15.6 183.3 

131 3144 3021 0.1 73.1 3092 2971 10.1 124.3 

132 3247 3120 0.6 237.1 3092 2972 53.3 373.1 

133 3247 3120 0.5 259.8 3103 2982 42.9 236.8 

134 3502 3365 244.7 77.8 3112 2991 26.6 187.2 

135 3505 3368 968.5 284.9 3115 2993 14.5 117.0 

     3120 2999 15.1 151.8 

     3121 2999 14.5 157.2 

     3124 3002 68.8 208.6 

     3130 3008 0.6 49.0 

     3133 3011 5.6 123.3 

     3249 3122 0.3 273.0 

     3251 3124 0.3 267.2 

     3473 3338 843.6 354.3 

     3540 3402 794.0 195.4 

Source: Researcher (2024) 

Appendix A.2 (continued) Vibrational Frequencies, IR activities, and Raman activities of the 

B3LYP Optimized Structures of the Fe1, Co1, Ni1, Pd1, Co2, and Ni2 Metal Complexes 

using LanL2DZ basis set for metal cations and 6-311+G(2d,p) basis set for all the remaining 

atoms at 298 K. 
 

 Co2 Ni2 

Mode 

Unscaled 

Frequency 

(cm-1) 

Scaled 

Frequency 

(cm-1) 

IR 

Activity 

Raman 

Activity 

Unscaled 

Frequency 

(cm-1) 

Scaled 

Frequency 

(cm-1) 

IR 

Activity 

Raman 

Activity 

1 26 25 0.2 2.4 14 14 0.2 1.6 

2 28 27 1.6 3.0 20 19 1.2 1.6 

3 32 31 3.0 1.6 26 25 0.9 2.4 

4 45 43 0.7 1.3 32 31 1.9 2.4 

5 51 49 0.9 2.2 37 36 2.0 1.9 

6 54 52 1.8 0.9 42 41 1.0 1.0 

7 72 69 4.9 1.0 49 47 1.0 3.6 

8 80 77 2.4 2.7 59 57 4.8 5.3 

9 92 88 1.6 1.1 66 64 3.4 2.3 

10 95 91 3.6 3.4 73 70 1.7 1.7 

11 104 100 0.7 1.0 76 73 9.5 0.7 

12 112 108 2.6 0.8 82 79 3.2 0.9 

13 115 111 3.4 0.3 93 89 0.0 1.3 



112 

14 117 112 24.0 0.9 97 94 0.9 1.1 

15 123 118 2.3 0.7 110 106 0.5 1.9 

16 131 126 4.9 0.9 116 111 0.8 0.8 

17 132 127 2.9 1.0 119 115 1.8 0.4 

18 136 131 2.8 0.4 121 117 1.3 0.7 

19 139 134 1.0 3.0 128 123 0.7 1.0 

20 151 145 1.6 0.8 140 135 0.2 0.8 

21 159 153 4.9 1.0 151 145 1.8 5.8 

22 189 182 8.1 2.5 161 155 2.6 7.3 

23 198 190 12.4 2.1 193 185 6.1 3.0 

24 198 190 21.6 2.7 200 192 8.7 0.7 

25 208 200 4.5 1.3 203 195 20.0 0.7 

26 233 224 4.3 2.7 222 214 33.3 13.1 

27 234 225 3.2 4.8 232 223 5.8 1.6 

28 265 255 84.1 10.5 237 227 2.2 2.1 

29 283 272 10.0 5.0 245 236 72.2 1.3 

30 292 280 2.8 0.2 286 275 3.6 2.6 

31 297 285 109.7 4.6 295 283 38.3 0.4 

32 310 298 8.0 3.3 310 298 3.6 5.3 

33 313 301 25.2 0.9 317 305 14.3 1.2 

34 321 308 17.9 3.4 329 316 20.8 2.6 

35 331 319 27.1 1.3 333 320 13.8 2.9 

36 371 356 2.1 9.3 374 359 1.8 7.5 

37 373 359 3.0 0.9 377 363 3.1 4.2 

38 495 476 8.8 1.3 495 476 11.3 1.4 

39 504 484 4.8 0.8 499 480 2.5 0.9 

40 591 568 0.9 27.9 592 569 0.6 29.6 

41 594 571 0.5 21.7 593 570 0.7 20.2 

42 650 625 13.0 10.9 650 624 33.7 19.8 

43 652 627 19.0 15.3 650 625 13.4 15.1 

44 664 638 51.9 7.9 664 638 44.6 8.1 

45 664 639 78.9 15.4 666 640 61.9 8.5 

46 682 655 0.7 1.6 679 652 1.7 0.3 

47 684 657 1.6 1.3 680 654 1.7 1.8 

48 747 718 35.2 32.2 744 715 32.5 39.8 

49 749 719 23.6 52.7 749 720 32.6 41.9 

50 772 742 10.4 1.5 775 745 6.6 2.7 

51 772 742 8.0 2.0 781 750 7.5 2.3 

52 800 769 45.9 3.6 807 775 45.4 3.3 

53 805 774 43.8 3.6 812 780 43.4 3.5 

54 828 795 0.3 13.2 829 796 0.6 9.1 

55 833 801 0.8 32.2 831 799 0.6 29.5 

56 996 958 4.9 6.9 1002 963 4.9 4.3 

57 1002 963 0.3 7.9 1003 963 0.9 5.4 

58 1003 964 9.2 0.4 1004 964 4.0 1.9 

59 1005 966 8.9 0.5 1004 965 7.2 2.7 



113 

60 1035 995 5.2 4.6 1037 996 2.7 5.0 

61 1039 998 7.1 13.5 1038 997 4.5 11.3 

62 1042 1001 3.2 9.3 1040 1000 3.6 7.9 

63 1043 1002 2.3 9.0 1041 1000 3.4 9.0 

64 1062 1021 8.7 1.8 1059 1018 15.1 4.3 

65 1064 1022 5.6 21.9 1061 1020 5.9 8.2 

66 1065 1024 13.7 5.8 1063 1021 2.7 4.0 

67 1066 1024 24.1 27.8 1065 1024 5.4 1.0 

68 1067 1025 5.9 1.8 1066 1025 8.9 6.9 

69 1070 1028 22.2 29.2 1067 1026 34.8 28.4 

70 1132 1088 19.3 2.6 1128 1084 10.4 1.8 

71 1135 1091 14.7 14.5 1130 1086 10.5 8.6 

72 1169 1124 4.9 14.3 1173 1127 5.9 12.8 

73 1174 1129 5.9 11.3 1174 1128 5.6 12.3 

74 1218 1171 9.3 10.0 1219 1172 9.0 8.4 

75 1219 1172 5.0 8.9 1221 1173 3.7 6.1 

76 1273 1224 37.7 17.2 1273 1223 34.8 19.5 

77 1275 1226 44.5 45.9 1276 1227 30.0 31.0 

78 1290 1240 22.8 4.7 1290 1240 17.2 5.1 

79 1292 1242 19.8 3.8 1293 1242 30.1 4.2 

80 1348 1295 48.8 17.3 1344 1292 45.6 12.1 

81 1349 1297 44.9 26.0 1345 1292 46.2 33.7 

82 1393 1339 140.4 113.6 1395 1341 167.6 67.4 

83 1396 1342 55.1 68.9 1398 1343 4.6 36.1 

84 1398 1344 10.7 20.6 1399 1344 8.2 8.2 

85 1400 1345 5.9 7.6 1403 1348 8.9 10.7 

86 1411 1356 1.7 6.4 1408 1353 6.6 10.2 

87 1412 1357 6.1 13.2 1411 1356 4.6 9.0 

88 1415 1359 23.3 34.4 1414 1359 30.9 26.0 

89 1418 1362 24.8 44.1 1416 1361 12.2 28.9 

90 1444 1388 97.1 25.2 1443 1387 42.9 0.6 

91 1447 1391 99.6 14.1 1444 1387 122.2 44.1 

92 1466 1408 13.1 13.3 1465 1407 13.0 12.6 

93 1466 1409 8.8 19.9 1469 1411 6.1 20.0 

94 1469 1412 34.4 45.9 1470 1413 22.1 48.3 

95 1470 1412 13.3 45.3 1472 1415 32.6 89.7 

96 1472 1415 3.3 28.4 1477 1419 9.6 54.5 

97 1473 1416 7.1 26.1 1480 1422 3.1 39.8 

98 1480 1422 11.6 41.3 1482 1425 18.4 44.5 

99 1480 1423 22.6 124.7 1483 1425 4.5 25.4 

100 1487 1429 40.8 53.5 1488 1430 37.1 40.7 

101 1490 1432 20.6 88.5 1489 1431 39.8 115.1 

102 1498 1439 46.7 37.8 1502 1443 42.0 13.5 

103 1503 1444 36.6 15.1 1505 1446 27.6 9.0 

104 1522 1463 20.8 34.6 1521 1462 22.2 49.2 

105 1523 1464 30.4 32.9 1522 1462 22.0 5.2 



114 

106 1579 1517 98.0 50.4 1582 1521 104.8 39.2 

107 1582 1521 99.1 45.0 1583 1521 90.2 38.4 

108 3035 2917 16.4 477.6 3035 2917 18.0 447.2 

109 3036 2917 15.9 476.0 3036 2917 15.2 477.8 

110 3039 2920 17.0 568.2 3039 2921 22.2 629.9 

111 3041 2922 15.7 489.8 3040 2922 22.7 450.1 

112 3085 2964 9.7 182.0 3082 2962 29.4 373.1 

113 3085 2965 10.6 219.1 3083 2963 18.4 517.7 

114 3087 2967 11.8 386.2 3085 2965 16.3 253.3 

115 3088 2968 16.9 467.6 3086 2965 9.6 200.4 

116 3093 2972 10.7 187.4 3096 2976 15.7 184.3 

117 3097 2976 8.1 174.3 3097 2976 10.0 172.9 

118 3106 2984 10.2 71.6 3103 2982 8.9 72.7 

119 3107 2986 11.1 67.0 3106 2985 9.9 96.3 

120 3119 2998 14.9 153.7 3120 2999 8.1 115.0 

121 3124 3002 11.8 148.0 3121 2999 5.4 103.7 

122 3124 3002 11.5 144.0 3124 3002 10.0 144.5 

123 3128 3006 13.8 128.6 3124 3003 10.8 137.1 

124 3138 3015 4.8 169.7 3132 3010 11.4 197.3 

125 3139 3017 7.4 181.0 3134 3012 10.3 189.6 

126 3171 3047 0.0 42.3 3167 3044 0.5 38.8 

127 3173 3049 0.0 37.4 3170 3047 0.0 41.9 

128 3251 3125 0.1 238.1 3251 3124 0.1 246.8 

129 3252 3125 0.1 242.9 3252 3125 0.0 251.0 

Source: Researcher (2024) 
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Appendix A.3. HOMO and LUMO Maps of Fe1, Co1, Ni1, Pd11, Co2, and Ni2 Metal 

Complexes generated using B3LYP functional and LanL2DZ basis set for metal atoms and6-

311+G(2d, p) basis set for all the remaining atoms. 
 

Compounda HOMO LUMO 

Fe1 
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Ni1 

 

 

 

 

 
aChemDraw structures of Fe1, Co1, and Ni1 metal complexes. 

Source: Researcher (2024) 
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Appendix A.3. (continued) HOMO and LUMO Maps of Fe1, Co1, Ni1, Pd11, Co2, and Ni2 

Metal Complexes generated using B3LYP functional and LanL2DZ basis set for metal atoms 

and6-311+G(2d,p) basis set for all the remaining atoms. 

 

Compounda HOMO LUMO 
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aChemDraw structures of Pd1, Co2, and Ni2 metal complexes. 

Source: Researcher (2024) 
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Appendix A.4. HOMO and LUMO Maps of Fe1, Co1, Ni1, Pd1, Co2, and Ni2 Metal 

Complexes generated using B3PW91 functional and LanL2DZ basis set for metal atoms 

and6-311+G (2d, p) basis set for all the remaining atoms. 
 

Compound HOMO LUMO 

Fe1 

 

 

 
 

 

 
 

Co1 

 
 

 
 

 
 

Ni1 

 

 

 
 

 

 
 

aChemDraw structures of Fe1, Co1, and Ni1 metal complexes. 

Source: Researcher (2024) 
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Appendix A.4. (continued) HOMO and LUMO Maps of Fe1, Co1, Ni1, Pd1, Co2, and Ni2 

Metal Complexes generated using B3PW91 functional and LanL2DZ basis set for metal 

atoms and6-311+G(2d,p) basis set for all the remaining atoms 

 

Compound HOMO LUMO 

Pd1 
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aChemDraw structures of Pd1, Co2, and Ni2 metal complexes. 

 Source: Researcher (2024) 
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Appendix A.5. Similarity Report 
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