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Abstract 

A series of mononuclear and binuclear complexes of Th(IV), Pa(IV), Pa(V) and U(IV) 

with the octadentate tetraanionic Pacman ligand were investigated in comparison to their already 

known uranium (VI) analogues using relativistic density functional theory. The character of the 

bonding in these complexes was investigated using various quantum chemical parameters 

including bond lengths, bond orders and the topological analysis of the electron density using the 

quantum theory of atoms-in-molecules (QTAIM).  

In another case, we investigated the bonding behavior of the actinyl in case of 

heterobinuclear complexes with the variation of the actinides (Th, Pa, U, Np and Pu), their 

oxidation states as well as with the 1variation of the transition metal in the lower pocket of the 

macrocycle. Optimized geometries, bond lengths, bond angles, atomic charges, natural bond 

order analysis and QTAIM analysis of the bonding interactions in these complexes were studied. 

All these complexes exhibit cation-cation interactions. 
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Chapter 1 

                                                   Introduction 

1.1 Motivation 

Over the past few decades, actinides have attracted significant attention not only because of their 

complex chemical nature, but also because of radioactive waste management, catalysis and 

number of other applications
1–3

. Among the most urgent technological and environment troubles 

to mankind worldwide are the problems created by nuclear reactors that are being used to 

produce electricity, nuclear weapons production, groundwater contamination due to the resulting 

nuclear waste, the treatment and storage of nuclear wastes and the cleanup of nuclear material 

sites
4–7

.  The Hanford site in Washington state, USA, is a good example for the radioactive 

contamination which has evolved due to the nuclear weapons production for more than six 

decades
8
.  All these problems are the sources of acute global concern and in all of them the 

actinide elements are closely involved. To deal with these problems, it is very important to 

understand the chemistry of these actinides. Indeed, both the science and technology of the 

actinides as we know them today owe much to the separation science
7
.   

There are number of important aspects of actinide chemistry which need to be 

understood, for instance, understanding of the bonding and electronic structure of the 5f 

electrons in their complexes and the bonding and chemical behavior of these actinides that may 

be released into the environment. An understanding of actinide chemistry represents challenges 

to both the synthetic chemist, where the toxicity, radioactivity, short lifetimes of various 

isotopes, scarcity etc. may hinder the experimental characterization, and also to the theoretical 
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chemist, where the relativistic and electron correlation effects (described in chapter 2) are quite 

expensive
1,9,10

. However, there have been tremendous developments in the field of computational 

chemistry for the study of actinide chemistry, and the theoretical chemists in collaboration with 

the experimentalists have been able to resolve various complexities of actinide chemistry.  In 

some cases, the theoretical chemistry has been useful even in replacing the experimental work 

that requires harsh conditions.  

 Computational chemistry has been used to explore the structures of actinide complexes, 

bonding properties and their reactivity. The actinyl coordination chemistry of these actinides and 

most importantly the actinide oxo-group reactivity is very important as most of the heavier and 

radioactive fission products in nuclear waste form actinyl [AnO2]
n+ 

ions
11

. The coordination 

chemistry of actinyl using different ligands has been a fascinating area of research to the 

inorganic chemists all over the world. 

Certain macrocyclic ligands having aromatic π-electron systems are found to form stable 

complexes with the rare earths and help us understanding the physical and chemical properties of 

the actinides by giving access to  novel electronic structures and covalent contributions to the 

metal-ligand bonding and hence they can act as a springboard to explore the coordination 

chemistry of these metal ions
12–14

. 
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Figure1.1: Structure of polypyrrolic macrocylic ligand (N atoms marked in red constitute one 

N4 donor site while those in blue ones constitute the other site). 

Many mononuclear and binuclear complexes of Uranium, Neptunium and Plutonium with a 

binucleating Schiff base polypyrrolic macrocycle (Fig. 1.1) have been studied both 

computationally and experimentally
15–22

. Among early actinides, Thorium and Protactinium have 

not been as much studied as Uranium so far. Particularly, the inorganic chemistry of Thorium 

that includes the nature of bonding, structural and thermodynamic parameters as well as more 

applied research remain relatively unexplored
14

 . Both homo- as well as hetero-bimetallic 

complexes of the early actinides was studied with emphasis on the bonding analysis. With the 

help of such studies, we are looking forward to adding to the existing knowledge of actinide 

complexes, in the hopes that the on-going research in this field will help in dealing with the 

nuclear fuel processing and waste storage problems in an effective way. 

1.2 General introduction of actinides 
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The actinides (Fig. 1.2) or actinoids constitute the 15 elements with the atomic number varying 

from 89 to 103, corresponding to actinium to lawrencium respectively. They belong to the third 

group of the periodic table, and this series has been named after the first element of the series, 

actinium. Moving across the actinide series, the outermost shell being filled is the 5f shell, and 

accordingly they are also referred to as f-block elements. The only exception to this is 

lawrencium which behaves as a d-block element
23

. All the actinides are radioactive and usually 

unstable. They release large amounts of energy on undergoing spontaneous emission. 

 

Figure1.2: The actinides series of the periodic table. 

Among actinides, only thorium and uranium are found in considerable amounts in nature. The 

first actinides which were discovered are uranium by Klaproth in 1789 and thorium by Berzelius 

in 1829, but the rest of the actinides except Pa were man-made through various nuclear reactions 

of uranium and they are sometimes referred as transuranic elements. In terms of occurrence in 
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the earth crust, thorium is the most abundant with a total amount of 8.1 ppm whereas uranium is 

about 4 ppm. Thorium exists in many isotopes and one of its isotopes, Th-232, has a half-life of 

14 billion years. The main source of thorium is from the thorium minerals like thorianite 

(ThO2+UO2), thorite (ThSiO4) brabantite (CaTh(PO4)2) and monazite (a mixed rare-earth and 

thorium phosphate). Uranium exists in three major isotopes and is concentrated in many minerals 

like pitchblende, autunite, torbernite and carnotite. Large deposits of thorium are found in India 

and Australia whereas uranium deposits are found mainly in parts of Africa, Canada and the 

southwestern United States
24

.  

All the heavier actinide elements, the transuranic elements, as well as some isotopes of the 

lighter actinide elements, have been synthesized in the labs since 1940. Np and Pu are created 

from U in nuclear reactors on the commercial scale. The U-235 isotopes accept a neutron and get 

converted to an excited state of U-236, some of which undergoes fission, but some of them decay 

to the ground state of U-236 by emitting gamma rays. On further neutron capture U-237 is 

created which has a short half-life period and decays quickly to Pu-239. Many different isotopes 

of Np/Pu are created from the different isotopes of uranium using different combinations of 

neutron absorptions and radioactive decay. It has been found that rocks with high localized 

concentration of uranium can provide the right conditions for making small quantities of heavier 

elements naturally, but this occurs only in extremely rare cases. Moreover, traces of Np and Pu 

are also found in nature due to transmutation reactions in the uranium ores which is caused by 

the presence of neutrons
25

.  

Actinides have a wide range of applications in the energy production
26

 through controlled 

nuclear fission, and production of nuclear weapons (plutonium) . They are used as smoke 

detectors (Am)
27

, as well as coloring glasses and ceramics (UO2)
28

. Depleted uranium is used in 
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making battle armors and projectiles. Nowadays it is also being used in the development of self-

glowing actinide-doped materials with durable crystalline matrices as the addition of alpha-

emitting radionuclides to some glasses and crystals may confer luminescence
26

.  

1.3 The electronic structures of the early actinides 

The atomic and ionic radii of the actinides, like those of lanthanides, go down as we cross the 

series. This property arises due to the poor nuclear shielding of the f-electrons that increases the 

effective nuclear charge experienced by all the valence electrons, thus shrinking the system. This 

effect is referred to as actinide contraction.   

In case of actinides, the inner shell electrons experience high nuclear charge so their velocities 

approaches speed of light and as a result 1s orbital undergo contraction. Electrons in other shells 

also tend to be stabilized owing to their orthogonality with 1s. In contrast, d and f orbitals remain 

expanded and therefore, destabilized and as a result, 5f, 6d and 7s orbitals become close in 

energy to one another. This effect is termed as relativistic effects. The early actinides (Th, Pa, U, 

Np, Pu) have extremely complex chemistry as they  have several accessible oxidation states and 

readily undergo disproportionation in aqueous solution.
7,29,30

 The electronic configurations of the 

actinides are as shown in Table 1.1.  

The orbital energies of 5f, 6d and 7s electrons are close to one another due to the relative 

destabilization of the 5f orbitals which arises because of relativistic effects. As a result, the 

actinides can have a variety of oxidation states. Figure 1.3 shows the different oxidation states 

shown by the actinides; there is no simple trend across the period and a clear demarcation 

between the early and the late actinides. The stability of different oxidation states depends on the 

electronic configuration of the respective oxidized ion.  
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Actinide Electronic 

configuration 

Actinide Electronic 

configuration 

Actinium        89 [Rn]6d
1
 7s

2
 Berkelium       97 [Rn]5f

9
 7s

2
 

Thorium         90 [Rn]6d
2
 7s

2
 Californium     98 [Rn] 5f

10
 7s

2
 

Protactinium   91 [Rn]5f
2
 6d

1
 7s

2
 Einsteinium     99 [Rn] 5f

11
 7s

2
 

Uranium          92 [Rn]5f
3
 6d

1
 7s

2
 Fermium         100 [Rn] 5f

12 
7s

2
 

Neptunium      93 [Rn]5f
4
 6d

1
 7s

2
 Mendelevium  101 [Rn] 5f

13
 7s

2
 

Plutonium        94 [Rn]6d
6
 7s

2
 Nobelium       102 [Rn] 5f

14
 7s

2
 

Americium       95 [Rn]6d
7
 7s

2
 Lawrencium   103 [Rn]5f

14
 6d

1
 7s

2
 

Curium           96 [Rn]5f
7
 6d

1
 7s

2
   

 

Table1.1: Actinides with the atomic number and electronic configuration. [Rn] is the noble gas 

core structure of Radon used for the electronic configuration. 

Thorium predominantly occurs in the +4 state, as in its triply charged state, the 

stabilization of the 5f electrons is not sufficient to make the triply charged thorium a stable 

species. The chemistry of thorium in the +2 or +3 oxidation state (O.S.) is restricted to mostly 

iodides like ThI2 and the cyclopentadienyl complex Th(C5H5)3 . Not much research was done on 

Protactinium as it exists only in small quantities and the most common O.S. shown by it is +5, 

whereas Uranium shows a rich redox chemistry as it can show oxidation states ranging from +3 

to +6. Aqueous solutions of uranium in the +3, +4 and +6 oxidation states have brown-red, green 

and yellow colors, respectively. Among +4 and +6 oxidation state of uranium, U(VI) is more 

soluble in aqueous environment than U(IV) which commonly tends to form insoluble 

precipitates
31

. In the treatment of nuclear waste  the U(VI) compounds are reduced to the +4 

oxidation state as U(IV) compounds are less soluble in water and migrate more slowly than 

U(VI) complexes.
31

 Both neptunium and plutonium exhibits O.S. from +3 to+7 and in case of Pu 

the +7 O.S. exists only under very alkaline conditions. All the tri-halides of Pu have pale pastel 
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colors like fluoride (violet-blue), chloride (blue-green), bromide (light-green) and iodide (bright-

green). Most of the transplutonium actinides have fewer oxidation states and behave very similar 

to the trivalent lanthanides.   

 

 

Figure1.3: The possible oxidation states for the actinides.  

The variation in stable oxidation state across the actinide series arises due to the combination of 

both the orbital contraction as well as relativistic effects. Because of the relativistic effects the 6d 

and 5f orbitals become larger and more chemical accessible and, on the other hand, the orbital 

contraction in the later actinides make the 5f orbital more core-like
23

. There is a lot of variation 

in the radial extension of the 5f orbitals across the actinide series, it being closer to the other 

valence orbitals for Th to Pu and thus allowing the 5f orbitals to get involved in the chemical 

bonding, however for the later series the 5f orbital act like inert orbitals. Most of the actinide 
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complexes involve partially filled f-orbitals and these f-orbitals are very much diffuse and as a 

result can participate in bonding.  Moreover, in these elements, the 6p atomic orbitals are also 

highly polarizable and diffuse
32

 and have radial extension close to 6s and 5f. In case of actinides 

the 6p orbitals are often considered as the semi-core orbital which contrasts with the transition 

elements where the corresponding p orbitals are treated as core orbitals as they play no role in 

chemical bonding.  

Most of the actinides in the high oxidation states are found in the form of actinyl AnO2
n+

, 

in which there are partial triple bonds between the actinide and the two oxygens, and this species 

is mostly present in a large variety of chemical environments.
33

 Actinides being hard Lewis 

acids, they prefer to coordinate hard Lewis bases like F
-
, Cl

-
, O

2-
, OH

-
, SO4

-
, NO3

-
, CO3

2-
, neutral 

water, THF, and pyridine and other oxygen-containing electron donor ligands such as tributyl 

phosphates, ethers and ketones also form strong complexing agents. Coordination by 5 or 6 

equatorial ligands around the actinyl moiety gives rise to pentagonal or hexagonal bipyramidal 

geometry.  

For the singly charged anions, the complexing ability for the complexes containing the 

actinyl moiety follows the order F
-
> NO3

-
 > Cl

-
 > ClO4

-
 whereas for the doubly charger anions 

the order is CO3
2-

 > C2O4
2-

 > SO4
2-.

 Among tri-anions, PO4
3-

 is a strong complexing agent
14

.  

1.4 Actinide macrocyclic complexes 

The nuclear fuel waste that contains mainly a mixture of radioactive actinides poses a threat to 

the environment. For addressing this concern, there is a need that these radioactive elements 

must be separated and given treatment according to their recyclability and storage needs. Current 

approaches to manage the radioactive waste have been the segregation and storage for the short-

lived waste, and deep burial for the high-level waste. The different bonding behavior between the 



10 

 

early and the later actinides can be used as a tool for their separation in the nuclear waste. 

Another separation technique generally involves adjusting the oxidation states of the actinide ion 

in aqueous solution and so their oxidation states can be adjusted to make their coordination 

chemistry different from the other species present. The ongoing quest for more efficient 

separations or isolation of radioactive elements encourages the exploration of f-element and 

radionuclide chemistry, and creates a need for the novel systems that can coordinate actinide 

cations with high specificity
11,34

.  

Computational chemistry has proved a powerful tool for the fundamental understanding of the 

actinide chemistry and also plays a significant role for the interpretation of the experimental data 

and also the prediction of chemical and physical behavior of actinides
1
. As previously mentioned 

actinides are in general hard acids and therefore have a strong affinity to hard donor ligands, so 

there are only few ligands which can compete with water itself. Among various ligands, the 

polypyrrolic macrocyclic ligands are being recognized as excellent cation complexation agents 

for the actinides as they can be tuned to provide the best fit for different cations and oxidation 

states by changing the size of the ligand cavity as well as flexibility etc. Macrocyclic systems 

such as calixarenes
35–39

, crown ethers
40–43

, pyrrole-based porphyrins
44–49

, boron containing 

macrocycles
50

 and phthalocyanines
14,51

 are known to form stable complexes with various 

actinides. Several complexes of uranyl(VI) with the expanded porphyrins such as pentaphyrin
44

, 

isoamethyrin
45

, amethyrin
52

, oxasapphyrin
53

, and the Schiff base macrocycle, alaskaphyrin
53

, 

have been reported experimentally. In addition to these, quite a few complexes of Neptunyl(V) 

and Plutonyl(V) with the expanded porphyrins are known
46,49

. Moreover, another class of 

expanded porphyrins has been reported in recent past that involves cyclo[6] pyrroles
54

, 

cyclo[3]pyridine[3] pyrroles
47

, cyclo[2]pyridine[4]pyrroles
47

 and cyclo[1]furan[1]pyridine[4] 
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pyrrole.
48

  

 Quantum theory calculations on a number of complexes of actinides with various 

macrocyclic ligands
18,20,41,55–63

 have been done by our research group and others
64–68

 . Amongst 

them, there is a flexible Schiff-base pyrrole macrocyclic ligand H4L (Fig.1.1), prepared by the 

Love
69

 and Sessler
70

 groups independently, which has been found to be a very good ligand for 

making very stable complexes with the actinides. This ligand
70

 has two N4 donor compartments, 

and the studies of Arnold and Love et al. have shown that this macrocyclic ligand can 

accommodate metal atoms like transition metal atoms, lanthanides as well as actinides in its two 

vacant sites
15,21,40,71–79

. The two aryl groups in this ligand act as hinges. This results in a 

relatively rigid molecular structure, sometimes referred as a Pacman structure
80–82

.  

Arnold, Love and co-workers used this ligand to synthesize the diuranium(VI) complex 

K2[(UO2)2(μ-O2)]
78

, the diuranium(V) complex [{(Me3Si)OU(μ-O)}2(L)]
77

, and diactinide(III) 

complexes [(AnX)2(L)] (An = U, X = I, BH4; An = Np, X = I)
15

, successfully. In addition to the 

synthetic part, quantum chemical calculations on many mononuclear and binuclear complexes of 

Uranium, Neptunium and Plutonium have also been done. Among earlier actinides, complexes of 

thorium and protactinium with these macrocyclic ligands have not been much studied either 

experimentally or theoretically. However, many comparative studies of various complexes of 

thorium and uranium with small ligands such as cyclopentadienyl
83

, benzyne
84

, metallocene
13

, 

tetramethyltetraazaannulene
85

 and corroles
19

 have been reported in the recent past.  

The studies of such complexes of actinides are helpful in gaining further knowledge about 

covalency as the covalency in the f-block elements has been the subject of much debate both 

experimentally as well as theoretically.
19,86,87

 Till now the general idea is that there may be 

significant covalency in the bonding in early actinides as compared to the later actinides, which 
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are generally more ionic but these descriptions are constantly reassessed
88

 as new complexes are 

made and characterized
12,87,89

 and the nature of covalency has recently come under critical 

examination.
13,90

 

1.5 Objectives 

Understanding the nature of bonding within various complexes of actinides (Th, Pa and U) with 

the polypyrrolic macrocyclic ligand, and how these complexes differ from the already known 

U(VI) complexes are some of the main objectives of this work. In case of binuclear complexes, a 

comparison was made among Th(IV), Pa(IV) and U(IV) complexes and also Th(IV), Pa(V) and 

U(VI) complexes were studied. It is said that the chemical properties of actinides are governed 

by the number of f-electrons in them,
14

 accordingly, we tried to analyze whether the bonding 

differences arise due to the change in actinide element or the oxidation state. Both binuclear and 

heterobinuclear analogues of U(VI) complexes were studied. In case of heterobinuclear 

complexes of actinides with the macrocyclic ligand, we looked for differences in the bonding 

behavior of various actinides ranging from thorium to plutonium as well as the transition 

elements. The nature of actinide-ligand bonding was investigated using density functional theory 

and quantum theory of atoms in molecules theory also known as QTAIM (discussed in chapter 

2).  

  Another interesting feature of the actinide complexes considered in our study is the existence of 

cation-cation interactions (CCI). The complexation of AnO2
+
 and AnO2

2+
 ions with some other 

cations is referred to as cation-cation interactions. These interactions were first observed in a 

study of the behavior of Np(V) in solutions of uranyl perchlorate
91

. These interactions occur only 

in 2% of the U(VI) compounds
92

 and are much more common in Np(V) and U(V) compounds, 

both of which have been the focus of much attention
73,93–99

. These interactions provide novel 
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linkages within structural ligands and lead to the formation of dimers
100–104

, oligomers,
105–107

 

one-dimensional chains
108–110

 as well as multi-dimensional networks
93,105,109–116

 that may occur 

without the support of ancillary ligands.  

1.6 Organization of this thesis 

The main objective of this work is to provide comparative studies on the bonding analysis for the 

polypyrrolic macrocyclic complexes of early actinides with the U(VI) complexes.  

A brief introduction to the general actinide chemistry is contained in chapter 1. Chapter 2 

describes the various quantum chemical details as well as the different software packages used to 

accomplish this work. Discussions on correlation effects as well as relativistic effects are 

included.  

The first case study is presented in chapter 3, which involves the bonding analysis of the 

mononuclear as well as binuclear macrocyclic complexes of Th(IV), Pa(IV), Pa(V) and U(IV) in 

comparison to the U(VI) analogues. Both the DFT and QTAIM calculations were done for these 

complexes and the covalency trends along the series from Th to U were analyzed. Chapter 4 

contains studies the heterobimetallic complexes containing both the actinide as well as a 

transition metal. We studied hetero-binuclear macrocyclic complexes of Th(IV), Pa(IV), Pa(V), 

U(IV), Np(VI), Pu(VI) and the transition metals considered in this study are Mn(II), Fe(II), 

Co(II) and Zn(II); all the transition metals are in high spin state.  

In chapter 5, we present the conclusion and summarize our results along with outlook for future 

work. 
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Chapter 2 

Computational Methods 

Computational chemistry uses quantum mechanical based methods to calculate various chemical 

properties
117

. This area of chemical sciences is even more advantageous for probing and 

analyzing in the field of actinides
1
 than in other areas of chemistry because of the radioactivity of 

most of these elements which may result in safety and security concerns particularly for the 

transuranic elements 
6,118,119

. Some of the applications of computational chemistry involve the 

calculation of electron and charge distributions, molecular geometries or potential energy 

surfaces for different electronic states. To model actinide containing systems accurately, various 

methods to obtain an approximate wave function and density of that system are used. Inclusions 

of electron correlation effects which result from electron-electron interactions are very important 

in case of actinide containing systems.  The actinide’s inner shell orbitals also have high 

curvatures and thus kinetic energy giving rise to strong relativistic effects 
120

. These effects are 

negligible for light elements but they are very prominent and important in heavy elements like 

actinides for modelling their behavior appropriately, as these core orbitals affect all other 

electronic behavior near the atom. In this chapter, computational information and some details 

required to model electronic structure used in this work are discussed.  

2.1 Schrödinger Equation 

The time-dependent Schrödinger 
121

 equation is a cornerstone of quantum mechanics and 

governs all phenomena of the microscopic world. It is a partial differential equation of the total 

energy operator, the Hamiltonian Ĥ. 



15 

 

                                              ί ћ
 𝜕Ψ

𝜕𝑡
= Ĥ Ψ                                      (2.1) 

where ί is the imaginary number, ћ= ℎ /2π,  ℎ  is Planck’s constant, 𝜕/𝜕𝑡 is a partial derivative 

with respect to time t, and Ψ is the wave function which provides the solution to the equation. 

For a closed system, the conservation of energy makes a separation of time and spatial 

components possible. The time-independent Schrödinger wave function can be given by the 

equation 2.2 

                                              Ĥ Ψ = E Ψ                                            (2.2) 

Where Ψ is some wave function and E is the energy of that state Ψ, and Ĥ is again the 

Hamiltonian operator. Atomic units, the system of units useful for atomic calculations, where 

mass of electron, electron charge, reduced Plank’s constant, ħ, and Coulomb’s constant (

04
1
ε

k e 
 ) are defined as unity, are used. The Hamiltonian for a molecular system contains five 

contributions which can be written (in atomic units) as  

Ĥ = - ∑
1

2ⅈ
 ∇2

𝑖 - ∑
1

2MA
 

A
∇2

A  - ∑
ZA

r𝑖 Aⅈ,A
 + 

1

2
 ∑

1

rij
1<j

 + 
1

2
 ∑

𝑍𝐴𝑍𝐵

𝑅𝐴𝐵𝐴<𝐵
      (2.3) 

Where i, j stands for electrons and A, B for nuclei. MA is the mass of nucleus, ∇2 
is the Laplacian

 

operator, Z is the atomic number, RAB is the distance between A and B. The first term in equation 

(2.3) is the kinetic energy operator for each electron in the system. The second term is the kinetic 

energy operator for each nucleus in the system. The third term is the total electron-nucleus 

Columbic attraction in the system. The fourth term is the potential energy from Columbic 

electron-electron repulsions. The fifth term is for potential energy of columbic nuclei-nuclei 

repulsions.  
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2.2 The Born-Oppenheimer approximation 

This approximation,
122

 also known as the adiabatic or “clamped nuclei” approximation, assumes 

that nuclei move at negligible speeds compared to the electrons. The nuclei are assumed to be 

stationary in comparison to the fast-moving electrons. This separation of the nuclear and 

electronic motion allows for an easier evaluation of the electron-nuclei, nuclei-nuclei interactions 

as well as the nuclear kinetic energies. The term in equation (2.3), describing the nuclear kinetic 

energy, can then be neglected, leading to the adiabatic approximation 
123

. The electronic part of 

equation (2.3) including the nuclear repulsion can then be written (in atomic units) as  

                   Ĥ = - ∑
1

2ⅈ
 ∇2𝑖 - ∑

zA

r𝑖 Aⅈ,A
 + 

1

2
 ∑

1

rij
1<j

 + 
1

2
 ∑

𝑧𝐴𝑧𝐵

𝑅𝐴𝐵𝐴<𝐵
           (2.4) 

This approximation is well justified if the energy gap between ground and excited electronic 

states is large as compared to the energy scale of the nuclear motion. The Born Oppenheimer  

(BO) approximation breaks down for cases where the velocity of nuclei increases as for highly 

excited vibrational states, or when two or more potential energy surfaces approach or cross each 

other 
124

. Moreover, Waschewsky et. al 
125

 proved that in the class of reactions known as 

Woodward-Hoffmann forbidden reactions, the BO approximation fails and can result in a 

marked reduction in the reaction rate. However, detailed discussion is beyond the scope of this 

work and we made use of this approximation throughout our studies. 

2.3 The Hartree-Fock (HF) Approximation  

Within the Hartree-Fock approximation, the many-electron wave function is assumed to be a 

simple product of one-electron wave functions. This approximation is equivalent to assuming 

that the motion of each electron is independent of the motion of all the other electrons. 
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Therefore, an electron senses only the average Coulomb repulsion energy associated with the 

electron-electron repulsion. The electrons are assumed to be uncorrelated because each one is 

unaware of the positions of the other electrons at any time and only their average position is felt. 

However, the electrons obeying Fermi statistics imposes certain symmetry properties when the 

positions of two electrons are exchanged. This symmetry property is satisfied when the simple, 

independent particle product is generalized to a Slater determinant. The HF wave function, thus 

commonly represented as Slater determinant, is given by the equation (2.5). 

This expression gives a wave function which is antisymmetric with respect to the electron 

exchange, obeying the Pauli Exclusion Principle. This property arises mathematically from the 

property of matrix determinants to change sign when any pair of rows or columns are exchanged, 

which in its use as a description of the wave function is equivalent to exchanging two electrons. 

The Hartree-Fock wave function can be given by the Slater determinant 

              

)2()2()2()2(
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






                                 (2.5) 

The energy is given by 

                                             


)2,...2,1(||)2,....,2,1(* NHNEele                                       (2.6) 

This equation (2.6) can be written as  
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N

i
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j

N
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Where  
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On applying the variational principle to equation (2.7), the spatial orbitals that minimize the 

energy satisfy the equations 

)()()( 111 rrrF iii  


              Ni ,.....,3,2,1   (2.9) 

Where )( 1rF


is the Fock operator 
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j
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

, the Coulomb operator,  
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rK j , the exchange operator 
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The energy for the i
th

 molecular orbital can be obtained by multiplying equation (2.9) by )( 1

* ri

and integrating over r1 

)()()( 111

*

1 rrFrdr iii 


                                        (2.14) 

Using the Fock operator, equation (2.14) becomes 

)2(
1 ij

N

j ijji KJI   
                                             (2.15) 

Comparing this equation with equation (2.7), we can write 

)(
1 i

N

i iIE  
                                                      (2.16)     

Roothaan 
126

 represented the molecular orbitals as a linear combination of basis functions

v

K

v vc   


1
                                                               (2.17) 

Thus, the Hartree-Fock-Roothaan equations are 

vv vvv v cScF                       µ=1,2,….,K           (2.18) 

Where vF  are the Fock matrix elements 

)()()( 111

*

1 rrFrdrF vv 



                                         (2.19) 

And vS  are the overlap matrix elements 

)()( 11

*

1 rrdrS vv                                                   (2.20)     
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Equation (2.18) represents a set of algebraic equations for the cv; they are known as Hartree-

Fock-Roothaan equations. The Roothan equations 
126

 allow the orbitals to be expressed in terms 

of a set of linearly combined basis functions, the coefficients of which can then be adjusted to 

minimize the HF energy iteratively as a general optimization problem. Since the evaluation of 

the energy expressions at each iterative step involves the previously generated orbitals from the 

last step, this is commonly referred as self-consistent field or SCF 
127

 approach, and the energy 

value produced by it is known as SCF energy. 

Although the HF method is known to obtain accurate geometries, the energies involving a 

change in the number of paired electrons are poorly calculated, due to only considering electron-

electron repulsions as an interaction of each electron with a mean field. The contributions of 

electron correlation are relatively small (⁓1%) as compared to the total energy. However, they 

induce large discrepancies in property calculations and reaction energies. Several approaches 

have been developed to correct for this by accounting for the missing electron correlation and 

thereby providing improved electronic energies. Among the popular techniques, which use the 

HF wave function as a starting point, are many-body perturbation theory, coupled-cluster theory, 

and configuration interaction (CI), and sometimes these are referred to as post Hartree-Fock 

approaches. Each of these methods yields more accurate results than the HF model alone, but 

they are computationally very much demanding, and this makes it very difficult to obtain results 

for moderately large molecules of chemical interest 
127,128

. 

The significance of HF calculations is that due to the exact nature of the terms used and the lack 

of any approximate terms, the resulting energy serves as an upper bound to the true energy, and 

this property is known as the variational principle. 
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2.4 Density Functional Theory (DFT) 

The DFT approach dramatically simplifies the computational demands by replacing the search 

for an accurate many-electron wave function, which is a function of the coordinates of all the 

electrons in the molecules (Eq. 2.2), with that for an accurate electronic density, which depends 

on the coordinates of just a single point in space. The DFT method thus provides a time saving 

advantage over the HF method and especially post Hartree-Fock methods. The two fundamental 

theorems in DFT are the Hohenberg-Kohn theorems 
129

, stating that the ground state electron 

density, ρ(r), uniquely determines the external potential V(r) and that the ground state energy can 

be obtained variationally, which means that the density that minimizes the total energy is the 

exact ground state density.  

Equation (2.21), in theory, shows the expression for the energy in terms of that density 

alone, but it has been found that it is very tough to obtain accurate expressions for the electronic 

kinetic energy, exchange energy, and electron correlation energy, from the density alone.  

                                  
2

i .  

                               ][][][][][  xcne EJVTE                     (2.21) 

The Kohn-Sham formulation instead expresses the density in terms of a Slater determinant for a 

system of non-interacting electrons.
130

 The method used to obtain this result separates the terms 

of the Hamiltonian into two groups. The first group comprises the zero- and one-electron terms 

for the non-interacting electrons, the nucleus potential Vnn and the core Hamiltonian. The second 

group contains all interactions between electrons, through two terms: the Coulombic electron-

electron repulsion 


J as in Hartree-Fock theory and a potential like term that in principle covers 
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exchange, any interaction correction to the kinetic energy, and non-classical correlation, Exc 

which is also known as the exchange-correlation functional.  

The exchange correlation term Exc is a complex term, comprising two terms, one being the 

kinetic energy of a system of interacting electrons minus the kinetic energy of a system with non-

interacting electrons with the same density, and another being the electron-electron interaction 

(total electron exchange and correlation) minus the classical Coulomb interaction. If the exact 

exchange-correlation term is known, a full solution to the Schrödinger equation will have been 

obtained. Despite the fact that a large number of approximate exchange-correlation functionals 

have been proposed and tested over the years,
130–135

 still the exact nature of this functional 

remains unknown. Sometimes, this functional is split into the exchange functional and the 

correlation functional. 

                                          
cxxc EEE                                     (2.22) 

Exchange-Correlation Functional 

There is a wide range of approximate functionals and the choice for use depends on the exact 

requirements of the calculations being performed. For instance, for ground state geometry 

optimizations, the simplest functional can provide us with accurate results but if we want to 

perform excitation energy calculations, the results can vary a lot between different functionals. 

Sometimes, selection of the functional also depends on factors like cost, availability of that 

functional in the codes that one is using, etc. The various functionals are often ranked in order of 

accuracy and computationally expense, into what has been termed a “Jacob’s Ladder of density 

functional approximations” with the least accurate at the bottom and the ideal exact functional at 

the top 
136

.  The various approximations applied are as follows:  
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Localized Density Approximations (LDA) – The earliest known exchange-correlation 

functional is called the local density approximation (LDA), according to which at a given point 

in space, the exchange-correlation energy is equal to the exchange-correlation energy for a 

uniform gas of electrons which is characterized by the electron density, ρ. It tends to cause over 

binding in molecules as a result of overestimating correlation and underestimates the exchange 

energy by around 10% 
137,138

.  

Generalized Gradient Approximations (GGAs) – The most common improvement to 

the LDA functional involves a correction to the rapidly changing electron densities found in 

molecular systems. In these functionals the gradient of the density is included in the formulations 

of the exchange-correlation functional. The PBE functional 
139

 is a non-empirical GGA 

functional and was widely used in the work done in this thesis.   

Meta-GGAs- These functionals are dependent on the Laplacian of the electron density or the 

kinetic energy density in addition to density and gradient. TPSS 
140

 is one of the examples of a 

meta-GGA functional. 

Hybrid Exchange-Correlation Functionals 

Hybrid functionals, in many cases, provide an improvement on the performance of DFT. The 

rationale for the hybrid methods is that Hatree-Fock theory includes exchange naturally in the 

HF equations which is not the case with the Kohn-Sham equations. The exchange energy in 

DFT, using the adiabatic connection model, can be written as a linear combination of HF 

exchange and some DFT exchange and correlation functional. This technique improves the 

accuracy of DFT and is the basis of the hybrid functionals introduced by Becke. There are 
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several hybrid functionals available that have excellent performance for a wide range of elements 

and compounds.  

The B3LYP exchange-correlation functional 
141

 is an example of a semi-empirical hybrid 

functional containing exact exchange, LDA and GGA exchange plus LDA and GGA correlation. 

No doubt, this method tends to result in better energies for delocalized systems, but the Hartree-

Fock exchange term is computationally very expensive and may not be applied for larger 

systems like those considered in this work.  

2.5 Basis sets  

A basis set is a set of functions, usually called basis functions, that is used to represent the 

electronic wave function. A quantum chemical calculation requires a description of the 

molecular orbitals of the system using basis functions. For a molecular calculation, molecular 

orbitals are constructed using linear combinations of basis set functions (2.23). The coefficients, 

Ci, represent the contribution of each atomic orbital (each basis function) to the molecular 

orbital.  

                                                            i

N

i

iC  



1

             (2.23) 

There are two main classes of functions used to represent atomic spin-orbitals in computational 

chemistry 
127

. These are Slater type orbitals (STOs) and Gaussian type orbitals (GTOs). These 

can be splitted into an angular and a radial component and only the radial component differs 

among the two functional forms as shown in the equations (2.24) and (2.25). In these equations, r 

is the scalar radius, θ and ϕ are the two angular coordinates, R is the radial component, Y is the 

angular component, ζ is the function determining the steepness of the function, A is the 
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normalization coefficient, n is the principle quantum number and l is the orbital angular 

momentum. 

The Slater-type orbital function is based on a functional fit to the hydrogenic solution to 

the Schrödinger equation. STOs can describe systems with a high level of accuracy, exhibiting 

exponential decay at long range. The main advantage of this type of orbital is that it models the 

density quite accurately, especially near the nucleus where it has the predicted cusp behavior, so 

relatively less functions are required to obtain a good fit. There are however computational 

challenges to calculate the integrals of an exponential decay function. In most cases, numerical 

solutions to the integrals of these functions are needed.  

                                     ),()(,,  YrRr              (2.24) 

                                   
rn

STO eArrR  1)(                   (2.25) 

                                    212)( rn

GTO eArrR                (2.26) 

On the other hand, less computationally intensive, GTOs decay very quickly due to the 

dependence on the 
2re
 instead of e

-r
 as shown in the above equation (2.26) (Figure 2.1) and 

often result in reduced accuracy compared to STOs when used for short- and long-range 

behavior of electrons. The curvature of these functions, especially near the nuclear center, does 

not model the orbital behavior very accurately, but because they are computationally inexpensive 

to perform multicenter integrals for, a collection of Gaussian functions can be used to 

approximate a Slater-type basis function. There are certain drawbacks of GTOs like wrong cusp 

shape and the overall poor long-range behavior because of quick decay of the function. To 
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overcome these drawbacks, usually several GTOs are used to present the basis function as shown 

in the equation (2.27) 

                                  
2

3
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2
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321

rbrbrb
eCeCeC


          (2.27) 

Where Ci are the coefficients used to ensure agreement with the radial electronic distribution of 

the hydrogen atom 

 

 

 

 

                                       

          

Figure2.1: A Slater-type basis function (brown) and Gaussian-type function (green). 

For a molecular calculation, enough basis functions are required to describe all the electrons in 

an atom. For instance, for a hydrogen atom, a basis set for a hydrogen atom must contain at least 

one 1s function. The smallest basis set contains no additional functions. A double- ζ basis set 

contains two sets of functions. A triple- ζ contains three sets of functions whereas quadruple ζ 

contains four, and so on.                                                                      

For a better description of the electron correlation and anionic systems or excited electronic 

states, polarization functions as well as diffuse functions are added. The electron density of an 

atom in a molecule is affected by the presence of other nuclei, so a high level of flexibility in the 
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spatial symmetry of the orbitals is beneficial. They allow a realistic description of bonding 

interactions as we know that, during a bonding interaction, the electron density is distorted in an 

asymmetrical manner. S-orbitals are polarized by adding p functions, p-orbitals by addition of d 

functions, and so on. Diffuse functions are generally useful for describing anionic systems and 

radial correlation. Diffuse functions are designed to provide an approximate representation of the 

part of the orbitals which is far away from the nucleus.  

Sometimes the basis set is separated into a core and valence part as the core electron are 

chemically inert and do not take part in the bond formation or the ionization processes.  

2.6 Relativistic Effects 

Relativity is an important factor in calculations involving the lanthanides and actinides. 

Relativity has a significant effect on the electronic levels and on calculated energies and bond 

lengths for elements beyond krypton (Z>36) 
120,128

. In case of molecules containing heavy 

elements, the speed of the core electrons is comparable to the speed of light. Because of the high 

speed attained by the 1s electrons of the heavy nuclei, these electrons have a greater effective 

mass according to the relativistic mass equation (2.28). This leads to the contraction of the 1s 

orbitals (by the same factor by which the mass increases), which in turn implies a contraction of 

the higher s orbitals due to orthogonality. The nucleus of the atom is more effectively shielded 

by contracted s orbitals, and so an additional effect of relativity is that the higher orbitals expand. 

The net effect of this on the p orbitals is negligible, but d and f are certainly more diffuse than 

they would be in the fictitious nonrelativistic case, particularly in the actinides 
120,142,143

. 

 



28 

 

                                                
2

2

0 1
c

v
mm                                          (2.28) 

Relativity is not accounted for by the Schrödinger equation, and so some additional description 

of the wave function of the heavy atom is required to perform the quantum mechanics 

calculations. The Dirac equation, which is shown by equation (2.29), was put forward in 1929 to 

describe the one-electron energies of relativistic systems 
144

.   

                                 EVmcpc  )..( 2                        (2.29) 

Where c is the speed of light, m is the mass of the electron, α is a vector of matrices constructed 

from the Pauli spin matrices σx,y,z as shown in (2.30) and (2.31), β is given by equation (2.32) 

where I is the identity matrix, p is the momentum operator and V is the external potential, and 

the wave function is a four component column spinor, eq. (2.33), containing the large 

component, ψL, and the small component, ψS. The small component solution corresponds to the 

positrons whereas the large component solution corresponds to the electrons.  

                                           















0

0

,,

,,

zyx

zyx




                          (2.30) 

                                             




















 












10

01

0

0

01

10

z

y

x

i

i







                                 (2.31) 

                                              











I

I

0

0
                                   (2.32) 



29 

 

                                       







































S

S

L

L

S

L












                                (2.33) 

The four components in the wave function produced by the Dirac equation make calculations 

more complex to do and the Dirac equation also has technical problems like variational collapse.  

Moreover, spin-orbit coupling effects make analysis even more complicated. To overcome these 

challenges, certain approximations to the Hamiltonian have been introduced. One of the common 

approximations is the zeroth-order relativistic approximation (ZORA) 
145,146

. This approach 

approximates the Dirac equation in a way that reduces the four-component form to a two-

component form, the two components being the alpha and beta spin orbitals in the scalar form. 

This approximation helps to reduce the complexity of the calculation 
147

. 

I have used the Priroda code for my calculations, and this code uses a method whereby starting 

from the full Dirac equation it applies a relativistic scalar four-component process in which all 

the spin-orbit terms are separated from their scalar terms
148,149

 and neglected
148,150–152

  whereas 

the ADF code uses ZORA method to account for the relativistic effects, which I used to calculate 

natural bonding orbital analysis. 

Spin-orbit effects are negligible for finding the geometry optimization and bonding energies of 

closed-shell molecules or in cases where the number of unpaired electrons remains constant, and 

under these situations the scalar relativistic calculations generally provide reasonable results. 

Spin-orbit effects are in general important to account for in excited states calculations or in 

chemical reactions involving complexes containing actinides but again scalar results are 

reasonable if the number of unpaired electrons stays the same throughout the reaction.  
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But for most of the open-shell complexes of actinides, it is necessary to incorporate the spin-orbit 

coupling. For all our polypyrrolic macrocyclic complexes, for unrestricted spin states, spin-orbit 

coupling effects are found to be appropriate to include. 

2.7 Geometry Optimization and Vibrational Frequency Calculations 

I have carried out geometry optimization using Cartesian coordinates; an initial geometry is 

input, an SCF calculation is carried out and then the first derivatives of the energy with respect to 

nuclear displacements are calculated. These gradients are used to identify stationary points on the 

potential energy surface as well as to find the optimized geometry. The vibrational frequencies 

are calculated by computing the second derivatives of the energy with respect to nuclear 

displacements along all the three Cartesian axes.  

The vibrational frequencies were calculated to test the nature of stationary points for the 

optimized geometries. 

2.8 Computational Analysis Techniques 

A wide range of tools is available to analyze the bonding patterns of a simulated molecule. To 

gain insight into the chemical environment of the molecules, some of the molecular properties 

such as bond lengths, bond angles, atomic charges, bond orders and atomic charges are 

addressed in this work. We have used these parameters to comment on the relative covalency in 

the complexes of early actinides. Calculations of bond lengths, bond angles, bond orders, and 

atomic charges are usually built into a variety of computational software packages available, 

including the ones we are using for our work. Mayer bond order 
153,154

,  NBOs 
155

 and Hirshfeld 

atomic charges 
156

 have been used and all of these are discussed in the following. 
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2.8.1 Mayer bond order analysis 

There are various ways to analyze the nature of the bond between two atoms. One useful way is 

to use bond orders, which convert the output of quantum mechanical calculations into the 

concept of fractional, single, double, triple or even higher bonds. Bond orders can also be used to 

comment on the covalency or ionicity of a bond. The Mayer bond order 
153,154

 has proven useful 

in inorganic chemistry and is frequently used throughout this thesis. The Mayer bond order 
154

 

between atoms A and B is given by            

 ])()()()[(2 baabAa Bb abbaABABAB SPSPSPSPIII  

   
               (2.34) 

Where P
α
 and P

β
 are the alpha and beta density matrix respectively, and S is the overlap matrix. 

This equation can be rewritten using the total density matrix P= P
α
 + P

β
 and the spin density 

matrix P
S
= P

α
 - P

β
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                                    (2.35) 

For the restricted close-shell case, since the spin density is zero, the formula can be simplified to 

        baAa Bb abAB PSPSI )()(  
                                                                (2.36) 

Where the product PS is the Mulliken population and so the Mayer bond order is related strongly 

to Mulliken populations,
157

 and is calculated from the former along with the density matrix 

containing all the orbital coefficients. The Mayer bond order provides us with a method of 

summing all the electron density contribution to the bond. However, due to the Mayer bond 

order being closely related to the Mulliken formulation of atomic charges there is basis set 
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dependence of the bond orders. Comparisons between different sets of calculations can thus only 

be done if the same basis sets have been used. 

2.8.2 Hirshfeld Atomic Charges
127

 

Further the Hirshfeld scheme partitions the total density into atomic contributions. It uses a 

weighing factor, wA, to assign different amounts of density to the atoms in the molecule. wA is 

based on how large the atomic density contribution, ρatomicdensity, to the total density of the system 

is if the total density is defined as the sum of all atomic densities (eq.2.37 and 2.38). This density 

is called the ρpromolecule while the real density is called ρmolecule. 
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The Hirshfeld charge of an atom is then calculated by taking the difference between the nuclear 

charge and the electron density, assigned using the total density multiplied by wA, integrated 

over all space. 

            )()()( rdrrwZQ moleculeAAA                            (2.39) 

2.8.3 Quantum Theory of Atoms in Molecules (QTAIM) 

QTAIM, also referred as AIM, is a technique developed by Richard F. W. Bader 
153

.  It is a 

useful quantitative analysis technique based on the topology of the electron density in a 

molecular system and is used to analyze various molecular properties. Molecules can be divided 

into atomic basins, containing atomic nuclei. The basins are connected by surfaces where the 

scalar product of the gradient of the electron density with a vector perpendicular to the surface is 
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equal to zero. All gradient vector field lines in one basin merge to the atomic nucleus, defining 

the basin as region of space surrounding the nucleus. In topological analysis, the points at which 

the gradient norm of a function is zero (except at infinity) are known as critical points (CPs). 

Further, these CPs can be categorized depending upon how many eigenvalues of the Hessian 

matrix of the real space function are negative (Table 2.1). 

 

Type Notation Represents 

Nuclear (3, -3) An atomic centre 

Bond (3, -1) Min. ρ on bond path 

Ring (3, +1) Min. ρ within a ring of bonds 

Cage (3, +3) Min. ρ at the centre of a cage of 

bonds  

  

Table2.1: Types of critical points where ρ is the molecular density  

A bond path, as defined by QTAIM, is a line of locally maximum electron density connecting 

two bonded atoms. The properties at a bond critical point are representative of the properties of 

the density along a bond path, which in turn are related to the properties of the bond between two 

atoms. Thus, the information about the bonding between atoms has been inferred from critical 

points that are local maxima in two directions and local minima in the third, called the bond 

critical points (BCPs)   
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The main goal here is to give a brief description of the parameters in QTAIM, which has been 

used in this thesis for the bonding analysis.  

The values of electron density ρ, Laplacian of the density ∇2
ρ, energy density H, and ellipticity at 

the BCPs are used to comment on the ionicity or the covalency of the bonds of interest. The 

value of the Laplacian of the density at a given point may be positive or negative representing 

charge depletion or charge accumulation respectively. The negative values of the Laplacian are 

correlated with the covalency of the bond. The energy density is a little more complex, as it can 

be considered as the sum of T, the local kinetic energy (positive), and V, the local potential 

energy density (negative). It shows to what extend the attractive forces on the electrons are 

balanced by the dispersive forces. There would be an overall negative value of the energy density 

for a point where the attractive forces exceed the repulsive ones and thus the negative values of 

H at the bond critical point are therefore considered as associated with the covalent character. 

The ellipticity ε is another parameter of interest that gives insight into the nature of bond. It 

describes how much cylindrical a bond is; its value is expected to be zero for single and triple 

bonds, while it should be nonzero for double bonds.  

The QTAIM, that mainly focuses on the properties of the electron density, has been used to 

probe the bonding of a number of actinide complexes such as actinide dimetallocenes 

An2Cp2 
158

, Bis(triazinyl)pyridine 
159

, actinocene AnCOT2 
160

  polyazine MX3L
161

 (M
+3

 = Ce, Nd, 

Eu, U, Am, and Cm; X = RCp
-
 or NO3

-
; L = N-donor ligand), uranyl complexes with the 

expanded porphyrin isoamethyrin and bis-triazinyl- pyridine 
162

 organoactinide complexes
68

 of 

the form [LAnX]
n+

, L=trans-calix[2]benzene[2]pyrrolide, actinide helium complexes 
163

 AcHen
3+

 

where n=1-17. These studies have proved QTAIM to be a good method for the bonding analysis 

in case of heavy element chemistry.  
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The Multiwfn code 
164

 has been used throughout this thesis to carry out the bonding analysis 

based on the QTAIM on molecular systems. 

2.8.4 Natural bonding Orbital (NBO) analysis 

The natural bond orbital methods encompass a suite of algorithms that helps us to obtain 

important fundamental bonding information from Hartree-Fock, DFT and post-Hartree-Fock 

calculations. The natural bond orbital analysis refers to a set of mathematical algorithms for 

analyzing electronic wave functions in terms of Lewis-like chemical bonds 
155

. The NBO method 

165
 has been designed to represent a quantitative interpretation of the electronic structure of a 

molecule in terms of Lewis structure. More precisely, they are an orthonormal set of localized 

maximum occupancy orbitals whose leading N/2 members (or N in the open-shell case) 

represent the most exact possible Lewis-like description of the total N-electron density 
155

.  As 

the Lewis structures are popular bonding models in chemistry, the NBO method is commonly 

used for the interpretation of the bonding situation. One of the advantages of the NBO analysis is 

that the results are not basis set dependent.  

I used ADF 16 [39] to calculate NBO bond orders for all the polypyrrolic complexes of the early 

actinides. 
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    Chapter 3 

A Relativistic DFT Study and QTAIM Analysis of Mono- and 

Complexes of Th(IV), Pa(IV), Pa(V) and U(IV) with an Extended 

Polypyrrolic Ligand in Comparison with Their U(VI) Analogues  

3.1 Introduction  

Our understanding for the actinide bonds is not as wide as that for the rest of the elements in 

the periodic table and understanding actinyl chemistry is essential for the development of the 

actinide chemistry both from the fundamental as well as from the technological viewpoint
14

. 

Complexes of actinides with aromatic π-electron systems are interesting as they help with the 

understanding of the physical and chemical properties of the actinides by providing insight into 

novel electronic structures and covalent contributions to the metal-ligand bonding. 
12,14,166

 Such 

covalent metal-ligand bonding interactions with soft ligands provide important evidence for the 

involvement of the 5f and other valence orbital in actinide bonding. In case of actinides, 

covalency is found to depend on the nature of the hard-soft interactions between the metal and 

the ligand, oxidation state of the actinide ion and also the accidental energy match of the ligand 

and metal valence orbitals
167

.  It has been found that as we go from thorium to uranium, 5f 

orbitals gets stabilized and becomes approximately degenerate with the highest occupied orbitals 

of the ligand leading to an unusual situation where the valence molecular orbital has significant 

contributions from both the actinide and the ligand.
166

 As a result, uranium forms marginally 
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more covalent bonds as compared to rest of the actinides. A lot of research is being done on the 

covalency in actinide complexes as well as on finding trends in covalency across the actinide 

series both experimentally and computationally
12,168–172

. 

Computational work
173,174

 has been done to probe the bonding properties of the uranyl 

ion UO2
2+

, particularly the short U-O bond length, and, moreover, a number of interpretations 

have been proposed for the linearity of the uranyl dication. For instance, Wadt
175

 ascribed it to 

U(5fπ)-O(2pπ) interactions and he found that the U(6p) orbitals do not play any significant role. 

Tatumi and Hoffman
176

, in contrast to Wadt, found that there is cooperativity between the U(6p) 

and U(5f) orbitals and concluded that this determines the linear structure. According to one of 

the proposals, strong U(5f)-O(2p) bonding interactions hindered by U(6p)-O(2S) repulsive 

interactions are responsible for the shortness of the U-O bond.
173

 

Our research group and many others have performed various quantum theory calculations 

on a number of complexes of actinides with the various macrocyclic ligand.
18,20,41,55–63

 Amongst 

them, there is a flexible Schiff-base pyrrole macrocyclic ligand H4L (Fig 3.1), prepared by the 

Love
69

 and Sessler
70

 groups independently, which has been found to be a very good ligand for 

making very stable complexes with the actinides. This ligand
70

 has two N4 donor compartments 

and the studies of Arnold and Love et al. have shown that this macrocyclic ligand can 

accommodate metal atoms like transition metals, lanthanides as well as actinides in its two 

vacant sites
15,21,40,71–79

. The two aryl groups in this ligand acts as hinges that results in a relatively 

rigid molecular structure, sometimes referred to as a Pacman structure
80–82

. The bite angle, in 

these type of complexes, between the two N4 donor plane show a lot of variations, exhibiting its 

excellent flexibility.
16,22,74,77,79,177–179

  



38 

 

Arnold, Love and co-workers used this ligand to successfully synthesize the diuranium(VI) 

complex K2[(UO2)2(μ-O2)]
78

, the diuranium(V) complex [{(Me3Si)OU(μ-O)}2(L)]
77

, and 

diactinide(III) complexes [(AnX)2(L)] (An = U, X = I, BH4; An = Np, X = I)
15

, amongst others. 

In addition to the synthetic part, quantum chemical calculations on many mononuclear and 

binuclear complexes of Uranium, Neptunium and Plutonium have also been done. Among earlier 

actinides, complexes of thorium with these macrocyclic ligands have not been much studied 

either experimentally or theoretically. However, many comparative studies of various complexes 

of thorium and uranium with small ligands such as cyclopentadienyl
83

, benzyne
84

, metallocene
83

 

have been reported in the recent past.  

All the binuclear complexes exhibit cation-cation interactions (CCI). These interactions 

occur through the coordination of one actinide metal center by the oxo atom of a second actinyl 

unit and these can lead to the formation of dimers
100–104

 , oligomers,
105–107

 one-dimensional 

chains
108–110

 as well as multi-dimensional networks
93,105,109–116

 that may occur without the 

support of ancillary ligands.  
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Figure3.1: Skelton structures of various theoretically predicted mononuclear and binuclear 

complexes of early actinides. The simplified structures represent the coordination sphere of the 

actinides sitting in the cavity. 

Complexes Abbreviations Ref. 

M [(Th
IV

O2)(H2L)(THF)]
-2

 Th(IV)-M This chapter 

M [(Pa
IV

O2)(H2L)(THF)]
-2

 Pa(IV)-M This chapter 

M [(Pa
V
O2)(H2L)(THF)]

-1
 Pa(V)-M This chapter 

M [(U
IV

O2)(H2L)(THF)]
-2

 U(IV)-M This chapter 

M [(U
VI

O2)(H2L)(THF)] U(VI)-M Ref. 
88

 

B-shaped [(Th
IV

O2)2(L)]
-4

 Th(IV)-B This chapter 

Protonated-B[(Th
IV

O2)2(H)(L)]
-3

 Th(IV)-BH This chapter 

[(Th
IV

O2)2(2H)(L)]
-2

 Th(IV)-B2H This chapter 

B-shaped[(Pa
IV

O2)2(L)]
-4

 Pa(IV)-B This chapter 

Protonated-B[(Pa
IV

O2)2(H)(L)]
-3

 Pa(IV)-BH This chapter 

[(Pa
IV

O2)2(2H)(L)]
-2

 Pa(IV)-B2H This chapter 

B-shaped[(Pa
V
O2)2(L)]

-2
 Pa(V)-B This chapter 

Protonated-B[(Pa
V
O2)2(H)(L)]

-1
 Pa(V)-BH This chapter 

[(Pa
V
O2)2(2H)(L)] Pa(V)-B2H This chapter 

B-shaped[(U
IV

O2)2(L)]
-4

 U(IV)-B This chapter 

Protonated-B[(U
IV

O2)2(H)(L)]
-3

 U(IV)-BH This chapter 

[(U
IV

O2)2(2H)(L)]
-2

 U(IV)-B2H This chapter 

B-shaped [(U
VI

O2)2(L)] U(VI)-B Ref.
88

 

Protonated-B[(U
VI

O2)2(H)(L)]
+1

 U(VI)-BH Ref.
88

 

[(U
VI

O2)2(2H)(L)]
+2

 U(VI)-B2H Ref.
88

 

D-shaped [(Th
IV

O2)2(L)]
-4

 Th(IV)-D This chapter 

D-shaped [(Pa
IV

O2)2(L)]
-4

 Pa(IV)-D This chapter 

D-shaped [(Pa
V
O2)2(L)]

-2
 Pa(V)-D This chapter 

Z-shaped [(Th
IV

2O3)(L)]
-2

 Th(IV)-Z This chapter 

Z-shaped [(Pa
IV

2O3)(L)]
-2

 Pa(IV)-Z This chapter 

Z-shaped [(Pa
V

2O3)(L)] Pa(V)-Z This chapter 

Tri-shaped[(Pa
V

2O3)(L)] Pa(V)-Tri This chapter 

Tri-shaped [(U
IV

2O3)(L)]
-2

 U(IV)-Tri This chapter 

Tri-shaped [(U
VI

2O3)(L)]
-2

 U(VI)-Tri Ref.
88
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Table3.1: The calculated complexes with their abbreviations and references. M-mononuclear, B-

butterfly, D-diamond, Z-zigzag and Tri-triangle 

In this chapter, we present the mononuclear and binuclear complexes (Table 3.1) of ThO2 

(IV), PaO2 (IV, V) and UO2 (IV, VI) with the macrocyclic ligand H4L using a density functional 

(DFT) approach. All these cation-cation complexes show unusual geometries. This study 

includes the optimized geometries, bond lengths, bond angles, atomic charges, natural bond 

order analysis as well as QTAIM analysis of the bonding.  

In this study, we investigated the bonding patterns in these complexes and compared how 

the complexes of ThO2 and PaO2 differ from the already known uranyl (UO2) complexes. Thus, 

we explored the changes in geometries and electronic structure of the complexes as a function of 

the actinide and we also probe the effect of changing the oxidation state of the actinide.  

3.2 Computational Details 

Both the relativistic and correlation effects are required to precisely model the actinides. 

In actinides, the 5f, 6d and 7s orbitals are close in energy which induces various low-lying 

metastable states around the ground state of actinides and thereby causing severe convergence 

problems especially for the open shell actinide complexes.  

To determine the electronic structure of all the actinyl complexes of the polypyrrolic 

ligand in the ground state, calculations were performed in the gas phase using the Priroda 

code
150,180–183

. Priroda utilizes a fast resolution-of-identity (RI) method for evaluating both 

Coulomb and exchange-correlation integrals using auxiliary optimized fitted Gaussian basis sets 

and thereby improving the computational efficiency of the code. A scalar relativistic four-

component all electron (AE) approach, based on the full Dirac equation, was used to account for 

the relativistic effects for the heavy elements
180

. In the Dirac equation, all the spin-orbit coupling 
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terms are separated from the scalar terms and neglected
149

. All the calculations were done with a 

spin restricted approach except for Pa(IV) and U(IV) complexes, for which a spin unrestricted 

formalism was applied. We used the Perdew-Burke-Ernzerhof (PBE) functional
139

 of the 

generalized gradient approximation (GGA). All electron correlation-consistent Gaussian basis 

sets of double zeta polarized quality (B-I) were used
181

. The natures of the stationary points on 

the potential energy surface were confirmed further by carrying out frequency calculations, and 

then the thermodynamic data was obtained thereafter.  

On the basis of these PBE calculations, both the population based Mayer bond orders
184

 

and atomic charges as developed by Hirshfield
185

 were calculated. Both bond orders and atomic 

charges have been found quite helpful in explaining the chemical surroundings of a variety of 

actinide and actinyl complexes
41,55,186–189

 although these are not quantum mechanical 

observables. Furthermore, single point ADF calculations on the Priroda geometries were 

performed which were then used to carry out the natural bond orbital (NBO) analyses using the 

NBO package
165

 included in the ADF code
190

 The scalar relativistic ZORA method
191–193

 along 

with the Slater type ZORA-TZP basis sets comparable to those used in Priroda were employed in 

the ADF calculations.  

The topology of the (3, -1) bond critical points in the gradient field of the electron density 

were analyzed using the quantum theory of atoms in molecules (QTAIM).
194

 This was done with 

the Multiwfn
164

 code.  

3.3 Results and Discussion 

Based on the uranyl complexes with the binucleating Schiff-Base polypyrrolic 

macrocyclic ligand (H4L) (Fig 3.1) that resemble a Pacman structure, computational studies have 
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been performed on thorium (IV), protactinium (IV, V) as well as uranium(IV) in comparison to 

the uranium(VI) analogues. As shown in Figure 3.1, the macrocyclic ligand reacting with one 

equivalent of AcO2
n
 produces mononuclear complexes whereas with two moles of AcO2

n 
gives 

binuclear complexes viz. B, D, Z, and Tri -shaped structures.  

Our primary aim is to investigate the nature of bonding in these complexes which will 

enhance our knowledge about the organometallic complexes of actinides. In this chapter, 

comparative studies of ThO2 (IV), PaO2(V) as well as UO2(VI) complexes are presented, all of 

which contain a f
0
 electronic configuration. In addition to this, we carried out the bonding 

analysis of the complexes of the first three actinides in the +4 oxidation state also.  

3.3.1 Geometrical parameters 

(a) Mononuclear complexes: All the Mononuclear complexes, M [(AcO2)(H2L)(THF)]
-2

 

[where Ac is Th(IV), Pa(IV, V) and U(IV)] with the Pacman ligand are examined with 

relativistic density functional theory using PBE functional. The nature of these structures as local 

minima was further confirmed by carrying out frequency calculations. In these complexes, only 

one actinyl ion is placed in one of the cavities while the other cavity is kept vacant. In the 

equatorial plane, the actinyl group is coordinated to N4 of one compartment of the polypyrrolic 

ligand and the fifth equatorial position has been occupied by the solvent molecule 

tetrahydrofuran. 
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       (a) Th(IV))-M                        (b) Pa(IV)-M                  (c) U(IV)-M 

Figure3.2: The optimized gas phase geometries of mononuclear complexes, (a) 

[(Th
IV

O2)(H2L)(THF)]
-2 

, (b) [(Pa
IV

O2)(H2L)(THF)]
-2 

and [(U
IV

O2)(H2L)(THF)]
-2

 (Where Silver, 

Th; Cyan, Pa; White, U; Blue, Nitrogen; Red, Oxygen; White, Hydrogen) 

The optimized geometries for the mononuclear complexes of Th(IV), Pa(IV) and U(IV) are 

shown in the Figure 3.2 with their geometrical parameters in the Table 3.2, calculated in their 

high spin ground state. As expected from the actinide contraction and increasing effective 

positive charge of the Ac ions, it is evident from the Table 3.2 that the calculated Ac-O as well as 

Ac-N bond distances decreases gradually as we go from thorium to uranium; a similar effect is 

observed upon oxidation of the actinide. In almost all the cases, the Ac-Oendo bond distance is 

longer than the Ac-Oexo (Fig. 3.3) which indicates that the actinide forms stronger bond with the 

Oexo than with the Oendo. The elongation of Ac-Oendo bond arises from the interaction of the Oendo 

with the two N-H of the lower cavity as depicted in Figure 3.2. Similar trends have been found in 

the experimentally reported mononuclear U(VI)-M
21

 and various theoretically studied 

mononuclear complexes.
59

 The Ac-O bonds in case of reduced actinyl complexes like Pa(IV) and 

U(IV) as compared to their oxidised counterparts, Pa(V) and U(VI) respectively, are elongated 

by about 0.01-0.03Å (Table 3.2). This increase of the Ac-O bond upon reduction is consistent 
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with previously reported theoretical
30,174,187,188,195

 and experimental findings.
73,108,196–198

Similar 

effects have been found in case of Ac-N bond distances. All these findings indicate that U(VI) 

forms strongest bond whereas Th(IV) forms the weakest bond to the oxygen and this may be due 

to the accidental energy match of the 5f orbitals of the actinide and that of the ligand orbital.  

Furthermore, in case of mononuclear structure of thorium, the Th-Oendo bond is large enough to 

abstract the two protons form the nitrogens of the lower cavity and thus in case of Th(IV)-M 

there is strong interactions between the Oendo and the hydrogens, the bond distance being 1.05 Å 

(see Table 3.1) so it is just acting like H2O molecule which has weak interactions with the 

thorium ion, while on the other hand in case of both Protactinium and Uranium, there is only a 

weak interaction of the Oendo with the hydrogens. Moreover, in case of Th(IV)-M, the Oexo-Th-

Oendo bond angle is quite bent (158.14º) as compared to the ones found in case of Pa (IV, V) 

(171.17º) as well as U (IV, VI) (173.33º) complexes.  

BLs 

[BO] 

Th(IV)-M Pa(IV)-M Pa(V)-M U(IV)-M U(VI)-M 

Ac1-Oexo 1.94 

[2.34, 1.44]
 a
 

 

1.87 

[2.40, 1.85] 

1.86 

[2.41, 1.87] 

1.84 

[2.40, 1.96] 

1.80 

[2.42, 2.10] 

Ac1-Oendo 2.45 

[0.65, 0.36] 

1.94 

[2.02, 1.48] 

1.93 

[1.92, 1.56] 

1.89 

[2.10, 1.73] 

1.83 

[2.20, 1.91] 

Ac1-Oeq 2.63 

[0.30, 0.19] 

2.57 

[0.31, 0.23] 

2.60 

[0.30, 0.24] 

2.57 

[0.30, 0.25] 

2.48 

[0.41, 0.38] 

Ac1-N 2.79/2.63 

[0.19/0.26,  

0.21/0.27] 

2.74/2.58 

[0.20/0.29, 

0.25/0.34] 

2.73/2.56 

[0.21/0.30, 

0.31/0.40] 

2.71/2.55 

[0.22/0.31, 

0.29/0.39] 

2.60/2.46 

[0.32/0.42, 

0.43/0.53] 

Oendo-H 1.05 

[0.77, 0.54] 

1.94 

[0.10, 0.04] 

1.78 

[0.15, 0.06] 

2.03 

[0.07, 0.05] 

2.09 

[0.05, 0.02] 

Bond angles      

Oexo-Ac-Oendo 158.14 171.17 171.16 173.34 175.19 

Spin densities 

(Charges)
b
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Table3.2: Optimized gas phase Bond lengths (BLs) and Bond orders [Mayer, NBO] for the 

complexes, Th(IV)-M, Pa(IV)-M, Pa(V)-M, U(IV)-M and U(VI)-M (BLs in Å and angles in 

degrees). 
a
Calculated bond orders [Mayer, NBO] are indicated in parentheses. 

b
Charges are given 

in parentheses. 

 

 Figure3.3: Variation of bond length r (Ac-Oexo) as well as r (Ac-Oendo) for Ac(IV)-M complexes 

where Ac=Th, Pa and U.  

The Ac=Oexo bond order increases from 2.34 to 2.42 as we move from Th(IV)-M to U(VI)-M, 

whereas in case of the Ac=Oendo bond, it varies from 0.65 to 2.20. In both cases, there is an 

abrupt change in the bond order in going from Th→Pa. In case of Th(IV)-M, the Th-Oendo bond 

order is 0.65 whereas it is 0.77 for the Oendo to H…N bond, indicating both as single bonds. Bond 

orders based on NBO analysis, as shown in Table 3.2 in Italics, follow the same trend as that of 

1.8

2.3

2.8

1.80

2.30

2.80

Th(IV) Pa(IV) U(IV)

rA
c-

O
en

d
o

 (
Å

 )
 

r 
A

c-
O

ex
o

 (
Å

) 

M(IV) complexes  

Ac-Oexo Ac-Oendo

Ac 0.00 (0.50) 0.003 (0.47) 0.00 (0.48) 0.92 (0.43) 0.00 (0.55) 

Oexo 0.00 (-0.50) 0.00 (-0.42) 0.00 (-0.40)  0.002 (-0.37)  0.00 (-0.29) 

Oendo 0.00 (-0.24) 0.00 (-0.37) 0.00 (-0.36) 0.03 (-0.34) 0.00 (-0.30) 
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the Mayer bond orders but are much smaller than their corresponding Mayer bond orders. 

Among these two bond orders, the Mayer bond order seems to be more reliable in case of 

actinides.
199,200

Bond order analysis also indicates more covalency in uranium complexes than the 

thorium and protactinium complexes. 

Spin densities and charges of the atoms of interest in all the M complexes are also listed in Table 

3.2. The charge on Oendo in case of Th(IV)-M is -0.24 which is less as compared to that on Oendo 

in U(VI)-M which is -0.30 implying that Oendo is somewhat more basic in the latter case than the 

former.  

(b) Binuclear complexes A total of 24 binuclear complexes of the first three actinides in 

various oxidation states were studied. These structures were optimized followed by frequency 

calculations to confirm the nature of stationary points on the potential energy surface. Most of 

these complexes show very unusual coordination modes of the actinyl group. Corresponding to 

the well-known butterfly (B) structure of U(VI) Pacman complexes,
57

 B structures in cases of 

ThIV), Pa (IV, V) and U(IV) were studied. In addition to this, their protonated forms B-H, B-2H 

where one of the Oendo gets protonated first singly and then doubly are also studied. As seen in 

our previous studies
57

, the protonation changes the structures of the original complexes greatly. 

In case of Th(IV)-B, protonation of one of the Oendo lengthens the Ac-Oendo bond from 2.21 Å to 

2.49 Å in the B-H structure while it goes to 3.08 Å in B-2H structures. Accordingly, their 

respective bond orders vary from 1.14 to 0.60 in case of single protonation whereas it reduces to 

0.15 in case of the double protonation. Similar trends are observed in all other cases of Pa and U 

(Table S1 in the appendix). In the doubly protonated B structure, the water can easily be removed 

by dehydration giving rise to the Z structure in case of Th(IV) and Pa(IV) while it forms Tri 



47 

 

shaped complexes in Pa(V), U(IV) and U(VI). All these names are based on the shape of the 

skeleton containing the actinide and the oxygen atoms, Figure 3.1. 

Butterfly B and Diamond D structures [(AcO2)2(L)]
n
, n=0, -2, -4 where Ac=U(VI), n=0; 

Ac=Pa(V), n=-2; Ac=Th(IV), Pa(IV) or U(IV), n=-4: The optimized geometries for the butterfly 

and diamond structures are depicted in Figure 3.4. All the B complexes show very similar 

geometries. In case of D structures, the two Ac-Oexo bonds are pointing in opposite directions 

and, moreover, the actinide in the lower cavity is not in the plane formed by four nitrogen which 

contrasts with the case of the B complexes. Table 3.3 contains calculated bond lengths and bond 

angles for the B structures. The effect of the actinide contraction is also seen in cases of B and D 

structures as we move from Th→Pa→U (Table 3.3). There is a sharp decline of 0.13 Å in the 

Ac-Oexo bond length in going from Th(IV)-B to Pa(IV)-B and then it goes down gradually 

thereafter with a total decrease of 0.21 Å. The Ac-N bonds also show the effect of the actinide 

contraction as there is a total reduction of 0.32 Å as we move along the actinide series from the 

thorium complex to the corresponding uranium complex. As found in case of the mononuclear 

complexes, here also the Ac-Oendo bond is longer than the Ac-Oexo bond and moreover the 

reduced complexes have again longer Ac-O bonds in comparison to their oxidized complexes. In 

case of B structures, the two actinides have very similar chemical environments as the bond 

lengths (Table 3.3) and bond angles involving the two actinides are very much the same. 

However, in case of D structures, each of the two actinides has slightly different bonding 

parameters, and the bond angles Oexo-Ac2-Oendo are quite bent as compared to the Oexo-Ac1-

Oendo. Among B and D geometries, B structures are much lower in energy than their 

corresponding D isomers. In case of Thorium, the B structure is -10.69 kcal/mol lower in energy 

than the D isomer, whereas the B complexes of Protactinium(IV) and Protactinium(V) are 
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stabilized by -13.02 kcal/mol and -21.48 kcal/mol respectively compared to their D geometries. 

The bite angle (α) between the two N4 donor planes of the polypyrrolic ligand in case of 

binuclear complexes was calculated, and it varies from 87.99° in case of Th(IV)-B to 72.22° in 

U(VI)-B (Table S2). The decrease in the bite angle as we proceed from Th to U might be due to 

the decreasing size of the actinide because of actinide contraction. The flexibility of the Pacman 

ligand can be seen from the variation of the bite angle in going from the mononuclear to the 

corresponding binuclear complexes as it changes from 69⁰  to 88⁰  in case of Th(IV) complexes.  

                                 

(a)                                          (b)                                    (c) 

                             

                    (d)                                    (e)                                   (f) 
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Figure3.4: Optimized geometries for the butterfly structures (a) Th(IV)-B (b) Pa(IV)-B and (c) 

U(IV)-B and the diamond structures (d) Th(IV)-D  (e) Pa(IV)-D and (f) Pa(V)-D 

                    Bond orders, both Mayer and NBO, and Mulliken Charges for the B and D 

structures are contained in Table S3 and Table S4 respectively in the appendix. Like the 

mononuclear complexes, here also in case of B and D structures, the Ac-O bonds become 

stronger as we go from Th→Pa→U indicating marginally more covalency in case of uranium 

complexes. Among B and D geometries, the Ac-O bond order is greater in B structures than their 

diamond isomers. In addition to this, the two Ac-Oendo bond in D structures are not the same as is 

the case for the B isomers. Moreover, the actinide ions in case of D structures have higher 

charges than those of the B structures. Like the M complexes, in case of B and D structures also, 

the NBO bond orders are less than their corresponding Mayer bond orders. The charge on the 

actinide in case of the B structures is half that of the actinides in case of M and Z or Tri 

complexes.  

  The protonated versions of these B structures in case of thorium, protactinium as 

well as uranium were also studied in which one of the two Oendo of the B complexes was 

protonated first singly and then doubly (Figure S1). On examining the geometrical parameters 

for the B, B-H and B-2H, we found that on protonation, there is a slight decrease in the Ac-Oexo 

bond length and Ac-Oendo bond but on the contrary, there is a large increase in the Ac-Oendo 

(protonated Oendo) bond in each case. The double protonation of the Oendo lengthens the Ac-Oendo 

bond to such an extent that the endo oxygen in each case is weakly bonded to the actinide (e.g. 

the Ac-Oendo bond order gets reduced to 0.15 on double protonation in case of Th(IV)-B). Thus, it 

acts just like a water molecule which upon removal gave rise to certain other geometries that are 

discussed in the next section. 
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Zigzag, Z, and Triangle, Tri, structures: After the removal of the water molecule which 

has formed due to double protonation of the B, certain other geometries like Z and Tri-shaped 

have been found which also fall in the category of binuclear complexes. The optimized 

geometries for the Z and Tri shaped complexes are depicted is figure S2 (appendix). Table S5 

shows the geometrical parameters for these structures. These Z and Tri structures are equivalent 

to their corresponding doubly-protonated butterfly structures. There is a reduction of 0.15Å in 

the bond length across the series of the first three actinides. With the decrease of bond length due 

to the increase in the density of the nuclear charge across the An series, one might have expected 

that a stronger bond would have formed but in fact there is weakening of the bond occurring 

because of the actinide contraction of the valence 5f orbitals.
201
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Table3.3: Optimized gas phase bond lengths (BL’s in Å) and bond angles (BA’s in degrees) for 

the complexes, Th(IV)-B, Th(IV)-D, Pa(IV)-B, Pa(IV)-D, Pa(V)-B, Pa(V)-D, U(IV)-B and 

U(VI)-B.  

 All the Z and Tri shaped complexes have two shorter Ac-Oexo bonds (1.80-1.95 Å) and 

two long Ac-Oendo bonds (2.16-2.06 Å). The Tri-shaped geometry bears resemblance to the 

experimentally reported binuclear V-O-V
202

 and Fe-O-Fe
203

 polypyrrolic complexes. The Z 

structure differs from the Tri shaped complex in the sense that Oexo-Ac1-Oendo bond angle (Table 

S5) in the Z structure is strongly bent (110° -117°) as compared to the Tri shaped (152°-164°) 

complex. Th(IV) and Pa(IV) show only the Z shape whereas Pa(V) shows both the Z as well as 

the Tri shape, and in contrast to the early two actinides, U in both oxidation states considered 

prefers only the Tri- shape. Among the Z and Tri-structures of Pa(V), the Tri-isomer is found to 

be 48.54 kcal/mol more stable than its Z- counterpart. In all these complexes, the Ac-Oendo (2.16 

BL’s Th(IV)-

B 

Th(IV)-D Pa(IV)-B Pa(IV)-D Pa(V)-B Pa(V)-D U(IV)-B U(VI)-B 

Ac1-Oexo 2.02 2.01 1.89 1.87 1.88 1.87 1.86 1.81 

Ac1-Oendo 2.21 

2.24 

2.21 

2.25 

2.14 

 

1.99 

2.38 

2.14 2.00 

2.32 

2.12 2.09 

2.11 

Ac1-N 2.78 

2.89 

2.77 

2.88 

2.62 

2.70 

2.62 

2.65 

2.84 

3.86 

2.60 

2.67 

2.63 

2.58 

2.58 

2.68 

2.59 

2.65 

 

2.46 

2.48 

 

Ac2-Oexo 2.02 2.01 1.89 1.88 1.88 1.86 1.86 1.81 

Ac2-Oendo 2.21 

2.24 

2.20 

2.23 

2.14 1.98 

2.36 

2.13 2.00 

2.26 

2.12 2.07 

2.11 

Ac2-N 2.78 

2.89 

2.74 

2.82 

3.00 

3.76 

2.62 

2.70 

2.60 

2.67 

2.76 

4.19 

2.60 

2.67 

2.62 

2.64 

2.76 

3.16 

2.59 

2.65 

2.46 

2.52 

Ac1-Ac2 3.54 3.52 3.45 3.47 3.43 3.45 3.39 3.37 

BA’s         

Oexo-Ac1-

Oendo 

177.77 

103.42 

176.03 

108.26 

173.42 

100.35 

159.17 

94.48 

175.20 

101.72 

176.74 

104.61 

174.75 

101.00 

176.07 

102.96 

Oexo-Ac2-

Oendo 

177.83 

103.36 

156.33 

95.48 

173.43 

100.34 

155.64 

92.01 

175.16 

101.67 

153.06 

84.78 

174.74 

101.00 

176.05 

102.94 
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Å – 2.06Å) is longer than the Ac-Oexo bond (1.95 Å -1.80 Å); their bond orders vary from 2.34 to 

2.47 for the Ac-Oexo and is half about that for the Ac-Oendo bond (1.14-1.17). The inner bond 

becomes weaker due to the coordination from the oxygen atom of one actinyl to the other actinyl 

present in the other pocket, indicating the presence the cation-cation interactions. 

 3.3.2 Topology analysis of electron density using QTAIM approach: To gain 

further knowledge about the electronic structure of these complexes, the quantum theory of 

atoms in molecules (QTAIM) approach was applied. This approach focuses on the properties of 

the molecular electron density and not on the orbital structure.  QTAIM has been known to well 

interpret the extend of covalency in multiconfigurational systems
13,204,205

and it has been 

previously applied to a number of actinide-ligand and other metal-ligand bonds
204–211

and thus it 

would help to develop the selective separation of the minor actinides
13,204,205,212,213

. Form the 

results so far, it has been concluded that, while actinide bonding is predominantly ionic, we can 

nevertheless differentiate the differences in the degree of covalency across the 5f series.  

 According to the QTAIM approach, there is one bond critical point (BCP) between each 

pair of atoms that are bonded to one another, and the chemical bonding interactions may be 

defined and categorized based on the properties of the electron density ρ, its laplacian ∇2
ρ, and 

the energy density H (which is the sum of the kinetic and potential energy densities) at these 

BCP’s.
214
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Figure3.5: QTAIM calculated molecular graph of the Th(IV)-M complex. Bond critical points 

(BCPs) are shown as red dots [Brown Th, Blue N, Red O, Green C and White H]. Picture created 

using Multiwfn. 

After analysis of different systems, Bader proposed a general rule in which he suggested that 

ρBCP is greater than 0.2e
-
/bohr

3 
for covalent bonds and is lower than 0.1e

-
/bohr

3 
for closed-shell 

interactions. However, these limits are not strict but result from the studies across many 

molecular systems. The sign of ∇2
ρ at the BCP is also considered as a criterion for differentiating 

the bond types
215

. Covalent bonds are supposed to have a negative sign (accumulation of charge 

in the bonding region) while the closed-shell interactions have a positive sign. However, in case 

of strongly polar bonds there is significant accumulation of electron density between the nuclei, 

but the laplacian can be of either sign. In case of significant sharing of electrons between the 

bonding pairs, the energy density H is negative and its value demonstrates the extent of 

covalency.
216
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                    Other parameters of interest are the bond ellipticity ε and delocalisation index DI. 

The bond ellipticity, ε measures the shape of the electron density distribution in a plane through 

the bond critical point and perpendicular to the bond (cylindrical symmetry of a bond). The 

ellipticity of the bond tells us how cylindrical a given bond is; it is expected to be zero for single 

and triple bonds, while it is nonzero for a double bond. If two atoms are connected by an atomic 

interaction line the DI can be taken as a measure of bond order. The magnitude of the exchange 

of the electrons in the basins of one atom with those in the basin of another atom is termed as DI 

between them. It integrates the electron density in the bonding region of the bonded atoms and it 

is important to note that the computed values of the DI are always smaller than the values 

expected from the Lewis structures.
194

  

These QTAIM parameters have been found very useful in predicting the nature of the 

bonding interactions but sometimes only taking the BCPs into consideration does not serve the 

purpose, or in other words, it is not sufficient to comment on the nature of the bond of interest. 

Improper position of the BCP as well as neglect of the surrounding environment of the BCP tend 

to result in erroneous conclusions.
215

Moreover, in case of actinide complexes especially for the 

metal-metal bonds, Kaltsoyannis et al.
213,217

 has pointed out that these metal-metal bond has a 

topological behavior of their own, possessing neither ionic nor covalent features.  

(a) Mononuclear complexes: Table 3.4 shows the calculated QTAIM metrics at the bond 

critical points for the Ac-Oexo, Ac-Oendo and the Ac-N bonds for the mononuclear complexes of 

the first three actinides in different oxidation states.  

Ac-O bond: From Table 3.4, the electron density at the BCP for all the Ac-Oexo bonds is around 

0.2 a.u. and there is a total variation of 0.08 a.u in going from Th(IV)-M to U(VI)-M for the Ac-
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Oexo bond. As we go along the series, ρBCP increases, indicating more covalency in case of U 

(IV)-M than its thorium counterpart which is in accordance with the geometrical parameters 

findings. Moreover, on shifting from Pa (IV) to Pa (V) as well as from U (IV) to U(IV), the value 

of ρBCP shows an increase. For each of the complexes, the value of ρBCP for the Ac-Oendo bond is 

less than their respective Ac-Oexo bonds (Fig. S3), indicating that the Actinide is bonded more 

strongly to the Oexo than to the Oendo which is also supported by the bond length and bond order 

data in Table 3.2. In case of Th(IV)-M, the Oendo-H bonds as discussed earlier is a kind of 

covalent bond, and this is further supported by the QTAIM parameters (Table 3.4).  

Although the ρBCP is larger than 0.2 a.u., the laplacian ∇2
ρ is positive for the Ac-O bonds 

in all the mononuclear complexes, indicating that the charge density is concentrated in the 

separated atomic basins instead of the internuclear region, which is thus locally depleted of 

electronic charge. The laplacian ∇2
ρ is usually positive for strongly polar bonding.

214
 Such an 

interaction is usually considered as an intermediate between shared and closed shell 

interactions.
218,219

  

 The values for the energy density H at the BCP are negative, implying that there is shared 

shell interactions in these bonds. The magnitude of H becomes more negative for the uranium 

complex, indicating that there is more covalency as compared to the thorium and protactinium 

complexes. The values of the ellipticity for the all the Ac-O bonds is zero, which indicates the 

presence of a triple bond, also supported by the DI values which are close to three.  
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Table3.4: Topological analysis of calculate electron densities at the Ac-Oexo/Ac-Oendo BCPs for 

Parameters Th(IV)-M Pa(IV)-M Pa(V)-M U(IV)-M U(VI)-M 

ρ Ac-Oexo 

ρ Ac-Oendo 

ρ Oendo-H 

ρ Ac-N4,15 

ρ Ac-N6,14 

0.20 

0.06 

0.26 

0.034 

0.048 

0.23 

0.20 

 

0.037 

0.052 

0.24 

0.19 

 

0.037 

0.054 

0.24 

0.22 

 

0.038 

0.054 

0.28 

0.25 

 

0.050 

0.068 

∇2
ρ Ac-Oexo 

∇2
ρ Ac-Oendo 

∇2
ρ Oendo-H 

∇2
ρ Ac-N4,15 

∇2
ρ Ac-N6,14 

0.40 

0.18 

-0.12 

0.093 

0.120 

0.41 

0.39 

 

0.100 

0.134 

0.41 

0.38 

 

0.101 

0.135 

0.43 

0.43 

 

0.111 

0.154 

0.44 

0.45 

 

0.121 

0.157 

H Ac-Oexo 

H Ac-Oendo 

H Oendo-H 

H Ac-N4,15 

H  Ac-N6,14 

-0.11 

-0.007 

-0.38 

-0.001 

-0.005 

-0.15 

-0.11 

 

-0.002 

-0.007 

-0.16 

-0.10 

 

-0.002 

-0.007 

-0.16 

-0.13 

 

-0.002 

-0.007 

-0.20 

-0.17 

 

-0.006 

-0.012 

ε Ac-Oexo 

ε Ac-Oendo 

ε Oendo-H 

ε Ac-N4,15 

ε  Ac-N6,14 

0 

0.14 

0.01 

0.15 

0.19 

0 

0 

 

0.19 

0.22 

0 

0 

 

0.20 

0.22 

0 

0 

 

0.13 

0.06 

0 

0 

 

0.23 

0.27 

DI Ac-Oexo 

DI Ac-Oendo 

DI Oendo-H 

DI Ac-N4,15 

DI Ac-N6,14 

2.68 

1.18 

0.60 

0.80 

0.95 

2.81 

2.51 

 

0.81 

0.98 

2.81 

2.51 

 

0.81 

0.99 

2.84 

2.72 

 

0.92 

1.10 

2.89 

2.76 

 

0.95 

1.12 
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the Mononuclear complexes. ρ = magnitude of electron density at BCPs, ∇2
ρ= laplacian of ρ at 

BCPs, H = energy density at the BCPs, ε= ellipticity of the bond. All the values are given in a.u. 

The Nitrogens at positions 4 and 15, as well as those at 6 and 14 have the same values of the 

parameters. 

In case of Th(IV)-M, the Oendo is abstracting two protons from the two N of the lower pocket and 

is forming bonds; this is also evidenced by the QTAIM parameters for these bonds. The electron 

density, laplacian as well as the energy density values all are indicative of a covalent bond. The 

ellipticity values for the Th-Oendo bond is 0.14 whereas it is almost zero for the Oendo-H bond.  

Ac-N bond: The values of ρ, ∇2
ρ, H, ԑ as well as DI are also contained in Table 3.4.  Although 

for the Ac-N bond the ρ values are larger than the values for the Ac-O bond, the laplacian, H and 

DI values are all very small, indicating that the Actinide forms weaker bonds with Nitrogen than 

to the oxygen. The ԑ values also deviate from zero, meaning that the bonds are in between single 

and triple bond. 

(b) Binuclear complexes: Table S6 gives the QTAIM parameters for the butterfly 

complexes and Table S7 summarizes the values for the Zigzag and triangle shaped complexes for 

both the Ac-O and Ac-N bonds. In case of binuclear complexes, we have two cavities each 

containing an actinide and we found that the environment of each of the two actinides is very 

similar; owing to this we have reported the QTAIM parameters of only one of them.  

All the parameters for the Ac-O bond in case of butterfly, zigzag and triangle shaped 

complexes follow the same trend as in case of mononuclear complexes. Here also, we can see 

that there is more covalency in case of uranium complexes than in case of earlier two actinides 
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and more covalent character in uranium complexes has been established by various other 

works
13,204,205

.  

In addition to this, the Ac-O bond is stronger than the Ac-N bond and this is also 

supported by the DI index of these two bonds in various complexes and from the data on the 

respective bond lengths. The Ac-Oexo bond in the binuclear complexes is not as strong as it is in 

case of the Mononuclear, Zigzag and Triangle complexes. This statement is further supported by 

the ρBCP data (Fig. S4 and Fig. S5); this may be due to the presence of two Oendo in case of the 

former making it slightly weaker than in the latter case where there is only one Oendo present. 

Among the Z and Tri complexes as shown by Pa(V), the Tri-isomer based on the topology 

analysis is more stable, which agrees with the conclusion drawn based on the geometrical 

parameter analysis. 

3.4 Conclusions  

Many mononuclear as well as the binuclear complexes with the Pacman ligand of the first 

three actinides in various oxidations states in comparison with their analogues Pacman 

complexes of Uranium (VI) were studied using the relativistic density functional theory. All the 

structures were optimized followed by frequency calculations to confirm the nature of the 

stationary points.  

The effect of actinide contraction is seen in these complexes as they all show a reduction 

of the bond lengths along the series Th-Pa-U. There is a total reduction of 0.14 Å (in the bond 

length) in going from Th(IV)-M to U(VI)-M for the Ac-Oexo bond where as in case of binuclear 

complexes, it shows a total decrease of 0.21 Å in the corresponding bond length. Likewise, the 

Ac-N bond in all the complexes has also shown the effect of actinide contraction along the series 
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(up to uranium). On the basis of the geometrical parameters, bond order as well as the QTAIM 

analysis, we found that uranium complexes exhibits more covalent character as compared to the 

other counterparts in accordance with various studies.
13,171,204,205

 

 All the binuclear complexes exhibit cation-cation interactions as in most of these 

complexes, the Ac-Oendo bond is quite long as compared to the Ac-Oexo bond. In case of Th (IV)-

M this bond is long enough to even abstract the two protons from the lower cavity. In all the 

complexes, we found that the U (VI) forms stronger bonds with the axial oxygen than the other 

considered complexes.  

In addition to the B structures shown by all the actinide considered in this work, certain 

others unusual and novel geometries were encountered such as D and Z structures. Both D and B 

structures have the same formula and are exhibited by Th (IV), Pa (IV), and Pa (V) complexes. 

Among the B and D isomers, B structure is symmetrical as compared to the D structure and thus 

B structure in each case is found to be more stable than their corresponding D structures. In 

addition to these B and D structures, we also studied the various protonated forms of these 

structures which in turn gave rise to certain other geometries namely Tri and Zigzag structures. 

Th(IV) and Pa(IV) showed only Z geometries but Pa(V) exhibited both Tri and Z geometries. In 

case of Pa(V) complexes, Tri-isomer is found to be more stable than the Z-counterpart. The 

reason that why Pa(V) prefers the Tri geometry over the Z is not clear, especially given that on 

the other hand Pa(IV) adopts only the Z-geometry.  

   QTAIM analysis was also carried out on these complexes and the data further supports 

the conclusions drawn based on geometrical analysis. QTAIM bond critical point data suggest 

that both U−O and Pa−O are more covalent than the Th analogues and the Ac-Oexo bond is 

stronger than the Ac-Oendo bond. 
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Information in the appendix 

Addition information on the protonated structures of the B, butterfly structures. Table containing 

charges, Mayer bond order and NBO for the B and D structures are available. Geometrical 

parameters for the Z and Tri structures are also listed. Tables containing topological parameters 

on the M, B, Z and Tri structures are given. Moreover, plots showing the variation of the electron 

density as well as the DI at the BCPs in Ac-Oexo bond with the actinides are given.  
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Chapter 4 

A Computational Density Functional Study of Heterobinuclear Polypyrrolic 

Macrocyclic Complexes of Actinides 

4.1 Introduction 

Macrocycles play a very significant role in the study of the coordination chemistry of the actinyl 

cations, particularly uranyl
22,220

 and neptunyl
221

 cations.  Among various macrocyclic ligands, a 

class of binucleating Schiff-base polypyrrolic macrocycles have been extensively used to study 

the complexation behavior of the actinyls, and these macrocycles upon complexation with the 

metals adopt Pacman shaped cleft structures
72

. One of these macrocycles is shown in the Figure 

3.1 (Chapter 3), denoted by H4L
1
. Apart from this, other, related macrocycles L

2
 and L

3
 are also 

known
18

. The two N4 donor compartments are connected with phenyl, napthalenyl and 

anthracenyl linkers in L
1
, L

2
 and L

3
 respectively. The theoretical calculations were also done in 

2012 by our group to see the effects of hinge size in these Pacman like uranium complexes
18

 (L
1
, 

L
2
 and L

3
) on their structures.  

Arnold and Love et al. have extensively explored the reduction and functionalization of 

the uranyl dication using these macrocycles. They have used these binucleating ligand to 

synthesize a wide range of main group, transition metal, lanthanide and. actinide complexes
222

. 

Many low valent actinide complexes such as [(U
IV

)(L
1
)], [(An

III
X)2(L

1
)] (An=U, X=I, BH4; An = 

Np, X= I), [Li(THF)4].[U
III

BH4)2(μ-BH4)(L
1
)] and [Na(THF)4].[(THF)2(U

III
BH4)2(μ-

BH4)(L
2
)]

15,179,223
, were synthesized using this octadentate polypyrrolic ligand.  All these 

complexes adopts the Pacman shape except [Li(THF)4].[U
III

BH4)2(μ-BH4)(L
1
] which adopts a 
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bowl shape
179

. In addition to these, highly valence diversified diuranium complexes of the 

Schiff-base polypyrrolic macrocycle were also studied computationally
60

. 

Furthermore isostructural heterobimetallic complexes were studied both experimentally 

as well as theoretically
56

. The most interesting feature of these complexes were the interactions 

of the uranyl endo oxygen with the 3d transition metal
56

. Such type of structures in which there is 

an interaction between the Lewis basic oxo-group of one cation with another metal cation are 

known as cation-cation complexes. Actinyl cation-cation interactions play a significant role in 

spent nuclear fuel processing as well as environmental waste management
30

.  

The current study explores the differences in the bonding behavior of the actinyl in case 

of heterobinuclear complexes with the variation of the actinides (Th, Pa, U, Np and Pu) and their 

oxidation states as well as with the variation of the transition metal in the lower pocket of the 

macrocycle. In this work, we also analyzed the interactions of the actinyl endo oxygen with the 

dicationic transition metals (TM) viz. Mn
II
, Fe

II
, Co

II
 and Zn

II
 which adds to our existing 

knowledge of cation-cation interaction complexes. Here and in the following (TM) stands for the 

four transition metals namely Mn
II
=(1), Fe

II
=(2) Co

II
 =(3) and Zn

II 
=(4). Optimized geometries, 

bond lengths, bond angles, atomic charges, natural bond order analysis and QTAIM analysis of 

the bonding interactions in these complexes were studied. As found in our first case study of 

mononuclear as well as binuclear complexes of macrocyclic ligand, here also we found that the 

uranium-oxo bond is the shortest among all other actinyl-oxo bonds pointing more covalency in 

uranium complexes. 
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4.2 Computational Details 

Approximate density functional theory (DFT) in the form of the Perdew-Burke-Ernzerhof (PBE) 

functional
139

 was applied in our calculations. Gradient corrected calculations with the PBE
139

 

exchange correlation (XC) functional have been found to save time over the hybrid functional 

B3LYP
141,224,225

 but on average provides less accurate Gibbs free energies
186

 whereas the PBE 

functional often provides nearly accurate geometries and vibrational frequencies.  

The gas phase geometry optimizations of all the hetrobinuclear complexes of the Pacman ligand 

were done using Priroda code. It employs a fast RI method for calculating both Coulomb and 

exchange-correlation (XC) integrals with the optimized fitted Gaussian basis sets. A scalar 

relativistic four-component all electron (AE) approach, based on the full Dirac equation, was 

used to account for the relativistic effects for the heavy elements
151

. In the Dirac equation, all the 

spin-orbit coupling terms are separated from the scalar terms and neglected
149

. All electron 

correlation-consistent Gaussian basis sets of double zeta polarized quality (B-I) were used
181

. 

The nature of the stationary points on the potential energy surface were confirmed further by 

carrying out frequency calculations, and then the thermodynamic data was obtained thereafter. 

Previously, a number of test calculations have been performed on different molecules such as 

actinyl cations, actinide fluorides, oxides, oxofluorides
186

, dinitrogen tetraoxide adducts of uranyl 

nitrate
189

, actinyl aquo complexes
55,187

 and macrocyclic complexes of the actinides,
41,55

 and in all 

cases the Priroda code was found to be a very reliable code as it was found to provide the same 

results as other relativistic methods. Also, additional time is saved with the inclusion of the 

resolution-of-identity (RI)
150

 method for evaluating both Coulomb and exchange-correlation 

integrals using auxiliary optimized fitted Gaussian basis sets which also improves the 

computational efficiency of the Priroda code
150–152,181,182
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The unrestricted, open-shell Kohn-Sham approach was applied to the systems with 

unpaired electrons. Spin multiplicities (2S+1) were calculated with high spin states for the 

transition metals. On the basis of these PBE calculations, both the population based Mayer bond 

orders
184

 and atomic charges as developed by Hirshfield
185

 were calculated. Both bond orders 

and atomic charges have been found quite helpful in explaining the chemical surroundings of a 

variety of actinide and actinyl complexes
55,186–189,199

 although these are not quantum mechanical 

observables. Furthermore, single point ADF calculations on the Priroda geometries were 

performed which were then used to carry out the natural bond orbital (NBO) analyses using the 

NBO package
165

 included in the ADF code.
190

 The scalar relativistic ZORA method
191–193

 along 

with the Slater type ZORA-TZP basis sets comparable to those used in Priroda were employed in 

the ADF calculations.  

The topologies of the (3, -1) bond critical points in the gradient field of the electron 

density were analyzed using the quantum theory of atoms in molecules (QTAIM).
194

 This was 

done with the Multiwfn
164

 code.  

4.3 Results and Discussion  

In addition to the various mononuclear and binuclear complexes of polypyrrolic Pacman 

complexes (studied in Chapter 3), certain heterobinuclear complexes were studied with the 

emphasis on the actinyl-oxo to 3d transition metal bonding. It is an extension of previous work in 

which a number of complexes with the AnO2
n+

….M
p+

 (where M is an alkali metal or transition 

metal) interactions were synthesized and structurally studied. Our main aim is to look for the 

periodic trends for Ac-O bond across the actinide series up to plutonium. We studied 32 

complexes of the early actinides starting from Th to Pu in different oxidation states, each one 

containing a transition metal. The structural properties of hetero bimetallic complexes of Th(IV), 



65 

 

Pa(IV,V), U(IV,VI), Np(VI) and Pu(VI) were examined using Kohn-Sham density functional 

theory calculations with scalar relativistic effects. The structural parameters of the all these 

complexes were compared to the previously studied uranyl, neptunyl and plutonyl hetero 

bimetallic analogues and furthermore QTAIM studies were performed on these complexes using 

Multiwfn.   

4.3.1 Structure  

(a) Metal-coordination environment: In this work, we studied 32 heterobinuclear 

Pacman complexes with the actinide placed in one of the pockets, and the TM lying in the other. 

In the complexes considered in this case study, we have two types of coordination environment 

around the actinide. In most of the complexes, the actinide has nearly pentagonal bipyramidal 

geometry with the actinide in the center of the plane formed by the four nitrogens of the ring, and 

the two axial sites are occupied by the oxygen, whereas the seventh position is occupied by the 

oxygen of an equatorial coordinating THF solvent molecule. However, in some of the complexes 

like 
B
Th

IV
O2(1-4) L]

2-
, (thorium complexes only), the coordination environment around the 

thorium is slightly different as the O1-Th-O2 is bent (of the order of 125º) and there is no room 

for the coordinating solvent THF, and so the thorium is only 6-coordinate.  

Similarly, we found three different types of coordination environment around the TM. In case 1, 

shown by all the neptunium and plutonium complexes except [Pu
VI

O2(4) L], the TM in the lower 

pocket is bonded to 3 of the 4 pyrrolic nitrogens, the actinyl oxygen, O2, and O4 from the THF, 

and so in these cases, the TM has 5-coordinate geometry. All the Th(IV), U(VI) complexes, 

[Pu
VI

O2(4) L], [Pa
IV

O2(3) L]
2- 

 and [U
IV

O2(3) L]
2-

exhibit case 2, where the TM is a 4-coordinate 

metal. In case of Th(IV), U(VI) and [Pu
VI

O2(4) L] complexes, the TM has strong coordination to 

two of the four pyrrolic nitrogens of the ring whereas the other two positions of nearly 
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tetrahedral geometry are occupied by the two oxygens, O4 oxygen of the THF molecule and the 

O2, actinyl-endo oxygen, (Fig. 4.1(a) and Fig. 4.1(d)). However, in [Pa
IV

O2(3) L]
2- 

 and 

[U
IV

O2(3) L]
2- 

complexes, the TM is coordinated to 3 pyrrolic nitrogens and O2. The O1-M-O2 

bond angle in these cases ranges from 113.6 to 144.4º compared to 109.5º for purely tetrahedral 

geometries. 

 In addition to these two cases, there exists case 3 which has no TM-THF bond and thus 

TM is coordinated to only 3 atoms (as shown in Fig. 4.1(b) and Fig. 4.1 (c)). This case is shown 

by 
L
Th

IV
O2(1-4) L]

2-
, all protactinium complexes and U(IV) complexes except [Pa

IV
O2(3) L]

2- 
 

and [U
IV

O2(3) L]
2- 

complexes.  

                

            (a)                                                    (b) 
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                                  (c)                                                      (d) 

Figure4.1: Optimized geometries of (a) 
B
[Th

IV
O2(1)L]

2-
, where the TM is 4-coordinate, (b) 

L
[Th

IV
O2(1)L]

2-
 where TM is 3-coordinate, (c) [Pa

V
O2(1)L]

-
 where the TM is 3-coordinate, and 

(d) [U
VI

O2(1)L] where the TM is 4-coordinate; the actinide is 7-coordinate except in (a) where it 

has only coordination number of 6 (cyan, Pa; white, U; purple, Mn; blue, nitrogen; red, oxygen). 

All other complexes have similar optimized geometries.  

(b) Bond Lengths, Bond Angles, Bond Orders and Charges: Calculated structural 

parameters like bond lengths and bond angles, as well as bond orders for the complexes studied 

in this work are presented in Table 4.1, Table 4.2 and Table 4.3 respectively. Both Mayer and 

NBO bond orders have been calculated, and, as observed in the previous calculations (as in 

chapter 3) on the binuclear complexes, Mayer bond orders are more reliable for the actinide 

complexes as there values for various considered bonds are quite close to the literature values 

and moreover the bond orders from NBO calculations are very low as compared to the Mayer 

bond orders, so in our discussion we have considered only the Mayer bond orders for all the 

bonds.  
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There is reduction of about 0.16 Å in the bond length of Ac=O1 and of about 1.48 Å in 

case of Ac=O2 as we move from Th to Pu in these complexes with a sharp reduction of about 

0.10 Å in case of Ac=O1 and of about 0.13 Å for the Ac=O2 as we substitute thorium with 

protactinium in the primary cavity. The decrease in the strength of the Ac=O bond together with 

the shorter Ac=O distance is observed across the actinide series with the increase in the atomic 

number of the actinide. The bond orders (Table 4.3) for Ac=O1 and Ac=O2 in the complexes 

vary from 2.26 to 2.42 and 0.96 to 1.97 respectively, which implies that for every complex, the 

Ac=O1 is stronger and shorter than their respective Ac=O2 bond. Similar trends were found in 

case of homonuclear complexes (studied in chapter 3). Moreover, the Hirshfeld charges (shown 

in Table 4.4) on the O1 is more negative than that on the O2, so the actinide forms a stronger 

bond to the Oexo (O1) than to Oendo (O2).  

On comparing the bonding parameters of the mononuclear complexes (studied in chapter 

3) with these heterobinuclear complexes, particularly for the actinyl moiety, we found that there 

is almost no change in the bond length of Ac=O1 whereas the Ac=O2 bond gets elongated on the 

substitution of TM in the secondary cavity except for the thorium complexes where there is a 

shrinking of the Ac=O2 bond. These findings are further supported by the bond order data (Table 

4.3) as it can be observed that the bond order does not change much for the Ac=O1 on switching 

from the mononuclear complexes to the respective heterobimetallic complexes as well as on 

changing the TM in the lower cavity. On the other hand, the bond order for the Ac=O2 decreases 

on the substitution of the TM in the respective complexes but in case of thorium, the bond order 

exhibits an increase from 0.65 to about 1.35. This elongation of the Ac=O2 bond or the decrease 

in its bond order within these complexes can be interpreted as desymmertization of the linear 

actinyl moiety as otherwise the actinyl fragment is quite symmetrical, which in turn leads to the 
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weakening of the actinyl bond. Moreover, this elongation in the Ac=O2 bond can be correlated to 

the significant TM-O2 interactions as because of elongation of the Ac=O2 bonds the endo oxygen 

becomes quite close to the TM in the lower pocket. 

In the upper cavity, the actinide lies in the plane created by the four pyrrolic nitrogen of 

the ligand and binds slightly more strongly to two of the four pyrrolic nitrogens for all the 

complexes. Among actinides, thorium has weak bonding interactions to the pyrrolic nitrogen in 

the cavity whereas uranium shows the strongest bonding interactions. In case of the lower cavity, 

the TM lies slightly above the N4 plane and it binds very strongly to the pyrrolic nitrogens N7, 

and N8 and weakly to the N5 and N6. Neptunium and plutonium complexes with the macrocyclic 

complexes having manganese and iron in the lower cavity show comparatively stronger 

interactions with the N7 and N8 with a bond order of the order of 0.65 compared to about 0.50 in 

all other cases.  In most of the complexes, N5 and N6 are equidistant from the TM but in some of 

the complexes particularly 
L
[Th

IV
O2(1) L]

2-
, one of these pyrrolic nitrogens is closer to the TM 

than the other by 1.35 Å. On analyzing the Hirshfeld charges on the pyrrolic nitrogen, we found 

that all they are all in the range of -0.10 ± 0.02 except for the N7,8 pyrrolic nitrogens of 

[Np
VI

O2(2) L] which have smaller absolute charges of -0.06 ± 0.02.   

In all the complexes of case 1, THF is coordinated to both the actinide as well as the TM, 

and these are the part of first solvation shell. In all these structures, we found that An-O3 range 

from 2.98 to 2.50 Å whereas the TM-O4 distance varies from 2.31 to 2.18 Å. In every complex 

of case 2, we found that the bond length of TM-O4 is always shorter than the Ac-O2 and the bond 

orders for TM-O4 is greater than that of Ac-O3; this is consistent with the difference in size 

between the two metals.  
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Table4.1: Gas-Phase bond lengths for the various heterobimetallic complexes [Ac
IV

O2(TM)L]
2-

where Ac=Th, Pa, U; [Pa
V
O2(TM)L]

1-
, 

Ac=[Ac
VI

O2(TM)L] where Ac=U, Np and Pu; bond lengths are given in Å. 

Complexes   Ac=O1 Ac=O2 Ac-O3 Ac-N1,4 Ac-N2,3 Ac-M M-O2 M-O4 M-N5 M-N7,8 M-N6 
B
[Th

IV
O2(1)L]

2-      
 1.96 2.12 None 2.81 2.66 3.64 1.87 2.31 3.13 2.12 3.08 

L
[Th

IV
O2(1)L]

2- 
1.95 2.34 2.98 2.80 2.56 3.98 1.72 None 2.17 2.00 3.52 

[Pa
IV

O2(1)L]
2-

 1.86 1.98 2.62 2.65 2.52 3.70 1.91 None 3.13 2.07 3.09 

[Pa
V
O2(1)L]

1-
 1.85 1.99 2.63 2.65 2.51 3.68 1.90 None 3.05 2.07 3.06 

[U
IV

O2(1)L]
2-

 1.84 1.97 2.62 2.64 2.52 3.64 1.90 None 3.10 2.08 3.07 

[U
VI

O2(1)L] 1.80 1.86 2.54 2.53 2.44 3.76 2.05 2.23 2.77 2.07 2.66 

[Np
VI

O2(1)L] 1.81 1.97 2.60 2.59 2.45 3.76 1.84 2.29 3.29 1.96 2.13 

[Pu
VI

O2(1)L] 1.80 1.96 2.59 2.58 2.47 3.74 1.83 2.28 3.29 1.96 2.13 
B
[Th

IV
O2(2)L]

2-      
 1.95 2.16 None 2.82 2.66 3.53 1.81 2.27 3.00 2.06 3.21 

L
[Th

IV
O2(2)L]

2- 
1.95 2.26 2.75 2.76 2.61 3.65 1.70 None 3.09 1.86 3.09 

[Pa
IV

O2(2)L]
2-

 1.86 2.00 2.60 2.65 2.53 3.68 1.85 None 3.17 2.01 3.15 

[Pa
V
O2(2)L]

1-
 1.85 2.00 2.61 2.64 2.52 3.67 1.84 None 3.08 2.01 3.11 

[U
IV

O2(2)L]
2-

 1.84 2.00 2.60 2.64 2.52 3.62 184 None 3.14 2.02 3.14 

[U
VI

O2(2)L] 1.80 1.89 2.55 2.55 2.44 3.69 1.96 2.20 2.79 2.01 2.71 

[Np
VI

O2(2)L] 1.80 1.92 2.62 2.56 2.45 3.68 1.89 2.26 3.14 1.96 2.19 

[Pu
VI

O2(2)L] 1.80 1.97 2.65 2.56 2.46 3.67 1.82 2.27 3.19 1.96 2.11 
B
[Th

IV
O2(3)L]

2-
 1.96 2.13 None 2.81 2.67 3.61 1.81 2.20 3.15 2.00 3.15 

L
[Th

IV
O2(3)L]

2- 
1.96 2.24 2.72 2.79 2.63 3.75 1.74 None 3.35 2.00 3.35 

[Pa
IV

O2(3)L]
2-

 1.86 1.98 2.66 2.65 2.54 3.64 1.88 None 3.56 2.00 2.43 

[Pa
V
O2(3)L]

1-
 1.85 1.99 2.62 2.65 2.52 3.67 1.85 None 3.06 1.96 3.08 

[U
IV

O2(3)L]
2-

 1.84 1.96 2.66 2.65 2.53 3.58 1.88 None 3.52 2.37 2.37 

[U
VI

O2(3)L] 1.80 1.86 2.52 2.54 2.44 3.75 1.98 2.18 2.83 1.97 2.84 

[Np
VI

O2(3)L] 1.79 1.85 2.55 2.55 2.43 3.72 1.99 2.23 3.11 1.99 2.34 

[Pu
VI

O2(3)L] 1.79 1.87 2.65 2.56 2.46 3.66 1.94 2.24 3.10 1.97 2.22 
B
[Th

IV
O2(4)L]

2-
 1.96 2.11 None 2.83 2.67 3.68 1.84 2.29 3.20 2.03 3.19 

L
[Th

IV
O2(4)L]

2- 
1.97 2.17 2.76 2.80 2.63 3.77 1.79 None 3.30 2.02 3.27 

[Pa
IV

O2(4)L]
2-

 1.86 1.99 2.60 2.66 2.53 3.71 1.87 None 3.26 1.97 3.24 

[Pa
V
O2(4)L]

1-
 1.85 1.98 2.60 2.66 2.52 3.70 1.85 None 3.21 1.97 3.19 

[U
IV

O2(4)L]
2-

 1.84 1.97 2.58 2.65 2.52 3.65 1.86 None 3.24 1.98 3.22 

[U
VI

O2(4)L] 1.80 1.85 2.50 2.54 2.44 3.80 2.00 2.27 2.90 1.96 2.94 

[Np
VI

O2(4)L] 1.79 1.84 2.51 2.55 2.43 3.78 2.02 2.29 3.08 1.96 2.60 

[Pu
VI

O2(4)L] 1.78 1.85 2.52 2.56 2.48 3.73 1.99 2.29 2.94 1.97 2.91 
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Table4.2: Gas-Phase calculated bond angles (in degrees) for the complexes. 

Moreover, in all the U(VI) complexes, the bond to the THF molecules are comparatively 

stronger than in all other complexes, being the strongest in case of [U
VI

O2(3)L]  and [U
VI

O2(4) L 

complexes. The Hirshfeld atomic charges (as shown in Table 4.4) on the oxygen of both the THF 

solvent molecules are nearly the same in most of the complexes.  

Complexes   O1-Ac-O2 N1-Ac-O3 N1,3-Ac-N2,4 N2-Ac-

N3 

Ac-O2-M O2-M-O4 O2-M-N7,8 

B
[Th

IV
O2(1)L]

2-      
 125.9 None 63.5 68.0 131.3 116.9 125.9 

L
[Th

IV
O2(1)L]

2- 
157.0 71.3 84.8 70.18 157.3 None 136.4 

[Pa
IV

O2(1)L]
2-

 172.8 78.3 66.1 70.1 142.7 None 133.4 

[Pa
V
O2(1)L]

1-
 173.8 78.2 66.2 70.3 142.3 None 132.1 

[U
IV

O2(1)L]
2-

 176.6 78.3 66.0 70.1 139.0 None 132.7 

[U
VI

O2(1)L] 176.5 76.6 67.9 71.4 146.8 144.4 116.4 

[Np
VI

O2(1)L] 174.5 77.8 67.1 67.1 161.6 125.1 145.2 

[Pu
VI

O2(1)L] 175.4 78.6 66.9 71.1 161.7 124.8 130.1 
B
[Th

IV
O2(2)L]

2-      
 128.7 None 63.1 67.5 125.0 127.1 117.9 

L
[Th

IV
O2(2)L]

2- 
167.5 83.4 64.0 69.2 134.1 None 121.5 

[Pa
IV

O2(2)L]
2-

 173.1 78.7 65.9 69.8 145.4 None 132.0 

[Pa
V
O2(2)L]

1-
 174.1 78.2 66.0 70.2 144.8 None 131.1 

[U
IV

O2(2)L]
2-

 176.4 78.7 65.8 69.8 141.5 None 131.3 

[U
VI

O2(2)L] 178.5 76.4 67.9 71.4 146.8 144.4 114.5 

[Np
VI

O2(2)L] 176.2 76.7 68.1 71.9 149.2 140.4 125.3 

[Pu
VI

O2(2)L] 176.9 77.7 67.6 71.2 150.7 136.9 118.5 
B
[Th

IV
O2(3)L]

2-
 127.5 None 63.1 67.7 132.1 118.6 121.7 

L
[Th

IV
O2(3)L]

2- 
167.5 83.9 63.6 68.9 140.6 None 133.8 

[Pa
IV

O2(3)L]
2-

 170.3 81.2 65.8 69.7 140.6 None 147.6 

[Pa
V
O2(3)L]

1-
 173.3 78.4 65.9 70.2 145.0 None 129.4 

[U
IV

O2(3)L]
2-

 174.4 79.9 65.3 69.9 137.7 None 144.0 

[U
VI

O2(3)L] 175.2 75.4 67.7 70.9 154.7 135.4 115.0 

[Np
VI

O2(3)L] 178.1 76.5 68.3 71.7 150.3 140.2 118.0 

[Pu
VI

O2(3)L] 176.9 77.5 67.6 70.9 147.4 143.2 118.5 
B
[Th

IV
O2(4)L]

2-
 128.5 None 63.2 67.9 137.4 113.6 125.7 

L
[Th

IV
O2(4)L]

2- 
136.2 83.9 63.8 69.0 143.6 None 134.4 

[Pa
IV

O2(4)L]
2-

 172.5 78.8 65.8 69.8 148 None 131.2 

[Pa
V
O2(4)L]

1-
 173.2 78.6 65.9 70.1 148.6 None 131.5 

[U
IV

O2(4)L]
2-

 176.3 78.6 65.7 69.9 144.3 None 131.2 

[U
VI

O2(4)L] 174.7 76.4 67.7 70.8 159.4 129.1 118.2 

[Np
VI

O2(4)L] 178.7 75.9 68.2 72.0 156.2 134.2 122.3 

[Pu
VI

O2(4)L] 178.7 77.2 66.8 70.0 153.5 131.9 118.2 
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The bond angle O1-Ac-O2 (Table 4.2) in case of thorium complexes is quite bent as compared 

to all other complexes. Among various complexes studied, we found two optimized geometries for the 

thorium complexes, namely 
B
[Th

IV
O2(TM) L]

2- 
and 

L
[Th

IV
O2(TM) L]

2-
 with the bond angle Oexo-Th-

Oendo in the range 125.9º-128.7º and 136.2º-167.5º respectively. The TM in the lower pocket in the 

former case is found to have a coordination number of 4 whereas in the latter, it is only 3-coordinate. 

Among these two different structures, the one with bent angle Oexo-Th-Oendo is more stable than the 

other by an amount of 24.88kcal/mol. Furthermore, in case of these heteronuclear complexes of 

thorium, the bending is more pronounced as compared to that in mononuclear complexes of thorium 

where the Oexo-Th-Oendo is 158.1⁰  (Table 3.2).  

The Hirshfeld charges on the actinyl moiety are listed in the Table (4.4) The formal charges on 

the actinyl in case of Ac
IV

O2, Ac
V
O2 and Ac

VI
O2 complexes are 0, 1 and 2 respectively, and we found 

that the charges on the actinyl moiety in case of Th(IV), Pa(IV) and U(IV) complexes are the highest 

among all, whereas in case of uranium it is the lowest. It can be noted that there is appreciable charge 

transfer from the ligand to the actinyl fragment in case of uranium complexes which may be one of the 

factors for the enhanced covalency in these complexes. 
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Complexes   Ac=O1 Ac=O2 Ac-O3 Ac-N1,4 Ac-N2,3 Ac-M M-O2 M-O4 M-N5 M-N7,8 M-N6 
B
[Th

IV
O2(1)L]

2-      
 2.30,  

1.43 

1.34 

0.89 

None 0.26 

0.19 

0.41 

0.25 

0.14 

0.08 

0.91 

0.50 

0.26 

0.09 

0.10 

0.02 

0.47 

0.22 

0.12 

0.03 
L
[Th

IV
O2(1)L]

2-
 2.28 

1.45 

1.17 

0.81 

0.25 

0.16 

0.26 

0.20 

0.40 

0.28 

0.15 

0.09 

1.07 

0.62 

None 0.09 

0.02 

0.50 

0.22 

0.12 

0.03 

[Pa
IV

O2(1)L]
2-

 2.41 

1.91 

1.63 

1.34 

0.31 

0.24 

0.35 

0.30 

0.48 

0.39 

0.17 

0.09 

0.66 

0.35 

None 0.14 

0.03 

0.56 

0.27 

0.16 

0.03 

[Pa
V
O2(1)L]

1-
 2.42 

1.93 

1.61 

1.34 

0.32 

0.24 

0.34 

0.30 

0.48 

0.40 

0.17 

0.09 

0.67 

0.36 

None 0.16 

0.04 

0.54 

0.26 

0.16 

0.04 

[U
IV

O2(1)L]
2-

 2.42 

1.97 

1.61 

1.39 

0.30 

0.25 

0.34 

0.32 

0.47 

0.41 

0.19 

0.10 

0.67 

0.36 

None 0.15 

0.04 

0.55 

0.26 

0.17 

0.04 

[U
VI

O2(1)L] 2.41 

2.10 

1.97 

1.76 

0.36 

0.34 

0.44 

0.45 

0.56 

0.54 

0.19 

0.13 

0.35 

0.20 

0.30 

0.11 

0.24 

0.07 

0.51 

0.27 

0.28 

0.07 

[Np
VI

O2(1)L] 2.42 

2.10 

1.48 

1.31 

0.30 

0.25 

0.37 

0.34 

0.50 

0.45 

0.19 

0.12 

0.80 

0.56 

0.32 

0.14 

0.10 

0.02 

0.60 

0.48 

0.45 

0.32 

[Pu
VI

O2(1)L] 2.40 

2.10 

1.47 

1.28 

0.30 

0.23 

0.36 

0.32 

0.49 

0.42 

0.18 

0.11 

0.79 

0.56 

0.33 

0.15 

0.10 

0.02 

0.62 

0.49 

0.46 

0.32 
B
[Th

IV
O2(2)L]

2-      
 2.32 

1.44 

1.24 

0.82 

None 0.26 

0.19 

0.41 

0.26 

0.15 

0.10 

1.01 

0.62 

0.26 

0.09 

0.13 

0.03 

0.50 

0.25 

0.08 

0.02 
L
[Th

IV
O2(2)L]

2-
 2.26 

1.44 

0.96 

0.70 

0.26 

0.16 

0.27 

0.21 

0.42 

0.28 

0.21 

0.11 

1.24 

0.81 

None 0.11 

0.03 

0.67 

0.34 

0.12 

0.03 

[Pa
IV

O2(2)L]
2-

 2.42 

1.91 

1.56 

1.27 

0.32 

0.25 

0.35 

0.30 

0.48 

0.39 

0.18 

0.10 

0.73 

0.43 

None 0.12 

0.03 

0.59 

0.31 

0.12 

0.03 

[Pa
V
O2(2)L]

1-
 2.42 

1.93 

1.54 

1.27 

0.32 

0.25 

0.35 

0.30 

0.48 

0.40 

0.18 

0.10 

0.74 

0.45 

None 0.13 

0.03 

0.57 

0.30 

0.13 

0.03 

[U
IV

O2(2)L]
2-

 2.42 

1.96 

1.52 

1.29 

0.30 

0.25 

0.34 

0.31 

0.47 

0.41 

0.19 

0.11 

0.76 

0.47 

None 0.12 

0.03 

0.58 

0.30 

0.13 

0.03 

[U
VI

O2(2)L] 2.42 

2.10 

1.85 

1.64 

0.35 

0.32 

0.43 

0.42 

0.55 

0.53 

0.51 

0.43 

0.46 

0.28 

0.34 

0.14 

0.23 

0.08 

0.58 

0.33 

0.26 

0.08 

[Np
VI

O2(2)L] 2.41 

2.11 

1.67 

1.49 

0.30 

0.26 

0.39 

0.37 

0.53 

0.49 

0.36 

0.25 

0.62 

0.42 

0.32 

0.14 

0.11 

0.03 

0.60 

0.42 

0.41 

0.24 

[Pu
VI

O2(2)L] 2.39 

2.09 

1.44 

1.25 

0.28 

0.21 

0.37 

0.32 

0.49 

0.42 

0.18 

0.11 

0.81 

0.58 

0.33 

0.14 

0.10 

0.03 

0.65 

0.50 

0.46 

0.31 
B
[Th

IV
O2(3)L]

2-
 2.30 

1.42 

1.30 

0.86 

None 0.26 

0.19 

0.41 

0.25 

0.14 

0.08 

0.96 

0.55 

0.28 

0.10 

0.07 

0.02 

0.53 

0.27 

0.08 

0.02 
L
[Th

IV
O2(3)L]

2-
 2.28 1.02 0.26 0.26 0.41 0.18 1.22 None 0.01 0.53 0.01 
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Table4.3: Calculated gas-phase bond orders [Mayer, NBO] for the various bonds in the complexes. 

 

 

1.44 0.69 0.17 0.20 0.28 0.12 0.79 0.01 0.27 0.01 

[Pa
IV

O2(3)L]
2-

 2.41 

1.92 

1.63 

1.34 

0.29 

0.22 

0.34 

0.30 

0.47 

0.39 

0.16 

0.09 

0.67 

0.37 

None 0.38 

0.14 

0.64 

0.29 

0.00 

0.00 

[Pa
V
O2(3)L]

1-
 2.42 

1.92 

1.60 

1.33 

0.32 

0.24 

0.34 

0.30 

0.48 

0.40 

0.17 

0.09 

0.69 

0.36 

None 0.13 

0.03 

0.61 

0.33 

0.13 

0.03 

[U
IV

O2(3)L]
2-

 2.41 

1.96 

1.64 

1.42 

0.28 

0.23 

0.34 

0.32 

0.46 

0.41 

0.18 

0.10 

0.66 

0.36 

None 0.13 

0.12 

0.62 

0.33 

0.39 

0.28 

[U
VI

O2(3)L] 2.41 

2.08 

1.96 

1.60 

0.38 

0.31 

0.45 

0.40 

0.57 

0.51 

0.15 

0.11 

0.38 

0.30 

0.34 

0.14 

0.20 

0.07 

0.58 

0.35 

0.20 

0.09 

[Np
VI

O2(3)L] 2.42 

2.12 

1.93 

1.75 

0.35 

0.32 

0.42 

0.42 

0.55 

0.53 

0.23 

0.15 

0.40 

0.23 

0.32 

0.13 

0.12 

0.03 

0.58 

0.34 

0.35 

0.31 

[Pu
VI

O2(3)L] 2.38 

2.08 

1.80 

1.60 

0.29 

0.22 

0.38 

0.35 

0.49 

0.43 

0.28 

0.18 

0.50 

0.29 

0.31 

0.12 

0.13 

0.03 

0.60 

0.38 

0.39 

0.20 
B
[Th

IV
O2(4)L]

2-
 2.32 

1.44 

1.39 

0.90 

None 0.25 

0.18 

0.40 

0.25 

0.11 

0.03 

0.85 

0.24 

0.25 

0.04 

0.05 

0.00 

0.50 

0.15 

0.05 

0.00 
L
[Th

IV
O2(4)L]

2-
 2.27 

1.44 

1.24 

0.84 

0.24 

0.16 

0.25 

0.20 

0.40 

0.27 

0.14 

0.04 

0.98 

0.30 

None 0.01 

0.00 

0.53 

0.16 

0.01 

0.00 

[Pa
IV

O2(4)L]
2-

 2.42 

1.96 

1.62 

1.34 

0.32 

0.26 

0.34 

0.28 

0.48 

0.39 

0.15 

0.04 

0.66 

0.21 

None 0.06 

0.00 

0.60 

0.19 

0.07 

0.00 

[Pa
V
O2(4)L]

1-
 2.42 

1.96 

1.61 

1.34 

0.32 

0.26 

0.34 

0.28 

0.48 

0.39 

0.15 

0.04 

0.67 

0.21 

None 0.07 

0.00 

0.58 

0.18 

0.08 

0.00 

[U
IV

O2(4)L]
2-

 2.42 

1.98 

1.61 

1.39 

0.30 

0.26 

0.33 

0.31 

0.47 

0.41 

0.16 

0.04 

0.67 

0.21 

None 0.07 

0.00 

0.59 

0.19 

0.08 

0.00 

[U
VI

O2(4)L] 2.42 

2.12 

1.97 

1.76 

0.39 

0.37 

0.45 

0.46 

0.57 

0.54 

0.10 

0.03 

0.36 

0.12 

0.29 

0.06 

0.14 

0.02 

0.55 

0.16 

0.14 

0.02 

[Np
VI

O2(4)L] 2.42 

2.14 

1.97 

1.79 

0.36 

0.33 

0.43 

0.43 

0.55 

0.52 

0.10 

0.03 

0.35 

0.12 

0.28 

0.06 

0.10 

0.01 

0.54 

0.15 

0.24 

0.16 

[Pu
VI

O2(4)L] 2.39 

2.11 

1.90 

1.70 

0.34 

0.27 

0.41 

0.37 

0.48 

0.42 

0.11 

0.03 

0.39 

0.12 

0.28 

0.06 

0.13 

0.02 

0.55 

0.15 

0.15 

0.03 
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Complexes   Ac O1 O2 AcO2 O3 N1,4 N2,3 M O4 N5,N6 N7,8 
B
[Th

IV
O2(1)L]

2-      
 0.46 -0.52 -0.40 -0.46 -0.05 -0.09 -0.13 0.21 -0.05 -0.10 -0.10 

L
[Th

IV
O2(1)L]

2-
 0.39 -0.50 -0.39 -0.50 -0.05 -0.09 -0.11 0.24 None -0.10 -0.10 

[Pa
IV

O2(1)L]
2-

 0.51 -0.40 -0.34 -0.23 -0.06 -0.10 -0.12 0.31 None -0.12 -0.12 

[Pa
V
O2(1)L]

1-
 0.52 -0.39 -0.33 -0.20 -0.06 -0.10 -0.12 0.31 None -0.12 -0.11 

[U
IV

O2(1)L]
2-

 0.42 -0.38 -0.32 -0.28 -0.05 -0.10 -0.11 0.31 None -0.12 -0.12 

[U
VI

O2(1)L] 0.56 -0.29 -0.25 +0.02 -0.05 -0.10 -0.11 0.27 -0.06 -0.11 -0.10 

[Np
VI

O2(1)L] 0.43 -0.30 -0.27 -0.14 -0.06 -0.10 -0.11 0.32 -0.06 -0.11 -0.08 

[Pu
VI

O2(1)L] 0.38 -0.27 -0.26 -0.15 -0.06 -0.10 -0.11 0.32 -0.06 -0.11 -0.08 
B
[Th

IV
O2(2)L]

2-      
 0.47 -0.51 -0.38 -0.42 -0.05 -0.09 -0.13 0.17 -0.05 -0.10 -0.10 

L
[Th

IV
O2(2)L]

2-
 0.44 -0.49 -0.31 -0.36 -0.05 -0.09 -0.12 0.05 None -0.12 -0.10 

[Pa
IV

O2(2)L]
2-

 0.52 -0.40 -0.32 -0.20 -0.06 -0.10 -0.12 0.24 None -0.12 -0.11 

[Pa
V
O2(2)L]

1-
 0.53 -0.39 -0.32 -0.18 -0.06 -0.10 -0.12 0.24 None -0.10 -0.10 

[U
IV

O2(2)L]
2-

 0.42 -0.38 -0.31 -0.27 -0.05 -0.10 -0.11 0.24 None -0.12 -0.11 

[U
VI

O2(2)L] 0.54 -0.29 -0.26 -0.01 -0.05 -0.10 -0.11 0.27 -0.05 -0.10 -0.10 

[Np
VI

O2(2)L] 0.45 -0.28 -0.25 -0.08 -0.06 -0.10 -0.11 0.24 -0.06 -0.06 -0.08 

[Pu
VI

O2(2)L] 0.38 -0.26 -0.24 -0.12 -0.06 -0.10 -0.10 0.24 -0.06 -0.10 -0.07 
B
[Th

IV
O2(3)L]

2-
 0.47 -0.52 -0.38 -0.43 -0.05 -0.09 -0.13 0.14 -0.04 -0.10 -0.09 

L
[Th

IV
O2(3)L]

2-
 0.42 -0.50 -0.34 -0.42 -0.05 -0.09 -0.10 0.12 None -0.10 -0.09 

[Pa
IV

O2(3)L]
2-

 0.51 -0.40 -0.32 -0.21 -0.06 -0.10 -0.12 0.19 None -0.11 -0.09 

[Pa
V
O2(3)L]

1-
 0.52 -0.39 -0.32 -0.19 -0.06 -0.10 -0.11 0.22 None -0.10 -0.09 

[U
IV

O2(3)L]
2-

 0.42 -0.37 -0.30 -0.25 -0.06 -0.10 -0.10 0.19 None -0.11 -0.09 

[U
VI

O2(3)L] 0.56 -0.28 -0.24 +0.04 -0.05 -0.09 -0.11 0.21 -0.05 -0.10 -0.09 

[Np
VI

O2(3)L] 0.47 -0.26 -0.23 -0.02 -0.05 -0.09 -0.10 0.21 -0.06 -0.10 -0.11 

[Pu
VI

O2(3)L] 0.39 -0.25 -0.23 -0.09 -0.06 -0.09 -0.10 0.21 -0.06 -0.10 -0.07 
B
[Th

IV
O2(4)L]

2-
 0.44 -0.53 -0.43 -0.52 -0.07 -0.09 -0.13 0.32 -0.07 -0.10 0.11 

L
[Th

IV
O2(4)L]

2-
 0.37 -0.51 -0.42 -0.56 -0.05 -0.09 -0.11 0.33 None -0.10 -0.11 

[Pa
IV

O2(4)L]
2-

 0.51 -0.40  -0.35 -0.27 -0.06 -0.09 -0.12 0.39 None -0.13 -0.12 

[Pa
V
O2(4)L]

1-
 0.51 -0.39 -0.35 -0.23 -0.06 -0.10 -0.12 0.40 None -0.11 -0.11 

[U
IV

O2(4)L]
2-

 0.42 -0.37 -0.33 -0.28 -0.05 -0.09 -0.11 0.39 None -0.11 -0.12 

[U
VI

O2(4)L] 0.56 -0.28 -0.26 +0.02 -0.05 -0.09 -0.11 0.38 -0.08 -0.12 -0.11 

[Np
VI

O2(4)L] 0.47 -0.26 -0.25 -0.04 -0.05 -0.09 -0.10 0.38 -0.08 -0.12 -0.11 

[Pu
VI

O2(4)L] 0.40 -0.24 -0.24 -0.08 -0.05 -0.08 -0.10 0.38 -0.08 -0.11 -0.11 
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Table4.4: Hirshfeld atomic charges on various atoms of interest in the heterobimetallic complexes of 

actinides 

 

  

 

 

 

 

 

 

Table4.5: Bite angle and d(Å), the distance of the TM from the pyrrolic nitrogen plane in the lower 

cavity. 

 

Table 4.5 provides the bite angle between the two pyrrolic nitrogen planes and the distance, d, of the 

TM from the lower cavity plane. The flexibility of the Pacman ligand can be seen from the variation of 

the bite angle among the various complexes. The bite angles for the complexes Ac
IV

O2 and Ac
V
O2 

range from 76.61º to 88.95º whereas it is much lower (54.42 º to 66.18 º) for the Ac
VI

O2 complexes. 

The effect of the actinide contraction and the higher oxidation state makes the Ac(VI) smaller than 

those in the IV and V oxidation states, and thus the angle between the two planes in the former case 

becomes much smaller. The two pyrrolic planes are found to be far apart in case of Th(IV) complexes 

and they are close for the [Np
VI

O2(1) L] and [Pu
VI

O2(1) L] complexes.  

Complexes   Bite 

angle(⁰ ) 

d(Å) Complexes   Bite 

angle(⁰ ) 

d(Å) 

B
[Th

IV
O2(1)L]

2-      
 84.30 0.50 [Th

IV
O2(3)L]

2-
 88.95 0.42 

L
[Th

IV
O2(1)L]

2-
 87.61 0.82 

a
[Th

IV
O2(3)L]

2-
 84.33 0.88 

[Pa
IV

O2(1)L]
2-

 81.62 0.73 [Pa
IV

O2(3)L]
2-

 79.17 0.72 

[Pa
V
O2(1)L]

1-
 80.03 0.72 [Pa

V
O2(3)L]

1-
 77.49 0.69 

[U
IV

O2(1)L]
2-

 80.45 0.75 U
IV

O2(3)L]
2-

 78.33 0.73 

[U
VI

O2(1)L] 66.18 0.15 [U
VI

O2(3)L] 63.41 0.18 

[Np
VI

O2(1)L] 54.42 0.27 [Np
VI

O2(3)L] 60.53 0.21 

[Pu
VI

O2(1)L] 55.60 0.26 [Pu
VI

O2(3)L] 60.39 0.23 
B
[Th

IV
O2(2)L]

2-      
 88.29 0.50 [Th

IV
O2(4)L]

2-
 88.95 0.42 

L
[Th

IV
O2(2)L]

2-
 76.72 0.45 

a
[Th

IV
O2(4)L]

2-
 85.62 0.82 

[Pa
IV

O2(2)L]
2-

 79.17 0.72 [Pa
IV

O2(4)L]
2-

 78.21 0.73 

[Pa
V
O2(2)L]

1-
 77.49 0.69 [Pa

V
O2(4)L]

1-
 76.61 0.73 

U
IV

O2(2)L]
2-

 78.33 0.73 U
IV

O2(4)L]
2-

 77.23 0.75 

[U
VI

O2(2)L] 63.41 0.18 [U
VI

O2(4)L] 63.71 0.15 

[Np
VI

O2(2)L] 60.53 0.21 [Np
VI

O2(4)L] 62.58 0.18 

[Pu
VI

O2(2)L] 60.40 0.23 [Pu
VI

O2(4)L] 65.85 0.18 
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For the case 3 complexes, where there is no TM-THF bond, the TM sits above the center of the aryl 

ring and this is quantified by the distance d. This distance measures the extent to which the metal is 

offset from the center and it is found to be the highest in case of Th(IV), Pa(IV), Pa(V) and U(IV) 

complexes. On the other side, the Ac(VI) complexes, TM sits almost in the cavity plane formed by the 

pyrrolic nitrogens in the bottom pocket.  

All the 32 heterobimetallic macrocyclic complexes studied in this work are found to have 

appreciable interactions of the transition metal sitting in the lower cavity with the actinyl endo oxygen, 

O2. The variation of the bond length of the M-O2 bond among various actinide complexes having one 

transition metal are shown in Figure 4.2. In this figure, there is a dip at 
L
[Th

IV
O2(1-4) L]

2-
, indicating 

the smallest M-O2 bond length compared to the various other complexes. In case of
 B

[Th
IV

O2(1-4) L]
2-

complexes, the M-O2 bond is also strong but not as much as it is in the case of 
L
[Th

IV
O2(1-4) L]

2-

complexes. We observed this earlier also that, in these complexes, the TM is pulled out of the plane 

towards O2 and that is why they form strong M-O2 bonds in these complexes.  However, in Pa
IV

O2, 

Pa
V
O2 and U

IV
O2 complexes, there is not much variation in the bond length of M-O2 and the bond 

order of M-O2 is in the range of 0.66 to 0.69 with iron complexes have comparatively shorter bond 

length with a bond order of about 0.75. Among Ac
VI

O2 , U
VI

O2 together with [Np
VI

O2(4) L] complexes

and [Pu
VI

O2(4) L] complexes exhibit quite weak bonding of the TM to the actinyl endo oxygen with 

the bond order in the range of 0.35 to 0.46.  Among transition metals, iron forms the strongest 

interactions with the endo oxygen whereas manganese and zinc forms weak interactions with the O2. 

Np
VI

O2 and Pu
VI

O2 complexes, however, shows a quite variation in the bond order across the transition 

metals with Mn and Fe forming the strongest bond with the O2. These kinds of interactions of the 

actinyl oxygen with the other cation within the same isostructural binuclear complexes form the basis 

of cation-cation interactions (CCI). 
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Figure4.2: Plot showing the variation of the M-O2 bond across the actinide series as well as with the 

variation of TM. 

4.3.2 QTAIM analysis 

Like the previous case study of the mononuclear and binuclear Pacman complexes of the polypyrrolic 

macrocyclic ligand studied in chapter 3, here we also applied the quantum theory of atoms in 

molecules (QTAIM) approach to analyze the electronic structure of the complexes. The details about 

all these QTAIM parameters have been discussed in chapter 3. We calculated the electron density ρ, its 

laplacian ∇2
ρ, energy density H (which is the sum of the kinetic and potential energy densities) and DI 

at the metal-oxygen and metal nitrogen BCPs in the various complexes.  

  

1.7

1.75

1.8

1.85

1.9

1.95

2

2.05

BThIV LThIV PaIV PaV UIV UVI NpVI PuVI

B
o

n
d

 le
n

gt
h

 (
Å

) 

Variation of the Bond length of M-O2 

Mn Fe Co Zn



79 

 

Parameters 
B
[Th

IV
O2(1)L]

2-      
 

L
[Th

IV
O2(1)L]

2-      
 [Pa

IV
O2(1)L]

2-      
 [Pa

V
O2(1)L]

1-      
 [U

IV
O2(1)L]

2-      
 [U

VI
O2(1)L] [Np

VI
O2(1)L] [Pu

VI
O2(1)L] 

ρ Ac-O1 

ρ Ac-O2 

ρ Ac-O3 

ρ M-O2 

ρ Ac-N 

ρ M-N 

ρ M-O4 

0.18 

0.12 

None 

0.11 

0.03/0.04 

0.01/0.07 

0.03 

0.18 

0.10 

0.026 

0.13 

0.03/0.04 

0.01/0.07 

None 

0.237 

0.170 

0.038 

0.098 

0.045/0.059 

0.078 

None 

0.241 

0.169 

0.037 

0.101 

0.045/0.060 

0.079 

None 

0.245 

0.173 

0.036 

0.100 

0.043/0.057 

0.077 

None 

0.274 

0.234 

0.045 

0.066 

0.058/0.071 

0.080 

0.039 

0.261 

0.167 

0.039 

0.120 

0.051/0.066 

0.104 

0.040 

0.260 

0.169 

0.038 

0.121 

0.051/0.061 

0.069/0.101 

0.041 

∇2
ρ Ac-O1 

∇2
ρ Ac-O2 

∇2
ρ Ac-O3 

∇2
ρ M-O2 

∇2
ρ Ac-N 

∇2
ρ M-N 

∇2
ρ M-O4 

0.39 

0.34 

None 

0.60 

0.08/0.11 

0.290 

0.17 

0.38 

0.29 

0.10 

0.69 

0.03/0.04 

0.290 

None 

0.400 

0.397 

0.146 

0.529 

0.114/0.144 

0.318 

None 

0.397 

0.398 

0.143 

0.549 

0.115/0.146 

0.320 

None 

0.417 

0.408 

0.149 

0.537 

0.123/0.148 

0.313 

None 

0.434 

0.472 

0.171 

0.347 

0.138/0.165 

0.315 

0.180 

0.448 

0.458 

0.153 

0.626 

0.142/0.169 

0.239/0.359 

0.175 

0.483 

0.482 

0.157 

0.638 

0.143/0.170 

0.242/0.357 

0.181 

H Ac-O1 

H Ac-O2 

H Ac-O3 

H M-O2 

H Ac-N 

H M-N 

H M-O4  

-0.10 

-0.04 

None 

-0.02 

0/0 

0/0 

0 

-0.09 

-0.03 

0 

-0.03 

0 

-0.01 

None 

-0.157 

-0.0170 

0 

-0.015 

-0.004/0.009 

-0.013 

None 

-0.163 

-0.080 

0 

-0.016 

0 

-0.01 

None  

-0.162 

-0.081 

0 

-0.015 

-0.004/0.008 

-0.013 

None 

-0.201 

-0.147 

-0.002 

-0.005 

-0.009/-

0.014 

-0.001 

-0.178 

-0.071 

0 

-0.022 

-0.005/-0.011 

-0.009/-0.020 

-0.002 

-0.174 

-0.071 

0 

-0.022 

-0.006/-0.009 

-0.009/-0.020 

-0.002 

ε Ac-O1 

ε Ac-O2 

ε Ac-O3 

ε M-O2 

ε Ac-N 

ε M-N 

ε M-O4  

0.002 

0.012 

None 

0.007 

0.114/0.22 

0.29/0.08 

0.08 

0 

0.03 

0.05 

0 

0.15/0.21 

0.67/0.08 

None 

0.004 

0.038 

0.004 

0.011 

0.195/0.236 

0.094 

None 

0.005 

0.039 

0.008 

0.013 

0.200/0.240 

0.096 

None 

0.003 

0.046 

0.191 

0.010 

0.333/0.179 

0.094 

None 

0.003 

0.033 

0.011 

0.023 

0.243/0.285 

0.098 

0.076 

0.007 

0.038 

0.060 

0.029 

0.243/0.271 

0.064/0.104 

0.105 

0.007 

0.020 

0.163 

0.033 

0.244/0.133 

0.467/0.105 

0.106 

DI Ac-O1 

DI Ac-O2 

DI Ac-O3 

DI M-O2 

DI Ac-N 

DI M-N 

DI M-O4 

2.624 

1.852 

None 

1.326 

0.751/0.919 

0.212/0.971 

0.691 

2.606 

1.673 

0.716 

1.515 

0.777/0.942 

0.195/0.994 

None 

2.814 

2.151 

0.869 

1.122 

0.893/1.037 

0.247/1.053 

None 

2.828 

2.139 

0.865 

1.141 

0.891/1.041 

0.279/1.014 

None 

2.839 

2.148 

0.854 

1.132 

0.894/1.030 

0.262/1.040 

None 

2.897 

2.491 

0.957 

0.789 

1.019/1.133 

0.414/1.017 

0.737 

2.895 

2.057 

0.878 

1.277 

0.941/1.088 

0.936/1.163 

0.739 

2.894 

2.060 

0.886 

1.278 

0.940/1.065 

0.942/1.171 

0.750 
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Table4.6: QTAIM topological analysis showing the calculated electron density ρ, ∇2
ρ, H, ε, and DI at 

The BCPs of various bonds of interest in Mn containing actinide complexes [AcO2(Mn) L]
n
 where 

n=0,-1,-2. All the values are in a.u.  
B
[Th

IV
O2(1) L]

2- 
has O1-Th-O2 is bent with no Ac-O3 bond whereas 

the other 
  L

[Th
IV

O2(1) L]
2-  

has no M-O4 bond.
   

 

 Table 4.6 depicts the QTAIM parameters for the Pacman complexes of the actinide complexes 

(Th-Pu) containing manganese, Mn, as a heteroatom. The trends in Ac-O as a function of the actinide 

is possibly the most informative and is very much like the ones observed in case of mononuclear as 

well as binuclear complexes of actinides (chapter 3). For the Ac-O1 bond, the electron density at the 

BCPs (Table 4.6) is more than 0.2 a.u. except for the thorium complexes. The electron density goes on 

increasing across the series till uranium and then it becomes either constant or decreases for the Np and 

Pu complexes. Like the mononuclear as well as binuclear complexes of actinides (studied in chapter 3) 

the electron density is maximum in case of uranium complexes for the Ac-O1 bond indicating shared 

shell interactions in uranium complexes as compared to all other complexes studied in this work. 

Among Pa(IV), Pa(V), U(IV) and U(VI) complexes, ρ at the BCPs of the Ac-O1 bond in case of the 

respective oxidized actinide complexes is more than their reduced counterparts, implying more 

covalent character of the Ac-O1 bond in case of Pa(V) and U(VI) complexes. In all these complexes, 

the actinides are found to form stronger bonds to the exo oxygen, O1 than the endo oxygen, O2 as ρ at 

the BCPs of the Ac-O2 is very small as compared to the that of Ac-O1 bond except for the [U
VI

O2(1) L] 

complex where U(VI) binds strongly to both uranyl oxygens.  
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 The actinides in all these complexes bind comparatively stronger to N2 and N3 than to N1 and 

N4, and this can be observed from the DI values at the BCPs of the Ac-N bonds. The DI value at the 

BCP basically measures the bond order of that bond. From its value for M-N bond, it can be inferred 

that the transition metal has only strong interactions with two of the four nitrogens. However, in case 

of [Np
VI

O2(1)L] and [Pu
VI

O2(1)L], the transition metal is binding to three of the four nitrogens instead 

of two as seen in earlier cases.  

The large negative values for the energy density at the BCP of the U-O1 bond also supports our 

observation of its high covalency as compared to all other Ac-O1/Ac-O2 bonds. Furthermore, its 

delocalization index value (DI) in Table 4.6 is the highest among all other bonds that are considered in 

our study. Although the electron density values, ρ, for all the Ac-O1 bonds, except for  the Th-O1 bond, 

are more than 0.2 a.u, ∇2
ρ values are all positive which is very common in case of strongly polar 

bonds
214

. The ellipticity of the bonds, ε, are almost zero for every case except for the Ac-N/M-N bonds. 
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Figure4.3: Plot showing the variation of the electron density at the BCPs of the Ac-O1 for the 

heterobinuclear complexes.  

The electron density values and laplacian at the BCP of the M-O2 bond indicates an ionic interaction 

between the transition metal and the endo oxygen. The ellipticity values for the M-O2 bond is about 

zero, inferring it as a single bond and moreover DI values at the BCP of the M-O2 range from 0.789-

1.515. The Mn-O2 bond in case of [U
VI

O2(1) L] has the lowest DI value of 0.789 and it can be 

correlated with the shortness of the U-O2 bond.  

 Table 4.7, Table 4.8 and Table 4.9 represent the QTAIM parameters for the various bonds in 

the Fe, Co and Zn containing actinide Pacman complexes respectively. From the analysis of the 

QTAIM metrics for these complexes, we observed that there is not much variation in the bonding 

behavior of the actinyl moiety among different transition metal complexes. As found in case of 

[AnO2(1) L]
-n 

complexes, where n=0,1,2 in case of [AnO2(2) L]
-n

, [AnO2(3) L]
-n 

and [AnO2(4) L]
-n 

complexes, respective U-O1/U-O2 bonds are the strongest indicating that uranium binds more closely to 

the actinyl oxygen than any other actinide (Th, Pa, Np, Pu) irrespective of the transition metal. This 

behavior is also supported by the bond length and bond order data as seen in the previous section. 

 



83 

 

Table4.7: QTAIM Topological analysis showing the calculated electron density ρ, ∇2
ρ, H, ε, and DI at the BCPs Of various bonds of interest 

in the iron, Fe containing actinide complexes [AcO2(Fe) L]
n
 where n=0,-1,-2 All the values are in a.u.  

Parameters 
B
[Th

IV
O2(2)L]

2-      
 
L
[Th

IV
O2(2)L]

2-      
 [Pa

IV
O2(2)L]

2-      
 [Pa

V
O2(2)L]

1-      
 [U

IV
O2(2)L]

2-      
 [U

VI
O2(2)L] [Np

VI
O2(2)L] [Pu

VI
O2(2)L] 

ρ Ac-O1 

ρ Ac-O2 

ρ Ac-O3 

ρ M-O2 

ρ Ac-N 

ρ M-N 

ρ M-O4 

0.188 

0.114 

None 

0.128 

0.030/0.043 

0.075 

0.040 

0.188 

0.086 

0.028 

0.172 

0.035/0.048 

0.118 

None 

0.238 

0.162 

0.039 

0.113 

0.045/0.059 

0.090 

None 

0.242 

0.162 

0.039 

0.116 

0.045/0.060 

0.090 

None 

0.242 

0.162 

0.039 

0.116 

0.046/0.060 

0.090 

None 

0.272 

0.216 

0.044 

0.084 

0.057/0.071 

0.090 

0.047 

0.269 

0.193 

0.037 

0.100 

0.054/0.067 

0.106 

0.041 

0.263 

0.166 

0.033 

0.123 

0.052/0.062 

0.106 

0.041 

∇2
ρ Ac-O1 

∇2
ρ Ac-O2 

∇2
ρ Ac-O3 

∇2
ρ M-O2 

∇2
ρ Ac-N 

∇2
ρ M-N 

∇2
ρ M-O4 

0.398 

0.318 

None 

0.672 

0.088/0.115 

0.030/0.346 

0.188 

0.401 

0.272 

0.111 

0.878 

0.096/0.124 

0.567 

None 

0.403 

0.391 

0.150 

0.602 

0.115/0.142 

0.348 

None 

0.399 

0.392 

0.149 

0.623 

0.115/0.144 

0.355 

None 

0.399 

0.392 

0.149 

0.623 

0.116/0.144 

0.355 

None 

0.428 

0.460 

0.168 

0.436 

0.137/0.163 

0.372 

0.222 

0.457 

0.466 

0.147 

0.518 

0.141/0.171 

0.390/0.446 

0.181 

0.495 

0.454 

0.136 

0.639 

0.141/0.171 

0.418/0.465 

0.179 

H Ac-O1 

H Ac-O2 

H Ac-O3 

H M-O2 

H Ac-N 

H M-N 

H M-O4  

-0.104 

-0.037 

None 

-0.029 

-0.001/-0.004 

-0.013 

-0.001 

-0.103 

-0.019 

0.001 

-0.051 

-0.001/-0.005 

0.344 

None 

-0.159 

-0.073 

0 

-0.021 

-0.004/-0.009 

-0.018 

None 

-0.164 

-0.073 

0 

-0.021 

-0.004/-0.009 

-0.018 

None 

-0.164 

-0.073 

0 

-0.022 

-0.004/-0.009 

-0.018 

None 

-0.199 

-0.125 

0 

-0.011 

-0.008/-0.013 

-0.018 

-0.003 

-0.189 

0.193 

0 

-0.016 

-0.007/-0.012 

-0.019/-0.023 

-0.002 

-0.174 

-0.068 

0 

-0.024 

-0.006/-0.010 

-0.023/-0.027 

-0.041 

ε Ac-O1 

ε Ac-O2 

ε Ac-O3 

ε M-O2 

ε Ac-N 

ε M-N 

ε M-O4  

0.006 

0.014 

None 

0.047 

0.117/0.230 

0.125,0.234 

0.247 

0.005 

0.022 

0.042 

0.011 

0.143/0.188 

0.796 

None 

0.004 

0.033 

0.012 

0.093 

0.192/0.228 

0.09 

None 

0.005 

0.030 

0.012 

0.080 

0.200/0.230 

0.075 

None 

0.005 

0.030 

0.012 

0.080 

0.200/0.238 

0.075 

None 

0.003 

0.056 

0.041 

0.032 

0.264/0.269 

0.143 

-0.003 

0.007 

0.040 

0.119 

0.020 

0.268/0.244 

0.299/0.220 

0.129 

0.007 

0.037 

0.149 

0.051 

0.273/0.132 

0.288/0.209 

0.160 

DI Ac-O1 

DI Ac-O2 

DI Ac-O3 

DI M-O2 

DI Ac-N 

DI M-N 

DI M-O4 

2.642 

1.754 

None 

1.389 

0.770/0.919 

0.145/0.958 

0.665 

2.598 

1.450 

0.740 

1.701 

0.798/0.950 

0.211/1.230 

None 

2.820 

2.095 

0.885 

1.179 

0.896/1.034 

0.196/1.067 

None 

2.833 

2.084 

0.887 

1.196 

0.894/1.042 

0.225/1.056 

None 

2.840 

2.068 

0.871 

1.211 

0.892/1.027 

0.209/1.054 

None 

2.885 

2.388 

0941 

0.886 

0.999/1.125 

0.359/1.053 

0.761 

2.891 

2.239 

0.862 

1.048 

0.967/1.088 

0.801/1.108 

0.697 

2.888 

2.029 

0.825 

1.253 

0.954/1.071 

0.896/1.143 

0.695 
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Table4.8: QTAIM Topological analysis showing the calculated electron density ρ, ∇2
ρ, H, ε, and DI at the BCPs of various bonds of interest 

in the cobalt containing actinide complexes [AcO2(Co)L]
n
 Where n=0,-1,-2 All the values are in a.u.  

      
 

Parameters 
B
[Th

IV
O2(3)L]

2-      
 
L
[Th

IV
O2(3)L]

2-      
 [Pa

IV
O2(3)L]

2-      
 [Pa

V
O2(3)L]

1-      
 [U

IV
O2(3)L]

2-      
 [U

VI
O2(3)L] [Np

VI
O2(3)L] [Pu

VI
O2(3)L] 

ρ Ac-O1 

ρ Ac-O2 

ρ Ac-O3 

ρ M-O2 

ρ Ac-N 

ρ M-N 

ρ M-O4 

0.187 

0.119 

None 

0.123 

0.031/0.043 

0.085 

0.044 

0.187 

0.094 

0.030 

0.153 

0.033/0.047 

0.088 

0.007 

0.237 

0.171 

0.034 

0.101 

0.047/0.058 

0.103 

None 

0.241 

0.168 

0.038 

0.108 

0.045/0.059 

0.098 

None 

0.246 

0.178 

0.033 

0.101 

0.047/0.058 

0.102 

None 

0.275 

0.232 

0.048 

0.073 

0.058/0.071 

0.095 

0.048 

0.278 

0.232 

0.043 

0.073 

0.055/0.070 

0.090 

0.043 

0.270 

0.213 

0.034 

0.086 

0.053/0.063 

0.054/0.095/0.105 

0.042 

∇2
ρ Ac-O1 

∇2
ρ Ac-O2 

∇2
ρ Ac-O3 

∇2
ρ M-O2 

∇2
ρ Ac-N 

∇2
ρ M-N 

∇2
ρ M-O4 

0.398 

0.335 

None 

0.650 

0.088/0.116 

0.399 

0.233 

0.391 

0.274 

0.119 

0.841 

0.093/0.121 

0.367 

None 

0.404 

0.397 

0.134 

0.101 

0.118/0.141 

0.294/0.455 

None 

0.399 

0.404 

0.145 

0.599 

0.116/0.059 

0.420 

None 

0.420 

0.411 

0.136 

0.551 

0.288/0.147 

0.448 

None 

0.434 

0.493 

0.180 

0.414 

0.137/0.163 

0.416 

0.236 

0.457 

0.501 

0.172 

0.393 

0.140/0.166 

0.435 

0.043 

0.493 

0.512 

0.139 

0.449 

0.143/0.173 

0.193/0.390/0.451 

0.191 

H Ac-O1 

H Ac-O2 

H Ac-O3 

H M-O2 

H Ac-N 

H M-N 

H M-O4  

-0.102 

-0.040 

None 

-0.027 

0/-0.004 

-0.0158 

-0.002 

-0.103 

-0.024 

-0.001 

-0.042 

-0.001/-0.005 

-0.017 

0 

-0.158 

-0.082 

0 

0.101 

-0.004/-0.008 

-0.012/-0.161 

None 

-0.163 

-0.078 

0 

-0.020 

-0.004/-0.009 

-0.021 

None 

-0.163 

-0.017 

0 

-0.017 

-0.004/-0.008 

-0.023 

None 

-0.203 

-0.145 

-0.002 

-0.008 

-0.009/-0.013 

-0.020 

-0.003 

-0.203 

-0.141 

-0.001 

-0.008 

-0.008/-0.012 

-0.021 

-0.003 

-0.185 

-0.115 

0 

-0.012 

-0.006/-0.010 

-0.008/-0.020/-0.024 

-0.002 

ε Ac-O1 

ε Ac-O2 

ε Ac-O3 

ε M-O2 

ε Ac-N 

ε M-N 

ε M-O4  

0.004 

0.040 

None 

0.030 

0.110/0.220 

0.270 

0.220 

0.005 

0.013 

0.050 

0.048 

0.157/0.196 

0.145 

None 

0.003 

0.033 

0.004 

0.070 

0.178/0.237 

0.215 

None 

0.007 

0.003 

0.01 

0.190 

0.199/0.240 

0.280 

None 

0.004 

0.044 

0.158 

0.042 

0.197/0.288 

0.282 

None 

0.002 

0.049 

0.023 

0.493 

0.238/0.277 

0.144 

0.050 

0.005 

0.047 

0.100 

0.186 

0.313/0.226 

0.121 

0.451 

0.006 

0.060 

0.137 

0.192 

0.270/0.128 

0.024/0.478 

0.453 

DI Ac-O1 

DI Ac-O2 

DI Ac-O3 

DI M-O2 

DI Ac-N 

DI M-N 

DI M-O4 

2.629 

1.834 

None 

1.301 

0.751/0.914 

0.137/0.984 

0.674 

2.617 

1.551 

0.769 

1.617 

0.778/0.936 

0.102/0.993 

None 

2.811 

2.186 

0.829 

1.043 

0.899/1.022 

0.617/1.085 

None 

2.827 

2.157 

0.872 

1.090 

0.888/1.037 

0.197/1.078 

None 

2.832 

2.200 

0.817 

1.037 

0.919/1.024 

0.658/1.070 

None 

2.887 

2.516 

0.986 

0.769 

1.020/1.136 

0.305/1.044 

0.732 

2.890 

2.499 

0.946 

0.769 

1.018/1.131 

0.609/1.039 

0.451 

2.880 

2.385 

0.835 

0.870 

0.974/1.071 

0.717/1.061 

0.660 
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Table4.9: QTAIM Topological analysis showing the calculated electron density ρ, ∇2
ρ, H, ε, and DI at the BCPs of various bonds of interest in the cobalt containing 

actinide complexes [AcO2(Co)L]
n
 Where n=0,-1,-2 All the values are in a.u.   

Parameters 
B
[Th

IV
O2(4)L]

2-      
 
L
[Th

IV
O2(4)L]

2-      
 [Pa

IV
O2(4)L]

2-      
 [Pa

V
O2(4)L]

1-      
 [U

IV
O2(4)L]

2-      
 [U

VI
O2(4)L] [Np

VI
O2(4)L] [Pu

VI
O2(4)L] 

ρ Ac-O1 

ρ Ac-O2 

ρ Ac-O3 

ρ M-O2 

ρ Ac-N 

ρ M-N 

ρ M-O4 

0.185 

0.125 

None 

0.112 

0.029/0.043 

0.081 

0.037 

0.182 

0.108 

0.027 

0.123 

0.031/0.046 

0.084 

None 

0.239 

0.168 

0.041 

0.101 

0.044/0.058 

0.091 

None 

0.242 

0.167 

0.040 

0.104 

0.044/0.059 

0.091 

None 

0.247 

0.172 

0.039 

0.101 

0.042/0.057 

0.091 

None 

0.276 

0.431 

0.050 

0.070 

0.057/0.071 

0.094 

0.041 

0.280 

0.238 

0.047 

0.067 

0.054/0.070 

0.095 

0.039 

0.277 

0.229 

0.044 

0.073 

0.051/0.059 

0.092 

0.039 

∇2
ρ Ac-O1 

∇2
ρ Ac-O2 

∇2
ρ Ac-O3 

∇2
ρ M-O2 

∇2
ρ Ac-N 

∇2
ρ M-N 

∇2
ρ M-O4 

0.395 

0.351 

None 

0.593 

0.085/0.116 

0.334 

0.154 

0.383 

0.316 

0.109 

0.662 

0.092/0.124 

0.331 

None 

0.400 

0.409 

0.155 

0.541 

0.112/0.142 

0.373 

None 

0.397 

0.410 

0.151 

0.566 

0.113/0.144 

0.381 

None 

0.415 

0.418 

0.161 

0.542 

0.120/0.146 

0.370 

None 

0.431 

0.492 

0.188 

0.354 

0.136/0.163 

0.392 

0.160 

0.452 

0.505 

0.187 

0.335 

0.143/0.170 

0.400 

0.154 

0.482 

0.522 

0.181 

0.371 

0.142/0.163 

0.388 

0.153 

H Ac-O1 

H Ac-O2 

H Ac-O3 

H M-O2 

H Ac-N 

H M-N 

H M-O4  

-0.101 

-0.044 

None 

-0.026 

0/-0.004 

-0.017 

-0.003 

-0.098 

-0.032 

0.001 

-0.031 

0/-0.004 

-0.018 

None 

-0.159 

-0.078 

0 

-0.020 

-0.004/0.009 

-0.021 

None 

-0.164 

-0.077 

0 

-0.022 

-0.004/-0.009 

-0.021 

None 

-0.165 

-0.079 

0 

-0.020 

-0.003/-0.008 

-0.021 

None 

-0.204 

-0.145 

-0.003 

-0.010 

-0.009/-0.013 

-0.027 

-0.004 

-0.205 

-0.148 

-0.002 

-0.009 

-0.008/-0.013 

-0.023 

-0.003 

-0.194 

-0.134 

-0.001 

-0.011 

-0.006/-0.009 

-0.022 

0.003 

ε Ac-O1 

ε Ac-O2 

ε Ac-O3 

ε M-O2 

ε Ac-N 

ε M-N 

ε M-O4  

0.001 

0.040 

None 

0 

0.110/0.230 

0.054 

0.070 

0.007 

0.054 

0.051 

0.009 

0.152/0.213 

0.052 

None 

0.004 

0.040 

0.022 

0.010 

0.189/0.234 

0.0643 

None 

0.006 

0.045 

0.019 

0.012 

0.197/0.240 

0.057 

None 

0.003 

0.052 

0.170 

0.011 

0.320/0.182 

0.063 

None 

0.003 

0.027 

0.027 

0.002 

0.240/0.280 

0.053 

0.069 

0.006 

0.031 

0.097 

0.010 

0.329/0.237 

0.056 

0.083 

0.003 

0.035 

0.089 

0.004 

0.248/0.181 

0.052 

0.070 

DI Ac-O1 

DI Ac-O2 

DI Ac-O3 

DI M-O2 

DI Ac-N 

DI M-N 

DI M-O4 

2.638 

1.948 

None 

1.120 

0.735/0.909 

0.892 

0.549 

2.600 

1.790 

0.727 

1.266 

0.759/0.928 

0.921 

None 

2.829 

2.190 

0.890 

1.00 

0.441/0.515 

0.490 

None 

2.830 

2.190 

0.890 

1.000 

0.880/1.030 

0.970 

None 

2.848 

2.209 

0.891 

0.986 

0.881/1.025 

0.977 

None 

2.890 

2.530 

1.000 

0.689 

1.010/1.130 

0.960 

0.600 

2.895 

2.552 

0.980 

0.671 

1.002/1.130 

0.949 

0.578 

2.895 

2.503 

0.955 

0.720 

0.992/1.048 

0.212/0.955 

0.589 
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      Figure 4.3 represents the variation of the electron density at the BCP of the Ac-O1 bond 

with the actinide as well as with the transition metal. It shows an abrupt increase in its value 

in going from thorium to protactinium complexes. Furthermore, its value does not show 

much variation up to U(IV) complexes but again it shows a sudden rise for U(VI) complexes. 

The electron density at the BCP of the Ac-O1 among all the complexes shows maxima for the 

U(VI) complexes and thereafter for neptunium and plutonium complexes either it stays 

constant or shows a decline.  

Like [AnO2(1) L]
-n 

complexes, where n=0,1,2 (Table 4.6), in case of other transition metal 

containing complexes of the actinides, there is an accumulation of the electron density at the 

BCPs of the Ac-O1 bond with the increase of the oxidation state of the actinide as well as 

with the increase of the atomic number of the actinide, indicating more shared interactions in 

these cases.  

               

 

Figure4.4: Variation of the delocalization index (DI) at the BCP of the M-O2 bond.  

0.5

1

1.5

BTh(IV) LTh(IV) Pa(IV) Pa(V) U(IV) U(VI) Np(IV) Pu(VI)

D
I 

Variation of DI at the BCP of M-O2 bond 

Mn(II) Fe(II) Co(II) Zn(II)
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In most of the complexes, the transition metal does not sit in the cavity plane and is pulled 

out towards the endo oxygen and thus have considerable interactions with it. The plot in 

Figure 4.4 depicts the variation of delocalization index at the BCP of the M-O2 bond with the 

change in the transition metal as well as with the actinide. This plot correlates very well with 

our plot for the variation of the bond length of M-O2 in Figure 4.2. From the analysis of both 

plots, we can conclude that in case of thorium complexes, all the transition metals (Mn, Fe, 

Co and Zn) form a strong bond to O2, with iron forming the strongest, whereas in case of 

U(VI) complexes, all these metals lie very much on the pyrrolic plane in the lower cavity and 

show very weak interactions with the endo oxygen.  

Among various transition metals considered in our study, zinc forms the weakest 

whereas iron forms the strongest interactions with the actinyl endo oxygen O2 giving rise to 

very important cation-cation interactions in these complexes.  

4.4 Conclusion  

Many heterobimetallic complexes of the macrocyclic ligand were studied using density 

functional theory followed by QTAIM analysis. The upper cavity contains actinyl cations 

Th
IV

O2, Pa
IV

O2, Pa
V
O2 

1+
, U

IV
O2, U

VI
O2 

2+
, Np

VI
O2

2+
 and Pu

VI
O2 

2+
 and the lower cavity 

contains Mn
II
, Fe

II
, Co

II
 and Zn

II
. Two different geometries for the thorium complexes 

namely 
B
[Th

IV
O2(4) L]

2-   
and

   L
[ThIVO2(4) L]

2- 
were studied and the former was found to be 

more stable than the latter by an amount of 24.88 Kcal/mol. However, 
L
[Th

IV
O2(4) L]

2-  
was 

found to have strong interactions of the 3d metal with the actinyl endo oxygen. We 

encountered three different coordination environments, viz. trigonal, tetrahedral and 

pentagonal, around the transition metal in the lower pocket whereas
 
the actinide is either 6 or 

7 coordinated. In 
B
[Th

IV
O2(4) L]

2- 
complex, thorium is 6 coordinated whereas in all other 

complexes the actinide in the upper cavity has nearly pentagonal bipyramidal geometry.   
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The effect of the actinide contraction is clearly seen in the bond length of Ac-O/Ac-N 

as we proceed from thorium to plutonium. Among various actinides from thorium to 

plutonium in different oxidation states in the Pacman heterobimetallic complexes containing 

3d transition metal in the lower pocket, uranium in the U(VI) complex is found to form very 

strong U-O/U-N bonds whereas thorium forms comparatively weak bonds. As the actinyl 

endo oxygen in case of U(VI) complexes is strongly bonded to the uranium so it has weak 

interactions with the transition metal irrespective of the transition metal. Mayer and NBO 

bond order were calculated but NBO were found to be underestimating the bond strength in 

each case. Furthermore, all these observations are well supported by the QTAIM data 

analysis. Based on the QTAIM analysis, we found that the uranium in the U(VI) complex 

forms the strongest bond to the uranyl oxygen in each of the complexes having different TM 

in one of the cavities of the Pacman ligand.  

 All these complexes fall in the category of the cation-cation interactions as they all 

exhibit strong interactions of the actinyl endo oxygen to the transition metal. These 

interactions lead to the desymmetrization of the actinyl oxo group. Among these four 

different transition metals, we found that iron forms strong interactions whereas zinc and 

manganese complexes have the least interactions with O2 and this is supported by bond 

length, bond order as well as QTAIM data. Moreover, these findings agrees well with the 

previous studies on the analogues complexes
56

.  
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Chapter 5 

Summary and Future Studies 

5.1 Summary 

 In this thesis, we report the comparative computational studies on the bonding 

analysis of the complexes of early actinides with the octadentate, tetraanionic polypyrrolic 

ligand H4L (Figure 1.1). All the studied complexes adopt the well-known Pacman shape.  

A total of 29 complexes involving both mononuclear as well as binuclear complexes 

of the first three actinides with the Schiff-base polypyrrolic ligand were studied using density 

functional theory. The actinides considered in our case study involves Th(IV), Pa(IV), Pa(V), 

U(IV) and U(VI). Both DFT and QTAIM studies were done to analyse the bonding patterns 

of the actinyls in the N4 donor compartments of the ligand in comparision to the U(VI) 

analogues. In case of mononuclear complexes of ThO2 with the ligand, Th-O bonds were so 

long that the actinyl endo oxygen abstracts the two protons from the vacant pocket and it 

behaves as a water molecule and this behavior was different from all other actinyl considered 

in our work.  

In case of binuclear complexes, in addition to the earlier known butterfly structures, 

we explored two more unusual structures namely Diamond D and Zigzag Z, named after the 

shape of the Ac-O skeleton. The diamond structure is considered as an isomer of the well-

known butterfly B structure as both have the same formula. These shapes were found to be 

adopted by Th (IV), Pa (IV), Pa (V) and U (IV) complexes. In case of the diamond structures, 

the actinide in the lower cavity does not sit in the polypyrrolic plane. However, the butterfly 

structure was found to be more stable than its analogous diamond structure. Likewise, among 

Tri and Z isomers, in case of Pa(V) complexes, the Tri isomer was found to be more stable. 
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In case of all the binuclear complexes of the early actinides, we found that there is an 

appreciable interaction of the actinyl endo oxygen of one compartment with the actinide 

sitting in the other cavity. Moreover, in all cases of these complexes we found that the Ac-

Oendo is comparatively longer than their respective Ac-Oexo bond indicating clearly cation-

cation interactions.  

DFT studies as well as QTAIM analysis both predicted the largest amount of 

covalency in case of U(VI) complexes. Moreover, QTAIM analysis data suggest that both 

U−O and Pa−O are more covalent than the Th analogues and the Ac-Oexo bond is stronger 

than the Ac-Oendo bond and these conclusions agreed with our findings on the basis of 

geometrical analysis.  

In the other case study, we studied 32 heterobinuclear complexes of the early 

actinides with the Schiff-base pypyrrolic ligand using density functional approach. In this 

binucleating ligand, we placed actinyls, namely Th
IV

O2, Pa
IV

O2, Pa
V
O2 

1+
, U

IV
O2, U

VI
O2 

2+
, 

Np
VI

O2
2+

 and Pu
VI

O2 
2+

, in one of the N4 compartments whereas a 3d transition metal (Mn
II
, 

Fe
II
, Co

II
 and Zn

II
 ) was placed in the other cavity. In case of thorium complexes, we found 

two geometries 
B
[Th

IV
O2(1-4) L]

2-   
and

   L
[Th

IV
O2(1-4) L]

2- 
 with the former found to be more 

stable than the latter. In case of the 
B
[Th

IV
O2(1-4) L]

2-  
complex, the O1-Th-O2 bond angle 

was found to be 125.9⁰  while in case of 
L
[Th

IV
O2(1-4) L]

2- 
it is 157⁰ . In case of the 

L
[Th

IV
O2(4) L]

2-
 complex, there are strong interactions of the 3d metal with the actinyl endo 

oxygen. Three different cases of the coordination environment around the transition metal 

were found namely trigonal, tetrahedral and pentagonal in these complexes whereas the 

actinide was found to be either 6 or 7 coordinated.  

The effect of actinide contraction is clearly seen in the bond length of Ac-O/Ac-N as 

we move from thorium to plutonium along the actinide series. Among all the heterobimetallic 
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complexes, uranium in case of U(VI) complexes is found to form very strong bonds to the 

uranyl oxygens whereas thorium forms comparatively weak bonding to the oxygens. 

Moreover, the uranium forms weak interactions with the transition metal irrespective of the 

type of the transition metal sitting in the other pocket. Among various transition metals 

placed in the lower pocket, iron found to form strong interactions with the actinyl endo 

oxygen while zinc forming the weakest among others which was supported by bond length, 

bond order as well as QTAIM data. These complexes also fall in the category of cation-cation 

interactions as they all show strong interactions of the actinyl endo oxygen to the transition 

metal. Formal bond order evidence has been found for the transition metal to actinyl endo 

oxygen partial bond formation for all the complexes. 

QTAIM analysis was applied to all the complexes studied in this project. This 

approach was used to study the electronic structure of the heterobimetallic complexes and it 

focuses on the properties of the molecular electron density and not on the orbital structure. 

We analyzed the electron density, Laplacian of the electron density, energy density, ellipticity 

and delocalization index at the bond critical point of the various bonds of interest in these 

complexes. Based on the analysis done by using QTAIM, we could access the relative extend 

of covalency in the metal-ligand bonding. The BCPs data suggests that there is marginally 

more covalency in case of U-O/U-N than rest of its counterparts. Moreover, in all the 

complexes, Ac-O1 bond is found to be shorter and hence stronger than the corresponding Ac-

O2 bond.  

 Overall, the investigation into the comparative studies of the bonding behavior of the 

actinide complexes would lead to add to our existing knowledge of the polypyrrolic 

macrocycle, periodic trends across the actinide series, cation-cation interactions and binuclear 

metal complexes.  
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5.2 Future studies related to our work in this thesis 

Various possible ways by which we would like to continue our research related to our 

present work are as follows: 

1. In case of mononuclear as well as binuclear complexes of early actinides, we would 

like to study the Pacman complexes with the rest of the actinyls as that would allow 

us to analyze the bonding patterns of these complexes in a broader way. This study 

would be helpful in examining the behavior of the later actinides which usually 

behave as lanthanides. Moreover, we would be interested in studying the complexes 

of these actinyls with other Schiff-base polypyrrolic ligands such as L
2
 and L

3 
and see 

how these would be different from the ones with L
1
 ligand.  

2. The addition of spin-orbit and multiplicity effects is found to play significant role for 

many properties as well as for the studies on low oxidation state or open shell 

complexes. As most of our complexes have unpaired electrons so the inclusion of the 

spin-orbit and multiplet effects within DFT may improve the accuracy of our results. 

3. In case of heterobinuclear complexes in our 2
nd

 case study, we can further extend our 

series to other actinides and look for the trends in the bonding behavior along the 

whole series.  

4. In both the case studies, we can further extend our work on the comparative studies 

among the complexes of actinides and lanthanides with the Schiff-base polypyrrolic 

ligand and it would be interesting to see how these two f-block elements differ in their 

bonding pattern with the macrocyclic ligand. The actinides should have more 

covalency than the lanthanides.  

5. As in our work, we did only the gas phase calculations for both of the case studies and 

we would like to include solvation effects in our work and see how solvation effects 
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would affect our results. Although in both case studies, we included THF molecules 

to account for explicit solvation but we would like to go for implicit solvation as well. 

6. Another potential study could include the analysis of the periodic trends in the 

bonding behavior of the actinides with some other similar macrocyclic ligands. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



94 
 

 

 

 

 

              Appendix 

  



95 
 

Table S1: The table showing the optimized bond lengths for the protonated 

butterfly structures. All the BLs are in a. u. B-H stands for the single 

protonation and B-2H for the double protonation 

   

Table S2: The bite angle (α) between the two N4 donor planes of the 

polypyrrolic ligand in case of M and B structures.  

 

 

 

 

BL’s 

[BO] 

 

 

Th(IV)-B Pa(IV)-B Pa(V)-B U(IV)-B U(VI)-B 

B-H B-2H B-H B-2H B-H B-2H B-H B-2H B-H B-2H 

Ac-Oexo 1.97 

(2.35, 

) 

 

1.94 

(2.34) 

1.88 

(2.42) 

1.87 

(2.42) 

1.86 

(2.43) 

1.85 

(2.43) 

1.86 

(2.43) 

1.86 

(2.43) 

1.80 

(2.47) 

1.80 

(2.48) 

Ac1-Oendo 2.19 

(1.14) 

2.49 

(0.60) 

2.17 

(1.14) 

3.08 

(0.15) 

2.13 

(1.17) 

2.38 

(0.64) 

2.14 

(1.12) 

2.78 

(0.27) 

2.12 

(1.17) 

2.34 

(0.65) 

2.04 

(1.36) 

4.26 

(0) 

2.10 

(1.19) 

2.35 

(0.62) 

2.10 

(1.19) 

2.68 

(0.68) 

 

2.06 

(1.16) 

2.30 

(0.68) 

2.06 

(1.16) 

2.69 

(0.27) 

Ac2-Oendo 2.19 

(1.14) 

2.49 

(0.60) 

2.17 

(1.14) 

3.07 

(0.15) 

2.13 

(1.17) 

2.38 

(0.64) 

2.10 

(1.22) 

2.93 

(0.20) 

2.12 

(1.17) 

2.34 

(0.65) 

2.15 

(0.97) 

2.60 

(0.43) 

2.12 

(1.14) 

2.32 

(0.66) 

2.10 

(1.14) 

2.68 

(0.66) 

2.06 

(1.16) 

2.31 

(0.68) 

2.06 

(1.16) 

2.69 

(0.27) 

Ac1-Ac2 3.75 

(0.17) 

3.95 

(0.15) 

3.66 

(0.20) 

3.89 

(0.19) 

3.64 

(0.21) 

4.17 

(0.14) 

3.55 

(0.54) 

3.67 3.51 

(0.22) 

3.69 

(0.19) 

Oendo-H 0.97 

(1.05) 

0.99 

(0.95) 

0.99 

(0.95) 

0.97 

(1.01) 

0.99 

(0.92) 

0.99 

(0.92) 

0.97 

(1.00) 

0.98 

(0.93) 

0.98 

(0.95) 

1.00 

(1.00) 

0.98 

 

0.98 

0.97 

(0.97) 

0.99 

(0.90) 

0.99 

(0.90) 

Bite angle(º) Th-4 Pa-4 Pa-5 U-4 U-6 

Mononuclear 69.36 64.73 60.88 65.57 61.99 

Butterfly 87.99 84.60 80.03 83.13 72.22 
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Figure S 1: The optimized geometries for the singly and doubly protonated versions for the B 

structure for the Pa(IV)-B.  
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Table S3: Mayer bond order and NBOs of the specified bonds in the Butterfly and Diamond structures of Th, Pa and U. 

 

 

 

 

Bond 

orders 

 

  Th(IV)-B 

 

Mayer   NBO              

 

Th(IV)-D 

 

Mayer   NBO              

 

Pa(IV)-B 

 

Mayer   NBO               

 

Pa(IV)-D 

 

Mayer   NBO              

 

[Pa(V)]-B 

 

Mayer   NBO               

 

Pa(V)-D 

 

Mayer   NBO              

 

[U(IV)]-B 

 

Mayer   NBO               

 

[U(VI)]-B 

 

Mayer   NBO               

 

Ac1-Oexo 2.30 1.42 2.28 1.41 2.42 1.92 2.39 1.92 2.41 1.94 2.40 1.93 2.43 2.01 2.44 2.18 

Ac1-Oendo 1.12 

1.14 

0.76 

0.77 

1.01 

1.20 

0.70 

0.81 

1.17 

1.17 

0.97 

0.97 

0.63 

1.66 

1.38 

0.51 

1.17 

1.17 

0.98 0.72 

1.56 

1.22 

0.49 

1.17 

1.19 

 

1.00 

1.03 

1.02 

1.15 

1.06 

1.11 

Ac2-

Oendo 

1.12 

1.14 

0.76 

0.77 

1.26 

1.04 

 

0.70 

0.81 

1.17 

1.18 

0.97 

0.97 

0.66 

1.73 

1.43 

0.52 

1.17 

1.17 

0.98 0.77 

1.62 

1.42 

0.65 

1.17 

1.19 

1.00 

1.03 

1.02 

1.15 

1.06 

1.11 

Ac2-

Oexo 

2.30 1.42 2.18 1.36 2.42 1.92 2.35 1.87 2.41 1.94 2.35 1.97 2.43 2.01 2.44 2.18 

Ac1-N 0.19 

0.28                                        

0.17 

0.22 

0.19 

0.30 

0.18 

0.23 

0.15 

0.21 

0.29 

0.34 

0.18 

0.23 

0.25 

0.35 

0.29 

0.41 

0.29 

0.35 

0.30 

0.41 

0.28 

0.36 

0.17 

0.22 

0.34 

0.38 

0.45 

0.56 

0.49 

0.56 

Ac2-N 0.19 

0.28 

0.17 

0.22 

0.06 

0.21 

0.33 

0.00 

0.03 

0.14 

0.21 

0.30 

0.42 

0.29 

0.34 

0.38 

0.46 

 

0.01 

0.31 

0.29 

0.35 

0.29 

0.41 

0.29 

0.35 

0.19 

0.33 

0.42 

0.44 

0.12 

0.26 

0.32 

0.33 

0.33 

0.43 

0.34 

0.38 

0.45 

0.56 

0.49 

0.56 
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Table S4: Charges on the various atoms of interest in the butterfly and diamond complexes of Th, Pa 

and U. 

 

 

 

Atoms 

    Th(IV)      Pa(IV)    Pa(V) B4 

[U(IV)] 

B5 

[U(VI)] B D B D       B D 

Ac1    0.24 

 

 

0.28 0.47 

 

 

0.50 0.48 

 

 

0.49 0.40 0.58 

Ac2 0.24 

 

 

0.37 0.47 

 

 

0.51 0.48 

 

 

0.59 0.40 0.58 

Oexo(Ac1) -0.58 

 

 

-0.57 -0.45 

 

 

-0.43 -0.43 

 

 

-0.42 -0.40 -0.28 

Oendo 

-0.45 

-0.46 

 

-0.46 

-0.43 

-0.36 

-0.38 

 

-0.36 

-0.35 

-0.35 

-0.38 

 

-0.37 

-0.35 

-0.33 

-0.35 

-0.26 

-0.28 

Oexo(Ac2) -0.58 

 

-0.53 -0.45 

 

-0.42 -0.43 

 

-0.38 -0.40 -0.28 
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(a)                                       (b)                                      (c) 

 

                                     

                (d)                                                                                 (e)                                          

Figure S 2: The optimised geometries for (a) Th(IV)-Z (b) Pa(IV)-Z (c) Pa(V)-Tri (d) U(IV)-Tri 

and (e) U(VI)-Tri complexes. 
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Table S5: Optimized gas phase bond lengths(Å), Bond order in parentheses, Bond angles (in degrees) 

and Mulliken’s charges for the complexes Th(IV)-Z, Pa(IV)-Z, Pa(V)-Tri, U(IV)-Tri,  

 

 

 

 

 

Table S6: Topological analysis to calculate electron densities at the Ac-Oexo/Ac-Oendo BCPs for 

the Mononuclear complexes. ρ = magnitude of electron density at BCPs, ∇2
ρ= laplacian of ρ at 

BCPs, H = energy density at the BCPs, ε= ellipticity of the bond. All the values are given in a.u. 

Bond length 

[BO] 

Th(IV)-Z Pa(IV)-Z Pa(V)-Tri U(IV)-Tri U(VI)-Tri 

Ac-Oexo 1.95 

[2.34,  

1.52] 

1.88  

[2.41,  

1.83] 

1.85   

[2.44,  

2.03] 

1.86 

[2.42,  

1.96] 

1.80 

[2.47,  

2.22 ] 

Ac-Oendo 2.16 

[1.14,  

0.75] 

2.12 

[1.17,  

0.93] 

2.10    

[1.16,  

0.96] 

2.10 

[1.16,  

0.97] 

2.06 

[1.15,  

1.04] 

Ac-N 2.65/2.76 

[0.28/0.41, 

0.21/0.27] 

2.54/2.60 

[0.38/0.49 

0.32/0.37] 

2.41/2.55 

[0.41/0.59,  

0.36/0.51] 

2.45/2.59 

[0.40/0.53, 

0.36/0.46] 

2.33/2.41 

[0.57/0.70, 

0.59/0.70] 

Bond angle(⁰ )      

Oexo-Ac1-Oendo 117.47 110.39 152.41 153.8 164.13 

Oexo-Ac2-Oendo 117.66 110.39 152.26 153.79 164.17 

Charges      

Ac1 0.50 0.50 0.66  0.47 0.47 

Oexo(Ac1) -0.53 -0.43 -0.37   -0.41 -0.41 

Oendo -0.44 -0.37 -0.34   -0.34 -0.34 

Ac2 0.50 0.50 0.66     0.47 0.47 

Oexo(Ac2) -0.53 -0.43 -0.37    -0.41 -0.41 



101 
 

The Nitrogen at position 4 and 15 have the same values of the parameters whereas the N at 6 and 

14 positions have the same values.  

 

 

 

 

 

 

 

 

 

 

 

 

Parameters Th(IV)-M Pa(IV)-M Pa(V)-M U(IV)-M U(VI)-M 

ρ Ac-Oexo 

ρ Ac-Oendo 

ρ Oendo-H 

ρ Ac-N4,15 

ρ Ac-N6,14 

0.20 

0.06 

0.26 

0.034 

0.048 

0.23 

0.20 

 

0.037 

0.052 

0.24 

0.19 

 

0.037 

0.054 

0.24 

0.22 

 

0.038 

0.054 

0.28 

0.25 

 

0.050 

0.068 

∇2
ρ Ac-Oexo 

∇2
ρ Ac-Oendo 

∇2
ρ Oendo-H 

∇2
ρ Ac-N4,15 

∇2
ρ Ac-N6,14 

0.40 

0.18 

-0.12 

0.093 

0.120 

0.41 

0.39 

 

0.100 

0.134 

0.41 

0.38 

 

0.101 

0.135 

0.43 

0.43 

 

0.111 

0.154 

0.44 

0.45 

 

0.121 

0.157 

H Ac-Oexo 

H Ac-Oendo 

H Oendo-H 

H Ac-N4,15 

H  Ac-N6,14 

-0.11 

-0.007 

-0.38 

-0.001 

-0.005 

-0.15 

-0.11 

 

-0.002 

-0.007 

-0.16 

-0.10 

 

-0.002 

-0.007 

-0.16 

-0.13 

 

-0.002 

-0.007 

-0.20 

-0.17 

 

-0.006 

-0.012 

ε Ac-Oexo 

ε Ac-Oendo 

ε Oendo-H 

ε Ac-N4,15 

ε  Ac-N6,14 

0 

0.14 

0.01 

0.15 

0.19 

0 

0 

 

0.19 

0.22 

0 

0 

 

0.20 

0.22 

0 

0 

 

0.13 

0.06 

0 

0 

 

0.23 

0.27 

DI Ac-Oexo 

DI Ac-Oendo 

DI Oendo-H 

DI Ac-N4,15 

DI Ac-N6,14 

2.68 

1.18 

0.60 

0.80 

0.95 

2.81 

2.51 

 

0.81 

0.98 

2.81 

2.51 

 

0.81 

0.99 

2.84 

2.72 

 

0.92 

1.10 

2.89 

2.76 

 

0.95 

1.12 
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Figure S 3: The variation of electron density at the BCP with the function of actinide for the Ac-

Oexo and Ac-Oendo bonds in various mononuclear complexes. 

 

 

Table S7: Topological analysis of calculate electron densities at the Ac-Oexo/Ac-Oendo BCPs in 

various Butterfly complexes. ρ = magnitude of electron density at BCp, ∇2
ρ= laplacian of ρ at 

BCPs, H = energy density at the BCPs, ε= ellipticity of the bond. All the values are given in a.u. 

0

0.1

0.2

0.3

Th(IV)-M Pa(IV)-M Pa(V)-M U(IV)-M U(VI)-M

ρ
A

c-
o

 b
o

n
d

 
Variation of ρBCP for Ac-Oexo bond with the Ac 

ρAc-Oexo ρAc-Oendo 

Parameters Th(IV)-B Pa(IV)-B Pa(V)-B U(IV)-B U(VI)-B 

ρ Ac1-Oexo 

ρ Ac1-Oendo 

 

ρ Ac1-N4,15 

ρ Ac1-N6,14 

0.16 

0.10 

0.09 

0.025 

0.033 

0.22 

0.12 

0.12 

0.040 

0.048 

0.22 

0.12 

0.12 

0.042 

0.048 

0.23 

0.12 

0.12 

0.043 

0.049 

0.27 

0.13 

0.14 

0.061 

0.070 

∇2
ρ Ac1-Oexo 

∇2
ρ Ac1-Oendo 

0.37 

0.29 

0.41 

0.34 

0.41 

0.34 

0.44 

0.37 

0.45 

0.38 
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∇2
ρ Ac1-N4,15 

∇2
ρ Ac1-N6,14 

0.26 

0.079 

0.096 

0.30 

0.105 

0.121 

0.30 

0.114 

0.129 

0.32 

0.116 

0.130 

0.34 

0.141 

0.160 

H Ac1-Oexo 

H Ac1-Oendo 

 

H Ac1-N4,15 

H  Ac1-N6,14 

-0.03 

-0.02 

-0.03 

0 

-0.001 

-0.14 

-0.04 

-0.04 

-0.003 

-0.005 

-0.14 

-0.04 

-0.04 

-0.003 

-0.006 

-0.15 

-0.41 

-0.43 

-0.004 

-0.006 

-0.19 

-0.45 

-0.52 

-0.010 

-0.013 

ε Ac1-Oexo 

ε Ac1-Oendo 

 

ε Ac1-N4,15 

ε  Ac1-N6,14 

 0.017 

0.02 

0.03 

0.12 

0.14 

0.016 

0.01 

0.038 

0.15 

0.19 

0.016 

0.005 

0.035 

0.16 

0.19 

0.017 

0.011 

0.043 

0.23 

0.28 

0.015 

0.015 

0.053 

0.22 

0.26 

DI Ac1-Oexo 

DI Ac1-Oendo 

 

DI Ac1-N4,15 

DI Ac1-N6,14 

2.53 

1.53 

1.49 

0.68 

0.79 

2.79 

1.59 

1.59 

0.84 

0.95 

2.81 

1.59 

1.59 

0.84 

095 

2.83 

1.61 

1.60 

1.00 

1.12 

2.91 

1.63 

1.61 

1.03 

1.14 
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Table S6: Topological analysis of calculate electron densities at the Ac-Oexo/Ac-Oendo BCPs in 

various Zigzag and triangle shaped complexes. ρ = magnitude of electron density at BCp, ∇2
ρ= 

laplacian of ρ at BCPs, H = energy density at the BCPs, ε= ellipticity of the bond. All the values 

are given in a.u. 

 

Parameters Th(IV)-Z Pa(IV)-Z Pa(V)-Tri U(IV)-Tri U(VI)-Tri 

ρ Ac-Oexo 

ρ Ac-Oendo 

ρ Ac1-N4,15 

ρ Ac1-N6,14 

0.19 

0.11 

0.035 

0.045 

0.23 

0.12 

0.049 

0.057 

0.24 

0.12 

0.057 

0.076 

0.23 

0.12 

0.049 

0.066 

0.27 

0.13 

0.078 

0.090 

∇2
ρ Ac-Oexo 

∇2
ρ Ac-Oendo 

∇2
ρ Ac1-N4,15 

∇2
ρ Ac1-N6,14 

0.40 

0.32 

0.096 

0.118 

0.45 

0.36 

0.123 

0.139 

0.41 

0.34 

0.131 

0.171 

0.44 

0.35 

0.135 

0.174 

0.43 

0.37 

0.163 

0.198 

H Ac-Oexo 

H Ac-Oendo 

H Ac1-N4,15 

H  Ac1-N6,14 

-0.10 

-0.36 

-0.002 

-0.005 

-0.15 

-0.44 

-0.006 

-0.009 

-0.17 

-0.45 

-0.009 

-0.016 

-0.14 

-0.41 

-0.006 

-0.012 

-0.20 

-0.51 

-0.017 

-0.023 

ε Ac-Oexo 

ε Ac-Oendo 

ε Ac1-N4,15 

ε Ac1-N6,14 

0.017 

0.051 

0.10 

0.19 

0.011 

0.008 

0.13 

0.16 

0.003 

0.029 

0.18 

0.31 

0.013 

0.09 

0.18 

0.24 

0.005 

0 

0.28 

0.34 

DI Ac-Oexo 

DI Ac-Oendo 

DI Ac1-N4,15 

DI Ac1-N6,14 

2.69 

1.63 

0.78 

0.92 

2.81 

1.65 

0.94 

1.15 

2.82 

1.66 

0.98 

1.17 

2.85 

1.66 

1.15 

1.28 

2.95 

1.67 

1.17 

1.30 
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Figure S 4: The variation of electron density at the BCP for the Ac-Oexo bond in M, B, Zigzag 

as well as Triangle shaped complexes. 

 

Figure S 5: The variation of the delocalization index value at the BCP for the Ac-Oexo bond in 

the Mononuclear, Binuclear, Zigzag and Triangle shaped complexes.  
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