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Application of methods based on Density Functional Theory, for studying 

electronic states of aqua- and oxo- first row transition metal complexes 

 

SUMMARY 

 

In the scope of present doctoral thesis, the complicated electronic structure of aqua- and oxo- 

complexes of the first row transition metals is studied. Energies of the ground and excited electronic 

states of transition metal complexes are calculated using DFT-based theoretical methods. The 

performance of different DFAs was investigated in order to find an unambiguous way to determine 

the ground spin state of oxo- and hydroxo-iron complexes, which is one of the most demanding tasks, 

both from theoretical and experimental point of view. The results direct us to use S12g for 

optimization as well as for the determination of the ground spin state.For calculation of excited states, 

two different methods (TD-DFT and LF-DFT) are utilized, whereas the results are rationalized and 

compared with those obtained experimentally. The results indicate a significantly better performance 

of LF-DFT method for calculation of excited states and reproduction of experimental spectra. In 

addition, EDA study of a series of oxo- and hydroxo- iron model complexes was performed. The 

binding energy is decomposed into chemically meaningful contributions. Obtained results show that 

the most important factor, responsible for the energy differentiation, is the destabilizing preparation 

energy based on excitation energy requirements and oxidation state of the metal. And the other is the 

stabilizing orbital interaction energy established when chemical bonds are created. 

The primary challenge was to establish an appropriate level of theory able to explain the 

relationships between structural features and electronic structure, and in turn rationalize the 

experimentally obtained results. The scientific content of this dissertation proposes computational 

steps which make DFT reliable for explaining, interpreting and predicting the characteristics and 

properties of first row transition metal complexes. By rationally applying the proposed 

methodologies, we have an exclusive opportunity to clarify the experimental blindspots and apply the 

basic principles in order to understand the chemical complexities. 
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Примена метода заснованих на Теорији Функционала Густине, за проучавање 

електронских стања аква- и оксо- комплекса прве серије прелазних метала 

 

РЕЗИМЕ 

 

У оквиру ове докторске тезе проучавана је компликована електронска структура аква- и 

оксо- комплекса прве серије прелазних метала. Теоријским методама, заснованим на DFT, 

израчунате су енергије основних и побуђених електронских стања комплекса прелазних 

метала. Испитано је понашање различитих DFA у циљу проналажења недвосмисленог начина 

за одређивање основног спинског стања оксо- и хидроксо- комплекса гвожђа, што је захтевaн 

задатак, и са теоријског и са експерименталног становишта. Резултати нас усмеравају на 

коришћење S12g за оптимизацију, као и за одређивање основног спинског стања. За рачунање 

побуђених стања употребљене су две различите методе (TD-DFT и LF-DFT) а резултати 

рационализовани и упоређени са експериментално добијеним. Резултати указују на знатно 

боље понашање LF-DFT методе за рачунање побуђених стања и репродукцију 

експерименталних спектара. У склопу ове дисертације изведено је и EDA изучавање серије 

оксо- и хидроксо- модел комплекса гвожђа. Енергија везивања разложена је на хемијски 

смислене доприносе. Резултати показују да је најбитнији фактор, одговоран за енергетску 

диференцијацију енергија побуђивања, неопходна да се метални јон из изолованог 

електронског стања доведе у електронско стање које поседује у комплексном једињењу. 

Следећи допринос по важности је орбитална стабилизација услед успостављања метал-лиганд 

хемијске везе. 

Примарни изазов је представљало успостављање одговарајућег нивоа теорије, објашњење 

међусобних односа између структурних особина и металног окружења са електронском 

структуром, као и рационализација добијених резултата и експерименталних података. 

Научни садржај ове дисертације предлаже рачунарске кораке којима чине DFT поузданом у 

објашњавању, тумачењу и предвђању карактеристика и својства комплекса прве серије 

прелазних метала. Рационалном применом предложених методологија, имамо прилику да 

разјаснимо експерименталне недоумице и искористимо основна начела како бисмо разумели 

хемијске сложености. 

 

Кључне речи: Теорија функционала густине, електронска структура, побуђена стања, 

електронска спектроскопија, УВ/ВИС спектроскопија, први ред прелазних метала, оксо-

гвожђе комплекси, хексааква комплекси, Анализа енергетске декомпозиције, теорија 

лигандног поља 
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Useful notations 

 

ADF: Amsterdam Density Functional 

AO: Atomic Orbital 

AOC: Average Of Configuration 

CC: Coupled Cluster 

CFT: Crystal Field Theory 

CI: Configuration Interaction 

CT: Charge Transfer 

COSMO: Conductor Like Screening Model 

DF: Density Functional 

DFA: Density Functional 

ApproximationDFT: Density Functional 

Theory 

EDA: Energy Decomposition Analysis 

GGA: Generalized Gradient Approximation 

HF: Hartree-Fock 

HOMO: Highest Occupied Molecular Orbital 

JT: Jahn-Teller 

KS: Kohn-Sham 

LDA: Local Density Approximation 

LF: Ligand Field 

LF-DFT: Ligand Field–Density Functional 

Theory 

LFSE: Ligand Field Stabilization Energy 

LFT: Ligand Field Theory 

MAE: Mean Absolute Error 

MO: Molecular Orbital 

PES: Potential Energy Surface 

PSE: Periodic System of Elements 

SCF: Self Consistent Field 

 

 

SD: Slater Determinant 

SE: Schrödinger Equation 

SOMO: Single Occupied Molecular Orbital 

STO: Slater-Type Orbitals 

TD-DFT: Time Dependent–Density 

Functional Theory 

TM: Transition Metal 

VSEPR: Valence-Shell Electron-Pair 

Repulsion 

XC: Exchange-Correlation 

ZORA: Zero-Order Regular Approximation 

 



1. Introduction 

 

Transition metal (TM) containing molecules are for many years earning the brightest spotlight on 

the chemistry stage, and stay in the main focus of the scientific audience. These diverse chemical 

species are always ready to perform another unexpected, and until that moment, unseen act and draw 

our attention again and again. Many riddles surrounding TM molecules have been solved, and many 

of their characteristics described, while on the other hand, many questions remain floating in the air 

and wait for a better time to be answered. Intriguing TM history is filled with rises and falls, Eureka’s 

and dead ends, but one thing lingers from the very beginning and represents one of the main TM 

characteristics. This characteristic brings color to the story of TMs, and is in fact- their own color. 

The beauty of TM chemistry reflects in the color spectrum which these molecules provide, and colors 

are in fact one of the first things I can remember when thinking about my early introduction to TM 

molecules. At first, this characteristic was impressive and surprising to me, but not long after that, 

curiosity gave birth to the first question. Where does it come from? This question was easily resolved 

by my mentor many years ago and marked with a smile. Most importantly, and in this case personally, 

the answer to that question opened a door to a brand new horizon of more complex questions, and 

here we are, holding in hands my thesis while starting from the very beginning. 

The world of chemistry is built on simple laws and rules, yet works in mysterious ways, which 

can be explained with logic formalisms. Basically, valence electrons of isolated atoms combine in 

order to create electron pairs which chemists like to call chemical bonds. This concept can be applied 

to main group element compounds while keeping in mind that the number of created chemical bonds 

must obey the octet rule. Chemical bonding in TM compounds is one of many features that differ 

from the main group elements. Unlike main group element compounds, where the covalent bond 

between two interacting species is formed by a combination of valence electrons of both species (in 

which electron pair is formed), a coordinate covalent bond is formed by means of interaction in which 

both electrons originate from a donor (Lewis base) and are introduced to an acceptor (Lewis acid). 

Using this unusual fashion for the creation of chemical bonds, coordination compounds are formed 

and, if they contain a TM atom/ion, are called TM complexes. TM atom or ion plays the role of Lewis 

acid in the creation of a chemical bond, whereas the electrophilicity originates from partially filled d-

orbitals. On the other hand, Lewis base can be a wide variety of chemical species (ions or molecules), 

and the only requirement is the presence of one or more electron pairs that can be contributed to the 

creation of a chemical bond. These nucleophilic chemical species are called ligands. Depending on 

the number of available electron pairs capable of bonding, as well as on molecular size and 

configurational flexibility, ligands can be monodentate (capable to create only one coordination bond) 

and polydentate (capable to create two or more coordination bonds). The number and arrangement of 

specific ligands in the space around central metal atom/ion, called the first coordination sphere, are 

the first aspect of the complexity of resulting coordination compounds and the origin of their name. 

The second aspect is the central metal atom, which can exist in many different ionic states. The 

general picture becomes even more complicated since the central metal atom/ion, in most cases, 

contain partially filled d-orbitals, thus having a broad pallet of possible spin states. Energy 

requirement for the excitation of one or more electrons from the ground spin state (the most stable 

spin state) to some of the close-lying excited states is rather small and corresponds to the wavelength 

of the visible light. In this regard, complex molecules are able to absorb (and at the same time emit) 

a portion of energy from the visible light, which our eye can detect as color. Depending on the 

excitation energy requirement and the discrete portion of spectra that has been absorbed- complex 

molecules exist in various colors. While keeping in mind that the color originates from electronic 

structure, microscopic changes in the structure will lead to a change of color and many other general 

features of a specific complex molecule. 
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Ground spin state, close-lying excited states, and energy requirements needed for the excitations 

to take place are the main focus of the present thesis. All of the mentioned characteristics are of utmost 

importance for the understanding of fundamentals as well as the nature and behavior of coordination 

complexes. Although experimental chemistry has reached the level of maturity in which it can “catch” 

and examine delicate properties of molecular systems, it is in many cases not capable of unambiguous 

determination of the ground spin state. Besides this fundamental problem, the description and 

investigation of excited states are even more difficult, due to the lack of stability or the lifetime of 

these chemical species. Powerful tools to enforce the experiment, explain obtained results or predict 

missing parts of the experimental puzzle are without doubt theoretical methods. Even though many 

different theoretical methods exist and exhibit various advantages and limitations, our research is 

based on Density Functional Theory (DFT)1 and aims to examine, elucidate and shed new light on a 

series of first row TM complexes. 

In the present thesis, we are proposing theoretical steps that should be followed in order to get the 

best of DFT method. Although exact in principle, many approximations must be introduced to DFT, 

in order for it to work properly. In this regard, various DFT flavors are investigated in order to find 

the best choice for accurate geometrical optimizations, since this basic molecular characteristic will 

greatly influence all future calculations and final results. The most popular DFT-based method for 

examination of excited states, time-dependent DFT (TD-DFT), is used for the simulation of electronic 

spectra of a series of first row TM hexaaqua complexes. Obtained results are analyzed, correlated 

with the experiment, and compared with the results obtained by Ligand Field DFT (LF-DFT), which 

is specially designed for the determination of d-d excitations. DFT is further utilized for the 

determination of the ground spin state, and close-lying excited states of a series of iron (hydr)oxo 

complexes. Precise determination of the ground spin state represents a challenging task for all 

theoretical methods, and besides all practical difficulties, in most cases has a high computational 

price. Since spin states were not included in the development of most Density Functional 

Approximations (DFAs), we are searching for the best performing DFA in a group of some “old” and 

well known, as well as some new DFAs, which are specially designed for this kind of problem. The 

main goal of our validation study is to find the best theoretical approach, within the framework of 

DFT, for unambiguous determination and description of the ground spin state as well as possible 

close-lying excited spin states. Finally, Energy Decomposition Analysis (EDA) is used to decompose 

the energy of various iron-oxo and iron-hydroxo systems into chemically meaningful components, in 

order to gain insight into the origins of chemical bonding. EDA contributions are rationalized and 

correlated with the spin state energetics of investigated complexes.  

With all the results in hand, obtained within the framework of the present thesis, we can go further 

beyond classical experiment and open a door for a new point of view on general chemistry and 

fundamentals that lead to the complexity of coordination compounds.  
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2. The general part 
 

Forthcoming chapters contain the main concepts and chemical fundamentals essential for 

understanding and rationalization of the work done in this thesis.  

 

2.1 Looking at the world through the quantum mechanical prism 

 

The laws, on which the physical world is based, have occupied the human mind since the 

beginning of the time. Although we are able to see, feel, and gather various information about the 

surrounding environment, our sensors and detection capabilities are still very limited. Besides the fact 

that our senses are imperfect, many factors concerning the way in which “things work” remain a 

mystery due to the type of strings and patterns used to create this vivid and extremely complex 

picture- we call the “physical world”. Namely, every piece of matter- water, wood, stone, wax, gold- 

has its own clearly defined characteristics and properties. The human eye is unable to describe or 

address these diverse features by only looking. A piece of mater can be considered as small, yet it is 

built from much smaller building blocks of the size, which goes way beyond our sight. Even though 

these delicate particles are enormously small, they are by nature complex and diverse, and for this 

reason, represent the origin of complexity and diversity of all the matter surrounding us. Modern 

quantum mechanical (QM) modeling has the power to lift the barrier, which prevents us from seeing 

microscopic particles and gives us insight into the laws responsible for the flawless functionality of 

the physical world. By having QM in hand, we are able to correlate electronic structure with 

macroscopic properties of molecules, and in this way understand and address chemical behavior as 

well as many other physico-chemical characteristics. 

The central dogma of QM is the wave function  , which is the mathematical description of a 

quantum state of an isolated system, and holds all accessible information about all micro(quantum)-

objects. The wave function itself is a complex construction and cannot be observed, although we can 

attribute a physical meaning to the square of the wave function. The mathematical form 
2     

represents the probability of finding a particle (electron) within a different predefined volume 

element. The measure of the probability of finding an electron in a specific region is the electron 

density, ρ. From previous statements, it can be concluded that the wave function determines the 

electron density, thus in turn electron density defines the wave function. Although we cannot define 

a wave function of a certain system, we can measure the electron density by utilizing experimental 

techniques such as X-ray crystallography2 and scanning tunneling microscopy3. On the other hand, 

wave functions are the solutions of the famous Schrödinger equation (SE), which can describe the 

complete dynamics of microparticles, at least in theory. The main importance of this theoretical 

concept lies within the fact that it can be applicable to any system in hand, such as atoms, molecules, 

and materials. The non-relativistic time-independent SE takes the form 

 

Ĥ E   

Equation 2.1 

 

where Ĥ represents the Hamiltonian. Hamiltonian is the operator of the energy and contains 

mathematical forms and rules that should be “performed” on the wave function in order to get the 
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energy of the system. Since the classic physics declares the total energy of a certain system as the 

sum of potential and kinetic energy, a Hamiltonian must incorporate both of these components, thus 

it can be written in extended form as Ĥ = �̂� + �̂�. E is the energy of the system, and within the time-

independent framework of SE, it is represented as an eigenvalue of the Hamiltonian, with the wave 

function being the corresponding eigenfunction (eigenvector).4, 5 Although the Hamiltonian can be 

constructed for any system at hand, SE cannot be exactly solved except for very few simple cases.4 

Due to its nature, SE does not have a single solution, and there will be a different solution for every 

distribution of microparticles, which will result with different values for the energy. The energy of 

every possible SE solution will be quantized by discrete values. The solution with the lowest energy 

is known as the ground state wave function, or the ground state, whereas all other solutions are called 

the excited states. 

 

2.1.1 In search for the best possible “solution” 
 

Within the time-independent framework of SE, the energy of the system is represented as an 

eigenvalue of the Hamiltonian, with the wave function being the corresponding eigenfunction 

(eigenvector).4, 5 Although the Hamiltonian can be constructed for any system at hand, SE cannot be 

exactly solved except for very few simple cases.4 The most famous analytically solvable system is 

the hydrogen atom (1H), containing only one proton and one electron, whereas the solutions of the 

SE and obtained wave functions represent the atomic orbitals (AOs)6. When we try to make a first 

step forward in the direction of more complicated cases, we will immediately hit a wall by reaching 

the atom of helium (2He), containing two protons and two electrons. The initial difficulty, when trying 

to solve SE for a particular system with more than one electron, arises from well known “three-body 

problem”.7 Namely, the motion of three particles (three-point masses) under the influence of an 

interaction potential has no analytical solutions even in the classical mechanics. Luckily for us, we 

can simplify this problematic case by breaking this multi-electron problem into two one-electron 

problems, which we can solve. In other words, the Hamiltonian will represent the sum of two 

hydrogen-like Hamiltonians Ĥ0 = ĥ1+ĥ2. The total two-electron wave function will be described as 

the product of two electrons in two orbitals (
1  and 

2 ), thus the energy of such a system will be a 

sum of two one-electron energies. Although it can seem that we found an elegant way to avoid all 

complications, in this process we have neglect one important component of our multi-electron 

Hamiltonian. By breaking the initial Hamiltonian into two hidrohen-like Hamiltonians, we did not 

take into account the electron-electron interaction whereby the more accurate form will have the form 

Ĥ = Ĥ0+ Ĥee. The electronic repulsion, as well as some other important effects, need to be taken into 

account in order to describe the system as realistic as possible, and this topic will be discussed in 

forthcoming chapters. Another factor which was putt aside by transforming our initial Hamiltonian 

into a so-called electronic Hamiltonian is the presence of the nucleus. The effect of this problem (as 

well as some other) is diminished by the introduction of various approximations to the theoretical 

concept. The Born-Oppenheimer approximation is one of the most important and most famous ones 

and represents a good example of how a complex problem can be significantly simplified using only 

scientific intuition and experience8. This approximation takes advantage of the significant differences 

between the masses of nuclei and electrons. Since even the lightest of all nuclei, the hydrogen atom, 

weights roughly 1800 times more than an electron, we can say that the nuclei move much slower than 

the electrons.1, 8 The practical benefit of this, at first sight, simple approximation, is that we can 

consider the electrons as moving in the field of fixed (extremely slow) nuclei. Since there are many 

more approximations that need to be taken into account and introduced to the initial equation, we can 

conclude that the ultimate goal of almost all quantum chemical approaches is to provide the most 

accurate possible (approximate) solution to the time-independent, non-relativistic SE. 
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2.1.2 Building the core of everything (structure of the periodic system of 
elements) 

 

The present form of the periodic system of elements (PSE) (Figure 2.1.) is based on the atomic 

number of each element, which further defines the electronic structure and the corresponding number 

of electrons. As the atomic number of an element increase, the number of electrons around the nuclei 

increases likewise. Electrons are organized and around the nucleus in energy levels called shells. 

Shells are defined by quantum6, 9 number n, and contain a specific number of subshells, which are 

defined by quantum numbers n and l. These subshells are constructed of AOs, and since a maximum 

number of electrons populating an AO is two, a defined number of electrons can be placed in one 

shell. In order to understand the structure of an atomic shell, we need to start from the simplest 

conceptual element, and although it was already mentioned before, we need to describe an AO in 

more detail. An AO is a one-electron coordinate function. Since electrons move extremely fast, the 

precise location of an electron at a specific moment cannot be determined, yet we can use this function 

(solve the SE) to calculate the probability of finding any electron at a particular point. Obtained 

movement pattern, which resembles the most probable region for finding the specific electron, is 

called an AO. The function itself consists of the so-called radial part, which is a function of electron 

distance from the nucleus (r), and the second component, known as the angular part, which is a 

function of the angles θ and ϕ, and introduces the directional properties (and shape) of the orbital. 

Atomic shells are consecutively filled with electrons by the increase of quantum number n. While the 

subshells and shells are being gradually filled with electrons, at every point it is possible to distinguish 

between two different regions. The first region is constructed of completely filled shells and contains 

paired electrons which are strongly attracted to the nucleus. These electrons, called the core electrons, 

create a shield of electron density around the nucleus. The second region is the one containing 

partially filled shells, and electrons populating this region are named the valence electrons. Due to 

the greater distance from the nucleus, as well as due to the shielding effect of core electrons, valence 

electrons can be easily influenced by the surroundings. The number and arrangement of valence 

electrons, together with their properties, are the foundation of richness and diversity that chemistry 

has to offer. 

According to the population scheme, valence electrons can predominantly occupy the same type 

of AOs, and in this regard, defined blocks within the PSE can be observed. The left side of PSE 

contains metals that belong to the s-block, and on the right side, non-metals and metalloids are 

present, belonging to the p-block. Members of different blocks strongly differ in physico-chemical 

properties and general behavior. In the middle of PSE, acting as a bridge between the first two blocks, 

there is a well-defined d-block. Elements located in this block are called transition elements, and their 

main characteristic is the presence of partially filled d-orbitals. TM elements show many unusual 

properties (if compared to the main-group elements), which can be addressed to valence d-orbitals. 

Another important consequence of having partially filled d-orbitals is that TMs exhibit a much 

broader pallet of stable ions. In this regard, a much greater variety of chemical compounds can be 

formed in the case of TMs than the main-group elements. The most well-known transition element is 

for sure iron (Fe), and we can, without a doubt, say that up to now, we live in the “Iron Age”, due to 

versatile application of this metal in every aspect of our lives. 
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Figure 2.1. The present form of the periodic system of elements  

(File URL: https://upload.wikimedia.org/wikipedia/commons/7/7a/Periodensystem_Z_A_Name_Deutsch.svg) 

 

2.2 Electronic structure (states and configurations) 
 

Since we scratched the surface of population patterns, before we continue we need to familiarize 

ourselves with few important concepts related to this phenomenon. The concept of electronic 

configuration holds information about the distribution of electrons in atomic orbitals. Construction of 

electronic configurations has its foundations in Aufbau principle6, 10, whereby the orbitals are ordered 

by the increase in energy and populated with electrons in a “one by one” fashion, while respecting 

the Pauli exclusion principle11. While obeying the Pauli exclusion principle, the total wave function 

must be antisymmetric with respect to the interchange of any pair of electrons. In this regard, a pair 

of electrons can populate the same orbital using the orbital approximation, by which a many-electron 

system is described as a product of many one-electron functions, only if they are paired in opposite 

spin. In order to clarify this statement, let us go back to our well-known examples, hydrogen and 

helium. Hydrogen is described as 1s1 and helium as 1s2 ground state configuration. In both cases, the 

situation is clear, whereby we have one electron populating the 1s orbital of hydrogen, and two 

electrons populating the same 1s orbital of helium. In the case of helium, both electrons are described 

by the same 1s function, thus we can consider the orbital part of the total function as symmetric. In 

order for the total function to be antisymmetric, the spin part of the function must be antisymmetric. 

This requirement can be established only if two electrons of helium populate the same orbital with 

antiparallel spin, whereas the first is considered as α (+
1

2
 ), and the other as β (−

1

2
 ). Electron density 

of these antiparallel electrons can be referred to as the spin orbitals, whereas two electrons with the 

same spin orbital would correspond to a wave function that is zero everywhere. If we assign our two 
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electrons with, let's say, 1 and 2, we can write down an expression which will satisfie the 

antisymmetrization requirements and have the form: 

 

1

√2
= |

1𝑠(1)α(1) 

1𝑠(1)β(1) 

1𝑠(2)α(2)

1𝑠(2)β(2)
| =

1

√2
(1𝑠(1)α(1)1𝑠(2)β(2) − 1𝑠(2)α(2)1𝑠(2)β(2))

= 1𝑠(1)1𝑠(2) 

Equation 2.2 

Such an expression, able to describe a multi-electronic wave function, while obeying the Pauli 

exclusion principle is called a Slater Determinant (SD). Although for a closed-shell configuration, 

the total wave function can be defined with a single SD, for open-shell systems this is commonly not 

the case. Namely, when we go further from the nucleus, subshells will contain more than one orbital. 

Unoccupied orbitals within a subshell in the absence of an external perturbation will be equal in 

energy. This phenomenon is called degeneracy, and these orbitals degenerate orbitals. Due to the 

degeneracy, present within the subshells, there will be cases in which more than one orbital is 

available for occupation. Due to the Hund’s rule6 of maximum multiplicity, electrons will intend to 

be separated, which means that a specific electron will prefer to occupy a separate orbital before 

entering an already occupied one. In cases like this one, electronic configuration is not able to give 

information about precise electron arrangement, and all possible occupations within a subshell 

(microstates) are expressed as SDs. In the case of two electrons occupying three p orbitals, there are 

15 possible arrangements, thus an electronic state, from which the lowest in energy represents the 

ground electronic state, is defined (approximated) by the electron configuration of the system. In 

order to exemplify this situation, we will consider two electrons that can be placed in two degenerate 

orbitals. As can be seen from Figure 2.2., there are 6 possible ways to organize these two electrons, 

thus 6 possible SDs which satisfy the antisymmetrization principle. 

 

 

 

Figure 2.2. Six possible arrangements (SDs) of two electrons in two orbitals 

According to the orbital approximation, in the absence of electron-electron repulsion, SD1 and 

SD6 would be degenerate in energy, as well as SD2, SD3, SD4, and SD5. Electron repulsion, which 

will differentiate our microstates in energy, will depend on two contributions J and K. The first 

contribution represents the Coulombic repulsion and thus will be positive. This contribution will 

contain the repulsive effect J↑↓, J↑↑ and J↓↓, corresponding to each pair of electrons, and will increase 
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the energy of every single SD depending on the sum of one-electron energies. The second contribution 

represents the exchange factor containing K↑↑ and K↓↓, which occurs between two electrons of the 

same spin. Like the previous contribution, the effect will be positive but will favourize microstates 

with parallel spin (electrons in different orbitals).9, 12-14 

 

2.2.1 Atomic terms (a practical main/ transition group example) 
 

Although quantum numbers n, l, ml, and ms were enough to provide the numerical foundation for 

the solution of SE for one-electron hydrogen atom, this is not the case in many-electron atoms. As 

we have seen from the previous chapter, for a specific electronic configuration, there are various 

possible electronic states. All of these states can be sorted together by means of energy equivalency, 

whereby the formed groups are called the atomic terms. In many-electron atoms, the energy of an 

orbital, and thus of the whole system, will depend on total spin angular momentum and total orbital 

angular momentum, which can be determined as a (vectorial) sum of orbital and spin momenta of 

individual electrons (
i

i

L l  and 
i

i

S s  respectively). These two quantities are essential for the 

assignation of atomic terms to electronic states. Analogously to L and S, ML and MS numbers can be 

obtained, and with the aim to exemplify, we will take into consideration the first excited state of He, 

heaving the electronic configuration 1s12s1. Since s-orbitals have no angular momentum, in this case, 

we have the L = 0, and the only factor left to be considered is the spin. All possibilities (SDs) to 

accommodate two single electrons in two different s-orbitals, and resulting MS values are shown in 

Scheme 2.1. 
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Scheme 2.1. Four possibilities (SDs) to accommodate two single electrons in two different s-orbitals 

 

For the value of S=1, there are three microstates corresponding to the three values of MS (1, 0, -

1). After the first group of three microstates is defined and can be called a triplet, there is an additional 

state with MS = 0 that can be attributed only to the S = 0 value. Since it contains only one microstate, 

this group can be called a singlet. In this regard, an atomic term can be defined as a group of 

microstates with same L and S values, but different ML and MS. The spin multiplicity is defined as 

2S+1. Finally, atomic terms are labeled as 2S+1L. Table 2.1. contains the list of atomic term symbols 

associated with the value of L. 
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Table 2.1. Labeling of atomic terms according to the value of L 

Value of L Letter (symbol) 

0 S 

1 P 

2 D 

3 F 

4 G 

5 H 

6 I 

 

A list of atomic terms for sn, pn, and dn electronic configurations can be found in the Table 2.2., 

whereas the ground term represents the one with the highest multiplicity, due to the Hund’s rule. One 

important concept that can be observed from the Table 2.2. is that the configurations with N electrons 

correspond to the configurations with N “holes” (empty positions within a subshell) and is known as 

the hole formalism. According to this concept, configurations p1 and p5, d1 and d9, d2 and d8, and so 

on, will be characterized with the same electronic terms. 

Table 2.2. Atomic terms for sn, pn, and dn electronic configurations 

Electronic 

configuration 

Number of 

microstates 

Electronic terms 

s1 2 2S 

s2(p6,d10) 1 1S 

p1(p5) 6 2P 

p2(p4) 15 3P, 1D, 1S 

p3 20 4S, 2D, 2P 

d1(d9) 10 2D 

d2(d8) 45 3F, 3P, 1G, 1D, 1S 

d3(d7) 120 4F, 4P, 2H, 2G, 2F, 2D, 2D, 2P 

d4(d6) 210 

5D, 3H, 3G, 3F, 3F, 3D, 3P, 3P, 1I, 1G, 1G, 1F, 1D, 1D, 1S, 
1S 

d5 252 

6S, 4G, 4F, 4D, 4P, 2I, 2H, 2G, 2G, 2F, 2F, 2D, 2D, 2D, 2P, 
2S, 
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In order to understand the importance of atomic terms, we will discuss a practical example of 

two different atoms, from which the first is a main-group and second a TM element. Experimentally 

obtained data15 for the ground and corresponding low-lying energy levels of carbon (C) and titanium 

(Ti) atom are presented in Figure 2.3. Besides the energy separation, every excited state is assigned 

with corresponding term symbol.  

 

 

Figure 2.3. Energy separation of close-lying states, relative to the ground state, for 

carbon as main-group and titanium as TM group representant 

 

The first two states of a main-group element, in our example carbon, originate from the same 

1s22s22p2 configuration and show an energy separation of 1.26 and 2.69 eV, respectively, relative to 

the ground state. The next energy level, which is located at 4.18 eV above the ground state, 

corresponds to the 2s12p3 configuration. Energetically lowest excitation state, in which an electron is 

excited to an unoccupied ground state orbital, is the state with configuration 2p13s1 located at 7.5 eV. 

The general picture changes drastically in the case of titanium since the first excited state originates 

from the configuration 3d34s1, which is different from the ground state 3d24s2 configuration. 

Furthermore, the third excited state is only 1.96 eV above the ground state, whereas this energy 

difference for carbon atom counts 4.18 eV. The most important conclusion that can be drawn from 

this example is that unlike carbon, which has only four excited states within ionization energy of 7.5 

eV, titanium shows a large number of close-lying excited states within the range of 6.83 eV. In this 

regard, we also need to remember that if we move forward from titanium deeper in the TM row the 

number of valence electron increases as well as the number of close-lying excited states. Our whole 

discussion can be summarized into one conclusion, based on which, we can expect that the absorption 

spectra (resulting from electron excitations) will be sufficiently different for main-group and TM 
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group elements. Such a broad number of TM close-lying excited states located within a limited energy 

domain can yield a complex spectrum that will require theoretical assistance in analysis, 

interpretation, and finally prediction. 

Experimentally observed transitions occur between atomic terms, thus their main importance lies 

in such a close relation with experimentally obtained absorption spectra. As it was already described 

in previous chapters, the energy of a specific state is described as the sum of total orbital energy and 

interelectronic repulsion energy. Since orbital energy is uniform for all states originating from the 

same configuration, we can attribute the energy differences to the Coulumb and exchange 

contributions J and K. Calculation of these contributions is possible but represents a complicated and 

difficult task, and for this reason states energy levels are extracted from atomic spectra and further 

described and quantified by means of Racah’s parameters B and C.16 Possibility of describing all 

states with only two parameters lies upon the fact that atoms (and ions) exist in the highest, spherical 

symmetry, and although B and C posses no physical meaning, they are mathematically16 correlated 

with J and K. 

 

2.3 First-row transition metals 

 

Since the majority of scientific results, which are going to be presented in this thesis, are devoted 

to chemical species which contain atoms/ions from the first-row of TM series, we should first bring 

to the forefront some basic information about these specific metals. First-row transition atoms and 

their chemical compounds are essential components of various biological and industrial processes. 

They are extensively employed in engineering17 of nano-materials18, 19, as well as remarkably potent 

catalyst20-22. Due to their great importance in various areas of life and research, they have become the 

main topic of the present thesis, and information about their various applications can be found 

elsewhere.23-26 

 As it was already stated, elements located in the first transition row are the ones with a partially 

filled d-valence subshell. The number of valence electrons varies from one to nine, depending on the 

metal, and is gradually increasing, starting from scandium (Sc) and going to copper (Cu). Although 

copper d-subshell is considered as completely filed, this metal is included in the group of TMs with 

partially filled d-subshell, due to its specific ionic form. Namely, from initial atomic configuration 

[Ar]3d104s1 arises configuration in which copper is commonly found, in ionic state +2, which is 

[Ar]3d94s0. Zinc is generally not considered as a TM since in both states, atomic and ionic, d-subshell 

stays intact and completely filled with ten electrons. Consequentially, this metal doesn’t have any 

color, when found in chemical compounds, nor does it show paramagnetism, which is characteristic 

for all other elements of this row, for at least one ionic form. Another unusual example, although 

considered as a first row TM element, is scandium (Sc). According to experimental techniques, we 

know for sure that under “standard” conditions, this metal exists only in its +3 oxidation state, thus it 

is colorless and diamagnetic. Surpassingly, chemical behavior of Sc can be rather attributed to 

chemistry of aluminum (Al), than to the elements of the first transition row. The electronic 

configuration of all metals, located in the first transition row, can be observed from Table 2.3.  
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Table 2.3. Electronic configuration of first-row transition elements 

Element Configuration 

Sc [Ar]3d14s2 

Ti [Ar]3d24s2 

V [Ar]3d34s2 

Cr [Ar]3d54s1 

Mn [Ar]3d54s2 

Fe [Ar]3d64s2 

Co [Ar]3d74s2 

Ni [Ar]3d84s2 

Cu [Ar]3d104s1 

 

As it can be seen from the table, 4s are outlined as the frontier orbitals, even though these orbitals 

should be populated first, according to the Aufbau principle6, 10, and thus be placed before 3d orbitals. 

Namely, 4s and 3d orbitals are considered as energetically similar, and as such, there can emerge 

many difficulties when trying to specify their exact ordering. Experimental observations have proved 

that TM lose electrons from 4s orbitals first, during an ionization process. This unusual behavior has 

rather complex origins, and some resources address it to the formation of the cation, whereas the 3d 

orbitals “feel” the effective potential of the nucleus stronger than the 4s. Other attribute this 

phenomenon to the stronger “diffuse character” of electrons located in 3d orbitals, as well as to the 

symmetry, whereas unlike spherically symmetric 4s orbital, 3d orbitals can cope better with the 

changes in the surroundings (presence of the ligands). This complicated topic exceeds the framework 

of the present thesis, and further information can be found elsewhere.13, 27, 28 Nevertheless, the most 

important information for the understanding of TM complexes, as well as the results presented in this 

thesis, it that valence electrons in TM ions populate d shells, and are responsible for the chemical 

behavior of these molecular species.  

 

2.4 Chemical bonding in chemistry 

 

In the very beginning, chemists empirically determined that the chemical elements combine in a 

defined way and fixed ratio, in order to give chemical compounds. The force, holding these fragments 

together, was named the chemical bond. One of the most important conclusions at that time, 

originating from previous observations, was the fact that atoms of a specific element can form a 

defined number of chemical bonds. The maximum number of bonds formed by an element was later 

called the valence of that element. The first model, developed with the intention to describe chemical 

bonding, was the shell model. In this model, electrons are placed in spherical layers (shells) organized 

around the nucleus. Since at that time no noble gas compounds were known, noble gases were taken 

as the “stable reference”. Any element could be characterized as a noble gas (with the lower atomic 

number) plus specific number of additional electrons in the outer shell. This outer shell was then 
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called the valence shell since the electrons populating this layer were responsible for the valence of a 

specific element, and most importantly, involved in the bond formation. Shell model was soon 

supported by experimental determination of free atoms ionization energies and opened a door for two 

different models for the description of chemical bonding.  

The first one was the ionic bond model.29, 30 Facts that salts, such as sodium chloride, act as 

insulators in solid-state, yet behave as conductors if dissolved in water, led scientists to conclude that 

solvated atoms exist in an ionic form. Later on, sodium has been identified as a cation and chlride on 

the other hand as an anion. The ionic bond model proposed an attractive interaction between 

oppositely charged spheres, whereby ions in solid-state organize in an arrangement which tends to 

minimize this charge. This phenomenon was explained by the fact that both chemical species in the 

ionic form have the same stable electron arrangement as a corresponding noble gas.  

The ionic bond model was unable to explain the formation of a chemical bond between 

homonuclear molecules such as chlorine molecule. Lewis proposed a theory which could be the key 

to understanding such examples. Namely, Lewis noticed that most chemical compounds possess an 

even number of electrons, and thus assumed that the electrons could be organized in pairs. According 

to this model, two atoms of chlorine are held together by an electron pair. Both atoms contribute one 

electron in order to form an electron pair, and in this way, each atom achieves the noble gas 

configuration. The proposed model was named the covalent bond model30, 31, whereby electron pair-

like organization found its application in organic chemistry, and diagrams constructed in this way 

were named Lewis diagrams/structures30. 

Even though interatomic interactions and resulting chemical bonding represent the essence of 

chemistry in general, understanding of the nature and origin of the chemical bonds, as well as 

scientific novelties and general progress in this field, are in past few decades putt aside. On the other 

hand, fast expansion and formulation of new, advanced experimental techniques, designed to 

synthesize, detect, analyze and explore new chemical compounds are more than impressive. The 

reason for this lies in the early days of science development when classical physics was unable to 

describe and explain surprisingly strong covalent interaction between neutral atoms. Later, chemists 

invented simple models able to present this fundamental phenomenon in a graphical way, which was 

easy enough to be understood by people working in any scientific field. Chemical industry, as a 

powerful source of wealth and knowledge, has shaped the way chemistry is taught and understood in 

education centers and faculties while enforcing experimental techniques in order to further strengthen 

itself, while keeping prime fundamentals on the side. 

Quantum chemical methods32 have earned significant attention in the past few decades, but the 

reason for this change is still based on the simplicity of application, rather than on theoretical proof. 

Back in 1931 Hückel33 already showed that theoretical methods were able to describe stability and 

chemical properties of aromatic compounds, but his work was neglected34 due to the complicated 

mathematical formulas that were applied in order to give an explanation. The use of simple graphical 

models and empirically designed rules were a preferable approach used by chemists of that time. This 

barrier and general skepticism have been overcome during the last decade due to remarkable 

performance and results obtained by sophisticated methods, such as DFT. 

 

2.4.1 Chemical bonding in transition metal compounds (metal-ligand 
rendezvous) 

 

If we want to talk further about bonding models, we will immediately run into significant 

differences in the description of chemical bonds established between main-group elements and those 
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of TMs containing systems35. As was mentioned before, both binding partners of main-group 

elements will contribute one electron, in order to create an electron pair, and the resulting chemical 

bond can be further characterized as covalent or ionic (although the pair, in this case, is mainly located 

on more electronegative atom, whereby the ions are formed). In the case of TM containing systems, 

the chemical bond is described as coordinate covalent bond (since this bond also shows ionic 

characteristics), and arises from the interaction of empty d-orbitals of TM and doubly occupied 

frontier orbitals of the ligand (Figure 2.4.). 

 

 

 

Figure 2.4. Schematic representation of bonding partners and their contribution to the 

formation of a covalent chemical bond (between two main-group elements (MGE) (top) 

and between TM and a ligand (L) (bottom)) 

 

2.4.2 Theories explaining the bonding 
 

The first proposed bonding theory, with the intention to describe and explain the bonding 

properties of TM coordination compounds, was the crystal field theory (CFT)36. This simple theory, 

originally proposed by Bethe36 and Van Vleck37, treats coordination compounds as “ionic” (this 

definition must be taken with caution) molecules. Namely, central metal atom/ion is exposed to an 

electric field formed by the presence of surrounding ligands. Created steady “crystalline field” can be 

considered as analogous to what would happen if the central metal atom/ion was placed into a cavity 

(of the same size) inside a crystalline lattice. Although the role played by the type of ligands in this 

theory is rather limited, since they should provide a constant electrostatic potential, their presence 

have a considerable consequences on the central metal atom/ion. The symmetry and strength of a 

crystalline field affect the electronic levels of the gaseous metal ions, and thus the spherical symmetry 

is lost. The electrons belonging to the ligands are not allowed to mix with the electrons belonging to 

the central metal atom/ion, although they might be polarized by the presence of positively charged 

center. In other words, CFT considers isolated and “pure d-orbitals” in a field of negative point 

charges. 

The most widely accepted model nowadays, used to describe TM compound bonding properties, 

is the ligand field theory (LFT)38, 39. Although considered as extremely simple among scientists, it 

represents a powerful tool for description and explanation of various physical properties of TM 

complexes, such as bonding energies, geometries, magnetic properties and excitation energies.6, 40, 41 

LFT represents an elegant combination of the pure CFT with the molecular-orbital theory, proposed 

by Mulliken42. In this way, the best features of both theories are merged together in order to create a 

superior approach for the examination of TM complexes. The main reason why LFT significantly 

improve CFT is because it contributes an important factor that is the chemical bond established 
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between the central metal atom/ion and surrounding ligands. In this way, “pure d-orbitals” are still 

taken into consideration, while placed in a field created by the ligands, but the system is additionally 

tuned by the existence of covalency. More practical details about the way in which LFT resolves 

problems arising from CFT can be found in the Chapter 2.5. 

. 

Even by having these useful models in hands, the description of TM-main group elements 

chemical bond is far from trivial. Many unclarified phenomena are still being hidden somewhere in 

the space around the metal, and well protected by the surrounding ligands. A deeper understanding 

of fundamentals, as well as the nature of bonding, is of utmost importance for most scientific fields, 

such as organometallic chemistry43-47 or catalysis48-50, and for this reason, different theoretical 

methods have been developed. 

 

2.4.3 Formation of complex molecules (the coordination number) 
 

So far we have discussed how the chemical bond between TM and a ligand is formed, and now 

we should consider how many ligands should be involved, and how should they be arranged around 

the TM, in order to create a coordination compound. In the very first days of coordination chemistry, 

it was spotted that a specific amount of TM salt requires a fixed amount of some other chemical 

species (later called the ligand), in order to create a complex chemical product. This was a clear 

indication that a certain TM requires a defined number of ligand molecules, which should be arranged 

in a preferred shape, thus, a defined number of coordination bonds can be established. From this 

observation and following experimental proofs, which were made later on, we have today the concept 

of coordination number.51, 52 Coordination number defines the number of chemical (coordination) 

bonds that can be established between central metal atom/ion and ligating atoms/ions. The number of 

coordinate bonds formed in the first coordination sphere can be a good starting point for predicting 

the geometry of a specific complex.  

Namely, ligating atoms/ions will arrange around the TM in a way in which steric and electrostatic 

effects (repulsion) will be the weakest. In other words, while establishing coordinate bond with the 

TM ligands will intend to be as far apart from each other as possible. In this regard, knowing the 

coordination number of a certain complex molecule will give us an opportunity to imagine and in 

most cases accurately predict the geometry of the first coordination sphere. Although many different 

geometrical entities exist, Figure 2.5. contains the most common molecular geometries occurring in 

coordination chemistry of complex compounds with different coordination number. 

The basic requirement for an ion/molecule to act as a ligand is the presence of at least one lone 

electron pair available for donation. Although an atomic ion can establish only one coordinate bond 

with one metal center, a molecule on the other hand can possess more than one ligating atoms. In this 

regard, ligands which can offer only one electron pair for donation, and occupy only one coordination 

site, are called monodentate ligands, whereas ligands which can establish more than one coordinate 

bond (contain more than one ligating atom) are named polydentate. Nowadays, the precise 

determination of coordination number, as well as other structural and geometrical parameters of 

complex molecules, has become much easier through the use of experimental techniques, such as X-

ray crystallography2. 
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Figure 2.5. The most common geometrical entities obtained as a result of different 

coordination numbers 

 

2.4.3.1 Hexaaqua TM complexes 
 

A great number of TMs, and an even higher number of corresponding TM ions together with 

various molecules that can act as ligands have created a plethora of different complex molecules. This 

enormous amount of TM coordination compounds is being enriched every day since novel 

experimental techniques and tuning of experimental conditions provide a possibility to combine these 

small fragments in different, and until that moment unknown way. Newly synthesized complex 

molecules may look-alike, yet have considerably different characteristics and properties.53-56 The first 

class of molecules that will be in the focus of present research is made from first-row TM hexaaqua 

complexes. These molecules hold great historical importance since water represents the most 

abundant and most affordable “universal solvent”, and consequently most of the fundamental 

experiments have been performed in an aqueous medium. For this reason, hexaaqua coordination 

compounds, of general formula [M(H2O)6]
n+ (Figure 2.6.), will be in the focus of the present thesis. 

In our research, we will consider only six water ligands surrounding the TMs, since the first 

coordination sphere have the strongest impact on the electronic structure of the metal ions. Aqueous 

medium, in which these kinds of complexes are formed, will also create the second hydration sphere, 

coordinated to the first through hydrogen bonds. This phenomena has been explored both 

experimentally and theoretically in the past, and has no significant influence on the electronic 

structure of hexaaqua coordination compounds.57-59 
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Figure 2.6. Structure of a TM hexaaqua complex of general formula [M(H2O)6]
n+ 

 

Another highly important aspect of complex formation in an aqueous medium is the fact that most 

of the reactions start with the formation of proper [M(H2O)m]n+ ions60-63, which are later transformed 

(due to the ligand exchange processes) into more complex ones. TM aqua complexes are useful 

models for investigation and elucidation of the electronic structure of metal oxide species present in 

photocatalytic water splitting process64, 65 and Fenton66 reactions. For all these reasons, 

characterization and in-depth investigation of TM hexaaqua complexes are of utmost importance for 

any coordination chemist. These complexes have been the subject of many scientific types of 

research, and much has been done in both experimental and theoretical fields. Much more should be 

done since nowadays we have more advanced experimental techniques able to resolve old 

uncertainties. On the other hand, theoretical tools, such as DFT, are powerful enough to provide us 

the insight into the electronic structure of these molecules and based on collected data, ensure our 

understanding of even more complex species.58, 67-69 

 

2.4.3.2 Iron (the irreplaceable pillar) 
 

As it was already stated, until now, we live in the “Iron Age”, and Fe can be considered as one of 

the most important metals, for many reasons. First of all, iron, in the form of chemical compounds, 

is among the most abundant elements in the Earth's crust.70 For this reason, Fe found its application 

in various aspects of human’s daily life.71-74 The most interesting characteristic of this metal is its 

behavior in the presence of an external magnetic field. Although a macroscopic piece of iron exhibits 

a nearly-zero overall magnetic field, the external field will magnetize the metal surface, and unpaired 

electrons (located in the valence shell of iron) will be utilized for reinforcement of external field.6, 75 

This phenomenon found an important application for manufacturing electric devices that are 

supposed to channel or transform magnetic fields.74 This unusual effect can be “captured” with 

appropriate modifications of the metal, thus iron can be turned into a permanent magnet. 

Nanomaterial science sees iron as one of the most important metals for medical and technological 

applications since by rational design characteristics of this metal can be even more enriched and 

enhanced.76 Second, and more sophisticated application of iron, has been established by “mother 
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nature” herself. An ion of this TM is located in the center of proteins, which are essential for vertebrate 

breathing processes and metabolism. Iron is giving these proteins the ability to transport oxygen 

through the bloodstream and store it in the muscles.77, 78 Since iron can be considered as a source of 

life and one of the main pillars on which modern technology and industry are standing, we will pay 

special attention to this metal and its coordination compounds.  

 

2.4.3.3 Iron oxo/hydroxo complexes 
 

Iron-oxo, as well as iron-hydroxo molecular species (Figure 2.7.) are well known due to their 

great biological importance and the fact that they act as the active sites of various heme and non-

heme iron enzymes, thus govern and influence reaction mechanisms.79, 80 For this reason, they remain 

under constant scrutiny and consequentially various oxo and hydroxo-iron complexes were reported 

and well-examined.81-98 In chemical compounds, Fe can be found in various oxidation states (from -

2 to +6)99, yet the most common ones are +2 and +3. Unlike metal salts and regular TM complexes, 

metal centers in hydroxo complexes are in most cases characterized by a high oxidation state100 (such 

as +4), and even higher (almost exotic) oxidation states in the case of oxo complexes98, 101, 102 (such 

as +5 and +6). Iron-oxo and corresponding hydroxo analogous complexes serve as extremely potent 

bio-organic catalysts, able to promote chemical reactions that are practically impossible to happen 

without their presence. Such “activation” potential can be attributed to the various possible ionic 

states of the central metal ion and chemical interplay between different spin states.100, 101, 103 Since 

electronic structure represents the central dogma of mechanistic and energetic pathways, accurate 

description of this delicate property should provide us a fresh perspective, and understanding of these 

reactions, as well as many important processes in which they are included (for example, breathing).104 

 

 

 

Figure 2.7. Structures of an iron-oxo and an iron-hydroxo model complex of general 

formula [MO(L)5]
n+ and [MOH(L)5]

n+ 
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2.4.4 The concept of molecular symmetry 
 

As it can be concluded from the Chapter 2.4.3., TM complexes exist in defined geometrical 

shapes (with possible imperfections) depending on the coordination number and the type of the 

ligands. Description of geometrical aspects of complex molecules, as well as their various properties, 

such as spectroscopic data and magnetism, is closely related to the concept of symmetry105-107. 

Mathematical rationalization and systematical description of symmetry are named the group 

theory108. Such a complex scientific area is out of the scope of the present thesis, thus the main 

foundations necessary for the understanding of presented work will be covered in this chapter.  

Molecular shapes and geometrical characteristics can be described in terms of the symmetry 

operations they possess. Symmetry operation (such as rotation, inversion or reflection) resembles an 

action performed on an object (in our case, a molecule) which permutes the object into a state which 

cannot be distinguished from the initial one. In other words, after the action has been carried out, the 

object will look the same. Molecules can be described and classified into symmetry point groups, 

which represent a combination of symmetry elements based on available symmetry operations. 

Assignation of the symmetry point group of a molecule, which requires the determination of all 

possible symmetry elements present in that molecule, is based on the symmetry around a point in the 

molecule that corresponds to the central atom or the geometric center of the molecule. In the case of 

TM complexes, the central metal ion is at the same time the geometric center of the molecule. Another 

essential information that should be kept in mind is that the examined molecule should be placed in 

xyz coordinate system in such a way that z axis can be considered as principal axis, and as such it 

should pass through the molecular center of symmetry and contain the symmetry operation of the 

highest order. 

In order to get a clear picture, it is convenient to exemplify the concept with a practical case, thus 

in Figure 2.8. a model complex of general formula ML5 in trigonal-bypiramidal geometry (in D3h 

symmetry point group) is examined. The principal axis, passing through the central metal ion and two 

axial ligands, is characterized as C3 axis, since the rotation by 120o will result in an indistinguishable 

structural arrangement. An identical structure would be obtained if a rotation by 180o is performed 

about any of three M-L bonds in xy plane, thus these three axes are characterized as C2 axes (three C2 

elements). Combination of these specific operations declares this molecule as a member of D point 

group. Moreover, besides mentioned elements, present model system contains also three vertical 

planes of symmetry (each passing through one equatorial M-L bond and the principal axis), yet due 

to the simplicity, only one is shown in the figure (dotted square). Another plane of symmetry, 

containing all M-L equatorial bonds, is located in horizontal compartment passing through x and y 

axes (dotted triangle). When all present symmetry elements are considered together, this specific 

model system can be assigned as belonging to D3h symmetry point group. Table 2.4. contains the list 

of point groups with corresponding symmetry elements. 
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Figure 2.8. Symmetry operations for trigonal-bipyramidal model complex of general 

formula ML5, in D3h symmetry point group 

 

Table 2.4. Symmetry point groups 

Point group Symmetry elements present in examined molecule 

  

Cs  One plane of symmetry 

Ci A center of symmetry 

Cn One n-fold rotation axis 

Dn One n-fold rotation axis (about the principal axis) and n horizontal twofold axes 

Cnv One n-fold rotation axis (about the principal axis) and n vertical planes 

Cnh One n-fold rotation axis (about the principal axis) and one horizontal plane 

Dnh One n-fold rotation axis (about the principal axis, as for Dn), one horizontal 

plane, and n vertical planes containing the horizontal axes 

Dnd One n-fold rotation axis (about the principal axis, as for Dn), and vertical 

planes bisecting angles between the horizontal axes 

Sn Systems with alternating axes (n = 4, 6, 8) 

C∞v, D∞h Linear systems with an infinite rotation axis 

Td, Oh, O, Ih, I Special groups: tetrahedral, octahedral, cubic and icosahedra 

  

 

Energy of the molecule must be independent of the symmetry operations, thus the Hamiltonian 

must stay preserved in any point group. In this regard, similar to how we treat the molecules, every 

orbital is characterized and governed by certain point group symmetry operations. As such, orbitals 

form a basis for matrix representations called the irreducible representations (irreps). Representations 

are subsets of the complete point group, and they indicate the effect of the symmetry operations on 

different kinds of mathematical functions, such as orbitals. In other words, irreps will give us an 

insight how an orbital will behave if a molecule is exposed to a symmetry operation. The irreps of a 

point group are labeled as follows: 
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Table 2.5. Irreducible representations labels and corresponding characteristics 

Symmetry 

label 

Characteristics 

  

A Symmetric with regard to rotation about the principal axis 

B Anti-symmetric with regard to rotation about the principal axis 

E Representation is double degenerate, thus both functions must be treated as 

a pair and cannot be considered individually 

T Representation is triple degenerate, thus all three functions must be treated 

as a threesome and cannot be considered individually 

g Symmetric with respect to the inversion center 

u Anti-symmetric with respect to the inversion center 

  

 

Table 2.5 contains all most important labels and their characteristics, yet for more information 

about irreps, as well as complete character tables109 for chemically important point groups can be 

found elsewhere.110 

 

2.4.5 Orbital Splitting (discrete layers in a nutshell) 
 

Despite the simplicity of CFT and its successor LFT, these two models provide an extremely 

useful description of events that “occur” inside a TM ion surrounded by specific ligands. One 

important aspect, which should be highlighted here, is the fact that these methods take into account 

spatial and electronic symmetries that TM containing complex molecules possess. In chemical 

microcosms, as well as in any other layer of the world around us, symmetry will ensure stability and 

will be essential for many dynamical and nondynamical processes. CFT and LFT utilize symmetry 

properties of both metal orbitals, and ligands introduced to the metal environment. In particular, the 

concept of LFT describes the breaking of the degeneracy6, 35 of metal subshell when the atom or ion 

is placed in any chemical environment different from the spherical.  

Namely, bare TM ion in the gas phase (absence of any external field) possesses a spherical 

symmetry, which means that the d-subshell contains five d-orbitals of equal energy (five degenerate 

orbitals). However, when point charges (in our case ligands) are introduced to the system, the energy 

of these orbitals is lifted, and a separation in energy takes place. The way ligands are approaching the 

central metal ion can be defined in terms of x,y and z axes, thus depending on the coordination 

number, number of the ligands and their orientation, the symmetry of metal’s environment can be 

determined. Since d-orbitals project well out to the periphery of the central metal ion, they are strongly 

influenced by the surrounding, and the energy of every orbital will, in turn, depend on the amount of 

interaction with the ligands. In other words, metal orbitals will adopt the symmetry characteristics of 

the environment. It is now important to realize that any possible symmetry TM complex can adopt 

will be lower than spherical, and in this way, the degeneracy of five d orbitals is shattered. 

Consequentially, five d-orbitals will no longer have the same energy and their precise occupancies 

(valence electron arrangement) have to be redefined. This multi-component phenomenon can be 

described in a step-by-step fashion, whereby on one side we have spherical symmetry of the central 

metal atom/ion, and on the other ligands which are approaching the metal in most symmetric way 

possible. The pattern of orbital differentiation and resulting orbital energies depends on the symmetry 

of ligand arrangement. A representative example of highly symmetric octahedral TM complex 

formation can be seen in Figure 2.9. 



34 
 

 

 

Figure 2.9. Formation of highly symmetric octahedral complex and resulting symmetry 

guided differentiation of d-orbitals 

 

As it is shown in Figure 2.9., in the first step, five d-orbitals are degenerate and energetically 

equivalent. In the second step, ligands have formed six coordination bonds and constructed the 

coordination sphere, while establishing the highest possible symmetry. As the labeling suggests, 

orbitals dxz, dyz and dxy orbitals are placed between coordination axes, which make these orbitals 

energetically equivalent, since the amount of ligand interaction is equal for all of them. On the other 

hand, orbitals dz
2 and dx

2
-y

2 pass through the coordination axes, directly towards the negatively 

charged ligands, which defines these two orbitals as the second set of equivalent orbitals. These two 

orbitals will be higher in energy, than the previous three, due to the more intense interaction with the 

ligands. In this way, approaching ligands are differentiating five initially degenerated d-orbitals into 

one set of triply degenerate and one set of doubly degenerate orbitals. As it can be clearly seen, the 

symmetry of the created coordination sphere is governing the pattern of the energetical separation 

(split). Triply degenerate orbitals with the symmetry label t2g are lower in energy than the set of 

doubly degenerate orbitals with the label eg, and the energy difference between these two sets is 

known as the orbital splitting Δ. This simple graphical model holds an important concept, suggesting 

that if the splitting is large enough available electrons will populate lower set (t2g) of degenerate 

orbitals, but on the other hand, if the splitting is small, some of the available electrons will be able to 

accommodate energetically higher eg double degenerate level (Figure 2.10.). 
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Figure 2.10.  Population of d-orbitals in an octahedral d6 TM complex, depending on 

orbital splitting Δ 

 

The best way to obtain a precise pattern of orbital splitting, caused by the symmetry lowering, is 

to consult the character tables of symmetry point groups. Although different coordination geometries 

are attributed to different symmetry point groups, perfect geometry doesn't really exist in the world 

of molecules. When we describe a TM complex as octahedral, it means that the TM ion is surrounded 

by six ligands in the “octahedral” arrangement, thus obtained orbital sets are never completely 

degenerate. Nevertheless, character tables can be successfully utilized in order to sort and classify 

(approximate) orbitals similar in energy into defined sets like t2g and eg. According to the tables, when 

going from a spherical symmetric TM ion to a complex in Oh point group, d-orbitals are split into T2g 

and Eg irreps. Using the tables, we are able to follow the change of specific irreps during descent in 

symmetry. In Table 2.6. the change of irreps can be observed while going from the spherical to 

idealized octahedral (O), to square-planar (D4) and trigonal (D3) ligand fields. As an example, we can 

use an octahedral complex with general formula ML6 and assume that one ligand has dissociated, 

whereas five remaining ligands will rearrange and form a trigonal-bipyramidal geometry. Newly 

established geometry will belong to D3h point group, and in turn, the splitting pattern will change. 

Orbitals dx
2

-y
2 and dxy, as well as dxz and dyz will belong to two sets of degenerate E irreps, whereas 

dz
2 will belong assigned as A1 irrep.  

 

Table 2.6. Correlation table for descent in symmetry 

R3 O D4 D3 

S A1 A1 A1 

P T1 A2 + E A2 + E 

D E + T2 A1 + B1 + B2 + E A1 + 2E 

F A2 + T1 + T2 A2 + B1 + B2 + 2E A1 + 2A2 + 2E 

G A1 + E + T1 + T2 2A1 + A2 + B1 + B2 + 2E 2A1 + A2 + 3E 

H E + 2T1 + T2 A1 + 2A2 + B1 + B2 + 3E A1 + 2A2 + 4E 
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The convention is to label orbitals with lowercase letters and irreps, as well as states, with the 

uppercase symbols. The same philosophy holds for splitting of the terms upon descent in symmetry. 

All correlation tables can be found elsewhere.109, 111 

 

2.4.5.1 Orbital splitting of Ti3+ octahedral aqua complex 
 

In order to gain a feeling about the order of magnitude of orbital splitting, it is convenient to start 

with a practical example, and for this purpose, a hexaaqua Ti3+ complex will be used. This TM ion is 

a good example not only due to its affinity to form octahedral complexes but rather due to the 

simplicity of its electronic structure. Since this ion has only one electron outside the argon shell, it is 

the simplest example we can consider with 2D ground term. As it was previously shown, the initial 

fivefold degeneracy of d subshell of Ti3+ is split by an octahedral field into two sets from which the 

lower is triple degenerate (Tg) and higher double degenerate (Eg). Since only one electron is present 

and available for an excitation, we can expect to observe only one d-d transition experimentally. Our 

d1 octahedral complex experimentally indeed shows only one relatively week absorption band 

(Figure 2.11.) corresponding to 2Tg → 
2Eg electron transition. The energy separation between two 

degenerate sets of orbitals for hexaaqua Ti3+ complex is 20,300 cm-1, and although very simple, this 

absorption spectra holds great historical importance.112  

 

 

Figure 2.11.  Experimentally determined electronic spectrum of [Ti(H2O)6]
3+ in water 

(spectre adopted form113) 

 

If it would be possible to replace all water molecules in the coordination sphere with some 

other ligand, the octahedral environment would be retained, and a slight change in the energy 

separation would be expected. By studying all known ligands in the presence of the same central 

metal ion we know for sure that this is not the case, thus we can expect a significant difference 

depending on the introduced ligand. In this regard, observations based n absorption spectra of TM 

complexes led to formation of a so-called spectrochemical series114, 115, which sorts ligands by means 

of increasing ligand field strength: I- < Br- < Cl- < OH- < F- < H2O < oxalate < pyridine < NH3 <en 

<NO2
- < CN- .  
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Although Ti3+ ion has only one electron in d-shell, while going deeper in the TM group generated 

ions will have a larger number of valent electrons. Depending on the number of valence electrons and 

pattern of the orbital splitting, as well as on the energy separation of resulting sets of orbitals, electrons 

will be unpaired and distributed trough all d-orbitals, or paired and located in the lower-lying orbital 

sets.  

 

2.5 Spin states in transition metal chemistry (the origin of versatility) 
 

Every, but the simples one-electron system, can exist in different spin multiplicity (different spin 

states). The simplest example (Figure 2.12.) is the one in which two electrons can be pired together 

with opposite spin and create a singlet state, or unpaired and arranged separately with the same spin 

and create a triplet state. Increasing the number of electrons is expending arrangement possibilities, 

thus the number of spin states. Even though a certain electron system can possess numerous spin 

states, the general trend is to label the arrangement with a maximal number of unpaired electrons as 

the high spin (HS) state, and the arrangements with a maximal number of paired electrons a low spin 

(LS) state. Every other electron arrangement between HS and LS state is called the intermediate spin 

(IS) state. At this point, we have covered all basic concepts concerning the events occurring within a 

TM ion placed in a ligand field, and thus we can discuss how LFT is resolving the main problems 

arising from CFT. The answer is simple since LFT is introducing the concept of electron-electron 

repulsion, defined as the pairing energy (Π). Pairing energy is changing, starting from d4 and going 

to d7 electronic configuration in octahedral environment. In simple words, Π can be defined as the 

energy difference between the LS state and HS state, for a given number of d-electrons, divided by 

the number of electron pairs destroyed by the transition between these two states. Pairing energy for 

electronic configurations that can have close-lying spin states, can be expressed using Racah 

parameters B and C (defined in the Chapter 2.2.1) and are presented in Scheme 2.2.116 
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Scheme 2.2 Expression of Π for various dn configurations, in terms of Racah’s parameters B and C 
 

Since B is similar for different dn configurations, and C ≈ 4B, any configuration at hand can be 

easily compared with another. It is important to keep in mind that this is just a qualitative 

consideration and that energy two-electron contributions for multideterminantal electronic states have 

to be obtained by calculating the expectation value of the two-electron operator. In this regard, LFT 

is combining the Π and ∆ in order to determine the ground spin state.117 Depending on the order of 

magnitude of these two factors, certain TM complex will be in its LS (Π < ∆) or HS (Π > ∆) ground 

state.16 

Chemical species in different ground spin state will show considerable differences in physico-

chemical properties.118 In order to exemplify, we can take two TM complexes with the same central 

metal in the same ionic form, [Fe(CN)6]
4- and [Fe(H2O)6]

2+, from which the first one is yellow and 

diamagnetic, whereas the second one is pale-blue and paramagnetic. Although both ions have the 

same d6 configuration, and the orbitals are split in the same way due to the octahedral ligand 

environment, the nature of surrounding ligands has a drastic impact on the final electron arrangement. 
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In the case of [Fe(CN)6]
4-, strong ligand field has created a larger orbital split and resulted with pairing 

of all available d-electrons in the lower set of degenerate orbitals, thus forming a LS state. Unlike in 

the first case, d-electrons in [Fe(H2O)6]
2+ are distributed in all five d orbitals, due to the smaller energy 

separation between two degenerate sets, and thus result with a HS state. Besides the color of the 

complex, which can be easily detected by the bare eye, the ground spin state will strongly influence 

important characteristics such as reactivity, and for this reason, this area of research has provided a 

great number of experimental and theoretical investigations.118 

 

 

Figure 2.12. Two possible arrangements of two electrons in two orbitals, whereas LS state 

represents the arrangement with a maximal number of paired electrons and HS state the 

arrangement with a maximal number of unpaired electrons 

 

Catalytic behavior of TMs119-121 and their complexes122, 123 basically originates from the fact that 

these elements can exist in various stable ionic forms, thus can act as mediators in redox reactions. 

Another important aspect is the ease with which they can reach different close-lying excited electronic 

states.124-126 The possibility of reaching various energetically accessible spin states is explaining the 

diverse chemical behavior of TM complexes. Besides influencing the speed and reaction rate, the spin 

state of a reacting TM complex will, in most cases, define the reaction mechanism.124, 127, 128 Unlike 

the main-group compounds, TM containing moieties are mostly found in the HS ground state, having 

two or more unpaired electrons located in d-subshell. In this regard, it is natural to presume that all 

chemical reactions (even the thermal ones) involving TM complexes in its HS and main-group 

moieties in LS should be “spin-forbidden” and most likely impossible to happen. Practically, there 

are numerous studies showing that these “spin-forbidden” transformations usually occur without any 

particular difficulties in various chemical reactions.129, 130 

 

2.5.1 Electron transposition (birth of excited states) 

 

Although we have already scratched the surface of this topic, in the scope of this chapter, we will 

make a short sightseeing in the world of electronic structure and its possible reshaping. For this 

purpose, we will utilize previously mentioned [Fe(CN)6]
4- complex. The ground state of the free FeII 

ion will be HS, since in the absence of the orbital splitting, all d-orbitals will stay degenerate (Figure 

2.13.- left). After the coordination, the ion will change into LS ground state, due to the dominant 

effect of ∆ over Π (Figure 2.13.- middle). Now let us introduce a perturbation (in the form of visible 

light, for example) to our system, and promote one electron to the higher set of degenerated d-orbitals 
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(Figure 2.13.- right). At this moment, we have taken the turn in the direction of excited states, and 

are heading to electronic arrangements of higher energy. 

 

 

 

Figure 2.13. HS ground state of a free d6 FeII ion (left), LS ground state of [Fe(CN)6]
4- 

(middle), and the first excited state of [Fe(CN)6]
4- coordination compound (right) 

 

After this one-electron promotion is finished, we have generated a so-called excited state, and on 

our new path, we will have an opportunity to see many of these states (since there is a great number 

of possible electron arrangements) with higher energy than the ground state. Although the change we 

made in the electronic structure can look as delicate and negligible, in order for it to take place the 

molecule accumulated a portion of energy, and in this regard is completely different from the initial 

ground state. The excited molecule will have different electronic and vibrational spectra, thus a 

different reactivity and chemical behavior. The change in chemical behavior is referred to as 

photochemistry131-133 because an external light source triggered it. The lifetime of an excited state is 

short and goes from a picosecond to a microsecond. Such a short lifetime originates from the tendency 

of the molecule to release an excess of energy and return to its initial stable ground spin state (keep 

in mind that the ground spin state for some other complexes can be HS). Nevertheless, there are many 

methods able to “catch” and analyze these short-living chemical species, as well as discrete partitions 

of energy they are realizing. 

Although our tour went smoothly, it is important to point out that this path of excited states is a 

bumpy one. Depending on the number of d-electrons and the ground spin state of a complex molecule, 

light absorption in most cases will not initiate only one-electron excitations, nor will in result with a 

single excitation. Some systems will have a possibility to reach various excited states, which differ in 

energy, thus will be characterized by a complex photochemical response. The excited molecule 

relaxes and loses the excess of energy in various ways, such as radiationless relaxation (transfer of 

the energy to the surroundings, in the form of heat), photochemical reaction, or by back-radiation in 

the form of luminescence.134 Observing these photochemical responses is the best possible way to 

learn about the electronic structure of molecules, as well as how a subtle change and encapsulation 

of a discrete portion of energy can affect and modify the chemistry of a certain chemical species. 
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2.5.2 d-d transitions (excitations in a nutshell) 

 

Generally speaking, spectroscopic bands that emerge from transitions occurring in the d-subshell 

are significantly lower in intensity than, for example, those originating from charge-transfer (CT) 

excitations. Selection rules6, 40 are defining the probability of a certain transition, and according to 

them, any transition between the states with the same parity (when the molecule possess the inversion 

center) is forbidden, which means that no d-d (as well as s-s, p-p, s-d..) transitions should be observed 

in the spectra of TM containing molecules. In this regard, d-d transitions in a highly symmetric 

octahedral TM complex with the same type of ligand should be forbidden, yet can be experimentally 

observed135, 136. This phenomenon can be addressed to the fact that all molecules vibrate, and these 

vibrations can affect and disrupt the center of symmetry which will further results with a d-d 

absorption event. In general, CT absorption bands originate from transitions allowed by the selection 

rules, thus are characterized by significant intensity. Another important aspect of selection rules 

allows only transitions between states having the same spin, and this requirement is relaxed through 

the introduction of the spin-orbit coupling (SOC)137-139 mechanism.  

 

2.5.3 Charge transfer (excitations within a region) 
 

Another excitation class of practical interest, since they frequently occur in the experimentally 

measured spectrum, is the CT excitations. These excitations are defined as charge (electron) 

dislocation from one point in space to another and can be considered as a transfer of a discrete charge 

between a donor and an acceptor. The dislocation can take place between two different fragments 

(functional groups) within one molecule, or for example, between a metal and ligands located in the 

first coordination sphere. CT processes are characteristic for various kinds of chemical species and 

have special importance in TM chemistry since they regularly appear in the spectra of this kind of 

molecules.140, 141 These excitations are characterized by broad peaks of high intensity and can in many 

cases mask, or cover lower intensity peaks (like, for example, d-d transitions), which can be of greater 

importance (especially in the field of TM spectroscopy). CT excitations are in most cases severely 

modifying the quantum mechanical state of the system, and an additional amount of energy can lead 

to deformations such as conformational changes of the ligands.142 For this reason, it is important to 

recognize and describe the origin and location of CT phenomena, yet a model such as LFT cannot 

take into account CT, since it is restricted only to d orbitals. 

 

2.6. Electronic spectroscopy (the insight into the electronic structure) 
 

Spectroscopy is the technique of choice we are going to utilize in order to analyze and understand 

chemical systems since it is the best way to gain insight into the electronic structure. The practical 

importance of this experimental technique lies within the fact that electronic spectra can be measured 

directly in a few minutes, and the desired information can be quickly extracted from obtained data. 

The perturbation is initiated using ultraviolet and visible (UV/Vis) light source, which is 10 000-50 

000 cm-1, since most of the important excitations usually occur in this range of the spectrum. 

Basically, spectral properties are related to differences between the molecular ground state and the 

excited states, obtained by external perturbation. Due to the very complexity and varieties in the 

structure of different molecules, it remains very challenging to interpret the experimental spectra. 

Electronic spectral bands are usually very broad, thus spectroscopic data cannot be used as a 

molecular 'fingerprint', nor can be utilized for the determination of functional groups, as is done in 
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infrared spectroscopy. As we mentioned before, UV/VIS absorption spectra of TM containing 

systems is constructed from a broad number of close-lying excited states (metal-centered, ligand-

centered, metal-to-ligand-charge-transfer and, ligand-to-ligand-charge-transfer). From such a high 

saturation with electronic states of different nature within a limited domain of energy, originate the 

differences in photophysical and photochemical properties of TM complexes- that at first glance can 

look quite similar. Moreover, this is the main reason for the diverse and unusual characteristics of 

different TM containing molecules, as well as for their versatile (sometimes even unpredictable) 

behavior during photochemical reactions.84, 143-146 Interplay between various electronic states and 

their interaction in different points of potential energy surface (PES)147, 148 can result in critical but 

well-defined changes in the overall structure. Sometimes, these changes lead to the formation of 

structures which can be significantly more reactive than the initial one. In this regard, the effect which 

we can observe during an experiment as a response of the system to external light is completely 

governed and defined by many concurrent sequential processes.  

Hence, in order to provide a good understanding and interpretation of practical UV/VIS spectra, 

the assistance of theoretical methods is more than mandatory. In the beginning, a theoretical approach 

to excited state characteristics was mainly qualitative. Ground state electronic structure of the 

investigated molecular system was resolved and clarified using the molecular orbital analysis. After 

a successful theoretical description of ground electronic structure, the next logical step was the 

determination of close-lying excited states and their energy separation from the ground state. Energy 

differences are observed as transitions and assigned to experimentally observed bands. In time, theory 

has evolved and gave birth to successful electronic correlation methods. With these powerful 

theoretical tools, we are able to deal with multidimensional potential energy surfaces and describe 

the nature and reactivity of electronic excited states. Nowadays, cooperation between powerful 

modern computers, with impressive speed and storage capacity, and more efficient mathematical 

algorithms have made these extremely challenging calculations possible. However, the time required 

for a theoretical simulation to be finished will still depend on many factors like the chosen level of 

theory, size of the molecular system, density of possible excited states, number and organization of 

electrons populating the d-subshell and many others. 

Depending on the level of accuracy and time required for a computation to be performed, there 

are various methods, based on different mathematical formalisms, suitable for the description of 

electronic structure and corresponding electronic spectroscopy of TM containing systems. For a long 

time now, DFT is considered as the best compromise between computational time and accuracy, thus 

forthcoming chapters will discuss DFT-based, as well as some other theoretical methods, designed 

for the simulation of optical spectra. 
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3. Theoretical and Methodological Background (the conceptual idea 
of physical reality) 

 

Previous chapters introduced to us the great complexity of the chemical world and physical 

reality, which has its roots in the motion of microparticles. With Modern QM we can model and 

hopefully get close enough to the real behavior of these objects, and in turn, understand the global 

properties of much larger (molecular) objects. Besides the clarification and explanation of 

experimental results, QM insight into the electronic structure is giving us an opportunity to conduct 

a fine-tuning of molecular structure. In this way, scientists can rationally modify chemical and 

physical characteristics of interest. 

The quantum mechanical methods that do not utilize any system-dependent empirical parameters 

are referred to as ab initio methods. These methods are categorized into two main divisions:1  

1) the ones that are wrapped around the wave function as a central quantity, and  

2) the ones that utilize the electron density, as a much simpler and intuitively closer starting 

point 

 

In theory, both approaches should be able to calculate the same exact energy as well as to describe 

every observable we are interested in. Unfortunately, since the fundamental equations of quantum 

mechanics are not exactly solvable, except for a few simple model systems, both methodologies are 

practically aiming to find the best approximate approach for QM description of real-world problems 

and observations. Wave function-based methods are considered highly accurate and very reliable 

since they are in principle systematically improvable. The cost of this high accuracy is being paid 

through computational time requirements, which depends on the size of the system under 

examination. DFT methods are much faster and easier to handle, and at the same time can compete 

in accuracy with previously mentioned techniques. The central paradigm around which this method 

has successfully built itself is the idea that the energy and every experimental observable can be 

extracted from the electron density. This simple concept first saw the light of the day in the late 1920s, 

and has reached the level of maturity required to be considered as trustworthy.1, 12, 149-151 The next 

chapter will cover the theoretical basis of molecular quantum mechanics. The main concepts will be 

discussed in the briefest way possible since there are many sources in the form of textbooks, which 

provide an excellent in-depth discussion of this topic.152-157 The interested reader is encouraged to 

consult the literature in order to gain a more comprehensive overview of the history and the current 

state of the art of this vibrant and diverse field of research. 

 

3.1. Schrödinger equation and Hartree-Fock approximation 
 

Any problem concerning the electronic structure of matter, including time, is covered and 

unraveled by the SE. This famous equation, able to describe the complete dynamics of microparticles, 

represents the basic principle of QM. The most general form of the SE is the time-dependent non-

relativistic SE:4 

 

ˆi H
t







  
Equation 3.1 

 

All components of the equation are described in the first section, where we presented the 

reduced form of the same equation (Equation 2.1). The reduced form (non-relativistic time-

independent SE) is commonly used one since we are practically facing problems concerning atoms 
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and molecules without time-dependent interaction. As it was already stated before, the “three-body” 

problem stands as a solid barrier between us and the real energy of a system at hand (except for a few 

trivial cases), since finding the solution for SE within all possible N-electron wave functions is 

impossible. In order to overcome this barrier, we need to simplify the initial system and transform it 

into a problem that can be practically solved, but more importantly, it should be a physically 

meaningful approximation to the exact many-electron wave function. There were many attempts to 

develop a suitable approximation and provide an accurate approximate solution to SE, and the most 

prominent one is without a doubt the Hartree-Fock (HF) approximation. Within the framework of HF 

the simplest, yet physically reasonable approximation to the complicated wave function is utilized. 

Besides being the central pillar of almost all wave function based quantum chemical methods, HF 

holds great conceptual importance, and most important schematic aspects will be discussed in this 

chapter. For a detailed outline and theoretical background of HF, as well as some other more 

sophisticated methods, one can consult the book written by Szabo and Ostlund.152 

In the HF method, the complicated many-electron problem is simplified by converting it to a one-

electron problem, placed in a shell created of all remaining electrons. In other words, one electron of 

choice is being encapsulated in the effective “field” of all other electrons (and all the nuclei), thus the 

electron-electron interaction is treated in an average way. The whole idea is based on a simple 

equation:  

 

i i i iF  
 

Equation 3.2 

 

where iF  is the so-called Fock operator, and holds information about the average potential 

experienced by the i-th electron (due to the presence of all other electrons). i  is the one-electron 

wave function (spin-orbital) and the i  is the corresponding orbital energy. The operator for the 

electron in orbital i is expressed in a form:  
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Equation 3.3 

 

where ih stands for the one-electron term (holding kinetic energy and electron-nuclear attraction 

potential contributions) and symbols 
ijJ  and 

ijK represent the Coulumb and the Exchange matrix 

elements (whereas Ji and Ki represent the corresponding operators). 
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Equation 3.4 
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Equation 3.5 
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The first matrix element describes the classical Coulomb electron-electron repulsion, whereas the 

second term takes care of the fact that two electrons of the same spin cannot occupy the same region 

of space (Exchange hole). 

The way to express many-electron wave function, in terms of one-electron wave functions, that 

satisfies the anti-symmetrization requirement is called a Slater determinant (SD). HF equations 

contain unknown spin orbitals, both as a solution and as an integral part of Fock operator, thus they 

need to be solved iteratively,and this is achived by self consisted filed (SCF) procedure , which relies 

on a simple mathematical idea. Namely, one can make an initial guess of spin-orbitals, and calculate 

the interaction of each electron with a smeared cloud of electron density originating from all other 

electrons. After obtaining the result for the first guess, one should solve Equation 3.2 for a new set of 

spin-orbitals. Each time the chosen set is changed, a new potential field is obtained, and this process 

is repeated until self-consistency is reached. After wave functions, energies, and other chosen criteria 

differ less than a chosen threshold, the SCF procedure is finished successfully. Finished SCF 

procedure and the solution of HF eigenvalue problem results with a set of HF spin-orbitals. Orbitals 

with the lowest energy represent occupied orbitals. The SD constructed from these orbitals is the HF 

ground state wave function. Since there is theoretically an infinite number of HF solutions, the “real” 

approximate solution is achieved by introducing a set of spatial basis functions and SCF variational 

minimization will construct the best possible orbitals from the given basis. It is important to mention 

here that the application of K spatial functions will yield a set of 2K spin orbitals (since the general 

occupancy scheme, one electron per spin-orbital, combined with fermionic nature of electrons require 

a K set with α spin and a K set β with spin electrons). An increase in basis set functions will result in 

the lowering of the HF energy since there will be more flexibility in the expansion for the spin-

orbitals, and this will continue till the point where the energy is not changing anymore. This point is 

known as the HF limit, and a further increase of basis set functions will not influence the result. 

Considering the conceptual simplicity and efficiency of HF methodology, it is not unusual why it 

became the historical milestone of quantum chemistry. The main disadvantage, which we can 

consider as a serious pitfall, arises naturally at the moment when it has to describe and accurately 

approximate the exact particle-particle interaction. Namely, as mentioned before, our individual 

electrons are being surrounded with a smeared cloud of electron density originating from all other 

electrons, thus there is a probability for two electrons to be located within a small spatial volume 

(practically next to each other), and at very distant points.152 This probability originating from the 

basics of HF  is essentially incorrect since every electron correlates its motion relative to the motion 

of all other electrons in order to maximally reduce the electron-electron repulsion (Coulomb hole).137 

Due to the anti-symmetrization of starting wave function, required by the fermionic character of 

electrons, the method is prepared in advance to catch and take into account the exchange hole. On the 

other hand, with the lack of variational flexibility, the method is unable to “see”, nor describe the 

Coulomb hole, leading to final energy, which is always higher than the “real” one. The absence of 

any correlation between the electrons of the opposite spin, as opposed to some degree of correlation 

for the same spin electrons, leads to the artificial stabilization of the configurations with more 

unpaired electrons at HF level of theory.158 

 

3.1.1. Post-Hartree–Fock methods 
 

The energy calculated by the HF method will always be higher than the “exact” one, and this 

well-known error, called the correlation energy1, represents the main problem rooted in many-body 

theory. As it was discussed in the previous chapter, this technical failure originates from the 

incapability of the method to describe and define the correct amount of electron-electron interaction. 

Much progress has been made during continuous attempts to correct the error, and during this process, 

many sophisticated methods have been developed. These so-called post HF methods intend to take 

into account the electron correlation missing from the HF.15,33,34 Electron correlation is further split 

into two different contributions: static correlation (originating from an inadequate single determinant 
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description of the ground state) and dynamical correlation (originating from the fact that electrons 

need to correlate their motion in order to minimize the electron-electron repulsion).14, 137 The “exact” 

wave function of a many-electron system cannot be defined as a single determinant, nor a simple 

combination of few determinants, thus one of the most important methods, able to overcome this 

problem, are CI approaches, as well as Møller–Plesset perturbation theory (MP), coupled-cluster (CC) 

methodology, vide infra. CI methodologies represent a wave function as a linear combination of 

several SDs (electronic configurations), with variationally obtained coefficients (each SD 

contribution). If we would take into account all possible SDs, the method would be called a full-CI, 

which represents the exact solution of non-relativistic SE, within a given basis set. Unfortunately, 

because of the high computational cost, this calculation would require, this method is not available 

for most of the real-life applications. In practice, we usually have to focus our attention to some, 

chemically important, set of occupied and virtual orbitals and in turn create SDs within this limited 

“active space”. Generally, this approach is able to capture most of the static correlation, but on the 

other hand, we need a large active space to accurately capture a significant dynamical correlation 

present in TM complexes. We can add a perturbational correction to the energy, and fix this problem 

to some extent, but the success of the correction strongly depends on the quality of the initial wave 

function. The perturbation approach can be utilized directly on the HF wave function (MPn methods), 

but, since the initial wave function has even lower quality, and the method does not capture static 

correlation, it is not very useful in the case of open-shell TM systems. Finally, CC methods are the 

most accurate of all the abovementioned approaches but are singledeterminantal in their basic 

formulation (although there is multideterminantal extension of CC methodology). Besides the lack of 

static correlation, high computational cost is considered an additional problem, thus in order to be 

applicable to regular TM systems, additional approximations are required. 

 

3.2. Density Functional Theory (a brief overview) 
 

At this point, an introduction to DFT properties supported with a dash of raw theory will be 

provided, with the aim to familiarize a newcomer with the power of computational chemistry and its 

irreplaceable application in the field of TM coordination chemistry. I will not go into every detail 

hidden from the other side of the curtain, since there are many great books1, 159-162 dealing with the 

theoretical background, but rather define main properties of the method responsible for its great 

performance on the scientific stage. A brief overview will introduce the reader to various advantages 

and possibilities of this methodology, as well as some well-known practical issues we are facing while 

working in our theoretical DFT laboratories.  

The whole story started150, 163 long ago, with two men, Llewellyn Thomas and Enrico Fermi, 

shortly after the introduction of the famous SE164. The real foundation for DFT as a (mathematically) 

exact theory was established by Pierre Hohenberg and Walter Kohn, who proposed a reformulation 

of the famous SE165, 166.The rapid development of quantum chemistry brought scientists to realize that 

the wave function, which was considered as irreplaceable for a proper description of microparticle 

dynamics, contains much more information than they actually need. The intention was to recreate the 

initial equation, based on the N-electron wave function of 3N variables and reduces its complexity by 

developing a new equation based on electron density with only three variables.165 Electron density is 

not only much simpler than the wave function but also can be determined and described 

experimentally. The proposed modification would give us an opportunity to step back from the search 

for the actual wave function of the system, and use the ground state electron density ρ0(r) in order to 

obtain the energy E0 and all other ground state molecular properties. Suddenly this promising path 

which should take us to the resolution of any problem at hand, led us to a dead-end since the 

Hohenberg-Kohn theorem does not tell us how to extract the E0, nor how to define and describe ρ0(r) 

without first finding the wave function. Not long after the initial idea of reformulation, an important 
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breakthrough was made by Kohn and Sham, who created new, simplified equations. These new 

equations, based on the Hohenberg-Kohn theorem, named the Kohn-Sham (KS) equations166, have 

brought DFT one step further to the application to real systems and real chemical problems. 

Schrödinger-type description of electronic structure, in which electrons move within an external 

potential (produced by charges or fields external to the system of electrons- in our case by the nuclei) 

while interacting with each other, is being simplified by KS equation  
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Equation 3.6 

 

which is placing the electrons in defined effective potential, and describes their movement as 

independent and noninteracting (fictitious non-interacting system with the same density as the real 

one). The notation υKS[ρ] present in this equation is suggesting to us that the Kohn-Sham potential 

(υKS) has a functional dependence on electron density (ρ(r)), which is expressed as 
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Equation 3.7 

 

General potential, which can be written in a mathematical form as  
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Equation 3.8 

 

is composed of the Hartree (Couloumb) term, the external potential generated by the nuclei, and the 

exchange and correlation (xc) potential. The first component υHartree[ρ](r) is introducing to the 

calculation the electrostatic potential originating from the electron charge density and can be given 

by 
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Equation 3.9 

 

The external potential υEXT is constructed of bulk individual nuclear potentials located at the centers 

on each atom present in a specific system, 

 



47 
 

 
1

)(
EXT






 


r
r R

 

Equation 3.10 

 

where υα represents the attracting force established between the fixed nucleus and surrounding 

electrons. Finally, the last component υXC[ρ](r) is the exchange (xc) potential, and represents the 

functional derivative of the exchange-correlation energy (EXC)  
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Equation 3.11 

 

In order to accurately describe and calculate the ground state energy, we need to define the 

electron kinetic energy, corresponding interelectronic repulsion, the electron-nuclei interaction, and 

correct all the terms so they could describe the real system instead of fictitious one (with 

noninteracting electrons). In this regard, the total energy of a certain system is described within Kohn-

Sham theory as 
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Equation 3.12 

 

The equation is composed of four terms, which are the non-interacting (Kohn–Sham) kinetic 

energy, the external potential, the Hartree and the Exc energies, respectively. Although specific 

information can be found in the literature, in order to understand the advantages and limitations of 

this definition, we will describe all the mentioned terms in some more detail.158, 167 First term, 

representing the kinetic energy of electrons cannot be accurately calculated from the density, and for 

this reason, we introduce KS orbitals to the calculation (their second derivative is related to the kinetic 

energy of the fictitious non-interacting system). The variational algorithm is being used to recombine 

and reorder initial KS orbitals, and these variationally generated solutions are determining the 

electron density ρ. This approach strongly resembles the one incorporated in HF theory, and at this 

point, we are backstepping from the initial attempt to describe and calculate the energy using only 

the electron density. Obtained kinetic energy cannot be considered as an exact and needs additional 

corrections since it originates from fictional KS orbitals and noninteracting electron particles. The 

second term can be considered as exact since it provides us information about the interaction of 

previously defined electron density distribution with the external potential created by the static nuclei 

centers. The third term, which is identical to the Coulombic interaction term in HF theory, represents 

a model in which electrons are placed separately in a continuous electron density distribution 

developed by the presence of all surrounding electrons. The final term, or exchange-correlation 

functional, should, in principle, contain the correction to all the previous contributions. After 

introducing the KS equation to the initial equation, we end up with an expression which represents 

the root of almost all DFT codes, and is written as: 
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Equation 3.13 

 

The previously mentioned equation is the reason why DFT was transformed into a “semi-

empirical” method during its development. Since the exact form of XC term is unknown, in 

forthcoming chapters, we will name the various model Hamiltonians the exchange-correlation (XC) 

approximations. In this way, we will address the concept of exchange-correlation functional to the 

unknown, exact, formulation of this expression. By analogy, various approximations to the 

Hamiltonian in DFT will be called density functional approximations (DFAs). Approximations that 

we can introduce to the calculation, by means of different DFAs, will strongly influence the 

description of a chemical problem and will have a considerable effect on the obtained result. A vast 

number of DFAs have been reported during the last few decades. Many of these functionals have 

been specially developed for the description of specific chemical characteristics, and many more had 

to be designed and tuned for the treatment of new chemical problems. In order to choose a convenient 

DFA for a problem at hand, one must be experienced and well informed about the chemical system 

under investigation. Although DFT possesses a whole specter of different functionals, in the next 

section, we will mention and shortly describe only the ones with historical importance since they have 

basically given birth to all new DFAs.  

At this moment, I have introduced to you the main engine parts, and hopefully clarified the basic 

concepts responsible for the functionality of DFT machinery. Now we can proceed further and get 

familiar with possibilities and capabilities, as well as with the richness of results our DFT laboratory 

can provide. 

 

3.3. Why DFT and not “the others” 
 

The main goal of computational chemistry is to provide an accurate description of electronic 

structure, as well as resulting physico-chemical properties, and to attribute chemical sense to these 

observables. Another important factor is to create a computational model that does not take a lifetime 

to generate the required results. Two main factors contribute to making accurate computational 

prediction challenging: i.) Size limitations. In many cases, a molecular system of interest is a large 

molecule constructed of various atoms. Many TM complexes, besides the central metal ion, which 

has its own complex electronic structure, contain various ligands with conformational freedom. 

Hence, in order to limit the length of calculations, suitable simplifications and approximations are 

included through the choice of DFAs. ii.) Methodological limitations. As mentioned earlier, in order 

to achieve higher accuracy, more computational time is required, hence some calculations can last for 

days or weeks, even for medium size systems. While showing a reasonable compromise between 

accuracy, system size and computational time requirements, DFT became the most popular method 

for studying and investigating small to medium size molecules, as well as troublesome TM 

complexes. Primary depending on the functional of choice, calculations can be further improved by 

including solvation effect, tuning the basis set and numerical grid, or applying an additional correction 

for zero-point energy, etc. Even though DFT has become a necessary tool for completing and further 

explaining the experiment, it has some well-known shortcomings167, 168, such as self-interaction 

errors169, medium- to long-range correlation errors170 and tendency to neglect dispersion effects171. 

All these insufficiencies are being compromised because of the impressive efficiency and accuracy 

of this powerful theoretical engine. 
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3.4. DFT flavors 
 

DFT method is, in principle exact, yet the exact form of exchange functional is unknown, meaning 

that the calculated energy can be more or less close to the exact one. Universal DF is still unknown, 

and there is no perfect algorithm that can provide the “true energy”, or describe all required properties 

of a system under investigation. All existing DFAs have well-known advantages and drawbacks, and 

even though DFT has reached a level of maturity where it is considered as a trustworthy method, it 

still suffers from some childhood illnesses. Further development of DFT is focused on the 

investigation of existing functionals performances and aims to improve the exchange-correlation part 

within the framework of the Kohn-Sham method. All existing DFAs can be classified into six primary 

groups: local density approximation (LDA), generalized gradient approximation (GGA), meta-GGA, 

hybrid DFAs, double-hybrid DFAs, and range-separated DFAs. 

 

3.4.1. Local Spin Density Approximation (LDA) 
 

LDA172 exhibits a dependence only on the electron density distribution in every point of space. 

The energy of a system is obtained through a simple integration of electron density point values. In 

other words, one specific electron at a time located at a specific point in the space is used for 

determining this point’s contribution to the total Exc of the system. Within the framework of this 

approximation, local exchange  x r     and correlation term  c r    are being treated separately 

as individual contributions, and mathematical form can be written as: 

 

          DA 3L

xc x cE d         r r r r r
 

Equation 3.14 

 

This relatively simple description emerged from the fact that LDA uses the exchange-correlation 

energy of the homogeneous electron gas, evaluated from the charge density at the point r under 

consideration. Effectively at a specific point in the space r,  =  (r) and Exc is equal to the exchange-

correlation energy for the electron-gas system, which has a homogeneous charge density  . This 

statement can be considered as correct as long as inhomogeneity  (r) is negligible. Since the 

electronic density distribution in a molecule is certainly not homogeneous, this rudimentary LDA 

approximation becomes the main pitfall of this method. 

Form of LDA, capable of placing electrons with an opposite spin in different spatial orbital, and 

in this way treating them separately, is known as Local Spin Density Approximation (LSDA). This 

generalization of LDA can be considered as more advanced and performs much better than the initial 

DFA for open-shell systems, as well as for near dissociation and weak bonds geometries (the same 

conclusion applies for HF and other DFAs). Considering the general simplicity of LDAs framework, 

this DFA can be considered as extremely efficient and applicable for the description of various 

physico-chemical properties.1, 167 LDA has a well-known tendency to underestimate and shorten bond 

lengths during geometry optimization. This phenomenon arises from the fact that LDA works with 

homogeneous electron gas, and although this can be considered as an error, geometrical parameters 

obtained with LDA are in most cases in good agreement with the data extracted from crystal 

structures173, even for the cases in which TM are involved. Good agreement can be addressed to the 

shortening of the bond lengths in crystal structure caused by compact crystal packing. Nevertheless, 

LDA showed much better performance for geometry optimization than some advanced and more 

sophisticated DFAs. LDA works surprisingly well for calculation of vibrational frequencies and 

dipole moments, as well as some molecular characteristics which depend on geometrical properties, 
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like, for example, the Jahn Teller (JT) effect174, 175. However, this DFA fails to accurately calculate 

the atomization energies, as well as molecular properties of systems with complex electronic structure 

(like TM systems, having a lot of close-lying electronic states with various multiplicities).176 

In order to better understand and describe electron density, since it is not a local property of 

molecular systems, and provide more accurate results, various DFAs that go way beyond LDA have 

been developed. These advanced DFAs, which show much better performance, if compared to LDA, 

differ among each other by the additional functions they introduce to a particular simulation. Better 

performance can be established if functions of the gradient (  ) are introduced, and these 

functionals are known as Generalized Gradient Approximation (GGA) DFAs, as well as Laplacian (
2 ) of the density, which we call metaGGA DFAs. With these new functions introduced, an 

improvement of the results can be expected, since within the framework of these DFAs the regions 

where density varies rapidly with position (regions close to nuclei) are being treated differently than 

the regions where density varies slowly (regions far away from the nuclei). 

 

3.4.2. Generalized Gradient Approximation (GGA)  
 

Although LDA can be considered as highly accurate, if we take into account its conceptual 

simplicity, the performance of this DFA showed to be insufficient for most applications in modern 

chemistry. In the beginning, the moderate accuracy of this DFA was more than enough since it was 

mainly employed for investigations in the field of solid-state physics. Attempts to determine the 

reasons why a simple approximation such as LDA works so well led to the development of an 

enhanced approximate functional. This superior DFA was born from the idea of using not only the 

information about the density at a particular point, but to enrich the initial principals with valuable 

information about the gradient of the charge density, and in this way step much closer to the 

interpretation of the “real” density.  

In principle, generalized gradient approximation (GGA) DFA can be considered as a function of 

the spin densities plus their gradient, as shown in equation: 

  3

,GGAx xE F s d r   

 

Equation 3.15 
 

As it can be seen, GGA exchange can be expressed by means of Slater’s LDA exchange contribution, 

and supplemented with  F s  factor, which is a function of reduced density gradient (s), and can be 

written as:  
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Equation 3.16 
 

The reduced density gradient (s) can be understood as a local inhomogeneity parameter.1 Up till 

now, several options were proposed for the description of the explicit dependence of F on the densities 

and their gradients, including semiempirical functionals. It is important to mention that mathematical 

and systematical construction of an advanced DFA is, in most cases, dictated by the accuracy of 

obtained results, not the physics or chemically meaningful concepts.  
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3.4.3. Meta GGA Approximations 

 

Standing as an enhancement of GGA functional, meta-GGA (MGGA) enriches the initial 

approximation with the Laplacian of the density ( 2 ) and/or the kinetic-energy density . The 

typical expression for the MGGA exchange can be written as 

 

   2 3, , ,MGGA

XCE f d r        

Equation 3.17 
 

Although this DFA has extended and more complex conceptual basics, since it uses the second 

derivative of the electron density and/or non-interacting kinetic energy density as a part of the input 

information, in practice it does not ensure any significant improvement if compared with its parent 

GGA.176  

 

3.4.4. Hybrid Approximations 
 

As was mentioned before, LDA and GGA functionals tend to shorten the bond lengths, thus 

generate an overbinding effect. On the other hand, the HF method performs differently, and calculated 

bond lengths are somewhat weaker and longer than experimentally observed. Admix a portion of HF 

into the pure DFAs, will result in an increase in accuracy. Since it was many times practically 

confirmed that the exchange contributions are significantly larger in absolute values than the 

corresponding correlation effects, rational tuning of these contributions further improves the results. 

Thus, in order to obtain an accurate result, and create a trustworthy method, a precise expression for 

the exchange contribution is mandatory. Since the exchange energy of a specific SD can be calculated 

exactly, the most promising way to reach the “exact” exchange-correlation energy seems to be to 

utilize the exact exchange energy and rely on approximate functionals for providing the missing 

electron correlation contribution. 

These classes of functionals, which supply the calculation with a certain amount of exact 

exchange, are known as hybrid DFAs, since they are merging information about the exact exchange 

from HF methodology and data obtained from pure density functionals for correlation part. Although 

this fusion process may sound complicated, it is done by a simple linear combination of the exact 

exchange interaction calculated from the HF theory and Ex and Ec from standard DFAs. The typical 

form of this HF exchange is expressed in the following equation: 
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Equation 3.18 

 

Although computational requirements are much higher for the hybrid DFAs, than for LDA or 

GGA, these functionals are being extensively employed and widely used as a “good standard” for 

obtaining accurate results, especially in the field of organic chemistry. One of the most appreciated 

flavors among experimentalists is, without a doubt, famous B3LYP177. It should be mentioned that 

B3LYP is not a good choice for systems that contain transition metals, and in most cases fails to 

describe the complicated electronic structure of the central metal atom/ion.178 
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3.5. DFT laboratory (capabilities and possibilities) 
 

There is an impressive amount of scientific works done within the framework of DFT, and the 

majority of these papers focus on structural, energetic, and kinetic quantities. Generally speaking, we 

can say that this remarkable amount of scientific data is dedicated to the validation of DFT’s 

capabilities and performances.179-192 Besides proving remarkable achievements of this method, the 

importance of such a great number of theoretical investigations lies within the richness of available 

DFAs. Another important aspect is the diversity of chemical systems for which the performance of 

DFAs was tested during these validations. Furthermore, since the computation of different molecular 

properties holds different demands on the method chosen, the accuracy which a certain DFA shows 

is a probe for its versatility. Since DFT is still evolving, trough the persistent search for a universal 

DFA, a considerable number of new scientific research are published every year. The role of these 

papers is to track the development of DFT, and the benchmark data is collected from various sources. 

Although starting with experimentally obtained data is a general trend in computational chemistry, 

benchmark data can be taken from the high-level wave function theory (WFT) as well. While our 

work is predominantly TM oriented, now is the right time to warn the reader to be cautious while 

handling WFT results, even the high-level ones, because of the very pronounced both static and 

dynamical correlation within the d-elements. In this regard, the data obtained using the WFT based 

methods, in the case of TM containing systems may not be reliable178. 

DFT is a powerful tool able to use basic information about a system constructed from electrons 

and nuclei, in order to provide results about equilibrium geometries, corresponding bond lengths and 

bond angles, quantities such as bonding energies, total ground state energies, electronic density 

distributions, lattice constants, forces and elastic constants, dipole moments and static polarizabilities, 

magnetic properties and molecular characteristics such as lipophilicity.193 Such a great amount of 

various results that can be generated using this theoretical engine exceeds the framework of a Ph.D. 

thesis, thus, in the next section, I will direct the reader's attention to the most important DFT 

capabilities and emphasize the ones essential for my scientific work. 
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3.5.1. Geometry optimizations 
 

Almost every DFT project starts with the optimization of the structures under investigation. This 

kind of simulations is established through relaxation of structural parameters, in order to find 

stationary points on the potential energy surface. It is important to highlight that these generally 

simple calculations will determine the faith of all future calculations, and strongly influence the 

accuracy of the final results since all delicate physico-chemical properties are associated with 

geometrical parameters of the investigated system. Optimizing the ground state geometry of a certain 

molecular structure can be done easily, since there are well developed and carefully tuned algorithms 

for finding the minima (characterized with the absence of imaginary frequencies), while search for 

the transition states (this should be confirmed by a single imaginary frequency) requires more 

experience and information about the system at hand.194 DFT optimized geometries are in most cases 

in excellent agreement with experimental data181, although the accuracy of the result depends on the 

starting geometry. In cases where there is a possibility to start the optimization from crystallographic 

data, one can be sure that the optimization yielded a very accurate geometry. 

It is convenient to stop for a moment and give some practical suggestions required for conducting 

an optimization of a real molecular system, which is- in our case a TM complex. There is a known 

fact that all-electron nonrelativistic DFT optimizations tend to overestimate weak metal-ligand bonds. 

In this regard, for optimization of TM complexes, a suitable basis set choice should be some polarized 

triple-ζ basis set, such as TZP. The relativistic effects, which is more than important for heavy atoms 

such as a TM, can be taken into account trough Zero Order Regular Approximation (ZORA)195, which 

will tend to shrink the s orbitals and to lesser extent p orbitals. Further improvement can be established 

by introducing the solvation model (e.g., Conductor Like Screening Model- COSMO)196 effect 

(especially when we are talking about charged species in solution), and in this way compensate the 

net charges of an optimized moiety (TM complexes are in many cases in ionic form). Both models 

can be easily applied to any regular geometry optimization, at an extra cost of computational time, 

which is more than affordable. Another additional factor that can greatly influence the accuracy of 

obtained results, and should be emphasized here, is the dispersion correction170, 171, 197, 198, e.g. 

provided by Grimme. 

Since all DFAs give overall good results for the geometries, it is a general trend to use some 

simple and fast DFA for the optimization (like GGAs), and to utilize the time saved in this process 

for the calculations of some other important properties, for which computationally expensive DFAs 

(like hybrid ones) have a clear advantage. A good example of the previous statement is GGA 

functional named BP86199-201, which is one of the favorites among computational chemists because it 

performs impressively well not only for the optimizations but for the calculation of the vibrational 

frequencies as well. Thus, BP86 represents an excellent way to finish two different jobs in a fast and 

accurate way.  

 

3.5.2. Relative Energies and thermochemistry (encapsulated forces) 
 

Extracting information about the energetic properties of a molecular system is one of the main 

goals of all electronic structure-based methods. DFT has reached the level where it is able to simulate 

and predict some of the fundamental energetic properties like ionization energies (IE) and electron 

affinities (EA). A precise definition of energy requirement for removal/addition of one (or more) 

electron from/to a certain molecular system is the basis for investigation and explanation of 

photoelectron spectroscopy experiments. Knowledge about these fundamental characteristics also 

provides us an insight of the utmost importance for understanding thermo-chemical reactions. As can 
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be expected, DFT results showed to be a significant improvement over the HF ones, since during the 

successive ionization process the number of electrons is decreasing, and lack of correlation effect 

within the framework of HF fails to describe this change correctly.  

 

3.5.3. Ionization energies and electron affinities (electron interplay) 
 

One of the most important characteristics of all atomic and molecular species, since the discovery 

of photoelectron spectroscopy, is their IE. The energy required for the removal of one electron from 

a certain compact system to an infinite distance, if measured precisely, can serve as a chemical 

fingerprint. Namely, every orbital (energy level) has defined energy, and the value of IE will 

correspond to the energy of a specific orbital, from which an electron is going to be removed (a strong 

radiation beam). In this regard, IE can provide us valuable information about the electronic structure 

of the system under investigation. DFT found some of the first applications within this field of 

experimental research and brought light to many dark spots by assigning complicated photoelectron 

spectra.  

The reversal process complementary to the IE is the EA. This characteristic is described as the 

energy released at the moment in which an additional electron is introduced to a certain compact 

system. During this process, an anion is formed and a defined portion of the energy is released to the 

environment, nevertheless, this doesn’t mean that the resulting form is stable, since in many cases 

generated charged species is less stable than the starting one. Even though the newly introduced 

electron is weakly bound, much stronger correlation effect in the ion, than in the starting form, has 

made the description of electronic structure a difficult task. DFT found an irreplaceable application 

for treating this kind of problem since it is able to apply diffuse functions and realistically distinguish 

this disperse spin density, scattered within an ion. Working functional should be chosen wisely since 

LDA, for example, is not capable of accurately describing the presence of additional electron since it 

is, by definition, a local DFA. 

 

3.5.4. Atomization energies (from a molecule to single atoms) 
 

Chemical reactions are based on structural changes associated with cleavage of chemical bonds, 

and the creation of new ones. Description of such multi-component processes, which are, in most 

cases, difficult to “catch” experimentally, has been the desire of all quantum chemical methods from 

the moment theoretical chemistry was born. Precise calculation of atomization energies (AE), even 

for the simplest reactions, is at the very heart prone to errors since it involves breaking of all bonds 

within a molecule, resulting in constituent atoms in the corresponding ground state. Since the HF 

method is missing the electron correlation effect, it is suffering from many weaknesses when it comes 

to the description of chemical bonding. On the other hand, post-HF methods are improving the 

description of the electronic structure while reaching the required level of accuracy. Even these DFT 

based methods show certain kinds of systematical errors associated with the correlation energy since 

correlation effects are greater in molecules than in corresponding subunit atoms. Even though differed 

DFAs vary in accuracy202, 203, if handled properly, DFT can be used for reliable prediction of AE. 
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3.5.5. Bond strength (from single atoms back to a molecule) 
 

Information about the strength of a chemical bond is a characteristic essential not only for the 

understanding of chemical reactions but for an understanding of fragments (atomic or molecular) 

between which the bond is created. This chemical property is defining how favorable is the formation 

of a chemical bond between two moieties, thus, how much energy is going to be released during the 

formation, and on the other hand how much energy is required in order to break it- after it has been 

successfully formed. Experimental determination of thermochemical properties holds significant 

importance since the precise thermochemical information can give us an opportunity to predict the 

chemical behavior of a certain chemical species in a specific chemical reaction. Practically, the 

accurate determination of thermochemical aspects is possible only for small molecules in the gas 

phase. The experiment is almost useless in case of complicated molecules and situations which 

require the presence of solvents. DFT became a favorite tool for providing deeper insight into 

thermochemical parameters. Even more important role it has to play for the determination of metal-

ligand bond strengths within TM complexes, due to the variability of M-L bond character. Depending 

on the amount of ionic character within a covalent bond, the thermochemical response will change 

drastically. Since DFT gives us an opportunity to track and predict these changes, we are able to 

rationally design TM complexes with specific features and characteristics. It is important to 

emphasize that a certain method with the intention to predict an unknown observable, such as M-L 

bond strength, should firs prove itself on a set of known benchmarks typical for the molecule (and 

the property) under investigation. In this regard, many extensive studies dealing with this problem 

have been published.204-207 

 

3.5.6. Population analysis 
 

Regardless of the overall molecular charge (neutral or ionic), insight in the exact pattern by which 

electrons are getting together and creating the final composition has always been at the top of the 

quantum chemistry wish-list. Although the charge of a certain molecule can be experimentally 

detected, it is a property that should not be addressed to a specific atom, however, this concept showed 

to be more than useful in the field of organic chemistry. Association of atomic charge with a single 

molecular center does not make much sense, since it does not hold a clear physical meaning, nor can 

it be assigned using experimental techniques. Nevertheless, many various methods with the intention 

to describe the population pattern from which the final density (which is a physical observable) 

originates have been developed. Although this population-forming concept can provide valuable 

information about the system under investigation, this method will always stay an obscure field of 

research, due to the lack of physical foundation. DFT has provided many scientific works208-210, by 

means of population analysis, that strongly influences the understanding of molecular properties, and 

one of the most important facts a newcomer should keep in mind is how to deal with the results. 

Besides the chosen DFA, the pattern DFT simulation is going to choose for the convergence highly 

depends on the size and flexibility of the basis functions, as well as the grid used. Thus, one must be 

cautious when comparing population analysis results, and ensure technical consistency, in order to 

maintain accuracy. 
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3.5.7. Vibrational frequencies and IR spectra 
 

Vibrational spectroscopy has an essential role to play in almost every area of chemistry. Even 

though vibrational spectra are irreplaceable fingerprints useful for eliminating molecular structure or 

tracking chemical reactions, they can be quite complicated and difficult to resolve. Thus, theoretical 

methods are of great importance when it comes to an understanding and interpretation of 

experimentally obtained spectra, although this kind of simulations can be a demanding task. 

Algorithms for calculation and evaluation of vibrational frequencies have been successfully 

implemented, and able to generate trustworthy results in a reasonable time scale. Nowadays, 

frequency calculations are not considered as a luxury anymore, thanks to the development of efficient 

algorithms coupled with the speed of modern super-computers (especially when running in parallel), 

although they can remain quite challenging and/or long-lasting.  

As it was mentioned in the previous sections, GGA functionals, such as BP86 and PBE, perform 

surprisingly well (errors usually below 10%) while maintaining the speed originating from their 

conceptual simplicity. Since these DFAs have been frequently employed and examined, it was 

concluded that such a good performance can be addressed to the error cancelation. Namely, these 

functionals exhibit two different systematical errors, the underestimation of harmonic frequencies 

and the neglect of anharmonicity, and fortunately for us, they seem to cancel each other. Source and 

intensities of the peaks occurring in Infra-Red (IR) spectra are in most cases accurately characterized 

and evaluated using DFT as an examination tool.211-213 Validation of various DFAs for calculation of 

vibrational spectra, as well as a compilation of benchmark results for TM complexes, can be found 

elsewhere.1 

 

3.6. Electronic excitations and UV/Vis spectra 
 

In order to conduct a spectroscopic measurement, the system of interest should first be exposed 

to an external perturbation. The perturbation, which can be delivered from various sources (such as a 

beam of particles, electronic/magnetic field, laser pulse, or continual light irradiation), will initiate 

some delicate changes in the electronic structure, yielding to the excited states. The unstable excited 

state will intend to return to the initial ground state, thereby releasing the portion of energy that has 

been absorbed during the excitation. There are many spectroscopic methods, but the principle is the 

same: make a change in the probe structure, and then detect the response of the probe using an 

appropriate detector. While analyzing the detected spectral data, we are able to access various 

molecular properties and characteristics embedded within the electronic structure.  

Although most of the methods, capable of excited state calculation and reproduction of optical 

spectra, have been mentioned in previous chapters, at this point, they will be summarized and briefly 

discussed. The first option is the so-called delta-self-consistent field (ΔSCF)214-218, in which we 

explicitly calculate the energy of both the ground and the excited state and allow the full SCF 

relaxation in both cases. As a practical example, we can use a simple excitation, occurring in an 

octahedral ligand-field, such as the one presented in Figure 2.13. In this specific case, excitation 

energy would be obtained as the energy difference between the ground LS state (t2g
6) and 

corresponding excited state (t2g
5 eg

1), thus calculated as ΔE = E (t2g
5 eg

1) - E (t2g
6). This technique is 

relatively simple for application when we have a symmetric environment and, consequently, orbitals 

can be labeled with different irreps from the corresponding point group, enabling the straightforward 

construction of some excited states and their SCF procedure. Nevertheless, SCF calculation of excited 

states is much more complicated (from a practical and theoretical point of view) than for the ground 

state, thus symmetry labels of MO serve as the mathematical shortcut to the convergence. In this 
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regard, ΔSCF is not easily applicable to nonsymmetrical TM complexes. The problems concerning 

this method, can arise if a certain state is multideterminant, or on the other hand from poor excited 

state SCF convergence. Another more advanced method and an improvement over ΔSCF is time-

dependent DFT (TD-DFT)219-223. This popular and computationally cheap method has shown to 

perform well for medium to large-size molecular systems, and although mainly applied to organic 

compounds, it can provide reasonable results for TM complexes.224-226 Even though results obtained 

with ∆SCF can, in some cases, be comparable to TD-DFT results, this method is theoretically less 

founded and for this reason, is not considered accurate enough.224 On the other hand, results generated 

using TD-DFT are in most cases similar to those obtained by computationally expensive highly 

correlated ab initio methods.224, 227, 228 Another possibility within the domain of DFT is Ligand Field 

DFT (LF-DFT)229, 230, which is known for its efficiency and simplicity. These two sophisticated DFT 

techniques (TD-DFT and LF-DFT), designed for simulation and prediction of spectroscopic 

characteristics, will be the topics of great importance for the present thesis, and thus will be 

individually described and discussed in forthcoming chapters.  

Optical spectra can also be examined and interpreted by means post-Hartree-Fock (HF) methods 

like CI. Such an approach extends a single determinant HF wave function into a function constructed 

of a linear combination of many determinants with variationally optimized coefficients. This multi-

determinantal technique is dealing with configuration mixing, yet the initial set of orbitals is not being 

reoptimized for different electronic states. It is important to highlight that the correlation effect has a 

strong influence on electron density, and this effect is even stronger in the case of TM containing 

systems. Hence, the optimization of initial molecular orbitals is of utmost importance, since only in 

this way we can be sure that delicate energy contributions like static correlation, will be included in 

the calculation. This fundamental problem can be taken into consideration by means of the multi-

configuration SCF (MC-SCF)231, 232 and extended variations of this method, called RASSCF233 

(restricted active space SCF) and CASSCF234 (complete active space SCF). These methods have an 

important role to play during a theoretical observation of excited states since significant changes in 

the electron density triggered by electron excitations are followed by the mixing of different 

electronic states. Another method capable of providing very accurate transition energies by 

combining the multiconfigurational variation with second-order perturbation treatment of dynamic 

electron correlation is the so-called CASPT2235, 236. Cluster methods (i.e. Equation-of-motion 

coupled-cluster methods) are well known due to impressive accuracy, which is, on the other hand in 

most cases computationally expensive and can include single and double CCSD237, as well as triple 

perturbational CCSD(T)238. To summarize briefly, for the sake of clarity – the main difference 

between the mentioned CAS and CC methods on the one side and DFT based methods on the other, 

is in the fact that the firs ones are based on HF and use a wavefunction as a central quantity, distinct 

from DFT and ρ. Also, in the wave function based methodologies, it is straightforward to increase 

accuracy (by a simple increase of active space/number of excitations/basis set…), but in turn, they 

are more computationally expensive. Details, results and accuracy validations of these various 

methods, designed for investigation of excited states, can be found elsewhere.239-243 

 

3.6.1. DFT in a shell of time (basic concepts of Time-Dependent DFT) 
 

The reality we live in is in the process of constant change and motion. We associate the concept 

of time-flow to the events occurring or changing the form during our everyday lives- breathing, 

changing of the moon phases, rotation of the planets… Observance of this constant time follow is 

limited within our natural senses and goes from a human lifetime to a segment of a second. All fields 

of science are occupied with the idea of dynamics of time-dependent events, but in most cases, mainly 

on a philosophical level. Namely, tracking and observing changes within cosmological events would 

require more time than anyone of us have to offer, as well as the level of detection, which goes way 
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beyond our sensor limitations. Thus, in order to understand such long-lasting phenomena, one has to 

collect and rely on some other indirect indicators of what has happened. Other similarly 

incomprehensible cases are the ones occurring within short time-scales, hidden in the world of 

microscopic events. Luckily, besides novel, highly sensible experimental techniques, able to provide 

an impressive time resolution, we have an opportunity to theoretically simulate these processes, 

undetectable for our eye. The present thesis has a particular interest in electron excitations, triggered 

with some external perturbation force, that takes place in a time scale of attoseconds. Walking down 

the path of excitation processes, we are entering an even more complex region since we are heading 

away from the ground state properties.  

In order to familiarize a newcomer with DFT encapsulated in a shell made of time, we need first 

to take a look back at the time-dependent SE (Equation 3.1). Let us imagine a system of N interacting 

electrons changing their positions within an explicitly time-dependent external potential υ(r, t), which 

will represent a “real” function of space and time. The Hamiltonian operator of such a system will 

take the form: 

 

Ĥ(t) = T + V(t) + W 

Equation 3.19 

 

The kinetic energy operator will retain the same form as in static case: 

 
2

1 2

N
j

j

T



   

Equation 3.20 

 

The potential operator will, on the other hand, adopt the time-dependent form and will be expressed 

as: 

 

 
1

( ,) j

N

j

V t t


 r  

Equation 3.21 

 

And the Coulombic particle interaction component will be given as: 

 

1

( , ')
N

j j

j

W w


 r r  

Equation 3.22 

 

And to finalize, the time evolution of the system is determined and dictated by the time-dependent 

many-body Schrödinger equation: 

 

1 1
ˆ( ,..., , ) ( ) ( ,..., , )N Ni x x t H t x x t

t








  

Equation 3.23 
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The solution of time-dependent many-body SE is written in terms of a time evaluation operator: 

 

0 0( ) ( , )t U t t   

Equation 3.24 

 

The role of time evolution operator U(t, t0) is to derive state ψ(t) by means of initial ψ0 state over 

a time interval, starting with the time t0 and ending at some time t ≥ t0. The great importance of time 

evolution operator arises from the fact that it serves as a convenient starting point to derive numerical 

methods for solving time-dependent single-particle SE. Technically speaking, time-dependent SE 

designs a pattern by which each the external potential υ(r, t) produces a time-dependent wave function 

ψ(t), for a given conserved state ψ0. In a physical sense, this means that the dynamical characteristics 

of the resulting state are determined by the time-dependent potential, generated via time-dependent 

SE.  

 

   
( ) ( )/ ( ) ), ,(
t n ti t H tt n tt

       r r  

Scheme 3.1 Formation of a time-dependent wave function ψ(t), for a certain state ψ0, through a 

specific external potential υ(r, t) 

 

In order to develop a trustworthy time-dependent theory, one must look at the Scheme 3.1 

backward, and find a valid proof that time-dependent density ρ (r, t) can be used as variable able to 

fully describe the dynamics of a certain system. In this regard, it is of utmost importance to show that 

there is a unique one-to-one correlation between time-dependent densities and potentials. Such 

correlation, which is the root of TD-DFT, was recognized for the first time by Runge and Gross back 

in 1984.220 Another important theoretical ingredient essential for TD-DFT is the work done by van 

Leeuwen, which describes the behavior of two many-body systems with different particle-particle 

interactions.244 As for the first theorem, the detailed discussion, and theoretical information can be 

found in the original work. These two theorems stand as the basics of TD-DFT, and provide time 

evolution to a ground state system described and evaluated by regular static DFT. Practically 

speaking, this is done by starting from a system in its ground state, located at the initial time t0. 

Although, one of the main characteristics of the system is the time t0, at some point the system starts 

to propagate- initiated and then further lead by the effect of a defined time-dependent external 

potential. In this way, the effective potential is transformed into a parameter depending only on the 

density, which brings a great simplification to the initial theoretical scheme. Time-dependent density 

can be expressed in a mathematical form as: 

 

 
2

1

( , ,)
N

j

j tt 


r r  

Equation 3.25 
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While keeping in mind these two theorems, as well as the previous statement, we are able to express 

the time-dependent Kohn-Sham (TDKS) equation, as well as the corresponding single-particle 

orbitals  ,j t r : 

 

      
2

, ,
2

,j jt t ti
t

   
  
   

 
r r r   

Equation 3.26 

 

One important thing to mention is the selection of orbitals TD-DFT is going to take into account. 

Since TD-DFT is going to take the ground state density as the starting point, the orbitals that are going 

to be subjected to the time-evolution are the ones that were initially occupied, and the evolution is 

going to occur in a period between the initial time t0 and some defined final time t1. TD-DFT 

propagation is not going to take place within initially unoccupied orbitals, hence    0

0,j jt r r . 

Once the time-dependent density ( , )t r  is successfully generated, we can start to extract data 

associated with physical observables, and hopefully get the solutions for the problem in hand. As well 

as in the case of regular DFT calculations, TD-DFT results are in principle exact but suffer from 

approximate error, and in this case, exchange-correlation functional has a more demanding task, since 

it needs to describe the evolution of electron density in the past.245 In this regard, most of the TD-

DFT simulations utilize an important conceptual idea, called the adiabatic approximation.221, 223 

Namely, if the change occurring within the time-dependent potential is slow and smooth, without 

drastically fluctuations, one can approximate and use time-independent ground state exchange-

correlation functional in every point of the change, instead of time-dependent one. 

Although previous concepts proposed a “real-time” TD-DFT approach, there is another 

possibility to define and consider the excited state problem. In order to understand the approach 

proposed by Casida173, 245, 246, we must first consider the equation of motion (Equation 3.27) and the 

operators |𝐼 ><0| which transform the ground state (|0>|) into Ith excited state (|𝐼>|) and stand as 

solutions of the equation. 

 

[Ĥ, Օ†] = ωO† 

Equation 3.27 

The excitation energy in the case of |𝐼 ><0| is expressed as ω=EI – E0 (has a positive value) and 

give rise to the de-excitation energy ω=EO – EI with the same value of the opposite sign. While 

searching for the solution for the equation of motion, which now takes the form: 

Օ† = ∑𝑎†𝑖𝑋𝑖𝑎

𝑖,𝑎

+ ∑𝑖†𝑎𝑌𝑖𝑎

𝑖,𝑎

 

Equation 3.28 

we are expending the Օ† (symbol † represents the Hermitian adjoint) into a basis set of so-

called one-particle/one-hole excitation end de-excitation operators, which further give us an 

opportunity to form a matrix from the initial equation of motion (Equation 3.29).  
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[
𝐀  𝐁  
𝐁∗ 𝐀∗] (

�⃗�

�⃗⃗�
) = 𝜔𝐼 [1    0

0 −1
] (

�⃗�

�⃗⃗�
) 

Equation 3.29 

Symbols 𝑋 ⃗⃗⃗⃗  and 𝑌 ⃗⃗⃗⃗  in the equation represent the column vectors, whereas the matrices A and B 

are defined as Aij,kl= δikδjl(εi - εk) + Ҡij,kl and Bij,kl= Ҡij,kl, thus the excitations can be obtained with a 

correction Ҡij,kl to the KS transition energies ωij = εj - εi. Excitations are being separated from de-

excitations by the introduction of the Tamm-Dancoff approximation247, which is neglecting the B 

matrix element. In this way, we are left to solve only the Equation 3.29 and obtaining a clear wave 

function 𝜓𝐼 = ∑ 𝛷𝑖
𝑎

𝑖,𝑎 𝑋𝑖𝑎
𝐼 , where 𝛷𝑖

𝑎 is the ground state determinant with an electron promoted from 

𝜓𝑖 to orbital 𝜓𝑎. 

𝑨𝑋𝐼
⃗⃗ ⃗⃗ = 𝜔𝐼𝑋𝐼 

Equation 3.30 

The excitation from a specific MOi to a target MOa is performed in such a way that any orbital 

relaxation is restricted, and depending on is it a spin-preserving or a spin-flip excitation, yields a 

singlet or a triplet state (Figure 3.1.). By solving what is in most cases referred to as “Casida’s 

equations” vertical excitations between populated and targeted empty orbitals are obtained. One of 

the most important advantages of this method is the symmetry preservation of the excited state within 

the Equation 3.29, thus calculated excitations can be easily assigned and labeled. Although real-time 

TD-DFT can provide valuable information about excitations in large molecular systems, such as 

proteins, Casida’s approach as more convenient and specific when it comes to small- to medium 

molecular structures. For this reason, this is the main TD-DFT approach implemented in most of the 

codes248-250 and will be used for the calculations carried out in the present thesis. 

 

 

Figure 3.1. Schematic representation of one electron excitation from HOMO (i) to LUMO (a), 

showing both spin-flip excitations (left) and spin-preserving excitations (right) 
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3.6.1.1 Troublesome excitation events 
 

As we already mentioned before, excitation energies of a certain many-body system are defined 

as energy differences between the ground state E0 and some other state with higher energy En. In the 

simplest example possible, we can “dislocate” one electron from an occupied orbital in the ground 

state and populate an orbital which was initially unoccupied (like the example shown in Figure 2.13.). 

In this way, we would generate a new state with defined (higher) energy. Since, at the first glance, 

the excitation energy can be considered as the difference between these two states, one can naively 

think that we do not need to bother with more complications or additional equations required by TD-

DFT. In the “real” particle world, the picture of this “simple” process is much different. A more 

realistic picture would be to consider this phenomenon as a process of rearrangement of the 

probability of electron density, which is a strictly defined dynamical process. The problem of defining 

an excitation becomes even more complex when it comes to the charge-transfer excitations. Namely, 

unlike linear excitations that occur between two energetically similar orbitals which are close by in 

space (let’s say d-orbitals, located at the metal center), electron-transfer is taking place between two 

points in space which are far away from each other (let’s say metal and ligand). The main difficulty 

in correctly describing this kind of excitation arises from the mechanistic scheme- how it happens. 

First of all, a discrete charge (electron) needs to “leave” a specific point in space (atom), which will 

be considered as a donor, and this process is defined as the ionization energy of that certain point. A 

portion of that energy is counteracted by the electron affinity of the second point in space, which will 

be the destination point, and considered as an acceptor. Although DFT is doing remarkably well in 

describing electronic excitations involving little or no change in the overall density, this advantage 

becomes a weakness when trying to describe excitations involving a transfer of charge from one point 

to another. Standard approximations implemented within the framework of TD-DFT fail to correctly 

locate and describe this class of perturbations.251-253 Luckily for us, hybrid DFAs, especially the 

range-separated ones, have shown great performance for treating this kind of perturbations in a whole 

set of various molecular systems.254-257 Due to the adiabatic approximation, excitations with dominant 

double excitation character are not properly captured.258, 259 

 

3.6.2. DFT in a shell of ligands (basic concepts of Ligand Field DFT) 
 

LF-DFT’s importance is manifested through the successful consolidation of empirical (LF) and 

theoretical (DFT) approach, thus results obtained within the framework of this method can be directly 

compared with the experiment.117, 229 This solid bridge, built between two approaches, is giving us an 

opportunity to extract the (implicitly incorporated) dynamical correlation from DFT, and later use it 

in a configuration interaction (CI) fashion to add static correlation and determine corresponding 

excited state properties through the LF theory. This is achieved by a so-called multi-determinantal 

DFT calculation, which means that we must determine all SDs for a dn configuration, and utilize 

obtained energies to parameterize the LF matrix and the Racah’s parameters. Since this procedure, 

which shows impressive performance for prediction of excitation spectra and many other properties 

of TM complexes260-265, requires more than one step- a more detailed explanation will be given in the 

following text. 

If we start from the non-relativistic SE, we can see that (within the Born-Oppenheim 

approximation) contributions to the total energy can be categorized as ones that depend of the 

coordinates of two electrons (electron-electron interaction), the ones that depend on the coordinates 

of only one electron (kinetic energy and electron-nuclear interaction) and the one that does not depend 

on the position of the electrons, and is constant shift for every specific nuclear configuration (nuclear-

nuclear interaction). Since that constant shift is the same for different electronic states (in the fixed 
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nuclear configuration) and disappears when we calculate, for example, their relative energy with 

respect to the ground state (which represents the vertical excitations from which UV-vis spectra might 

be obtained), we will no longer be interested in it. With this in mind, we arrive at the well-known 

conclusion that the energy of different electronic states depends only on one-electron and two-

electron contributions. Since we are interested in TM complexes, we can also rephrase this conclusion 

using the simple and straightforward arguments from the LFT, and state that the energy of any specific 

electronic configuration (which can be expressed as an SD) involving MOs with the dominant 

contribution of d-atomic orbitals, depend only on the orbitals splitting within the ligand environment 

(one-electron term) and the electron-electron interaction. 203,266  

 

𝐸(𝑆𝐷𝜇
𝑑) = 𝐸(det|𝑑𝜇 ,1 𝜎𝜇,1 𝑑𝜇,2 𝜎𝜇,2 …𝑑𝜇,𝑛 𝜎𝜇,𝑛 |) = ∑⟨𝑑𝑖|ℎ𝐿𝐹|𝑑𝑖⟩

𝑛

𝑖=1

+
1

2
∑∑(𝐽𝑖𝑗 − 𝐾𝑖𝑗𝛿𝜎𝑖𝜎𝑗

)

𝑛

𝑗=1

𝑛

𝑖=1

 

Equation 3.31 

Specific single determinants in Equation 3.31 for example in Oh symmetry are labeled with the 

subscript µ = 1, . . .,(
10
𝑛

), because there is (
10
𝑛

)  SDs for any dn electronic configuration, while 

specific electrons are labeled with i and j. Symbols J and K represent the Coulumb and the Exchange 

matrix elements, while hLF represents, one electron, elective ligand field Hamiltonian. In order to 

clarify the previous statement, it is convenient to present a practical example, and for this purpose, 

we should take a simple d3 electronic configuration of an octahedral complex. Four SDs (out of 120 

possible), arising from the d3 electronic configuration, are shown in Figure 3.2. As it can be observed 

from the figure, SD1, SD2 and SD4 originate from the same t2g
3, and only differ in the two-electron 

contribution. 

 

 

Figure 3.2. Four random electronic arrangements (SDs), arising from d3 configuration in an 

octahedral complex 

 

The two-electron matrix elements can, by the Wigner-Eckart theorem267, be expressed as the 

product of two factors, from which the first depends only on the angular momentum quantum 

numbers involved in the specific matrix element (the Clebsch-Gordan coefficient268) and second, 

which is completely free of angular dependence (so-called reduced matrix element). In spherical 

symmetry (which is inherent to LF theory), all the reduced matrix elements form all 54 possible orbital 
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combinations can be expressed using only three independent parameters, so-called Radial or Slater 

integrals, (F0, F2, and F4), which can then be recombined into Racah40 parameters A, B, and C. This 

implies that by the suitable utilization of (well known) Clebsch-Gordan coefficients, we can express 

energy of every SD in Oh symmetry as: 

𝐸(𝑆𝐷𝜇
𝑑) = ∑⟨𝑑𝑖|ℎ𝐿𝐹|𝑑𝑖⟩

𝑛

𝑖=1

+
1

2
∑∑(𝐽𝑖𝑗 − 𝐾𝑖𝑗𝛿𝜎𝑖𝜎𝑗

)

𝑛

𝑗=1

𝑛

𝑖=1

= 𝐸𝑔𝑎𝑢𝑔𝑒 + 𝐿𝐹𝑆𝐸 + 𝛽𝜇𝐵 + 𝛾𝜇𝐶 

Equation 3.32 

 

where 𝛽𝜇 𝑎𝑛𝑑 𝛾𝜇 are coefficients that are related to Clebsch-Gordan coefficients, B and C are 

obtained from F0, F2 and F4, and 𝐸𝑔𝑎𝑢𝑔𝑒 incorporates A, and represents the gauge origin within the 

LF and DFT methodologies. One electron matrix element ⟨𝑑𝑖|ℎ𝐿𝐹|𝑑𝑖⟩, present in Equation 3.31, are 

the energies of d-orbitals, in which each of n-electrons (from dn configuration) are placed. Since we 

have obtained energies of all SDs (between 45 and 252), which represent left-hand side of the 

Equation 3.32, and, since there are only a few parameters on the right-hand side, we have the 

overestimated system of equations, which is then solved by making the linear square fit. 

Since we established a clear relationship between one-electron terms and energies of MOs with 

dominant d-character, two-electron contribution can now be expressed using Racah parameters. Now 

that the working tools are provided, we should find a way to extract these necessary ingredients from 

the DFT calculations. In order to separate one-electron and two-electron contributions, DFT 

calculations (within the framework of LF-DFT) must be performed in two separate phases. 

The first phase is called the Average of Configuration (AOC) calculation, which represents a 

restricted single point calculation in which available d-shell electrons are equally distributed over five 

MOs originating from d-orbitals in a 
𝑛

5
 fashion (e.g. 3 d electrons equally populating five MOs of 

interest result in 0.6 electrons per every orbital). The purpose of equal occupation of all five MOs is 

to incorporate the spherical symmetry, necessary for any LF approach, and provide the best starting 

point density (Janak’s theorem269) toward the manifold of all possible dn occupations, that will be 

generated in the next step. From the AOC calculation, we will extract the eigenvectors of five MOs 

of interest while taking only the contribution of five atomic d-orbitals in the form of, so-called, U 

matrix (Scheme 3.2.): 

 

U =

d𝑥𝑦       d𝑦𝑧      d𝑧2       d𝑥𝑧    d𝑥2−𝑦2

𝑀𝑂1

𝑀𝑂2

𝑀𝑂3

𝑀𝑂4

𝑀𝑂5
[
 
 
 
 

0.984 0.005 0            0.008 0
−0.008 0.005 0           0.984 0
−0.005

0
0

0.984
0
0

0
−0.585
0.791

−0.005
0
0

0
−0.791
0.585 ]

 
 
 
 
  

 

Scheme 3.2. The U matrix, for the [Mn(H2O)6]
2+, with labeled columns and rows 

(The AOC calculation is done in no symmetry fashion, and in turn some off-diagonal elements are present in the U 

matrix) 
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The previous formulation has been generalized for any or no-symmetry systems. The symmetry 

of the ligand environment affects the extent of coupling between different d-orbitals, ⟨𝑑𝑖|𝑑𝑗⟩. For 

example, in a point group40 where all d-orbitals belong to different irreducible representations, 

all  ⟨𝑑𝑖|𝑑𝑗⟩ = 0. Another important property of U matrix is that it possesses the information about the 

covalency of metal ligand interaction (squares of coefficients in each row do not have to produce 1, 

i.e. there is some extent of ligand orbitals present in these MOs). It is important to mention that due 

to the considerable contribution of ligand orbitals to the MOs, the U matrix is not orthogonal. This 

can be simply mediated by Lowdin’s270 symmetric orthogonalization ( �̃� = (𝑈 ∙ 𝑈𝑇)−
1

2
𝑈 ∙). In this 

way we can combine the information about the symmetry of the ligand environment (�̃� matrix) and 

extent of metal ligand interaction (energies of MOs originating from d-orbitals), in order to obtain the 

LF matrix which carries all the information regarding the metal-ligand interaction ( 𝐿𝐹 = �̃�𝑇 ∙ 𝐸𝑀𝑂 ∙
�̃� ). Obtained LF matrix can be represented in the following form: 

 

𝐿𝐹 =

[
 
 
 
 
 
 
 
 
 

⟨𝑑𝑥𝑦|ℎ𝐿𝐹|𝑑𝑥𝑦⟩

⟨𝑑𝑥𝑦|ℎ𝐿𝐹|𝑑𝑦𝑧⟩

⟨𝑑𝑥𝑦|ℎ𝐿𝐹|𝑑𝑧2⟩

⟨𝑑𝑥𝑦|ℎ𝐿𝐹|𝑑𝑥𝑧⟩

⟨𝑑𝑥𝑦|ℎ𝐿𝐹|𝑑𝑥2−𝑦2⟩

⟨𝑑𝑦𝑧|ℎ𝐿𝐹|𝑑𝑥𝑦⟩

⟨𝑑𝑦𝑧|ℎ𝐿𝐹|𝑑𝑦𝑧⟩

⟨𝑑𝑦𝑧|ℎ𝐿𝐹|𝑑𝑧2⟩

⟨𝑑𝑦𝑧|ℎ𝐿𝐹|𝑑𝑥𝑧⟩

⟨𝑑𝑦𝑧|ℎ𝐿𝐹|𝑑𝑥2−𝑦2⟩

⟨𝑑𝑧2|ℎ𝐿𝐹|𝑑𝑥𝑦⟩

⟨𝑑𝑧2|ℎ𝐿𝐹|𝑑𝑦𝑧⟩

⟨𝑑𝑧2|ℎ𝐿𝐹|𝑑𝑧2⟩

⟨𝑑𝑧2|ℎ𝐿𝐹|𝑑𝑥𝑧⟩

⟨𝑑𝑧2|ℎ𝐿𝐹|𝑑𝑥2−𝑦2⟩

⟨𝑑𝑥𝑧|ℎ𝐿𝐹|𝑑𝑥𝑦⟩

⟨𝑑𝑥𝑧|ℎ𝐿𝐹|𝑑𝑦𝑧⟩

⟨𝑑𝑥𝑧|ℎ𝐿𝐹|𝑑𝑧2⟩

⟨𝑑𝑥𝑧|ℎ𝐿𝐹|𝑑𝑥𝑧⟩

⟨𝑑𝑥𝑧|ℎ𝐿𝐹|𝑑𝑥2−𝑦2⟩

⟨𝑑𝑥2−𝑦2|ℎ𝐿𝐹|𝑑𝑥𝑦⟩

⟨𝑑𝑥2−𝑦2|ℎ𝐿𝐹|𝑑𝑦𝑧⟩

⟨𝑑𝑥2−𝑦2|ℎ𝐿𝐹|𝑑𝑧2⟩

⟨𝑑𝑥2−𝑦2|ℎ𝐿𝐹|𝑑𝑥𝑧⟩

⟨𝑑𝑥2−𝑦2|ℎ𝐿𝐹|𝑑𝑥2−𝑦2⟩]
 
 
 
 
 
 
 
 
 

 

 

Scheme 3.3 The general form of LF matrix. 

In the first phase, we have extracted the information about the symmetry of the ligand 

arrangement, covalency and extent of metal-ligand interaction, but we have also prepared the 

spherically symmetric restricted electron density, with the equally occupied MOs of interest, which 

is the best starting point for the second and final phase of the calculations. The final step of the 

calculation involves the determination of all possible SD, originating from specific dn configuration. 

At this point, energy differences between obtained SDs can be considered as a consequence of 

electron-electron interaction. In addition, careful incorporation of spherical symmetry enables us to 

describe the interaction using only two Racah parameters, B and C, since A becomes a constant shift 

equal for all SDs. 

Now it is obvious that LFSE can be obtained both from AOC and from the fitting procedure. The 

instructive thing to do would be to compare both results, but a general expectation is that the values 

should be fairly similar. More importantly, after we have used DFT obtained SDs and to fit B and C, 

it is interesting to compare the difference between these energies calculated by DFT and the ones 

obtained using the LF model with fitted B and C and one-electron parameters. The difference in the 

DFT calculated SD energies and SD energies from the LF model (with parameters obtained from the 

fit) is graphically represented in Figure 3.3., for on [Cr(H2O)6]
3+. Mean Square Deviation (MSD) in 

this case is 77 cm-1, which is a very good agreement. In general, the best fitting results are 

characterized by MSD bellow 50cm-1, the ones in between 50-100cm-1 are still an indication of good 

agreement, and the ones in 100-200cm-1 are borderline acceptable. The fit >200cm-1 would indicate 

some serious failure of LF-DFT model, most probably due to strong covalency. 
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Figure 3.3. Comparison between SD energies (in eV) obtained from DFT (*) and from LF-model 

calculations (o). The x-axis refers to SDs and the y-axis corresponds to the energy in eV. 

Since we can now easily calculate the energies of all SDs, using the obtained parameters, we can 

utilize any LF program to obtain the multiples. The methodology also allows simple incorporation of 

relativistic effects using the spin-orbit coupling constant. Since LF-DFT, beside the simple LF 

parameters, also possesses the wave-functions (MOs in term of d-orbitals, multiplets in terms of 

simple SDs, relativistic states as a combination of non-relativistic ones…), it is a perfect starting point 

for many further effective Hamiltonian applications that can be used in order to obtain electronic spin 

resonance (ESR), D and E magnetic anisotropy271 parameters and many other260-263, 265. As well as 

TD-DFT, LF-DFT has been utilized with impresive success for the description of the ground and 

excited electronic states originating from dn TM ions in their complexes.67 Besides this highly 

important application, LF-DFT has shown great performance for simulations and predictions of 

optical spectra272, calculation of the Jahn-Teller (JT) coupling174, and hyperfine-coupling 

parameters262, NMR shielding263, electronic structure and transitions in f-elements273, zero-field 

splitting274, spin-orbit coupling275, magnetic exchange coupling264, as well as the covalency effects276. 

Although LF-DFT can (in mostly ionic TM complexes, with clearly separated d-manifold) 

provide very accurate results, comparable or better than CASSCF, CAS-PT2, and NEV-PT2 

methodologies67, it is not without its own limits. First of all, LF-DFT does not yet belong to 

procedures which can be applied routinely, and although it is a lot easier to use than the 

abovementioned ab-initio active space alternatives, it is still not recommended for utilization without, 

at least limited, expertise and understanding of the basic code. Additionally, since the entire LF (and 

thus, LF-DFT) approach is based on the clearly separated d-orbitals manifold, the described 

methodology is likely to fail in strongly covalent (organo-metallic) systems and in cases when ligand 
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orbitals end up in between MOs with the dominant d character (non-innocent, redox-active ligands 

and metals in very positive ionic state). 

 

3.7. Energy Decomposition Analysis (EDA- a more realistic picture) 
 

Many available theoretical analysis procedures, such as MO or population analysis, have been 

kept and applied only at a qualitative level, and all introduced changes or perturbations are taken into 

account as an external influence on a sum of orbital energies (election density). Since DFT has 

evolved in both theory and application, we are now able to use it in order to create a more realistic 

picture of intermolecular events, such as chemical bond formation. In this regard, the same approach 

of two interacting particles A and B, will be exploited, but in such a way that we can understand the 

complete physicochemical character of the process.277 Interaction of two independent systems is one 

of the first concepts recognized by chemists, and theoretical approaches grant us unrestricted freedom 

to choose interacting particles. In the simplest example possible, these fragments (how we will call 

interacting species from now on) will be two atoms which are getting together in order to establish a 

chemical bond, but since we are interested in TM complexes, we will focus our attention on the 

interaction between the metal and corresponding ligands.278-281 In this way, the complexity of 

interacting systems, bonding events, and the formation of the final product, are considerably 

enhanced, but on the other hand, fruitful harvest can be expected. It is important to highlight that the 

fragment choice can be ambiguous, and thus changing of bonding partners can yield a better insight, 

depending on what additional properties we are interested in.282, 283 Fragment choice should be made 

by someone with experience, and strong chemical logic/intuition.  

 

3.7.1. Splitting the bonding energy into meaningful contributions 
 

A certain molecular species of a general formula A-B is defined by a wave function ΨAB and 

corresponding energy EAB. EDA sees such a molecule as a final result of interaction between two 

fragments A0 and B0 in their electronic and geometric ground states ΨA
0 and ΨB

0 (corresponding 

energies EA
0   and EB

0), which they would have at an infinite separation in space. Since both electron 

density and geometry of the fragments must assimilate to each other and relax (a relaxed superposition 

of both electron densities), in order to form the final product, this process can be rationalized in few 

separate steps. In the first step, the fragments are distorted from their initial geometries and wave 

functions ΨA
0 and ΨB

0 to the geometries and wave functions ΨA and ΨB which they will have in the 

molecule The energy required to excite the fragments from their equilibrium geometrical and 

electronic ground state to state which they exhibit in the final product is termed as the preparation 

energy ΔEprep (Equation 3.33).284, 285  

  

ΔEprep = EA − EA
0 + EB − EB

0  

Equation 3.33 

 

This component usually has unfavorable (positive) character and will destabilize the bonding 

process, and since EDA represents a method designed for examination of chemical bonding, it is 

dominantly directed toward the analysis of interaction energy ΔEint. This component represents the 
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energy difference between distorted (prepared) fragments and the final molecular structure (Equation 

3.34). 

 

ΔEint = EAB − EA − EB 

Equation 3.34 

 

In the first step of EDA analysis, prepared fragments with retained charge densities are brought 

together from infinite separation to the molecular conformation. This state can be described as a 

product of total wave function ΨAΨB and energy EAB
0 . Interaction of individual charge densities within 

a molecular form is described as the Coulomb interaction ΔEelstat (Equation 3.35) and, in most cases, 

has a stabilizing character. It is important to keep in mind that simple superposition of individual 

densities (ρA and ρB) considerably differs from the final equilibrium density, and the interaction of 

two particles with frozen charge densities (and nuclear charges Zα and Zβ) can be formulated as: 

 

ΔEelstat = ∑
ZαZβ

𝑅αβ
+ ∫𝑉B(𝑟) ρA(𝑟)𝑑𝑟 + ∫𝑉A(𝑟) ρB(𝑟)𝑑𝑟 + ∫

ρA(𝑟1)ρB(𝑟2)

𝑟12
𝑑𝑟1𝑑𝑟2 

Equation 3.36 

 

 

where (and likewise for the 𝑉B): 

 

𝑉A(𝑟) =  −∑
Zα

|𝑟 − 𝑅α|
 

Equation 3.36 

 

These two expressions hold one important chemical concept, that is, the behavior of two charged 

species at different positions in space. Namely, as it can be seen, two charge clouds, approaching each 

other, show much smaller repulsion than the one which is established between point charges at the 

centers of charge. In this regard, electrostatic interaction for two approaching particles becomes 

attractive in all cases except at very short distances, which we can consider as way too short to be of 

practical interest (in this hypothetical case ΔEelstat becomes repulsive).  

In the second step, the product of two prepared fragments is relaxed by antisymmetrization and 

renormalization of the summarized wave function ΨAΨB. In this way, the Pauli principle requirements 

are satisfied and a new wave function Ψ0 with corresponding energy E0 is formed. The difference in 

energy between EAB
0  and E0 is known as the exchange (Pauli) repulsion ΔEPauli (Equation 3.37). 

 

ΔEPauli = 𝐸𝐴𝐵
0 − 𝐸0 

Equation 3.37 

 



69 
 

Although theories of chemical bonding have defined various delicate attractive and repulsive 

contributions, the greatest interest is given to the effects responsible for the actual chemical bond 

formation. According to EDA, such a strong force, which acts as a “physical glue” and sticks atoms 

(or larger molecular species) together, is established and further enhanced in the third step of the 

analysis. In this step, the fragments are in final positions and are starting to relax from initial ψ0 wave 

function to the final one ΨAB, with the energy EAB. This attractive contribution, called the orbital 

interaction ΔEorb (Equation 3.38), is practically established within the KS formalism by mixing of 

KS orbitals of the fragments.  

 

ΔEorb = EAB − EAB
0  

Equation 3.38 

 

Since the stabilization originates from the orbital mixing (the wave function is optimized at this 

point), this term can be identified as the covalent component of a chemical bond. The type of orbital 

stabilization will depend on the nature of bonding fragments. Namely, if both fragments are closed-

shell, the stabilization will occur due to the donor-acceptor mechanism, and the interaction of 

occupied orbital of one fragment, and a virtual orbital of the other. On the other hand, if unpaired 

electrons are included (usually located in a single occupied orbital on each fragment), orbital 

interaction will be based on the paring of these electrons into a bonding orbital, whereby the 

stabilization is established. Both cases can be observed in Figure 3.4. Orbital interaction component 

contains polarization effects, i.e. mixing of the filled and empty orbitals within one fragment due to 

the presence of the other one. It is important to highlight that ΔEorb can be further decomposed into 

symmetry-defined components in the form of irreps, belonging to the symmetry point group of the 

molecule. 
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Figure 3.4. Orbital interaction diagram of two common bonding situations, wherein the case of 

open-shell fragments (left) a pairing mechanism occurs, and in case of closed-shell fragments 

(right) there is a donor-acceptor mechanism 

 

The sum of these three contributions, ΔEelstat ,  ΔEPauli and ΔEorb , represents the total interaction 

energy ΔEint. If the Grimme D3 dispersion correction is included in the calculation, there will be an 

additional ΔEdisp contribution to the ΔEint. This insightful approach has been introduced for the first 

time by Ziegler and Rauk277, and its main importance lies in the fact that the sum of ΔEprep and  ΔEint 

represents the dissociation energy ΔEdisoc (Equation 3.39) for a certain molecular system, which can 

be determined experimentally. 

ΔEdisoc = Eprep + Eint 

Equation 3.39 
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4. Our calculations and obtained results 
 

Within this doctoral thesis, the complicated electronic structure of the aqua- and oxo- (hydroxo-) 

complexes of the first row ТМ series has been studied. The performance of various DFAs for the 

unambiguous determination of the ground electronic state was investigated, which is one of the most 

challenging tasks, from both theoretical and experimental point of view. Using the theoretical 

methods based on DFT, the energies of the ground and excited electronic states were calculated for 

the selected ТМ complexes. The primary challenge was to find an appropriate level of theory, able to 

explain the interrelationships between structural features and the electronic structure, and thus to 

rationalize experimentally obtained results.  

The first part examines the performance of two different DFT-based methods (time-dependent 

density functional theory (TD-DFT) and density functional theory based on ligand field theory (LF-

DFT)) for calculation of excited states and reproduction of experimentally obtained absorption 

spectra of a series of hexaqua complexes, where the central metal ion is V2+/3+, Cr2+/3+, Mn2+/3+, Fe2+/3+, 

Co2+/3+, and Ni2+. In addition to the performance of the two methods mentioned, the influence of 

different DFAs is examined.67 

The ground electronic (spin) state, as well as the close-lying excited states, are related to the 

geometry of the molecule. Changes in the first coordination sphere of a certain complex compound, 

which can look negligible, can result in significant changes in the energy and arrangement of the 

electronic states. For this reason, the second part of the results is devoted to the investigation of the 

influence of applied level of theory on the obtained geometric parameters of a series of oxo- (hydroxo-

) iron complexes. For this purpose, 18 oxo- (hydroxo-) complexes, formed by the coordination of 

different ligands, are analyzed. Furthermore, various DFAs are tested in order to find the best choice 

for unambiguous determination of the ground spin state.286 

In the third part, a detailed energy decomposition analysis (EDA) of a series of oxo- (hydroxo-) 

iron model complex is carried out, with the aim to collect some more insight about this kind of TM 

complex molecules.  

Most present-day DFT calculations are performed in some of the well-developed quantum 

chemistry software. The most popular and the most accepted software packages are ADF287-289 and 

Gaussian290, and ORCA291, yet there are many others like TURBOMOLE292, Molcas293, NWChem294, 

Dalton295, QChem296, Quantemol297, GAMESS298, etc. Depending on the software chosen, one is able 

to work with Slater type orbitals (ADF code), Gaussian basis functions, plane waves (CPMD299 code) 

or numerical basis functions (DMol300 code), whereby all of them have certain individual advantages. 

For all DFT calculations that have been carried out, and presented in this thesis, we have utilized 

ADF program package. Specific computational details are at the end of every result subsection. 

 

4.1. Theoretical investigation of d-d transitions of first-row TM hexaaqua 
complexes 

 

From a broad palette of theoretical approaches (Chapter 3.6), convenient for investigation of 

excited states, in the present thesis we are utilizing two different methods, TD-DFT and LF-DFT, for 

investigation of d-d transitions within a series of first-row TM hexaaqua complexes. The systematic 

examination has been performed on six hexaaqua complexes, of general formula [M(H2O)6]
2+/3+ 

(Figure 2.6.), where M2+/3+is: V2+/3+, Cr2+/3+, Mn2+/3+, Fe2+/3+, Co2+/3+ and Ni2+. Obtained results 

represent a good starting point for TD-DFT and LF-DFT performance validation in predicting the d-
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d spectra of these molecular systems. Another important aspect of this study lies within the fact that 

different DFAs have been tested, and their influence on the final result reported. The results presented 

in forthcoming chapters are published, rationalized and discussed in the original paper.67 

 

4.1.1. Geometry optimization of investigated first-row TM hexaaqua complexes 
 

As a consequence of inherent water molecule symmetry, the highest possible symmetry 

arrangement (Th) of six water molecules, surrounding the TM ions, has been imposed. 

However, ADF program package does not include Th symmetry, thus for all geometrical 

optimizations, D2h point group was imposed during geometry optimizations. This approach is 

consistent with the previous works301-303 and is justified by the fact that spatial orientation of 

water ligands have no significant influence on calculated d-d transitions, as the orbitals are 

mainly localized on a metal center304 (Figure 4.1.). It should be pointed out that although CT 

transitions can be strongly affected by the second coordination sphere305, the d-d transition 

energies in aqua complexes are not sensitive to the inclusion of this factor.303, 306, 307 

In Th symmetry, five d-orbitals are categorized into two sets of irreps, whereas dx2−y2 and 

dz2 orbitals belong to the Eg, while on the other hand, the set of dxy, dxz, dyz orbitals belong to 

the Tg irrep. In D2h point group, dx2−y2 and dz2 orbitals belong to the same Ag irrep, while dxy, 

dxz, dyz orbitals belong to the B1g, B2g, and B3g irreducible representations. After the geometrical 

optimization of complexes having a non-degenerate ground spin states (d3, d5, and the low-

spin d6, and d8) in D2h point group orbitals belonging to B1g, B2g, and B3g set, as well as dx2−y2 

and dz2 orbitals belonging to the Ag irrep will maintain the degeneracy. For this reason, the 

number of transitions will be the same as in the corresponding complex in Th symmetry. In 

this regard, obtained bands can be specified and assigned according to the Tanabe-Sugano40 

diagrams for octahedral coordination. 

 

Figure 4.1. First-row TM hexaaqua complexes molecular orbitals with dominant d-character 

([Co(H2O)6]
2+ complex, as an example in the figure) 
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Complexes [V(H2O)6]
3+, [Cr(H2O)6]

2+, [Mn(H2O)6]
3+, [Fe(H2O)6]

2+ and [Co(H2O)6]
2+, 

which are characterized with degenerate ground spin state, are considered as initialy 

susceptible to the JT distortion308, 309. Depending on the specific electronic configuration of 

the molecule, these complexes exhibit Eg or Tg electronic ground state, which can be observed 

from Table 4.1. This nuclear configuration is not a stationary point on the PES, thus there 

exists a coupling between the ground electronic state with the non-totally-symmetric 

vibrations, leading to the formation of distorted D2h structures.67 For this reason, orbital 

degeneracy present in Th symmetry is lifted in the case of these configurations. Hence, 

theoretical calculations, as well as experimental observations, will report a greater number of 

excited states, than the one that can be expected for a complex in perfect Th symmetry. It 

should be noted that, because of the single-determinant character of KS reference, for some 

of the investigated cases, which are slightly distorted from initial Th symmetry, TD-DFT 

doesn't give a proper number of excitations.310 All the possible splittings of the electronic 

states are well reproduced by means of LF-DFT, since this method respects the symmetry of 

the system, thus provides a complete description of the JT distortion. In order to simplify the 

presentation of the obtained results and create a clear conection of theoretically obtained 

results with experimental spectra, assignation of the electronic states for all complexes 

investigated in the present thesis will be given in Th point group notation (although all 

complexes were optimized in D2h symmetry). 

The results of geometrical optimizations can be found in Table 4.1. Even though D2h 

symmetry was applied during all calculations, in the case of complexes with non-degenerate 

ground spin state, optimized M-O bond lengths, as well as all obtained bond angles are equal. 

Generally speaking, theoretically obtained bond lengths, calculated on LDA level of theory 

are shorter than the experimentally reported ones, which can be expected for this specific 

functional (Chapter 3.4.1). Although B3LYP and OPBE functionals calculated slightly longer 

bond lengths, obtained values are in good agreement with experimental results. BP86 and 

PW91 levels of theory showed the best performance for the geometry optimization, whereby 

the bond lengths calculated with these two functionals are in the best agreement with 

experimental data. For this reason, our calculations of excited states, by utilizing TD-DFT and 

LF-DFT, were carried out on the structures obtained by both of these DFAs.  

 

  



74 
 

Table 4.1. DFT calculated M-O bond lengths [Å] of investigated complexes [M(H2O)6]
n+ at 

different levels of theory, M2+/3+= V2+/3+, Cr2+/3+, Mn2+/3+, Fe2+/3+, Co2+/3+, Ni2+; ground state 

term in Th point group, corresponding to the electronic configuration of a specific central metal 

ion is indicated 

 

Complex Electronic 

configuration 

Ground 

state 

LDA BP86 PW91 OPBE B3LYP Exp. Exp. 

Ref. 

[V(H2O)6]3+ d2 3Tg 

1.915 

1.987 

1.989 

av. 

1.964 

1.956 

2.036 

2.039 

av. 

2.010 

1.954 

2.034 

2.038 

av. 

2.015 

1.956 

2.043 

2.045 

av. 

2.015 

1.965 

2.033 

2.039 

av. 

2.012 

1.986 

1.987 

1.993 

av. 

1.989 

311 

[V(H2O)6]2+ d3 4Ag 2.058 2.130 2.125 2.147 2.143 2.128 312 

[Cr(H2O)6]3+ d3 4Ag 1.926 1.972 1.970 1.974 1.975 1.959 313 

[Cr(H2O)6]2+ d4 5Eg 

1.998 

2.002 

2.273 

av. 

2.091 

2.056 

2.058 

2.391 

av. 

2.168 

2.052 

2.059 

2.379 

av. 

2.163 

2.061 

2.069 

2.553 

av. 

2.228 

2.076 

2.077 

2.368 

av. 

2.174 

2.052 

2.122 

2.327 

av. 

2.167 

314 

[Mn(H2O)6]3+ d4 5Eg 

1.891 

1.895 

2.072 

av. 

1.953 

1.934 

1.937 

2.133 

av. 

2.001 

1.932 

1.936 

2.130 

av. 

1.999 

1.932 

1.939 

2.167 

av. 

2.013 

1.936 

1.938 

2.128 

av. 

2.001 

1.924 

1.929 

2.129 

av. 

1.994 

315 

[Mn(H2O)6]2+ d5 6Ag 2.106 2.176 2.174 2.213 2.182 2.192 312 

[Fe(H2O)6]3+ d5 6Ag 2.969 2.018 2.016 2.027 2.011 1.995 313 

[Fe(H2O)6]2+ d6 5Tg 

2.023 

2.030 

2.112 

av. 

2.055 

2.095 

2.100 

2.187 

av. 

2.127 

2.086 

2.093 

2.191 

av. 

2.123 

2.121 

2.122 

2.244 

av. 

2.162 

2.092 

2.112 

2.192 

av. 

2.132 

2.098 

2.128 

2.137 

av. 

2.121 

316 

[Co(H2O)6]3+ d6 1Ag 1.837 1.885 1.950 1.881 1.885 1.873 312 

[Co(H2O)6]2+ d7 4Tg 

1.952 

2.044 

2.046 

av. 

2.014 

2.016 

2.113 

2.125 

av. 

2.085 

2.016 

2.106 

2.120 

av. 

2.081 

2.037 

2.153 

2.160 

av. 

2.117 

2.035 

2.108 

2.131 

av. 

2.091 

2.044 

2.084 

2.094 

av. 

2.074 

317 

[Ni(H2O)6]2+ d8 3Ag 1.979 2.049 2.047 2.074 2.057 2.061 312 
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4.1.2. d2 Electronic spectrum of V(III) complex 

 

 “Electronic configuration of [V(H2O)6]
3+ complex cation in Th symmetry is tg

2, yielding a 
3Tg ground state. According to the Tanabe-Sugano diagram for d2 configuration, the lowest 

excitations belong to the three spin-forbidden triplet to singlet transitions, i.e., 
3
Tg→

1
Ag, 

3
Tg→

1
Tg, 

and 
3
Tg→

1
Eg, originating from the same t

2 configuration. The promotion of one electron from the 

tg to eg orbitals (tg
2→tg

1eg
1), results in two 3Tg states (3T1g and 3T2g in Oh point group), and two 

1Tg excited states (1T1g and 1T2g in Oh symmetry). Experimentally obtained spectrum of 

[V(H2O)6]
3+ contains two main asymmetric absorption bands, assigned to two spin-allowed 

3Tg transitions, the first at 17100 cm-1 and second at 25200 cm-1318.”67 

 “TD-DFT and LF-DFT results are listed in Table 4.2. and Table 4.3., respectively. Splitting 

of the orbitally triple degenerate ground state in Th point group, due to the JT effect, 

experimentally observed by the electronic Raman spectra319, is reproduced well with both 

methods Generally, both TD-DFT and LF-DFT reproduced the experimental spectrum with 

good accuracy, for the two main transitions, as well as, for the other bands obtained by the 

Gaussian analysis of the spectrum. Regardless of the chosen geometry, TD-DFT on M06L 

and SAOP level of theory gave very poor results.”67  

 “By comparing TD-DFT and LF-DFT results, one can notice far better performance of LF-

DFT method. Generally, both TD-DFT and LF-DFT results are in good agreement with high-

quality CASSCF/SORCI calculations by Neese et al320. Recently, Shatz at al calculated first 
3Tg state with large deviation (CASSCF ΔE=5800cm-1, CASPT2 ΔE=4700 cm-1 MRCI 

ΔE=5700 cm-1) from experimental value302. Furthermore, CASSCF/CASPT2 calculations by 

Laundry-Hum gave much lower values for the first 3Tg transition.321 Recent 

CASPT2/NEVPT2 calculations by Radon reproduced the first transition accurately, yet 

strongly overestimated the second transition305.”67 

 



Table 4.2. TD-DFT vertical excitation energies [cm-1] calculated for [V(H2O)6]
3+ complex at different levels of theory; mean absolute error 

(MAE) is given in cm−1; assignment (electronic state and its configuration) in formally Th point group is indicated 

 

BP86 geometry 

  

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp318 

3Tg (t2g
2eg

0) 
0 0 0 0 0 0 0 0 0 0 0 

2931 2859 2397 3463 2676 2492 2194 1990 6297 12287 1940319 

1Tg (t2g
2eg

0) 
7127 6859 9609 9294 6630 6502 6900 8954 13612 26625 9860 

12687 12346 15409 14908 11304 11445 12602 14881 18721 25629 12200 

3Tg (t2g
1eg

1) 
19266 19097 18046 18824 18135 18032 17586 16823 24019 12287 17200 

23069 22756 24161 24370 22323 22381 22342 23645 30390 40142 19600 

3Tg (t2g
1eg

1) 
24853 24679 22921 24212 25658 25779 25234 24121 29630 28497 25200 

26218 26576 28351 28364 27234 27450 27092 28437 35057 44841 27900 

MAE (3Tg→3Γ) 1711 1563 1719 1874 1103 1039 845 1217 6711 11208  

MAE (3Tg→1Γ) 1610 1570 1730 1637 2063 2056 1681 1793 5136 15097  

MAE 1682 1566 1722 1806 1377 1329 1084 1382 6261 12319  

 

PW91 geometry 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp318 

3Tg (t2g
2eg

0) 
0 0 0 0 0 0 0 0 0 0 0 

2958 2885 2422 3491 2700 2515 2218 2012 6330 12314 1940319 

1Tg (t2g
2eg

0) 
7222 6956 9740 9320 6626 6480 6915 8992 13613 26557 9860 

12683 12341 15399 14901 11299 11440 12597 14874 18716 25587 12200 

3Tg (t2g
1eg

1) 
18228 18228 18228 18228 18228 18228 18228 18228 18228 18228 17200 

23170 22859 24580 24470 22418 22475 22435 23736 30493 40201 19600 

3Tg (t2g
1eg

1) 
24937 24762 23009 24296 25737 25858 25317 24206 29721 28623 25200 

26354 26646 28417 28429 27305 27522 27169 28511 35123 44865 27900 

MAE (3Tg→3Γ) 1485 1385 1839 1776 1147 1103 998 1368 5611 10478  

MAE (3Tg→1Γ) 1560 1522 1659 1620 2067 2070 1671 1771 5134 15042  

MAE 1506 1424 1788 1732 1410 1379 1190 1483 5474 11782  
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Table 4.3. LF-DFT vertical excitation energies [cm-1] calculated for [V(H2O)6]
3+ complex at different levels of theory; mean absolute error 

(MAE) is given in cm−1; assignment (electronic state and its configuration) in formally Th point group is indicated 

BP86 geometry 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp318 

3Tg (t2g
2eg

0) 

0 0 0 0 0 0 0 0 0 

909 899 841 900 855 844 837 798 
1940319 

1092 1086 1074 1056 961 930 955 941 

1Tg (t2g
2eg

0) 

9654 9557 10520 10407 9506 9494 10006 10713 9860 

10611 10508 11479 11320 10319 10300 10811 11512 
12200 

11032 10925 11857 11763 10772 10731 11254 11931 

3Tg (t2g
1eg

1) 

15255 15212 14814 14408 14995 15229 15146 14848 17200 

16235 16186 15776 15351 15829 16025 15974 15663 
19600 

17590 17547 17221 16697 17374 17687 17578 17309 

3Tg (t2g
1eg

1) 

23862 23796 22909 22882 24047 24134 23755 23193 25200 

25884 25811 24900 24917 26285 26493 26016 25429 
27900 

27159 27079 26150 26159 27442 27621 27162 26556 

MAE (3Tg→
3Γ) 1424 1472 1986 2173 1447 1290 1492 1844  

MAE (3Tg→
1Γ) 792 893 596 602 1004 1025 656 665  

MAE 1243 1306 1589 1724 1320 1214 1253 1507  

 

PW91 geometry 

          

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp318 

3Tg (t2g
2eg

0) 

0 0 0 0 0 0 0 0 0 

917 907 848 908 863 852 845 805 
1940319 

1113 1107 1094 1077 981 949 975 960 

1Tg (t2g
2eg

0) 

9648 9550 10512 10401 9499 9487 10000 10705 9860 

10630 10526 11496 11339 10324 10304 10828 11527 
12200 

11046 10938 11870 11777 10784 10742 11266 11942 

3Tg (t2g
1eg

1) 

15343 15299 14902 14494 15081 15317 15234 14936 17200 

16321 16272 15863 15434 15912 16109 16058 15748 
19600 

17715 17672 17348 16819 17499 17815 17704 17435 

3Tg (t2g
1eg

1) 
23940 23873 22989 22957 24120 24207 23830 23269 25200 

25971 25897 24989 25002 26371 26582 26105 25518 27900 
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27291 27210 26283 26289 27573 27755 27295 26689 

MAE (3Tg→
3Γ) 1341 1390 1902 2092 1366 1207 1410 1762  

MAE (3Tg→
1Γ) 787 889 584 591 1003 1025 646 655  

MAE 1183 1246 1526 1663 1262 1155 1191 1445  

 

4.1.3. d3 Electronic spectra of V(II) and Cr(III) hexaaqua complexes 
 

 “Ground electronic configuration of [V(H2O)6]
2+ and [Cr(H2O)6]

3+ complexes in Th symmetry is tg
3. The ground electronic state in both 

investigated structures is 4Ag. According to the lowest three excitations belong to the spin-flip forbidden transitions within the ground tg
3 

electronic configuration, i.e. 2Eg, 
2Tg and 2Tg states. The first two spin-allowed transitions are from the ground 4Ag state to the two 4Tg states, 

one corresponding to 4T1g and other to the 4T2g in Oh symmetry. These transitions represent the promotion of the one-electron from the tg orbitals to 

the eg orbitals, and transition to the 4T2g state corresponds to the LF splitting ∆. The doublets originating from the same excited electronic 

configuration are the two 2Ag, two 2Eg, and four 2Tg. The promotion of two electrons from tg orbitals into eg orbitals, without changing the spin 

yields 4Tg as a high lying excited state (4T1g in Oh symmetry). The same excitation tg
3→tg

1eg
2, accompanied by the spin-flip, gives four 2Tg 

states. Simultaneous excitation of all three electrons from tg orbitals to eg orbitals, i.e. tg
3→tg

0eg
3 (4Ag→

2Eg), is also spin forbidden. Despite 

all these excitation possibilities, only three transitions are observed in the case of [V(H2O)6]
2+, and four transitions in the case of [Cr(H2O)6]

3+ 

complex cation322.”67 

 “TD-DFT failed to reproduce experimental data for both [V(H2O)6]
2+ and [Cr(H2O)6]

3+, Table 4.4. and Tables 4.6., in particular, the relative position 

of the first two bands. Furthermore, adiabatic TD-DFT was not able to calculate the experimentally observed double excitation (t3→t1e2 ), although this 

transition was clearly seen experimentally323. However, the spin-forbidden transition, 4Ag→
2Eg, of [Cr(H2O)6]

3+ is calculated with very good 

accuracy with B3LYP, BP86, PW91, and CAM-B3LYP.”67 

  



79 
 

Table 4.4. TD-DFT vertical excitation energies [cm-1] calculated for [V(H2O)6]
2+ complex at different levels of theory; mean absolute error 

(MAE) is given in cm−1; assignment (electronic state and its configuration) in formally Th point group is indicated 
 

BP86 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp322 
4Ag (t2g

3eg
0) 0 0 0 0 0 0 0 0 0 0 0 

4Tg (t2g
2eg

1) 17435 17201 15827 16813 16466 16335 15702 14630 23298 24474 12350 
4Tg (t2g

2eg
1) 20010 18483 18496 19460 20753 20781 20407 19421 26026 27121 18500 

4Tg (t2g
1eg

2) - - - - - - - - - - 27900 

MAE  3297 2434 1715 2686 3159 3108 2604 1575 9212 10347  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp322 
4A g (t2g

3eg
0) 0 0 0 0 0 0 0 0 0 0 0 

4Tg (t2g
2eg

1) 17560 17279 15938 16892 16604 16476 15836 14754 23427 24586 12350 
4Tg (t2g

2eg
1) 20124 18297 18599 19522 20880 20917 20534 19537 26146 27222 18500 

4Tg (t2g
1eg

2) - - - - - - - - - - 27900 

MAE 3392 2541 1818 2757 3292 3246 2735 1695 9336 10454  

 

 “In contrast, LF-DFT shows remarkably well performance for both [V(H2O)6]
2+ and [Cr(H2O)6]

3+, Table 4.5. and Tables 4.7.,  and the only 

discrepancy is observed at CAM-B3LYP level of theory for [V(H2O)6]
2+, because of the overestimation of the ligand-field splitting. LF-DFT results 

are also in good agreement with previous INDO/S324, SORCI320, and MRCI302 calculations. In addition, in the case of [Cr(H2O)6]
3+, the third 

spin-allowed transition, arising from the double excitation, is calculated with even higher precision with LF-DFT than with ab initio methods. 

Transition to 4Tg state is calculated with even higher precision using LF-DFT method. LF-DFT proved to be more accurate in comparison to 

recent CASSCF/CASPT2302 calculations. The transition to the first 4Tg state, experimentally found at ~17400 cm-1, was calculated with the 

deviation of 3800 cm-1 (CASSCF) and 3100 cm-1 (CASPT2)302. Furthermore, the transition experimentally found at ~ 37800 was calculated 

with the error of 3300 cm-1 using CASPT2302and the error of 1900 cm-1 (2300 cm-1) with CASPT2/NEVPT2305.”67 
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Table 4.5. LF-DFT vertical excitation energies [cm-1] calculated for [V(H2O)6]
2+ complex at different levels of theory; mean absolute error 

(MAE) is given in cm−1; assignment (electronic state and its configuration) in formally Th point group is indicated 

 

BP86 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp322 
4Ag (t2g

3eg
0) 0 0 0 0 0 0 0 0 0 

4Tg (t2g
2eg

1) 12311 12343 11605 11563 12899 15251 13048 12432 12350 
4Tg (t2g

2eg
1) 18189 18107 17119 17206 18864 21228 19006 18217 18500 

4Tg (t2g
1eg

2) 28266 28148 26605 26743 29332 33431 29566 28322 27900 

MAE  239 216 1140 1079 782 3720 957 262  

 

PW91 geometries 

          

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp322 
4Ag (t2g

3eg
0) 0 0 0 0 0 0 0 0 0 

4Tg (t2g
2eg

1) 12460 12530 11761 11706 13086 15732 13224 12621 12350 
4Tg (t2g

2eg
1) 18354 18226 17298 17352 19093 21716 19180 18428 18500 

4Tg (t2g
1eg

2) 28525 28358 26886 26967 29696 34316 29855 28659 27900 

MAE  244 254 985 958 992 4288 1120 317  
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Table 4.6. TD-DFT vertical excitation energies [cm-1] calculated for [Cr(H2O)6]
3+ complex at different levels of theory; mean absolute error 

(MAE) is given in cm−1; assignment (electronic state and its configuration) in formally Th point group is indicated 

 

 

  

BP86 geometry 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp322 
4Ag (t2g

3eg
0) 0 0 0 0 0 0 0 0 0 0 0 

2Eg (t2g
3eg

0) 16295 15969 19876 19414 15890 16183 17614 20680 24392 32569 15000 
4Tg (t2g

2eg
1) 21410 21308 19388 20748 21158 21246 20451 19266 26403 25872 17400 

4Tg (t2g
2eg

1) 23512 23422 21390 22792 25305 25642 25057 19254 28451 27617 24600 
4Tg (t2g

1eg
2) - - - - - - - - - - 37800 

MAE (4Tg→
4Γ) 2549 2543 2599 2578 2231 2444 1754 3606 6427 5744  

MAE (4Tg→
2Γ) 1295 969 4876 44414 890 1183 2614 5680 9329 17569  

MAE 2131 2018 3358 3190 1784 2023 2041 4297 7415 9686  

 

PW91 geometry 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp322 
4Ag (t2g

3eg
0) 0 0 0 0 0 0 0 0 0 0 0 

2Eg (t2g
3eg

0) 16291 15966 19866 19407 15885 16177 17607 20667 24392 32538 15000 
4Tg (t2g

2eg
1) 21492 21391 19472 20833 21233 21321 25971 19342 26483 20527 17400 

4Tg (t2g
2eg

1) 23594 23504 21474 22883 25379 25712 25133 23915 28537 27719 24600 
4Tg (t2g

1eg
2) - - - - - - - - - - 37800 

MAE (4Tg→
4Γ) 2599 2593 2649 2625 2256 2466 4502 1365 6460 3073  

MAE (4Tg→
2Γ) 1291 966 4866 4407 885 1177 2607 5667 9392 17538  

MAE 2163 2051 3388 3219 1799 2037 3870 2798 7437 7895  



 

Table 4.7. LF-DFT vertical excitation energies [cm-1] calculated for [Cr(H2O)6]
3+ complex at 

different levels of theory; mean absolute error (MAE) is given in cm−1; assignment (electronic 

state and its configuration) in formally Th point group is indicated 

 

BP86 geometry 

 

Assign.(Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp322 
4Ag (t2g

3eg
0) 0 0 0 0 0 0 0 0 0 

2Eg (t2g
3eg

0) 12886 12769 14325 14120 12674 12758 13630 14736 15000 
4Tg (t2g

2eg
1) 17078 17043 16665 16167 16730 16861 16812 16559 17400 

4Tg (t2g
2eg

1) 24052 24004 23182 22950 24102 24245 23998 23497 24600 
4Tg (t2g

1eg
2) 37718 37642 36518 35900 37562 37801 37482 36760 37800 

MAE 

(4Tg→
4Γ) 

317 370 1145 1594 469 298 503 995  

MAE 

(4Tg→
2Γ) 

2114 2231 675 880 2326 2242 1370 264  

MAE 766 835 1027 1416 933 784 719 812  

 

PW91 geometry 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp322 
4Ag (t2g

3eg
0) 0 0 0 0 0 0 0 0 0 

2Eg (t2g
3eg

0) 12905 12786 14336 14140 12682 12756 13640 14745 15000 
4Tg (t2g

2eg
1) 17154 17119 16743 16240 16806 16938 16888 16636 17400 

4Tg (t2g
2eg

1) 24140 24095 23266 23036 24197 24332 24096 23594 24600 
4Tg (t2g

1eg
2) 37866 37793 36664 36043 37716 37945 37639 36918 37800 

MAE 

(4Tg→
4Γ) 

291 298 1075 1527 394 325 425 917 
 

MAE 

(4Tg→
2Γ) 

2095 2214 664 860 2318 2244 1360 255 
 

MAE 546 578 513 1360 612 805 659 407  

 

 



 

 “High overestimation of the first transition to the 4Tg excited state by TD-DFT is obviously 

due to the lack of orbital relaxation. Lack of orbital relaxation in TD-DFT, has been recently 

analyzed by Ziegler et al.325 In TM complexes, this is a particularly important issue for the 

excitations that depend only on the ligand field splitting Δ, like in these two cases (4A2g to 4T2g 

). On the other hand, orbitals used in LF-DFT are prepared utilizing the variational DFT-AOC-

SCF procedure, circumventing problems related to the orbital relaxation. Another important 

issue in d3 systems is CI mixing between 4T1g(F ) and 4T1g(P ) states. Since later one nominally 

corresponds to double excitation, this mixing is missing in adiabatic TD-DFT methodology. 

If we consider LF parameters for [V(H2O)6]
2+ and [Cr(H2O)6]

3+, the double excitation 

character of, lower, 4T1g(F ) state is 16.5% and 9.5%, respectively. This leads to the 

stabilization of this state due to its double excitation character for around 1,600 and 1,300 

cm−1, respectively, which is however in the range of precision of these calculations. LF-DFT, 

as a non-empirical approach to the LFT, is performing very well for such situations.”67 

 

4.1.4. d4 Electronic spectra of Cr(II) and Mn(III) hexaaqua complexes 
 

 “Electronic configuration of both, [Cr(H2O)6]
2+ and [Mn(H2O)6]

3+ complexes, in Th 

symmetry is tg
3eg

1. The ground electronic state is 5Eg. The only spin-allowed excitation 

belongs to the transition of one electron from tg orbitals to eg orbitals (tg
3eg

1→tg
2eg

2), resulting 

with 5Tg  excited state (5T2g in Oh symmetry). The unequal population of the anti-bonding eg 

orbitals in the ground state leads to the strong JT distortion that can be clearly reflected in the 

absorption spectra of these two complexes.68, 326 Instead of a single 5Eg→
5Tg band, two major 

bands are observed. The first one, lower in energy, originates from the JT splitting of the 

ground state, and the second, broad asymmetric band, from the splitting of the excited 5Tg 

state. The spectrum of [Cr(H2O)6]
2+ consists of two major bands centered at 8000 cm−1 and 

14550 cm−1, with a shoulder at 18050 cm−1 (Tables 14. and 15.). On the other hand, in the 

spectrum of [Mn(H2O)6]
3+, the bands occur at 9800 cm−1 and 20000 - 21000 cm−1 (Tables 16. 

and 17.).”67 

  



Table 4.8. TD-DFT vertical excitation energies [cm-1] calculated for [Cr(H2O)6]
2+ complex at different levels of theory; mean absolute error 

(MAE) is given in cm−1; assignment (electronic state and its configuration) in formally Th point group is indicated 

 

BP86 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp68 

5Eg (t2g
3eg

1) 
0 

8070 

0 

7800 

0 

7313 

0 

8443 

0 

7973 

0 

7864 

0 

7709 

0 

7246 

0 

12385 

0 

14066 

0 

8000 

5Tg (t2g
2eg

2) 

15277 

17424 

18006 

15219 

15219 

17946 

14156 

16128 

16329 

15102 

17196 

17574 

14697 

16431 

17063 

14576 

16233 

16948 

14288 

16023 

16089 

13583 

14831 

15306 

20988 

23121 

23375 

20536 

22464 

22506 

14550 

18050 

MAE 377 426 967 553 492 540 849 1567 5340 5495  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp68 

5Eg (t2g
3eg

1) 
0 

7905 

0 

7968 

0 

7147 

0 

8291 

0 

7823 

0 

7717 

0 

7559 

0 

7095 

0 

12230 

0 

13921 

0 

8000 

5Tg (t2g
2eg

2) 

15345 

17465 

18061 

15154 

17285 

17892 

14227 

16185 

16369 

15172 

17245 

17637 

14751 

16471 

17114 

14629 

16274 

16999 

14347 

16064 

16142 

13646 

14884 

15347 

21044 

23169 

23433 

20600 

22499 

22561 

14550 

18050 

MAE 654 620 1063 787 724 745 1001 1297 5723 5810  

 

  



Table 4.9. LF-DFT vertical excitation energies [cm-1] calculated for [Cr(H2O)6]
2+ complex at 

different levels of theory; mean absolute error (MAE) is given in cm−1; assignment (electronic 

state and its configuration) in formally Th point group is indicated 

 

 

 “TD-DFT reproduced the experimental transitions of [Cr(H2O)6]
2+ with high accuracy 

(Table 4.8.), with a mean absolute error (MAE) less than 1000 cm−1 . SAOP and M06-L gave 

transitions intensely shifted toward higher wave-numbers. TD-DFT results for this complex 

ion are somewhat better than those obtained with LF-DFT. Although LF-DFT reproduced the 

first band with high accuracy, regardless of the level of theory (Table 4.9.), the second 

transition is underestimated, and shoulder at 18,050 cm−1 is not observed. Schatz et al.302 

highly underestimated the first transition with the error of ∼4400 cm−1, 3800 cm−1, and 4700 

cm−1 by using CASSCF, CASPT2 and MRCI, respectively. Recent calculations305 using 

CASPT2/NEVPT2 bigger basis sets/active space overestimated this transition with the error 

of ∼1200 cm−1. The second transition was calculated with a deviation of ∼3300 cm−1 

(CASSCF) and ∼3100 cm−1 (MRCI). Neese et al.327, using CASSCF and SORCI, also reported 

values for the splitting of the 5Eg term that are underestimated by ∼3500 - 4000 cm−1, if 

compared with experimental observation. The authors suggested that strain influences the 

splitting of the 5Eg state, shifting the first experimental transition to the higher energy for 

approximately 1500 cm−1 .”67 

BP86 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp68 

5Eg (t2g
3eg

1) 
0 

7308 

0 

7229 

0 

6820 

0 

7019 

0 

7362 

0 

7461 

0 

7304 

0 

7028 

0 

8000 

5Tg (t2g
2eg

2) 

13069 

13075 

15139 

12988 

12995 

15037 

12376 

12501 

14325 

12278 

12407 

14382 

12824 

13090 

14817 

13034 

13339 

14984 

12839 

13070 

14750 

12428 

12577 

14178 

14550 

18050 

MAE 1694 1780 2338 2285 1821 1656 1863 2297  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp68 

5Eg (t2g
3eg

1) 
0 

7170 

0 

7092 

0 

6697 

0 

6886 

0 

7231 

0 

7332 

0 

7177 

0 

6910 

0 

8000 

5Tg (t2g
2eg

2) 

13130 

13163 

15185 

13056 

13075 

15083 

12463 

12562 

14373 

12337 

12489 

14423 

12890 

13171 

14864 

13105 

13422 

15037 

12906 

13153 

14801 

12495 

12659 

14229 

14550 

18050 

MAE 1699 1786 2339 2293 1824 1656 1864 2295  



 

 
 

Figure 4.2. Ligand field strength of [Cr(H2O)6]
2+ and [Mn(H2O)6]

3+ obtained from 

LF-DFT calculations with different XC functionals, and compared with 

CASSCF and SORCI results and experiment 

 

 “In the case of [Mn(H2O)6]
3+, TD-DFT calculations on B3LYP, M06-L, CAM-B3LYP, and 

PBE0 level of theory show good agreement with the experimental data. Again, TD-DFT 

showed better performance than LF-DFT. Both TD-DFT and LF-DFT match better the 

experimental spectrum, than CASSCF/MRCI study done by Schatz et al. 302, who obtained 

the deviation of calculated value for the first transition of ∼3400 cm−1 (CASSCF) and ∼3100 

cm−1 (MRCI). Good agreement with the experimental values was obtained using 

CASPT2/NEVPT2305, yet the comparison was carried out on the spectra obtained from a 

solution.”67 

 “LF-DFT calculated ligand-field strength, Δ, (Appendix section), for both [Cr(H2O)6]
2+ and 

[Mn(H2O)6]
3+ in perfect octahedral coordination environment, is in a good agreement with the 

high-level ab initio calculations by Neese et al320.”67 



Table 4.10. TD-DFT vertical excitation energies [cm-1] calculated for [Mn(H2O)6]
3+ complex at different levels of theory; mean absolute error 

(MAE) is given in cm−1; assignment (electronic state and its configuration) in formally Th point group is indicated 

 

  

BP86 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE M06L SAOP Exp326 

5Eg (t2g
3eg

1) 
0 

6554 

0 

6489 

0 

5782 

0 

6827 

0 

7216 

0 

7371 

0 

7104 

0 

5782 

0 

9577 

0 

10048 

0 

9800 

5Tg (t2g
2eg

2) 

15347 

16517 

18494 

15356 

16484 

18474 

11636 

14313 

15701 

11695 

14555 

16026 

18001 

19743 

20004 

18550 

20651 

20876 

17950 

19565 

20019 

11636 

14313 

15701 

15858 

18641 

20037 

12646 

16401 

17436 

20000 

21100 

MAE 3307 3339 5481 2911 1602 1017 1673 5481 1345 3129  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE M06L SAOP Exp326 

5Eg (t2g
3eg

1) 
0 

6568 

0 

6501 

0 

5796 

0 

6839 

0 

7227 

0 

7380 

0 

7113 

0 

5796 

0 

9595 

0 

10085 

0 

9800 

5Tg (t2g
2eg

2) 

15539 

16639 

18629 

15547 

16604 

18608 

11853 

14451 

15855 

11911 

14690 

16183 

18110 

19882 

20109 

18653 

20746 

20992 

18061 

19667 

20150 

11853 

14451 

15855 

16090 

18782 

20212 

12887 

16563 

17632 

20000 

21100 

MAE 3204 3238 5365 3446 1522 942 1591 5365 1219 3009  



Table 4.11. LF-DFT vertical excitation energies [cm-1] calculated for [Mn(H2O)6]
3+ complex 

at different levels of theory; mean absolute error (MAE) is given in cm−1; assignment 

(electronic state and its configuration) in formally Th point group is indicated 

 

BP86 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp326 

5Eg (t2g
3eg

1) 
0 

6437 

0 

6420 

0 

6286 

0 

6272 

0 

6474 

0 

6531 

0 

6475 

0 

6387 

0 

9800 

5Tg (t2g
2eg

2) 

16826 

16984 

18985 

16800 

16961 

18950 

16403 

16642 

18498 

16041 

16131 

18103 

16747 

16809 

18742 

16862 

16958 

18839 

16814 

16861 

18754 

16619 

16623 

18472 

20000 

21100 

MAE 2858 2883 3198 3479 2969 2873 2944 3140  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp326 

5Eg (t2g
3eg

1) 
0 

6449 

0 

6433 

0 

6300 

0 

6285 

0 

6486 

0 

6543 

0 

6488 

0 

6400 

0 

9800 

5Tg (t2g
2eg

2) 

16935 

17075 

19092 

16908 

17051 

19056 

16513 

16734 

18607 

16147 

16219 

18206 

16833 

16913 

18841 

16949 

17061 

18937 

16902 

16965 

18853 

16711 

16723 

18573 

20000 

21100 

MAE 2784 2810 3123 3408 2900 2805 2875 3070  

 

4.1.5. d5 Electronic spectra of Mn(II) and Fe(III) hexaaqua complexes 

 

 “Electronic configuration of both [Mn(H2O)6]
2+ and [Fe(H2O)6]

3+ complex in Th symmetry 

is tg
3eg

2. The ground electronic state is 6Ag. There are no spin-allowed d-d transitions in d5 

high spin configuration. The lowest excitations (two 4Ag, two 4Eg, two 4Tg, three 2Ag, three 2Eg, 

four 1Tg and four 1Tg) belong to the same electronic configuration. The transition of one 

electron from tg orbitals to eg orbitals gives two 4Tg, two 2Ag, two 2Eg and four 2Tg states. 

Promotion of two electrons from tg orbitals to eg orbitals, as a result, gives two spin-forbidden 
2Tg states. Experimentally, quartet states are seen in the spectrum, as low-intensity bands. 

More precisely, there are five328 bands in the case of [Mn(H2O)6]
2+, and three329 in the case of 

[Fe(H2O)6]
3+.”67 

 “In the case of [Mn(H2O)6]
2+ complex, five experimentally observed absorption bands 

(Tables 18. and 19.) are attributed to the transitions from the ground 6Ag state to two 4Tg (
4T1g 

and 4T2g in Oh symmetry), 4Eg + 4A1g, 
4Tg and 4Eg states, respectively. 328TD-DFT obtained 

results are in poor agreement with the experiment (Table 4.12.) The absorption spectrum was 

reproduced with excellent accuracy using LF-DFT approach at SSBD, PBE0, OPBE0 and 

OPBE levels of theory (Table 4.13.). Furthermore, LF-DFT calculations are also in good 

agreement with calculations using INDO/s model324, and with CASSCF/CASPT2/MRCI302 

and NEVPT2305 obtained results.”67 



Table 4.12. TD-DFT vertical excitation energies [cm-1] calculated for [Mn(H2O)6]
3+ complex at different levels of theory; mean absolute error 

(MAE) is given in cm−1; assignment (electronic state and its configuration) in formally Th point group is indicated 
 

BP86 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp328 
4Ag (t2g

3eg
2) 0 0 0 0 0 0 0 0 0 0 0 

4Tg (t2g
4eg

1) 20134 19785 26952 27811 18964 18978 21679 27137 32131 42723 18870 
4Tg (t2g

4eg
1) 20257 19908 27063 27918 19955 20038 22932 28374 32253 42832 23120 

4Ag+
4Eg (t2g

3eg
2) 

24720 

25238 

24397 

24890 

30816 

31529 

36308 

32496 

23840 

23885 

24040 

24066 

26400 

26504 

31391 

31471 

36308 

37053 

45574 

46565 

24960 

25270 
4Tg (t2g

3eg
2) 25832 25445 32470 32742 24382 24458 27376 32747 38007 47943 27980 

4Eg (t2g
3eg

2) 25841 25457 32496 32771 23886 25358 28011 33158 38022 46902 29750 

MAE 1742 1983 5229 6682 2537 2204 1335 5721 10637 20431  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp328 
4Ag (t2g

3eg
2) 0 0 0 0 0 0 0 0 0 0 0 

4Tg (t2g
4eg

1) 20059 19710 26875 27744 18897 18910 21610 27067 32050 42584 18870 
4Tg (t2g

4eg
1) 20183 19833 26985 27851 19892 19973 22869 28309 32171 42694 23120 

4Ag+
4Eg (t2g

3eg
2) 

24705 

25226 

24376 

24874 

30799 

31516 

36404 

32326 

23832 

23878 

24032 

24032 

26388 

26493 

31379 

31459 

36291 

37037 

24425 

24432 

24960 

25270 
4Tg (t2g

3eg
2) 25825 25438 32463 32701 24373 24449 27366 32735 37996 47869 27980 

4Eg (t2g
3eg

2) 25833 25448 32491 32798 23878 25351 28001 33147 38015 46909 29750 

MAE 1749 1991 5196 6645 2542 2213 1334 5691 10601 13618  

  



Table 4.13. LF-DFT vertical excitation energies [cm-1] calculated for [Mn(H2O)6]
3+ complex 

at different levels of theory; mean absolute error (MAE) is given in cm−1; assignment 

(electronic state and its configuration) in formally Th point group is indicated 

 

BP86 geometries 

 

Assign.(Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp328 
4Ag (t2g

3eg
2) 0 0 0 0 0 0 0 0 0 

4Tg (t2g
4eg

1) 16118 15912 20105 19218 15527 15606 17814 20739 18870 
4Tg (t2g

4eg
1) 20237 20038 23614 22931 19695 19734 21656 24146 23120 

4Ag+
4Eg 

(t2g
3eg

2) 
22754 22547 25750 25015 21834 21853 23679 25922 

24960 

25270 
4Tg (t2g

3eg
2) 26344 26137 29264 28770 25768 25768 27546 29782 27980 

4Eg (t2g
3eg

2) 28397 28188 31080 30639 27760 27744 29432 31498 29750 

MAE 2197 2403 996 463 2850 2826 942 1450  

 

PW91 geometries 

 

Assign.(Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp328 
4Ag (t2g

3eg
2) 0 0 0 0 0 0 0 0 0 

4Tg (t2g
4eg

1) 16044 15838 20031 19151 15458 15536 17744 20668 18870 
4Tg (t2g

4eg
1) 20186 19988 23564 22889 19650 19688 21611 24102 23120 

4Ag+
4Eg 

(t2g
3eg

2) 
22749 22542 25742 25012 21829 21847 23672 25913 

24960 

25270 
4Tg (t2g

3eg
2) 26323 26116 29239 28750 25745 25744 27522 29754 27980 

4Eg (t2g
3eg

2) 28390 28181 31070 30635 27753 27736 29423 31486 29750 

MAE 2784 2810 3123 3408 2900 2805 2875 3123  
 

 “The experimental spectrum of [Fe(H2O)6]
3+ is characterized by three absorption bands at 

12600, 18500 and 24300 cm-1.329 These bands are assigned as transitions from the ground 6Ag 

state to two 4Tg (
4T1g and 4T2g in Oh symmetry) and 4Eg + 4A1g states, respectively. TD-DFT 

calculations failed to reproduce experimentally obtained transitions (Table 4.14.).”67  

 “LF-DFT theoretical transitions agree rather well with the experimental values (Table 

4.15.). The best agreement was achieved with OPBE0, SSBD and OPBE XC functionals, for 

both, BP86 and PW91 optimized structures. However, slightly better results were obtained on 

PW91 optimized geometry (Table 4.15.). LF-DFT vertical excitation energies were also in 

good agreement with INDO/S calculations324. Furthermore, LF-DFT proved to be 

significantly better than high-level wave function based methods302, 305, 320, that showed a 

strong dependence on the chosen basis set, the active space and correlation of the outer-core 

orbitals. In general, wave-function based, post-HF methods, tend to highly overestimate 

transitions within d5 TM ion systems. This phenomenon reflects the importance of the 

dynamic correlation in the sextet-quartet splitting. Electron correlation between the electrons 

of opposite spins is completely missing in the HF, and in the post-HF methods, very extensive 

correlation treatments, with very large basis sets, are needed to achieve more precise results. 

As already mentioned, these correlation effects are included in LF-DFT through the XC 

functional. This proves that the LF-DFT calculations with either one of chosen DFAs can be 

the method of choice for studying vertical excitation energies. and corresponding UV/Vis 

spectra.”67 



 
 

Table 4.14. TD-DFT vertical excitation energies [cm-1] calculated for [Fe(H2O)6]
3+ complex at different levels of theory; mean absolute error 

(MAE) is given in cm−1; assignment (electronic state and its configuration) in formally Th point group is indicated 

 

BP86 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp329 
4Ag (t2g

3eg
2) 0 0 0 0 0 0 0 0 0 0 0 

4Tg (t2g
4eg

1) 11757 11515 16368 18197 13200 13770 15350 19476 22314 24024 12600 
4Tg (t2g

4eg
1) 11893 11650 16512 18311 14437 15117 16916 21021 22439 24369 18500 

4Ag+
4Eg (t2g

3eg
2) 

17421 17239 19329 20171 22194 23676 24899 28015 23587 24491 
24300 

19309 19158 20499 21255 26517 29047 29644 31481 24495 24608 

MAE 4461 4678 3380 3124 1572 2204 2435 4106 4637 5847  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp329 
4Ag (t2g

3eg
2) 0 0 0 0 0 0 0 0 0 0 0 

4Tg (t2g
4eg

1) 11695 11453 16310 18138 13137 13709 15289 19417 22272 24127 12600 
4Tg (t2g

4eg
1) 11830 11587 16452 18282 14401 15056 16857 20963 22396 24351 18500 

4Ag+
4Eg (t2g

3eg
2) 

17470 17288 19399 20246 22223 23695 24927 28063 23678 24473 
24300 

19382 19230 20585 21343 26591 29110 29722 31577 24598 24720 

MAE 4483 4700 3355 3087 1581 2218 2452 4121 4576 5891  

  



Table 4.15. LF-DFT vertical excitation energies [cm-1] calculated for [Fe(H2O)6]
3+ complex 

at different levels of theory; mean absolute error (MAE) is given in cm−1; assignment 

(electronic state and its configuration) in formally Th point group is indicated 

 

BP86 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp329 
4Ag (t2g

3eg
2) 0 0 0 0 0 0 0 0 0 

4Tg (t2g
4eg

1) 11102 10946 14112 14240 10079 9990 11683 13784 12600 
4Tg (t2g

4eg
1) 16013 15866 18523 18809 15313 15243 16701 18481 18500 

4Ag+
4Eg 

(t2g
3eg

2) 

21301 21155 23463 23386 20663 20942 22019 23597 24300 

MAE 2328 2477 790 954 3115 3157 1665 635  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp329 
4Ag (t2g

3eg
2) 0 0 0 0 0 0 0 0 0 

4Tg (t2g
4eg

1) 11040 10885 14047 14178 10001 9906 11600 13688 12600 
4Tg (t2g

4eg
1) 15968 15823 18475 18765 15244 15163 16623 18388 18500 

4Ag+
4Eg 

(t2g
3eg

2) 

21313 21169 23472 23395 20650 20672 21998 23563 24300 

MAE 2359 2507 766 916 3168 3219 1726 645  

 

4.1.6. d6 Electronic spectra of Co(III) and Fe(II) hexaaqua complexes 
 

 “In the case of [Fe(H2O)6]
2+ complex, the electronic configuration in Th symmetry is tg

4eg
2. 

The ground electronic state is 5Tg. According to the Tanabe-Sugano diagram for d6 high-spin 

configuration, one spin-allowed transition to 5Eg state is expected. This transition corresponds 

to the promotion of one electron from tg orbitals to eg orbitals (tg
4eg

2→tg
3eg

3). Experimentally, 

two absorption picks are observed, one at 8300 and one at 10400 cm-1 (Table 4.16.)330, as a 

consequence of the JT distortion, present in the excited 5Eg state. Splitting of the ground 5Tg 

state is experimentally not observed, because of the relatively weak JT effect, associated with 

the unequal population of the nonbonding tg orbitals.”67  

 “DFT calculations with B3LYP, CAM-B3LYP, OPBE0, and PBE0 reproduced the first 

component of spin-allowed transition with reasonable accuracy (<2500 cm−1)on both BP86 

and PW91 optimized geometries (Table 4.16.). The second transition is calculated on too high 

energy. This discrepancy can be explained in the same way as in the case of d3 systems, due 

to the lack of orbital excitation in TD-DFT, since upon descent in symmetry 5Eg state splits 

into two states.”67



 “LF-DFT calculations reproduced the spectrum with excellent agreement with experimental data (Table 4.17.). Slightly better results were 

obtained with PW91 optimized geometry. In general, LF-DFT calculations provided better results than TD-DFT in the particular case of 

[Fe(H2O)6]
2+. The transition energies obtained using the LF-DFT approach are in accordance with previous CASSCF/SORCI calculations by 

Neese at al.320. Furthermore study utilizing the CASSCF/CASPT2/MRCI done by Shatz et al. calculated the first transition with the error 

above the 3000 cm-1, depending on the chosen method.302 This fact gives an obvious advantage to the low cost of DFT-based methods.”67 

 

Table 4.16. TD-DFT vertical excitation energies [cm-1] calculated for [Fe(H2O)6]
2+ complex at different levels of theory; mean absolute error 

(MAE) is given in cm−1; assignment (electronic state and its configuration) in formally Th point group is indicated 
 

BP86 geometries 

            

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp330 
5Tg (t2g

4eg
2) 0 0 0 0 0 0 0 0 0 0 0 

5Eg (t2g
3eg

3) 
11887 

16846 

11700 

16581 

11699 

15743 

12499 

17298 

10429 

14267 

10324 

14075 

10741 

14266 

10828 

13774 

16938 

24047 

22954 

24970 

8300 

10400 

MAE 5016 4790 4371 5548 2998 2849 3153 2951 11142 14612  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp330 
5Tg (t2g

4eg
2) 0 0 0 0 0 0 0 0 0 0 0 

5Eg (t2g
3eg

3) 
12104 

16956 

11916 

16689 

11878 

15847 

12642 

17357 

10628 

14394 

10523 

14204 

10928 

14394 

10986 

21947 

17165 

24117 

23035 

25116 

8300 

10400 

MAE 5180 4952 4512 5649 3161 3013 3311 7116 11291 14725  

  



Table 4.17. LF-DFT vertical excitation energies [cm-1] calculated for [Fe(H2O)6]
2+ complex 

at different levels of theory; mean absolute error (MAE) is given in cm−1; assignment 

(electronic state and its configuration) in formally Th point group is indicated 

 

BP86 geometries 

          

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp330 
5Tg (t2g

4eg
2) 0 0 0 0 0 0 0 0 0 

5Eg (t2g
3eg

3) 
8199 

9987 

8289 

10037 

8008 

9638 

7885 

9533 

7632 

9355 

7508 

9237 

7476 

9171 

7198 

8821 

8300 

10400 

MAE 257 187 527 641 856 977 1026 1340  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp330 
5Tg (t2g

4eg
2) 0 0 0 0 0 0 0 0 0 

5Eg (t2g
3eg

3) 
8392 

10403 

8400 

10394 

8050 

9939 

7915 

9826 

7656 

9642 

7531 

9523 

7501 

9455 

7226 

9099 

8300 

10400 

MAE 47 53 355 479 701 823 872 1187  

 

 “Complex [Co(H2O)6]
3+ represents the only low-spin aqua complex in the first row TM 

series, with a closed-shell ground state configuration in tg
6. The ground electronic state is 1Ag. 

Experimentally, four bands were observed, centered at 8000 cm-1, 12500 cm-1, 16600 cm-1, 

and 24900 cm-1 .331 All four transitions (Table 4.18.) originate due to the promotion of one 

electron from tg orbitals to eg orbitals, tg
6→tg

5eg
1. First two bands at 8000 cm-1 and 12500 cm-

1 are assigned to spin-forbidden one-electron transition to 3Tg states (3T1g and 3T2g in Oh 

symmetry). The bands observed at 16600 cm-1, and 24900 cm-1 correspond to spin-allowed 

transition to two 1Tg states (1T1g and 1T2g in Oh symmetry).”67 

 “Generally speaking, TD-DFT reproduced the experimental spectrum with good accuracy 

only at BP86 optimized geometry using CAM-B3LYP and PBE0 functional (Table 4.18.). 

LF-DFT calculations at BP86 optimized geometry reproduced experimental spectrum with 

excellent accuracy with all performed XC functionals (Table 4.19.). LF-DFT results obtained 

on BP86 geometries are consistent with previous LF-DFT calculations done by Atanasov et 

al.303, as well as with SORCI320 and INDO/S324 calculations. Furthermore, LF-DFT showed 

remarkably better performance than CASSCF302, 320, CASPT2, NEVPT2305 and MRCI 

calculations302. CASSCF calculations239 calculated the first spin-allowed transition with the 

error of ∼5400 cm−1 and the second 1Tg with the error of ∼4300 cm−1. The same transitions 

were calculated with the error of ∼4900 cm−1 and ∼3500 cm−1 using CASPT2.302 MRCI gave 

errors of ∼6100 cm−1 for the first singlet transition and ∼3900 cm−1 for the second singlet 

transition.302 CASSCF calculations by Neese et al. also underestimated the first 1Tg transition 

with the error of ∼3886 cm-1.”67 

 “In the case of PW91 geometry, LF-DFT and TD-DFT failed to provide accurate values for 

both spin allowed transitions with all investigated functionals (Tables 22. and 24.). This 

discrepancy is due to the higher deviation of Co-O bond lengths in PW91 optimized geometry 

(1.950 Å), with respect to BP86 optimized bond lengths (1.885 Å), which is in better 

agreement with crystal bond distances (1.873 Å).”67



Table 4.18. TD-DFT vertical excitation energies [cm-1] calculated for [Co(H2O)6]
3+ complex at different levels of theory; mean absolute error 

(MAE) is given in cm−1; assignment (electronic state and its configuration) in formally Th point group is indicated 

 

BP86 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp331 
1Ag (t2g

6eg
0) 0 0 0 0 0 0 0 0 0 0 0 

3Tg (t2g
5eg

1) 11936 11882 10066 11668 11610 6458 9930 8547 18329 18745 8000 
3Tg (t2g

5eg
1) 12175 12115 10314 11829 13367 12361 12119 10766 18597 19091 12500 

1Tg (t2g
5eg

1) 16608 16554 14799 16402 17491 17716 15976 14683 22783 22742 16600 
1Tg (t2g

5eg
1) 19463 19409 17659 19124 23818 24510 23048 21734 25267 24709 24900 

MAE (1Γ →1Γ) 2130 2133 2126 2169 2238 840 1155 1140 8213 8668  

MAE (1Γ→3Γ) 2722 2768 4521 2987 986 753 1238 2541 3275 3166  

MAE 2426 2451 3323 2578 1612 797 1197 1841 5744 5917  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp331 
1Ag (t2g

6eg
0) 0 0 0 0 0 0 0 0 0 0 0 

3Tg (t2g
5eg

1) 8826 8789 7106 8612 8915 7858 7233 5984 14940 15248 8000 
3Tg (t2g

5eg
1) 9059 9018 7333 8851 10610 12214 9342 8109 15241 15581 12500 

1Tg (t2g
5eg

1) 13055 13019 11415 12814 14486 14781 13051 11816 18850 18704 16600 
1Tg (t2g

5eg
1) 15384 15351 13764 14990 20239 21188 19697 18447 20723 20180 24900 

MAE (1Γ →1Γ) 2133 2135 3030 2130 1402 214 1962 3203 4840 5164  

MAE (1Γ →3Γ) 6530 6565 8160 6848 3387 2765 4376 5618 3213 3412  

MAE 4332 4350 5595 4489 2395 1489 3169 4411 4027 4288  

  



Table 4.19. LF-DFT vertical excitation energies [cm-1] calculated for [Co(H2O)6]
3+ complex 

at different levels of theory; mean absolute error (MAE) is given in cm−1; assignment 

(electronic state and its configuration) in formally Th point group is indicated 

 

BP86 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp331 
1Ag (t2g

6eg
0) 0 0 0 0 0 0 0 0 0 

3Tg (t2g
5eg

1) 9271 9329 7737 7403 10186 10845 10734 9539 8000 
3Tg (t2g

5eg
1) 13898 13958 12008 11808 15115 15917 15949 14436 12500 

1Tg (t2g
5eg

1) 15329 15335 14718 14310 15727 16127 15986 15600 16600 
1Tg (t2g

5eg
1) 24590 24598 23357 23167 25518 26181 26281 25352 24900 

MAE (1Γ 

→1Γ) 1334 1393 377 644 2400 3131 3091 1737 

 

MAE (1Γ 

→3Γ) 790 783 1712 2011 745 877 997 726 

 

MAE 1062 1088 1045 1328 1573 2004 2044 1232  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp331 
1Ag (t2g

6eg
0) 0 0 0 0 0 0 0 0 0 

3Tg (t2g
5eg

1) 6253 6312 4783 4617 7706 7999 7212 6281 8000 
3Tg (t2g

5eg
1) 10311 10375 8532 8454 12076 12410 11488 10369 12500 

1Tg (t2g
5eg

1) 13109 12031 11403 11147 13109 13374 13080 12747 16600 
1Tg (t2g

5eg
1) 21756 20088 18918 18774 21757 22112 21589 20934 24900 

MAE (1Γ 

→1Γ) 1968 1906 3592 3714 359 45 900 1925 

 

MAE (1Γ 

→3Γ) 3317 4690 5589 5789 3317 3007 3415 3909 

 

MAE 2643 3298 4591 4752 1838 1526 2158 2917  

 

4.1.7. d7 Electronic spectrum of Co(II) hexaaqua complex 
 

 “Electronic configuration of [Co(H2O)6]
2+ complex in Th symmetry is tg

5eg
2. The ground 

electronic state is 4Tg. Two bands that correspond to spin-allowed transitions. Two spin-

allowed transitions belong to the promotion of one electron from the ground state tg orbitals 

to eg orbitals (tg
5eg

2→tg
4eg

3), resulting in two 4Tg states (4T1g and 4T2g in Oh symmetry). 

Splitting of the second 4Tg state because of the ground state JT effect is experimentally not 

observed.323 Possible spin-forbidden transitions are two 2Ag, two 2Eg, and four 2Tg. Promotion 

of the two electrons from tg orbitals to eg orbitals (tg
5eg

2→tg
3eg

4) gives one spin-allowed 4Ag 

state (4A2g in Oh symmetry), and spin-forbidden doublet states 2Eg and two 2Tg.”
67 

 “TD-DFT calculations (Table 4.20.), overestimated the first transition to the 4Tg state, while 

not able to calculate the two-electron excitation to the 4Ag state. The third transition is 

satisfactorily reproduced. It should be noted that M06-L and SAOP completely failed to 

reproduce the experimental values.”67 

 “LF-DFT calculated transition energies are in excellent agreement with the experimentally 

obtained transitions, and the best agreement was obtained with BP86 and PW91 functionals, 

using either the BP86 or PW91 geometries (Table 4.21.). 

 



LF-DFT underestimates the spin-forbidden transition 4Tg→2Eg, even though results with OPBE, OPBE0, and SSB-D are in reasonable 

agreement with the experiment. Our LF-DFT results are in agreement with the previously reported LF-DFT calculations with PW91 functional 

by Atanasov et al.303 and with recent CASPT2/NEVPT2305 calculations.”67 

 

Table 4.20. TF-DFT vertical excitation energies [cm-1] calculated for [Co(H2O)6]
2+ complex at different levels of theory; mean absolute error 

(MAE) is given in cm−1; assignment (electronic state and its configuration) in formally Th point group is indicated 

 

BP86 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp323 
4Tg (t2g

5eg
2) 0 0 0 0 0 0 0 0 0 0 0 

4Tg (t2g
4eg

3) 
12676 

13396 

12501 

13236 

11876 

12624 

14006 

14614 

10102 

11161 

9927 

11003 

9881 

10983 

9488 

10547 

19406 

19762 

19523 

20369 
8100 

2Eg (t2g
6eg

1) 
6791 

11481 

6362 

11041 

11333 

16077 

12864 

17705 

7168 

11616 

7342 

11924 

9443 

13295 

12658 

16556 

17435 

22730 

15685 

20165 
11300 

4Ag
 (t2g

3eg
4) - - - - - - - - - - 16000 

4Tg (t2g
4eg

3) 
20146 

20748 

19902 

20512 

18669 

19231 

21799 

22257 

19021 

20104 

18899 

20026 

19240 

20309 

18550 

19525 

29558 

30040 

25253 

26016 

19400 

21550 

MAE (4Γ →4Γ) 2161 2103 2400 3105 1452 1463 1244 1597 10044 7388  

MAE (4Γ →2Γ) 2164 2598 2405 3984 1908 1667 69 3307 8782 6625  

MAE 2162 2227 2401 3325 1566 1514 950 2025 9729 7197  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp323 
4Tg (t2g

5eg
2) 0 0 0 0 0 0 0 0 0 0 0 

4Tg (t2g
4eg

3) 
12776 

13473 

12608 

13317 

11966 

12689 

14066 

14665 

10219 

11231 

10048 

11075 

9997 

11048 

9595 

10604 

19449 

19811 

19634 

20434 
8100 

2Eg (t2g
6eg

1) 
6683 

11337 

6471 

11186 

10404 

15082 

12762 

17571 

7070 

11482 

7243 

11789 

9349 

13156 

12560 

16414 

17325 

22588 

15567 

20014 
11300 

4Ag
 (t2g

3eg
4) - - - - - - - - - - 16000 

4Tg (t2g
4eg

3) 
20255 

20785 

20020 

20554 

18770 

19260 

21893 

22282 

19144 

20133 

19025 

20055 

19358 

20336 

18661 

19547 

29610 

30036 

25364 

26067 

19400 

21550 

MAE (4Γ →4Γ) 2215 2159 2382 3163 1433 1444 1226 1580 10075 7471  

MAE (4Γ →2Γ) 2290 2471 1443 3866 2024 1784 47 3187 8656 6490  

MAE 2234 2237 2148 3339 1580 1529 931 1982 9721 7226  



Table 4.21. TF-DFT vertical excitation energies [cm-1] calculated for [Co(H2O)6]
2+ complex at different levels of theory; mean absolute error 

(MAE) is given in cm−1; assignment (electronic state and its configuration) in formally Th point group is indicated 

 

BP86 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp323 
4Tg (t2g

5eg
2) 0 0 0 0 0 0 0 0 0 

4Tg (t2g
4eg

3) 

7684 

8196 

9368 

7670 

8185 

9353 

7363 

7853 

9039 

7191 

7678 

8813 

7029 

7300 

8535 

6890 

7100 

8377 

6862 

7074 

8342 

6649 

6832 

8116 

8100 

2Eg (t2g
6eg

1) 
5446 

7540 

5336 

7426 

7728 

9770 

7753 

9785 

5580 

7595 

5738 

7749 

6937 

8904 

8546 

10468 
11300 

4Ag
 (t2g

3eg
4) 17642 17616 16947 16566 16121 15806 15742 15274 16000 

4Tg (t2g
4eg

3) 

19028 

20482 

21453 

19018 

20468 

21434 

18005 

19480 

20406 

18490 

19991 

20892 

18821 

20299 

21043 

18618 

20110 

20798 

18382 

19857 

20534 

17743 

19225 

19860 

19400 

21550 

MAE (4Γ →4Γ) 602 594 691 397 317 406 557 1058  

MAE (4Γ →2Γ) 4807 4919 2551 2531 4712 4556 3379 1793  

MAE 1443 1459 1063 824 1196 1236 1122 1205  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp323 
4Tg (t2g

5eg
2) 0 0 0 0 0 0 0 0 0 

4Tg (t2g
4eg

3) 

7821 

8255 

9413 

7807 

8245 

9398 

7501 

7915 

9084 

7318 

7734 

8855 

7156 

7365 

8574 

7017 

7169 

8417 

6989 

7143 

8382 

6776 

6902 

8155 

8100 

2Eg (t2g
6eg

1) 
5363 

7372 

5253 

7258 

7646 

9603 

7678 

9628 

5514 

7447 

5674 

7603 

6873 

8760 

8483 

10326 
11300 

4Ag
 (t2g

3eg
4) 17829 17801 17133 16740 16292 15980 15914 15445 16000 

4Tg (t2g
4eg

3) 

19159 

20493 

21484 

19147 

20478 

21464 

18129 

19485 

20429 

18611 

19997 

20915 

16292 

18941 

20306 

18739 

20119 

20837 

18500 

19864 

20570 

17855 

19227 

19892 

19400 

21550 

MAE (4Γ →4Γ) 679 671 728 400 930 332 470 974  

MAE (4Γ →2Γ) 4932 5044 2675 2647 4819 4661 3483 1895  

MAE 1530 1545 1118 850 1708 1198 1072 1158  



4.1.8. d8 Electronic spectrum of Ni(II) hexaaqua complex 
 

 “The ground electronic state of [Ni(H2O)6]
2+ complex in Th symmetry is 3Ag, with electronic 

configuration tg
6eg

2. Three spin-allowed transitions to 3Tg
 (3T2g, corresponding to Δ, and 3T1g 

(F) and 3T1g (P) states in Oh point group) are observed. 332 The first two transitions originate 

from the excitation of one electron from tg orbital to eg orbital (tg
6eg

2→ tg
5eg

3). The third 

transition represents the double excitation from tg orbitals to eg orbitals (tg
6eg

2→ tg
4eg

4). 

Additionally, the two spin-forbidden transitions are experimentally observed.”67  

 “Our TD-DFT calculations failed to reproduce correctly experimental spectrum (Table 

4.22.). Generally, TD-DFT was not proved to be a good choice for electronic spectrum 

calculations of nickel hexaaqua complex, as previously shown by Neese at al.320 Reason 

behind the failure of TD-DFT to describe the spectrum is a consequence of two factors. The 

first one is a lack of orbital relaxation in TD-DFT, resulting in the overestimation of the first 

transition that corresponds to the ligand field splitting. The second reason is CI mixing 

between two 3T1g states. As already mentioned, the second 3T1g transition corresponds to a 

double excitation from the ground state and is ignored within the framework of adiabatic TD-

DFT. LF analysis shows that this mixing is much more significant for [Ni(H2O)6]
2+ than for 

[Cr(H2O)6]
3+ and [V(H2O)6]

2+. The contribution of the double excitation to the 3T1g(F) is very 

large, 45%. Thus, this 3T1g(F) - 3T1g (P) mixing should lead to the stabilization of 3T1g (F) for 

around 4600 cm−1. Neese333 pointed out that TD-DFT predicts only one 3T1g transition, almost 

half in between experimentally observed 3T1g (F) and 3T1g (P) states.”67 

 Consequently, LF-DFT calculations were almost perfectly accurate in predicting the 

spectrum and provided good agreement with experimental data at most of the investigated 

levels of theory (Table 4.23.). The best match was obtained with OPBE, SSBD and OPBE0 

functionals. Our LF-DFT calculations are in good agreement with results obtained with 

INDO/S model324, CASPT2/NEVPT2305 and with SORCI approach320.



Table 4.22. TF-DFT vertical excitation energies [cm-1] calculated for [Ni(H2O)6]
2+ complex at different levels of theory; mean absolute error 

(MAE) is given in cm−1; assignment (electronic state and its configuration) in formally Th point group is indicated 

 

BP86 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp332 
3Ag (t2g

6eg
2) 0 0 0 0 0 0 0 0 0 0 0 

3Tg (t2g
5eg

3) 16137 15984 14355 16895 14401 13926 18485 14361 12814 24973 8700 
3Tg (t2g

5eg
3) 19539 19388 17865 20417 20417 20480 20554 19544 28573 21367 13750 

1Eg (t2g
6eg

2) 14105 13839 15012 18134 14768 15226 16269 15506 24923 17344 15250 
1Tg (t2g

5eg
3) 20220 19988 20711 23315 20125 20244 20080 21010 31693 23540 22000 

3Tg (t2g
4eg

4) - - - - - - - - - - 25144 

MAE (3Γ →3Γ) 6613 6461 4885 7431 6184 5978 8294 5727 9468 11945  

MAE (3Γ →1Γ) 1462 1712 763 2099 1178 890 1469 623 9683 1817  

MAE 4038 4086 2824 4765 3681 3434 4882 3175 9576 6881  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 M06L SAOP Exp332 
3Ag (t2g

6eg
2) 0 0 0 0 0 0 0 0 0 0 0 

3Tg (t2g
5eg

3) 16211 16064 14420 16963 14463 14423 13987 12870 25038 18562 8700 
3Tg (t2g

5eg
3) 19625 19480 17946 20485 20481 20543 20607 19592 28656 21468 13750 

1Eg (t2g
6eg

2) 14105 13845 15005 18128 14766 15494 16263 17333 24920 15223 15250 
1Tg (t2g

5eg
3) 20301 20076 20795 23401 20186 20304 20138 23644 31783 21063 22000 

3Tg (t2g
4eg

4) - - - - - - - - - - 25144 

MAE (3Γ →3Γ) 6918 6772 5183 7724 6472 6483 6297 5231 15847 9015  

MAE (3Γ →1Γ) 1497 1739 800 2064 1224 895 1362 1788 9651 557  

MAE 4207 4256 2991 4894 3848 3689 3830 3510 12749 4786  
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Table 4.23. LF-DFT vertical excitation energies [cm-1] calculated for [Ni(H2O)6]
2+ complex at different levels of theory; mean absolute error 

(MAE) is given in cm−1; assignment (electronic state and its configuration) in formally Th point group is indicated 

 

BP86 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp332 
3Ag (t2g

6eg
2) 0 0 0 0 0 0 0 0 0 

3Tg (t2g
5eg

3) 9529 9521 9201 8992 9316 9233 9229 9114 8700 
3Tg (t2g

5eg
3) 15518 15506 14919 14735 15273 15148 15110 14870 13750 

1Eg (t2g
6eg

2) 12478 12410 13258 13465 12232 12218 12759 13321 15250 
1Tg (t2g

5eg
3) 21647 21569 22129 22089 21162 21065 21614 22081 22000 

3Tg (t2g
4eg

4) 26040 26026 24807 25100 26059 25889 25684 25061 25144 

MAE (3Γ →3Γ) 1164 1153 669 440 1018 892 810 539  

MAE (3Γ →1Γ) 1562 1635 1060 937 1928 1984 1438 1005  

MAE 1324 1346 825 639 1382 1329 1061 725  

 

PW91 geometries 

 

Assign. (Th) BP86 PW91 OPBE SSBD B3LYP CAMB3LYP PBE0 OPBE0 Exp332 
3Ag (t2g

6eg
2) 0 0 0 0 0 0 0 0 0 

3Tg (t2g
5eg

3) 9594 9586 9268 9056 9362 9276 9272 9157 8700 
3Tg (t2g

5eg
3) 15610 15598 15013 14827 15340 15210 15172 14930 13750 

1Eg (t2g
6eg

2) 12480 12412 13262 13471 12231 12215 12758 13321 15250 
1Tg (t2g

5eg
3) 21715 21638 22201 22160 21209 21107 21657 22126 22000 

3Tg (t2g
4eg

4) 26145 26131 24915 25202 26131 25956 25752 25127 25144 

MAE (3Γ →3Γ) 1350 1338 889 660 1178 1047 965 753  

MAE (3Γ →1Γ) 1602 1675 1169 1044 1980 2039 1492 1102  

MAE 1451 1473 1001 814 1499 1444 1176 893  



4.1.9. Conclusions 
 

 The present theoretical investigation represents a comparative study of two different DFT-

based methods, TD-DFT and LF-DFT. The main goal was to investigate d-d transitions for a 

series of first row TM aqua complexes, and in this regard test performance and accuracy of 

proposed methods, as well as the influence of chosen functional. For this purpose, we have 

utilized ten different DFAs. Generally, TD-DFT shoved good performance in specific cases 

of d2, d3 and low-spin d6 TM complexes with most of the investigated DFAs, although failed 

on M06L and SAOP level of theory. We addressed the failure of TD-DFT, in the case 

[Ni(H2O)6]
2+, [V(H2O)6]

2+ and [Cr(H2O)6]
3+ complex molecules to the absence of the orbital 

relaxation. In this regard, the overestimation of the first transition originates from the fact that 

this transition depends only on the ligand field splitting Δ. Another important factor is the 

nature of the second state in the case of these molecules. Namely, this state has a substantial 

contribution of the double excitation, that goes beyond the reach of regular adiabatic TD-DFT. 

In this regard, in cases with stronger mixing, we can expect a lower accuracy of the method. 

 According to our results, LF-DFT has proven to be very accurate for the determination and 

characterization of excited states for all complex molecules under investigation. The reason 

for such a good performance lies in the fact that we can observe the orbitals with dominant d-

character in a CI-based fashion. In this way, we are able to examine an active space 

constructed from KS orbitals dominantly belonging to the TM. It is important to emphasize 

that LF-DFT proved to be accurate for the calculation of spin-allowed transitions, regardless 

of the chosen level of theory. On the other hand, excellent performance in the case of spin-

forbidden excitations was obtained only with OPBE and SSB-D, and OPBE0, which are 

generally considered as convenient DFA choices for the determination of the spin state 

splitting. Considered together, our LF-DFT results are comparable with those obtained by 

high-level ab initio methods. Most importantly, LF-DFT performed even better than the ab 

initio methods in the case [Mn(H2O)6]
2+ and [Fe(H2O)6]

3+, for calculation of sextet-quartet 

transitions. This remarkable performance can be addressed to the ability of LF-DFT to treat 

consistently non-dynamic, as well as the dynamic correlation effect, when the level of theory 

is properly chosen. These two complexes emerged as challenging examples and good 

examples for validation of different functionals, as well as other methods designed for the 

examination of excited states. 

 Based on our results, it can be concluded that LF-DFT can be considered as a powerful tool 

for the examination of d-d transitions in hexaaqua TM complex molecules. This method 

showed to be a reliable choice for calculation of excited states, and a good alternative to 

popular TD-DFT. Most importantly, LF-DFT can provide accurate results that are 

comparable, or even better, than those obtained with ab initio methods. Based on all previous 

statements, this method deserves a special position in the field of excited states of inorganic 

compounds. LF-DFT takes advantage of both standard ligand field theory and modern DFT 

and sheds light on the coordination chemistry of TM ions.67 However, since LF-DFT is rooted 

in the LF theory itself, it is not possible to elucidate CT transitions with this approach. In 

addition to metal-centered, CT transitions are obviously also important and can dominate in 

the absorption spectra of TM compounds.67 

 

4.1.10. Computational details 
 

The calculations using the unrestricted formalism have been performed with the Amsterdam 

Density Functional (ADF) 287, 334 program package, version 2013.01. All electron Triple- STOs plus 

one polarization (TZP) function basis set has been used for all present atoms. 306 All the complexes 
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are treated in the HS electronic configuration, except [Co(H2O)6]
3+, which is the only one known to 

have an LS ground state.335 Symmetry constrained geometry optimizations in D2h point group were 

performed with the LDA172, BP86199-201, PW91336, OPBE337, and B3LYP177 XC functionals. TD-DFT 

calculations, as implemented in ADF program package338, were performed with the BP86, PW91, 

OPBE, SSB-D339, B3LYP, CAM-B3LYP340, PBE0341, 342, OPBE0337, M06-L186, 343, and SAOP344 XC 

functionals, on the BP86 and PW91 optimized geometries. Spin-forbidden transitions were calculated 

with the spin-flip formalism345, 346 and Tamm-Dancoff approximation247. All d-d transitions were 

identified by examination of the corresponding orbitals involved in the excitations. LF-DFT 

calculations were carried out on the BP86 and PW91 optimized geometries, using BP86, PW91, 

OPBE, SSBD, B3LYP, CAM-B3LYP, PBE0, and OPBE0 XC functionals. LF-DFT is based on a 

multi-determinant description of the multiplet structures 277, 347 originating from the dn configuration 

of the TM ions surrounded by coordinating ligands, by combining the CI and the KS-DFT approaches. 

In all the calculations, the solvent effects of water have been implicitly modeled, according to the 

conductor-like screening model (COSMO)196, 348, as implemented in ADF. 

 

4.2. Theoretical determination of ground spin state and corresponding spin 
state splitting for a series of iron-oxo and iron-hydroxo complexes with 
different oxidation state of central metal ion 

 

“One of the major research areas that stay in the focus of the scientific eye are those where different 

oxidation and spin states of first-row TM ions are involved. This can be confirmed by a great number 

of valuable experimental and theoretical studies. As it was already discussed, changes in the orbital 

occupation patterns (and hence spin states) have a great effect on catalysis349-353 but also can lead to 

changes in the reaction paths that are being followed.354 Unfortunately, the resulting intermediates 

and transition states are in most cases too short-lived for experimental characterization, leading to 

discussions about their existence and character. For this reason, DFT emerged as an irreplaceable tool 

for investigation and explanation of chemical events in this field of research.”286 

“Among many systems containing first row TM ions, high-valent iron-oxo molecules hold a 

special value due to the fact that they play an essential role in the mechanism of heme and non-heme 

iron enzymes, and are widely used in various fields, such as industrial catalysis, biology, and 

medicine.80, 355 Various iron-oxo complexes have been experimentally and theoretically examined, 

however many questions still remain. Answers about their structure, oxidation state, ground spin state, 

and the effect these characteristics have on their properties and reactivity are still required.98, 356 Many 

of these uncertainties have been illuminated and clarified in the past with the help of theoretical 

methods.357-363 Such an example is without a doubt the intriguing Sc3+-capped iron-oxo complex 

[(TMC)(FeIII/IV-O-ScIII)(OTf)4(OHx)] (TMC = 1,4,8,11-tetramethyl-1,4,8,11-

tetraazacyclotetradecane), synthesized by Fukuzumi, Nam and co-workers and later characterized by 

X-ray crystallography.364 Initial experimental investigations created additional uncertainties about the 

assignment of the oxidation state of central metal ion, and thus this interesting complex remained 

under scientific scrutiny.98, 356 Later on, DFT was successfully utilized to illuminate structural 

characteristics and give a proposition that the complex should be reformulated as [(TMC)(FeIII-O-

ScIII)(OTf)4(OH2)], with an iron(III) oxidation state in the high-spin configuration.357 With newly 

collected insight in hand, experimentalists soon after confirmed theoretical findings.365 Namely, the 

complex was reinvestigated by X-ray crystallography, Mössbauer and EPR spectroscopy, whereas 

the high-spin iron(III) ground state was unambiguously confirmed. Most importantly, this example 

resembles the true power of DFT, proving its remarkable accuracy and affirming this method as 

trustworthy, even in cases when correct experimental data is unavailable.”286 
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Thought by the mentioned example, we decided to provide a detailed study with the aim to test 

various DFAs for reproduction and confirmation of experimental data. For this purpose, 18 iron 

complexes (12 oxo and 6 hydroxo), with a broad pallet of ligands, are selected. Although it was 

already shown357 in 2013, that accurate structural parameters could be obtained for a set of iron(III/IV) 

complexes, in present research we expand this set with recently characterized complexes to perform 

a thorough study of the influence of starting geometry and choice of DFA on obtained results. The 

examined set of iron molecules includes FeII-hydroxo, FeIII-oxo, FeIII-hydroxo complexes, as well as 

FeIV-oxo complexes, together with the challenging Sc3+-capped complexes (vide supra). All 

investigated molecules are presented in Figure 4.3. Our study represents a search for the best DFA 

choice for accurate geometry optimization and unambiguous determination of the ground spin state 

for the chosen series of TM complexes. Furthermore, we have studied the thermodynamic aspects of 

the formation process for scandium triflate adduct with the FeIV-oxo complex,356, 364 which gives 

detailed insight into the complex formation and confirms the oxidation state of iron in this Sc3+-

capped complex. All results that are going to be presented in forthcoming chapters are already 

publisched and discussed in the original paper.286 
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Figure 4.3. Structures of 18 investigated FeII/FeIII/FeIV-(hydr)oxo complexes 
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4.2.1. Geometry optimizations 
 

In the first step of our research, we have tested various DFAs for the geometrical optimization of 

a broad set of complexes, containing FeII/FeIII/FeIV iron-oxo and iron-hydroxo chemical species 

coordinated with different types of ligands. Experimentally obtained data (if available), including 

structural and spectroscopic characteristics, is indicated in Table 4.24. In order to find the best 

functional for the optimization of investigated structures, we have used three classes of DFAs: (i) the 

local density approximation (LDA); (ii) three general gradient approximation (GGA) functionals, 

S12g, BP86-D3, and PBE-D2; and (iii) two hybrid functionals, B3LYP and S12h. Geometrical 

parameters obtained from our geometrical optimizations are in good agreement with the results from 

previous theoretical study357, as well as with the experimental data. All details can be found in Figure 

4.4. and Tables 30-33. “It should be noted that in ref.357 two outliers were reported, 

[FeIII(OH)(H3buea)]– and [FeIII(OOH)(TMCi)]2+ that showed apparent deviations of ca. 0.08-0.10 Å. 

However, upon reinvestigating the original sources61, 86, it was found that the experimental data 

mentioned in ref.357 were referring to complexes with iron in a different oxidation state; the actual 

experimental Fe-O distances for [FeIII(OH)(H3buea)]– (1.93 Å)366 and [FeIII(OOH)(TMCi)]2+ (1.85 

Å)367 are in fact in excellent agreement with the computed data of 1.932 Å and 1.842 Å, respectively. 

Since [FeIII(OH)(H3buea)]– is a complex of interest for the present research, here we use the corrected 

data (Tables 2.24-2.26.).”286 

 

Figure 4.4. The difference between the experimentally obtained FeII/FeIII/FeIV-oxygen bond lengths 

and those from different DFAs. for all 18 investigated complexes 

 

“First of all, we focus on the optimized geometries of the experimentally observed spin ground 

state for each of the 18 complexes. Bond lengths of interest for our work are in all cases the axial 

iron-oxygen (Fe-O) distance (related to oxo, hydroxo) the axial iron-nitrogen (Fe-Nax) distance and 

the average of the in-plane iron-nitrogen/oxygen (Fe-N/Oeq) distances. The best agreement with 

experimentally observed Fe-O bond lengths was obtained using the dispersion corrected BP86-D3 

PBE-D2/TZ2P and S12g/TZ2P, with a mean absolute deviation of 0.011-0.014 Å (Table 4.24.).”286  
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Table 4.24. FeII/FeIII/FeIV–O ligand distances (Å) for 18 investigated complexes, calculated with 

different DFAs and basis sets 

 

**L=((2,2',2''-nitrilo-kN)tris(N-(1-methylethyl)acetamidato-kN)) 

 

Excellent agreement with experimental data, for the in-plane (equatorial) Fe-Neq/Fe-Oeq bond 

distances, is obtained on BP86-D3 and PBE-D2 levels of theory, with a mean absolute error value of 

0.060 Å for Fe-Neq (Table 4.25.), and 0.024 and 0.027 Å for Fe-Oeq . (Table 4.24.). Larger deviations 

can be observed for the axial Fe-Nax bond lengths (0.05-0.08 Å). Such disagreement between 

experimental results and DFT calculations can be attributed most likely to the influence of crystal 

packing, which can significantly shorten the M-L bond lengths in real systems. If considered together, 

obtained geometrical parameters clearly indicate the best performing functional for the optimization 

is BP86-D3, in particular with the TDZP basis, which is, therefore, a fast and effective route to 

accurate TM complexes geometry optimization.  

  

 
DFA: Exp. Exp. LDA PBE-D2 BP86-D3 BP86-D3 S12g S12h B3LYP-D3 Ref. 

Basis:   TZ2P TZ2P TDZP TZ2P TZ2P TZ2P TZ2P  

           
Molecule 1. HS 1.883 1.853 1.890 1.890 1.874 1.874 1.886 1.903 368 

Molecule 2. HS 1.813 1.790 1.793 1.799 1.803 1.783 1.773 1.783 86 

Molecule 3. HS 1.932 1.902 1.932 1.942 1.942 1.937 1.931 1.924 366 

Molecule 4. HS 1.748 1.739 1.762 1.766 1.762 1.769 1.755 1.762 369 

Molecule 5. HS 1.877 1.889 1.875 1.878 1.881 1.889 1.884 1.851 370 

Molecule 6. HS 1.872 1.848 1.884 1.881 1.882 1.884 1.877 1.883 371 

Molecule 7. HS 1.876 1.850 1.885 1.885 1.884 1.884 1.881 1.885 372 

Molecule 8. HS 1.831 1.810 1.855 1.854 1.850 1.842 1.842 1.864 373 

Molecule 9. HS 1.680 1.668 1.678 1.683 1.683 1.669 1.643 1.655 87 

Molecule 10. IS 1.646 1.630 1.645 1.648 1.643 1.636 1.613 1.628 88 

Molecule 11. IS 1.64 1.619 1.634 1.636 1.636 1.621 1.597 1.619 89 

Molecule 12. IS 1.65 1.647 1.659 1.663 1.659 1.651 1.625 1.641 93, 94 

Molecule 13. IS 1.667 1.634 1.648 1.651 1.651 1.641 1.616 1.632 90 

Molecule 14. IS 1.70 1.669 1.683 1.686 1.685 1.676 1.645 1.661 374 

Molecule 15. IS 1.64 1.646 1.662 1.667 1.667 1.656 1.628 1.643 91 

Molecule 16. IS 1.639 1.630 1.648 1.653 1.653 1.644 1.620 1.635 83, 84 

Molecule 17. HS 1.661 1.633 1.646 1.653 1.652 1.638 1.617 1.630 81, 82 

Molecule 18. HS 1.62 1.616 1.630 1.639 1.639 1.621 1.603 1.617 92 

max. abs. 

error 

 
 

0.033 0.024 0.027 0.027 0.030 0.055 0.039 
 

mean error   -0.017 0.002 0.006 0.004 -0.003 -0.019 -0.009  
mean abs. 

error 

 
 

0.019 0.011 0.012 0.011 0.014 0.023 0.019 
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Table 4.25. FeII/FeIII/FeIV–Nav(in-plane) ligand distances (Å) for 18 investigated complexes, 

calculated with different DFAs and basis sets 

 

  
DFA: Exp. Exp. LDA PBE-D2 BP86-D3 BP86-D3 S12g S12h B3LYP-D3 Ref. 

Basis:   TZ2P TZ2P TDZP TZ2P TZ2P TZ2P TZ2P  

           

Molecule 1. HS 2.065 2.134 2.123 2.124 2.093 2.150 2.168 2.064 368 

Molecule 2. HS 2.089 2.014 2.075 2.078 2.070 2.095 2.112 2.110 86 

Molecule 3. HS 2.016 1.973 2.021 2.014 2.012 2.022 2.037 2.034 366 

Molecule 4. HS 2.175 2.157 2.202 2.191 2.194 2.233 2.259 2.207 369 

Molecule 5. HS 2.022 1.990 2.045 2.031 2.034 2.054 2.050 2.049 370 

Molecule 6. HS 2.179 2.134 2.199 2.208 2.200 2.241 2.216 2.212 371 

Molecule 7. HS 2.198 2.128 2.193 2.197 2.195 2.241 2.210 2.209 372 

Molecule 8. HS 2.035 2.003 2.030 2.040 2.031 2.023 2.023 2.009 373 

Molecule 9. HS 2.007 1.951 1.999 1.997 1.995 2.012 2.008 2.011 87 

Molecule 10. IS 2.084 2.056 2.100 2.103 2.203 2.140 2.122 2.126 88 

Molecule 11. IS 2.08 2.045 2.097 2.089 2.089 2.138 2.126 2.113 89 

Molecule 12. IS 2.07 2.057 2.109 2.104 2.112 2.143 2.128 2.131 93, 94 

Molecule 13. IS 2.090 2.040 2.086 2.083 2.083 2.116 2.101 2.107 90 

Molecule 14. IS 2.09 2.051 2.103 2.098 2.098 2.137 2.123 2.127 374 

Molecule 15. IS 2.05 2.060 2.110 2.106 2.106 2.143 2.129 2.131 91 

Molecule 16. IS 1.972 1.913 1.967 1.958 1.958 1.983 1.982 1.986 83, 84 

Molecule 17. HS 2.032 1.947 1.998 1.990 1.989 2.024 2.018 2.012 81, 82 

Molecule 18. HS 1.99 1.914 1.964 1.952 1.952 1.979 1.976 1.973 92 

max. abs. 

error 

 
 

0.085 0.060 0.059 0.119 0.093 0.103 0.081 
 

mean error   -0.038 0.010 0.007 0.009 0.035 0.030 0.020  

mean abs. 

error 

 
 

0.046 0.021 0.021 0.025 0.038 0.035 0.028 
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Table 4.26. FeII/FeIII/FeIV–Nax ligand distances (Å) for 18 investigated complexes, calculated with 

different DFAs and basis sets 
 

 

DFA: Exp. Exp. LDA PBE-D2 BP86-D3 BP86-D3 S12g S12h B3LYP-D3 Ref. 

Basis:   TZ2P TZ2P TDZP TZ2P TZ2P TZ2P TZ2P  

           
Molecule 1. HS 2.063 1.924 2.004 2.000 1.999 2.044 2.066 1.926 368 

Molecule 2. HS 2.271 2.293 2.367 2.316 2.316 2.359 2.331 2.325 86 

Molecule 3. HS 2.171 2.287 2.338 2.346 2.327 2.272 2.320 2.313 366 

Molecule 4. HS - - - - - - - - 369 

Molecule 5. HS 2.194 2.244 2.269 2.278 2.273 2.273 2.247 2.264 370 

Molecule 6. HS 2.150 2.173 2.213 2.191 2.190 2.207 2.198 2.200 371 

Molecule 7. HS 2.158 2.172 2.216 2.191 2.193 2.207 2.198 2.200 372 

Molecule 8. HS 2.358 2.421 2.525 2.454 2.421 2.601 2.550 2.617 373 

Molecule 9. HS 2.064 2.041 2.103 2.082 2.081 2.111 2.190 2.108 87 

Molecule 10. IS 2.058 1.921 1.988 1.986 1.986 2.044 2.060 2.034 88 

Molecule 11. IS 2.10 1.961 2.071 2.058 2.061 2.298 2.341 2.134 89 

Molecule 12. IS 2.07 1.879 1.944 1.933 1.930 1.988 1.928 1.984 93, 94 

Molecule 13. IS 2.118 2.044 2.134 2.128 2.129 2.187 2.182 2.164 90 

Molecule 14. IS - - - - - - - - 374 

Molecule 15. IS - - - - - - - - 91 

Molecule 16. IS 2.033 2.019 2.074 2.059 2.064 2.085 2.096 2.094 83, 84 

Molecule 17. HS 2.112 2.055 2.137 2.105 2.109 2.139 2.153 2.134 81, 82 

Molecule 18. HS 1.99 1.914 1.964 1.952 1.952 1.979 1.976 1.973 92 

max. abs. 

error 

 
 

0.191 0.167 0.175 0.156 0.243 0.241 0.259 
 

mean error   -0.035 0.033 0.015 0.011 0.064 0.067 0.041  

mean abs. 

error 

 
 

0.076 0.074 0.061 0.057 0.080 0.087 0.077 
 

 

Table 4.27. FeIII–Oeq ligand distances (Å) for 2 investigated complexes, calculated with different 

DFAs and basis sets 
 

   

DFA: Exp. Exp. LDA PBE-D2 BP86-D3 BP86-D3 S12g S12h B3LYP-D3 Ref. 

Basis:   TZ2P TZ2P TDZP TZ2P TZ2P TZ2P TZ2P  

           
Molecule 6. HS 1.998 1.989 1.994 1.992 1.990 1.987 1.963 1.969 371 

Molecule 7. HS 1.988 1.993 1.996 1.992 1.988 1.987 1.970 1.975 372 

max. abs. 

error 

 
 

0.009 0.008 0.006 0.008 0.011 0.035 0.029 
 

mean error   -0.002 0.002 -0.001 -0.004 -0.006 -0.027 -0.021  

mean abs. 

error 

 
 

0.007 0.006 0.005 0.004 0.006 0.027 0.021 
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4.2.2. Spin state energetics 
 

In the second part of the investigation, we are confronting the main goal of this research, that is, 

the unambiguous determination of the correct ground spin state. Since all of the complex molecules 

of interest for this study contain iron as the central metal ion we are dealing with partially filled d-

orbitals. For this reason, there is more than one possible spin state, and in most cases, these spin states 

are close in energy. After optimizations have been done with all previously mentioned DFAs, 

obtained structures are further examined. Various DFAs are utilized for energy calculation of all 

possible spin states, with the aim to find the most convenient level of theory for unambiguous 

determination of the ground spin state. The calculations have been carried out in a single point fashion 

using one standard (BP86-D3), two hybrid (B3LYP-D3 and S12h), and three functionals specially 

designed for this particular kind of problem (OPBE, SSBD and S12g). In the present study, we also 

tested the performance of newly designed meta-GGA ‘made very simple’ functional (MGGA-

MVS)375. While keeping in mind all previous statements about the tight relationship between 

geometrical parameters and spin state energetics376, we present here the calculations carried out with 

all employed DFAs on BP86-D3 optimized geometries (Table 4.28. and 4.29.), since the geometries 

obtained on this level of theory are the closest to the experimentally obtained ones. Nevertheless, the 

complete data, obtained by energy calculation with eight different functionals, using structures from 

every level of theory optimization, is presented in the Appendix section of the resent thesis. 

 

Table 4.28. Spin state energies (kcal·mol-1) for Fe II/III/IV-(hydr)oxo species calculated on 

BP86-D3/TDZP optimized geometries, using four different density functionals (TZ2P basis) 

 

 
DFA:  S12g  OPBE  BP86  SSB-D  

              

 Exp. l.s. i.s. h.s. l.s. i.s. h.s. l.s. i.s. h.s. l.s. i.s. h.s. 

              
Molecule 1. HS 3.8 0.0 0.8 4.8 0.0 4 0.0 0.3 10.8 11.6 3.7 0.0 
Molecule 2. HS 24.6 9.4 0.0 27.3 10.0 0.0 9.2 0.3 0.0 32.6 14.3 0.0 
Molecule 3. HS 13.6 5.6 0.0 13.7 5.2 0.0 1.5 0.0 3.6 21.7 10.3 13.6 
Molecule 4. HS 26.1 5.9 0.0 29.6 8.5 0.0 14.5 0.0 4.9 31.7 9.2 26.1 
Molecule 5. HS 12.4 9.6 0.0 10.8 7.6 0.0 10.7 8.7 0.0 11.3 9.3 12.4 
Molecule 6. HS 11.8 8.8 0.0 18.3 10.5 0.0 0.0 4.2 3.2 20.1 11.1 11.8 
Molecule 7. HS 7.8 12.2 0.0 12.2 21.6 0.0 0.0 12.0 9.9 12.8 13.1 0.0 
Molecule 8. HS 22.2 7.3 0.0 28.3 7.2 0.0 7.9 0.0 2.2 28.9 12.1 0.0 
Molecule 9. HS 25.9 17.5 0.0 23.0 19.6 0.0 14.5 9.6 0.0 31.3 19.8 0.0 
Molecule 10. IS 9.7 0.0 4.1 10.8 0.0 2.9 15.4 0.0 11.6 10.4 0.0 3.8 
Molecule 11. IS 9.4 0.0 5.0 10.8 0.0 5.4 7.7 0.0 13.1 9.9 0.0 4.6 
Molecule 12. IS 9.2 0.0 1.5 10.2 0.0 1.2 7.4 0.0 10.3 10.3 0.0 1.6 
Molecule 13. IS 9.6 0.0 4.3 11.1 0.0 3.8 7.8 0.0 12.8 10.7 0.0 4.6 
Molecule 14. IS 10.7 1.1 0.0 11.9 1.9 0.0 7.2 0.0 7.4 10.1 1.3 0.0 
Molecule 15. IS 10.4 0.5 0.0 12.5 1.1 0.0 8.0 0.0 7.8 11.1 1.0 0.0 
Molecule 16. IS 30.2 0.0 14.3 31.4 0.0 14.9 28.1 0.0 23.8 32.6 0.0 9.3 
Molecule 17. HS 27.1 22.3 0.0 29.6 24.1 0.0 18.1 16.6 0.0 30.6 24.9 0.0 
Molecule 18. HS 20.4 24.2 0.0 23.9 26.4 0.0 12.4 19.4 0.0 24.2 28.2 0.0 
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Table 4.29. Spin state energies (kcal·mol-1) for Fe II/III/IV-(hydr)oxo species calculated on 

BP86-D3/TDZP optimized geometries, using three different density functionals (TZ2P basis) 
 

 

As it is can be seen from Chapter 3.4.1, LDA is by design derived from a uniform electron gas 

and thus we can not expect from this DFA to give a proper description of different spin states and 

corresponding energetics. Because of that, results obtained with this DFA are not included in the 

examination of the spin state energetics, although they can be found in the Appendix section. 

According to the experiment, the ground spin state of all investigated FeII, FeIII and FeIV species is 

either intermediate (IS, 10-16) or high spin (HS, 1-9, 17, 18). According to the general properties of 

HF, and hybrid functionals that include a certain portion of HF (Chapter 3.1 and 3.4.4.), it can be 

expected that they will favor HS over other spin states. Another phenomenon that can occur, while 

using these DFAs for spin state energetics, is a considerable amount of spin contamination.377 In this 

regard, it is not surprising that our hybrid S12g functional (which contains 25% of HF) indeed favors 

the HS state for complexes 10-15, yet predicts the correct IS state for complex 16. Surprisingly, our 

second hybrid functional of choice ( B3LYP-D3, which includes 20% HF exchange) determined the 

right IS ground spin for five of the investigated complexes (e.g. 10-13 and 16), although it predicts 

the wrong ground spin state in the case of complexes 14 and 15. Our research indicates inaccuracy of 

LDA and BP86-D3 for the determination of the ground spin state (even in the case of HS complexes), 

which was reported and discussed many times in the literature. According to our results, the best 

performance for the description of the spin states, an unambiguous determination of the ground spin 

state is attributed to OPBE, S12g, and SSB-D functionals. These three levels of theory are in general 

considered as the best choices for dealing with spin state energetics, and they showed success in many 

similar types of research from the past337, 360, 378-381 Although S12g failed in prediction of IS ground 

state for complexes 14 and 15, this negligible energy difference of 0.5 and 1.1 kcal·mol-1 can be 

 
DFA:  B3LYP  S12h  MVS  

           

 Exp. l.s. i.s. h.s. l.s. i.s. h.s. l.s. i.s. h.s. 

           
Molecule 1. HS 16.8 9.7 0.0 31.8 18.4 0.0 19.4 7.9 0.0 
Molecule 2. HS 28.9 10.1 0.0 43.9 18.0 0.0 43.6 20.9 0.0 
Molecule 3. HS 0.0 12.7 4.5 0.0 29.7 13.2 0.0 33.5 16.7 
Molecule 4. HS 0.0 25.9 6.4 0.0 41.3 15.3 0.0 43.6 15.5 
Molecule 5. HS 0.0 11.8 8.9 0.0 10.7 8.1 0.0 40.5 17.9 
Molecule 6. HS 0.0 14.0 7.8 0.0 28.6 16.2 0.0 23.8 18.7 
Molecule 7. HS 9.1 12.5 0.0 23.9 19.9 0.0 24.4 21.8 0.0 
Molecule 8. HS 23.9 7.2 0.0 40.1 15.6 0.0 42.2 18.3 0.0 
Molecule 9. HS 28.3 17.8 0.0 41.1 24.8 0.0 41.7 29.1 0.0 

Molecule 10. IS 28.2 0.0 2.4 35.6 3.9 0.0 14.9 0.0 0.7 
Molecule 11. IS 28.5 0.0 3.9 35.0 2.9 0.0 20.4 5.7 0.0 
Molecule 12. IS 27.9 0.0 1.5 37.3 6.0 0.0 10.6 0.7 0.0 
Molecule 13. IS 28.4 0.0 3.8 31.7 0.0 -3.4 9.0 0.0 1.9 
Molecule 14. IS 28.9 3.0 0.0 39.8 10.0 0.0 18.9 4.6 0.0 
Molecule 15. IS 29.4 0.4 0.0 40.1 7.6 0.0 11.8 3.8 0.0 
Molecule 16. IS 29.9 0.0 10.0 33.3 0.0 1.6 38.3 0.0 7.2 
Molecule 17. HS 31.1 25.1 0.0 42.4 32.3 0.0 43.5 34.0 0.0 
Molecule 18. HS 23.8 56.9 0.0 34.3 69.3 0.0 37.6 37.4 0.0 
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attributed to the methodological error, but this conclusion should be taken with caution. Another 

aspect when it comes to energetically close lying spin states (IS and HS in this case), is that such 

molecules could be considered as examples of TM systems that can exhibit spin-crossover properties. 

Spin ground states determined with OPBE, S12g and SSB-D are in accordance with the experiment 

for all examined iron-oxo complexes, except for complexes [FeIV(O)(TMCS)]+, 

[FeIV(O)(TMCSO2)]
+, and complex [FeII(OH)(Hdidpa)CH3CN]2+. Since the first two complexes we 

may consider as spin-crossover examples (and will be the topic of future examinations), the only 

troublesome system is remaining complex 1. The wrong ground spin state is obtained as a result of 

keeping the attention focused on the electronic energy. However, if we extend our sight, and take int 

consideration the Gibbs free energy, it can be noted that the ΔG correction is 4.06 kcal·mol-1 in favor 

of the high-spin. Although in the case of OPBE the stabilization can be considered as almost 

negligible (0.1 kcal·mol-1), we have a significant stabilization in the case of S12g (3.3 kcal·mol-1). 

For this reason, we can say that S12g actually performs well for the complex molecule 1 and predicts 

the right HS state. While considering all results together, we can conclude that the best approach to 

obtain reliable results for the spin state energetics, and unambiguously determine the ground spin 

state is to employ dispersion corrected S12g. Although BP86-D3/TDZP provided better geometries, 

this functional fails when it comes to the description of the spin states. For this reason, it is important 

to emphasize that both good geometries and correct ground spin state can be obtained in one step by 

use of S12g, which might be sped up in some cases using the BP86-D3/TDZP geometries. 

 

4.2.3. Thermochemical description of [Fen(O)(Sc(OTf)4(OHm)] moiety 
formation 

 

Now, when an appropriate method for investigation of spin state energetics is established, we can 

return and with confidence provide some additional theoretical insight for the mentioned scandium-

containing iron-oxo complex. In 2013 it was already shown that Fe(III) represents the real chemical 

moiety present in this unusual molecule. The confirmation came from all previously mentioned 

experimental techniques and additionally enforced by a study using chromium as a central metal 

ion.382 Although much has been done in order to investigate and characterize this complex, we still 

don’t know anything about the character and the strength of the bond formed between the 

[Sc(OTf)4(OH2)]
– moiety and the iron-oxo compartment. In forthcoming research, we will utilize the 

previously proposed approach for geometry optimization and energy calculation of involved chemical 

species. According to our previous results, we can be sure that geometrical parameters, as well as the 

obtained energies, will be precise and accurate. Therefore, we studied the [Fen(O)(Sc(OTf)4(OHm)] 

molecule with S12g/TZ2P energies on BP86-D3/TDZP optimized structures (Scheme 6. and Figure 

4.5.). It is important to highlight that n our research, the main focus is directed to thermochemistry, 

thus we do not consider the kinetics of the reaction. 
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 Reaction ∆Eelec 

(kcal·mol-1) 

∆G 

(kcal·mol-1) 

    

1 [FeIV(O)(TMC)(NCCH3)]2+ → [FeIV(O)(TMC)]2+ + MeCN 

 

11.82 -0.9 

2 [FeIV(O)(TMC)]2+ + Fe(Cp)2 → [FeIII(O)(TMC)]1+ + [Fe(Cp)2]+1 

 

15.20 13.02 

3 H2O + MeCN → OH-1 + MeCNH+1 

 

62.79 58.32 

4 Sc(OTf)3 + Sc(OTf)3 + H2O → [Sc(OTf)4(H2O)]-1 + [Sc(OTf)2]+1 

 

 

-24.86 -7.29 

5 Sc(OTf)3 + Sc(OTf)3 + OH-1 → [Sc(OTf)4(OH)]-2 + [Sc(OTf)2]+1 -55.57 -40.77 

6 [Sc(OTf)4(OH)]-2 + [FeIV(O)(TMC)]2+ → [FeIV(O)(Sc(OTf)4(OH)] 

 

-12.66 4.83 

7 [Sc(OTf)4(H2O)]-1+[FeIV(O)(TMC)]2++ Fe(Cp)2→ 

[FeIII(O)(Sc(OTf)4(OH2)] + [Fe(Cp)2]+1· 

 

-50.49 -32.7 

8 [Sc(OTf)4(H2O)]-1 + [FeIII(O)(TMC)]1+ → [FeIII(O)(Sc(OTf)4(OH2)] -65.69 -36.51 

 

Scheme 6. Thermochemistry of sequential reactions included in the formation of the scandium-

capped iron-oxygen complex [FeIII(O)Sc(OTf)4(OH2)] 
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Figure 4.5. The Formation of the scandium-capped iron-oxygen complex [FeIII(O)Sc(OTf)4(OH2)] 

Our research indicates that the capping process of the [FeIV(O)(TMC)]2+ which includes the 

scandium moiety, has an exergonic character in case of forming the Fe(III) complex. On the other 

hand, the same chemical process showed to be endergonic in the case of Fe(IV)-oxygen complex. 

These findings are fully consistent with the Fe-O and Sc-O distances found in the crystal structure364, 

and the DFT study357, and the Mössbauer studies (both the computational prediction357 and 

experimental corroboration365). 
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4.2.4. Conclusions 

 

“Within this study, the extension of the previous validation357 of various DFAs for a correct 

description of spin state energetics for a series of FeII/FeIII/FeIV iron-oxo and iron-hydroxo complexes 

is presented. Bearing in mind that the change of the spin state is often associated with changes 

occurring in the geometry, structure relaxation of the LS, IS and HS state of 18 iron-oxo and iron-

hydroxo species was allowed with six density functionals. Our theoretical findings, in accordance 

with experimental data, suggest that the HS or IS configuration is favored for all investigated species 

by the means of DFAs using OPBE, SSB-D, S12g, MVS and B3LYP-D3. However, LDA, BP86-D3 

and S12h showed a tendency to predict a wrong spin ground state on the BP86-D3 optimized 

geometries. Overall geometries, obtained at S12g/TZ2P and BP86-D3/TDZP level of theories 

(including COSMO solvation and ZORA relativistic corrections) are in excellent agreement with the 

experimental data, for all molecules under study. It is noteworthy that BP86-D3/TDZP gave the best 

agreement with experimentally observed Fe-O and Fe-Neq distances, while results for Fe-Nax are 

satisfactory. When considered together, obtained data support few important conclusions: although 

one should be cautious while choosing the DFA for a correct prediction of the spin ground state, 

accurate spin state energies can be easily derived performing fast and efficient high-level theory 

single point calculations on correct geometry (for mononuclear metal complexes!). For all complexes 

under investigation, the best performance in determination of the spin ground state was obtained with 

OPBE, S12g, and SSB-D, which makes them an important tool for exploring and describing different 

spin states of various TM containing systems. With the caution that different research groups would 

recommend the use of different functionals, encouraged with these results we suggest S12g/TZ2P as 

the most reliable choice for both geometry optimization and determination of spin state and splittings 

in transition complexes: it provides both good geometries and accurate description of the electronic 

structure. This comprehensive validation study gives us the confidence to use S12g for studying and 

predicting properties of unknown TM compounds, which ultimately is one of the aims of theoretical 

(bio)inorganic chemistry.”286 

“After many discussions in the past357, 364, 365 about oxidation and spin state of iron in scandium-

capped iron-oxygen complex, here we provide additional computational support for the assignment 

of a Fe(III) oxidation state. The thermo-chemically most stable iron complex is unambiguously 

[FeIII(O)(Sc(OTf)4(H2O)], with a high-spin ground state.”286 

4.2.5. Computational details 
 

All DFT calculations were performed with the Amsterdam Density Functional (ADF)287, 334 and 

QUILD383 programs. Molecular orbitals were expanded in an uncontracted set of STOs of triple- 

quality with double polarization functions (TZ2P), or the TDZP basis set which consists of triple- 

quality on the metal and double- quality on all other atoms, in both cases including one polarization 

function. 384, 385 Core electrons were not treated explicitly during geometry optimizations (frozen core 

approximation). An auxiliary set of s, p, d, f, and g STOs was used to fit the molecular density and to 

represent the Coulomb and exchange potentials accurately for each SCF cycle. 

Geometries of all possible spin states were optimized with the QUILD383 program using adapted 

delocalized coordinates379 until the maximum gradient component was less than 10-4 a.u. Energies 

and gradients were calculated using LDA, PBE-D2
198, S12g386, BP86-D3, B3LYP-D3 and S12h386 

functionals, in all cases by including solvation effects through the COSMO dielectric continuum 

model with appropriate parameters for each solvent used. Scalar relativistic corrections have been 

included self-consistently in all calculations by using the zeroth-order regular approximation 

(ZORA)387, 388. Geometry optimizations at the BP86-D3 level of theory were performed with both 

TDZP and TZ2P, and optimizations with LDA (Slater exchange389, 390 with Vosko-Wilk-Nusair172 
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correlation), PBE-D2, S12g, B3LYP, S12h were performed with the TZ2P basis set. Subsequent 

single-point calculations (with the all-electron TZ2P basis set) have been performed on all optimized 

geometries, with S12g, BP86-D3, OPBE, SSB-D, B3LYP-D3, S12h, and MVS375. For all calculations 

carried out with LDA, PBE-D2, OPBE, BP86-D3, and B3LYP the Becke391, 392 grid of normal quality 

was used; calculations performed with SSB-D, S12g and S12h were performed with a Becke grid of 

very good quality, and for MVS a grid of good quality with five times radial-grid boost was applied. 

Note that BP86-D3, S12g, B3LYP-D3 and S12h include Grimme’s D3, while PBE-D2 and SSB-D 

functional include Grimme’s D2 dispersion energy scheme197 with appropriate parameters; MVS was 

shown to already include a large part of the dispersion interactions implicitly for short- and medium-

range weak interactions,375 and hence there is less need to combine MVS with Grimme’s D3 scheme 

(although efforts to also describe long-range interactions correctly may be forthcoming). All DFA 

calculations were performed using the unrestricted Kohn-Sham scheme.  

 

4.3. Energy decomposition analysis of iron-oxo and iron-hydroxo complexes  
 

As it was highlighted and explained in previous sections, iron exists in various oxidation states, 

thus consequentially exhibits a broad pallet of spin states. Ground spin state and corresponding low 

lying excited states of a certain chemically active moiety are in most cases the driving force which 

defines and governs the chemical reaction they are included in. As we mentioned before, this is of 

utmost importance in the case of iron, since it plays an essential role in various biochemical reactions. 

In present work we will utilize DFT method supported by trustworthy S12g functional, which showed 

good performance for consistent description of spin state energetics (previous section), in order to 

investigate simple iron model-complexes of general formula [(NH3)xFen(O)(Y)ax]
m+ and 

[(NH3)xFen(OH)(Y)ax]
m+ presented in Figure 4.6. Similar model systems have been used before351, 

393, but the research has been mainly focused on reactivity. These simple models are in the focus of 

present work since their molecular properties and chemical behavior can be representative of much 

larger and more diverse molecular and biological systems. Our main goal is to use EDA approach in 

order to go beyond simple spin state energetics and illuminate the factors leading to spin state 

splitting. 
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Figure 4.6. Investigated model systems with three different oxidation states of iron 

 

4.3.1. Geometry optimizations 
 

As well as in previous researches, the first step was the geometry optimization of all investigated 

complexes in three oxidation states (+2, +3 and +4) of a central metal ion. As we already discussed, 

the geometry of a certain complex is closely related to the ground spin state and thus, the population 

of close-lying excited states, as well as with spin state splitting between these states. Small changes 

in the coordination environment will lead to extreme changes in energy and ordering of present spin 

states. In order to obtain good geometries, we decided to use dispersion-corrected S12g functional 

with solvation effects included since it showed excellent performance for geometry optimization of 

iron-oxo and iron-hydroxo complexes in the previous study. According to the obtained results, we 

can consider this DFA as a smart and elegant one-step approach for obtaining good geometries and 

accurate spin state energetics. In the present research, we are investigating small and highly 

symmetric molecules in several spin states, corresponding to a specific oxidation state of iron. In this 

regard, some of these spin states are formally JT active, meaning that symmetry-lowering may result 

in more favorable energies. We started our geometry optimizations by applying the most symmetric 

ligand arrangement around central metal ion (C3v and C4v for a and b respectively, and Cs for both a1 

and b1 model systems) in all three iron oxidation states. For all spin states that showed the JT activity, 

we allowed the distortion to take place by performing another geometry optimization and relaxing 

the structures to corresponding lower symmetry point group (Cs and C2v respectively for a and b 

model systems Figure 4.6.). As expected, symmetry lowering for complexes in spin states prone to 

the JT effect resulted in geometries that are more stable than those of higher symmetry. The label of 

final symmetry point-group for all spin states can be found in Tables 4.30-4.35. Unlike in the case of 
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iron-oxo systems, geometry optimization of iron-hydroxo complexes was in most cases followed by 

the rotation of at least two axial ammonia ligands. This geometrical diversity combined with the 

change of oxo into hydroxo-group are taking place in the first coordination sphere, and is strongly 

influencing not only the atomic orbital overlap but the energy split between molecular orbitals. In this 

regard, a noticeable change in the overall spin state energetics picture of hydroxo complexes relative 

to corresponding oxo complexes can be expected. All geometrical details can be found included in 

the Appendix section. 

 

4.3.2. Spin state splitting 
 

Due to the simplicity, from this point forward, we will observe iron-oxo complexes separately 

from iron-hydroxo complexes. As it can be clearly seen from the Figure 4.7, in the case of iron-oxo 

complexes we have a consistent ground spin state for first two complexes (HS, IS and HS for +2, +3 

and +4oxidation states respectively), although spin state energetics and resulting spin state splitting 

is rather different even for these two model systems which on the first glance we may say 

geometrically look alike. The third complex does not even follow the same trend for the ground spin 

state (LS, IS and IS for +2, +3 and +4 oxidation states respectively) and has significantly different 

values for the spin state splitting. These diversities originate from delicate differences in geometry 

and electronic structure.  

In the case of iron-hydroxo complexes the same trend of ground state consistency can be observed 

for the first two model systems (HS and HS for +3 and +4 respectively), and a change for the third 

(HS and IS for III and IV respectively). Spin state splitting is even more diverse than for the previous 

models. One important thing to notice is that iron oxidation state +4 has the same ground spin state 

in all model systems (both oxo and hydroxo), whereas oxidation state +3 shows a change depending 

on the type of oxygen-containing group.  

In order to locate, define and rationalize these differences we will apply EDA approach and 

generate physically meaningful contributions responsible for the stability of a certain complex. 
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Figure 4.7. Spin state splitting for examined iron-oxo and iron-hydroxo model-complexes 
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4.3.3. Energy Decomposition Analysis 
 

Details about EDA procedure, and information about corresponding contributions to the overall 

energy of a certain molecular system, can be found in Chapter 3.7. After the geometry optimization 

and relaxation of structures that were JT active, we decomposed all final geometries into two 

fragments from which one is iron in its specific oxidation state coordinated with oxygen atom or 

hydroxyl group (since this is the mutual unit for all complexes) and the other is constructed of all 

remaining ligands creating the coordination sphere (Figure 4.8.). In this way, we will be able to 

observe and investigate the form and amount of ligand interaction with iron-oxo/hydroxo 

compartment.192 During the discussion, EDA contributions will be defined and rationalized relative 

to the ground spin state of a specific model system. 

 

Figure 4.8. Decomposition of a molecule into fragments (iron coordinated with oxygen as fragment 

1 and all remaining ligands (four NH3 and one NCH) as fragment 2) 
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4.3.3.1. EDA of [(NH3)3Fen(O)(NH3)]m+ complex 
 

We will start the discussion with iron-oxo complexes, more precisely with the first model system 

containing three equatorial and one axial NH3 ligand (Figure 4.9.a.). Mentioned complex in 2+ 

oxidation state of iron has an HS ground state. It is important to mention that iron-oxo [Fe(O) ]n+ unit 

on its own has an HS ground state, and the preparation energy needed to bring the [Fe(O) ]n+ from its 

preferred ground state to IS or LS is almost similar (~70 kcal mol-1 and ~64 kcal mol-1 respectively). 

This electronic effect is additionally boosted by strong Pauli repulsion (~34 kcal mol-1 and ~105 kcal 

mol-1 respectively, relative to the HS) lifting the IS and LS states in energy and explaining the HS 

character of this complex. It is important to notice that the sum of individual components for IS and 

LS is almost the same (although the EDA components vary), which explains small splitting between 

these two states. As it can be seen from the Table 4.24., less energy is needed to bring HS iron-oxo 

component to LS, and at the same time, this excited state shows much stronger orbital interaction 

than the IS (~156 kcal mol-1 and ~126 kcal mol-1, respectively), making LS the first excited state. 

 

Figure 4.9.a. Geometry of [(NH3)3Fen(O)(NH3)]
m+ complex 

 

In the case of oxidation state 3+ the overall picture changes drastically. Preparation energy needed 

to excite preferred HS iron-oxo component to IS now counts only 15 kcal mol-1. This energy 

requirement and negligibly stronger effect of Pauli repulsion in IS (~5 kcal mol-1, relative to HS) can 

be easily counteracted by a favorable combination of Orbital interaction and Electrostatic interaction, 

making IS the ground state. Sum of Pauli, Orbital and Electrostatic interaction, known as the 

Interaction energy, has a stabilizing (~-24 kcal mol-1, relative to HS) effect and is strong enough to 

overcome the excitation energy. Preparation energy needed for excitation of HS component to LS 

state is even larger than in the case of oxidation state 2+, and this unfavorable contribution is 

accompanied by even stronger Pauli repulsion, lifting this spin state in energy and creating much 

larger splitting. 



 

Table 4.30. EDA parameters (kcal mol-1) for [(NH3)3Fen(O)(NH3)]
m+ model system calculated on ZORA/S12g/TZ2P level of theory 

            

Ox. State  +2    +3    +4  

Spin state LS IS HS  LS IS HS  LS IS HS 

Symmetry Cs C3v Cs  Cs Cs C3v  C3v Cs C3v 

            

E -2113.04 -2111.76 -2122.76  -2020.39 -2038.01 -2032.70  -1766.24 -1779.27 -1796.76 

ΔEprep 102.30 100.07 28.45  125.38 42.14 23.91  68.91 44.39 25.35 

ΔEdeform  0.50 0.03 0.01  0.01 0.04 0.03  0.17 0.19 0.15 

ΔElig-lig 22.22 14.52 12.57  21.88 16.68 13.57  25.71 22.77 18.09 

ΔEval.xc  79.58 85.52 15.92  103.49 25.42 10.31  43.03 21.43 7.11 

ΔEint -130.50 -126.03 -65.73  -259.69 -193.64 -169.93  -383.67 -372.06 -370.25 

ΔEpauli 258.52 186.98 153.22  280.16 157.63 152.62  238.25 199.88 184.37 

ΔEelstat  -233.02 -187.15 -135.56  -260.92 -211.55 -198.61  -302.70 -286.33 -287.25 

ΔEorbint  -156.00 -125.86 -83.39  -278.93 -139.72 -123.94  -319.22 -285.61 -267.37 

            

   C3v       Cs            

   A1     A` -114.64 -38.60 -63.42  -240.22 -103.77 -53.38  -111.64 -176.93 -122.61 

   A2     A`` -41.36 -0.86 -19.97  -38.71 -35.94 -1.90  -5.68 -108.68 -5.38 

   E1      -                   - -86.40 -  - - -68.66  -201.89 - -139.38 

            

ΔEdisp -5.39 -6.35 -6.04  -5.82 -6.28 -6.47  -5.72 -5.78 -6.02 

            

ΔEtotal -28.2 -25.96 -37.28  -134.31 -151.5 -146.02  -314.76 -327.67 -344.9 

 

In 4+ oxidation state of iron, the ground spin state is reversed again. As it can be seen, the preparation energy for the excitation of preferred HS to IS is 

still small and affordable (~14 kcal mol-1, relative to HS), but cannot be overcame by small stabilizing effect of Interaction energy, since there is not 

enough stabilization, originating from Orbital interaction and Electrostatic interaction, needed to counteract destabilizing Pauli repulsion. The interaction 

energy of LS is only ~13 kcal mol-1 higher and the driving force creating large splitting is unfavorable excitation energy needed to bring the preferred 

component to LS state. 



 

4.3.3.2. EDA of [(NH3)3Fen(O)(NCH)]m+ complex 
 

As mentioned before, geometrical aspects are one of the main factors governing the spin state 

ordering. Our second model system has a similar coordination environment, containing three 

equatorial NH3 and one axial NCH ligand (Figure 4.9.b.), and all optimized structures of this model 

system are similar to the previous one (Appendix section). As expected, the qualitative picture did not 

change, and spin state ordering is the same as for the previous (Figure 4.7., Table 4.31.). Although 

the ground spin state is retained for all three oxidation states, spin state splitting changed, and a closer 

look at the geometries reveals slight but important geometrical differences that influence the general 

result.  

 

Figure 4.9.b. Geometry of [(NH3)3Fen(O)(NCH)]m+ complex 

 

Namely, in oxidation state 2+, the distance between the central metal ion and equatorial 

ammonia ligands stayed almost the same as in the first model system, yet bond length between a 

metal ion and axial NCH is shorter (~ 0.3Å) than in the case of axial NH3. This bond shortening is 

causing destabilizing Pauli repulsion energy to increase, but at the same time it is providing stronger 

orbital overlap, and as a general result, we have stronger Interaction energy. Excitation energy is 

almost the same as for the first model system, yet we have dominantly stronger Interaction, which is 

lowering the energy and reducing the spin state splitting. 

Spin state splitting for iron oxidation state 3+ changed drastically. In HS, shortening (~ 0.1Å) 

of M-L(eq) took place and was accompanied by an elongation (~ 1.3Å) of M-L(ax). This effect can be 

clearly noticed in Orbital interaction contribution, since stabilization decreased for orbitals of A1 

symmetry (corresponding to axial d orbitals), and increased for orbitals of E1 symmetry 

(corresponding to equatorial d orbitals). Although the overall effect is weaker Orbital interaction 

energy, we have a decrease of destabilizing Ligand-Ligand interaction (due to the elongation of M-

L(ax)) and reduction of the orbital splitting. The ground spin state remains IS, showing a negligible 

shortening of all M-L bonds followed by a rotation of equatorial ligands. This geometrical change is 

causing a less favorable Orbital interaction, thus a slight destabilization of IS and smaller spin state 

splitting between the ground and remaining excited spin states. In LS state a shortening of M-L(ax) 

took place resulting in more favorable Orbital interaction and stronger Interaction energy, which 

further stabilizes this spin state. Synergic effect of IS destabilization and stabilization of LS state led 

to a sufficient decrease of splitting between these two spin states, and as a final result, we have almost 

the same energy requirement for the excitation of the ground spin state either to HS or LS. 



 

Table 4.31. EDA parameters (kcal mol-1) for [(NH3)3Fen(O)(NCH)]m+ model system calculated on ZORA/S12g/TZ2P level of theory 

            

Ox. State  +2    +3    +4  

Spin state LS IS HS  LS IS HS  LS IS HS 

Symmetry Cs C3v Cs  Cs Cs C3v  C3v Cs C3v 

            

E -2142.08 -2142.79 -2145.81  -2035.01 -2042.12 -2038.26  -1775.58 -1784.21 -1801.49 

ΔEprep 109.87 99.67 25.81  122.54 37.81 13.16  63.71 38.84 20.08 

ΔEdeform  13.49 1.35 0.43  0.10 0.10 0.05  0.37 0.37 0.38 

ΔElig-lig 19.62 13.44 11.00  19.11 12.97 4.75  18.06 17.41 13.10 

ΔEval.xc  76.76 84.88 14.38  103.34 24.75 8.36  45.28 21.06 6.60 

ΔEint -162.10 -151.91 -80.99  -266.63 -188.54 -160.48  -383.12 -366.55 -364.88 

ΔEpauli 374.67 258.23 222.57  320.40 162.46 163.6  230.97 201.55 184.24 

ΔEelstat  -281.56 -220.66 -165.95  -269.57 -208.88 -204.04  -300.76 -282.65 -281.76 

ΔEorbint  -255.21 -189.48 -137.61  -317.46 -142.12 -120.04  -313.33 -285.45 -267.36 

            

   C3v       Cs            

   A1     A` -186.44 -50.14 -91.45  -266.90 -101.91 -40.38  -93.63 -167.96 -109.35 

   A2     A`` -68.77 -0.95 -46.16  -50.56 -40.21 -2.42  -5.82 -117.49 -5.45 

   E1      -                   - -138.39 -  - - -77.24  -213.87 - -152.56 

            

ΔEdisp -4.56 -5.29 -5.32  -4.88 -5.32 -4.88  -4.56 -4.76 -5.01 

            

ΔEtotal -52.23 -52.24 -55.18  -144.09 -150.73 -147.32  -319.41 -327.71 -344.8 

 

As it can be seen from Figure 4.7., as well as from Table 4.31., there are no drastic changes in the case of oxidation state 4+. This phenomenon 

is explained by the fact that both model systems have similar optimized geometries in all spin states. 



 

4.3.3.3. EDA of [(NH3)4Fen(O)(NCH)]m+ complex 
 

Geometry of the third model system is noticeably different (Figure 4.9.c.), since it has an 

additional equatorial NH3 ligand, and in this regard, we have sufficiently different results for EDA 

components (Table 4.32.), as well as for the resulting spin state splitting (Figure 4.7.).  

 

Figure 4.9.c. Geometry of [(NH3)4Fen(O)(NCH)]m+ complex 

 

On a first glance EDA components for complex in which iron has oxidation state 2+ look 

considerably different for three possible spin states. As it can be expected and noted from Table 4.32., 

this complex shows stronger orbital interaction starting from HS and going to LS due to the shortening 

of M-L distances (Appendix section), but at the same time a stronger destabilizing effect of the Pauli 

repulsion and Ligand-Ligand interaction energy. After we add the unfavorable Excitation energy 

effect to the interplay of previously mentioned contributions we obtain almost the same amount of 

stabilization for all three spin states (-45.86, -41.43 and -40.78 kcal mol-1 for LS, IS and HS 

respectively). As a final result, LS stands out as a ground state with negligible spin state splitting 

(Figure 4.7.), thus we can consider this model system as a transition complex.  

Complex with iron oxidation state 3+ shows much smaller energy requirement for excitation 

from preferred HS to IS, which is overcome by stronger stabilizing interaction effect based on more 

favorable Orbital interaction in IS. After the addition of the Ligand-Ligand destabilizing component, 

we have IS as ground state and HS negligibly higher in energy. Unlike HS, LS is considerably higher 

in energy. If we take into account that the sum of stabilizing Interaction contribution and destabilizing 

Excitation energy is almost the same for all three spin states (-180.76, -181.38, and -176.03 kcal mol-

1 for LS, IS and HS respectively), it is obvious that the reason for this larger spin state splitting lies 

in strong destabilizing Ligand-Ligand effect which lifts LS in energy.



 

Table 4.32. EDA parameters (kcal mol-1) for [(NH3)4Fen(O)(NCH)]m+ model system calculated on ZORA/S12g/TZ2P level of theory 

            

Ox. State  +2    +3    +4  

Spin state LS IS HS  LS IS HS  LS IS HS 

Symmetry C4v C4v C4v  C2v C4v C4v  C2v C4v C4v 

            

E -2587.29 -2586.77 -2585.46  -2493.43 -2508.86 -2507.09  -2248.91 -2285.66 -2283.36 

ΔEprep 162.71 112.77 27.34  135.09 43.32 24.06  122.78 90.72 28.94 

ΔEdeform  2.09 0.20 -0.05  0.29 0.04 0.00  0.17 0.14 0.20 

ΔElig-lig 33.34 22.31 10.91  31.34 18.72 14.77  29.36 30.62 22.31 

ΔEval.xc  127.28 90.26 16.48  103.48 24.56 9.30  93.25 59.96 6.43 

ΔEint -206.48 -154.00 -68.17  -284.24 -205.94 -185.33  -460.73 -466.54 -400.62 

ΔEpauli 347.58 260.90 158.20  230.54 130.80 154.89  194.66 196.32 149.82 

ΔEelstat  -290.98 -224.90 -137.13  -274.37 -201.79 -206.80  -312.04 -312.51 -278.68 

ΔEorbint  -263.08 -190.00 -89.24  -240.41 -134.95 -133.42  -343.35 -350.35 -271.76 

            

   C4v       C2v            

   A1     A1 -60.52 -54.48 -37.60  -149.84 -52.84 -44.09  -225.07 -96.17 -100.74 

   A2     A2 -1.13 -0.65 -0.32  -10.57 -1.25 -1.57  -14.61 -4.41 -3.58 

   B1      B1                      -9.18 -1.73 -8.05  -41.80 -4.97 -3.45  -57.90 -10.13 -7.37 

   B2      B2 -53.29 -15.85 -5.48  -38.20 -21.47 -25.25  -45.77 -133.96 -56.96 

   E1       -138.97 -117.27 -37.80  - -54.42 -59.06  - -105.69 -103.11 

            

ΔEdisp -5.32 -7.22 -6.45  -5.32 -7.27 -6.84  -6.35 -5.23 -7.11 

            

ΔEtotal -43.77 -41.23 -40.83  -149.15 -162.62 -161.27  -337.95 -375.82 -371.68 

 

In the case of oxidation state 4+ (relative to previous two model systems) a considerable change in spin state ordering took place (Figure 4.7.). 

IS became the ground state, and as it was stated before192, the reason for this phenomenon arises from stronger stabilizing Interaction effect dominating 

over destabilizing Preparation energy. The same concept rationalizes the spin state splitting for this model system.  



 

4.3.3.4. EDA of [(NH3)3Fen(OH)(NH3)]m+ complex 
 

As well as for iron-oxo model systems, transition metal-containing unit [Fe(OH) ]n+ on its own 

has an HS ground state. The first hydroxo model system (Figure 4.9..d.), containing three equatorial 

and one axial NH3 ligand, in the case of 3+ oxidation state of iron has an HS ground state. 

 

Figure 4.9.d. Geometry of [(NH3)3Fen(OH)(NH3)]
m+ complex 

 

This is not in accordance with the corresponding iron-oxo complex having the IS as the ground 

state. During the geometry optimization of all three spin states of iron-hydroxo complex, an 

elongation of Fe-O and shortening of Fe-L bonds took place (Appendix section), and in this regard, 

we can expect a change in overall results. As we mentioned earlier, preparation energy needed to 

excite preferred HS iron-oxo component to IS is rather small (~15 kcal mol-1) and can easily be 

overcome by favorable Interaction energy. Unlike in the case of iron-oxo complex corresponding 

hydroxo complex shows noticeably higher preparation (Table 4.33.), based on energy requirement 

for excitation of preferred HS iron-hydroxo to first excited IS state (~38.41 kcal mol-1). Since the 

stabilizing Interaction energy effect is not strong enough to counteract this energy requirement we 

have HS as the ground state and IS as the first excited state. The change of the ground spin state 

between iron-oxo and iron-hydroxo model systems is in this way addressed to the Preparation energy 

component. Since the preparation energy requirement for the excitation of iron-hydroxo HS ground 

state to LS is greater than in the case of iron-oxo, where ground IS must be excited to LS, we can say 

that the same factor is responsible for a larger spin state splitting in the case of the iron-hydroxo 

complex.  



 

Table 4.33. EDA parameters (kcal mol-1) for [(NH3)3Fen(OH)(NH3)]
m+ model system calculated on ZORA/S12g/TZ2P level of theory 

        

Ox. State  +3    +4  

Spin state LS IS HS  LS IS HS 

Symmetry Cs Cs Cs  Cs Cs Cs 

        

E -1880.26 -1903.21 -1910.61  -1477.04 -1495.61 -1511.42 

ΔEprep 124.82 70.27 28.24  450.36 298.32 228.95 

ΔEdeform  0.08 0.05 0.05  0.44 0.44 0.42 

ΔElig-lig 24.78 18.15 14.53  31.73 27.22 20.54 

ΔEval.xc  99.96 52.07 13.66  418.19 270.66 207.99 

ΔEint -373.28 -341.38 -306.54  -763.74 -629.85 -576.12 

ΔEpauli 229.32 186.50 161.95  227.81 230.01 204.45 

ΔEelstat  -287.05 -278.55 -255.18  -340.7 -339.6 -335.01 

ΔEorbint  -315.55 -249.33 -213.31  -650.85 -520.26 -445.56 

        

Cs        

A` -193.38 -177.04 -145.22  -429.55 -428.85 -325.03 

A`` -122.17 -72.29 -68.09  -221.30 -91.41 -120.52 

        

ΔEdisp -5.92 -6.29 -6.43  -5.6 -5.61 -6.02 

        

ΔEtotal -246.48 -271.11 -278.3  -313.38 -331.53 -347.17 

 

The overall picture of spin state ordering in the case of the iron-hydroxo complex with 4+ oxidation state of the metal is the same as for the 

corresponding iron-oxo complex. Geometrical parameters (Appendix section) of this iron-hydroxo complex, unlike in the previous example stayed almost 

the same with negligible changes. Although each EDA component changed drastically, in comparison with the corresponding iron-oxo complex, obtained 

values relative to the ground HS state are the same, resulting with almost equal spin state splitting. 



 

 

4.3.3.5. EDA of [(NH3)3Fen(OH)(NCH)]m+ complex 
 

The geometrical parameters of the next model system, containing three equatorial NH3 and one 

axial NCH ligand (Figure 4.9.e.), are almost the same (Appendix section) for both 3+ and 4+ oxidation 

state of central metal ion if compared with previous iron-hydroxo complex.  

 

 

Figure 4.9.e. Geometry of [(NH3)3Fen(OH)(NCH)]m+ complex 

 

For this reason, EDA contributions (Table 4.34.), as well as resulting spin state ordering and spin 

state splitting are similar. In this regard, the same concept as for the previous model system can be 

applied. Moreover, oxidation state 3+ shows the same trend and a change of the ground spin state 

from IS to HS, if compared with the corresponding iron-oxo complex. This phenomenon is once more 

explained with Preparation contribution, based on excitation energy requirements.



 

Table 4.34. EDA parameters (kcal mol-1) for [(NH3)3Fen(OH)(NCH)]m+ model system calculated on ZORA/S12g/TZ2P level of theory 

        

Ox. State  +3    +4  

Spin state LS IS HS  LS IS HS 

Symmetry Cs Cs Cs  Cs Cs Cs 

        

E -1888.09 -1908.68 -1914.33  -1483.57 -1495.68 -1515.36 

ΔEprep 119.79 65.78 23.34  445.15 293.11 224.87 

ΔEdeform  0.22 0.20 0.14  0.90 0.90 0.75 

ΔElig-lig 20.39 14.14 23.34  25.89 22.32 15.48 

ΔEval.xc  99.18 51.44 12.77  418.36 269.89 208.64 

ΔEint -372.33 -338.77 -301.88  -759.78 -619.09 -570.48 

ΔEpauli 245.64 194.71 165.88  241.3 230.57 209.46 

ΔEelstat  -287.96 -276.11 -255.6  -345.13 -338.18 -330.79 

ΔEorbint  -330.01 -257.37 -212.16  -655.95 -511.48 -449.15 

        

Cs        

A` -196.66 -176.15 138.38  -408.15 -283.67 -313.83 

A`` -133.35 -81.23 -73.77  -247.80 -227.81 -135.32 

        

ΔEdisp -4.94 -5.29 -5.43  -4.59 -4.82 -5.22 

        

ΔEtotal -252.54 -272.99 -278.54  -314.63 -325.98 -345.61 



 

4.3.3.6. EDA of [(NH3)4Fen(OH)(NCH)]m+ complex 
 

The last investigated model system, containing four equatorial NH3 and one axial NCH ligand 

(Figure 4.9.f.), shows similar geometrical parameters to the previous model system (Appendix 

section), but more importantly, bond lengths are almost similar to corresponding iron-oxo complex 

with the same number of ligands around the central metal ion. 

 

Figure 4.9.f. Geometry of [(NH3)4Fen(OH)(NCH)]m+ complex 

 

Besides a slight elongation of Fe-O distance, due to the change of double to a single bond, and 

rotation of two parallel NH3 ligands in an equatorial sphere, optimized structures of the corresponding 

iron-oxo and iron-hydroxo complexes look-alike. As well as in the previous two cases, the first 

system, having 3+ oxidation state of iron, shows a change of ground spin state. As we mentioned 

before, the iron-oxo complex having 3+ oxidation state of iron has a small spin state splitting (~ 1.8 

kcal mol-1) between IS ground state and first excited HS state by cause of, in this case, more dominant 

Interaction energy that can overtake destabilizing Excitation energy requirement. Unlike iron-oxo 

complex, corresponding iron-hydroxo analog shows the superiority of Preparation energy (Table 

4.35.), which cannot be counteracted and overcame by weaker Interaction energy present in LS and 

IS states, thus making HS the ground state. The interplay of Excitation energy and Interaction energy 

results with LS being the first excited state. Although LS has the strongest Preparation energy 

contribution, this destabilizing effect is weakened by Interaction energy based on the stronger orbital 

overlap. In the case of IS state, the destabilizing excitation energy is stronger than the stabilizing 

Interaction effect resulting in a stronger split while making IS the second excited state. 



Table 4.35. EDA parameters (kcal mol-1) for [(NH3)4Fen(OH)(NCH)]m+ model system calculated on ZORA/S12g/TZ2P level of theory 

        

Ox. State  +3    +4  

Spin state LS IS HS  LS IS HS 

Symmetry Cs Cs Cs  Cs Cs Cs 

        

E -2393.15 -2389.21 -2397.98  -2010.83 -2025.74 -2015.05 

ΔEprep 128.92 74.26 33.4  444.36 305.33 234.52 

ΔEdeform  0.08 0.13 0.47  0.44 0.34 0.47 

ΔElig-lig 31.27 21.92 21.00  34.38 33.39 24.96 

ΔEval.xc  97.57 52.21 11.93  409.54 271.6 209.09 

ΔEint -433.53 -373.46 -341.22  -833.9 -709.46 -626.55 

ΔEpauli 216.43 171.69 153.15  240.84 220.22 176.73 

ΔEelstat  -304.68 -276.83 -261.33  -369.71 -358.79 -333.43 

ΔEorbint  -345.28 -268.32 -233.04  -705.03 -570.89 -469.85 

        

Cs        

A` -273.73 -204.43 -169.56  -493.56 -464.05 -362.55 

A`` -71.55 -63.88 -63.48  -211.47 -106.84 -107.31 

        

ΔEdisp -5.59 -7.23 -7.16  -5.43 -5.48 -7.17 

        

ΔEtotal -304.61 -299.2 -307.82  -389.54 -404.13 -392.03 

 

In the case of the last iron-hydroxo model system, having 4+ oxidation state of iron, we have nearly identical geometrical parameters with 

corresponding iron-oxo complex. As well as in the previous case, a slight elongation of Fe-O distance and a rotation of two parallel NH3 ligands took 

place, but this change did not affect the qualitative picture. This complex has the same spin ordering as corresponding iron-oxo analog, with a noticeable 

difference in energy split between ground IS and corresponding excited states. Splitting between the ground and first excited HS state is substantially 

smaller in the case of iron-oxo, and can be addressed to much stronger Interaction energy present in iron-hydroxo IS ground state and compensation of 

strong Preparation energy. In this way, a stronger differentiation between the ground and the first excited state is established. Unlike the first excited 

state, splitting between the ground and second LS state is much larger and originates from the combination of destabilizing Excitation energy requirement 

and less stabilizing Interaction energy contribution. Although the corresponding iron-hydroxo complex has a higher value for the Excitation energy, this 

factor is counteracted with sufficiently stronger Interaction, which is much stronger in the case of LS than IS state. 



 

4.3.4. Conclusions 
 

In the present work an in-depth examination of a series of iron-oxo and iron-hydroxo model 

systems in three different oxidation states (2+, 3+ and 4+) of a central metal ion. In this regard, our 

model systems can exist in many different close-lying spin- states, and in order to understand the 

ground spin state as well as the corresponding excited states, EDA approach has been utilized. In this 

way, we have successfully decomposed the interaction energy between fragments, from which one is 

the central metal ion bearing the oxo/hydroxo component and the other is the composition of 

surrounding ligands. This study shows that the utilized fragment-based approach represents an 

excellent method for analysis of the interaction between chemically meaningful moieties. Our main 

conclusion is that within the interplay of EDA contributions, central roles are played by destabilizing 

preparation energy based on excitation energy requirements and oxidation state of the metal, as well 

as stabilizing interaction energy based on orbital overlap during which chemical bonds are created. 

Our model systems are chosen due to the fact that similar chemical species are present as active sites 

in much more complex biochemical systems and are responsible for a broad pallet of different 

functions. We hope that in the future our present work will be used to define and explore these 

complex systems and resolve phenomena, such as the change of the ground spin state, ligand 

exchange or overall reactivity. 

 

4.3.5. Computational details 
 

All DFT calculations were performed with the Amsterdam Density Functional (ADF) and QUILD 

program. Molecular orbitals were expanded in an uncontracted set of STOs of triple- quality with 

double polarization functions TZ2P. Core electrons were not treated explicitly during geometry 

optimizations (frozen core approximation). An auxiliary set of s, p, d, f, and g STOs was used to fit 

the molecular density and to represent the Coulomb and exchange potentials accurately for each SCF 

cycle. 

Geometries of all possible spin states were optimized with the QUILD program using adapted 

delocalized coordinates until the maximum gradient component was less than 10-4 a.u. Energies and 

gradients were calculated using dispersion corrected S12g functional. Calculations related to the 

fragments were carried out in gas phase and restricted form, whereas all other calculations were done 

including the solvation effect and in unrestricted fashion (according to the general EDA procedure). 

The solvation effect has been included through the COSMO dielectric continuum model with 

appropriate parameters for acetonitrile as solvent.394 Scalar relativistic corrections have been included 

self-consistently in all calculations by using ZORA. All DFA calculations were performed using the 

unrestricted Kohn-Sham scheme. 
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5. General conclusions 
 

The versatility of results presented in this thesis demonstrates a modern theoretical approach for 

investigation of various aspects and characteristics of first row transition metal (TM) complexes. 

Considering all results together, Density Functional Theory (DFT) has once again proven to be an 

accurate and reliable method for extensive investigations in the field of coordination chemistry. 

In the present thesis, we propose a systematization of computational steps and DFT flavors that 

should be used in order to get the best of this theoretical method. In this regard, we have tested, 

rationalized and tuned computational conditions in order to get the best performance. Performance of 

some old and some newly-designed density functional approximations (DFAs) have been tested 

firstly for the geometry optimizations of aqua- and oxo- complexes of the first row TMs.. Although 

accurate geometries are obtained with some other DFAs, we are putting forward the dispersion 

corrected S12g functional. The reason for this lies in the fact that besides remarkable efficiency for 

the geometrical optimization, this DFA emerged as an irreplaceable tool for an accurate description 

of electronic structure, which is one of the most demanding tasks in the field of TM sciences. Accurate 

prediction of the ground spin state in all investigated cases has been achieved. In this regard, we have 

utilized this specific functional for description and understanding of the connection between 

geometrical aspects, ground spin state and corresponding low-lying excited states. With all these 

results in hand, we gained an opportunity to investigate and deeper understand the excitation spectra 

of a series of first row TM hexaaqua complexes. Namely, the energy difference between the ground 

spin state and excited states can be correlated with the absorption spectra, thus we utilized DFT for 

the necessary calculations. For this purpose, we have applied two different approaches, TD-DFT and 

LF-DFT. Our results show far better performance of LF-DFT, for determination of excitation 

energies, and prediction of electronic spectra. Such a good performance can be addressed to the 

theoretical foundations of the method, whose focus is on the d-orbitals, where the excitations of 

interest will occur. TD-DFT obviously failed due to the lack of orbital relaxation and showed to 

be inconvenient due to its incapability to calculate the double excitations. Although this 

method can be a good choice for organic compounds, it showed to be an insufficient choice 

for simulations of excitation events located within a TM d-orbitals. In addition, one must be 

careful when choosing a DFA, since M06L and SAOP turned out to be a bad choice. For all 

these reasons, LF-DFT can be considered as a valuable, fast and accurate alternative not only 

for TD-DFT, but for computationally expensive high-level ab initio methods. 

At the end, Energy Decomposition Analysis (EDA) has been successfully applied, and the energy 

of various iron-oxo and iron-hydroxo systems has been split into chemically meaningful components. 

These components, which contribute and define the final energy provided further insight into the 

origins of chemical bonding. According to our results, the bonding energy is influenced by two 

dominant factors. The first one is the destabilizing preparation energy, which turned to be based on 

excitation energy requirements and the oxidation state of the metal. The other is the stabilizing 

interaction energy based on orbital overlap during which chemical bonds are created. More 

importantly, investigated molecular systems were chosen due to the fact that their molecular 

properties and chemical behavior can be representative of much larger and more diverse molecular 

and biological systems. 

Although universal DFA doesn't exist, and one should be cautious when making a choice, in the 

present thesis we propose theoretical steps and DFAs which should be used for unambiguous 

investigation of the complicated electronic structure of TM containing molecules. I hope that in the 

future this piece of science will be used, in the first place, to teach a newcomer the basics and 

capabilities of DFT. More importantly, although much has been done within the framework of this 

thesis, I hope that the obtained results will be utilized to further understand and illuminate molecular 

systems (and their characteristics) which are even more complex than the ones presented.  
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6. Appendix 
 

In the forthcoming section, supplementary material for all investigations presented in the thesis 

can be found. 

 

6.1. Theoretical investigation of d-d transitions of first-row TM hexaaqua 
complexes 

 

6.1.1. Non-empirical parameters obtained from LF-DFT / Racah’s parameters 
(B and C) and ligand field splitting Δ 

 

TABLE A1. All non-empirically determined parameters (Racah’s parameters B and C, and ligand field 

splitting Δ) obtained by the LF-DFT procedure (in cm-1) for [V(H2O)6]
2+ on different levels of theory 

Geometry XC B C Δ 

 B3LYP 839 2,437 17,119 

 BP86 635 2,519 12,311 

 CAMB3LYP 594 2,400 15,251 

BP86 OPBE 594 3,142 11,605 

 OPBE0 616 3,040 12,432 

 PBE0 629 2,590 13,048 

 PW91 615 2,501 12,343 

 SSB-D 617 2,904 11,563 

 B3LYP 635 2,258 13,086 

 BP86 633 2,516 12,460 

 CAMB3LYP 589 2,458 15,732 

PW91 OPBE 593 3,135 11,761 

 OPBE0 615 3,035 12,621 

 PBE0 624 2,600 13,224 

 PW91 599 2,519 12,530 

 SSB-D 613 2,905 11,706 
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TABLE A2. All non-empirically determined parameters (Racah’s parameters B and C, and ligand field 

splitting Δ) obtained by the LF-DFT procedure (in cm-1) for [Cr(H2O)6]
3+ on different levels of theory 

Geometry XC B C Δ 

 B3LYP 765 2,389 16,730 

 BP86 702 2,582 17,078 

 CAMB3LYP 764 2,416 16,861 

BP86 OPBE 647 3,174 16,665 

 OPBE0 705 3,187 16,559 

 PBE0 736 2,758 16,812 

 PW91 701 2,547 17,043 

 SSB-D 690 3,022 16,167 

 B3LYP 766 2,388 16,806 

 BP86 703 2,586 17,154 

 CAMB3LYP 764 2,415 16,938 

PW91 OPBE 647 3,177 16,743 

 OPBE0 707 3,186 16,636 

 PBE0 738 2,757 16,888 

 PW91 702 2,550 17,119 

 SSB-D 691 3,026 16,240 
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TABLE A3. All non-empirically determined parameters (Racah’s parameters B and C, and ligand field 

splitting Δ) obtained by the LF-DFT procedure (in cm-1) for [Mn(H2O)6]
2+ on different levels of 

theory 

Geometry XC B C Δ 

 B3LYP 847 2,674 8,066 

 BP86 806 2,939 8,671 

 CAMB3LYP 842 2,687 8,019 

BP86 OPBE 762 3,627 8,176 

 OPBE0 797 3,591 7,618 

 PBE0 822 3,092 7,958 

 PW91 806 2,898 8,637 

 SSB-D 804 3,396 8,135 

 B3LYP 846 2,673 8,134 

 BP86 806 2,938 8,744 

 CAMB3LYP 841 2,687 8,087 

PW91 OPBE 761 3,626 8,247 

 OPBE0 796 3,590 7,685 

 PBE0 821 3,092 8,026 

 PW91 806 2,897 8,710 

 SSB-D 803 3,396 8,204 
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TABLE A4. All non-empirically determined parameters (Racah’s parameters B and C, and ligand field 

splitting Δ) obtained by the LF-DFT procedure (in cm-1) for [Fe(H2O)6]
3+ on different levels of theory 

Geometry XC B C Δ 

 B3LYP 822 2,488 12,389 

 BP86 779 2,702 12,219 

 CAMB3LYP 822 2,494 12,517 

BP86 OPBE 726 3,240 11,836 

 OPBE0 768 3,184 12,237 

 PBE0 801 2,803 12,428 

 PW91 779 2,673 12,203 

 SSB-D 765 3,148 11,515 

 B3LYP 822 2,486 12,454 

 BP86 780 2,702 12,294 

 CAMB3LYP 821 2,492 12,581 

PW91 OPBE 727 3,240 11,912 

 OPBE0 766 3,180 12,300 

 PBE0 799 2,801 12,492 

 PW91 780 2,673 12,279 

 SSB-D 766 3,148 11,588 
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TABLE A5. All non-empirically determined parameters (Racah’s parameters B and C, and ligand field 

splitting Δ) obtained by the LF-DFT procedure (in cm-1) for [Co(H2O)6]
3+ on different levels of theory 

Geometry XC B C Δ 

 B3LYP 839 2,437 17,119 

 BP86 787 2,723 16,911 

 CAMB3LYP 859 2,299 17,434 

BP86 OPBE 733 3,213 16,594 

 OPBE0 842 2,695 17,139 

 PBE0 894 2,262 17,245 

 PW91 787 2,697 16,902 

 SSB-D 771 3,151 16,112 

 B3LYP 771 2,383 14,432 

 BP86 733 2,578 13,440 

 CAMB3LYP 774 2,370 14,697 

PW91 OPBE 687 3,029 13,074 

 OPBE0 729 2,939 14,398 

 PBE0 757 2,625 14,551 

 PW91 733 2,555 13,440 

 SSB-D 716 2,964 12,753 
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TABLE A6. All non-empirically determined parameters (Racah’s parameters B and C, and ligand field 

splitting Δ) obtained by the LF-DFT procedure (in cm-1) for [Ni(H2O)6]
2+ on different levels of theory 

Geometry XC B C Δ 

 B3LYP 892 2,785 9,316 

 BP86 865 3,001 9,529 

 CAMB3LYP 889 2,791 9,233 

BP86 OPBE 808 3,596 9,201 

 OPBE0 839 3,520 9,114 

 PBE0 874 3,116 9,229 

 PW91 865 2,967 9,521 

 SSB-D 857 3,532 8,992 

 B3LYP 892 2,784 9,362 

 BP86 865 3,000 9,594 

 CAMB3LYP 889 2,789 9,276 

PW91 OPBE 808 3,596 9,268 

 OPBE0 839 3,520 9,157 

 PBE0 874 3,114 9,272 

 PW91 865 2,966 9,586 

 SSB-D 857 3,533 9,056 
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TABLE A7. All non-empirically determined parameters (Racah’s parameters B and C, and ligand field 

splitting Δ) obtained by the LF-DFT procedure (in cm-1) for [Ni(H2O)6]
2+ on different levels of theory 

Geometry XC B C Δ 

 B3LYP 892 2,785 9,316 

 BP86 865 3,001 9,529 

 CAMB3LYP 889 2,791 9,233 

BP86 OPBE 808 3,596 9,201 

 OPBE0 839 3,520 9,114 

 PBE0 874 3,116 9,229 

 PW91 865 2,967 9,521 

 SSB-D 857 3,532 8,992 

 B3LYP 892 2,784 9,362 

 BP86 865 3,000 9,594 

 CAMB3LYP 889 2,789 9,276 

PW91 OPBE 808 3,596 9,268 

 OPBE0 839 3,520 9,157 

 PBE0 874 3,114 9,272 

 PW91 865 2,966 9,586 

 SSB-D 857 3,533 9,056 
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6.2. Theoretical determination of ground spin state and corresponding spin 
state splitting for a series of iron-oxo and iron-hydroxo complexes with a 
different oxidation state of central metal ion 

 

TABLE A8.a. Relative spin state energies (kcal·mol-1) for [FeII(OH)(Hdidpa)CH3CN]2+ (1) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 Single point calculations on a different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. -29.3 -21.8 0.0 4.0 1.9 0.0 2.3 1.4 0.0 -7.6 -6.7 0.0 

S12g h.s. -27.4 -20.0 0.0 3.7 -1.4 0.0 0.1 -4.0 0.0 -10.7 -11.3 0.0 

PBE-D2 h.s. -29.5 -20.9 0.0 4.3 -1.4 0.0 3.6 -4.0 0.0 -8.7 -11.3 0.0 

BP86-D3 h.s. -25.6 -20.2 0.0 3.0 -0.8 0.0 0.8 -4.0 0.0 -10.8 -10.5 0.0 

B3LYP h.s. -9.9 -3.4 0.0 -2.9 5.6 0.0 1.5 8.4 0.0 -15.2 -1.0 0.0 

S12h h.s. -25.1 -18.9 0.0 5.5 -0.2 0.0 2.0 -2.4 0.0 -8.8 -9.6 0.0 

 

TABLE A8.b. Relative spin state energies (kcal·mol-1) for [FeII(OH)(Hdidpa)CH3CN]2+ (1) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 0.0 10.1 3.8 0.0 20.6 13.7 0.0 33.7 20.8 0.0 17.7 9.4 

S12g h.s. 0.0 11.0 3.0 0.0 17.2 8.6 0.0 32.1 17.8 0.0 19.2 7.8 

PBE-D2 h.s. 0.0 10.9 3.3 0.0 19.8 9.1 0.0 33.9 18.3 0.0 17.4 7.6 

BP86-D3 h.s. 0.0 11.6 3.7 0.0 16.8 9.7 0.0 31.8 18.4 0.0 19.4 7.9 

B3LYP h.s. 0.0 8.5 10.9 0.0 1.0 11.1 0.0 19.7 20.5 0.0 16.5 8.0 

S12h h.s. 0.0 12.9 4.3 0.0 17.0 9.4 0.0 31.7 18.6 0.0 17.1 11.1 

 

  



143 
 

TABLE A9.a. Relative spin state energies (kcal·mol-1) for [FeIII(O)(H3buea)]2– (2) complex calculated 

at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four different DFAs 

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 0.6 -* 0.0 30.4 - 0.0 28.2 - 0.0 15.9 - 0.0 

S12g h.s. 2.9 0.6 0.0 27.1 8.8 0.0 30.6 11.0 0.0 10.5 0.4 0.0 

PBE-D2 h.s. 1.2 -1.8 0.0 24.0 8.3 0.0 27.6 10.8 0.0 7.9 -1.5 0.0 

BP86-D3 h.s. 2.9 -3.9 0.0 24.6 9.4 0.0 27.3 10.0 0.0 9.2 0.3 0.0 

B3LYP h.s. - -2.7 0.0 - 9.2 0.0 - 10.0 0.0 - 0.8 0.0 

S12h h.s. 2.9 -2.2 0.0 24.9 8.9 0.0 28.6 10.2 0.0 8.8 0.8 0.0 

*not converged structure 

TABLE A9.b. Relative spin state energies (kcal·mol-1) for [[FeIII(O)(H3buea)]2– (2) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 35.0 - 0.0 32.9 - 0.0 48.0 - 0.0 47.1 - 0.0 

S12g h.s. 33.5 13.2 0.0 27.8 9.3 0.0 42.5 17.1 0.0 45.2 21.0 0.0 

PBE-D2 h.s. 30.3 12.4 0.0 7.7 -10.3 0.0 41.7 15.9 0.0 44.4 21.2 0.0 

BP86-D3 h.s. 32.6 14.3 0.0 28.9 10.1 0.0 43.9 18.0 0.0 43.6 20.9 0.0 

B3LYP h.s. - 13.5 0.0 - 9.7 0.0 - 17.4 0.0 - 21.5 0.0 

S12h h.s. 31.5 13.3 0.0 25.1 9.4 0.0 39.4 16.8 0.0 43.5 21.2 0.0 

 

TABLE A10.a. Relative spin state energies (kcal·mol-1) for [FeIII(OH)(H3buea)]–(3)  complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. -13.5 -9.6 0.0 15.9 7.7 0.0 15.1 4.9 0.0 0.9 -0.5 0.0 

S12g h.s. -14.8 -10.2 0.0 11.5 4.7 0.0 14.8 4.0 0.0 -4.6 -4.0 0.0 

PBE-D2 h.s. -12.3 -8.9 0.0 13.8 5.5 0.0 14.6 5.2 0.0 -2.2 -3.6 0.0 

BP86-D3 h.s. -12.0 -9.4 0.0 13.6 5.6 0.0 13.7 5.2 0.0 -2.1 -3.6 0.0 

B3LYP h.s. -9.9 -8.4 0.0 14.0 6.0 0.0 16.4 7.0 0.0 -2.1 -3.4 0.0 

S12h h.s. - -7.2 0.0 - 6.4 0.0 - 8.8 0.0 - -2.8 0.0 
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TABLE A10.b. Relative spin state energies (kcal·mol-1) for [FeIII(OH)(H3buea)]–(3) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 21.5 11.0 0.0 18.3 8.5 0.0 31.7 16.0 0.0 31.8 17.2 0.0 

S12g h.s. 18.2 9.3 0.0 11.0 5.1 0.0 27.9 13.3 0.0 30.9 16.3 0.0 

PBE-D2 h.s. 21.0 10.5 0.0 13.6 4.6 0.0 30.2 13.5 0.0 31.2 17.2 0.0 

BP86-D3 h.s. 21.7 10.3 0.0 12.7 4.5 0.0 29.7 13.2 0.0 33.5 16.7 0.0 

B3LYP h.s. 21.0 10.5 0.0 13.1 5.6 0.0 30.3 13.7 0.0 33.5 17.9 0.0 

S12h h.s. - 10.4 0.0 - 6.3 0.0 - 14.6 0.0 - 17.8 0.0 

 

TABLE A11.a. Relative spin state energies (kcal·mol-1) for [(TMC)FeIII(O)(ScIII(OTf)4OH2)]
0 (4)  

complex calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with 

four different DFAs 

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 1.0 -9.9 0.0 30.8 9.0 0.0 32.3 10.7 0.0 15.2 -2.0 0.0 

S12g h.s. 3.9 -8.4 0.0 26.3 6.7 0.0 31.1 10.7 0.0 9.2 -3.8 0.0 

PBE-D2 h.s. 1.9 -10.4 0.0 25.6 5.6 0.0 30.9 10.1 0.0 8.1 -5.5 0.0 

BP86-D3 h.s. 2.5 -10.3 0.0 26.1 5.9 0.0 29.6 8.5 0.0 9.6 -4.9 0.0 

B3LYP h.s. - -8.9 0.0 - 6.2 0.0 - 9.0 0.0 - -4.3 0.0 

S12h h.s. - -7.2 0.0 - 6.4 0.0 - 8.8 0.0 - -2.8 0.0 

 

TABLE A11.b. Relative spin state energies (kcal·mol-1) for [(TMC)FeIII(O)(ScIII(OTf)4OH2)]
0 (4)  

complex calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with 

four different DFAs 

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 33.5 12.0 0.0 31.6 10.4 0.0 45.9 19.4 0.0 43.1 16.8 0.0 

S12g h.s. 32.5 10.0 0.0 29.7 9.5 0.0 41.2 15.9 0.0 44.0 15.6 0.0 

PBE-D2 h.s. 31.1 8.7 0.0 24.7 6.0 0.0 40.6 14.9 0.0 42.0 13.5 0.0 

BP86-D3 h.s. 31.7 9.2 0.0 25.9 6.4 0.0 41.3 15.3 0.0 43.6 15.5 0.0 

B3LYP h.s. - 9.7 0.0 - 6.6 0.0 - 15.8 0.0 - 15.4 0.0 

S12h h.s. - 10.4 0.0 - 6.3 0.0 - 14.6 0.0 - 2.6 0.0 
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TABLE A12.a. Relative spin state energies (kcal·mol-1) for [FeIII((2,2',2''-nitrilo-kN)tris(N-(1-

methylethyl)acetamidato-kN)(OH)]- (5) complex calculated at LDA, S12g, PBE-D2, BP86-D3, 

B3LYP, S12h  optimized geometries, with four different DFAs 

 

TABLE A12.b. Relative spin state energies (kcal·mol-1) [FeIII((2,2',2''-nitrilo-kN)tris(N-(1-

methylethyl)acetamidato-kN)(OH)]- (5) complex calculated at LDA, S12g, PBE-D2, BP86-D3, 

B3LYP, S12h  optimized geometries, with four different DFAs 

 

TABLE A13a. Relative spin state energies (kcal·mol-1) for [FeIII(OH)(tnpa)(COOCH3)]
+ (6) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 

  

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. -4.1 -7.8 0.0 23.9 9.1 0.0 25.0 12.1 0.0 9.2 1.3 0.0 

S12g h.s. 3.0 3.3 0.0 10.1 8.0 0.0 8.4 5.9 0.0 8.3 7.1 0.0 

PBE-D2 h.s. 4.6 4.8 0.0 11.6 9.6 0.0 9.9 7.3 0.0 9.9 8.6 0.0 

BP86-D3 h.s. 5.7 4.8 0.0 12.4 9.6 0.0 10.8 7.6 0.0 10.7 8.7 0.0 

B3LYP h.s. 3.3 4.0 0.0 9.7 8.3 0.0 8.1 6.3 0.0 8.3 7.5 0.0 

S12h h.s. 4.8 4.3 0.0 12.5 8.6 0.0 11.2 6.6 0.0 10.6 7.7 0.0 

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 27.9 11.9 0.0 25.1 10.9 0.0 - 17.8 0.0 41.1 18.2 0.0 

S12g h.s. 8.9 7.5 0.0 9.2 7.2 0.0 8.1 6.4 0.0 40.0 17.7 0.0 

PBE-D2 h.s. 10.4 9.1 0.0 11.4 9.4 0.0 10.2 8.5 0.0 40.0 17.8 0.0 

BP86-D3 h.s. 11.3 9.3 0.0 11.8 8.9 0.0 10.7 8.1 0.0 40.5 17.9 0.0 

B3LYP h.s. 8.6 7.8 0.0 9.0 7.6 0.0 7.8 6.8 0.0 40.5 18.0 0.0 

S12h h.s. 10.9 8.2 0.0 11.8 7.8 0.0 10.5 7.3 0.0 40.3 18.4 0.0 

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. -25.6 -6.2 0.0 6.8 7.3 0.0 8.0 8.4 0.0 -12.2 -2.0 0.0 

S12g h.s. -25.2 -5.8 0.0 8.3 7.2 0.0 11.6 8.5 0.0 -9.4 -2.1 0.0 

PBE-D2 h.s. -24.9 -6.3 0.0 8.5 9.1 0.0 11.6 11.0 0.0 -9.2 1.1 0.0 

BP86-D3 h.s. -24.1 -4.9 0.0 11.8 8.8 0.0 18.3 10.5 0.0 -3.2 1.0 0.0 

B3LYP h.s. -23.3 -4.4 0.0 8.1 6.8 0.0 12.6 8.3 0.0 -8.8 -1.6 0.0 

S12h h.s. -23.4 -4.4 0.0 8.0 6.8 0.0 13.4 8.8 0.0 -9.1 -1.7 0.0 
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TABLE A13.b. Relative spin state energies (kcal·mol-1) [FeIII(OH)(tnpa)(COOCH3)]
+ (6) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 

TABLE A14.a. Relative spin state energies (kcal·mol-1) for [FeIII(OH)(tnpa)(COOPh)]+ (7) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 

TABLE A14.b. Relative spin state energies (kcal·mol-1) [FeIII(OH)(tnpa)(COOPh)]+ (7) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 

  

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 14.0 11.5 0.0 8.8 6.4 0.0 25.1 15.1 0.0 24.1 19.3 0.0 

S12g h.s. 13.3 11.6 0.0 8.3 7.2 0.0 24.5 15.1 0.0 24.4 19.3 0.0 

PBE-D2 h.s. 13.3 11.2 0.0 10.2 7.3 0.0 25.6 16.2 0.0 24.9 19.4 0.0 

BP86-D3 h.s. 20.1 11.1 0.0 14.0 7.8 0.0 28.6 16.2 0.0 23.8 18.7 0.0 

B3LYP h.s. 13.2 11.6 0.0 9.5 6.2 0.0 24.2 15.1 0.0 25.4 20.4 0.0 

S12h h.s. 13.1 11.8 0.0 11.9 7.5 0.0 24.6 15.3 0.0 25.3 20.5 0.0 

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. -25.1 -6.2 0.0 7.6 7.6 0.0 10.1 9.4 0.0 -11.4 -1.9 0.0 

S12g h.s. -25.9 -5.9 0.0 7.9 7.0 0.0 10.9 8.3 0.0 -9.6 -1.9 0.0 

PBE-D2 h.s. -24.8 -5.8 0.0 8.7 9.6 0.0 12.1 11.5 0.0 -8.7 1.8 0.0 

BP86-D3 h.s. -25.8 -3.1 0.0 7.8 12.2 0.0 12.2 21.6 0.0 -9.9 2.1 0.0 

B3LYP h.s. -22.1 -4.1 0.0 8.8 6.9 0.0 15.4 8.8 0.0 -8.5 -1.5 0.0 

S12h h.s. -22.1 -3.7 0.0 8.5 7.2 0.0 11.7 8.4 0.0 -8.6 -1.3 0.0 

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 14.4 11.8 0.0 9.8 6.8 0.0 25.6 15.5 0.0 24.6 19.7 0.0 

S12g h.s. 12.9 11.6 0.0 9.3 5.2 0.0 24.0 15.0 0.0 23.5 19.1 0.0 

PBE-D2 h.s. 13.6 11.8 0.0 10.8 9.8 0.0 25.3 16.8 0.0 28.4 15.7 0.0 

BP86-D3 h.s. 12.8 13.1 0.0 9.1 12.5 0.0 23.9 19.9 0.0 24.4 21.8 0.0 

B3LYP h.s. 14.1 11.8 0.0 10.1 6.8 0.0 24.6 15.6 0.0 24.9 21.0 0.0 

S12h h.s. 13.8 12.3 0.0 9.9 6.8 0.0 23.9 15.2 0.0 24.8 21.0 0.0 
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TABLE A15.a. Relative spin state energies (kcal·mol-1) for [FeIII(OH)(TST)]– (8) complex calculated 

at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four different DFAs 

 

TABLE A15.b. Relative spin state energies (kcal·mol-1) [FeIII(OH)(TST)]– (8) complex calculated at 

LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h optimized geometries, with four different DFAs 

 

TABLE A16.a. Relative spin state energies (kcal·mol-1) for [FeIV(O)(H3buea)]– (9) complex calculated 

at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four different DFAs 

 

  

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. -3.3 -5.0 0.0 25.8 12.9 0.0 26.2 10.3 0.0 11.2 5.4 0.0 

S12g h.s. -0.8 -5.0 0.0 24.0 9.2 0.0 27.2 11.4 0.0 6.7 -0.1 0.0 

PBE-D2 h.s. 11.1 -5.7 0.0 26.0 10.2 0.0 26.1 8.3 0.0 6.8 -1.3 0.0 

BP86-D3 h.s. 3.2 -7.0 0.0 22.2 7.3 0.0 28.3 7.2 0.0 5.7 -2.2 0.0 

B3LYP h.s. 2.5 -4.3 0.0 26.9 9.8 0.0 27.4 9.1 0.0 10.4 1.2 0.0 

S12h h.s. 21.0 -8.6 0.0 30.6 7.3 0.0 34.9 4.4 0.0 19.7 0.4 0.0 

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 31.6 16.1 0.0 26.7 14.2 0.0 41.1 21.4 0.0 42.1 20.8 0.0 

S12g h.s. 30.5 13.5 0.0 22.4 9.5 0.0 38.2 17.8 0.0 41.8 20.5 0.0 

PBE-D2 h.s. 31.5 14.1 0.0 20.5 9.9 0.0 41.1 19.0 0.0 43.8 20.8 0.0 

BP86-D3 h.s. 28.9 12.1 0.0 23.9 7.2 0.0 40.1 15.6 0.0 42.2 18.3 0.0 

B3LYP h.s. 32.8 14.6 0.0 24.8 9.0 0.0 40.2 17.2 0.0 44.6 21.5 0.0 

S12h h.s. 37.3 11.5 0.0 34.1 6.2 0.0 49.8 14.3 0.0 - - - 

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. -0.7 2.3 0.0 25.8 17.9 0.0 20.8 22.2 0.0 15.3 10.7 0.0 

S12g h.s. 1.7 4.3 0.0 25.5 15.4 0.0 24.1 21.2 0.0 14.1 7.8 0.0 

PBE-D2 h.s. 0.1 2.9 0.0 26.9 14.6 0.0 24.2 20.6 0.0 15.4 6.1 0.0 

BP86-D3 h.s. 2.1 3.5 0.0 25.9 17.5 0.0 23.0 19.6 0.0 14.5 9.6 0.0 

B3LYP h.s. 3.7 - 0.0 25.9 - 0.0 25.0 - 0.0 14.6 - 0.0 

S12h h.s. 15.9 -2.7 0.0 27.5 10.2 0.0 35.7 18.4 0.0 17.2 1.6 0.0 
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TABLE A16.b. Relative spin state energies (kcal·mol-1) [FeIV(O)(H3buea)]– (9) complex calculated at 

LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h optimized geometries, with four different DFAs 

 

TABLE A17.a. Relative spin state energies (kcal·mol-1) for [FeIV(O)(TMC)(NCCH3)]
2+ (10) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 

TABLE A17.b. Relative spin state energies (kcal·mol-1) [FeIV(O)(TMC)(NCCH3)]
2+ (10) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 

  

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 29.2 18.5 0.0 32.3 20.1 0.0 42.6 25.8 0.0 36.4 27.6 0.0 

S12g h.s. 30.8 18.1 0.0 28.0 16.2 0.0 40.1 23.1 0.0 41.1 27.2 0.0 

PBE-D2 h.s. 31.4 16.7 0.0 30.5 15.1 0.0 41.9 21.6 0.0 39.4 26.4 0.0 

BP86-D3 h.s. 31.3 19.8 0.0 28.3 17.8 0.0 41.1 24.8 0.0 41.7 29.1 0.0 

B3LYP h.s. 30.7 - 0.0 27.6 - 0.0 40.0 - 0.0 40.6 - 0.0 

S12h h.s. 29.9 13.1 0.0 26.6 9.8 0.0 38.3 17.0 0.0 36.4 21.6 0.0 

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. -15.4 -23.9 0.0 3.9 -5.4 0.0 6.2 -4.1 0.0 -7.2 -14.8 0.0 

S12g h.s. -14.3 -22.5 0.0 5.4 -4.4 0.0 7.5 -3.4 0.0 -4.1 -11.8 0.0 

PBE-D2 h.s. -14.7 -24.0 0.0 5.4 -4.4 0.0 7.5 -3.2 0.0 -4.0 -11.6 0.0 

BP86-D3 h.s. -14.8 -23.4 0.0 5.6 -4.1 0.0 7.9 -2.9 0.0 -3.8 -11.6 0.0 

B3LYP h.s. -14.3 -22.1 0.0 5.3 -4.5 0.0 7.8 -2.6 0.0 -4.0 -11.6 0.0 

S12h h.s. -14.4 -22.4 0.0 4.8 -4.3 0.0 6.9 -3.7 0.0 -4.5 -11.5 0.0 

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 7.5 -2.9 0.0 23.5 -4.4 0.0 34.2 2.9 0.0 14.1 -0.6 0.0 

S12g h.s. 7.1 -3.9 0.0 25.6 -2.9 0.0 35.9 3.6 0.0 14.3 -0.2 0.0 

PBE-D2 h.s. 6.5 -4.8 0.0 25.7 -2.9 0.0 32.2 3.3 0.0 14.1 -1.9 0.0 

BP86-D3 h.s. 6.6 -3.8 0.0 25.8 -2.4 0.0 35.6 3.9 0.0 14.2 -0.7 0.0 

B3LYP h.s. 7.0 -3.9 0.0 25.7 -2.7 0.0 36.0 3.8 0.0 14.5 0.2 0.0 

S12h h.s. 6.0 -4.3 0.0 25.7 -2.5 0.0 35.8 3.9 0.0 13.9 0.0 0.0 
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TABLE A18.a. Relative spin state energies (kcal·mol-1) for [FeIV(O)(TMCi)(NCCH3)]
2+ (11) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 

TABLE A18.b. Relative spin state energies (kcal·mol-1) [FeIV(O)(TMCi)(NCCH3)]
2+ (11) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 

TABLE A19.a. Relative spin state energies (kcal·mol-1) for [FeIV(O)(TMC)(NCS)]+ (12) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 

  

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 8.5 0.0 25.3 9.6 0.0 6.5 10.5 0.0 5.9 8.2 0.0 16.3 

S12g h.s. 9.2 0.0 20.0 9.7 0.0 6.9 11.2 0.0 4.1 7.9 0.0 15.2 

PBE-D2 h.s. 8.6 0.0 24.6 9.8 0.0 5.4 10.5 0.0 4.4 7.7 0.0 13.2 

BP86-D3 h.s. 8.5 0.0 25.4 9.4 0.0 5.0 10.8 0.0 5.4 7.7 0.0 13.1 

B3LYP h.s. 8.6 0.0 23.5 10.4 0.0 5.3 11.5 0.0 4.0 8.3 0.0 12.8 

S12h h.s. 9.5 0.0 19.0 10.8 0.0 6.8 12.2 0.0 4.4 8.7 0.0 14.7 

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 10.7 0.0 3.5 28.6 0.0 5.7 34.2 2.0 0.0 15.1 0.0 1.4 

S12g h.s. 10.9 0.0 3.5 28.9 0.0 6.7 34.4 1.8 0.0 17.5 2.3 0.0 

PBE-D2 h.s. 10.6 0.0 4.6 28.5 0.0 4.2 32.1 2.7 0.0 14.5 0.0 1.7 

BP86-D3 h.s. 9.9 0.0 4.6 28.5 0.0 3.9 35.0 2.9 0.0 20.4 5.7 0.0 

B3LYP h.s. 10.9 0.0 4.6 28.3 0.0 4.0 35.0 2.9 0.0 15.4 0.0 0.4 

S12h h.s. 11.2 0.0 3.1 28.5 0.0 6.3 34.2 2.0 0.0 18.4 3.1 0.0 

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 8.0 0.0 21.7 9.3 0.0 2.9 10.0 0.0 1.8 7.3 0.0 12.8 

S12g h.s. 7.8 0.0 20.5 9.7 0.0 1.6 10.1 0.0 1.2 7.1 0.0 9.8 

PBE-D2 h.s. 7.8 0.0 21.1 9.7 0.0 1.5 10.0 0.0 0.5 7.4 0.0 9.8 

BP86-D3 h.s. 8.1 0.0 21.9 9.2 0.0 1.5 10.2 0.0 1.2 7.4 0.0 10.3 

B3LYP h.s. 7.6 0.0 20.2 9.1 0.0 1.8 10.3 0.0 0.4 7.3 0.0 9.8 

S12h h.s. 7.4 0.0 20.7 8.9 0.0 1.6 10.3 0.0 1.8 7.5 0.0 9.9 
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TABLE A19.b. Relative spin state energies (kcal·mol-1) [FeIV(O)(TMC)(NCS)]+ (12) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 

TABLE A20.a. Relative spin state energies (kcal·mol-1) for [FeIV(O)(TMC-Py)]2+ (13) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 

TABLE A20.b. Relative spin state energies (kcal·mol-1) [FeIV(O)(TMC-Py)]2+ (13) complex calculated 

at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four different DFAs 

 

  

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 10.2 0.0 0.7 27.2 0.0 2.7 36.0 5.0 0.0 15.9 1.5 0.0 

S12g h.s. 10.1 0.0 1.9 27.6 0.0 1.3 37.6 5.9 0.0 15.9 2.1 0.0 

PBE-D2 h.s. 10.1 0.0 1.7 27.3 0.0 0.9 37.6 6.1 0.0 15.0 1.7 0.0 

BP86-D3 h.s. 10.3 0.0 1.6 27.9 0.0 1.5 37.3 6.0 0.0 10.6 0.7 0.0 

B3LYP h.s. 10.3 0.0 1.9 28.0 0.0 1.3 37.7 6.0 0.0 16.7 2.0 0.0 

S12h h.s. 10.2 0.0 2.0 28.4 0.0 1.1 38.2 6.5 0.0 16.8 1.9 0.0 

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 8.7 0.0 23.9 10.1 0.0 5.8 11.0 0.0 4.8 8.2 0.0 15.3 

S12g h.s. 8.9 0.0 22.7 9.6 0.0 4.4 10.8 0.0 4.3 8.1 0.0 12.5 

PBE-D2 h.s. 8.6 0.0 23.5 9.5 0.0 6.6 11.0 0.0 5.5 8.0 0.0 16.0 

BP86-D3 h.s. 8.8 0.0 24.9 9.6 0.0 4.3 11.1 0.0 3.8 7.8 0.0 12.8 

B3LYP h.s. 8.7 0.0 22.9 10.1 0.0 4.8 11.7 0.0 3.8 8.4 0.0 12.6 

S12h h.s. 8.2 0.0 23.2 10.2 0.0 4.5 11.5 0.0 4.8 7.7 0.0 12.6 

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 10.7 0.0 3.6 28.1 0.0 5.1 31.6 0.0 -2.5 14.7 0.0 1.3 

S12g h.s. 10.7 0.0 4.8 28.6 0.0 3.7 32.3 0.0 -3.7 14.9 0.0 0.7 

PBE-D2 h.s. 10.6 0.0 4.7 28.6 0.0 6.7 30.0 0.0 -1.9 14.8 0.0 0.4 

BP86-D3 h.s. 10.7 0.0 4.6 28.4 0.0 3.8 31.7 0.0 -3.4 9.0 0.0 1.9 

B3LYP h.s. 11.3 0.0 4.9 28.7 0.0 3.7 32.3 0.0 -3.5 15.2 0.0 0.6 

S12h h.s. 10.9 0.0 4.5 28.4 0.0 4.0 32.0 0.0 -3.3 15.3 0.0 0.8 
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TABLE A21.a. Relative spin state energies (kcal·mol-1) for [FeIV(O)(TMCS)]+ (14) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 

TABLE A21.b. Relative spin state energies (kcal·mol-1) [FeIV(O)(TMCS)]+ (14) complex calculated 

at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four different DFAs 

 

TABLE A22.a. Relative spin state energies (kcal·mol-1) for [FeIV(O)(TMCSO2)]
+ (15) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 

  

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 8.2 0.0 19.2 9.2 0.0 0.5 10.8 0.1 0.0 7.4 0.0 10.4 

S12g h.s. 7.6 0.0 18.0 9.8 0.8 0.0 11.8 1.2 0.0 7.6 0.0 7.3 

PBE-D2 h.s. 8.3 0.0 18.7 10.2 0.6 0.0 11.6 1.6 0.0 7.2 0.0 7.6 

BP86-D3 h.s. 7.8 0.0 19.3 10.7 1.1 0.0 11.9 1.9 0.0 7.2 0.0 7.4 

B3LYP h.s. 7.5 0.0 17.7 9.8 0.8 0.0 12.8 2.3 0.0 7.2 0.0 7.2 

S12h h.s. 7.2 0.0 17.8 10.4 1.0 0.0 10.7 0.9 0.0 6.9 0.0 7.0 

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 12.4 2.2 0.0 25.1 0.0 0.3 36.6 7.5 0.0 19.2 4.9 0.0 

S12g h.s. 11.1 1.0 0.0 28.4 2.4 0.0 39.4 9.4 0.0 20.4 5.4 0.0 

PBE-D2 h.s. 11.2 1.1 0.0 28.3 2.4 0.0 39.3 9.4 0.0 19.4 5.2 0.0 

BP86-D3 h.s. 10.1 1.3 0.0 28.9 3.0 0.0 39.8 10.0 0.0 18.9 4.6 0.0 

B3LYP h.s. 11.2 1.3 0.0 27.9 2.4 0.0 38.9 9.5 0.0 20.0 5.6 0.0 

S12h h.s. 11.8 1.3 0.0 27.8 2.5 0.0 38.5 9.4 0.0 20.3 5.4 0.0 

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 8.9 0.0 18.9 10.5 0.0 0.8 10.9 0.0 0.0 8.1 0.0 11.1 

S12g h.s. 9.0 0.0 17.9 11.1 0.7 0.0 12.1 1.1 0.0 8.5 0.0 7.8 

PBE-D2 h.s. 9.0 0.0 18.7 11.2 0.8 0.0 12.8 1.8 0.0 8.0 0.0 7.9 

BP86-D3 h.s. 9.0 0.0 18.6 10.4 0.5 0.0 12.5 1.1 0.0 8.0 0.0 7.8 

B3LYP h.s. 9.1 0.0 17.9 11.2 0.5 0.0 12.0 1.8 0.0 8.6 0.0 7.8 

S12h h.s. 8.8 0.0 18.0 11.6 0.6 0.0 12.3 0.5 0.0 8.8 0.0 7.7 
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TABLE A22.b. Relative spin state energies (kcal·mol-1) [FeIV(O)(TMCSO2)]
+ (15) complex calculated 

at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four different DFAs 

 

TABLE A23.a. Relative spin state energies (kcal·mol-1) for [FeIV(O)(N4Py)]2+ (16) complex calculated 

at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four different DFAs 

 

TABLE A23.b. Relative spin state energies (kcal·mol-1) [FeIV(O)(N4Py)]2+ (16) complex calculated at 

LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four different DFAs 

 

  

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 12.9 1.8 0.0 28.6 0.0 1.7 38.7 6.7 0.0 18.9 3.7 0.0 

S12g h.s. 12.2 1.0 0.0 29.3 0.4 0.0 40.2 7.8 0.0 20.4 4.2 0.0 

PBE-D2 h.s. 12.6 1.0 0.0 29.7 0.9 0.0 40.6 8.3 0.0 19.7 4.5 0.0 

BP86-D3 h.s. 11.1 1.0 0.0 29.4 0.4 0.0 40.1 7.6 0.0 11.8 3.8 0.0 

B3LYP h.s. 12.7 0.9 0.0 29.0 0.3 0.0 40.0 7.7 0.0 20.0 0.0 4.4 

S12h h.s. 12.5 0.9 0.0 29.0 0.4 0.0 39.8 7.7 0.0 20.4 4.2 0.0 

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 26.8 0.0 35.1 31.8 0.0 14.6 31.5 0.0 15.0 29.9 0.0 23.9 

S12g h.s. 26.6 0.0 37.1 30.2 0.0 13.8 32.8 0.0 14.6 28.1 0.0 23.1 

PBE-D2 h.s. 28.4 0.0 33.9 32.0 0.0 14.3 31.8 0.0 14.7 28.5 0.0 23.9 

BP86-D3 h.s. 28.0 0.0 34.2 30.2 0.0 14.3 31.4 0.0 14.9 28.1 0.0 23.8 

B3LYP h.s. 26.8 0.0 31.9 30.3 0.0 13.6 31.4 0.0 13.4 29.5 0.0 22.7 

S12h h.s. 26.5 0.0 36.2 31.2 0.0 13.1 31.2 0.0 13.9 29.2 0.0 22.2 

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 31.7 0.0 9.9 30.2 0.0 9.0 33.5 0.0 0.9 36.9 0.0 8.5 

S12g h.s. 31.6 0.0 10.6 29.9 0.0 9.7 33.2 0.0 2.3 36.8 0.0 10.4 

PBE-D2 h.s. 32.0 0.0 9.5 30.3 0.0 10.1 33.6 0.0 1.7 36.6 0.0 7.2 

BP86-D3 h.s. 32.6 0.0 9.3 29.9 0.0 10.0 33.3 0.0 1.6 38.3 0.0 7.2 

B3LYP h.s. 32.8 0.0 8.7 29.8 0.0 9.7 33.3 0.0 1.3 38.3 0.0 6.1 

S12h h.s. 32.6 0.0 9.7 29.6 0.0 9.0 33.1 0.0 1.9 38.0 0.0 9.6 
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TABLE A24.a. Relative spin state energies (kcal·mol-1) for [FeIV(O)(TMG3tren)]2+ (17) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 

TABLE A24.b. Relative spin state energies (kcal·mol-1) [FeIV(O)(TMG3tren)]2+ (17) complex 

calculated at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four 

different DFAs 

 

TABLE A25.a. Relative spin state energies (kcal·mol-1) for [FeIV(O)(tpaPh)]– (18) complex calculated 

at LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four different DFAs 

 

  

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 11.3 12.5 0.0 29.2 24.2 0.0 30.5 25.0 0.0 20.9 17.9 0.0 

S12g h.s. 11.8 13.6 0.0 27.2 22.3 0.0 31.5 24.9 0.0 18.0 16.5 0.0 

PBE-D2 h.s. 11.8 13.0 0.0 27.4 22.4 0.0 30.3 24.3 0.0 18.4 16.4 0.0 

BP86-D3 h.s. 11.7 13.1 0.0 27.1 22.3 0.0 29.6 24.1 0.0 18.1 16.6 0.0 

B3LYP h.s. 12.7 13.6 0.0 27.4 22.7 0.0 31.2 25.0 0.0 18.5 15.5 0.0 

S12h h.s. 12.6 14.2 0.0 27.5 22.5 0.0 32.2 24.9 0.0 18.7 17.0 0.0 

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 31.5 25.2 0.0 34.1 27.1 0.0 44.0 33.3 0.0 43.6 33.9 0.0 

S12g h.s. 30.5 24.7 0.0 31.2 25.5 0.0 42.5 32.2 0.0 44.1 31.6 0.0 

PBE-D2 h.s. 30.4 24.7 0.0 31.4 25.4 0.0 42.5 32.4 0.0 44.0 34.3 0.0 

BP86-D3 h.s. 30.6 24.9 0.0 31.1 25.1 0.0 42.4 32.3 0.0 43.5 34.0 0.0 

B3LYP h.s. 30.5 25.0 0.0 30.7 24.8 0.0 41.9 32.0 0.0 38.2 -6.1 0.0 

S12h h.s. 30.5 24.8 0.0 30.4 25.0 0.0 41.9 32.0 0.0 44.7 32.4 0.0 

 Single point calculations on different level of theory: 

Geometry:  LDA  S12g  OPBE  BP86-D3  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 6.9 14.4 0.0 21.2 25.2 0.0 26.0 28.3 0.0 13.1 20.2 0.0 

S12g h.s. 7.5 15.4 0.0 20.9 24.8 0.0 25.6 27.9 0.0 13.1 20.6 0.0 

PBE-D2 h.s. 6.7 14.5 0.0 20.5 24.7 0.0 25.2 27.6 0.0 12.4 19.9 0.0 

BP86-D3 h.s. 6.6 13.9 0.0 20.4 24.2 0.0 23.9 26.4 0.0 12.4 19.4 0.0 

B3LYP h.s. 7.9 15.2 0.0 21.4 24.7 0.0 24.6 27.7 0.0 15.3 19.8 0.0 

S12h h.s. 7.6 15.9 0.0 21.2 24.6 0.0 26.3 28.6 0.0 13.1 20.1 0.0 
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TABLE A25.b. Relative spin state energies (kcal·mol-1) [FeIV(O)(tpaPh)]– (18) complex calculated at 

LDA, S12g, PBE-D2, BP86-D3, B3LYP, S12h  optimized geometries, with four different DFAs 

  

 Single point calculations on different level of theory: 

Geometry:  SSBD  B3LYP  S12h  MVS  

              

Exp. ls is hs ls is hs ls is hs ls is hs 

LDA h.s. 24.5 28.9 0.0 24.5 58.1 0.0 34.8 71.1 0.0 38.0 38.0 0.0 

S12g h.s. 24.9 29.0 0.0 26.3 59.5 0.0 34.6 70.4 0.0 38.2 37.8 0.0 

PBE-D2 h.s. 24.4 28.6 0.0 23.8 57.5 0.0 34.3 69.9 0.0 38.1 37.6 0.0 

BP86-D3 h.s. 24.2 28.2 0.0 23.8 56.9 0.0 34.3 69.3 0.0 37.6 37.4 0.0 

B3LYP h.s. 24.5 28.7 0.0 25.5 57.6 0.0 34.5 70.1 0.0 38.4 38.0 0.0 

S12h h.s. 24.7 29.2 0.0 24.1 57.9 0.0 34.8 70.2 0.0 38.8 38.3 0.0 
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6.3. Energy decomposition analysis of iron-oxo and iron-hydroxo complexes 
(unpublished results) 

 

6.3.1. Geometrical parameters of all investigated complexes 
 

TABLE A26 Metal-Ligand distances (Å) for [(NH3)3Fen(OH)(NH3)]
m+ model system 

(ZORA/S12g/TZ2P) 

 

            

Iron Ox. State  +2    +3    +4  

 

Spin state 

 

LS 

 

IS 

 

HS 

  

LS 

 

IS 

 

HS 

  

LS 

 

IS 

 

HS 

            

Fe-O 1.76 1.75 1.77  1.65 1.65 1.74  1.57 1.60 1.64 

Fe-Neq (average) 2.06 2.18 2.36  2.04 2.16 2.21  1.99 2.03 2.07 

Fe-Nax  2.10 2.18 2.27  2.16 2.14 2.30  2.23 2.12 2.09 

            

 

TABLE A27. Metal-Ligand distances (Å) for [(NH3)3Fen(OH)(NCH)]m+ model system 

(ZORA/S12g/TZ2P) 

 

            

Iron Ox. State  +2    +3    +4  

 

Spin state 

 

LS 

 

IS 

 

HS 

  

LS 

 

IS 

 

HS 

  

LS 

 

IS 

 

HS 

            

Fe-O 1.73 1.74 1.76  1.64 1.65 1.71  1.55 1.59 1.63 

Fe-Neq (average) 2.05 2.14 2.33  2.08 2.14 2.12  1.98 2.02 2.06 

Fe-Nax  1.74 1.87 1.98  1.83 2.08 3.62  2.26 2.09 2.06 

            

 

TABLE A28. Metal-Ligand distances (Å) for [(NH3)4Fen(OH)(NCH)]m+ model system 

(ZORA/S12g/TZ2P) 

 

            

Iron Ox. State  +2    +3    +4  

 

Spin state 

 

LS 

 

IS 

 

HS 

  

LS 

 

IS 

 

HS 

  

LS 

 

IS 

 

HS 

            

Fe-O 1.85 1.81 1.78  1.74 1.64 1.73  1.62 1.63 1.62 

Fe-Neq (average) 2.05 2.25 2.33  2.05 2.25 2.21  2.03 2.03 2.17 

Fe-Nax  1.80 1.83 3.80  1.97 2.14 3.40  2.29 2.16 2.11 
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TABLE A29. Metal-Ligand distances (Å) for [(NH3)3Fen(O)(NH3)]
m+ model system 

(ZORA/S12g/TZ2P) 

 

        

Iron Ox. State  +2    +3  

 

Spin state 

 

LS 

 

IS 

 

HS 

  

LS 

 

IS 

 

HS 

        

Fe-O 1.83 1.80 1.78  1.72 1.72 1.69 

Fe-Neq (average) 2.02 2.07 2.00  2.04 1.97 1.95 

Fe-Nax  2.14 2.04 2.09  2.01 2.00 2.08 

        

 

TABLE A30. Metal-Ligand distances (Å) for [(NH3)3Fen(O)(NCH)]m+ model system 

(ZORA/S12g/TZ2P) 

 

        

Iron Ox. State  +2    +3  

 

Spin state 

 

LS 

 

IS 

 

HS 

  

LS 

 

IS 

 

HS 

        

Fe-O 1.82 1.79 1.77  1.71 1.70 1.68 

Fe-Neq (average) 2.10 2.06 1.99  2.04 1.97 1.94 

Fe-Nax  2.33 1.96 1.96  1.93 1.97 2.02 

        

 

TABLE A31. Metal-Ligand distances (Å) for [(NH3)4Fen(O)(NCH)]m+ model system 

(ZORA/S12g/TZ2P) 

 

        

Iron Ox. State  +2    +3  

 

Spin state 

 

LS 

 

IS 

 

HS 

  

LS 

 

IS 

 

HS 

        

Fe-O 1.82 1.81 1.81  1.72 1.72 1.73 

Fe-Neq (average) 2.61 2.01 1.96  1.99 1.99 1.99 

Fe-Nax  2.17 2.17 2.03  2.14 2.01 2.00 
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6.3.2. Energy Decomposition Analysis component values relative to ground spin 
state (kcal mol-1) of every specific complex 

 

TABLE A32. EDA contributions for [(NH3)3FeII(O)(NH3)]
0 model system (ZORA/S12g/TZ2P) 

 

      

Spin state LS LS-HS IS IS-HS HS 

      

E -2113.04 9.72 -2111.76 11.00 -2122.76 

ΔEprep 102.30 73.85 100.07 71.62 28.45 

ΔEdeform  0.50 0.49 0.03 0.02 0.01 

ΔElig-lig 22.22 9.65 14.52 1.95 12.57 

ΔEvalexc  79.58 63.66 85.52 69.60 15.92 

ΔEint -130.50 -64.77 -126.03 -60.30 -65.73 

ΔEpauli 258.52 105.30 186.98 33.76 153.22 

ΔEelstat  -233.02 -97.46 -187.15 -51.59 -135.56 

ΔEorbint  -156.00 -72.61 -125.86 -42.47 -83.39 

      

ΔEdisp -5.39 0.65 -6.35 -0.31 -6.04 

      

ΔEtotal -28.20 9.08 -25.96 11.32 -37.28 

 

TABLE A33. EDA contributions for [(NH3)3FeIII(O)(NH3)]
+1 model system (ZORA/S12g/TZ2P) 

 

      

Spin state LS LS-IS IS HS-IS HS 

      

E -2020.39 17.62 -2038.01 5.31 -2032.70 

ΔEprep 125.38 83.24 42.14 -18.23 23.91 

ΔEdeform  0.01 -0.03 0.04 -0.01 0.03 

ΔElig-lig 21.88 5.20 16.68 -3.11 13.57 

ΔEvalexc  103.49 78.07 25.42 -15.11 10.31 

ΔEint -259.69 -66.05 -193.64 23.71 -169.93 

ΔEpauli 280.16 122.53 157.63 -5.01 152.62 

ΔEelstat  -260.92 -49.37 -211.55 12.94 -198.61 

ΔEorbint  -278.93 -139.21 -139.72 15.78 -123.94 

      

ΔEdisp -5.82 0.46 -6.28 -0.19 -6.47 

      

ΔEtotal -134.31 17.19 -151.50 5.48 -146.02 
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TABLE A34. EDA contributions for [(NH3)3FeIV(O)(NH3)]
+2 model system (ZORA/S12g/TZ2P) 

 

      

Spin state LS LS-HS IS IS-HS HS 

      

E -1766.24 30.52 -1779.27 17.49 -1796.76 

ΔEprep 68.91 43.56 44.39 19.04 25.35 

ΔEdeform  0.17 0.02 0.19 0.04 0.15 

ΔElig-lig 25.71 7.62 22.77 4.68 18.09 

ΔEvalexc  43.03 35.92 21.43 14.32 7.11 

ΔEint -383.67 -13.42 -372.06 -1.81 -370.25 

ΔEpauli 238.25 53.88 199.88 15.51 184.37 

ΔEelstat  -302.70 -15.45 -286.33 0.92 -287.25 

ΔEorbint  -319.22 -51.85 -285.61 -18.24 -267.37 

      

ΔEdisp -5.72 0.30 -5.78 0.24 -6.02 

      

ΔEtotal -314.76 30.14 -327.67 17.23 -344.90 

 

TABLE A35. EDA contributions for [(NH3)3FeII(O)(NCH)]0 model system (ZORA/S12g/TZ2P) 

 

      

Spin state LS LS-HS IS IS-HS HS 

      

E -2142.08 3.73 -2142.79 3.02 -2145.81 

ΔEprep 109.87 84.06 99.67 73.86 25.81 

ΔEdeform  13.49 13.06 1.35 0.92 0.43 

ΔElig-lig 19.62 8.62 13.44 2.44 11.00 

ΔEvalexc  76.76 62.38 84.88 70.50 14.38 

ΔEint -162.10 -81.11 -151.91 -70.92 -80.99 

ΔEpauli 374.67 152.10 258.23 35.66 222.57 

ΔEelstat  -281.56 -115.61 -220.66 -54.71 -165.95 

ΔEorbint  -255.21 -117.60 -189.48 -51.87 -137.61 

      

ΔEdisp -4.56 0.76 -5.29 0.03 -5.32 

      

ΔEtotal -52.23 2.95 -52.24 2.94 -55.18 
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TABLE A36. EDA contributions for [(NH3)3FeIII(O)(NCH)]+1 model system (ZORA/S12g/TZ2P) 

 

      

Spin state LS LS-IS IS HS-IS HS 

      

E -2035.01 7.11 -2042.12 3.86 -2038.26 

ΔEprep 122.54 84.73 37.81 -24.65 13.16 

ΔEdeform  0.10 0.00 0.10 -0.05 0.05 

ΔElig-lig 19.11 6.14 12.97 -8.22 4.75 

ΔEvalexc  103.34 78.59 24.75 -16.39 8.36 

ΔEint -266.63 -78.09 -188.54 28.06 -160.48 

ΔEpauli 320.40 157.94 162.46 1.14 163.60 

ΔEelstat  -269.57 -60.69 -208.88 4.84 -204.04 

ΔEorbint  -317.46 -175.34 -142.12 22.08 -120.04 

      

ΔEdisp -4.88 0.44 -5.32 0.44 -4.88 

      

ΔEtotal -144.09 6.64 -150.73 3.41 -147.32 

 

TABLE A37. EDA contributions for [(NH3)3FeIV(O)(NCH)]+2 model system (ZORA/S12g/TZ2P) 

 

      

Spin state LS LS-HS IS IS-HS HS 

      

E -1775.58 25.91 -1784.21 17.28 -1801.49 

ΔEprep 63.71 43.63 38.84 18.76 20.08 

ΔEdeform  0.37 -0.01 0.37 -0.01 0.38 

ΔElig-lig 18.06 4.96 17.41 4.31 13.10 

ΔEvalexc  45.28 38.68 21.06 14.46 6.60 

ΔEint -383.12 -18.24 -366.55 -1.67 -364.88 

ΔEpauli 230.97 46.73 201.55 17.31 184.24 

ΔEelstat  -300.76 -19.00 -282.65 -0.89 -281.76 

ΔEorbint  -313.33 -45.97 -285.45 -18.09 -267.36 

      

ΔEdisp -4.56 0.45 -4.76 0.25 -5.01 

      

ΔEtotal -319.41 25.39 -327.71 17.09 -344.80 
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TABLE A38. EDA contributions for [(NH3)4FeII(O)(NCH)]0 model system (ZORA/S12g/TZ2P) 

 

      

Spin state LS IS-LS IS HS-LS HS 

      

E      

ΔEprep -2587.29 1.83 -2586.77 1.31 -2585.46 

ΔEdeform  162.71 -135.37 112.77 -85.43 27.34 

ΔElig-lig 2.09 -2.14 0.20 -0.25 -0.05 

ΔEvalexc  33.34 -22.43 22.31 -11.40 10.91 

ΔEint 127.28 -110.80 90.26 -73.78 16.48 

ΔEpauli -206.48 138.31 -154.00 85.83 -68.17 

ΔEelstat  347.58 -189.38 260.90 -102.70 158.20 

ΔEorbint  -290.98 153.85 -224.90 87.77 -137.13 

      

ΔEdisp -5.32 -1.13 -7.22 0.77 -6.45 

      

ΔEtotal -43.77 2.94 -41.23 0.40 -40.83 

 

TABLE A39. EDA contributions for [(NH3)3FeIII(O)(NCH)]+1 model system (ZORA/S12g/TZ2P) 

 

      

Spin state LS LS-IS IS HS-IS HS 

      

E -2493.43 15.43 -2508.86 1.77 -2507.09 

ΔEprep 135.09 91.77 43.32 -19.26 24.06 

ΔEdeform  0.29 0.25 0.04 -0.04 0.00 

ΔElig-lig 31.34 12.62 18.72 -3.95 14.77 

ΔEvalexc  103.48 78.92 24.56 -15.26 9.30 

ΔEint -284.24 -78.30 -205.94 20.61 -185.33 

ΔEpauli 230.54 99.74 130.80 24.09 154.89 

ΔEelstat  -274.37 -72.58 -201.79 -5.01 -206.80 

ΔEorbint  -240.41 -105.46 -134.95 1.53 -133.42 

      

ΔEdisp -5.32 1.95 -7.27 0.43 -6.84 

      

ΔEtotal -149.15 13.47 -162.62 1.35 -161.27 
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TABLE A40. EDA contributions for [(NH3)3FeIV(O)(NCH)]+2 model system (ZORA/S12g/TZ2P) 

 

      

Spin state LS LS-IS IS HS-IS HS 

      

E -2248.91 36.75 -2285.66 2.30 -2283.36 

ΔEprep 122.78 32.06 90.72 -61.78 28.94 

ΔEdeform  0.17 0.03 0.14 0.06 0.20 

ΔElig-lig 29.36 -1.26 30.62 -8.31 22.31 

ΔEvalexc  93.25 33.29 59.96 -53.53 6.43 

ΔEint -460.73 5.81 -466.54 65.92 -400.62 

ΔEpauli 194.66 -1.66 196.32 -46.50 149.82 

ΔEelstat  -312.04 0.47 -312.51 33.83 -278.68 

ΔEorbint  -343.35 7.00 -350.35 78.59 -271.76 

      

ΔEdisp -6.35 -1.12 -5.23 -1.88 -7.11 

      

ΔEtotal -337.95 37.87 -375.82 4.14 -371.68 

 

TABLE A41. EDA contributions for [(NH3)3FeIII(OH)(NH3)]
+2 model system (ZORA/S12g/TZ2P) 

 

      

Spin state LS LS-HS IS IS-HS HS 

      

E -1880.26 30.35 -1903.21 7.40 -1910.61 

ΔEprep 124.82 96.58 70.27 42.03 28.24 

ΔEdeform  0.08 0.03 0.05 0.00 0.05 

ΔElig-lig 24.78 10.25 18.15 3.62 14.53 

ΔEvalexc  99.96 86.30 52.07 38.41 13.66 

ΔEint -373.28 -66.74 -341.38 -34.84 -306.54 

ΔEpauli 229.32 67.37 186.50 24.55 161.95 

ΔEelstat  -287.05 -31.87 -278.55 -23.37 -255.18 

ΔEorbint  -315.55 -102.24 -249.33 -36.02 -213.31 

      

ΔEdisp -5.92 0.51 -6.29 0.14 -6.43 

      

ΔEtotal -246.48 31.82 -271.11 7.19 -278.30 
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TABLE A42. EDA contributions for [(NH3)3FeIV(OH)(NH3)]
+3 model system (ZORA/S12g/TZ2P) 

 

      

Spin state LS LS-HS IS IS-HS HS 

      

E -1477.04 34.38 -1495.61 15.81 -1511.42 

ΔEprep 450.36 221.41 298.32 69.37 228.95 

ΔEdeform  0.44 0.02 0.44 0.02 0.42 

ΔElig-lig 31.73 11.19 27.22 6.68 20.54 

ΔEvalexc  418.19 210.20 270.66 62.67 207.99 

ΔEint -763.74 -187.62 -629.85 -53.73 -576.12 

ΔEpauli 227.81 23.36 230.01 25.56 204.45 

ΔEelstat  -340.70 -5.69 -339.60 -4.59 -335.01 

ΔEorbint  -650.85 -205.29 -520.26 -74.70 -445.56 

      

ΔEdisp -5.60 0.42 -5.61 0.41 -6.02 

      

ΔEtotal -313.38 33.79 -331.53 15.64 -347.17 

 

TABLE A43. EDA contributions for [(NH3)3FeIII(OH)(NCH)]+2 model system (ZORA/S12g/TZ2P) 

 

      

Spin state LS LS-HS IS IS-HS HS 

      

E -1888.09 26.24 -1908.68 5.65 -1914.33 

ΔEprep 119.79 96.45 65.78 42.44 23.34 

ΔEdeform  0.22 0.08 0.20 0.06 0.14 

ΔElig-lig 20.39 -2.95 14.14 -9.20 23.34 

ΔEvalexc  99.18 86.41 51.44 38.67 12.77 

ΔEint -372.33 -70.45 -338.77 -36.89 -301.88 

ΔEpauli 245.64 79.76 194.71 28.83 165.88 

ΔEelstat  -287.96 -32.36 -276.11 -20.51 -255.60 

ΔEorbint  -330.01 -117.85 -257.37 -45.21 -212.16 

      

ΔEdisp -4.94 0.49 -5.29 0.14 -5.43 

      

ΔEtotal -252.54 26.00 -272.99 5.55 -278.54 
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TABLE A44. EDA contributions for [(NH3)3FeIV(OH)(NCH)]+3 model system (ZORA/S12g/TZ2P) 

 

      

Spin state LS LS-HS IS IS-HS HS 

      

E -1483.57 31.79 -1495.68 19.68 -1515.36 

ΔEprep 445.15 220.28 293.11 68.24 224.87 

ΔEdeform  0.90 0.15 0.90 0.15 0.75 

ΔElig-lig 25.89 10.41 22.32 6.84 15.48 

ΔEvalexc  418.36 209.72 269.89 61.25 208.64 

ΔEint -759.78 -189.30 -619.09 -48.61 -570.48 

ΔEpauli 241.30 31.84 230.57 21.11 209.46 

ΔEelstat  -345.13 -14.34 -338.18 -7.39 -330.79 

ΔEorbint  -655.95 -206.80 -511.48 -62.33 -449.15 

      

ΔEdisp -4.59 0.63 -4.82 0.40 -5.22 

      

ΔEtotal -314.63 30.98 -325.98 19.63 -345.61 

 

TABLE A45. EDA contributions for [(NH3)3FeIII(OH)(NCH)]+2 model system (ZORA/S12g/TZ2P) 

 

      

Spin state LS LS-HS IS IS-HS HS 

      

E -2393.15 4.83 -2389.21 8.77 -2397.98 

ΔEprep 128.92 95.52 74.26 40.86 33.40 

ΔEdeform  0.08 -0.39 0.13 -0.34 0.47 

ΔElig-lig 31.27 10.27 21.92 0.92 21.00 

ΔEvalexc  97.57 85.64 52.21 40.28 11.93 

ΔEint -433.53 -92.31 -373.46 -32.24 -341.22 

ΔEpauli 216.43 63.28 171.69 18.54 153.15 

ΔEelstat  -304.68 -43.35 -276.83 -15.50 -261.33 

ΔEorbint  -345.28 -112.24 -268.32 -35.28 -233.04 

      

ΔEdisp -5.59 1.57 -7.23 -0.07 -7.16 

      

ΔEtotal -304.61 3.21 -299.20 8.62 -307.82 
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TABLE A46. EDA contributions for [(NH3)3FeIV(OH)(NCH)]+3 model system (ZORA/S12g/TZ2P) 

 

      

Spin state LS LS-IS IS HS-IS HS 

      

E -2010.83 14.91 -2025.74 10.69 -2015.05 

ΔEprep 444.36 139.03 305.33 -70.81 234.52 

ΔEdeform  0.44 0.10 0.34 0.13 0.47 

ΔElig-lig 34.38 0.99 33.39 -8.43 24.96 

ΔEvalexc  409.54 137.94 271.60 -62.51 209.09 

ΔEint -833.90 -124.44 -709.46 82.91 -626.55 

ΔEpauli 240.84 20.62 220.22 -43.49 176.73 

ΔEelstat  -369.71 -10.92 -358.79 25.36 -333.43 

ΔEorbint  -705.03 -134.14 -570.89 101.04 -469.85 

      

ΔEdisp -5.43 0.05 -5.48 -1.69 -7.17 

      

ΔEtotal -389.54 14.59 -404.13 12.10 -392.03 
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