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Synopsis
A rational approach towards designing ligand for selective complexation of metal ions
in solution is of potential interests' in various fields like medicinal biology,
environmental science, hydrometallurgy and nuclear waste management, and hence
has important applications in different industries. Similarly, binding of metal ions or
atoms with various carbon nano-clusters through endohedral encapsulation has also
become the subject of enormous interest due to their diversity and potentials for
numerous applications in the field of photovoltaics, electronics, optics, bio-medicine
etc.” In recent times computational chemistry has been proven to be a versatile tool in
providing meaningful insights to explain the behavior of various chemical systems
and processes. Thus, the selectivity of a particular ligand towards a particular metal
ion can be rationalized in a better way through theoretical modeling studies. Over the
last few decades, ab initio density functional theory® (DFT) based electronic structure
calculations have been widely used to study the properties of several materials. DFT
based calculations have been highly successful in predicting many ground state
properties of several materials. In the present thesis we have attempted to provide
theoretical insights towards the selective complexation and encapsulation of important
metal ions/atoms with various ligands and clusters using ab initio density functional
theory based methods. Few experiments have also been performed to validate some of
our theoretical predictions.

In recent years, considerable attention has been given to understand the
coordination complexes of trivalent lanthanide (Ln) and actinide (An) with various
ligands because of its close link with the nuclear waste management steps. This is a

challenging and difficult task because of very similar chemical properties of these two



series of ions as they have similar ionic radii and coordination numbers. The hard soft
acid base principle (HSAB)* classifies the Ln(IIT) and An(III) cations as hard Lewis
acids, consequently their bonding is primarily ionic and mainly governed by charge
density. Despite this, there is a modest enhancement of covalency in the bonding of
An(IIT) with various ligands as compared to that in same Ln(III) complexes due to the
larger spatial extent of the 5f shell of actinides as compared to the 4f shell in
lanthanides. Because of this, an advantageous discrimination between An(IIl) and
Ln(III) ions is possible while using soft donor atoms like sulfur and nitrogen.” Here in
this thesis we have proposed a modified concept related to selective complexation of
actinides with either S or N donor ligands. It is important to note that efficiency of
complex formation of either Ln(IIT) or An(IIl) with oxygen donors is much better as
compared to N or S donors because both the set of metal ions are hard Lewis acids,
however no selectivity is observed with O donor ligands. Although actinide selective
ligands with hard donor atom like O seems highly unusual, in this thesis we have
made an attempt to reply to this question affirmatively through the introduction of a
new concept, ‘intramolecular synergism’, where electrostatic interaction predominates
between the softer metal ion and hard donor atoms in presence of soft donor centers
within the same ligand. Additionally, we have also theoretically investigated some
conventional extractants to rationalize the experimentally observed trends.

The present thesis also includes theoretical predictions on new class of stable
metallofullerenes with small fullerene cages, through encapsulation of an actinide or
lanthanide atom/ion. Smaller fullerenes are of special interest due to the presence of
high curvature and huge strain energy owing to the presence of adjacent pentagonal

rings, which lead to clusters with unusual intra and inter -molecular bonding and

il



electronic properties. Among the smaller fullerenes (n < 60) only Css have been
isolated in solid form,® although other smaller fullerenes have also been identified in
various gas phase experiments. The smaller fullerenes, which are formed during the
production of stable fullerenes, are difficult to isolate because of their extremely high
chemical reactivity. However, encapsulation of proper dopant atom or ion (metal or
nonmetal) may lead to the stabilization of smaller fullerenes. Stability of the smaller
fullerenes has been shown to be increased considerably through encapsulation of a
suitable metal atom or ion so that experimental observation of such smaller size
fullerenes may be possible. This stability gain has been rationalized using some
fundamental electronic structure principles, viz., electronic shell closing, geometrical
shell closing, the concept of magic number etc.

The thesis is organized in the following manner.

Chapter 1: This introductory chapter emphasizes the importance of selective
complexation as well as encapsulation of metal ions using different ligands and
clusters. Moreover, some rational approaches towards understanding the metal ion
selectivity using some basic chemical concepts have been discussed. In particular,
problems relevant to selective extraction of actinides from the high level waste has
been presented, which is very important in nuclear waste management (NWM). We
have also discussed some of the commonly used methods for the separation of
actinides from that of the lanthanides including their advantages and drawbacks. It is
well known that theoretical modeling studies can provide better insight on the
complexation or encapsulation behavior of any particular ligand or cluster towards a

specific metal atom or ion. Thus, the importance of computational methods have been

il



outlined which provides some of the most valuable information that experiments
cannot provide. Brief introduction to the existing computational methods have been
discussed. Employing these computational methods, the scope of the thesis is to
emphasize the complexation or encapsulation behavior of some of the important

ligands and clusters towards a specific metal atom or ion.

Chapter 2: In chapter 2 we discuss the complexation behavior of pre-organized 1,10-
phenanthroline-2,9-dicarboxylic acid (PDA) based ligands with trivalent lanthanides
and actinides using DFT. Through functionalization of the PDA ligand with soft donor
atoms such as sulfur, new ligands viz. mono-thio-dicarboxylic acids and di-thio-
dicarboxylic acids have been designed. It has been found that selectivity in terms of
complexation energy of actinides over lanthanides is the maximum with mono-thio-
dicarboxylic acids where the metal-ligand binding is through the O atoms. This
unusual aspect where softer actinide metal ion is bonded strongly with hard donor
oxygen atoms has been explained using the popular chemical concepts, viz., HSAB
principle and the Fukui reactivity indices.” Also, the trends of the calculated metal-
ligand bond distances and the corresponding complex formation energies have been

rationalized.

Chapter 3: In the previous chapter the unusual selectivity achieved for actinides using
hard-soft mixed donor ligands has been rationalized using the concept of “intra-ligand
synergism”. Now in this chapter we discuss about theoretical design and prediction of
the selectivity of 1,10-phenanthroline-2,9-dicarboxylamide (PDAM) towards Am(III)

ion. Here it may be mentioned that the PDA ligand has very low solubility in both

iv



organic and aqueous medium. To improve its organic solubility we switch from PDA
to PDAM. Moreover, we further extended our calculation to explore different
derivatives of PDAM with long alkyl chains e.g. N,N-di-isobutyl (PDAM-Isobutyl)
and N-decyl (PDAM-Decyl). Subsequently, these amide derivatives have been
synthesized and solvent extraction experiments have been carried out to validate our

theoretical prediction.

Chapter 4: Apart from investigation of some new ligands, we have also theoretically
studied complexation behavior of some of the conventional ligands. Chapter 4 deals
with the study of the complexation of Am(III) and Eu(IIl) with Cyanex301 [bis(2,4,4-
trimethyl-pentyl) dithiophosphinic acid], Cyanex302 [bis(2,4,4-trimethyl-pentyl)
monothiophosphinic acid] and Cyanex272 [bis (2,4,4-trimethylpentyl) phosphinic
acid] ligands in an unified and systematic way, to provide an in-depth insight into the
experimentally observed selectivity trends.® The structural, energetics, charge
distributions and various energy components for all the complexes have been
calculated within the framework of DFT. A shorter Am-S bond distance, a higher
percentage of orbital interaction energy and a higher degree of metal-ligand charge
transfer leading to a greater degree of covalency in Am(Cyanex301); as compared to
the Eu(Cyanex301); complex are in agreement with the experimentally observed

selectivity trend.

Chapter 5: This chapter deals with the selective encapsulation of metal atom or ions
inside the small fullerene cages which may be considered as absorbent materials for

radionuclide immobilization. Here we discuss the electronic structures, bonding,



stability and spectroscopic properties of the endohedral metallofullerenes, M@C,o (M
=Pr, Pa, Nd, U, Pm’, Np+, Sm*", Pu*’, Ev’’, Am®", Gd*, Cm‘”) and U@Cse using
DFT and its time-dependent variant.

The bare C,y cage with D34 point group transforms to highly symmetrical icosahedral
(In) structure through encapsulation of an f-block metal atom/ion with 6 valence
electrons. The gain in stability of these metal encapsulated clusters can be attributed to
the fulfillment of 26 valence electrons criteria corresponding to the fully occupied
2s2pld atomic shells. To explain the experimentally observed’ intense U@C3¢ peak in
the mass spectrum of U@C,, metallofullerene, we have performed a systematic study
on different U@C3e isomers. The most stable U@Cse isomer is found to be associated
with Cg, symmetry and closed shell electronic configuration, derived from the open-

shell Dg, structure of Csg.

Chapter 6: In this chapter we discuss two newly predicted series of highly stable
metallofullerenes systems viz., M@Cay (M = Pr-, Pa’, Nd, U, Pm’, Np', Sm2+, Pu2+,
Ev’’, Am’", Gd*', Cm*") and M@C,4 (Pu, Cm**, Sm and Gd*"). In addition to the 8-
and 18-electron principles, possibility of 32 wvalence electron systems had been
indicated by Langmuir in 1921."° Here, the high stability of these systems have been
rationalized through the fulfillment of 32 valence electron principle corresponding to
the fully occupied spdf atomic shells for the encapsulated central atom. The electronic
structures, bonding, stability and spectroscopic properties of these endohedral
metallofullerenes, M@C,s and M@C,4 have been investigated systematically using

DFT.

vi



The classical bare open shell C,s cage with D3, symmetry and ellipsoid shape is
transformed to a more spherical closed shell D3, structures on encapsulation of an f-
block metal atom/ion with 6 valence electrons. In a similar way, C4 fullerene has
been found to be stabilized after encapsulation of an actinide/lanthanide atom with 8
valence electrons. Moreover, a transition in point group symmetry from C; to Dg,; in
the classical cage isomer of Cy4 cluster is observed after encapsulation of a plutonium
atom within it. The encapsulation process leads to highly stable Pu@C,4 cluster. The
high stability of both the M@C,s and M@C>4 systems has been rationalized using the

32 valence electron principle.

Chapter 7: This is the concluding chapter of the thesis. This gives a brief outline
about the achievements as well as possible future perspectives that can be explored
from the present investigations on different aspects of selective complexation as well
as cluster formation using a specific metal atom or ion utilizing various fundamental

chemical concepts.
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Chapter 1: Introduction

1.1 Introduction to Coordination Complexes and Clusters

Since the discovery of coordination chemistry by the Swiss scientist Alfred Werner
(1866-1919), who was awarded the 1913 Nobel Prize in chemistry for his pioneering
work on metal complexes, coordination chemistry has become an important branch of
chemistry." In honor of Werner, simple coordination compounds are often called
Werner Complexes. It was not before the end of World War II that coordination
chemistry became a popular research field, thanks to the impulse programs for the
development of nuclear energy and to the development of theoretical models that
allowed explaining the chemical bonding in metal complexes (for instance the Ligand
Field Theory).” Coordination chemistry is the chemistry of coordination compounds
or metal complexes. A coordination compound consists of a central metal ion
surrounded by a certain number of ligands. In general, simple inorganic anions or
molecules are considered as ligands, however, large organic molecules can also act as
ligands. The ligands are bound via so-called dative or coordinative bonds to the
central metal ion. The ligands do not really require the metal to complete their valence
shell, but the interaction with the metal ion will result in a coordination compound,
which is more stable than the metal ion and the ligands considered separately. Because
the central metal ion is very often a d-block element (transition metals) or an f-block
element (lanthanides and actinides), for many scientists coordination chemistry is a
synonym for the chemistry of the transition metals, lanthanides and actinides.
However, s-block and p-block elements can also form coordination compounds. The
difference between a coordination compound and an organometallic compound is that

in an organometallic compound a direct metal-carbon (M-C) bond is present, whereas



in a coordination compound there is either a heteroatom (O, N, S, P etc.) located
between the metal and the carbon atom or no carbon atom at all. Carbonyl compounds
(with CO as the ligand) and cyano compounds (with CN" as the ligand) are borderline
cases with direct metal-carbon bonds. In general, carbonyl complexes are considered
as organometallic compounds and cyano complexes as coordination compounds. Due
to the presence of a metal ion with unpaired electrons, coordination compounds can
have interesting spectroscopic and magnetic properties. Often, coordination
compounds are intensively colored. Although coordination compounds such as the
tetrammie copper(Il) complex, [Cu(NH3)4]2+ and 'Berlin blue', Fes[Fe(CN)g]; have
been known for centuries, coordination chemistry is a branch of chemistry since 1893.
These coordination compounds are widely present in mineral, plant and animal worlds
and are known to play many important roles in analytical chemistry (environmental),
metallurgy, biological systems, industry, medicine etc. Coordination compounds are
also used in many qualitative and quantitative chemical analyses. The familiar color
reactions given by metal ions with a number of ligands (especially chelating ligands),
as a result of formation of coordination entities, form the basis for their detection and
estimation by classical and instrumental methods of analysis. Examples of such
reagents include ethylene diamine tetra acetic acid (EDTA), dimethylglyoxime
(DMG), a—nitroso—p—naphthol, cupron etc. The Ca®" and Mg ions form stable
complexes with EDTA and the hardness of water is generally estimated by simple
titration with Na,EDTA. Extraction and purification of metals can be achieved
through formation and subsequent decomposition of their coordination compounds.
Coordination compounds are also of great importance in biological systems. The

pigment responsible for photosynthesis, chlorophyll is a coordination compound of



magnesium. Hemoglobin, the red pigment of blood which acts as oxygen carrier is a
coordination compound of iron and vitamin B, is a coordination compound of cobalt.
Among the other compounds of biological importance with coordinated metal ions are
the enzymes like, carboxypeptidase—A and carbonic anhydrase. Thus, by studying
simple coordination compounds, one can gain insight into the mechanism of complex
biochemical processes based on the use of a metal ion inside the cell. Moreover,
coordination compounds are of importance for medical diagnosis and therapy, for
examples, contrast agents for magnetic resonance imaging (MRI), the active
compounds in chemotherapy and in photodynamic therapy for the treatment of cancer.
Metal complexes are being studied as potential new drugs (metallopharmaceutics).
The chelate therapy is used for the treatment of problems caused by the presence of
metals in toxic proportions in plants and animal systems. For instances, excess of
copper and iron are removed by the chelating ligands D-penicillamine and
desferrioxime—B via the formation of coordination compounds. EDTA is used in the
treatment of lead poisoning. Some coordination compounds of platinum effectively
inhibit the growth of tumors. Apart from medical applications, coordination
compounds are also used as catalysts for many industrial processes such as, use of
rhodium complex, [(Phs;P);RhCI], a Wilkinson catalyst for the hydrogenation of
alkenes. Many dyes and pigments, for instance the blue color of writing ink, are metal
coordination complexes. In black and white photography, the developed film is fixed
by washing with hypo solution which dissolves the undecomposed AgBr to form a
complex ion, [Ag(S,0:),]>".

In a similar way cluster science is also one of the contemporary and exciting

areas of researches in chemistry. Recently, cluster chemistry has become an important



subject in various subfields of chemistry ranging from organometallic chemistry,
coordination chemistry, homogeneous and heterogeneous catalysis, and solid-state
chemistry. The occurrence of molecular clusters, like fullerene Cgp, constitutes a
fundamental bridging between the chemistry of isolated chemical compounds and that
of the solid. Since, clusters especially metal encapsulated clusters exhibit interesting
bonding as well as electronic, structural, physical, chemical and catalytic properties,
research in metal clusters has become an important enterprise over the past two
decades. In chemistry, a cluster is defined as an  ensemble of
bound atoms or molecules that is of intermediate size in between a molecule and a
bulk solid. Clusters exist in diverse stoichiometries and nuclearities. For
example, carbon and boron atoms form fullerene and borane clusters, respectively.
Transition metals and main group elements form especially robust clusters. Clusters
can also consist solely of a certain kind of molecules, such as water clusters. The
phrase cluster was first invented by F.A. Cottonin the early 1960’s to refer to
compounds containing metal-metal bonds.” In another definition, a cluster compound
contains a group of two or more metal atoms where direct and substantial metal-metal
bonding is present. There are several characteristic features which differentiate a
cluster from a molecule and bulk matter. First and foremost difference between
clusters and bulk matter is in size; whether three particles bound together constitute a
cluster is a matter of choice and convention, but an aggregate of four or more atoms or
molecules certainly encompasses a cluster. Such a small cluster would differ markedly
from bulk matter in almost all its properties. The variability of the properties of
clusters with the number of their constituent particles is the second most significant

difference between clusters and bulk matter. The properties of a small cluster vary



significantly and, in general, neither uniformly nor even in the same direction with a
change in the number of constituent particles, whereas the properties of bulk matter
remain unchanged by the addition or subtraction of a few atoms or molecules.
Medium-size clusters have properties that differ smoothly with the number of
constituent particles (denoted by N), but their properties, such as the melting point,
generally differ significantly from those of the corresponding bulk matter. The
properties of large clusters vary smoothly with N and clearly merge into their
corresponding bulk counterpart. This distinction is not extremely precise. For small
clusters the average binding energies—that is, the average energy per
constituent atom or molecule required to separate the particles from each other—vary
widely with N. The reason for this wide range is that clusters of certain values of N,
known as magic numbers, can acquire unusually stable geometric and electronic
structures that yield large binding energies. However, clusters with different values
of N may not possess especially stable forms. On the other hand, the manner in which
clusters differ from molecules is more of a categorical nature than one of physical
properties. Clusters can be made of any number of particles and may have any of
several geometries with few exceptions whereas a molecule generally possesses
definite composition and geometry. In spite of their multiplicity of structures, small
clusters of fixed size, undergoing vibrations of small amplitude around a single
geometry, are in most respects indistinguishable from molecules. If such clusters are
given energy that is not great enough in magnitude to break them into separate parts,
they may assume other geometries, alternating among different structural forms. This
phenomenon is rarely seen with conventional molecules; however, few exceptions are

there where energized molecules exhibit more than one structure. Thus, small clusters



are much like molecules, while very large clusters are quite similar to bulk matter. The
properties of clusters whose size is between these extremes may be like either or like
neither. Recently, endohedrally doped metal clusters have become the subject of
enormous interest due to their diversity and potentials for numerous applications in the
field of photovoltaics, electronics, optics, bio-medicine etc. The physical and chemical
properties of an endohedrally doped metal cluster can be easily tuned by altering the
nature of the encapsulated species, which in turn can act as a promising functional

material.

1.2 Importance of Selective Complexation from the Viewpoint of Nuclear
Waste Management

Presently, designing ligands for selective complexation of metal ions in solution is of
enormous importance’ in various fields like medicinal biology, environmental
sciences, hydrometallurgy, and nuclear waste management as well as for different
industrial applications. Over the past few decades, considerable attention has been
given to design actinide selective ligands due to its close link with the nuclear waste
management processes. Spent nuclear fuel (Figure 1.1) consists of unused U, stable
fission products, other long-lived fission products, minor actinides, and Cs, Sr, [, Tc
and Pu. Almost all fission products decay to negligible level after 1000 yrs except '>’1,
%Tc, and long lived actinides like Np, Am, Cm (very high half lives). These require

millions of years to reduce the toxicity level to the recommended level (4000Bq/g)

(Figure 1.2).
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Figure1.1  Composition of spent nuclear fuel

Removal of long lived a emitting actinides from these wastes under partitioning and
transmutation (P&T) option would greatly reduce their long-term radiological hazards
and leads to comparatively safer waste. Thus, selective extraction of actinides (An)
from the lanthanides (Ln) is one of the most important steps (Figure 1.3) to prevent
the long term radiological hazard generated from the nuclear waste. But separation of
actinides from lanthanides is a very difficult task due to their similar charge/radius

ratio values, and same type of coordinating behavior.
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Figure 1.2  Partitioning of minor actinides: Impact on waste management



IRRADIATED FUEL ELEMENT

Decladding

NaNos NH4F. NH4NO:.KOH. HNO;

h 4
10,,.2H,0, Pu0,. 2H,0

Dissolve fuel with HNO;, O;

TBP(30%)

' !

Aq (Ml ,I\‘IE',M"' A ) ‘ Org(M%, M*¥), eg US, U*, Pu®, ‘

Actinide partitioning Te *. NILSO;

Co-extraction of An, Ln

! ! '
An/Ln FP l l
‘ Aqu(Pu®)) ‘ Org([-ﬁ)
An-Ln separation [O]. TBP iDiluted IINO;

- l
Ln 4 i

Am/Cm
Separation
ﬁ [ PLUTONIUM CYCLE J [l'R.—\.\'Il'\I CYCLE J

[ Transmutation ]

Figure 1.3  Various cycles related to waste management Steps

An(Il) and Ln(IIl) cations are hard Lewis acids, consequently their bonding is
primarily ionic and mainly governed by charge density. Despite this, there is a modest

enhancement of covalency in the An(Ill)-ligand bonding compared to that in Ln(III)



complexes due to the larger spatial extent of the 5f shell of actinides as compared to
the 4f shell in lanthanides. This results in an advantageous discrimination in bonding
between An(II) and Ln(III) ions, using soft donor atoms like sulfur, nitrogen etc. By
exploiting this strategy, one can make an attempt to separate actinides from
lanthanides. The concept of using soft donor ligands for actinide selectivity was
proposed by Glenn Seaborg in 1954, who received Nobel Prize in chemistry for
discoveries of the chemistry of trans-uranium elements in 1951. So far, separation of
trivalent actinides from the lanthanides has generally been attempted exploiting the
tendency to form the stronger covalent bonding of the trivalent actinides with soft
donor ligands as compared to that of the lanthanides.

The separation of An(IIl) from Ln(IIl) was first achieved by cation exchange
from concentrated chloride media. In general, common processes employed for the
Ln(IIT)/An(IIT) separation are: (i) Trans Americium Extraction (TRAMEX) process,6
where the trivalent actinides are separated selectively from the bulk of lanthanides in
presence of a large concentration of chloride ion (11M LiCl) at pH 1-2 using a tertiary
amine, viz. 0.6 M alamine-336 (a mixture of octyl and decyl tertiary amines) in
diethyl benzene, (ii) Trivalent Actinide Lanthanide Separation by Phosphorus
Extractants Aqueous Complexes (TALSPEAK) process,” where trivalent lanthanides
are selectively extracted here from the actinides using di-2-ethylhexyl phosphoric acid
(D2EHPA), (iii) Selective ActiNide EXtraction (SANEX) processes, where a series of
processes have been developed for the Ln(IIl) / An(IIl) separation employing ‘N’
donor heteropolycyclic ligands. These SANEX processes have three different
categories, SANEX I, SANEX II and SANEX II1.*'"? Various other nitrogen donor

extractants such as Terpyridyl, Amido-bis pyridyl triazene (ADPTZ), Bis-triazenyl



pyridine (BTP) and bis-triazenyl bipyridine (BTBP) are also used in different
processes. Besides the N donor extractants, a number of S donor extractants have also
been used in the separation of trivalent actinides from lanthanides, usually at low pH.
Thiopyrazolone, aromatic dithiophosphinic acids (SANEX-IV""® process) and
Cyanex ligands are commonly used S donor extractants. All these ligands except
Cyanex show a maximum separation factor of ~100, however, in 1996 Zhu et. al. have
reported a separation factor of ~5900 with S donor Cyanex301.'"® Commonly used

ligands for An/Ln separation and their separation factors are shown in Figure 1.4.

Cyanex 301 Truncated
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Figure 1.4  Different ligands for actinide-lanthanide separation and their separation

factors

Apart from conventional experimental investigations, study of bonding of specific
metal ion either through encapsulation in a suitable host molecule or by means of
complex formation with a selective ligand using theoretical or computational
techniques has received considerable attention among researches. Indeed, in the

present thesis we have attempted to provide theoretical insights towards the selective
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complexation and encapsulation of important metal ions/atoms with different ligands

using various theoretical and computational techniques.

1.3 Selective Encapsulation of Metal Atom/lon into Fullerenes: Important
Applications

The possibility to use the hollow carbon clusters, known as fullerenes, as robust
containers for other species is one of the most attractive properties. For the period of
the past two decades endohedral metallofullerenes (fullerenes with metal atom(s)
encapsulated), a novel forms of fullerene-based materials have attracted wide interest
not only in physics and chemistry but also in interdisciplinary areas such as materials
and biological sciences.'” After the discovery of macroscopic fullerene production18 in
1990 endohedral metallofullerenes (EMFs) attracted a booming increase of attention
although it was first anticipated in 1985." During this period, many new EMF
molecules were reported through putting many metal atoms inside fullerenes, and thus
the basis for the further advance in the field was grounded.

Endohedral nano-metallofullerenes are of immense interest due to their diversity and
potentials for numerous applications. Owning to their unique magnetic, electronic and
optical properties the endohedral metallofullerenes play a significant role in emerging
nanotechnology, and become the important building blocks for nanoelectronic
devices, chemical and biological sensors and nano-composites. The robust carbon
cage and large hollow interior of the fullerene can serve as an ideal storage medium
for atoms and molecules, as well as a nanometric scale capsule for chemical reaction.
The physical and chemical properties of a metallofullerene can be easily tuned by

altering the encapsulated species, which in turn can act as a promising functional
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material. The radioactive isotopes doped inside the metallofullerenes are used in
medical diagnostics purpose, therapy of cancer and immunotherapy, for examples
Gd@Cs, as MRI contrast agent,”® Lu-encapsulated fullerene as X-Ray imaging
agent,”’ Ho@C, in Cancer Therapy.”> Moreover LusN@C80 is used in photovoltaics
and M@C, as an electron acceptor in artificial photosynthesis.23 2% In endohedral
metallofullerenes the encapsulated metal atom can be in different isotopic forms as
well as in radioactive form. Therefore, endohedral metallofullerenes attracted
considerable attention in the sphere of radiochemistry and materials science since
fullerene may act as nanoscale absorbent materials for radionuclide immobilization.
Moreover, it may be possible to entrap different actinides into carbon nanostructures,
resulting into chemically stable radionuclide encapsulated bio-compatible fullerenes
for various applications including safe management of nuclear wastes and designing
cluster-assembled novel materials. In the present thesis we have provided in-depth
insights into the process of encapsulation of various metal atoms/ions within different

fullerene cages using computational techniques.

1.4 Theoretical and Computational Chemistry: A General Introduction

Theoretical chemistry is an exciting, contemporary and broad field, rooted in
chemistry. It has tremendous impact on all branches of chemistry and also finds
diverse applications in medicine, life science, condensed matter physics,
computational materials science, chemical engineering, nuclear science etc. Thus, it
straddles the vibrant interfaces between chemistry, physics, materials science and
biology, and encompasses any application of mathematical and computational

techniques to problems related to chemical systems and related interests. In one
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sentence theoretical chemistry seeks to provide explanations to chemical and physical
observations by developing concepts or performing computations with the help of the
available theoretical, modeling or simulation techniques. Apart from being
interpretative, it can be predictive also. The most popular computational techniques are
ab-initio, semi-empirical and molecular mechanics. Definitions of these terms are
helpful in understanding the use of computational techniques for chemistry:

a. Ab-initio, (Latin for "from scratch") a group of methods in which molecular
structures can be calculated using nothing but the Schrodinger equation, the
values of the fundamental constants and the atomic numbers of the atoms
present.

b. Semi-empirical techniques use approximations from empirical (experimental)

data to provide the input into the mathematical models.

c. Molecular mechanics uses classical physics and empirical or semi-empirical

(predetermined) force fields to explain and interpret the behavior of atoms and

molecules.
In recent times computational chemistry has been proven to be a versatile tool in
providing meaningful insights to explain the behavior of various chemical systems and
processes. For instance, the selectivity of a particular ligand towards a particular metal
ion can be rationalized in a better way through theoretical modeling studies. However,
there are also practical limitations in employing theory/computation for these systems
as the system of interest can be large and the time scale can be long. Thus, choice of
accurate atomistic method is very much challenging. Among the available theoretical
methods, the density functional theory (DFT)**® has become one of the most popular

computational methods for large systems because of its computational cost-
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effectiveness and reasonably good accuracy. In the following sub-section, we will

provide a brief summary of the computational methods.

1.5  Theoretical Methodologies

In this section we will review some of the fundamental aspects of electronic structure
theory in terms of elementary quantum mechanics to get an idea about density-
functional theory. Here it may be noted that in quantum mechanics we learn that all
information we can possibly have about a given system is contained in the system’s

wave function, V.

1.5.1 The Schrédinger Equation
In quantum mechanics, the ground state properties of many particle systems are

described by time-independent Schrédinger Equation,

HY =EV (L)

For many body system Schrodinger’s equation becomes,

HW, (%, %5, .. %5, R, Rp,.. . Ryp) = B W (%,%5, . %GR Ry Ry) (1.2)

where, H is the Hamiltonian for a system consisting of M nuclei and N electrons
which are described by position vector Ra and r;, respectively. H is a differential

operator representing the total energy. H can be expanded as:

N M
1

oIy 1t
b 22 2

N M M
i=1 i

1 o2 w» wZy o wl 7,73
VAT XX X+ Y YR (13)
A=1"""A =1 A=17A i=1 j=i i A=1 B>A “AB

The distance between the i-th electron and the A-th nucleus is iy =| 1 - Raj |; the

distance between the i-th and j-th electron is r; = |r; - 1j|, and the distance between
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the A-th nucleus and B-th nucleus is Rap = | Ra-Rp | . In the above equation, the first
two terms represent the kinetic energy operators for electrons and nuclei, respectively.
Next term represents the interaction between the electrons and nuclei and the last two
terms correspond to the repulsive potentials due to electron-electron and nucleus-
nucleus interactions, respectively.

The Laplacian operator V2 can be defined as (in Cartesian coordinates):

vio9 9 . (14)

All equations given in this text appear in a very compact form, without any
fundamental physical constants. The fundamental physical constants i.e. mass of an
electron, m,, the modulus of its charge, |e|, Planck’s constant h divided by 2n (h) and
47ey, the permittivity of the vacuum, are all set to unity. Exact solution of the many-
body Schrodinger equation (1.2) associated with the full Hamiltonian (1.3) for any
realistic system is a formidable task since it requires dealing with 3(N + M) degrees of
freedom to obtain a desired solution. The complexity arises due to the electrostatic
interaction terms which couple the degrees of freedom of the particles among
themselves and also with those of others. Thus, one needs to look for reasonable
approximations to simplify the complex equation. Fortunately, in this case, we can
decouple the nuclear and electronic degrees of freedom using the Born-Oppenheimer
approximation and solely focus attention on the Schrddinger equation for the

electrons.
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1.5.2 Born-Oppenheimer approximation

Since the nuclei are much heavier than the electrons, the Schrodinger equation can be
further simplified and it is approximated that electrons move in the field of fixed
nuclei which is known as the Born-Oppenheimer approximation.”” By using this
approximation, one can neglect the kinetic energy of nuclei from the Hamiltonian.
Furthermore, the positions of the nuclei can be treated as parameters and thus the

nucleus-nucleus interaction term becomes constant for a fixed set of nuclei.

Bom-Oppenheimar Approximation

Hucleus

L J
electron

maowes around

too heaw to move

Figure 1.5  Born-Oppenheimer approximation

Thus, the complete Hamiltonian given in equation (2) reduces to the electronic

Hamiltonian,

N -

1 5 N M N N 1 R .
elec: ZV? ZZ f‘ ZET T+VN6+Vee (15)

23 i—1A=15A  i=1 ij

and the Schrédinger equation now can be written as,

~

H lPelec =E LFfe]ec ....(1.6)

elec elec

Here W depends on the electron coordinates, while the nuclear coordinates enter
only parametrically and do not explicitly appear in W¢.. Even after introducing the

Born-Oppenheimer approximation, solution of the many electron Schrodinger
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equation is still a difficult task and the difficulty is due to the second term which
couples the electronic coordinates. This term prevents the reduction of a many

electron problem to an effective single electron problem.

1.5.3 The Variational Principle

For solving the equation (1.6), one has to find out eigenfunctions ¥; which correspond
to eigenvalues E; of H. All other properties of the system can be determined invoking
the desired operators on the wave functions, once ¥; are determined. However, the
above equation hardly has any practical relevance. Apart from a few trivial
exceptions, no strategy is known to solve the Schrédinger equation exactly for atomic
and molecular systems. Nevertheless, the variational principle gives us a way for
systematic approaching the ground state eigenfunction ¥, the state which delivers the
lowest energy Eg as the operator H is applied on it. The variational principle states
that a guess approximate normalized wave-function will always give an upper bound
to the ground-state energy unless of course the guess is exact.

This statement can be written by using the bracket notation as:

H H

Lprrial> =Eyiar 2 Eg = <‘P0

<‘1’ml LPo> (1.7)

Although the variational principle gives us some clue how to approach the ground
state eigenfunction and eigenvalue of a particular system, it does not provide any

information on how to select the trial wave function, Wy, The difficulties in solving

Eq. (1.6) lies in the electron-electron interaction, %, which includes all the quantum
ij

effects of the electrons. Despite the intractable nature of these interactions, many

approximate methods have been developed to solve Schrédinger-like equations. There
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are basically two types of approaches, viz., wave function based methods and density
based methods. However, the Slater determinant will be introduced first due to its

fundamental role in many aspects of electronic structure theory.

1.5.4 Slater Determinants
Electrons are fermions and obey the Pauli Exclusion Principle. This requires that the
wave function of electrons should be antisymmetric with respect to the interchange of

the coordinates x of any two electrons,

(1)(}(_1‘ e X, e, X—_}': caee K_-“'-'_J = —(I)I:K], ‘e 1}{.}-, cee Xy ’X_A.—:j (18)
Slater determinants nicely satisfy this antisymmetric condition through an appropriate
linear combination of Hartree products, which are the non-interacting electron wave

functions. For example, in a two electron case if we put electron one in X and electron

two in Xj, we will have,
Pra(x1.X2) = xilx)y(x2) ...(1.9)
On the other hand, if we put the electron one in Xj and electron two in X;, we will have
Doy (x1.%2) = xi(Xa)n(xy) ..--(1.10)
by taking a linear combination of these two products,
bxy,x5) = 2_1’@(}'1‘(}(1)3(;(}(-2) — XilX2)x;(x1)) ~-(1.11)

where the factor 27 is a normalization factor. It can be seen that the antisymmetry is

guaranteed during interchange of the coordinates of electron one and electron two:
(I),:Kl.}{-z) == _(I)[KZEKI) ....(1.12)

The antisymmetric wave function of Eq. (1.11) can rewritten as a determinant,
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xilx1)  xj(xy)

dxq,x) =277
X1, Xz) xi(x2) xj(x2)

(1.13)

and this is called a Slater determinant.®® For an N-electron system, the Slater

determinant becomes,

i(xi) oag(x) o xalx)
b(x), %2, -+, xy) = (N)71/? Ni(X2) x;(X2) e xk(Xo) (1.14)
Wy) ue) e )

Note that the rows of the N-electron Slater determinant are labeled by electrons: first
row (X;), second row (X3),..., final row (Xx). The columns are labeled by spin
orbitals: first column (Xj), second (Xj),... , final column (Xy). Interchanging the
coordinates of two electrons equals to the interchange of two rows of the Slater
determinant which will change its sign. Thus the Slater determinant meets the
requirement of antisymmetry. Furthermore having two electrons occupying the same
spin orbital corresponds to having two columns of the determinant identical which

leads to the determinant being zero.

1.5.5 Wave Function Based Methods

1.5.5.1 The Hartree-Fock Theory

The Hartree-Fock (HF) Theory29 is starting point of so called ab initio approaches. It
is the simplest wave function-based method and solves the electronic Schrédinger
equation for a particular geometric arrangement of nuclei within a molecule. The
result of an HF calculation is the electronic structure of a molecule, usually expressed
in terms of one-electron wave functions (Molecular orbitals (MOs)) and associated

eigenvalues (orbital energies). The MOs are usually broken down into contributions
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from atom-based functions, which form part of input to a calculation (the basis set).
These basis functions are chosen in such a way that they resemble familiar atomic
orbitals (AOs), thereby making the results of HF-SCF calculations more accessible
chemically. It relies on the following approximations: the Born-Oppenheimer
approximation, the independent electron approximation, the linear combination of
atomic orbitals approximation. The expectation value of Hamiltonian operator applied

on the Slater determinant will give us HF energy, Epr.

- N N 1 N N
B = (@[H[®) = 3G 0D+ DG -Gl dl19)
i i ]
where
o [ 2l 1.16
(1|h|1)_J7Ci(X1) =V —2‘— 1 (%) d%y ....(1.16)
]_ 2 A ha [

defines the contribution due to the kinetic energy and the electron-nucleus attraction.

The second term can be expressed as:

Cd%,dX, < L(L17)

. a2 1 .
()= ”\xi(xl)\ = ‘xj(xz)
12
G 130) = [ [ 00 27 (o) — 2 52) 11 (%) ded, .(118)
12

are the so-called Coulomb and exchange integrals, respectively. The variational
principle is applied for minimizing the Egr, which is a functional of spin orbitals, by
choosing an orthonormal set of orbitals. The resulting Hartree-Fock equations can be

written as:
Fyi=e 7.i=L2 ...N. ..(1.19)

In the above expression fis the Fock operator and &; are the Lagrangian multipliers

which have the physical representation as the orbital energies.

20



1.5.5.2 Correlation Energy and Post-Hartree-Fock methods
According to the variational principle, we will always get Eyp larger than the exact
ground state energy Eo. The difference between these two energies is called as the
correlation energy.

Eeorr = Eo - Eyr ....(1.20)
Electron correlation® is mainly caused by the instantaneous repulsion of the electrons,
which is not covered by the effective HF potential, as electrostatic interaction is
treated only in an average manner in the HF method. There may be two types of
correlations, viz., dynamic and static. The dynamic correlation is due to the
movement of electrons and its effect is short range. Dynamic correlation energy is
related to 1/rj> term in the Hamiltonian. The static correlation arises due to the fact
that in certain circumstances the ground state Slater determinant is not a good
approximation to the true ground state, because there may be other Slater determinants
with comparable energies.

The main aim of Post-Hartree-Fock methods in quantum chemistry is to
improve the Hartree- Fock energy by taking into account the effect of electron
correlation. These methods include configuration interaction (CI), Mgller-Plesset
perturbation theory, and coupled cluster. For CI methods, a linear combination of
Slater determinants rather than one single Slater determinant in Hartree-Fock is used
to approximate the wave function. The Meller-Plesset perturbation theory, as the
name suggests, treats electron correlation in a perturbative way and in the coupled
cluster method, the electron correlation is handled through use of a so-called cluster

operator.
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1.5.6 Density Based Methods: Density Functional Theory

Density functional theory is an alternative way to study electronic structure of matter
in which the ground state electron density of a system is used as a basic variable
instead of a many-body wave function. The wave function does not have any physical
significance; however, the square of the wave function is an observable quantity. A
physical observable that is related to the square of the wave function is called the
electron density (p () ) and can be defined as the probability of finding an electron in
the volume element d7;. It is easy to work with density rather than a many-body wave
function since the density is a function of three variables in contrast to the 3N
variables of the wave function. The calculations based on DFT with these approximate
functionals provide a useful balance between accuracy and computational cost.

Mathematically, the probability density can be expressed as,

P(r) - Nj‘J“W(X],Xz ..... XN) ‘2d51dX2 dXN .(121)

Clearly, p (f) is a non-negative function of only the three spatial variables which
vanishes at infinity and integrates to the total number of electrons:
P = o) = 0 ....(1.22)

jp(r‘)dr‘l =N ..(1.23)

1.5.6.1 The Thomas-Fermi Model
This is the first density-based theory to deal with a many-electron system. In Thomas-

Fermi theory,”' ™’

the kinetic energy of electrons are derived from the quantum
statistical theory based on the uniform electron gas, but the interaction between

electron-nucleus and electron-electron are treated classically. Within this model, the

kinetic energy of the electrons is defined as,
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Tlp] = Cr / p*3(r) dr . (1.24)
with

3

_E(B 2)2‘3—281’1 ....(1.25)

Cr
From the above equation, the approximation is made that the kinetic energy of the
electron depends exclusively on the electron density. By adding the interaction

between electron-nucleus and electron-electron into Eq. (1.24), a total energy in terms

of electron density is obtained,

Elp] = (?F/ps-’;s(r)dr foj dr + = /] d Ldry ....(1.26)
Ty —lzl

The second and third terms are the electron-nucleus and electron-electron interactions,
respectively. The importance of this simple Thomas-Fermi model is not how well it
performs in computing the ground state energy and density but more as an illustration
that the energy can be determined purely using the electron density. The major
shortcomings of the above expression, however, are that the expression of kinetic
energy is a very crude approximation to the actual kinetic energy and exchange and

correlation effects are neglected completely.

1.5.6.2 The Hohenberg-Kohn Theorems

Density functional theory as we know it today was born in 1964 when a landmark
paper by Hohenberg and Kohn®> was published. The theory is based upon the
following two theorems.

Theorem 1: The ground-state energy from Schrddinger’s equation is a unique
functional of the electron density (p(r) ), in other words a one to one mapping between

the external potential and electron density was established.
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Theorem 2: The electron density that minimizes the energy of the overall functional
(E[p(r)] ) is the true electron density corresponding to the full solution of the
Schrodinger equation i. e. the ground state density can be found by using a
variational principle.

One of the important outcomes of these theorems is that the ground-state electron
density uniquely determines all properties, including the energy and wave function, of

the ground state. The energy of any atomic or molecular system can be expressed as:

E = (F[g)] + J‘p(lz)\-'l\-edf) --(1.27)
And the ground state energy of any atomic or molecular system can be expressed as:
E, = énjﬁ (F[p] n Jp(f)\"}\-edf) ....(1.28)
where the universal functional F[p] contains contributions due to the kinetic energy,
the classical Coulomb interaction and the non-classical terms as self interaction
correction, exchange and electron correlation effects. It is independent of the number
of particles as well as the external potential. We have
FIp(D)] = TIp(D)] + Ip(D)] + Esa[p(1)] - A1.29)
Out of all the terms present in the above equation, only J[p], which accounts for the
classical Coulomb interaction, is known explicitly. E,q[p] is the non-classical
contribution to the electron-electron interaction containing all the effects of self-
interaction correction, exchange and Coulomb correlation. It will come as no surprise
that finding explicit expressions for the yet unknown functionals, i. e. T[p] and E,¢[p],
represents the major challenge in density functional theory.
The HK theorems are non-constructive, since we don’t know what the form of
the universal functional is. The kinetic energy functionals are particularly problematic

as T[p] is so large and even a small relative error gives large absolute errors and the
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development of approximate functionals that can reasonably model experimental data
is still a topic of research in the DFT. Thus, almost all DFT calculations rely on the
Kohn-Sham approximation, which avoids the exact kinetic energy functional.
Different DFT methods differ in the way they represent exchange and correlation

terms.

1.5.6.3 The Kohn-Sham Method
From the Hohenberg-Kohn theorem, we can get the ground-state energy by

minimizing the energy functional (equation 1.27),

E = (Flp]+ jp(f)\-'xedf) ...(1.30)

Although the Hohenberg-Kohn theorem provided a proof in principle that the total
energy could be obtained from the ground state density it was not yet known how to
obtain the p(r) or F[p]. In 1965, Kohn and Sham published a paper which transformed
density-functional theory into a practical electronic structure theory.26 Kohn and Sham
recognized that the failure of Thomas-Fermi theory mainly resulted from the bad
description of the kinetic energy. To address this problem they decided to re-introduce
the idea of one electron orbitals and approximate the kinetic energy of the system by
the kinetic energy of non-interacting electrons. This lead to the central equation in

Kohn-Sham DFT which is the one-electron Schrodinger-like equation, expressed as:

dr' + vpe(r)) o — 20, (1.31)

p(r)
r—r

1_. )
(f3V2+ 2,‘(\1') +/ ,|
Here ¢; are the Kohn-Sham orbitals and the electron density is expressed by,

N

p(r) = o) .(1.32)

i
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The terms on the left side of Eq. (1.30) are the kinetic energy of the non-interacting
reference system, the external potential, the Hartree potential, and the exchange-
correlation potential, respectively. The € is the energy of the Kohn-Sham orbital. In

addition, the exchange-correlation potential is given by,

O Ere[p] ....(1.33)
op(r)

and Eyx[p] is the exchange-correlation functional and effective potential (vesr ) can be

Dpe(T) =

defined as

(1’ ,
Vepf = v(I) —l—/%dr + Upe(T) ....(1.34)

Thus Eq. (1.30) can be rewritten in a more compact form,

1
(_3v2 + Veff )i = £ ....(1.35)
Clearly this is a Hartree-Fock like single particle equation which needs to be solved
iteratively. Finally, the total energy can be determined from the resulting density

through

N /

E = 2"1 — %/f%c!rc!r{ + Erclp] — / vze(T)p(T) dr ..-(1.36)
Equations (1.31), (1.32), and (1.34) are the celebrated Kohn-Sham equations. Note
that the verr depends on p(r) through Eq. (1.33). So the Kohn-Sham equation must be
solved self-consistently. The general procedure is to begin with an initial guess of the
electron density, construct the v from Eq. (1.33), and then get the Kohn-Sham
orbitals. Based on these orbitals, a new density is obtained from Eq. (1.31) and the
process repeated until convergence is achieved. Lastly, the total energy will be

calculated from Eq. (1.35) with the final electron density. If each term in the Kohn-
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Sham energy functional was known, we would be able to obtain the exact ground state
density and total energy. Unfortunately, there is one unknown term, the exchange-
correlation (XC) functional (Eyc). Ex includes the non-classical aspects of the electron-
electron interaction along with the component of the kinetic energy of the real system,
which is different from the fictitious non-interacting system. Since Eyc is not known
exactly, it is necessary to approximate it. Thus, since the birth of DFT, some sorts of
approximations for Ey have been used. By now there is an almost endless list of

approximations®**' with varying levels of complexity.

1.5.6.4 Solving the Kohn-Sham Equation
In practice, the Kohn-Sham equation is solved numerically by an iterative procedure
called the self-consistent field (SCF) method. The steps involved in the SCF

calculations and its corresponding flow chart are given below.

Logical Scheme for abinitio molecular orbital Calculation
Specification of
Mol. Geom.
Specification of
Basis set

Calculation of

initial guess

Solution of SCF
eqns (Energy)

Calculation Variation of Mol.
of E gradient Geom.

Finished ?

Yes

Calculation of
properties

Scheme 1.1  Schematic representations of the flow chart of ab initio MO & DFT

calculations
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1.6 Scope of the present thesis

Here in this thesis we have proposed a modified concept related to selective
complexation of actinides with either S or N donor ligands. It is important to note that
efficiency of complex formation of either Ln(Ill) or An(Ill) with oxygen donors is
much better as compared to N or S donors because both the set of metal ions are hard
Lewis acids, however no selectivity is observed with O donor ligands. Although
actinide selective ligands with hard donor atom like O seems highly unusual, in this
thesis we have made an attempt to reply to this question affirmatively through the
introduction of a new concept, ‘intramolecular synergism’, where electrostatic
interaction predominates between the softer metal ion and hard donor atoms in
presence of soft donor centers within the same ligand. Syntheses of some of the
theoretically designed ligands followed by their solvent extraction study have also
been performed to validate our theoretical predictions. Additionally, we have also
theoretically investigated some conventional extractants to rationalize the
experimentally observed trends.

The present thesis also includes theoretical predictions of a new class of stable
metallofullerenes with small fullerene cages, through encapsulation of an actinide or
lanthanide atom/ion. Smaller fullerenes are of special interest due to the presence of
high curvature and huge strain energy owing to the presence of adjacent pentagonal
rings, which lead to clusters with unusual intra and inter -molecular bonding and
electronic properties. Among the smaller fullerenes (n < 60) only C;¢ have been
isolated in solid form,** although other smaller fullerenes have also been identified in
various gas phase experiments. The smaller fullerenes, which are formed during the

production of stable fullerenes, are difficult to isolate because of their extremely high
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chemical reactivity. However, encapsulation of a suitable dopant atom or ion (metal or
nonmetal) may lead to the stabilization of smaller fullerenes. Stability of the smaller
fullerenes has been shown to be increased considerably through encapsulation of an
appropriate metal atom or ion so that experimental observation of such smaller size
fullerenes may be possible. This stability gain has been rationalized using some
fundamental electronic structure principles, viz., electronic shell closing, geometrical

shell closing, the concept of magic number etc.

29



30



CHAPTER 2: Actinide Selectivity of 1,10-Phenanthroline-2,9-
dicarboxylic acid (PDA) Based Ligands: Insight from Density

Functional Theory

2.1  Introduction

2.1.1 Density Functional Theory Derived Chemical Reactivity Indices

Concept of chemical hardness originally introduced by Pearson® has attracted
considerable attention for studying various chemical reactions in different fields like
organic, inorganic and biological chemistry.***® Softness is defined as the inverse of
hardness. Electronegativity®’, in conjunction with hardness and softness parameters
are widely used for a detail understanding of chemical bonding in various systems.
Mathematically, electronegativity and hardness can be defined as first* and second”
derivative of energy (£) with respect to the number of electrons (&), respectively, at
constant external potential. For elucidating chemical reactivity, one of the most
important local reactivity indices is the Fukui function, which was introduced by Parr
and Yang50 in 1984. It can be defined as the derivative of chemical potential against
external potential at constant electronic framework or the slope of density against
number of electrons, N, at constant perturbation. In the present chapter one of our
objectives is to employ all these important concepts in rationalizing the complexation
behavior of trivalent actinides vis-a-vis corresponding lanthanides as obtained using

density functional calculations.
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2.1.2 Actinide/ Lanthanide Separation: Basic Principle

Investigation of bonding of specific metal ion either through encapsulation in a
suitable host molecule or by means of complex formation with a selective ligand is of
considerable recent interest’'>® because of its immense importance both from the
fundamental and application point of view. In general, based on the ionic size and the
charge on the metal ion, suitable complexing agent (ligand or host molecule) is
designed for a particular ion to achieve the selectivity. One instance where selective
complexation becomes difficult is the separation of trivalent actinides (An(IIl)) from
trivalent lanthanides (Ln(Ill)) due to their similar charge/size ratio. This process is
very important in nuclear industry from the radioactive waste management point of
view.”™ Lanthanide-actinide separation process is even more complicated due to the
presence of partially filled valence f orbitals in their trivalent state, which are diffuse
in nature. As discussed in the introductory chapter, a number of ligands with soft
donor atoms like N and S are exploited for selective complexation of actinide ions as
actinides are softer in nature as compared to the lanthanides. However, it is very
important to note that efficiency of complex formation of either Ln(III) or An(III)
with oxygen donors is much better as compared to N or S donors because both the set
of metal ions are hard Lewis acids, however, no selectivity is observed with O donor

ligands.

2.1.3 Intra-ligand Synergism: A new Concept
Now one obvious question arises: is it possible to have an actinide selective ligand
with hard donor atom like oxygen? Although it seems highly unusual, for the first

time we have made an attempt® to reply to this question affirmatively by exploiting
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the concept of ‘intramolecular synergism’, where synergistic effects can be achieved
through functionalization of the original ligand with suitable soft donor atoms as far as
the selectivity is concerned. In fact, intermolecular synergistic agents have been used
extensively for an efficient extraction of a particular metal ion in separation chemistry
where a second ligand known as co-extractant, works in a synergistic way with the
first ligand in presence of each other. In the literature several such investigations are
reported where it has been demonstrated that synergistic effect plays an important role
for an efficient and selective extraction of a particular metal ion. For instance, a
recent experimental report” has indicated that the role of synergism is significant in
the extraction of Am(IIl) over Eu(Ill). Several experimental reports related to
synergism are also available in the literature involving combinations of hard-soft or
soft-soft donors.®"** In this work we use the concept of “intramolecular synergism”,*’
where electrostatic interaction predominates between a relatively softer metal ion and
hard donor atoms (O) in presence of soft donor centers (N) within the same ligand.
We have rationalized the selective complex formation of An(IIl) over Ln(III) with O
donor ligands through providing an in-depth insight within the framework of
Pearson’s Hard-Soft-Acid-Base (HSAB) principle™****** and frontier molecular
orbital (FMO) theory of chemical reactivity.”*

Here, 1,10-phenanthroline-2,9-dicarboxylic acid (PDA)55 6667 has been used as
the complexing agent. It is important to note that phenanthroline derivatives have been
extensively studied experimentally by several reserachers®> %% for complexation of
various metal ions due to their pre-organized framework. Recently, considerable
amount of experimental work has been published in the literature dealing with

66-69

phenanthroline di-alcohol / di-acid / di-amide type ligands. In these reports it has
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been clearly indicated that the 1,10-phenanthroline based ligands with both N and O
donor centers would show good selectivity for trivalent actinides over corresponding
lanthanides. Hancock and coworkers have already reported complexes of this type of
ligands with trivalent lanthanides experimentally (lanthanides with alcohol, amide and
acid derivatives of 1,10-phenanthroline). Therefore, we have been motivated to use
1,10-phenanthroline-2,9-dicarboxylic acid and its derivatives for the investigations of
complexation behavior of trivalent actinides and corresponding lanthanides
theoretically to provide an in-depth insight on their complexation. We have also
introduced three other derivatives of PDA through functionalization with soft S atom,
viz., 1,10-phenanthroline-2,9-mono-thio-dicarboxylic acid (binding through Oxygen)
(TCA1), 1,10-phenanthroline-2,9-mono-thio-dicarboxylic acid (binding through
Sulfur) (TCA) and 1,10-phenanthroline-2,9-di-thio-dicarboxylic acid (THIO). Here, it
is important to note that complexation of any metal ion with thio derivative of PDA
has not been reported in the literature till date. It is well known that soft donor ligands
play important role in the selective complexation of actinides, for example, S-donor
Cyanex-301, N-donor BTP derivatives etc. are considered as highly selective
extractants for trivalent actinides. Consequently, the presence of both N and S in the
same ligand can be accomplished by functionalization of PDA ligand with S donors.
Also, depending on the number of sulfur atoms (two S atoms in TCA/TCA1 or four S
atoms in THIO) overall softness of the ligand can be tuned accordingly. In fact, it has
been observed experimentally that lanthanide-actinide separation with S donor ligand
can be enhanced to a great extent®' in presence of auxiliary ligand with N as donor

atoms.
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It is well known that selective complexation of An(III) in presence of Ln(III) is
a difficult and challenging task both experimentally and theoretically because of their
comparable charge to radius ratio and similar chemical behavior of these species as
stated above. Therefore, in this work our interest is to investigate only the An(III) and
Ln(IIT) complexes using phenanthroline acid type ligands. It is to be noted that 1,10-
phenanthroline (PHEN) based nitrogen donor ligands are not very much soluble in
water medium due to their inability to form any hydrogen-bond with water

molecules,®”®

making their study difficult in aqueous medium, whereas Am(III) and
Eu(III) are highly hydrophilic in nature. Hence, one can make the ligand hydrophilic
by functionalization with carboxylic type groups, and selective extraction of An(III)
over Ln(IlT) is possible in water medium. Indeed, here we demonstrate that in
presence of nitrogen donor atoms in the PHEN moiety, harder donor atom like oxygen
binds with softer Am(III) in a stronger way than that with Eu(Ill). To accomplish our
objective we have used first-principles density functional theory with three different
GGA functionals in the gas and solvent phases for the geometry optimizations and
complexation energy calculations. Here we have confined ourselves only to the GGA
functionals as it was found that the results obtained using pure GGA functionals are
more reliable as compared to that of the hybrid one in predicting the properties of

. 70,71
metal-actinide complexes.™

Finally, all the calculated results are rationalized in the
light of HSAB principle ***% and FMO theory. °*® The details of theoretical

background and computational methodologies used are discussed in the subsequent

sections.
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2.2  Theoretical Background
Parr and Pearson have defined hardness, 1 of any chemical species as*

n = 1/2(8°E/ON?)y)

=1/2 (Ou/ON)yr (1)

where E is the total energy, NV is the number of electrons of the chemical species under
constant external potential, v(r) and x is the chemical potential, which is identified as
the negative of electronegativity. After applying the finite difference approximation to
equation 1, one can get

n =(P-EA) /2 —(2)
where IP and EA denote the ionization potential and electron affinity of the system,
respectively. For a particular species M, IP and EA can be calculated by taking the
energy values of (M" - M) and (M - M"), respectively.
Fukui function,’ denoted as f{r), can be defined as the change in electron density, p(r)
at a point r with the change in total number of electrons, or sensitivity of chemical

potential of a system to an external perturbation at a particular point r.

Jr) =(Op(r)/ON)u(y) ...(3)
For a nucleophilic attack,
S (r) =(3p(i r)/aN)+D(r) 3]
For an electrophilic attack,
fi(r) =(c’9p(r)/6N) 71)(r) . (5)

Within the finite difference method, for an N electron system Fukui functions for
nucleophilic and electrophilic attack can be defined, respectively, as
[ = p(r)[N+1] - p(r)[N] ()
S ()= p()[N] - p(r)[N-1] e (7)
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Based on the electronic population Yang et al.”* proposed the atom condensed Fukui
function to describe the site reactivity or site selectivity. The condensed Fukui
function for an atom k, undergoing nucleophilic or electrophilic attack can be defined

respectively as

fe= g N+ - g (N) e (8)
[ x=qc(N) - g (N-1) ...(9)

where g values are electronic population of the k™ atom of a particular species. There
are two other terms, relative nucleophilicity index (f,,) and relative electrophilicity

. . 4
index (fi), which can be represented as’™’

fou=f W/ k
and
fa=f /[ 'k

Relative nucleophilicity and electrophilicity indices are more useful to identify the
respective reactive site for a molecular system. A site is favorable for a nucleophilic

attack where fn, > fo. Similarly, a site is favorable toward an electrophilic attack where

fel >fnu-

2.3  Computational Details

All the geometries of the bare ligands and the metal-ligand complexes have been
optimized without any symmetry restrictions. Two different program packages have
been used, viz., Turbomole 6.0” and ADF2006.01.7” For ADF calculations Slater
type orbital (STO) basis sets, added with two polarization functions (TZ2P of ADF
basis set library) along with frozen core approximations have been used. The frozen
cores considered for various atoms are 1s-4d for lanthanides, 1s-5d for actinides, 1s-
2p for sulfur and ls for carbon, nitrogen and oxygen. Here we have incorporated the

relativistic effects using the zeroth order regular approximation (ZORA) approach,
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which is quite successful in predicting the geometries as well as energetics of actinide
compounds.®”™ In Turbomole, 28 (Ce and Eu) and 60 (U and Am) electron core
pseudo potentials (ECP) along with the corresponding def-SV(P) Gaussian type
orbital (GTO) basis sets have been used.***' For the lighter atoms, all electron def-
SV(P) basis sets have been used, as implemented in the Turbomole program. It may
be noted that for the Am and Eu atoms the def-SV(P) basis set as present in the
Turbomole basis set library is quite large and consists of (14s13p10d48f1g) functions
contracted to [10s9p5d4f1g]. For all the calculations of Am®>" and Eu®" ions and their
complexes we have considered the open-shell septet state, which is the ground state
for these species. To investigate the effect of basis set we have also used TZVP basis
along with ECPs for the lanthanide and actinide atoms in Turbomole program. Starting
with various initial structures geometries are optimized until vibrational analysis
results into all positive frequencies. The partial atomic charges were calculated using
the natural population analysis scheme’® as implemented in Turbomole. Solvent effect
has been considered using COSMO®* approach with water as solvent (epsilon=78.6).
The atomic radius values used in the COSMO model are 1.404, 1.989, 1.989, 1.7784,
2.106, 1.820, 2.045, 1.8276 and 2.223 A for H, C, N, O, S, Eu, Am, Ce and U,
respectively. 7>**”> The geometries of the bare ligands and all the complexes have
been optimized in presence of solvent. To investigate the effect of exchange-
correlation functionals, BP86°%*7, PBE*, and BLYP*** functionals have been used in
all cases. Energy decomposition analysis79 has been performed using the ADF
software. Interaction energy between the two fragments in the complex is the focus of
the bonding analysis. This interaction energy AEi, can be decomposed into two

different components,
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AEint = AEgteric T AEom

AEgeric 1S the steric interaction energy between the metal ion and the ligand and it
arises from the sum of two contributions, i.e.

AEgteric = AE¢iec  AEpauii

where AEg.. gives the electrostatic interaction energy between the fragments. AEp,y;
gives the repulsive interactions between the fragments. The stabilizing orbital
interaction term, AE,, includes polarization term and covalency factor due to metal-

ligand orbital overlap.

2.4 Results and Discussions

2.4.1 Geometry Optimization and Structural Aspects

We have optimized the geometries of all the bare ligands and the complexes in their
high spin state in both gas and solvent phases using Turbomole program package.®
The vibrational frequencies of all the optimized structures have been found to be real.
The optimized structures of bare ligand and metal-ligand complex, [ML]" are depicted
in Figure 2.1. All the metal-complex monomer structures are almost similar
irrespective of the metal ions or ligands used. Now onwards we have considered the

results obtained using Turbomole program unless otherwise stated.

% 4}@ oD

Figure 2.1 Optimized structures of a) bare ligand and b) metal ion-ligand complexes.
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For bare ligands (deprotonated form) the dihedral angles between the PHEN moiety
and the functional groups are much larger as compared to the corresponding values in
the complex, indicating that the carboxylic acid groups are almost perpendicular with
respect to the PHEN moiety. However, after complex formation all these groups
reside in the same plane. Now it is interesting to compare the metal-ligand bond
distances for the various complexes considered in this work. Therefore, we have
reported the M-L bond distances for the [ML]" complexes in Tables 2.1 and 2.2. From
the reported values in the Tables it is evident that the Am-O/S bond distances are
shorter than the corresponding Eu-O/S bond distances for all the four ligands
considered here although the size of the Am’" ion (ionic radii=0.975 A) is slightly
higher as compared to Eu’" ion (ionic radii=0.95 A) for coordination number six.”
Similar trend is observed for the M-N bond distances also. Metal-nitrogen bond
distances are larger when binding is occurring through sulfur center as compared to
oxygen center. Difference in M-N bond distance values between Am and Eu

complexes are smaller as compared to the difference in M-O bond distance values

(Figure 2.2).

—eo— AR (AM-Eu)
0.15¢ —V— AR (Am-Eu)
—m— AR_(U-Ce)

—A— AR (U-Ce)
‘ 0.09F

/4
AR/A

PDA TCAl TCA THIO
Ligands

0.12F

Figure 2.2 Difference in the optimized M-N and M-O/S bond distance values between
Am(IIT) , Eu(IlT) and U(II), Ce(III) in presence of solvent.
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Table 2.1 Calculated M-L bond distances (A) and complexation energies (eV) in gas
(AEy) and solvent (AE;) phases for Am’" and Eu** complexes using def-SV(P)/BP86
method

Complex M-O/M-S | M-N M-O/M-S | M-N AE, AE;
Gas Gas Solvent Solvent | Gas Solvent

[Am-PDA]" 2.179 2.508 2.260 2.527 -41.73 | -6.88
[Eu-PDAT" 2.218 2.523 2.307 2.562 -42.76 | -4.79
[Am-TCA1]" |2.217 2.501 2.284 2.522 -40.74 | -6.25
[Eu-TCAI1]" 2.292 2.523 2.372 2.572 -42.13 | -4.40
[Am-TCA]" 2.634 2.574 2.708 2.591 -40.25 | -5.70
[Eu-TCA]" 2.672 2.571 2.768 2.615 -41.51 | -3.80
[Am-THIO]™ | 2.693 2.554 2.743 2.582 -39.86 | -5.30
[Eu-THIO]" 2.766 2.548 2.825 2.606 -41.37 | -3.59
[Am-PHEN]*" | - 2440 | - 2410 | -15.64 |-2.33
[Eu-PHEN]"" | - 2500 | - 2469 | -17.52 |-1.47

Table 2.2 Calculated M-L bond distances (A) and complexation energies (eV) in gas
(AEg) and solvent (AE;) phases for U** and Ce*" complexes using def-SV(P)/BP86
method

Complex M-O/M-S | M-N(A) | M-O/M-S | M-N AE, AE;
Gas Gas Solvent Solvent | Gas Solvent

[U-PDA]" 2.148 2.441 2.231 2.460 -40.28 -7.69
[Ce-PDA]" 2.208 2.546 2.288 2.561 -40.26 -3.10
[U-TCA1]" 2.149 2.438 2.222 2.463 -39.19 -7.04
[Ce-TCA1]" 2.217 2.527 2.360 2.599 -39.17 -2.49
[U-TCA]" 2.615 2.416 2.691 2.485 -38.88 -6.63
[Ce-TCA]+ 2.660 2.534 2.799 2.596 -38.76 -1.74
[U-THIO]+ 2.616 2.400 2.671 2.475 -38.47 -2.97
[Ce-THIO]+ 2.672 2.509 2.790 2.598 -38.30 -1.18
[U-PHEN]3+ ——— 2.308 — 2.391 -13.22 -2.47
[Ce-PHEN]3+ ——— 2.367 — 2.401 -13.97 -1.35
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However, it is important to note that the Am-O bond distances are shorter in case of
Am-PDA complex as compared to that in Am-TCA1 complex, where oxygen is the
donor atom in both the cases. Similarly, Am-S bond lengths are found to be smaller in
case of Am-TCA as compared to that in Am-THIO complex where sulfur is the donor
atom in both the cases. Similar trends are observed for Eu complexes in both the cases
whether bonding is through oxygen or sulfur atoms. Differences between the Am-O
and Eu-O bond distances are increased as we move from PDA to TCA1 ligand.
Similarly, moving from TCA to THIO, the differences between the Am-S and Eu-S
bond distances are increased. Therefore, binding is stronger for Am*" ion as compared
to Eu’" ion as we move from PDA to TCA1 and from TCA to THIO. This may be due
to the increase in soft nature of the ligands as we replace the non-coordinating O
centers with S atoms. It is interesting to note that the calculated trend is in complete
agreement with a recent experimental study® where selectivity for Am®>" with S-donor
ligands is increased in presence of auxiliary N-donor ligands. To investigate the effect
of basis sets we have also optimized the geometries of all the complexes using TZVP
basis sets in Turbomole. It is interesting to note that irrespective of the basis sets used
(def-SV(P) and TZVP in Turbomole) the trends in the calculated M-L bond lengths
remain the same (Table 2.1 and 2.3). These trends are similar for all the structures
obtained from both ADF and Turbomole packages (Table 2.4). Geometries of the
Am’", Ev’" and U¥, Ce™ complexes are also optimized with two other exchange-
correlation functionals, BLYP and PBE and it is to be noted that the bond distance
values with these two functionals are also in good agreement with the previous trends

(Table 2.5).
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Table 2.3 Calculated M-L bond distances (A) and complexation energies (eV) in gas
(AEy) and solvent (AEs) phases for Am’" and Eu’* complexes with TZVP/BP86

method
Complex M-O/M-S | M-N M-O/M-S | M-N (AEy) (AEy)
Gas Gas Solvent Solvent

[Am-PDA]" 2.182 2.506 2.275 2.523 -40.37 | -5.62
[Eu-PDA]" 2.227 2.527 2.329 2.562 -41.45 |-3.63
[Am-TCA1]" |2.223 2.499 2.299 2.519 -39.52 | -5.14
[Eu-TCA1]" |2.305 2.525 2.372 2.572 -40.98 | -3.33
[Am-TCA]" 2.638 2576 | - | - -39.17 | -
[Eu-TCA]" 2.679 2575 | e | e -4047 | ------
[Am-THIO]" | 2.697 2.553 | e | e -38.84 | -
[Eu-THIO]" | 2.769 2550 | e | e -40.39 | —---

Table 2.4 Calculated bond distances (d in A) for [ML]" complexes obtained from

ADF software with TZ2P basis sets and BP86 exchange-correlation functional in the

gas phase

_ Bond Distances

Ligand PDA TCA1 TCA THIO

vMetal |[dyoA |dunA |duoA |dunA |[dusA |dunA |dusA |dunA
Am |2.193 2.506 2.233 2.500 2.579 2.645 2.566 2.688
Eu |2222 2.508 2.292 2.503 2.556 2.673 2.539 2.739
U 2.152 2.434 2.141 2.407 2.428 2.613 2418 2.619
Ce |2.206 2.506 2.213 2.493 2.518 2.677 2.495 2.676

Table 2.5 Effect of different Exchange correlation functionals (PBE and BLYP) on
the M-L bond distance (d in A) of [ML]" complexes calculated using def-SV(P)

LIGAND NAME METAL B-LYP PBE

PDA dm-o dvn dmo dmn
Ce 2.223 2.571 2.207 2.545
Eu 2.233 2.548 2.218 2.531
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U 2.172 2.474 2.147 2.438
Am 2.198 2.533 2.179 2.508
TCAl Ce 2.233 2.552 2.217 2.526
Eu 2.307 2.547 2.292 2.523
U 2.172 2.469 2.147 2.435
Am 2.237 2.528 2.217 2.501
TCA Ce 2.660 2.534 2.654 2.534
Eu 2.699 5.593 2.669 2.576
U 2.651 2.459 2.607 2410
Am 2.663 2.603 2.629 2.576
THIO Ce 2.700 2.533 2.682 2.529
Eu 2.793 2.570 2.753 2.541
U 2.653 2.439 2.640 2.435
Am 2.727 2.580 2.688 2.556

2.4.2 Energetics

The calculated metal-lignd complexation energy values in the gas and solvent phases
are reported in Tables 2.1-2.3. For all the metal ions, the complex formation energy is
decreased along the series PDA > TCA1> TCA> THIO. This trend is clearly due to
the efficiency of the oxygen atoms in forming stronger bonds in [M-PDA]" and [M-
TCA1]" complexes as compared to the sulfur atoms in the corresponding TCA and
THIO complexes. It is interesting to note that [M-TCA1]" complex is more stable
than [M-TCA]" complex, although composition of both the ligands are identical,
differing only in the binding sites, oxygen and sulfur as donors in TCA1 and TCA,
respectively. The complex formation energy is higher in case of Am complexes in
comparison with the corresponding Eu complexes in presence of solvent (Figure 2.3).
This trend is not consistent with the gas phase complexation energy values. In this

context it is interesting to note that the effect of solvent has been found to be quite
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significant to explain the experimentally observed higher separation factor for Am(III)

d. 3798 1 fact, calculated results

with respect to Eu(Ill) with Cyanex-301 ligan:
using merely gas phase data has not been able to provide complete explanation to the

experimentally observed results.

Y Am
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Figure 2.3 Complexation energies (E/eV) of metal complexes, [ML]", with various

ligands in presence of solvent.

2.4.3 Rationalization of Bonding Aspects through HSAB Principle and Fukui
Reactivity Indices

From the calculated bond distance and complex formation energy values (in presence
of solvent) as reported in Tables 2.1 and 2.3, it is quite clear that Am complex is more
stable than the corresponding Eu complex for each of the four ligands considered here.
In case of U and Ce complexes similar trend is observed (Table 2.2). This is quite
contrary to the conventional wisdom, particularly, with PDA and TCAT1 ligands where
oxygen atoms act as donor centers (in addition to the nitrogen donors). In fact, since

80,81,94,97-104
d

last two decades it is being believe that actinide ions prefer to bind to soft
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donor ligands like N and S as compared to the corresponding lanthanide ion because
of the more diffuse 5f orbitals of actinides (as compared to the 4f orbitals in
lanthanide), by virtue of which, actinides generally favor covalent interactions with
soft donor ligands than the corresponding lanthanides. However, reported results in
Tables 2.1, 2.2 and 2.3, shows that separation may also be achieved with hard donor
ligand center in presence of soft atoms (with PDA and TCA1). To explain this
anomaly and also to explain the observed trends as presented in the Tables, we have
invoked the concepts of Pearson’s Hard-Soft-Acid-Base principle and the frontier
molecular orbital theory of chemical reactivity as proposed by Fukui. For calculations
we have adopted the definition of hardness, 1 as (IP-EA)/2 as proposed® by Parr and
Pearson within the framework of density functional theory, where IP and EA denotes
ionization potential and electron affinity of the species, respectively. Softness, S is
defined as the reciprocal of hardness. The gas phase (aqueous phase) calculated values
of n are found to be 0.682 au (0.395 au) and 0.526 au (0.270 au) for the Eu’* and
Am’" ions, respectively. Therefore, softer nature of Am®" is evident from these values.
Now we have calculated the n values of Eu and Am complexes with PHEN, and the
corresponding gas phase (aqueous phase) values are found to be 0.179 au (0.072 au)
and 0.176 au (0.077 au) for [Eu-PHEN]*" and [Am-PHEN]** complexes (Table 2.6).
Therefore, it is quite clear that the nature of the metal ion is changed dramatically after
coordination with nitrogen donors present in the PHEN moiety. Indeed, now the
hardness values of the two complexes are quite close to each other, in contrast to the

situation corresponding to the bare metal ions.
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Table 2.6 Calculated Hardness and Softness values of the metal ions, dianionic form

of the bare ligands and [M-PHEN]*" complexes in gas and solvent phases using def-

SV(P)/BP86 method

COMPLEX HARDNESS SOFTNESS
NAME Gas Solv Gas Solv
Am®" 0.526 0.270 1.901 3.708
Eu’’ 0.682 0.395 1.466 | 2.533
5 0.497 0.258 2.013 3.869
Ce’" 0.630 0.383 1.588 2.609
[PDAT” 0.196 0.126 5.097 7.914
[TCA/TCA1]* 0.187 0.095 5.352 10.571
[THIOT" 0.179 0.099 5.581 10.062
PHEN 0.305 0.177 3.282 5.654
[Am-PHEN]*" 0.176 0.077 5.680 12.943
[Eu-PHEN]*" 0.179 0.072 5.596 13.964
[U-PHENT" 0.237 0.135 4.216 7.429
[Ce-PHENT*" 0.231 0.119 4.324 8.435

In fact, n value of [Am-PHEN]" complex is slightly larger as compared to the
corresponding [Eu-PHEN]’" complex in presence of solvent. In other words, [Am-
PHENT*" complex is calculated to be slightly harder than the [Eu-PHEN]*" complex,
which is in contrast to the hardness values of the respective bare metal ions.
Consequently, Am’" in [Am-PHENT*" may bind to harder donor atoms in a stronger
way. Thus, it could rationalize the shorter Am-O bond distance as compared to the
corresponding Eu-O bond length in PDA and TCA1 complexes. Shorter Am-N bond
length in the PHEN complex (Table 2.1) is clearly due to the softer Am’" ion as
compared to Eu’* ion. However, this is an idealistic picture, where it is assumed that

in the first step complexation occurs through the N donors of the PHEN moiety of the
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ligand followed by interaction with other donor centers. It can explain only the
interactions when both soft and hard donor centers are present in the same ligand but
is not able to explain the shorter Am-S bond distances in case of TCA and THIO
complexes where both the donor centers are soft in nature. Definitely, covalency may
play a major role in these complexes (see discussion in Section 2.4.4). Also, from
Table 2.1 it is evident that metal-N bond distances are increased quite a bit in going
from PHEN complexes to the other complexes and the effect is more pronounced in
case of Am®* complexes.

In general, global reactivity indices such as electronegativity and hardness
parameters have been quite valuable in providing in-depth insight in rationalizing
various aspects of chemical binding and reactivity in molecular systems.los’lo6 For
explaining different trends in chemical reactivity in difficult situations several local
reactivity descriptors are proposed from time to time in chemistry. One such reactivity
index, Fukui function,”® which was proposed within the framework of density
functional theory have been found to be quite valuable in rationalizing competing

. ., 73,74,107-109
reactive sites' ™

in a molecule towards a nucleophile or an electrophile.
Afterwards, several variants of this reactivity index are proposed to explain various
experimentally observed results. In the recent past, Roy et al”>’* demonstrated that
instead of only /' and f 7, the ratios, fi, and fi behave as better reactivity descriptors
for nucleophilic and electrophilic attack, respectively.

Very recently, these descriptors have been used extensively for a successful
rationalization of favorable and competing reactive sites in a molecule or cluster.'”

However, to the best of our knowledge these concepts have never been exploited for

the interpretation of metal-ligand complexation process involving trivalent lanthanides
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and actinides. Therefore, we have been motivated to use Fukui reactivity indices for
the rationalization of complexation behavior of metal ions with the four ligands
considered here. Initially we investigate the effect of nitrogen donors present in the
PHEN moiety towards the reactivity of metal ion. The calculated values of the various
parameters reported in Table 2.7 reveal that the f;,, value for Am in the [Am—PHEN]3 "
complex is higher than that in Eu in the corresponding [Eu-PHEN]’" complex.

It indicates that Am in [Am-PHEN]" complex should act as a better
electrophile in comparison with the Eu in [Eu-PHEN]®" complex towards a particular
nucleophile. In other words, between [Am-PHENT*" and [Eu-PHENT* complexes
nucleophilic attack will be more favorable on the Am center. This trend is evident
from the calculated values of Am-O/S and Eu-O/S bond distances reported in Table
2.1, where it is clear that Am-O/S bond distance is shorter than the Eu-O/S bond
distance for each of the four ligands, PDA, TCA1, TCA and THIO.

The calculated fy values of the donor atoms in each of the four ligands in
presence of solvent reported in Table 2.7 reveal that the calculated M-O/S bond
distances trend is consistent with the £ values. For instance, f;; value is higher for the
oxygen atom in PDA than that in TCA1 suggesting stronger complex formation ability
of PDA with a particular metal ion, which is in agreement with the calculated bond
length and complexation energy values. Similarly, a higher value of f for sulfur atom
in TCA than that in THIO indicates a stronger complex formation ability of TCA than
THIO. Thus, all the trends resulting from the calculated density functional based
reactivity descriptors values are in excellent agreement with the variations in the

calculated bond distance and complex formation energy values. All the trends
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observed in the calculated values of Fukui reactivity indices in the gas phase are found

to remain the same in the solvent phase as well (Tables 2.8 and 2.9).

Table 2.7 Calculated values of Fukui indices for the nucleophilic attack on the donor

site (fo1) and the electrophilic attack on the metal site (f,, ) of the free ligand and the

[M-PHENT’" complexes, respectively, in presence of solvent

Free Ligand fa (O/S) fa(N) PHEN Complex fou (M)
[PDA]* 6.039 0.679 [Am-PHEN]*" 3.967
[TCAL1]" 1.784 0.786 [Eu-PHENT]* 2.718
[TCAT™ 4.126 0.786 [U-PHEN]* 6.529
[THIO]™ 2.752 0.308 [Ce-PHENT" 3.452

Table 2.8 Calculated values of charges on donor center and Fukui indices for the

nucleophilic attack on the donor sites in gas and solvent phases for the dianionic form

of the bare ligands using def-SV(P)/BP86 method

Gas Phase
LIGAND NAME | qx qo/as | £ (O)orf «(S) |f k(N) | fu(OorS) [fu(N)
[PDA]" -0.446 | -0.691 |0.142 0.040 |3.017 3.137
[TCAIT" -0.445 |-0.589 |0.068 0.024 | 1.623 0.933
[TCA]” -0.445 | -0.450 |0.290 0.024 |2273 0.933
[THIO> 20439 [-0.196 |0.202 0.010 |2.335 1.189
Solvent Phase
[PDA]" 20496 |-0.756 |0.129 0.061 |-
[TCAIT" 20.493  |-0.639 |0.061 0.028 | -
[TCA]™ 20.493 | -0.491 |0.331 0.028 | -
[THIO]™ -0.496 | -0.227 |0.203 0024 | —
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Table 2.9 Calculated values of Fukui indices for the electrophilic attack on the metal
centre of [M-PHENT]*" complexes in gas and solvent phases using def-SV(P)/BP86
method

COMPLEX NAME (M) fow (M)
Gas Phase | Solvent phase | Gas Phase
[Am-PHENT* 0.280 0.531 1.456
[Eu-PHENT" 0.152 0.307 1.029
[U-PHEN]* 0.607 0.905 3.529
[Ce-PHEN]* 0.327 0.511 1.741

2.4.4 Charge Distribution in the Complexes

Now, it would be interesting to compare the charge on the metal ion in various
complexes for the analysis of nature of metal-ligand interactions. For this purpose we
have reported the partial atomic charges on the metal and donor centers in Tables 2.10
and 2.11. For the [Am-L]" complexes, charge on the metal ion and the donor centers
decreases monotonically from PDA to THIO, however, atomic charge on nitrogen
centers virtually remains the same irrespective of the ligand. Similar trends are
observed for the other metal complexes also. Shorter actinide-ligand bond length
along with higher charges on metal and donor centers in PDA and TCA1 complexes
indicate that electrostatic interaction is dominating in these complexes, in contrary to
that in other well known actinide complexes with Cyanex and BTP,***** where
charges on the metal center are very low. The calculated charges on actinide ions are
found to be higher for PDA and TCA1 complexes whereas for TCA and THIO
complexes charges are higher on lanthanides, which reveal that with PDA and TCA1
ligands electrostatic interaction is more for actinide complexes as compared to the

corresponding lanthanide complexes. On the other hand, electrostatic interaction is

51



slightly less for actinide complexes involving TCA and THIO ligands. Similar trend is

maintained with [ML;] complexes, TZVP basis set and also with different functionals

(Tables 2.12, 2.13 and 2.14). In presence of solvent, charges on metal centers are

found to be slightly higher as compared to corresponding gas phase values; however,

overall trend remains the same.

Table 2.10 Calculated atomic charges on metal and donor centers of Am*" and Eu’"

complexes in gas and solvent phases using def-SV(P)/BP86 method

Complex qm aqn qos qs qm aqn qor qs
Gas Gas Gas Solvent Solvent Solvent
[Am-PDA]" |2.013 -0.606 -0.805 2.277 -0.581 -0.809
[Eu—PDA]+ 1.924 -0.596 -0.785 2.236 -0.561 -0.777
[Am—TCA1]+ 1.967 -0.617 -0.757 2.264 -0.588 -0.739
[Eu—TCAl]+ 1.843 -0.603 -0.747 2.174 -0.565 -0.709
[Am-TCA]+ 1.590 -0.592 -0.263 1.962 -0.572 -0.327
[Eu-TCA]+ 1.558 -0.587 -0.231 1.963 -0.557 -0.290
[Am-THIO]+ 1.567 -0.602 -0.150 1.950 -0.581 -0.178
[Eu-THIO]" | 1.581 -0.595 -0.156 1.942 -0.563 -0.165
Am-Phen 2.050 -0.704 | ---—-- 2.567 -0.655 | --———--
Eu-Phen 2.441 -0.615 | —--e-- 2.216 -0.639 | --———-

Table 2.11 Calculated atomic charges on metal and donor centers of U** and Ce**

complexes in gas and solvent phases using def-SV(P)/BP86 method

Complex qm gN dos gs qm gN qor gs
Gas Gas Gas Solvent Solvent Solvent
[U-PDA]" 2.120 -0.637 -0.799 2.420 -0.615 -0.817
[Ce-PDA]" | 2.065 -0.603 -0.832 2.293 -0.582 -0.830
[U-TCA1]" | 2.117 -0.644 -0.753 2.438 -0.617 -0.756
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[Ce-TCA1]" |2.047 -0.616 -0.779 2.466 -0.577 -0.754
[U-TCA] 1.495 -0.594 -0.216 1.939 -0.594 -0.335
[Ce-TCA] 1.616 -0.587 -0.287 2.225 -0.575 -0.406
[U-THIO]" 1.479 -0.604 -0.089 1.921 -0.599 -0.167
[Ce-THIO]" | 1.611 -0.600 -0.164 2.174 -0.573 -0.266
U-Phen 2.419 -0.684 | ------- 2.748 -0.704 | -
Ce-Phen 2316 -0.743 | ------ 2.653 -0.685 | —--——--

Table 2.12 Calculated atomic charges on metal and donor centers of Am®" and Eu’"
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complexes ([ML]" and [ML,]") in Gas and Solvent phases using TZVP/BP86

method
Complex qm gN do/qs | qm aN qo/ qs

Gas | Gas Gas Solvent | Solvent | Solvent

[Am-PDA]" 2.049 | -0.502 | -0.758 | 2.325 | -0.476 | -0.759
[Eu-PDA]" 1.960 | -0.490 | -0.738 | 2.284 | -0.453 | -0.729
[Am-TCA1]" | 2.008 | -0.517 | -0.726 | 2.309 | -0.485 |-0.702
[Eu-TCAI1]" 1.882 | -0.504 | -0.717 | 2.174 | -0.565 | -0.709
[Am-(PDA),]” | 1.724 | -0.409 | -0.677 | 1.722 | -0.424 | -0.701
[Eu-(PDA),] 1.640 | -0.394 | -0.667 | 1.647 | -0.410 | -0.690
[Am-(TCAT1),] | 1.806 | -0.433 | -0.634 | 1.838 | -0.451 | -0.646
[Eu-(TCA1),]” | 1.663 | -0.449 | -0.594 | 1.657 | -0.460 |-0.618
[Am-(TCA),]” | 0.835]-0.396 | -0.153 | 0.901 | -0.405 |-0.230
[Eu-(TCA),]” |0.878|-0.477|-0.184 | 0.886 | -0.489 |-0.237
[Am-(THIO),] | 0.888 | -0.441 | 0.025 | 0.910 |-0.445 |-0.033
[Eu-(THIO),]” | 0.946 | -0.429 | 0.009 | 0.975 |-0.432 | -0.051




Table 2.13 Calculated atomic charges at metal centers (qy ) of the complexes [ML]"

for different exchange correlation functionals (PBE and BLYP) using def-SV(P)

—> qm
Ligand | PDA TCA1 TCA THIO
v Metal | BLYP |PBE B-LYP | PBE BLYP | PBE BLYP | PBE
Am |2.011 2.010 1.958 1.965 1.596 1.590 1.563 1.568
Eu | 1.920 1.918 1.834 1.843 1.564 1.557 1.554 1.542
U 2.116 2.118 2.109 2.116 1.526 1.484 1.508 1.479
Ce |2.065 2.059 2.043 2.042 1.616 1.607 1.620 1.606
Table 2.14 Calculated atomic charges on metal and donor centers of U’ and Ce**
complexes ([MLZ]'I) in Gas and Solvent phases using TZVP/BP86 method
Complex am qn o/ gs am N o/ ds
Gas Gas Gas Solvent | Solvent | Solvent
[U-(PDA),] 1.547 -0.386 -0.604 1.570 -0.400 -0.633
[Ce-(PDA),] | 1.696 -0.396 -0.668 1.697 -0.413 -0.698
[U-(TCA1),] | 1.566 -0.396 -0.572 1.571 -0.407 -0.587
[Ce-(TCAL),] | 1.718 -0.413 -0.619 1.717 -0.424 -0.640
[U-(TCA).]" 0.253 -0.381 0.002 0.472 -0.403 -0.118
[Ce-(TCA)] | 0.920 -0.400 -0.174 0.987 -0.407 -0.283
[U-(THIO)]" | 0.342 -0.400 0.130 0.391 -0.404 0.080
[Ce-(THIO),] | 0.871 -0.406 0.007 0.958 -0.415 -0.087

Valence orbitals pictures (Figure 2.4) also indicate that metal-ligand interaction in

[ML]" complexes (M=Am, Eu) is mostly ionic in nature with virtually no overlap

between metal and ligand orbitals except in one or two molecular orbitals involving S

donor ligands. Particularly, for the complexes with O-donor ligands (PDA and TCA1)
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no metal-ligand orbital overlap has been found. However, for [Am-PHEN]*" complex
substantial amount of overlap has been found between the Am’" and PHEN orbitals.
Also, considerable amount of overlap for all the U complexes indicates that covalent
interaction plays an important role here. Although, among the four metal ions, charge
on U(III) ion is highest for PDA and TCA1 ligands, but, it is not entirely due to more
electrostatic interaction. Significant amount of metal-ligand orbitals overlap indicate
that metal-ligand back donation is responsible for maximum charge on U atom among
all the [ML]" complexes considered here. This aspect for U(III) complex with N-donor
ligand has already been demonstrated earlier.**'** It is also interesting to note that
metal-nitrogen orbital overlap in [Am-PHENT* complex vanishes completely in [Am-
PDA]" and [Am-TCA1]" complexes indicating the dominating nature of electrostatic

interaction with oxygen donor ligands in presence of softer nitrogen donor site.
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Figure 2.4 Valence level occupied molecular orbitals of a) metal complexes, [ML]"

and b) [M-PHENT]*" complexes.

2.4.5 Energy Decomposition Analysis

Energy decomposition analysis is also performed using the ADF software. It is
important to note that both repulsive Pauli and attractive electrostatic components are
responsible for the overall Coulombic interaction. Therefore, it is interesting to
combine these two components and compare the variation of this resulting component
(steric component) from PDA to THIO complexes. From Table 2.15 it is clear that
steric interaction, which is electrostatic in nature, is minimum for the [Am-THIO]"

complex.
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Table 2.15 Percentage orbital and electrostatic interactions in the total bonding energy
as obtained from energy decomposition analysis for Am>" and Eu®* complexes using

BP86 exchange-correlation functional in the gas phase

Complex Name % Electrostatic % Steric Interaction | % Orbital Interaction
Interaction

[Am-PDA]" 83.44 57.21 42.79
[Eu-PDA]" 77.88 58.99 41.01
[Am-TCA1]" 78.33 54.30 45.70
[Eu-TCAI1]" 71.97 55.70 44.30
[Am-TCA]" 80.77 54.71 45.29

[Eu-TCA]" 75.00 55.45 44.55
[Am-THIO]" 76.73 52.38 47.62
[Eu-THIO]" 70.73 53.01 46.99

On the other hand for [Eu-PDA]" complex its contribution is maximum. Orbital
interaction component differs the most for PDA complexes although absolute values
of this component are the highest for THIO complexes. Thus, it is evident that among
all the complexes considered in this work, a minimum value of steric component,
which is electrostatic in nature and a maximum value of orbital component that is
mostly covalent in nature for [Am-THIO]" complex are found, which in turn leads to a
stronger covalency in Am-S bond. This picture is consistent with a shorter Am-S bond
distance than the corresponding Eu-S bond distance for THIO complexes. Similar
trend in the variation of metal-ligand bond distance has been found in the Cyanex301
complexes of Am”* and Eu’" ions where the experimentally observed separation factor
has been found to be very high.*' Thus, it is natural to expect that the THIO ligand is
likely to be highly Am®" selective. Various energy components for the U and Ce

complexes reported in Table 2.16 reveal that the orbital interaction component is
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higher for all the U complexes. This trend is consistent with the N-donor complexes of

U and Ce investigated earlier. *"**

Table 2.16 Percentage orbital and electrostatic interactions in the total bonding energy
as obtained from energy decomposition analysis for U** and Ce** complexes using

BP86 exchange-correlation functional in the gas phase

Complex Name | % Electrostatic Interaction | % Steric Interaction | % Orbital Interaction

[U-PDA] 87.37 51.67 48.33
[Ce-PDA]" 83.97 57.56 42.43
[U-TCAI1]" 84.25 53.11 46.89
[Ce-TCA1]" 81.12 54.54 45.46

[U-TCA] 86.45 50.53 49.46
[Ce-TCA]" 82.96 55.22 44.78
[U-THIO]" 84.60 46.64 53.35
[Ce-THIO]" 80.41 51.87 48.13

2.4.6 Effect of Counter lons

Now, one may argue that for [ML]" complexes all the coordination sites of the metal
ions may not be fulfilled, therefore, we have performed calculations of the metal ion
complexes using one PDA ligand along with six water molecules
(IM(PDA)(H,0)4]".2H,0) and also [M(PDA)(NO;);]* complexes. In the case of
(IM(PDA)(H,0)4]".2H,0) it has been observed that four water molecules are in close
proximity (within the bonding distance with the metal ion), however, other two water
molecules are not directly connected with the metal ion. Calculated results (Table
2.17) indicate that all the trends observed in the case of [ML]" complexes are
maintained in the [M-PDA(H,0)4]".2H,0 and [M-PDA(NOs);]* complexes (Figure

2.5) as well. Details results are reported in the Table 2.18 and 2.19.

61




Table 2.17 Calculated M-L bond distances (A) (in gas phase) and complexation
energies (eV) in gas (AE,) and solvent (AEs) phases for Am’" and Eu** complexes,

[M-PDA(H20)4]+ .2H,0 and [M- PDA-(NOs3);] > with def-SV(P)/BP86 method

Complex M-O M-N AE, AE;
[Am-PDA-(H,0),]*.2H,0 2.398 2.585 -48.65 -10.66
[Eu-PDA- (H,0)4]*.2H,0 2.470 2.595 -49.12 -7.15
[Am-PDA-(NO3);]* 2.417 2.643 -50.94 -10.55
[Eu-PDA- ( NO3)3]~ 2.453 2.685 -51.45 -7.15

Figure 2.5 Optimized structures of [M-PDA(H,0)4]".2H,0 and [M-PDA(N 03)3]7 .

Table 2.18 Calculated M-L bond distances (A) and complexation energies (eV) in gas
(AEg) and solvent (AE,) phases for Am*" and Eu’" complexes, [ML,]" with
TZVP/BP86 method

Complex M-O/M-S | M-N M-O/M-S | M-N AE, AE,
Gas Gas Solvent Solvent

[Am-(PDA),]” |2.373 2.579 | 2.398 2.577 -51.80 | -8.45
[Eu-(PDA),]” 2.393 2.601 |2.400 2.593 -52.58 | -5.37
[Am-(TCA1),] | 2.414 2.578 | 2.429 2.550 -49.76 | -7.65
[Eu-(TCALl),]” |2.477 2.584 |2.481 2.597 -49.15 | -4.06
[Am-(TCA)]" | 2.802 2.613 |2.814 2.631 -49.77 | -6.28
[Eu-(TCA).]” 2.839 2.634 | 2.820 2.647 -49.89 | -3.35
[Am-(THIO),] | 2.817 2.578 |2.812 2.562 -47.74 | -5.16
[Eu-(THIO),]" | 2.863 2.601 |2.866 2.596 -48.63 | -2.29
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Table 2.19 Calculated M-L bond distances (A) and complexation energies (eV) in gas
(AE,) and solvent (AE;) phases for U*" and Ce** complexes, [ML,]” with TZVP/BP86
method

Complex M-O/M-S | M-N M-O/M-S | M-N AE, AE;
Gas Gas Solvent Solvent

[U-(PDA),]” 2.244 2.555 | 2275 2.555 -51.98 |-10.59
[Ce-(PDA),] 2377 2.645 |2.420 2.643 -50.69 | -3.45
[U-(TCAl),] 2.235 2.533 | 2259 2.536 -50.40 | -9.94
[Ce-(TCAl),] |2.388 2.636 | 2423 2.630 -49.01 | -2.51
[U-(TCA).] 2.714 2.505 |2.782 2.517 -49.45 | -9.34
[Ce-(TCA),] 2.843 2.613 |2.859 2.619 -48.32 | -1.82
[U-(THIO),]” 2.720 2.530 |2.728 2.526 -48.84 | -8.79
[Ce-(THIO),] | 2.816 2.611 |2.859 2.616 -47.61 |-1.56

Here, it is interesting to note that irrespective of the overall charge on the complex and
the composition, the trend in the calculated complexation energy values remains the
same. We have also examined the [ML;]” type complexes (Figure 2.6) where two

phenanthroline-based ligands are involved and the metal ion is octa-coordinated.

Figure 2.6 Optimized structure of metal ion-ligand dimer complex, [ML,] .

In all the four types of complexes considered here, viz., [ML]", [M-
PDA(H20)4]+.2H20, [M—PDA(NOg)g]Z' and [ML;,], the trends in the calculated metal-

ligand bond distances and complexation energies are found to be the same. In fact,
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from the values reported in Tables 2.1 and 2.18 it is clearly evident that the percentage
difference in the complexation energy between Am and Eu complexes (in presence of
solvent) is increased from [ML]" complexes to [ML,] complexes. It is to be noted
that similar type of complexes with other metal ions have already been investigated
experimentally by Hancock and co-workers.®”®® Apart from the M-L bond distances
and the complexation energy values, the calculated partial atomic charge values on the
metal as well as donor centers for the [ML;]” complexes follow the similar trend as
observed in [ML]".

Here the gas phase calculated values of basis set super position error (BSSE)
for the complexation energy have been found to be ~0.3 eV for both [Am(PDA),]”
and [Eu(PDA),;]” complexes, which are rather negligible in comparison to the
computed AE values of ~52 eV. Similar trend in the calculated values of BSSE has
been found earlier by Petit et al.*

It may be interesting to compare the M-N and M-O bond lengths of metal

HOIL with the

complexes with other N and O donor ligands like DTPA, te-tpyda etc.
present ones. For the [Eu—DTPA]z' complex, the Eu-N bond lengths reported in the
literature are found to be 2.761-2.893 A and Eu-O bond lengths are varied from 2.365
to 2.505 A,'"'" which are quite larger than the corresponding Eu-O and Eu-N bond
lengths calculated for the complexes considered in this work. For te-tpyda complexes
Nd-O and Dy-O bond distances are already reported and the values are 2.53 and 2.39

A" respectively. In this context it may be noted that DTPA (consists of N and O

donors) is used as a complexing agent in the TALSPEAK process.''
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2.4.7 Effect of Oxygen Donor Ligand in Presence of Nitrogen

Now, to investigate the effect of N atoms on the coordinating behavior of O/S donors
present in phenanothroline derivatives further, we have considered the ligand PDA
with N-atoms replaced with -CH groups (denoted as NRC). With this modification
one can investigate the behavior of the oxygen binding towards the metal ion in
absence of N donors. For [M(NRC),;]” and M(NOs); complexes (M=Am and Eu) we
have noticed that bond lengths remain almost the same for Am and Eu complexes (M-
O bond distances are 2.278 and 2.279 A, where, M = Am and Eu, respectively for
[M(NRC),]” complexes) and (M-O bond distances are 2.388 and 2.391 A, where, M =
Am and Eu, respectively for [M(NOs3);] complexes). All these calculated values
indicate that in these two cases there are essentially no difference in M-O bond
distances and hence no selectivity. However, in presence of nitrogen atom as another
donor center, the ligand becomes selective towards actinides as compared to
lanthanides as far as the calculated bond distances and complexation energies are
concerned. This is certainly due to the intra-ligand synergistic effect as evident from

all the calculated results reported here.

2.5  Concluding Remarks

In summary, two valence isoelectronic metal ions, viz., Am(III) and Eu(IIl) along with
two other metal ions i.e U(III) and Ce(Ill) have been considered to investigate the
complex formation process with different ligands derived from 1,10-phenanthroline-
2,9-dicarboxilic acid through functionalization with soft donor atoms such as sulfur.
In addition to the selectivity of Am with S donor ligands (TCA and THIO), the

bonding ability of Am(III) is found to be significant with PDA and TCA1 ligands also
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as compared to Eu(Ill), where the metal-ligand binding is through the O atoms.
Similar trend is also observed for U(III) and Ce(IIl). It is quite unusual that the hard
donor oxygen atoms bind strongly with the softer actinide metal ions as compared to
harder lanthanide ions. Pearson’s Hard-Soft-Acid-Base (HSAB) principle and the
frontier orbital theory of chemical reactivity as proposed by Fukui have been
employed to rationalize these unusual features. Detail analysis within the framework
of HSAB principle indicate that the presence of softer nitrogen atoms in the PHEN
moiety (which also act as donors to the metal ion) has profound influence in changing
the hard-soft character of the actinide ions, which in turn bounds with the hard oxygen
atoms in a stronger way as compared to the valence isoelectronic lanthanide ion.
Although, among all the complexes investigated here, the interaction of metal ion is
stronger with O-center than with N-center, the role of N donor is quite significant.
Particularly, for TCA1 complexes presence of S atoms in the same ligand also helps in
tuning the interactions between the metal ion and donor centers. The calculated
values of the Fukui indices corresponding to the nucleophilic and electrophilic attack
have been able to enlighten the trends in the variation of calculated values of the
metal-ligand bond distances and the corresponding complex formation energies. The
“intra-ligand synergistic effect” demonstrated here through stepwise analysis,
particularly for PDA or TCA1l with soft and hard donor centers might be very
important in designing new ligands for selective extraction of various metal ions in a
competitive environment. In case of TCA and THIO complexes, along with intra-
ligand synergism, a shorter Am-S bond distance, lower metal ion charge and a higher

percentage of orbital interaction energy confirm the presence of a higher degree of
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covalency in Am-S bonds, which in turn may be responsible for selectivity towards

3+
Am™.
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Chapter 3: Actinide Selectivity of 1,10-Phenanthroline-2,9-
dicarboxamide and its Derivatives: A Theoretical

Prediction Followed by Experimental Validation

3.1 Introduction

3.1.1 Extension from Phenanthroline-diacids to Phenanthroline-
dicarboxamide: Why?

In the previous chapter we theoretically rationalized the selective complex
formation of An(Ill) over Ln(IIl) with O donor ligands, 1,10-phenanthroline-2,9-

dicarboxylic acid (PDA, 2) (Figure 3.1).%

SN

Figure 3.1 Schematic depiction of structures of 1,10-phenanthroline and it’s

different derivatives.

We explained this unconventional complexation affirmatively by exploiting the
concept of “intramolecular synergism”. We established that the synergistic effects
can be achieved through functionalization of the original ligand with suitable donor
atoms as far as the selectivity is concerned by providing an in-depth insight within
the framework of Pearson’s Hard-Soft-Acid-Base (HSAB) principle®®*®* and

50,65

frontier molecular orbital (FMO) theory™™” of chemical reactivity. Detail analysis

within the framework of HSAB principle indicates that the presence of softer
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nitrogen atoms in the 1,10-phenanthroline moiety has profound influence in
changing the hard-soft character of the actinide ions. Subsequently two reports are
published, which have provided further support to our conjecture. In one of the
reports, authors have not only supported our “intramolecular synergism” concept
but also reproduced this effect with a well-established system DTPA*,'" and in the
second report Nash and co-workers have claimed that PDA has the ability to
replace DTPA in TALSPEAK type separations.''* They have also mentioned that
the selectivity of PDA for Am®" over Nd*" can be used to effectively separate one
from the other using solvent extraction methods. Although PDA may be considered
as a promising ligand for the purpose of An/Ln separation, it is limited by its low
solubility in aqueous solutions (~1O'4 mol L in alkaline solution) as well as in
organic medium due to the presence of aromatic nitrogen heterocyclic backbone.
However, it has been emphasized that solubility of PDA in aqueous or in organic
medium can be enhanced through sulfonation of the phenanthroline backbone of
PDA or conversion of carboxylate groups into carboxyamides, respectively, to
make it suitable for An/Ln separation.

In the earlier chapter we have used anionic ligand (di-carboxylate) for
investigating the “intramolecular synergism”. However, it will be interesting to
evaluate the performance of neutral ligand (amide and thio-amide) with higher

lypophilicity for the selectivity of An(III) over Ln(III).'"”

Very recently, Galletta et
al. have also reported the extraction and separation behavior of Am’" and Eu**
employing 2,9-dicarbonyl-1,10-phenanthroline derivatives experimentally in

presence of additional synergistic agent.''®

Consequently, it is interesting to
investigate theoretically whether neutral ligand also shows “intramolecular

synergism” or not. Therefore, the objective of this work is twofold: (i) theoretical
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study of the complexation behavior of different amide and thio-amide derivatives of
PDA with Am’" and Eu’" metal ions and (ii) experimental validation of our
theoretical findings through synthesis of optimized PDA derivatives followed by
solvent extraction study to know the selectivity trends without using any additional

synergistic agent.115

3.2 Computational Details

Most of the computational methodologies are same as mentioned before in Chapter
2, section 2.3. Here additionally we have calculated bond critical point (BCP)
properties (electron density [p], Laplacian of the electron density [V*p]) using ADF
program within the framework of quantum theory of atoms-in-molecule (AIM)

117,118
approach.”

33 Experimental Details

3.3.1 Synthetic Procedure

General experimental details: 1,10-phenanthroline-2,9-dicarboxylic acid (PDA)
(from Alfadesar) has been used without any further purification. All the chemicals
and solvents has been purchased from Aldrich, Merck or Sigma and used without
any further purification. The 'H and ?C NMR spectra have been recorded with a
Bruker 200 FT-spectrometer or a Bruker 500 FT-spectrometer in CDCl; if not
mentioned otherwise. The high resolution mass spectra have been recorded with an
Agilent make instrument (Model: 1290 Infinity UHPLC System, 1260 infinity
Nano HPLC with Chipcube, 6550 iFunnel Q-TOF). Melting points has been

determined using a Fisher-Johns Melting Point Apparatus.
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2,9-dicarbomethoxy-1,10-phenanthroline (5): A solution of 1,10-phenanthroline-
2,9-dicarboxylic acid (PDA) (1) (400 mg, 1.49 mmol) in MeOH (100 mL), has been
saturated with dry HCI and heated under reflux for 2.5 hours. Then MeOH has been
evaporated and CH,Cl, (100 mL) has been added to it. The solution has been
washed with H,O (2 x 50 mL), saturated NaHCOj; solution (2 x 50 mL) and brine (2
x 50 mL). The organic phase has been dried and concentrated in vacuo. The solid
residue has been recrystallized from ethanol to furnish 2 (as the monohydrate).
Yield: 290 mg (65 %); yellow plates; Mp: 212 °C (lit.' Mp: 213-214 °C); 'H NMR
(200 MHz, CDCls, 25 °C, TMS): 6 = 4.13 (s, 6H), 7.97 (s, 2H), 8.42 (d, /= 8.2 Hz,
2H), 8.49 (d, J = 8.2 Hz, 2H); "*C NMR (50 MHz, CDCls, 25 °C, TMS): 6 = 53.1,
123.8, 128.3, 130.7, 137.5, 145.4, 148.1, 165.9 ppm; EI-MS: m/z (%): 296.1 (100)
[M]". elemental analysis calculated (%) for C1sH;2N,04.H,0: C 61.14, H 4.49, N

8.91; found: C 61.29, H4.17,N 9.13.'"

2,9-Dicarbamoyl-1,10-phenanthroline (PDAM) (3): A mixture of § (296 mg, 1
mmol), conc. NH; (aq., 7 mL) and NH4Cl (20 mg) has been stirred at 25 °C for 15
h. The precipitate has been filtered, washed with H,O (3 x 10 mL) and dried under
vacuo to furnish 3. Yield: 200 mg (75%); light yellow solid; Mp: >300 °C (lit.> Mp:
>300 °C); 'H NMR (200 MHz, (CD3),S0, 25 °C, TMS): § = 7.87 (br s, 2H), 8.15
(s, 2H), 8.42 (d, J = 8.2 Hz, 2H), 8.67 (d, J = 8.3 Hz. 2H), 8.95 (br s, 2H); °C NMR
(50 MHz, (CD3),S0, 25 °C, TMS): § = 121.0, 127.7, 130.2, 137.8, 144.0, 150.1,
166.0 ppm; elemental analysis calcd (%) for C14H;¢N4+O,.H,O: C 59.15, H 4.25, N

19.71; found: C 58.85, H 4.02, N 20.01."%°
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2,9-bis(N,N-di(2-methyl-1-propanamine)carbonyl)-1,10-phenanthroline (6) and
2,9-bis(N-decylaminocarbonyl)-1,10-phenanthroline (7): 1,10-phenanthroline-
2,9-dicarboxylic acid (PDA) (1) (250 mg, 0.93 mmol) has been refluxed in excess
thionyl chloride (5 mL, 69.7 mmol) for 24 h, and then the residual thionyl chloride
has been removed at a reduced pressure. Without isolation and purification, the
resulting 1,10-phenanthroline-2,9-dicarbonyl chloride has been used in the
subsequent step. The crude product has been dissolved in DMF (4.0 mL) at 25 °C,
and diisobutylamine or decylamine (4.65 mmol) has been added into it. Then the
mixture has been stirred for 24 h at 25 °C. The reaction mixture has been
concentrated under reduced pressure and then dissolved in chloroform (60 mL). The
chloroform solution has been washed with 1.0 M NaOH (3% 60 mL) and H,O (3 %
60 mL). The organic phase has been dried and concentrated in vacuo, and the
residue has been subjected to column chromatography (silica gel, MeOH/CHCls) to

furnish 6 and 7, respectively.

Compound 6: Yield: 250 mg (54%); light yellow solid; Mp: 164 °C; "H NMR (200
MHz, CDCls, 25 °C, TMS): § = 0.64 (d, J = 6.6 Hz, 12H), 1.05 (d, J = 6.6 Hz,
12H), 1.58-1.75 (m, 2H), 2.13-2.34 (m, 2H), 3.44 (d, J = 7.6 Hz, 4H), 3.78 (d, J =
7.4 Hz, 4H), 7.84 (s, 2H), 7.98 (d, J = 8.2 Hz, 2H), 8.29 (d, J = 8.2 Hz, 2H); °C
NMR (50 MHz, CDCl3, 25 °C, TMS): § = 19.8, 20.1, 26.6, 27.8, 53.9, 56.5, 123.2,
126.9, 128.5, 136.5, 144.0, 154.5, 169.0 ppm; HRMS: m/z: 491.3308 [M +11";

Exact Mass: 490.3308.

Compound 7: Yield: 330 mg (65%); light yellow solid; Mp: 142 °C; "H NMR (200

MHz, CDCls, 25 °C, TMS): & = 0.85 (t, J = 6.6 Hz, 6H), 1.22-1.48 (m, 24H), 1.64-
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1.74 (m, 8H), 3.53 (q, J = 6.2 Hz, 4H), 7.92 (s, 2H), 8.42 (d, J = 8.2 Hz, 2H), 8.58
(d, J = 8.2 Hz, 2H), 8.65 (t, J = 5.6 Hz, 2H); °C NMR (50 MHz, CDCls, 25 °C,
TMS): § = 13.9, 22.5, 26.8, 29.0, 29.1, 29.3, 31.7, 39.5, 122.0, 127.7, 130.3, 137.8,

144.0, 150.2, 163.6 ppm; HRMS: m/z: 547.3931 [M +1]" Exact Mass: 546.3934.

Scheme 3.1 Synthesis of 3, 6 and 7: a) MeOH, dry HCI, reflux, 2.5 h; b) NHj,
NH,CI, 25 °C, 15 h; ¢) i. SOCl,, reflux, 24 h. ii. Diisobutylamine, DMF, 25 °C, 24
h; d) i. SOCl,, reflux, 24 h. ii. Decylamine, DMF, 25 °C, 24 h.

3.3.2 Method of Distribution Studies

Distribution studies have been carried out using **'Am and "**'**Eu tracers under
varying experimental conditions. Different concentration of 3 and 6 in a mixture of
1 M 2-bromo-octanoic acid and n-dodecane has been used as the organic phase
while in case of 7, a mixture of n-octanol and n-dodecane has been used as the
organic phase. The dilute nitric acid at pH 2.0 has been used as aqueous phase for
the ligands 3 and 6 and a mixture of HC10,4 and 2M LiClQy, at different pH has been
used in case of ligand 7. Equal volumes (0.5 mL) of the organic and aqueous phases
containing the required tracer have been kept for equilibration in a thermostated

water bath at 25+0.1°C for 60 minutes. The two phases have been then centrifuged
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and assayed by taking suitable aliquots (100-200 pL) from both the phases. The
gamma activities have been measured using a high purity germanium detector
procured from Baltic Scientific Instruments. The distribution ratio (Dy) has been
calculated as the ratio of counts per minute per unit volume in the organic phase to
that in the aqueous phase. Mass balance has been found to be within the
experimental error limits (+5%). The separation factor (S.F.) has been calculated as

the ratio of Doy to Dgy.

3.4. Results and Discussions

3.4.1 Theoretical Results
In the previous chapter we showed that the softer actinide metal ion is bonded
strongly with hard donor oxygen atoms through a computational study on the
interaction of the Am®" ion with the PDA ligand (O and N donors)® and that was
possible due to the “intra-ligand synergistic” effect due to which the hard-soft
character of the metal ion is changed, and consequently Am®" interacts strongly
with the carbonyl oxygen atoms. Detail analysis within the framework of HSAB
principle implies that the presence of softer nitrogen atoms in PHEN has significant
influence in modulating the hard-soft nature of the actinide ions. In the present
study we have extended our investigation to the 1,10-phenanthroline-2,9-
dicarboxyamide (PDAM, 3) (Figure 3.1) where carboxylate groups of PDA are
replaced with the carboxamides. It would be interesting to check the complexation
behavior of PDAM as it is a neutral ligand as compared to the anionic PDA.

For the purpose of comparison, we have also performed theoretical
calculations of the Am®” and Eu’* complexes with 1,10-phenanthroline-2,9-dithio-

carboxyamide (THIOAM, 4) (Figure 3.1) ligand where two soft donor centers, viz.,
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N and S were present instead of N and O in PDAM. According to conventional
concept, it may be expected that due to the presence of soft donor S centers,
THIOAM should preferentially bind with the Am®* ion in a better way than that
with the amide. Thus extensive calculations have been done with both the systems.
All the structures of the bare ligands and the metal-ligand complexes have
been optimized using the Turbomole Program package. For the complexes we have
considered three different stoichometries, viz., [M(PDAM),]*", [M(PDAM),NO;]**
and [M(PDAM)(NO3);]. These choices are based on previous crystal structure
reports on complexes of different acid/amide/alcohol derivatives of 1,10-
phenanthroline, investigated extensively by Hancock and co-workers,®*6%21:122
The structures of the metal-ligand complexes with various ligands and different
compositions are depicted in Figure 3.2. The optimized geometrical parameters in

the gas phase and the complexation energies in both gas and solvent phases are

reported in Table 3.1.

a) b) ¢)
hr/,
= -
v: & L )\ 7
‘o0 . T b\" -~ *{ ~
b ™ " [ = sl / ;/-
= "‘I." \ 2 2 {v 9 -—e -b’
iy % - ® j ’r "j. LY i 5 o—d L\. 4‘. =
- s v—e ’:h- .
‘*“\'\- . L \-{.‘b“'

Fig. 3.2 Optimized structures of a) [M-(PDAM),]*", b) [M-(PDAM)2(NO3)]*" and
¢) [M-(PDAM)(NO;)s].

The behaviors of these complexes have been found to be similar to that with PDA,
although the nature of the ligands is different as discussed before. From the

calculated metal-ligand bond distances (M-O and M-N) it is clear that the Am-N
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and Am-O bond lengths are slightly shorter as compared to the corresponding Eu-N
and Eu-O bond lengths. It is also interesting to note that there are considerable
differences in metal-ligand bond length values between the Am’" and Eu®"
complexes for the [M(PDAM)2N03]2+ and [M(PDAM)(NO3);] compositions. The
difference in bond length values are more significant for the [M-(THIOAM),]**
complexes and both Am-S and Am-N bond distance values are shorter as compared
to the corresponding Eu-S and Eu-N bond distances. Apart from the structural
analysis we have also calculated the complexation energies corresponding to the
formation of various complexes considered here, and reported in Table 3.1. From
the reported values it is evident that the gas phase complexation energies are not
able provide the expected selectivity trends. Similar situation was found for other

Am’" complexes reported previously.®**!

Table 3.1 Calculated M-L bond distances (A) and complexation energies (eV) in
gas (AEg) and solvent (AEs) phases for Am’" and Eu’" complexes using BP86/def-
SV(P) method

Complexes M-N M-O/M-S AEg AE;
[Am-(PDAM),]> 2.605 2.408 -29.64 40.10
[Eu-(PDAM),]"" 2.612 2.402 -30.33 29.84
[Am-(THIOAM),]* 2.621 2.826 -28.26 41.46
[Eu-(THIOAM),]”* 2.635 2.859 -29.09 31.06
[Am-(PDAM-Isobutyl) ,]* 2.604 2.371 -28.97 41.27
[Eu-(PDAM-Isobutyl) ,]*" 2.603 2.363 -29.91 30.75
[Am-(PDAM-Decyl),]*" 2615 2.409 -30.32 40.13
[Eu-(PDAM-Decyl) ,]** 2.681 2.449 -31.46 29.76
[Am-(PDAM),(NOs) 2.648 2.527 -38.98 35.90
[Eu-(PDAM),(NO3) I** 2.677 2.520 -39.72 25.60
[Am-(PDAM)(NO3) ] 2.657 2.496 -48.38 33.51
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[Eu-(PDAM)(NO3) 5] 2.713 2.537 -48.96 23.33
[Am-PHEN]* 2.440
[Eu-PHEN]" 2.500

However, incorporating the effect of solvent within the continuum solvation model
does show the selectivity of the Am®" ion with the amides considered in the present

6081 In addition to the

work, which is also in agreement with the earlier works.
complexation energy values, we have also performed energy decomposition
analysis using ADF program. Various energy components obtained after
performing the energy decomposition analysis are given in Table 3.2. It is
important to note that both repulsive Pauli and attractive electrostatic components
are responsible for the overall Coulomb interaction. Therefore, it is interesting to

combine these two components and compare the variation of this resulting

component (steric component) for [M-PDAM]*" and [M-THIOAM]** complexes.

Table 3.2 Calculated M-L bond distances (A) and complexation energies (eV) in
gas (AE,) and solvent (AE;) phases for Am’" and Eu’" complexes using BP86/def-
SV(P) method

Complex Name % electrostatic % steric % orbital
interaction interaction interaction
[Am-PDAM]*" 77.40 36.87 63.12
[Eu-PDAMT]* 70.05 39.05 63.95
[Am-THIOAM]* 65.84 23.00 76.99
[Eu-THIOAM]* 65.97 30.02 69.97

From Table 3.2 it is evident that the steric interaction, which is electrostatic in

nature, is minimum for the [Am-THIOAM]** complex. On the other hand for [Eu-
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PDAM]*" complex, its contribution is maximum. For the complexes with THIOAM
ligand percentage of electrostatic contribution is almost the same for both the Am®"
and Eu’" complexes, while [Am-PDAMJ]" is associated with much higher
percentage of electrostatic interaction as compared to [Eu-PDAM]*". Orbital
interaction components are considerably higher for complexes with THIOAM
ligand as compared to the PDAM ligand. The percentage of orbital contribution is
almost the same for the [Am-PDAM]’" and [Eu-PDAMJ*" complexes, however
[Am-THIOAM]*" complex is having reasonably higher percentage of orbital
contribution as compared to the corresponding Eu’" complex. Therefore, it is clear
that the higher percentage of the electrostatic interaction is responsible for the
selectivity of the Am’" jon with the amide ligands whereas, selectivity of Am’" ion
with the thio-amide ligand is mainly dominated by higher percentage of orbital
interaction.

Calculation of charges on the metal centre is another important exercise for
obtaining an insight into the nature of M-L bonding in a metal complex. For this
purpose we have reported the calculated partial atomic charges in Table 3.3, as

obtained using natural population analysis (NPA) scheme.

Table 3.3 Calculated atomic charges on metal and donor centers of Am®" and Eu’"

complexes using BP86/def-SV(P) method

Complexes qm qors qn

[Am-(PDAM),]*" 1.734 -0.659 -0.522
[Eu-(PDAM),]*" 1.659 -0.649 -0.507
[Am-(THIOAM),]* 0.936 -0.002 -0.506
[Eu-(THIOAM),]"" 0.964 -0.005 -0.497
[Am-(PDAM-Isobutyl),]** 1.693 -0.680 -0.518
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[Eu-(PDAM-Isobutyl),]* 1.619 -0.666 -0.508
[Am-(PDAM-Decyl),]"" 1.669 -0.674 -0.516
[Eu-(PDAM-Decyl) ,]** 1.573 -0.672 -0.499
[Am-(PDAM)>(NO3) I 1.492 20.613 20471
[Eu-(PDAM),(NO;3) I* 1.428 -0.615 -0.468
[Am-(PDAM)(NO5) 3] 1.463 -0.590 -0.457
[Eu-(PDAM)(NO3) 3] 1.380 -0.577 -0.435

The partial atomic charge on the Am center is found to be always higher than that
on the Eu atom in all the complexes with amide derivatives considered here
whereas for the complexes with thio-amide ligand, charge on the Am center is
found to be less as compared to the Eu centre. It clearly indicates that electrostatic
interaction is rather higher in Am®" complexes as compared to the corresponding
Eu’" complexes with amide ligands, which is also consistent with the results
obtained from the energy decomposition analysis.

In addition to the charge distribution analysis we have also calculated the
bond critical point (BCP) properties corresponding to the metal-ligand bonds within
the framework of quantum theory of atoms-in-molecule (AIM) approach.m’118 To
understand the nature of a chemical bond, electron density based topological

parameters, such as the electron density [p] and Laplacian of the electron density

[V2p] obtained from AIM calculations have been shown to be highly

123,124
successful.!**

in rationalizing the complexation behavior of actinide and
lanthanide ions. Thus we have calculated these parameters for the M-N and M-
O/M-S bonds present in the [M-PDAM]*" and [M-THIOAM]** complexes and the

corresponding BCP values are reported in Table 3.4. The reported values in the

Table suggest that the M-N and M-O/M-S bonds are mostly ionic in nature with a
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positive value of the Vzp at the BCPs. It is noticeable that the absolute values of the
p for the Am systems are consistently larger than the Eu analogues although the
differences between the values are higher for the complexes with the amide ligands
as compared to the thio-amide ligand. This suggests a better extraction capability of
the PDAM than THIOAM. This supports the previously observed experimental
results that the separation with the amide ligands should be better than the
separation of the thio-amide ligand."'® The M-O bonds are found to be more ionic
in nature as compared to the M-N, while, M-S bonds shows more covalent

character as compared to the M-N bond.

Table 3.4 The calculated BCP properties (electron density [p], Laplacian of the
electron density [V*p]) of the M-N and M-O/M-S bonds in Am®* and Eu®" complexes
using BP86/TZ2P method

M-N M-0O/M-S
Bond p -1/4)V’p p -1/4)V?p

(e ar™) (e a™) (e ™) (e a™)
[Am-PDAM]”" 0.0315 -0.0239 0.0461 -0.0410
[Eu-PDAM]*" 0.0237 -0.0184 0.0340 -0.0337
[Am-THIOAM]* 0.0288 -0.0227 0.0309 -0.0119
[Eu-THIOAM]3+ 0.0241 -0.0186 0.0226 -0.0099
[Am-PHEN]*" 0.0359 -0.0261
[Eu-PHENT* 0.0270 -0.0192

One of the most interesting points to be noted here is that the BCP p and V*p values
for the Am-O bonds are significantly higher as compared to that for the
corresponding Eu-O bonds in the [M-PDAM]*" complexes. It clearly indicates that

the Am-O bond is stronger than the corresponding Eu-O bonds in the complexes
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considered here. For the sake of comparison we have also calculated the p and V*p
for the M-N bonds in the [M—PHEN]3+complexes. The calculated BCP p and V2p
values for the M-N bonds are found to decrease from that in the [M-PHEN]*"
complexes to that in the [M-PDAM]’" complexes, however, the extent of decrease
is smaller in the case of Eu-N bond. This trend is also reflected in the calculated
bond distances in the two sets of complexes, as reported in Table 3.1. All the trends
obtained from the AIM analysis imply that the Am-O/N interactions are stronger as
compared to the corresponding Eu-O/N interactions in the [M-PDAM]** complexes,
which in turn are responsible for the selectivity of the PDAM based ligands towards
Am’” ion. The calculated charge distribution values and the AIM properties are
also found to be consistent with the data obtained from the energy decomposition
analysis.

According to our theoretical analysis, the PDAM ligand is more efficient for An
extraction, therefore, we have extended our calculation further to explore different
derivatives of PDAM. Anticipating a lower solubility of the PDAM in the nonpolar
extraction conditions because of the absence of large alkyl group, we have selected
N,N-di-isobutyl (PDAM-Isobutyl, 6) and N-decyl (PDAM-Decyl, 7) derivatives
(Scheme 3.1). These will also help to understand whether there is any effect of the
bulkier alkyl groups on the complexation behaviour at the N centre. The optimized
structures of the metal-ligand complexes with PDAM-Isobutyl and PDAM-Decyl
are shown in Figure 3.3. From the calculated metal-ligand bond distances (M-O and
M-N) it is clear that the difference in bond distances are negligible between the
Am’" and the Eu’" complexes with PDAM-Isobutyl ligand. As discussed earlier, the

differences between the Am-O/N and Eu-O/N bond distances are rather smaller in
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the case of [M-(PDAM),]*" complexes, although Am-O/N bond distances are found
to be always shorter. However, there is a considerable difference between the Am-
O/N and Eu-O/N bond lengths in [Am-(PDAM-Decyl) ,]*" and [Eu-(PDAM-
Decyl)z]3+ complexes though the size of the Am’" jon (ionic radii = 0.975 A) is
slightly higher as compared to Eu’" ion (ionic radii = 0.95 A) for coordination

number six.”®

a)

b)

Fig. 3.3 Optimized structures of a) [M-(PDAM-Isobutyl),]’" and b) [M-(PDAM-
Decyl),]*.

3.4.2 Experimental Results

3.4.2.1 Organic Synthesis

As PDAM (3), PDAM-Isobutyl (6) and PDAM-Decyl (7) ligands are promising for
the Am®"/Eu** selectivity; we have synthesized them to check their metal extraction
ability. All the compounds have been synthesized starting from commercially

available PDA (2) (Scheme 1). At first, PDA has been converted to 5 via the acid
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catalyzed reaction with MeOH. Then the subsequent reaction of § with conc. NHj3
and NH4CI has furnished PDAM (Scheme 3.1). In another experiment, PDA has
been reacted with excess thionyl chloride to furnish 1,10-phenanthroline-2,9-diacyl
chloride which has been immediately reacted with diisobutylamine and decylamine
separately to get 6 and 7, respectively (Scheme 3.1). All the compounds have been
purified by flash chromatography and unambiguously characterized by NMR
spectroscopy, giving well-defined spectra. A typical example is depicted in Figure
3.4 giving a first order spectrum of 7 in which aromatic protons show two different
types of signal. Protons of the central aromatic ring resonate as a singlet at 7.92
ppm (Figure 3.4a) whereas the other aromatic protons exhibit two doublets. CH (6

signals). The amide signal is found at 163.6 ppm (Figure 3.4b).

a)

—7.250
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Fig. 3.4 a) "H NMR spectra of 7 in CDCl; at 25 °C. b) *C NMR of 7 in CDCl;.

Diagnostic signals are provided by the N-CH; and N-H protons at 3.53 (q) and 8.65
(t) ppm, respectively. The terminal methyl groups of the alkyl chains resonate as a
triplet at 0.85 ppm. Other alkyl protons are found as multiplets at 1.22-1.48 and
1.64-1.74 ppm with the expected 24 and 8 protons integration for each signal
respectively. The carbon spectra present the expected 7 signals for the alkyl atoms,

the N-CH, signal at 39.5 ppm and the expected aromatic
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3.4.2.2 Results of Distribution Studies

The extraction studies of Am>" and Eu®’ from 0.01M HNO; medium have been
carried out using 2.7 x 10 M of the ligand 3 in a mixture of 1M 2-bromo-octanoic
acid and n-dodecane. The results have not been promising since selectivity was
found to be poor (separation factor (S.F.) = 7.4) (Table 3.5). Both the extraction and
selectivity of Am*" and Eu®" have been found to be even poorer in case of the
ligand 6. Poor extractability of the ligand 6 is probably due to the presence of four
bulky branched alkyl (isobutyl) groups adjacent to the two donor carbonyl ‘O’
atoms. The presence of ‘O’ donor synergist, viz. 2-bromo-octanoic acid is probably,
responsible for such a poor selectivity. However, these ligands have been found to
be rather insoluble in the organic phase in absence of 2-bromo-octanoic acid.
Galletta et al.''® however, evaluated 2,9-dicarbonyl-1,10-phenanthroline derivatives
along with the synergist, viz. Br-cosan in NPHE medium. Therefore more
lypophilic ligand, 7 with only two straight chain alkyl (n-decyl) substitutions was
synthesized and evaluated for the Am**/Eu’" separation study in a solvent mixture
of n-dodecane and n-octanol in absence of any synergist from perchlorate medium.
The extraction as well as selectivity for Am®" over Eu’™ has been found to be
enhanced with increasing the perchlorate ion concentration in the aqueous phase
(Table 3.5). Significantly high selectivity (S.F. ~51) with the distribution ratio
(Dam) value of 10.3 has been achieved with this ligand when the extraction has
been carried out from the perchlorate medium (Figure 3.5). It is to be noted that the
separation factor is increased with decrease in pH. This observation is interesting
since extraction of Am®" ion is considered to be important from highly acidic

conditions from the nuclear waste management point of view.
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Table 3.5 Distribution and separation behavior of Am®" and Eu’™ using PDAM,

(PDAM-Isobutyl),; and (PDAM-Decyl), ligands

Ligand Dam Dgy S.F.
3 21.4 2.9 7.4
6’ 4.62 1.05 4.4
7 0.489 0.017 29.6
7 10.3 0.2 51

“Org.Phase: Ligand 3 (2.7 x 10°M) + 2Br-octanoic acid in n-dodecane; Aq. Phase:
0.01M HNOs; bOrg.Phase: Ligand 6 (4.0 x 10°M) + 2Br-octanoic acid in n-dodecane;
Aq. Phase: 0.01M HNOj; “Org.Phase: Ligand 7 (8.0 x 10°M) in n-dodecane/n-
octanol (5:1); Aq. Phase: 0.1M HCIO4+1M LiClOg; dOrg.Phase: Ligand 7 (8.0 x 10
M) in n-dodecane/n-octanol (5:1); Aq. Phase: 0.1M HClO4+2M LiClO,4

50+

401

30+

Dam or S.F.

20

104y

0

p
Extraction of Am(lll) and Eu(lll):

Org. Phase: 8 x 10°M SM-072 in dodecane/octanol (5:1) mixture
Ag. Phase: 2M LiCIO, at different pH

Fig. 3.5 Effect of pH on the distribution and separation behavior of Am®*" and Eu®"

using the (PDAM-Decyl), ligand.

Very poor separation factor has been observed when this ligand has been used for
the extraction of metal ions from the nitrate medium, which may be due to strong
complexation of the nitrate ion with the water molecules in the aqueous medium.
Therefore, more work is required to make these ligands actinide selective in the

nitrate medium, through suitable modification.
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3.5 Concluding Remarks

In a nutshell, in the present work, two valence isoelectronic metal ions, viz.,
Am(IIT) and Eu(Ill) have been considered to investigate the complex formation
process with different amide based ligands, derived from 1,10-phenanthroline-2,9-
dicarboxilic acid. For the comparison purpose we have also compared the
complexation behavior of the 1,10-phenanthroline-2,9-dithio-carboxyamide ligand
with Am’" and Eu’ ions. It is quite unusual that the hard donor oxygen atoms bind
strongly with the softer actinide metal ion as compared to harder lanthanide ion. In
the earlier chapter,” we have rationalized these unusual features using Pearson’s
Hard-Soft-Acid-Base principle and the frontier orbital theory of chemical reactivity
as proposed by Fukui. Stronger ‘Am-N or Am-O/Am-S’ bond as compared to ‘Eu-
N or Eu-O/Eu-S’ bond has also been reflected in shorter bond lengths associated
with the Am*" complexes as compared to the corresponding Eu’” complexes in spite
of larger size of Am®" ion. Larger charge on the Am centre, higher percentage of
electrostatic interaction and higher values of BCP p and V?p values indicate that the
Am’” complexes with amide based ligands are more ionic in nature as compared to
the corresponding Eu’" complexes, and this larger electrostatic interaction is
responsible for the selectivity of the Am®" ion with the amide ligands. On the other
hand, selectivity of Am®" ion with the thio-amide ligand is mainly dominated by
higher covalency.

Due to the solubility problem of the PDAM ligand in the organic diluents,
we have alkylated the amide groups of PDAM through which its solubility in
organic medium has been enhanced. Therefore, three amide ligands viz, PDAM (3),
PDAM-Isobutyl (6) and PDAM-Decyl (7) have been synthesized. Subsequently, the

extraction efficiency of these ligands have been investigated using solvent
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extraction technique and it has been found that all the alkyl derivatives of PDAM
ligand are Am’" selective. A maximum extraction efficiency and separation of
Am’" over Eu’* has been observed experimentally using the ligand PDAM-Decyl
as compared to the other ligands investigated here. All the experimental results
reported here on the selectivity of hard donor containing ligands towards Am®" ion

confirm our theoretical predictions.
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Chapter 4: Theoretical Investigation of Am”>*/Eu’*

Complexes with Cyanex Ligands

4.1 Introduction

4.1.1 Cyanex: A Widely Studied Ligand for Actinide Separation

Cyanex ligands are commonly used sulfur donor extractants for actinide lanthanide
separation. Except Cyanex the other commonly known ligands for actinide lanthanide
separation show a maximum separation factor of ~100. In 1996 Zhu et. al. have
reported a separation factor of ~5900 with sulfur donor Cyanex301 ligand.'®
Subsequently, numerous investigations® 11211 have been carried out using

Cyanex ligands.

4.1.2 Previous Theoretical Studies and our Motivations

Due to enormous developments in the computational field, in recent years various
groups are involved in theoretical investigations of lanthanide and actinide complexes.
In spite of extensive studies, origin of selectivity of a Cyanex ligand towards trivalent
actinides is still not very clear®”* Jensen et. al.'” emphasized a stronger covalency in
An-L bonds to explain the selectivity of Cyanex301 towards actinides, although no
structural differences were found in XAFS experiment. In a recent computational
study involving complexation of actinide and lanthanide ions with Terpy and Me-BTP
ligands, it has been reported by Guillaumont that An-L bond distances are shorter as
compared to Ln-L bond distances, which clearly indicates the presence of higher
amount of covalency in An-L bonds."* It is consistent with the opinion expressed by

Nash that the origin of ligand selectivity is due to greater covalent nature of An-L
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bonds.'” However, in one of the recent reports it has been computationally
demonstrated” that the effect of solvation is of prime importance in rationalizing the
experimentally observed selectivity of Am®" ion in presence of Eu’" ion with
Cyanex301 ligand. On the other hand, in one of the recent works, it has been found
that the calculated bond distances are shorter for Am-S bonds as compared to the
corresponding Eu-S bonds in the complexes using modified Cyanex301 ligand.*' In
this report the bis(2,4,4-trimethylpentyl) groups in each Cyanex ligand was replaced
with dimethyl groups to reduce the computational cost. Therefore, it is not very clear
whether the presence of bulkier bis(2,4,4-trimethylpentyl) groups have any effect on
the calculated metal-ligand bond distances due to steric crowding or inductive effects.

90,134-136
’ sets for the

Also, it may be noted that Cao et. al.”* have used f-in-core basis
lanthanide and the actinide atoms in their calculations. Consequently, it is not possible
to consider the spin-multiplicity of the complexes, although it is known that trivalent
actinide and lanthanide complexes generally exist in high spin state with unpaired f
electrons >

Therefore, in the present work"?’ we have used small core pseudo potentials in
conjunction with f-in-valence basis sets for actinides and lanthanides. Also, we have
considered the entire Cyanex ligand instead of the smaller size modified Cyanex
ligand used in one of the earlier works.®® Moreover, for the first time we have
considered three different phosphinate ligands, viz., Cyanex301, Cyanex302, and
Cyanex272 with donor atoms as sulfur, sulfur and oxygen, and oxygen, respectively.
To the best of our knowledge, there is no theoretical report on the complexation of

Eu’” and Am®" ions with Cyanex272 and Cyanex302 ligands. The computational cost

involved to investigate the actinide and lanthanide complexes with Cyanex ligands
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(inclusive of all atoms) using small-core pseudopotential along with def-SV(P) or
TZVP basis sets without any symmetry constraint is rather challenging. Moreover, we
have used various functionals to assess their performance in predicting the metal-
ligand bond distances and other quantities. We have also optimized'*’ the geometries
of all the complexes in presence of solvent using COSMO approach. Partial atomic
charges have been calculated for all the complexes using natural population analysis
(NPA).

Recently it has been conjectured'*® that free energy of extraction (AAAGey) is
one of the important factors in deciding the selectivity of Am®" over Eu®" in presence
of dithiophosphinic acid based S donor ligands, where AAAGe: was calculated
according to the following equation:

AAAGex

AmL"*; (org) + EuL®; (org) s AmL?; (org) + EuL?; (org) .......... (1),
where Am>" is selective with the ligand LB The quantity, AAAGe can also be
calculated by considering the free energy changes for the various steps involved in the
complexation process, where it is possible to take into account the solvation effects
with different approaches. It has also been emphasized that the quantity AAAGey: is
independent on the method of solvation used or any environmental effect. The
quantity, AAAGex seems to be quite appealing since it does not involve most of the
uncertainties in determining the free energy of extraction. Therefore, to assess the
predictive ability of AAAGe, detail thermodynamic analysis has been performed in
this work through calculation of this quantity for various possible complexes of Am®"
and Eu’" with three Cyanex ligands, which are structurally similar but differ in the

donor centres (S or O).
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4.2 Computational Details

Computational methodologies used are almost the same as mentioned before in
Chapter 2, section 2.3. To investigate the effect of basis set, in addition to def-SV(P)
here we have also used TZVP basis sets in Turbomole program. The total number of
cartesian basis functions generated using TZVP basis sets are 1898 for
Eu(Cyanex301); complex. In addition to BP86, here we have also used PBE,*
BLYP*** and PW91"° functionals for the geometry optimization of all the
complexes. In addition to COSMO® approach we have also considered explicit
solvent molecules and counter ions for the calculation of free energy values for the

various steps involved in the extraction processes.

4.3 Results and Discussions

The Cyanex ligands are bidentate and chelating in nature while coordinating with a
metal ion. Both the coordinating sites are same for the Cyanex301 and Cyanex272, viz,
S and O atoms, respectively. On the other hand, O and S atoms act as donors in
Cyanex302 ligand. In the recent past Jensen and Bond'” reported that trivalent f-
elements form M(Cyanex301)3 complex as deduced from EXAFS and absorption
spectroscopy. In one recent paper it has been demonstrated®' that Am®* and Eu’" ions
form mainly MLj type complexes with Cyanex301 ligand through distribution studies at
various concentration of the ligand. Moreover, in a very recent study, Keith and Batista
considered"*® ML; type complexes while investigating the complexation of Am’" and
Eu’” ions with dithiophosphinic acid based ligands. Consequently, here we have
considered only ML; type of complexes. Results of theoretical calculations are

discussed below.
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4.3.1 Structural Details of the Metal-Cyanex complexes

As mentioned earlier, the structures of all the complexes have been optimized
in both gas and solvent phases using Turbomole program package. The vibrational
frequencies are calculated to be almost real for all the complexes (in few cases small
imaginary frequencies (5-10 cm™) are observed). The optimized structures of bare

ligands and metal-ligand complexes, [MLs] are depicted in Figure 4.1.

(a) (b)

Figure 4.1 Optimized structures of metal-Cyanex complex.

The structures of all the metal complexes are almost similar irrespective of the metal

ions or ligands used. All the metal-ligand bond distances calculated using Turbomole

and ADF programs have been reported in Tables 4.1 and 4.2.
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Table 4.1 Calculated M-L bond distances (in A) in gas and solvent phases for Am’ *
and Eu’" complexes with Cyanex301, Cyanex302 and Cyanex272 using BP86/def-
SV(P) and BP86/TZVP methods and Turbomole program

Complex

Gas Phase

Solvent Phase

dovs)/ dv-o)

dovs)

(Literature Value)

doms)/ dmo)

Am-(Cyanex301);

2.846 (2.841)°

(2.918, 2.900)"

2.847 (2.843)°

[2.829]°
Eu-(Cyanex301); | 2.887 (2.871)" | (2.863,2.841) 2.878 (2.872)°
[2.860]°
Cm-(Cyanex301); | 2.837 (2.900, 2.883)° 2.836
2.826 + 0.008*
Am-(Cyanex302); | 2.935/2.329 2.935/2.328
(2.924 /2.338)"
Eu-(Cyanex302); | 2.968/2.326 2.967/2.326
(2.958 /2.335)"
Am -(Cyanex272); | 2.400 2.401 (2.407)°
Eu -(Cyanex272); | 2.385 2.383 (2.392)°

“Calculated bond distances with TZVP basis sets are given within parenthesis.

®Bond distance values reported by Dolg and co-workers’ using f-in-core basis for

lanthanides and actinides and def-SV(P), def2-TZVP basis sets for other elements

‘Calculated bond distances reported by Bhattacharyya et. al.®' using modified

Cyanex301 ligand and def-SV(P) basis are given within square bracket.

Experimentally observed Cm-S bond distance as reported by Jensen et. a
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Table 4.2 Calculated M-L bond distances (in A) in gas phase for Am’" and Eu’"

complexes with Cyanex301, Cyanex302 and Cyanex272 using different GGA

functionals in ADF program

dov-s)/ dov-o)

Complex (BP86) (PW91) (BLYP) (PBE)
Am-(Cyanex301); 2.853 2.842 2.893 (2.895)" 2.846
Eu-(Cyanex301); 2.871 2.856 2.922 (2.929) 2.863
Am-(Cyanex302); 2.929/2.347 | 2.909/2352 | 2.987/2.372 | 2.894/2.346

(2.989 / 2.349)"
Eu-(Cyanex302); 2.949/2.343 | 2.933/2345 | 3.006/2.368 | 2.913/2.350

(3.015 /2.348)*
Am-(Cyanex272); 2.406 2402 2.433 (2.425)° 2.405
Eu-(Cyanex272); 2.396 2.392 2.422 (2.405) 2.395

“Calculated bond distances in solvent phase using BLYP functional and Turbomole

program are given within parenthesis.

For the sake of comparison, some of the recently reported literature values are also
included in Table 4.1. From the calculated values it is clear that the M-S bond
distances in Am-(Cyanex301); are smaller as compared to the same in the
corresponding Eu’” complex, although the size of the Am®" ion (ionic radii=0.975 A)
is slightly higher as compared to that of the Eu*"ion (ionic radii=0.95 A).”® It may be
due to the preference of Am® ion to bind with soft donor ligands. Experimentally

1.”7 is consistent with the

observed separation factor (SFane,) of ~5900 by Zhu et. a
calculated bond distance values. The presently calculated metal-ligand bond distances
are also in complete agreement with one of the recently published combined

experimental and theoretical reports,®’ where dimethyl dithiophosphinic acid ligand

has been used in place of Cyanex301 for the calculations, although all the bond
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distance values are slightly smaller. This is because of the replacement of the bulkier
bis(2,4,4-trimethylpentyl) with the smaller methyl group so that the steric crowding
becomes less with the latter ligand, which in turn reduces the M-L bond distances. It is
interesting to note that in the recently reported'* M[N(EPH,),]s (M=Eu and Am, and
E=0/S/Se/Te) complexes ‘Am-S’ (2.835 A) bond length is shorter than the ‘Eu-S’
(2.873 A) bond length where as ‘Am-O’ bond distance (2.358 A) is larger than the
‘Eu-O’ bond distance (2.335 A) indicating a higher covalence in the ‘Am-S’ bond as
compared to that in the ‘Eu-S’ bond. In that report the authors also observed that the
difference between the ‘Eu-S’ and the ‘Am-S’ bond length increases from 0.038 A to
0.051 A as the donor atom was changed from ‘S’ to ‘Te’, indicating enhancement in
selectivity for Am*" over Eu’". This observation is in agreement with the trends
observed in the present work involving metal-Cyanex complexes.

Since experimental value of Cm-S bond distance is available in the literature,
we have been motivated to calculate the structure of Cm-(Cyanex301); using
Turbomole for the purpose of comparison. It is interesting to notice that the

8'% in Cm-

experimentally observed Cm-S bond distance value of 2.826 + 0.00
(Cyanex301); complex is closer to our theoretically obtained bond distance value of
2.837A.

In the case of Cyanex272 as the complexing agent, Am-O bond distances are
slightly longer than the Eu-O bond distances. Naturally, Cyanex272 is not expected to
bind Am** ion preferentially as compared to the Eu’’ jon. In fact, experimentally
observed separation factor, SFamry has been found to be 0.08'*! with Cyanex272 by

Zhu et. al. It clearly indicates that the extraction of Eu’" ion is slightly preferable with

Cyanex272 ligand. Thus, variations in the calculated M-L bond distance trends can be

98



correlated nicely with the experimentally observed results. Cyanex302, possesses one
‘S’ and one ‘O’ donor site, and expected to show intermediate behavior between
Cyanex301 and Cyanex272. From Table 4.1 it is clear that Am-S bond distances are
shorter than the corresponding Eu-S bond distances, however, Am-O bond distances
are slightly longer as compared to the Eu-O bond distances in case of M(Cyanex302);
complexes. Stronger ‘Eu-O bond as compared to ‘Am-O’ bond makes this ligand less
selective for Am®" over Eu’" as compared to Cyanex301. However, to the best of our
knowledge there is no experimental or theoretical report available on the Cyanex302
complexes with Am®" and Eu®" ions to establish this view.

The trends in the calculated bond distances using ADF program have also
been found to be the same as found using Turbomole. All the M-L bond distances
calculated by replacing the bulkier bis(2,4,4-trimethylpentyl) groups present in
Cyanex ligands with the dimethyl groups as reported®' earlier have been found to be
shorter as compared to the present ones obtained from ADF. The effect on the
calculated bond distances using different GGA functionals (BP86, PW91, BLYP and
PBE) has been reported in Table 4.2. Since GGA functionals are found to be more

reliable in predicting the bond distance values,'**'**

we have investigated only the
effect of GGA functionals here. It is important to note that the results obtained using
different functionals have been found to be mutually consistent.

In the presence of solvent, the M-L bond distances for all these complexes
virtually remain the same as in the gas phase results (Table 4.1). From the calculated
values reported in Table 4.1 it is evident that the bond distances for all the complexes

are quite close for two different basis sets, viz., def-SV(P) and TZVP. Moreover, the

calculated bond distance values of 2.827, 2.869 and 2.816 A for Am-S, Eu-S and Cm-
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S bonds, respectively, with the hybrid PBEO functional'** are found to be very close to

the corresponding BP86 values as obtained using Turbomole.

4.3.2 Thermodynamics of Extraction
In the spirit of very recent work reported by Keith and Batista'** we have analyzed the
complexation process through calculations of changes in free energies (AG) for
various steps involved in the complexation of Am’" and Eu’” ions with Cyanex301,
Cyanex302 and Cyanex272, and presented the results in Table 4.3. The Gibbs free
energies of all the species (except H' ion) have been calculated from their respective
total electronic energies, zero-point energies and thermal corrections by using the
ideal gas model with temperature =298.15 K and pressure=0.1 MPa. The free energy
of the proton in the gas phase (AGgs[H ]=-6.28 kcal/mol) and aqueous phase
(AGqo[H ]=-264.0 kcal/mol) has been taken from the literature.'*®

We have adopted three approaches for the calculations of AG in solution, viz.,
method-1, method-2 and method-3 corresponding to Equations (2), (3), (4) and (5),

(6), (7) in gas and solvent -phase, respectively.

M’" (gas) + 3HCyanex (gas) ﬁb M(Cyanex); (gas) +3H" (gas) ... (2)
AG
M(H20)93 "( gas) + 3HCyanex(gas) — M(Cyanex)s(gas) + 9H,O(gas) +
3H (gas) 3)
AG

M(H>0)3(NOs);(gas) + 3HCyanex (gas) —»M(Cyanex)s(gas) + 3H,O(gas) +

3NOs(gas)+3H (gas) L 4)
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AG

M (aq) + 3HCyanex (org) —> M(Cyanex); (org) +3H" (aq) ... 5)
AG
M(H,0)’"(aq) + 3HCyanex(org) —» M(Cyanex)s(org) + 9H,0(aq) +
3H (aq) (6)
AG

M(H,0)3(NO3)s(aq) + 3HCyanex (org)— M(Cyanex);(org) + 3H,O(aq) +
3NOs(aq)+3H (aq) (7)
(M=Am and Eu)

Bare metal ion in the gas and aqueous phases has been considered in method-1. In
method-2 explicit solvent molecules (9 water molecules) are considered to treat the
M*" ions, ie., M is replaced with M(H20)93+. In addition to explicit solvent
molecules, COSMO approach has also been taken into account for the solution phase
calculations. The effect of counter ion has been taken care of by incorporating NOs’
ion in case of method-3. In the gas phase, AG values are calculated to be negative (<
0) for method-1, while for the other two methods AG values are found to be positive.
This is due to the requirement of extra energy to remove the explicit water molecules
and nitrate ions from the inner sphere coordination of metal ion in method-2 and
method-3 as compared to the method-1, both in gas and solvent phases. For all the

Am/Eu

three methods calculated gas phase values of AAG are positive, which indicate

that Eu®" forms a stronger complex than Am®" with all the three ligands (Table 4.3).

(Here the quantity, AAG*™"

refers to the difference in the free energy of
complexation between the Am’" and Eu’’ complexes, and also represented as

AG[Am] - AG[Eu)).
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Table 4.3 Calculated values of free energy of extraction (in eV) in Gas (AGg,s) and
solvent (AGs) (T=298.15 K, P=1 atm) phases for Am’ ©, Eu’* complexes with

Cyanex301, Cyanex302 and Cyanex272 using Turbomole program *

Complexes AGgas' |AAGga' [AAAG ' [AGga® |AAGgas® |AAAG " [AGgss® [AAGgas’ |AAAG,,,
Am-(Cyanex301);|-1.952 23.248 44.169

Eu-(Cyanex301); |-2.796 [0.844 |0.005 22971 |0.277 |0.005  [44.108 |0.061 |0.005
Am-(Cyanex302); |-2.151 23.050 43.970

Eu-(Cyanex302); |-3.007 |0.856 22.761 |0.289 43.897(0.073
Am-(Cyanex272);|-2.290 22911 43.831

Eu-(Cyanex272); |-3.129 |0.839 22.639 [0.272 43.775 (0.056
Complexes AGu!' |AAGu' [AAAG.' |[AGs® [AAG” [AAAG ! [AGe® [AAGy® [AAAG
Am-(Cyanex301); [-4.215 3.232 2.331

Eu-(Cyanex301); [-1.198 |-3.017 [0.044  {3.000 [0.232 [0.044  [2.248 [0.083 |0.044
Am-(Cyanex302); |[-4.373 3.074 2.173

Eu-(Cyanex302); |-1.359 |-3.014 2.840 |0.234 2.088 [0.085
Am-(Cyanex272);  |-4.460 2.987 2.086

Eu-(Cyanex272); [-1.399 |-3.061 2.799 |0.188 2.047 (0.039

*Equations (2)-(7) are used to calculate the AG values.

! 2 and ? refer to the method-1, method-2 and method-3.

AAG = AG[Am] - AG [Eu]; AAAGex = AAG [Cyanex301] - AAG [Cyanex272]

In contrast to the experimental observations, the calculated trends found in the present

work are similar to the earlier results reported by Dolg and co-workers™ and also by

Keith and Batista.

138

In the solution phase the AG values (< 0) calculated using

method-1 for the Am-(Cyanex301); and Eu-(Cyanex301); complexes correctly predict

the experimentally observed higher selectivity for Am® with Cyanex301 ligand. This

trend is also consistent with the work reported by Dolg and co-workers™ as well as

Keith and Batista.”®® The reason was suggested as the high dehydration energy

requirement for Eu’" complexation as compared to that of Am®" due to smaller ionic
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radius of Eu’”, and ligand has no role in controlling the selectivity. Therefore, the
calculated AG values obtained using method-1 always favour Am’" complex to be
more stable as compared to the Eu’" complex for the other two ligands, viz.,
Cyanex302 and Cyanex272 as well, which is in contrary to the experimental
observations. The trends in the calculated free energy of complexation values using
other two methods in solution phase are found to be similar to the gas phase results.
Methods 2 and 3 show more selectivity for Eu’" over Am’" irrespective of the ligand
and thus cannot explain the experimentally observed trends.

In view of very recent work'*® on the complexation of two metal ions in presence of
two ligands, we have calculated the free energy of extraction, AAAGe ™™ for Am®*
and Eu’’ ions in presence of Cyanex301 and Cyanex272 ligands (AAAGextAWE“ =
AAG*™E" [Cyanex301] - AAG*™™ [Cyanex272]) using Equation (1). The positive
values of AAAGextAm/E“ reported in Table 4.3 clearly indicate that extraction of Eu’’is
more favourable with Cyanex301 ligand. Similar argument holds good for the
Cyanex301 and Cyanex302 ligand pair. We have also performed similar
thermodynamic analysis with BLYP functional, as the differences in bond length
values are maximum between this functional and the BP86 functional, and results are
reported in the Table 4.4. Indeed, the calculated trends remain the same in both the
cases. In addition to the effect of exchange-correlation functionals, we have also
investigated the effect of TZVP basis sets on the calculated thermodynamic
parameters and reported in Table 4.5. It is clear that most of the earlier trends obtained
using def-SV(P) basis sets remain the same. However, the complexes with Cyanex301
become more stable as compared to the Cyanex272 complexes (Table 4.5) for both the

metal ions as far as AG values are concerned.
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Table 4.4

Calculated values of free energy of extraction (in eV) in solvent
(AGso)) (T=298.15 K, P=1 atm) phases for Am’ *, Eu’" complexes with Cyanex301,
Cyanex302 and Cyanex272 using BLYP/def-SV(P) method in Turbomole Program *

Complexes AGgo' |AAGqg' |[AAAGy' [AGgo® |AAGyo |[AAAGo” |AGso® [AAGso [AAAGy
Am-(Cyanex301); |-3.607 |-2.82 |0.14 4.124 10.310 [0.14 3.406 [0.235 [0.14
Eu-(Cyanex301); |-0.786 3.814 3.171
Am-(Cyanex302); [-4.028 |-2.90 3703 [0.224 2.984 (0.148
Eu-(Cyanex302); |-1.121 3.479 2.836
Am-(Cyanex272); |-4.236 |-2.96 3.495 10.168 2.777 {0.093
Eu-(Cyanex272); |-1.274 3.327 2.684

*Equations (5)-(7) are used to calculate the AG values

! 2 and ? refer to the method-1, method-2 and method-3.
AAG = AG[Am] - AG [Eu]; AAAGex = AAG [Cyanex301] - AAG [Cyanex272]

Table 4.5 Calculated values of free energy of extraction (in eV) in solvent (AGsol)
(T=298.15 K, P=1 atm) phases for Am’ ¥, Eu’’ complexes with Cyanex301,
Cyanex302 and Cyanex272 using BP86/TZVP method in Turbomole program *

Complexes AGg' [AAGg' [AAAG' [AGg® |AAGg® [AAAG [AGgy® |AAG® |AAAG,
Am-(Cyanex301); [-3.196 |-2.945 0.053 1.110 |0.162 [0.053  [0.606 [0.071 [0.053
Eu-(Cyanex301); |-0.251 0.948 0.535
Am-(Cyanex302); |[-2.832 |-2.955 1.474 |0.152 0.970 [0.061
Eu-(Cyanex302); [0.123 1.322 0.909
Am-(Cyanex272); |-2.755 |-2.998 1.551 ]0.109 1.047 {0.018
Eu-(Cyanex272); |0.243 1.442 1.029

*Equations (5)-(7) are used to calculate the AG values.

! 2 and ? refer to the method-1, method-2 and method-3.
AAG = AG[Am] - AG [Eu]; AAAGex = AAG [Cyanex301] - AAG [Cyanex272]

Therefore, the calculated AAAG ™™™ values cannot rationalize the experimentally

observed high selectivity of Cyanex301 ligand towards Am’* ion. Now, it would be
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interesting to perform a comparative analysis between the results as reported by Keith
and Batista"”® with the present ones. In their work, solvation Method C (which is
equivalent to method-1 in the present manuscript) fails to predict a higher selectivity
of the ligand L' towards Eu’" ion in presence of Am’" ion. Moreover, AG
(complexation) values for Am’" s always higher for both L' and L’ ligands as
predicted by COSMO based Methods C and D, which are considered to be more
sophisticated as compared to the PCM based Methods A and B. Thus, the selectivity
of Am®" is always higher for any of the two ligands considered by Keith and Batista if
one considers only the AG (complexation) values. This result is similar to the trend
obtained in the present work and also by Dolg and co-workers, who have considered
only the Cyanex301 ligand. Hence, it is clear that even if the level of sophistication of
a solvation method is improved, predictive ability of a continuum solvation based
approach may not necessarily be better as far as agreement with experimentally
observed selectivity trends involving valence isoelectronic trivalent lanthanide and
actinide are concerned. Unlike the results of Keith and Batista, thermodynamic
analyses performed on the present systems do not agree with the observed selectivity
trends as far as the calculated AAAGe values are concerned. Thus, the scope of the
approach put forward by them is rather limited to certain class of systems. In their
work, ligands are considered with same donor atoms, viz., sulfur donors. On the other
hand, in the present work we are concerned with ligands where donor atoms are
different (oxygen and sulfur) and that may be the reason for the failure of the AAAGex
term in explaining the selectivity trends. It is important to note that in the present work
we obtained AAAGe values in the range of 0.1 to 3.2 kcal/mol, but with different

sign. It is difficult to draw any meaningful conclusion from such small energy values,
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which are dependent on the basis sets or exchange-correlation functionals, and
sometimes lie within the computational accuracy. On the other hand, geometrical
parameters, in particular, calculated trends in the metal-ligand bond distances are
found to be rather consistent for different exchange-corrleation functionals or basis

sets used, as discussed in Section 4.3.1.

4.3.3 Energy Decomposition Analysis

Now, we focus our attention to the energy decomposition analysis, which has been
quite successful in providing a quantitative interpretation of chemical bonds in terms
of various energy components.'*'* Therefore, bonding analysis has been performed
to obtain an insight into the nature of the metal-ligand bonds present in various
complexes investigated in this work. The total complexation energies of all the
complexes obtained from the gas phase ADF calculations reported in Table 4.6 reveal
that Eu®" complex is more stable as compared to the corresponding Am®>" complex
irrespective of the ligand, which is in agreement with the gas phase results obtained
from Turbomole. Various energy components contributing to the total complexation
energy are presented in the form of bar diagrams in Figure 4.2. First we discuss the
variations of various energy components corresponding to a particular metal ion with
three different ligands considered here. Figure 4.2 reveals that Pauli, electrostatic and
steric components are increased upon going from Cyanex301 to Cyanex272, although
extent of increase in Pauli repulsion is not significant. However, for a particular metal
ion, orbital interaction component is found to decrease while going from Cyanex301
to Cyanex272 complexes. All these trends are clearly due to the change in the nature

of donor atoms involved in these three ligands, viz., soft ‘S’ donor to hard ‘O’ donor.

106



These trends are observed for both Am®” and Eu®" complexes. Now it is interesting to
compare the various energy components between Am®" and Eu®” complexes with the
Cyanex ligands. From Figure 4.2 it is evident that for all the ligands, the percentage of
orbital interaction and electrostatic interaction energies are higher for the Am®"
complexes as compared to the corresponding Eu" complexes. On the other hand,
higher percentage of Pauli repulsion energies are calculated for the Eu’" complexes,
although contributions are negative towards total interaction energy. Differences in
the Pauli repulsion energies between Am®* and Eu’" complexes are almost remain the

same while going from Cyanex301 to Cyanex272.

Table 4.6 Interaction energies (AEiy), ligand preparatory energies (AEp.,) and

complexation energies (AEcomp) for the various Am’" and Eu’" complexes (in eV)

Complex name AEin¢ AEprep AEcomp
Am-(Cyanex301); -50.09 9.25 -40.86
Eu-(Cyanex301); -51.92 9.31 -42.61
Am-(Cyanex302); -52.41 9.80 -42.61
Eu-(Cyanex302); -53.52 9.96 -43.56
Am-(Cyanex272); -53.98 10.86 | -43.13
Eu-(Cyanex272); -55.32 11.13 | -44.19
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Figure 4.2 Percentage contribution of Pauli repulsion (AEp,;), electrostatic
(AEgiec), steric (AEgeric) and orbital (AE) interactions in the total interaction

energies (AEjy) for the different metal-Cyanex complex.

However, variation of electrostatic component is quite significant as we are moving
from one complex to another complex. Difference in the electrostatic energy is the
maximum for the Cyanex301 complexes, though for Cyanex272 complexes the
magnitude of this component is maximum for both Am*" and Eu’". Nevertheless, it is
important to note that both repulsive Pauli and attractive electrostatic components are
responsible for the overall Coulomb interaction. Therefore, it is interesting to combine
these two components (steric component) and compare the variation of this

component from Cyanex301 to Cyanex272 complexes. The steric interaction, which is
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electrostatic in nature, is found to be minimum for the Am-(Cyanex301); and
maximum for the Eu-(Cyanex272); complexes. Orbital interaction component differs
most for Cyanex272 complexes although absolute values of this component are the
largest for Cyanex301 complexes. Thus, it is evident that among all the complexes
considered in this work, a minimum value of steric component, which is electrostatic
in nature and a maximum value of orbital component that is mostly covalent in

145-148
nature

are found for Am-(Cyanex301); complex, which in turn lead to a more
covalent nature in Am-S bond. A comparatively smaller atomic charge on Am in Am-
(Cyanex301); complex supports this view (Section 4.3.4). Consequently, covalency in
Am-S bonds in Am-(Cyanex301); complex may be considered as one of the factors
for higher selectivity of Am’" with Cyanex301 ligand as compared to Eu’’ ion. This

picture is consistent with a shorter Am-S bond distance than the corresponding Eu-S

bond distance for the Cyanex301 complexes.

4.3.4 Charge Distribution in the Complexes

Natural population analysis shows (Table 4.7) that charges on the metal centers
gradually decrease from [Metal-(Cyanex272);] to [Metal-(Cyanex301);] complexes.
It indicates that with increasing softness of the ligand (due to presence of soft donor
‘S’ atoms), covalent nature of the metal-ligand bonds increase. The charge
distributions in Am-(Cyanex301); and Eu-(Cyanex301); complexes reveal that metal-
ligand charge transfer is more in case of Am’* complex with a qu value of 0.729. On
the other hand, gg, value is calculated to be 0.896 for Eu-(Cyanex301); complex.
Once again it may be correlated with a higher degree of covalency present in the Am-

S bonds as compared to the Eu-S bonds for the Cyanex301 complexes. However, an
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opposite trend is found for [Metal-(Cyanex272);] complexes where qam charge is
higher than qg, (Table 4.7). Gradual variation of charge from Cyanex301 - Cyanex302
— Cyanex272 complexes indicates a subtle change in the nature of M-L bonding from
covalent to electrostatic, which in turn implies a stronger complexation of Eu®" with
Cyanex272, and Am’" with Cyanex301. All these trends are found to be consistent in

presence of solvent as well.

Table 4.7 Calculated NPA atomic charges on metal and donor centers of Am’" and
Eu’’ complexes with Cyanex301, Cyanex302 and Cyanex272 in gas and solvent

phases using Turbomole program

Complex qm qs/ qo qm qs/ qo
Gas Gas Solvent Solvent
Am-(Cyanex301); 0.729 -0.486 0.735 -0.504
Eu-(Cyanex301); 0.896 -0.522 0.894 -0.524
Cm-(Cyanex301); 0.824 -0.505 0.811 -0.520
Am-(Cyanex302); 1.308 -0.570 /-1.039 1.309 -0.580/-1.040
Eu-(Cyanex302); 1.370 -0.578 /-1.042 1.374 -0.588/-1.043
Am-(Cyanex272); 1.684 -1.062 1.684 -1.064
Eu-(Cyanex272); 1.660 -1.055 1.659 -1.052

Now, it is interesting to discuss the NPA derived orbital wise population distribution
for the valence orbitals of the metal ion for all the complexes (Table 4.8). The
population in the metal centered ‘s’, ‘p’, ‘d’ and ‘f” orbitals are consistently higher in
case of Am®" complex as compared to the corresponding Eu’" complex. Ingram et.
al.,"" however, observed high ‘s’ and ‘d’ population for Am’” complex as compared
to Eu’" complex. Also, f” orbital population was higher in the Eu’" complex as

compared to the Am>" complex. In the present work, the reported results indicate that
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the difference in the metal d orbital population between the Am*” and Eu’* complexes
is more for Cyanex301 ligand as compared to the Cyanex272 ligand. In fact, this
difference is almost negligible between the Cyanex272 complexes. Difference in the f-
orbital population between Am(Cyanex301); and Eu(Cyanex301); complexes is found
to be small as compared to the corresponding d-orbital population difference. Detail
analysis of the MO coefficients also reveals that f-orbital based covalency is quite less
and d-orbital based covalency is rather more for all the complexes considered here.
All these trends are clearly due to transfer of more electron density from the ligand to
the metal 6d/5d orbital in comparison to the S5f/4f orbital, especially for the
Cyanex301 complexes.

The total population (s+d+f) on the metal atom, M, decreases from M-
(Cyanex301); to M-(Cyanex272); and this may be taken as evidence that covalency
decreases in the same manner.'> Moreover, for a particular Eu(IIT) complex, total M
population (s+d+f) is less than the corresponding Am(III) complex. This is consistent

with the bond lengths and energy decomposition analysis trends as discussed earlier.

Table 4.8 Calculated natural orbital populations at the metal centres for all the
complexes using Turbomole program and Mayer bond orders (BOs) for the M-S/O
bonds using ADF program

Complex n(s) n(p) n(d) n(f)
Am-(Cyanex301); 4.406 12.006 11.422 6.436
Eu-(Cyanex301); 4.355 12.008 11.219 6.523
Am-(Cyanex302); 4.287 11.999 11.047 6.358
Eu-(Cyanex302); 4.239 12.000 10.945 6.445
Am-(Cyanex272); 4.189 11.993 10.805 6.331
Eu-(Cyanex272); 4.158 11.993 10.835 6.353

111



4.4 Concluding Remarks

In this chapter we have reported the relative complex-forming ability of Am(IIl) and
Eu(Ill) ions with Cyanex272, Cyanex302 and Cyanex301 ligands within the
framework of density functional theory in an unified way. The geometrical
parameters, metal-ligand complex formation energies, charge distributions and various
energy components have been calculated and compared with each other and related
literature values. We have optimized the geometries for all the complexes of Am’" and
Eu’" ions using small core pseudopotentials for the actinide and lanthanide atoms.
Detailed thermodynamic analysis including continuum solvation model correctly
predicts a higher stability of Am(Cyanex301); as compared to the Eu(Cyanex301);
complex, which is in agreement with the experimentally observed results. However,
from the calculated AG (complexation) values, a higher stability of Am’" complex is
obtained using both Cyanex302 and Cyanex272 ligands. Thus, it is rather unable to
explain the experimentally observed higher selectivity of Am®" with only Cyanex301
and Eu’" with Cyanex272. A similar trend of higher selectivity of Am’" is also evident
from the previously reported AG (complexation) values, which were obtained using

Am/E
TEY values could

analogous solvation models. Although, recently proposed AAAG
explain the relative separation abilities of two ligands where both the donor centres
involve sulfur atom only, in the present work it fails to produce the experimentally
observed trends where both oxygen and sulfur atoms are involved as donors.
Nevertheless, here it is important to note that it is difficult to draw any meaningful
conclusion from the calculated AAAGextAWE“ values, which lie in the range of 0.1 to

3.2 kcal/mol, and are dependent on the basis sets or exchange-correlation functionals.

On the other hand, a shorter Am-S bond distance in conjunction with higher degree of
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metal-ligand charge transfer and a higher percentage of orbital interaction energy
indicate a greater degree of covalency in Am(Cyanex301); as compared to the
Eu(Cyanex301); complex, which in turn can be implicated as one of the factors for
higher selectivity of Am’" with Cyanex301 ligand. Moreover, a comparatively higher
selectivity of Cyanex272 towards Eu®" ion can be correlated with a shorter Eu-O bond
distance and a higher percentage of steric interaction (overall metal-ligand

electrostatic interaction).
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Chapter 5: Electronic Structure and Stability of the Actinide

and Lanthanide Encapsulated Metallofullerenes

5.1 Introduction:
5.1.1 Smaller Fullerenes: A prologue

Since the discovery of Ceo,' ™"

carbon based materials have attracted considerable
interest as possible new stable cluster or super atom. Consequently, fullerene and its
derivatives are considered to provide a group of potential materials with novel
structural and electronic properties, such as covalent bonding, high chemical

reactivity, large steric strain, superconductivity ete.! 13!

Gas phase experiments
indicate the possible existence of a broad range of fullerene clusters, however, beyond
Ceo only a very few number of isolated fullerenes have been obtained so far in the
bulk scale. Smaller fullerenes are of special interest due to the presence of high
curvature and huge strain energy owing to the presence of adjacent pentagonal rings,
which lead to clusters with unusual intra and inter -molecular bonding and electronic
properties. Fully hydrogenated form of C,g, viz., CaoHao’""*? has been found to be
highly stable and synthesized experimentally long back. Starting from CyoHao,
synthesis of various isomers of C,g, viz., bowl, cage and ring structures has been
carried out by Prinzbach et. al.'> in 2000 in the gas phase. However, among the
smaller fullerenes only Css have been isolated in solid form.** Other smaller fullerenes
have also been identified in various gas phase e:><perime:n‘[s.42’51’153’154 Solid Cs6 has
been obtained using arc-discharge method by Piskoti et. al.** and is the first smaller

fullerene than Cgp that has been produced in a large scale. Chemically the Csiq

molecule is more reactive than Cgp. The smaller fullerenes, which are formed during
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the production of stable fullerenes, are difficult to isolate because of their extremely

high chemical reactivity.

5.1.2 Stabilization of Smaller Fullerenes and our Objectives

Encapsulation of proper dopant atom or ion (metal or nonmetal) into the smaller
fullerenes may lead to highly stable clusters with fascinating properties. Examples of
some of the recently reported important metal encapsulated smaller fullerene (C, for n
< 60) magic clusters are U@C36,154 U@C44,154 U@C28,51’154’155 Ti@ng,154 Zr@ng,154
etc. It may be noted that for any magic cluster, pronounced intensity peak can be
observed as compared to the neighboring peaks in mass spectra. In some of the
experimental reports it has been shown that the U@Cs¢ peak is significantly strong as
compared to the adjacent peaks, in the FT-ICR mass spectrum of cluster cations
formed from the vaporization of a UO,-graphite target.”""'>* In the present chapter we
have considered two smaller fullerenes, viz., Cy and Cj¢ and study their possible

stabilization through doping with proper lanthanide or actinide atom/ion."**'*’

5.1.3 Previous Studies on C,y and C;4 Fullerenes
Energy orderings of the C,y isomers are found to be somewhat different depending

upon the method of calculation.'®!1%?

Here we consider only the cage structure of Cy
consisting of twelve pentagon rings, where each carbon atom binds with other three
carbon atoms forming a 108° bond angle. Due to the absence of any hexagon ring,
curvature is extreme in C,¢ cage and bond angle is also considerably deformed as

compared to the 120° corresponding to normal sp® graphite system.”' The highest

possible symmetry for Cyy is I, which corresponds to a triplet state with a fourfold
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degenerate HOMO. Therefore, I, structure of Cyg is distorted to Dsq or Csy structures
according to Jahn-Teller distortion. However, once again these structures are reduced
to lower symmetry because of the presence of two-fold degenerate triplet state.'”
Eventually, a non-degenerate singlet state with either D3g or D,y or Cy, symmetry

138160 Ground state structure of

becomes the ground state structure for the C,g cage.
Cyp cage differs from one symmetry to another depending on the method of calculation
and is still a matter of controvelrsy.160 Recently, neutral Ce@C,¢ and Gd@Cyy clusters
have been studied theoretically.'®' These clusters are associated with much lower than
I, symmetry (C,, symmetry), which may be due the absence of any magic number
electron configuration.

First theoretical study on Cs¢ has been reported by Grossman and co-

162
workers,

which revealed that the energetically most favorable structures of Csg
fullerene are associated with D¢, and D;; symmetry using density functional
calculation with local density approximation (LDA) and generalized gradient
approximation (GGA) methods. Subsequently, considerable amount of theoretical
work has been published in the literature dealing with Cs¢ fullerene system.163 182
Depending on the method of calculation, ground state structure of Csg cage is found to
be either D,q or Dg, structure, however, in most of the reports it is clearly stated that
the Dy singlet state, Dg, singlet state, and D¢, triplet state are almost
isoenergetic.' 0% +16717180 A part from U@Css, which is detected in FT-ICR mass
spectrum, there is no experimental evidence available for any other endohedral Csg

derivative. Even for U@C;¢ system no further theoretical or experimental information

is available on its structure and characterization. Nevertheless, recently some of the

117



endohedral C;s systems X@Css (X= He, N, C, H, Li, Na, K) are investigated

. 176,177,180,183
theoretically.” ™" "™

5.1.4 Stabilization through Encapsulation of Ln/An Atoms or Ions into the
Fullerene Cages

In the present chapter one of our objectives is to investigate the possibility of
stabilizing Cy cage in the I, symmetry through encapsulation of suitable metal
atom/ion from the f-block elements so that the total number of valence electrons
correspond to certain magic numbers with closed shell configuration as demonstrated
earlier for other sys‘[ems.53 S483I6GI84-19 Hore we report a series of M@C clusters (M
=Pr, Pa, Nd, U, Pm’, Np’, Sm2+, Pu2+, Eu3+, Am’ ° Gd4+, Cm4+) with I;, symmetry
and try to explain theoretically the high stability of these compounds. Further, we
analyze bonding aspects, stabilities and also electronic and spectral properties of these
clusters from theoretical viewpoint.

Another aim is to elucidate the structure and stability of U@C;¢ cluster to provide an
in-depth insight into the origin of the experimentally observed strong peak in the mass
spectra, which has been reported earlier’’ and very recently as well."”> We have also
analyzed bonding aspects, thermodynamic stabilities and also electronic and spectral

properties of U@Csg clusters from theoretical viewpoint.

5.2 Computational Details

Computational methodologies are same as mentioned before in Chapter 2, section 2.3.
Here, the partial atomic charges were calculated using the natural population analysis
(NPA) and Lowdin schemes as implemented in Turbomole. Also, the Voronoi

195

deformation density (VDD) ™ charges have been calculated using ADF program.
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Here we have also calculated the binding energy per atom (BE) of a complex
corresponding to the atomic dissociation channel,

BE =-E (M@C,) - EIM) - nE(C)/m.
Here EM@C,), E(M) and E(C) denote the energy of the complex, metal atom/ion
and the carbon atom, respectively and m is the total number of atoms present in the
cluster.
Vibrational frequency calculations have also been performed to get the structures with
true energy minima. Using these vibrational frequency values and standard statistical
thermodynamics, various thermodynamic parameters viz. enthalpy, entropy and free
energy values have been calculated for the reaction, M + C, 2> M@C,.
Because of the correct asymptotic behavior, we have used the the statistical average of
orbital potentials (SAOP)"*"" model potentials in ADF for the calculations of
absorption spectra of bare and metal encapsulated clusters within the framework of
time dependent density functional theory (TDDFT). In fact, exchange-correlation
functionals possessing correct asymptotic behavior is generally used”®?"' for the
calculations of the excited states and the response properties using TDDFT. For the
purpose of comparison we have also employed PBE functional for the calculations of
absorption spectra. All-electron calculations have been performed while using SAOP

functional.
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5.3 Results and Discussions

5.3.1 Study of Ln/An Encapsulated C;y Fullerene

5.3.1.1 Structural Analysis

The geometries of the bare cage like Cy and all the M@C, clusters have been
optimized using Turbomole and ADF programs. For each cluster, all the calculated
vibrational frequencies have been found to be real, which indicates that all the
structures are true minima on their respective potential energy surfaces. Geometries of
M@C» clusters are optimized starting from various initial cage structures; however,
in all the cases geometry optimization leads to highly symmetric closed shell I
structure. The optimized structures of bare C,y and M@C, clusters are depicted in
Figure 5.1. The structures of all the M@C, clusters are almost similar irrespective of
the encapsulated metal atom or ion. Now onwards we have considered the results

obtained using Turbomole program unless otherwise stated.

Figure 5.1 Optimized structures of a) bare Cy cage and b) M@C, cluster.

d!381%0 earlier

Bare Cy¢ with D34, Dy and C,, symmetric structures have been reporte
by Zeng and co-workers, Paulus, and Zhang et. al. using various level of theory. In the

present work, Dsq4 structure has been found to be the lowest energy geometry, which

corresponds to lAlg state with 4a;, as the HOMO. However, energy differences
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between the D4, Doy and Cyy structures, calculated using B3LYP functional with both
ADF and Turbomole program packages, are found to be almost negligible (~0.1
kcal/mol with). After incorporation of metal atom/ion with 6 valence electrons, all the
systems are found to be highly symmetrical I, structure with either 3g, or 5t;, as the
HOMO. The C-C bond distances in C,y cage have been calculated using B3LYP
functional and found to lie in the range, 1.440 - 1.516 A. Encapsulation of metal
atom/ion within the C,y cage leads to an overall increase in cage size, and as a result
C-C bond lengths corresponding to D34 structure increase to 1.53-1.58 Ain, M@Cyy.
Also, the extent of increase is smaller for the positively charged metal ions. To
investigate the effect of different functionals, we have optimized the geometries using
PBE, B3LYP, BHLYP and PBEO functionals in Turbomole. On the other hand we
have used BP86 and PBE functionals in ADF. The M-C bond lengths obtained from
Turbomole and ADF using different functionals are reported in Table 5.1. For a
particular metal atom/ion the bond lengths calculated using different functionals are
found to be almost the same. The trends in the variation of the M-C bond lengths
along the lanthanide and the actinide series also remain the same. In general, M-C
bond length has been found to decrease from Pr to Eu in the lanthanide series and
from Pa to Am in the actinide series. It is due to the increase in positive charge of the
encapsulated metal atom/ion in going down the series. The M-C bond lengths
obtained from ADF and Turbomole, using the same PBE functional, are in good

agreement with each other.
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Table 5.1 Calculated values of M-C bond distance (Ry.c in A) using different
functionals with Turbomole and ADF programs for all the M@Cy, clusters

Metal Ry.c in A (Turbomole) Ry.c in A
Atom/Ion (ADF)
(%)) B3LYP PBE | BHLYP PBE0 | HF BP86 | PBE
Pr 2.187 2.183 2.162 2.166 2.158 2.191 2.186
Pa’ 2.221 2223 2.202 2.204 2.199 2.230 2.225
Nd 2.169 2.173 2.146 2.151 2.139 2.176 2.172
U 2.197 2.200 2.177 2.180 2.173 2.206 2.200
Pm" 2.161 2.166 2.138 2.144 2.129 2.168 2.164
Np" 2.183 2.186 2.162 2.166 2.156 2.191 2.187
Sm™ 2.158 2.163 2.136 2.142 2.128 2.166 2.162
Pu* 2.177 2.181 2.155 2.160 2.146 2.184 2.179
Eu’” 2.162 2.166 2.140 2.146 2.134 2.168 2.164
Am’" 2.175 2.179 2.154 2.159 2.146 2.184 2.180
Gd** 2.133 -t 2.150 2.152 2.148 - -
Cm** 2.184 -t 2.163 2.167 2.157 - ---

*Values are not reported because of poor geometry convergence using PBE and BP86

functionals.

5.3.1.2 Molecular Orbital Diagram, Charge Distributions and Energetics

Molecular orbital energy diagram for the U@Cy system with I, symmetry as
calculated using B3LYP functional with ADF program is presented in Figure 5.2.
Here 3g, and 3ty, molecular orbitals (MOs) are the HOMO and the LUMO,
respectively. However, it is to be noted that either 3g, or 5t;, can be HOMO
depending on the encapsulated metal atom/ion, although ordering of the other
occupied MOs remains the same. However, LUMO is found to be either 3ty, or 4g,

depending on the encapsulated species.
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Figure 5.2 Molecular orbital diagram for the U@C, cluster with (right) and without

(left) spin-orbit coupling.

Now, the stabilities of the systems can be explained with respect to HOMO-LUMO
gaps. The calculated values of HOMO-LUMO gaps are presented in Table 5.2. For a
particular cluster, the HF calculated gap value is the largest among all. The HOMO-
LUMO gap for the bare Cy cage with D3y symmetry is found to be 1.94 eV with
B3LYP functional using both Turbomole and ADF program, which is very close to
the previously calculated value of 1.93 eV."”® We have also calculated the HOMO-
LUMO gaps by using different functionals and the corresponding values are reported
in Table 5.2. The calculated value of HOMO-LUMO energy gap for all the M@Cy,
systems are found to be significantly higher (e.g., 2.4-5 eV with B3LYP functional) as

compared to the bare Cyy (1.94 eV at the same level).
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Table 5.2 The calculated values of HOMO-LUMO gap (in eV) obtained using
Turbomole and ADF programs for the M @Cy clusters with different functionals

Metal Atom/Ion (Turbomole) (ADF)

(M) BHLYP | B3LYP | PBE | HF B3LYP
Pr 5.55 330 | 1.79 | 8.95 3.35
Pa’ 5.43 326 | 1.82 | 8.80 3.35
Nd 6.18 3.68 | 1.79 | 9.89 3.66
U 6.02 3.69 | 2.12 | 9.61 3.78
Pm’ 6.86 4.08 | 1.60 | 10.91 3.95
Np' 6.58 3.88 | 1.87 | 10.53 3.88
Sm** 7.36 456 | 1.40 | 11.41 4.30
Pu™" 6.73 3.64 | 125 [ 11.39 3.60
Eu’" 7.14 493 | 1.47 |10.76 4.73
Am’* 6.64 318 | 1.21 | 11.47 3.10
Gd*™ 6.74 470 | - |10.07 4.54
Cm*" 6.47 248 | - |10.99 2.41
Cyo (D3d) 3.74 1.94 | 0.75 | 6.75 1.94

*Values are not reported because of poor geometry convergence using PBE and BP86

functionals.

This trend is found to be valid for all the functionals considered in this work. It
confirms the extra chemical stability gain after incorporation of metal atom/ion into
the Cy cage. Similar trend in the calculated HOMO-LUMO gap for some of the
highly stable systems has been found in the recently reported literature.’->*83-155-184-
186189191 Among all the DFT functionals, the BHLYP calculated HOMO-LUMO gap
values are found to be rather very high due to 50% contribution of HF exchange in
this hybrid functional.

Pictorial representation of the valence molecular orbitals (MOs) depicted in

Figure 5.3 reveals that the atomic orbitals (AOs) from both metal atom/ion and carbon
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atoms are combined to form the 3g,, 5t;,, 5hg and S5a, orbitals, with a cumulative
valence electron count of 26. The 26 valence electrons are contributed by metal
atom/ion (6 f electrons) and the C, cage (20 = electrons). For these MOs substantial
amount of overlapping has been found to be present between the metal and Cyy cage
orbitals. On the other hand, it is evident from Figure 5.3 that the 1h,, 4hg and 2g, MOs
correspond to pure carbon orbitals of Cy. The energy gap between the 4h, and 2g,
MOs is also found to be fairly large, and a total number of 46 electrons up to the 4h,
MOs correspond to the cumulative number of electrons occupied by 3g,, 5ti,, Shgand
5a, metal-carbon hybrid MOs (26 electron), and 1h, and 4h, pure carbon MOs (20
electrons). The energy gap between the inner and the 2gg MOs is also found to be
very high. From Figure 5.2 it can be noticed that a total number of 54 electrons can be
accommodated from the 2g, to HOMO, which include 26 electrons from the metal-
carbon hybrid MOs (3g., 5tiu, Shg, 5a,) along with (in parentheses) 28 electrons from
pure carbon MOs (1h,, 4h,, 2g,). Thus, it is quite clear that the lanthanide and actinide
atoms/ions corresponding to 6 valence electrons have been able to elevate the Dsqg
symmetry of the C,y cage to the I, symmetry through fulfilling the 26-electron
principle for the central metal atom/ion. In fact, so far only two chemical systems with
26 valence electrons have been predicted '**'*'™ to be highly stable through

experiment and theory.
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Figure 5.3 Valance molecular orbitals of U@Cx.

Now we discuss the charge distributions in the M@Cy clusters. High negative
charges are obtained on the metal centers from both natural population analysis (NPA)

and Lowdin charge (Table 5.3) analysis. The negative charge on the metal center in
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M@C,o decreases almost monotonically with increase in the positive charge on the
bare metal ion, except for Pu’" and Gd*". However, high negative values of atomic
charges on the metal centers as obtained from the orbital based population analysis
schemes, viz., NPA and Lowdin, particularly, for the positively charged clusters are
somewhat unrealistic. Similar improbable atomic charges are obtained for WAu,,
system by using orbital-based Mulliken population analysis scheme where the atomic
charge for the W atom was found to be —15 using B3LYP/SVP level, however, VDD
analysis have been found to yield realistic charges.'*® Therefore, apart from NPA and
Lowdin schemes we have also calculated the charges as obtained from VDD analysis
(Table 5.3). VDD method is based on the calculated amount of electronic density that
flows to or from a certain atom due to bond formation through spatial integration of
the deformation density over the atomic Voronoi cell, and thus is not explicitly
dependent on the basis functions involved in a calculation. Consequently, VDD
derived charges are considered to yield chemically meaningful charge distributions in
a chemical system. The calculated VDD charges (Table 5.3) lie in the range of 0.25-

0.58 and provide chemically meaningful values.'8¢1%°

Table 5.3 Calculated natural, Lowdin and VDD charges on metal centers for the

M@C» clusters using Turbomole and ADF programs with different functional

Metal (Turbomole) (ADF)
Atom/Ion (Natural Charges) (Lowdin Charges) (VDD)
™M) BP86 | B3LYP | PBE | BP86 | B3LYP | PBE | BP86 | PBE
Pr -3.362 | -3.227 | -3.404 | -2.451 | -2.393 | -2.506 | 0.285 | 0.286
Pa’ -2.7762 | -2.577 | -2.781 | -3.677 | -3.594 | -3.748 | 0.247 | 0.248
Nd -3.126 | -3.029 |-3.166 |-2.357 | -2.410 |-2.323 |0.273 | 0.276
U -3.689 | -3.526 | -3.717 | -3.292 | -3.217 | -3.354 | 0.286 | 0.288
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Pm" -2.786 | -2.706 | -2.822 | -2.251 | -2.233 -2.299 10.268 | 0.271
Np" -3.438 | -3.309 |-3.472 |-3.077 | -3.019 |-3.132 | 0.287 | 0.292
Sm** -2.384 | -2.307 | -2.420 | -2.168 | -2.163 -2.214 1 0.260 | 0.265
Pu™ -3.417 |-3.309 | -3.477 | -4.407 | -4.383 -4.470 | 0.584 | 0.590
Eu’” -1.736 | -1.640 | -1.767 | -2.066 |-2.066 |-2.109 | 0.254 | 0.259
Am’* -2.002 | -1.871 -2.042 | -2.307 | -2.277 | -2.352 | 0.569 | 0.576
Gd"™ -t -2.427 | ---° ---° -2.483 | ---° -t -t

Cm"* - -1.254 | ---° ---° -2.123 | - -t -

*Values are not reported because of poor geometry convergence using PBE and BP86

functionals.

To obtain an idea about the distribution of electrons, in Table 5.4 we have reported the
NPA calculated values of s, p, d, and f occupations for the metal center in M@C
clusters. Occupations corresponding to the s and p orbitals remain almost the same for
the lanthanide and the actinide containing species. On the other hand d orbital
occupation, n(d) has been found to be higher for a lanthanide as compared to the
corresponding isoelectronic actinide system. Conversely, f orbital population denoted
as n(f) is higher for a particular actinide system as compared to the corresponding
lanthanide system. It is clearly due a larger spatial extent of the 5f orbital of actinides
as compared to the 4f orbital of lanthanides. It has been found that the 7s, 7p, 6d, 5f
orbitals for actinides and 6s, 6p, 5d, 4f orbitals of lanthanides participate in the
hybridization with the Cy cage. Symmetrized fragment orbitals analysis through ADF
calculations shows that participation of 5f/4f atomic orbitals are maximum (23-80%)
for 3g, molecular orbital except in Pr and Pa clusters, where the percentage
contribution is rather less (15% and 21%, respectively). The 5t;,, Shy, and 5a;, MOs

correspond to 7p/6p, 6d/5d, 7s/6s orbitals of actinide/lanthanide, respectively. It has
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been noticed that the contribution of metal s, d and f character increases form Pr™ to

Gd*" and Pa” to Cm*", although this trend is opposite for the percentage p character.

Table 5.4 Calculated values of orbital population for the central metal atom in

M@Cy clusters with B3LYP functional using Turbomole program

Metal Atom/Ion (M) n(s) n(p) n(d) n(f)
Pr 431 12.01 12.63 5.27
Pa” 433 12.00 11.88 5.12
Nd 432 12.00 12.71 5.99
U 434 12.00 12.07 7.12
Pm’ 4.33 12.00 12.77 6.60
Np* 436 12.00 12.02 7.86
Sm* 4.34 12.00 12.82 7.15
Pu”* 437 12.00 12.20 8.80
Eu’’ 435 12.00 12.64 7.64
Am>" 4.36 12.00 12.09 8.42
Gd* 437 12.00 12.74 7.91
Ccm* 437 12.00 12.12 8.76

Now we focus our attention to the energetics of the clusters. A graphical presentation
of different energy components and also the total bonding energy corresponding to the
dissociation of M@C, into (M + Cy) are given in Figures 5.4 and 5.5 for the actinide
and lanthanide ions, respectively. Here negative sign is used to represent the total
interaction energy term, which is stabilizing in nature according to the bonding energy
analysis implemented in ADF. Interaction energies are calculated using ADF software
and the corresponding energy range is in between 4 to 87 eV. From the figures one
can see that the total interaction energy becomes more negative with increase in

positive charge for both actinide and lanthanide containing systems. The natures of
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plots are almost the same for both, although the trends in the variations of various
energy components contributing to total interaction energy differ widely for the
actinide and lanthanide series. Steric energy is the summation of electrostatic and
Pauli repulsion terms. Steric term is the minimum for Pu2+@C20 and Sm2+@Czo
among the actinides and lanthanides, respectively. Orbital stabilization energy term is

also found to be the minimum for Pu’".
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Figure 5.4 Bonding energy analysis for the M@C clusters, where M= Pr, Nd, Pm’,

Sm?>", Eu*", Gd*'.
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Figure 5.5 Bonding energy analysis for the M@Cy clusters, where M= Pa", U, Np",

2+ + 4+
Pu ,Am3 ,Cm™.
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Here it is to be noted that the energy decomposition analysis involves the structures of
the fragments corresponding to the complex geometries. Therefore, deformation
energies of the fragments in going to the complex geometries from their respective
equilibrium geometries have to be considered to obtain the bonding energies. Thus,
for an M@C, cluster the net bonding energy (AEpog) for the complex can be
calculated as

AEbond = AEint - AEger ,

where AE4.r denotes the deformation energy for the Cyo fragment. Thus, AEpong
essentially refers to the following equation:

AEpond = EMM@Cx0) - E(Ca0) - EMM),

where E(IM@C»o ) and E(Cy) denote the total energy of the complex and the Cy
cluster at their respective equilibrium geometries. E(M) is the energy of the metal
atom/ion. The calculated values of the AE;y, AE4s, and AEpog are reported in Table
5.5. Here AE;, refers to the net bonding interaction between the fragments in their
respective complex geometries. However, deformation energies corresponding to the
structural deformation of the Cyy fragment in the complex geometries from its
equilibrium geometry has to be considered to obtain the complexation energy (AEpond )
for the process, M + Cyp 2 M@C,. Here we have used the convention of positive
sign for the binding to take place. It is contrary to the sign convention used in Figures
5.4 and 5.5, where negative sign is used for the interaction energy term as per the
bonding energy analysis implemented in ADF. From Table 5.5 it is clear that
formation of all the M@C,y complexes are energetically favorable with positive
bonding energy, except the Pa’, Pm’, Sm*" and Pu** complexes. In these four

complexes, the deformation energy is found to be higher as compared to the
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corresponding interaction energy leading to a negative bonding energy, as a
consequence, the net complexation energies are found to be negative. In general,
bonding energy is found to increase with increase in the overall charge of the clusters.
Also, the bonding energy for a particular lanthanide encapsulated cluster is higher as
compared to that for the corresponding isoelectronic actinide-containing cluster. This
trend is due to the higher deformation energy for an actinide-encapsulated cluster as

compared to the corresponding lanthanide ones.

Table 5.5 Calculated complexation energy (AEuong) and the atomization energy (BE)
values (in eV) using ADF with B3LYP functional for the M@C, clusters

Metal  Atom/Ion | AE;y AEges AEpond BE
™M)

Pr 5.55 4.39 1.15 6.75
Pa” 4.39 7.08 2.68 6.55
Nd 6.33 5.91 0.42 6.62
U 8.52 7.84 0.69 6.72
Pm’ 10.99 12.04 -1.05 6.43
Np" 15.34 13.48 1.85 5.99
Sm?" 20.00 22.81 2.81 6.23
pu’ 23.36 24.03 -0.67 6.45
Eu’ 44.66 41.54 3.11 6.46
Am>" 44.90 42.58 2.32 6.56
Gd* 86.18 63.58 22.60 7.36
Cm*" 82.69 66.31 16.38 7.22

Experimentally, these types of clusters are generally formed from the constituent

atomic fragments (obtained by laser ablation of the corresponding solid

51,53,185

materials); therefore, it is interesting to know the binding energies of the
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clusters with respect to atomic fragments. Thus, apart from complexation energy, we
have calculated the binding energy per atom of a metal encapsulated cluster with
respect to its atomic fragments and reported the values in Table 5.5. All the complexes
are found to be highly stable with respect to their dissociation into constituent atomic
fragments with a binding energy range of 5.99 to 7.36 eV. Among the actinide
containing species, U@Cao, Pu”" @Ca, and Am> @Cs are found to be more stable

than the corresponding lanthanide encapsulated clusters.

5.3.1.3 Study of Aromaticity
In order to get an idea about the aromatic nature of the bare Cy cluster and metal

encapsulated Cy, we have calculated the NICS***2*

values at different positions. We
choose three different centers viz. cage center, surface of the cage and 1 A above the
cage, and calculated the NICS values for the bare C, cluster. The calculated NICS
values of -16.1, 6.9 and -9.6 ppm at the center, surface and outside the cage,
respectively, indicate that the diatropic current dominates over paratropic current
within and outside the cage. Previously reported NICS value of -24.0 ppm at the cage
center is found to be rather close to the corresponding present value although differs
quantitatively, which may be due to the different symmetry of the Cyy cage as well as
different exchange correlation functional used previously.'® For the U@C, system
NICS values are calculated almost at the same positions similar to the bare Cyy cage
except the center one. Instead of center position here we have taken the midpoint
between the cage center and the center of a pentagon located on the cage surface. The

calculated NICS values of 111.2, -7.1 and 1.3 ppm for the positions inside the cage, on

the surface of the cage and above the cage, respectively, have been found to be
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significantly different for the metal encapsulated C,y cage as compared to the bare Cy
cage. It indicates that the diatropic current dominates over paratropic current only on
the cage surface. This type of drastic change in the NICS values have also been
observed for the sandwiched complex of actinides with two cyclooctatetraenes as

compared to the bare cyclooctatetraene, although the qualitative trend was similar.?*®

5.3.1.4 Analysis Including Spin-Orbit Effect

In general, for heavy elements inclusion of spin-orbit effect is very important. To
evaluate the influence of spin-orbit interaction we have taken U@C, complex and
made a systematic investigation. The geometry optimization considering spin-orbit
effect leads to almost no change in bond length values as obtained using relativistic
scalar ZORA calculations. Bonding energy analysis reveals that there is an increase of
0.08 % in the steric component and 0.31 % in orbital component after inclusion of
spin-orbit interaction, which leads to an overall increase of 2.01 eV in absolute
bonding energy value for the U@C, complex.

Now, it is interesting to assess the effect of spin-orbit interaction on the orbital
energy diagram. The calculated spin-orbit splittings for all the valence orbitals are
reported in Figure 5.2. It can be noticed that the HOMO-LUMO gap for the U@Cyo
cluster calculated using scalar relativistic approach is decreased from 3.8 to 3.3 eV
after inclusion of spin-orbit interaction, and thus not affected significantly. In general,
the splittings are found to be small, however, for 3g, and 5t;, states significant
splittings (0.40 and 1.05 eV, respectively) are observed. These states correspond to a
mixing of 5f/4f and 7p/6p orbitals of actinides/lanthanides with 2p orbitals of Cy

cage. Thus, except for the 3g, and 5t;, states, spin-orbit coupling effect is not that
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important. It may be due to the presence of Cyg cage, which reduces this effect. Effect
of spin-orbit interaction on the NICS values for the U@Cy cluster are calculated to be
rather small and the corresponding values of 104.3, -7.0 and 1.6 ppm at the positions,
inside the cage, on the surface of the cage and above the cage, respectively.
Consequently, ground state molecular properties are not likely to be much affected by

spin-orbit coupling. Similar kind of trend is observed for M@Cag systems. ">

5.3.1.5 Analysis of Spectroscopic Data

Harmonic vibrational frequencies of M@C, clusters are given in Tables 5.6 and 5.7.
In the tables, the IR active modes correspond to non-zero intensity value. In general,
for a particular lanthanide species the value of the lowest vibrational frequency is
larger as compared to the corresponding actinide system. It may due to slightly larger
M-C bond length in actinide systems as compared to the corresponding lanthanide
ones. The calculated frequency values for the bare Cyo cage lie in the range, 84-1427
cm’’. From the tables it is clear that the frequency range decreases on encapsulation of
a metal atom/ion into the Cyy cage. Here it is important to note that the lowest
vibrational frequency for each of the M@C, clusters is much higher as compared to
the same for the Cyy cage. This difference in the lowest vibrational frequency between
the Cyg cage and the M@C,s cluster has been found to be rather small."® Combined
motions of the cage atoms and the central metal atom/ion contribute to the high
intensity peaks near 300 cm” and 800 cm™, respectively, for the lighter and heavier

actinides/lanthanides.
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Table 5.6 Calculated harmonic vibrational frequencies (cm™) for the M@Ca clusters

(M= Pr-, Nd, Pm", Sm**, Eu’*”, Gd4+) calculated using B3LYP functional (Intensities

in km/mol are reported in parentheses)

Pr@Ca Nd@C3o Pm @Ca Sm™@Cy | Ev@Ca Gd* @Cy
400.65 (31.5) | 423.00 (38.2) | 435.57 (45.6) | 438.41 (52.0) | 433.20 (56.7) | 411.06 (60.1)
552.85(0.0) |563.72(0.0) |563.24(0.0) |553.93(0.0) |534.14(0.0) |510.42(0.0)
630.30 (0.0) | 632.31(0.0) |630.70 (0.0) |633.86(0.0) |639.05(0.0) |633.01(0.0)
745.87 (0.0) | 752.91 (0.0) | 755.97(0.0) |756.18(0.0) |753.53(0.0) |749.80 (0.0)
751.67 (0.0) | 768.68 (0.0) | 765.78 (0.0) |771.57(0.0) |776.42(0.0) |771.25(0.0)
771.90 (0.0) | 780.58 (0.0) | 803.35(0.0) | 820.68 (0.0) |813.87 (0.0) |802.63 (0.0)
785.66 (0.0) | 815.82(0.0) | 821.33(0.0) |820.73(0.0) |829.47 (0.0) |825.92(0.0)
802.37 (0.0) |822.58 (0.0) | 830.11(0.0) |833.56(0.0) |833.34(0.0) |832.96(0.0)
809.87 (0.0) | 862.01 (0.0) | 898.62(0.0) | 895.18(0.0) |892.76 (0.0) | 874.88 (125.7)
815.07 (0.0) | 878.67 (0.0) |912.49 (4.3) |910.46 (28.4) | 900.58 (73.8) | 895.47 (0.0)
870.68 (0.0) | 892.50 (0.0) |913.19(0.0) |945.86(0.0) |962.33(0.0) |961.62(0.0)
889.85 (20.4) | 905.43 (1.6) |926.21(0.0) | 956.23(0.0) |968.81 (0.0) |966.41(0.0)
967.90 (0.0) | 996.51 (0.0) | 1007.09 (0.0) | 1004.07 (0.0) | 987.20 (0.0) | 966.87 (0.0)
969.23 (0.0) | 997.75(0.0) | 1014.57 (0.0) | 1020.38 (0.0) | 1014.47 (0.0) | 1001.83 (0.0)
1034.89 (0.0) | 1057.61 (0.0) | 1068.54 (0.0) | 1072.20 (0.0) | 1069.80 (0.0) | 1065.20 (0.0)

Table 5.7 Calculated harmonic vibrational frequencies (cm'l) for the M@Cy clusters

(M=Pa-, U, Np+, Pu*, Am’”, Cm4+) calculated using B3LYP functional (Intensities in

km/mol are reported in parentheses)

Pa @Ca U@Cao Np @Ca Pu @Cy AmT@Cyx | Cm* @Ca
320.44 (20.4) | 348.57 (23.4) |362.48(29.6) | 368.13(37.2) |351.79 (43.7) | 314.96 (46.7)
505.57 (0.0) | 537.79(0.0) | 548.89(0.0) |562.08(0.0) |531.72(0.0) |491.01(0.0)
561.86 (0.0) | 603.76 (0.0) [ 615.73(0.0) | 631.54(0.0) |611.57(0.0) | 584.01(0.0)
657.68 (0.0) | 726.43(0.0) |749.64(0.0) |761.12(0.0) |742.46(0.0) |722.49(0.0)
688.52 (0.0) | 738.62(0.0) | 752.11(0.0) |766.55(0.0) |752.39(0.0) |745.37(0.0)
731.87 (0.0) | 745.45(0.0) | 761.80(0.0) |800.42 (0.0) |794.54(0.0) | 786.29(0.0)
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764.84 (0.0) | 820.09 (0.0) | 833.56(0.0) | 836.32(0.0) |829.36(0.0) |811.80 (0.0)
789.76 (0.0) | 832.95(0.0) | 837.45(0.0) | 838.47(0.0) |831.97(0.0) |823.88(0.0)
812.56 (0.0) | 842.85(0.0) | 894.53(0.4) |900.80 (11.2) | 887.99 (44.5) |866.58 (98.1)
817.53(0.0) | 866.39(0.0) |898.38(0.0) |913.91(0.0) |893.29(0.0) |871.47(0.0)
857.39 (22.4) | 880.86 (5.1) |901.38(0.0) |953.09(0.0) |953.69(0.0) |944.66 (0.0)
859.86 (0.0) | 887.73(0.0) |910.82(0.0) |962.88(0.0) |956.41(0.0) |949.75 (0.0)
902.88 (0.0) | 949.20 (0.0) | 975.15(0.0) | 1008.10(0.0) |976.72(0.0) | 952.83 (0.0)
913.33(0.0) | 960.56 (0.0) | 989.91 (0.0) | 1022.88 (0.0) | 1004.43 (0.0) | 984.44 (0.0)
973.17(0.0) | 1015.35(0.0) | 1040.73 (0.0) | 1075.42 (0.0) | 1057.75 (0.0) | 1041.94 (0.0)

Vertical electronic excited states for the U@C,o cluster have been calculated using

time-dependent density functional theory as implemented in ADF program. Here

SAOQOP functional has been employed to obtain the excitation energies corresponding

to the singlet-excited states. According to the selection rule, only the transitions from

the ground state I, structure of U@C, cluster to the t;, states (ap, and e;, states

corresponding to Dsg symmetry in ADF) have been found to be the allowed ones. The

calculated spectra using scalar relativistic approach within the framework of ZORA as

well as spin-orbit interaction are given in Figure 5.6.
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Figure 5.6 UV-visible spectra for the Cyy Cage, and U@C, cluster without and with

For the purpose of comparison we have also included the similar spectrum for the bare
C,o cage as obtained using scalar relativistic approach. From the figure it is clear that
the low intensity absorption maxima found at the UV region corresponding to the Cyg
cage (~300 nm) is shifted slightly towards higher energy region (~280 nm) for U@Cso
cluster. On the other hand, position of the high intensity absorption maxima found in
the UV region (~250 nm) is also shifted towards ~280 nm region after encapsulation
of metal atom. Highly intense absorption peak observed at around 125 nm for Cy

cluster remains almost unaffected in U@C, cluster. After inclusion of spin-orbit
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interaction in the U@C,¢ cluster, the absorption peak observed at around 125 nm is
found to be slightly red shifted, whereas the peak at around 280 nm almost remains at
the same position. We have also considered LB94%" and PBE functionals for the
purpose of comparison. With the LB94 and PBE functionals the peak positions for the
bare C, cage almost remain the same. On the other hand, for the U@Cy cluster, the
position of the absorption maxima (~280 nm) calculated using SAOP functional is
shifted to 295 and 270 nm with LB94 and PBE functionals, respectively, using both
scalar relativistic and spin-orbit methods. It is quite likely that the metal-cage
interaction would be changed depending on the nature of the encapsulated metal
atom/ion. Consequently, spectrum nature may be influenced strongly by the metal

species involved in the encapsulation process.

5.3.2 Study of Uranium Encapsulated C;¢ Fullerene

5.3.2.1 Bare Cjc Isomers

There are fifteen possible different symmetry isomers available for classical Csq
fullerene cage.'®'™ Among all these isomers closed shell Dyq symmetry structure is
the most stable one, which is also isoenergetic with the triplet D¢, isomer. Both these
structures are having same number of pentagon and hexagon rings. Singlet D¢}, isomer
is slightly higher in energy as compared to the most stable structures. All these
findings are similar to the results previously reported using DFT.'”'"*"*% However, it
may be noted that the ground state structure of the Cs¢ cage differs from one
symmetry to another depending on the method of calculation.'®%!¢+167-179:-180 The D,

and D4 symmetry isomers have a minimal number of adjacent pentagon units, which

may be the reason for higher stability of these two isomers. Apart from the cage
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structures, bowl and ring isomers are also possible for the Csq fullerene. We have
found that the cage Cs¢ fullerenes are substantially more stable than the bowl and the
ring, which is in agreement with the previous theoretical report.'”® The C-C bond
distances in D,q symmetry Cs¢ cage have been calculated with B3LYP functional
using Turbomole program and found to be 1.382, 1.420, 1.422, 1.434, 1.444, 1.459,
1.480 and 1.481 A and the calculated average C-C bond distance is 1.4384 A. The
HOMO-LUMO gap for the bare C;¢ cage with D,g symmetry is found to be 1.38 eV
and the molecular orbitals 12b; and 27e are the HOMO and LUMO, respectively. In
the case of triplet Dgp, symmetry Css cage the C-C bond distances are 1.407, 1.428,
1.442 and 1.487 A with an average value of 1.4383 A. Although individual C-C bond
distances are different in the two structures, the average bond distances are found to
be the same. The HOMO-LUMO gap for this isomer is found to be 1.34 eV using the
same functional with Turbomole program. Here, 5by, and 5b;, are the HOMO and
LUMO, respectively. The relative energy ordering of all the fifteen C;¢ isomers
considered in this work, as calculated using B3LYP functional, are given in the Table

5.8.

Table 5.8 Relative energies” (in eV) of different isomers of C;¢ cage using def-TZVP
basis sets with Turbomole and U@C3;¢ cluster using def-TZVP and TZ2P basis sets
with Turbomole and ADF programs

Cj;6 Structures AE U@Ciss AE AE AE AE
Structures | (B3-LYP) | (B3-LYP) | (PBE) | (PBE with
dispersion
correction)
Str-01-Degp 0.107 Str-01-Cey, | 0 0 0 0
Str-01-De, (triplet) 0
Str-02-C, 3.80 Str-02-C, 4.06 4.11 3.59 3.61
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Str-03-D, 4.78 Str-03-C, 7.22 7.26 6.61 6.64
Str-04-C; 2.59 Str-04-C; 3.40 3.46 3.14 3.15
Str-05-Cs 3.38 Str-05-Cs 3.97 3.95 3.55 3.57
Str-06-D» 5.41 Str-06-C, 6.59 6.65 6.13 6.15
Str-07-Dog 1.37 Str-07-Cyy | 1.85 1.90 1.51 1.52
Str-08-C; 1.62 Str-08-C, 2.38 241 2.18 2.18
Str-09-Cs 2.13 Str-09-Cs 2.33 2.44 2.14 2.15
Str-10-Cyy 0.54 Str-10-Cs 1.33 1.34 1.25 1.26
Str-11-C, 2.10 Str-11-C; 3.23 3.30 3.04 3.04
Str-12-C, 0.57 Str-12-C; 1.45 1.46 1.27 1.27
Str-13-C, 0.30 Str-13-C; 1.27 1.29 1.15 1.16
Str-14-Dsy 1.76 Str-14-C,, | 3.15 3.12 3.07 3.08
Str-15-Dog 0 Str-15-Cs 0.89 0.91 0.81 0.81

“All the structures reported here are of singlet state unless specified.

5.3.2.2 Structure and Stability of U@C;¢ Isomers

Geometry optimizations starting from fifteen different symmetry Cs¢ cage isomers,

each encapsulated with a uranium atom, lead to various closed shell U@Cs;¢ clusters.

The geometry optimizations have been performed using both Turbomole and ADF

programs with B3LYP functional. For all the clusters, the calculated vibrational

frequencies have been found to be real, which indicate that all the structures are true

minima on their respective potential energy surfaces. The relative energies for all the

bare Cs¢ and U@C3;6 isomers are reported in the Table 5.8. Additionally, dispersion-

correction®?-21° (DFT-D3) has also been considered for the U@Csg clusters using the

PBE functional in Turbomole.

The optimized most stable structures of bare Cs¢ (singlet D,g) isomer and U@Csg

(singlet Cgy symmetry isomer) cluster are depicted in Figure 5.7.
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Figure 5.7  Optimized structures of a) bare Cs¢ (D2q) cage and b) U@Cse (Cey)

cluster.

Here it is interesting to note that although singlet D,y and triplet Dgj structures of Csq
cluster are found to be isoenergetic, however, introduction of uranium atom into these
Cse cages leads to different symmetry isomers (Cey derived from Dg, and Cs from Dyg
isomer) with considerable energy difference (20.5 kcal/mol). Among all the U@Css
isomers the highest symmetry isomer is associated with Cs, symmetry followed by the
C,y symmetry, while other isomers are of either Cs or C; or C; symmetry indicating
that the uranium atom is displaced from the cage center for all these isomers. The
optimized structures for rest of the isomers are given in Figure 5.8. Encapsulation of
metal atom/ion within the Cs¢ cage leads to an overall increase in cage size, and as a
result most of the C-C bond lengths are found to increase (except the largest one). For
example, the calculated C-C bond lengths for the Cq, symmetry U@Cse cluster are
found to be 1.426, 1.436, 1.438, 1.454, 1.456, 1.458 and 1.468 A with an average
value of 1.451 A. It is worthwhile to note that this average C-C bond length value is
only slightly higher as compared to the same in the bare Cs4 cage. The shortest and the

average U-C bond lengths (Ru.c(Shrt) and Ry.c(Avg)), respectively, obtained using
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def-TZVP and TZ2P basis sets are reported in Table 5.9. The trends of Ry.c(Shrt) and
Ru.c(Avg) obtained from these two different programs for different isomers are almost

the same.

Stl‘-13-C1

Str-14-Cy, Str-15-Cg
Figure 5.8 Optimized structures of different U@Csg clusters.
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Table 5.9 Calculated values of average (Ru.c (Avg)) and the shortest (Ry.c(Shrt)) U-C
bond distances (in A) using def-TZVP and TZ2P basis sets with Turbomole and ADF
programs, and binding energy per atom (BE) in eV using def-TZVP basis sets and
B3LYP functional with Turbomole program for all the U@Cs¢ isomers

Structures | Ry.c(Avg) Ry.c(Shrt) Ry.c (Avg) Ry.c(Shrt) BE
def-TZVP TZ2P def-TZVP

Str-01-Ce, | 2.823 2412 2.827 2.438 6.55
Str-02-C, 2.879 2.370 2.883 2.390 6.44
Str-03-C, | 2.924 2.331 2.928 2.350 6.36
Str-04-C, 2.857 2.343 2.861 2.362 6.46
Str-05-Cs | 2.858 2.388 2.862 2.407 6.44
Str-06-C, | 2.876 2.335 2.883 2.349 6.37
Str-07-C,y | 2.853 2.382 2.858 2.402 6.50
Str-08-C; | 2.843 2.376 2.847 2.397 6.49
Str-09-Cs | 2.839 2.399 2.843 2418 6.49
Str-10-Cs | 2.809 2.391 2.813 2.409 6.51
Str-11-C, 2.841 2.356 2.847 2.374 6.46
Str-12-C, 2.834 2.405 2.839 2.428 6.51
Str-13-C; 2.822 2.368 2.827 2.388 6.52
Str-14-C,, | 2.816 2411 2.820 2.426 6.47
Str-15-Cs | 2.808 2372 2.812 2.395 6.53

The chemical stability of the U@Cs¢ cluster can be presumed by the observation of
significantly strong peak as compared to the adjacent peaks in the FT-ICR mass
spectrum of cluster cations formed from the vaporization of a UO,-graphite
target.”""'>* Therefore, it is interesting to analyze the stability of different isomers of
the U@Cse system in terms of binding energy values. For this purpose we have
calculated the binding energy per atom (BE) values for the U@Cs;6 clusters and

reported in Table 5.9. The BE values for different U@Cs6 isomers vary from 6.37 to
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6.55 eV. Among all the isomers, the Cs, symmetry isomer has the highest BE value. It
is important to note that the BE value for the bare Cs¢ cage is 6.53 eV. Hence only the
Cev symmetry isomer has the higher BE value as compared to the bare Cs¢ cage. Here,
it can be noted that for the binding energy and relative energy quantities we have used
standard convention: higher binding energy refers to more stability whereas higher
relative energy indicates less stability. In the present work, the stability trends as
obtained from the BE and relative energy values are the same.

It is also interesting to analyze the different energy components for a
comprehensive study of the nature of interactions involved after the formation of the
U@Cs¢ complex from its constituent fragments. For this purpose graphical
presentation of the various energy components and also the total interaction energy

corresponding to the dissociation of U@C;6 into (U + Cs6) have been depicted in

Figure 5.9.
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interaction energy represented in a magnified scale.
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The calculated interaction energies for various isomers are found to lie in the range of
-13.104 to -12.837 eV, using the ADF software, which indicates that all the isomer
studied here are of almost comparable energy. However, the other energy components
differ considerably for the different isomers. The relative energy ordering for different
isomers obtained using TZ2P and def-TZVP basis sets with ADF and Turbomole
programs, respectively, is almost the same.

For the sake of comparison we have also investigated the open-shell U@Cse
clusters (triplet and quintet) for both Str-01-Cg, and Str-15-C;, which are derived,
respectively, from D¢, and D4 isomers of bare C;¢ cage. However, the triplet Str-01-
Cev and Str-15-C; isomers are found to be energetically less stable by 7.5 and 28.5
kcal/mol, respectively, as compared to the most stable singlet Str-01-Cq, U@Cse
cluster. Similarly, the corresponding quintet structures are found to be energetically
higher by 50.3 and 94.0 kcal/mol. The uranium incorporated Cs¢ bowl and ring
structures have also been investigated. They are also found to be substantially higher
in energy (236 and 323 kcal/mol for bowl and ring isomer, respectively) as compared
to the most stable isomer.

We have re-optimized all the U@C;¢ structures using PBE (GGA) functional
and the frequency calculations have also been performed. The choice of PBE

211214 The structural and energy trends

functional is based on some previous reports.
obtained using PBE functional are found to be the same as obtained using B3LYP
functional, with a slight decrease in the total energy values in case of PBE functional
as compared to the B3LYP functional. The relative energy trends using PBE

functional are reported in Table 5.8. We have also calculated the U@C;¢ systems

incorporating dispersion correction using PBE functional. Inclusion of this correction
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term leads to slight decrease in the total energy values for all the systems. However,
the relative energy trend is found to be the same as obtained from the calculations,
which do not include the dispersion correction term. In fact, dispersion-corrected
relative energy values remain almost the same with negligible changes. We have also
optimized triplet and quintet states of the most stable U@Css clusters using PBE
functional. The triplet and quintet Str-01-Cg, isomers are found to be energetically less
stable by 14.1 and 71.7 kcal/mol, respectively, as compared to the most stable singlet
Str-01-Cqy U@Cse cluster (cf. 7.5 and 50.3 kcal/mol with B3LYP functional).

Now it is interesting to investigate the structural transitions of the Cs¢ cage during
encapsulation of a U atom, the way it is done for the Ti@Cas>" system in a recent
theoretical report. For that purpose we have started geometry optimization process by
placing the U atom on the center position of the various bare Cs¢ cages, associated
with different symmetries. In order to locate the different stationary points on the
potential energy surface, we have characterized various transition states involved
during the encapsulation process. The most stable U@C;¢ isomer is associated with
Ce¢y symmetry and it is derived through the encapsulation of U atom into the Dgp
symmetric Cs¢ cage, as mentioned before. Initially we have placed the U atom into the
central position of the cage. The endohedral complex with the U atom at the origin is
the third-order saddle point on the potential energy surface and associated with three
imaginary frequencies. This point is 61.6 kcal/mol higher in energy as compared to
the minimum energy structure. However, during optimization it is moved to off-center
position along the vertical Cg axis (principal axis) resulting into Cg, symmetric U@Cjg
structure with all real frequencies. The first-order transition state is found to be of Cy,

symmetry, which is arrived through horizontal movement of the central U atom along
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the C, axis, perpendicular to the Cq axis of D¢, symmetric U@C; structure. This point
is found to be 45.6 kcal/mol above the minimum energy point. The transition state
symmetries for rest of the U@Cs;s isomers and the energy differences of these
transition state structures as compared to the corresponding minimum energy isomers

are given in the Table 5.10.

Table 5.10 The first-order Transition state (TS) symmetries and the energy
differences between the minima and the transition states (AE in eV) for all the U@Cs,

clusters with Turbomole program using B3LYP functional

U@Cs6 Isomers TS Symmetry | AE

Str-01-Cegy Coy 1.976
Str-02-C; C 1.477
Str-03-C, C 1.687
Str-04-C, --f -4

Str-05-Cs C, 1.118
Str-06-C, D, 2374
Str-07-Cyy Doy 1.810
Str-08-C, C, 1.476
Str-09-Cs -4 -2

Str-10-Csg Cov 0.134
Str-11-C; C2 1.110
Str-12-C; C2 1.398
Str-13-C; C2 1.729
Str-14-Cyy --f -4

Str-15-Cs Cay 1.189

*Values are not reported because of poor convergence in transition-state geometry

optimization
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5.3.2.3 Thermodynamic Analysis

In addition to the BE calculations, thermodynamic analysis have also been carried out
using Turbomole program. Thermodynamic parameters (Gibb’s free energy (A.QG),
enthalpy (A;H) and entropy (A;S)) for the reaction, U + C3¢ — U@C3;¢ are calculated
using the B3LYP functional (T = 298.15 K, P = 0.1 MPa) and are reported in Table

5.11.

Table 5.11 The calculated values of change in enthalpy and free energy (in kJ/mol)
corresponding to the reaction U + C3¢ — U@Cs6 as obtained using def-TZVP basis

sets and B3LYP functional with Turbomole program for the different isomers

Structures AH AG
Str-01-Cey -668 -618
Str-02-C, -283 -238
Str-03-C, 14 60

Str-04-C, -345 -301
Str-05-Cs -291 -247
Str-06-C, -44 -1

Str-07-Cay -495 -448
Str-08-C, -442 -398
Str-09-Cs -449 -405
Str-10-Cs -542 -500
Str-11-C, -362 -318
Str-12-C, -531 -487
Str-13-C, -549 -505
Str-14-Cy, -371 -326
Str-15-Cs -583 -540

The calculated A;G and AH values are found to be negative for all the structures

except for the isomer Str-03-C,. Negative A;G values suggest the spontaneity of the
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encapsulation process of uranium atom into the Csg cage. Similar to the BE value, the
thermodynamic stability is also highest for the Str-01-Cs, isomer. For most of the
clusters, the calculated AH values are negative, indicating the exothermic nature of
the encapsulation process. It is interesting to note that the calculated AG and AH
values of some of the experimentally observed’"!**'>> endohedral metallofullerene
systems such s U@Cys and Ti@Csys are found to be comparable with that of the
U@Csq cluster using the same level of theory. Thus, the calculated AG (AH) values are
found to be -673 (-722) and -541 (-548) kJ/mol for U@C,s and Ti@C,s systems,
respectively. These values are comparable with the AG and AH values reported in the
present work for the most stable U@Cs¢ system. Consequently, the results reported in
this work clearly indicate the feasibility of the possible existence of the U@Csg
cluster. Moreover, origin of the higher intensity peak in the experimentally observed
FT-ICR mass spectrum of U@Csg cluster is most likely due to the highly stable Str-
01-Cgy isomer. The next competitive structure, Str-15-C,, which is 20.5 kcal/mol less
stable, is unlikely to contribute to the experimentally observed spectra, although it
depends on the experimental conditions.

In one very recent experimental and theoretical reports'>* on smallest stable fullerene,
it has been clearly stated that U@Cys is the initial product and forms directly from the
carbon vapor during laser vaporization of UO, —graphite target under increasing
helium pressure. It has also been mentioned that the formation of U@C,s is not due to
fragmentation of larger magic number uranofullerenes like U@Css or U@Cas.
Moreover, it has been demonstrated that the larger uranofullerenes form only after the

154,216

formation of U@C,s through closed network growth mechanism either by

assimilation of atomic carbon or C, molecule i.e., U@Cys is the precursor to larger
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uranofullerenes. Therefore, in this context it is also interesting to consider the
reaction, U@C,s + 4C, 2 U@Cs6, which is found to be associated with a very high
negative A,G value (-3270 kJ/mol), indicating that this process is energetically

favorable.

5.3.2.4 Molecular Orbital Energy Diagram and Charge Distribution Analysis

For the detail investigations of the different properties, now onwards we have
considered only the most stable U@Cs isomer (Str-01-Cg,) unless otherwise
specified. The molecular orbital energy diagram for the U@Cs6 cluster as calculated
using B3LYP functional and TZ2P basis sets is represented in Figure 5.10. The
HOMO and the LUMO for this particular isomer have been found to be 14a; and 6b,
molecular orbitals (MOs), respectively. The calculated HOMO-LUMO gaps for all the
isomers using B3LYP functional have been reported in Table 5.12 using TZ2P and
def-TZVP basis sets. For almost all the isomers, the calculated HOMO-LUMO energy
gap values are found to be reasonably higher (e.g., 1.42-2.48 eV with B3LYP
functional) as compared to that for the bare Cs¢ cage using the same level of theory.
Here it may be important to note that some of the recently reported, highly stable
clusters, have been found to be associated with high HOMO-LUMO gaps.>>~*813%184-
186189191 Consequently, the calculated high HOMO-LUMO gaps for U@Cse isomers
can be correlated with the chemical stability gain after incorporation of the metal atom

into the Cs6 cage.
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Figure 5.10 Molecular orbital diagram for the U@Cs¢ (Cey) cluster without (left) and

with (right) spin-orbit coupling.

Table 5.12 The calculated values of HOMO-LUMO gap (in eV) as obtained using
def-TZVP and TZ2P basis sets with Turbomole and ADF programs for the U@Cse

isomers using B3LYP functional

Structures HOMO-LUMO gap
Turbomole ADF
Str-01-Cey 2.00 2.12
Str-02-C, 2.21 2.25
Str-03-C, 1.96 1.97
Str-04-C, 1.94 1.92
Str-05-Cs 2.13 2.19
Str-06-C, 1.77 1.74
Str-07-Cay 248 2.22
Str-08-C; 1.87 1.89
Str-09-Cs 1.42 1.35
Str-10-Csg 1.73 1.79
Str-11-C, 1.89 1.82
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Str-12-C, 1.83 1.86
Str-13-C; 1.88 1.93
Str-14-Cyy 1.67 1.72
Str-15-Cs 2.21 2.27

The valence MOs of the Cg, symmetric U@Cs¢ cluster are depicted in Figure 5.11. On
analysis of the contributions of symmetrized fragment orbitals (SFOs) towards
valence MOs, and from the orbital pictures of the U@C;¢ cluster, it has been found
that a reasonable amount of overlap is present between the uranium atom and carbon
atoms in 12e,, 14e;, 5by, 13a;, 11le,, 6by, 13e;, 12a;, 9ey, 11a;, 11e;, 10ey, 8¢y, ey,
10a; and 9a; MOs, with a total valence electron count of 50, which corresponds to a
magic electron number. The origin of this 50-electron may be interpreted as a
cumulative contribution from the 14 electrons of the uranium atom and the 36 n
electrons of the Csg cage. On the other hand, the 6b,, 2a,, 10e,, 12¢e;, S5by, 1ay, 4b,, 8ey,
4by, 7e,, Te;, 8a; and 3b, MOs correspond to pure carbon orbitals that do not overlap
with the metal center and altogether account for 36 electrons. SFOs have also been
used for the analysis of the characters of the metal-cage hybrid MOs. Here our interest
is to see the contributions of various atomic orbitals corresponding to the uranium
atom towards these hybrid orbitals. In general, SFO contributions from the uranium
atom are found to be the largest from the 5f atomic orbitals. In case of 12e,, 14e;, Sb,,
13a;, 11e, and 6b; hybrid orbitals, contribution of uranium atom is mainly from 5f
orbital, whereas for the 13¢; and 12a; orbitals, along with f orbital, small contributions
from p and d orbitals are also observed. However, for the other hybrid orbitals i.e.,

9e,, 11ay, 11ey, 10e;, 8¢y, 9¢;, 10a; and 9a;, no f orbital contribution is found. For the
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9e,y, 11ay, 11ey, 10e;, 8ez, 9¢; and 10a; orbitals, main contributions are from p and d

orbitals whereas for 9a; orbital only contribution is from uranium s orbital.

(6b2) 12¢2

Sb2 13al 11e2

11al 11el
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9¢1 10al (4b2)

(7el) 9al (8al) (3b2)
Figure 5.11 Valance molecular orbitals of U@Css (Cey) . (Orbital Notations within the

parentheses refers to the orbitals contributed by pure C;¢ cage.)

The most stable Cj¢ structure is associated with either D¢, or Dyg symmetry. The ground
state of Dg isomer is triplet, whereas D»4 isomer is singlet. However, incorporation of U
atom into the Cs¢ cage leads to closed shell structures for both the isomers. D, and Doy
isomers are transformed to Cg, and Cs symmetry, respectively, after introduction of the U
atom. Here it is important to note that although the bare Dgp-triplet Cs¢ and the Dog-
singlet Cs6 are of same energy, the corresponding U@Cs6 isomers differ quite a bit as far

as stability is concerned. To analyze this aspect, the schematic diagrams of the frontier
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orbital energy levels involved for the two most stable U@C3¢ structures, U atom and the
corresponding Css cages, are depicted in the Figure 5.12. We have considered 6 valence
electrons for all the starting species (U, Dgp-triplet Cs¢ and D,g-Singlet Cj6), and 12
electrons for the U@Cse (both Cgy and Cg isomers). From the Figure 5.12 it is clear that
the cumulative energy of the outermost 6 valence electrons is lower (more stable) in the
case of Dyy-Singlet Cs¢ isomer, as compared to that of the Dgp-triplet Cs¢ isomer.
Moreover, open-shell Dgy-Cs¢ isomer is converted into a closed-shell species after
encapsulation of the U atom. Consequently, valence electrons of Dgy-triplet Cs¢ isomer
are stabilized more after formation of the singlet Cq, U@C3;6 cluster as compared to the

stability gain during the transformation of Da4-singlet Cs¢ isomer into the C; U@Cse
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Figure 5.12 Schematic diagrams of the frontier orbital energy levels (in eV) for the U

atom, two most stable Cs¢ isomers and the corresponding U@Cse clusters

The densities of states (DOS) of the uranium atom, bare Cs¢ cage and the U@Cs¢ cluster
are plotted in Figure 5.13. The HOMO energies for these three systems are -2.36, -5.62
and -5.93 eV respectively. From the figure, it is clear that the DOS curve for the U@Css
cluster shifted slightly towards more negative energy as compared to the DOS curve for
the Cs6 cage. It is clearly due to the bonding between the uranium atom and the Cs¢ cage
orbitals. Moreover, DOS corresponding to the U@Cs¢ cluster is quite different from that
of the Cs¢ cluster, which indicates significant mixing between the orbitals of the uranium

atom and the fullerene cage.
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Figure 5.13 Density of states (DOS) for the a) uranium atom, b) bare Cs¢ cage and c)
U@C}G.

To understand the charge rearrangements due to the formation of the U@Cs¢ clusters
from its constituent fragments, we have calculated the VDD, Hirshfeld and Mulliken
charges as implemented in ADF program. The calculated VDD, Hirshfeld and Mulliken

charges on the uranium atom for different structures are reported in Table 5.13.

Table 5.13 Calculated Mulliken, Hirshfeld and VDD charges on uranium atom in the
U@Cs6 isomers using TZ2P basis sets and B3LYP Functional with ADF program

Structures Mulliken Hirshfeld VDD
Str-01-Cey 0.840 0.738 0.555
Str-02-C, 0.949 0.655 0.482
Str-03-C, 1.062 0.634 0.471
Str-04-C, 0.944 0.680 0.505
Str-05-Csg 0.897 0.675 0.499
Str-06-C, 0.947 0.664 0.493
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Str-07-Cyy 0.913 0.678 0.500
Str-08-C; 0.906 0.706 0.528
Str-09-Cs 0.924 0.701 0.518
Str-10-Cs 0.830 0.761 0.578
Str-11-C; 0.903 0.700 0.520
Str-12-C; 0.865 0.716 0.535
Str-13-C; 0.870 0.738 0.557
Str-14-Cyy 0.934 0.748 0.570
Str-15-Csg 0.829 0.769 0.588

From the reported results it is evident that the VDD charges lie in the range of 0.47 -
0.55. To get an idea about the distribution of electrons corresponding to the s, p, d, and f
orbital occupations for the metal center in the cluster, we have reported the Mulliken

orbital-wise population values for the uranium centre in U@C3;6 isomers in Table 5.14.

Table 5.14 Calculated values of orbital population for the central uranium atom in

U@Cse isomers using TZ2P basis sets and B3LYP functional with ADF program

Structures n(s) n(p) n(d) n(f)
Str-01-Cegy 2.03 5.95 2.06 3.10
Str-02-C, 1.92 5.96 1.98 3.17
Str-03-C, 1.90 5.95 1.96 3.11
Str-04-C, 1.96 5.95 2.00 3.13
Str-05-Cs 1.94 5.96 1.99 3.19
Str-06-C, 1.96 593 1.95 3.19
Str-07-Cyy 1.96 5.95 1.98 3.18
Str-08-C; 1.97 5.95 2.02 3.13
Str-09-Cs 1.99 5.94 2.02 3.10
Str-10-Csg 2.02 5.95 2.06 3.11
Str-11-C; 1.97 5.94 2.00 3.16
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Str-12-C; 1.98 5.96 2.04 3.15
Str-13-C; 2.01 5.95 2.04 3.12
Str-14-Cyy 1.99 5.95 2.03 3.07
Str-15-Csg 2.03 5.93 2.04 3.15

For all the isomers, 5f orbital occupations are around 3.1. This value is very close to the
5f metal occupation, which is 3. The total occupation corresponding to two s orbitals (6s
and 7s) decreases to ~2 from the ideal value of 4, however, d orbital occupation (6d)

increases to ~2 from the ideal value of 1 in the isolated atom.

5.3.2.5 Effect of Spin-Orbit Interaction
In general, spin-orbit interaction is very important for any molecular system that contains
a heavy element. Therefore, we have systematically investigated the effect of spin-orbit
interaction on the U@Cs¢ complex including geometry optimization and detail bonding
energy analysis using ADF program. Changes in the structural parameters are found to be
negligible after inclusion of the spin-orbit coupling. As far as the total interaction energy
corresponding to atomic dissociation is concerned, an overall increase in stability by 1.98
eV (0.054 ev in terms of BE) is found after inclusion of spin-orbit effect. Detail bonding
energy analysis considering spin-orbit effects leads to an increase of 0.008 % in the steric
component and 0.11 % in the orbital component. It indicates that the spin-orbit effect
tends to increase the contribution of the orbital interaction, which is stabilizing in nature.
Although the effect of spin-orbit interaction is found to be insignificant in the
energetics, still, it is interesting to assess its effect on the molecular orbital energy levels.
The splitted molecular orbital levels after considering the spin-orbit effect are depicted in

Figure 5.10. The splittings of the molecular orbital energy levels are found to be very
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small (<0.05 eV) here, unlike U@C, case. A slight change is observed in the HOMO-
LUMO gap for the U@C36 cluster after inclusion of spin-orbit interaction. Thus, spin-
orbit interaction has no major effect in case of U@Cse cluster. This may be due to the
presence of the Cs¢ cage, which reduces this effect. Consequently, spin-orbit coupling

does not affect the ground state molecular properties for the U@Cs¢ systems.

5.3.2.6 Spectroscopic Study for C3s and U@C36 Clusters
Vibrational Spectra: The calculated vibrational spectra for the bare C;s cage and the

U@Cs36 cluster have been reported in Figure 5.14.
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Figure 5.14 Simulated vibrational spectra of the a) bare Cs¢ cage and b) U@Cs¢ cluster.
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In case of bare Cs¢ cage with D,q4 point group, only the frequency values corresponding to
the B, and E symmetries are IR-active, whereas, for the U@Cj;¢ cluster (Cg, symmetry)
frequencies with A; and E; symmetries are IR-active. The uranium atom has strong
influence on the spectrum of the U@Cs6 cluster. As a result, the peak positions and the
corresponding intensities are changed drastically for the uranium encapsulated Csg
clusters as compared to that in the bare C;4 cage. One of the interesting features observed
is that the lowest and highest frequency peaks in the C;¢ cage are shifted towards blue
and red regions, respectively. In the case of U@Cs¢ system, the most intense peak is
observed at 741 cm™ and three other moderately intense peaks lie at 1198, 1287 and 1351
cm™. All these peaks arise due to combined motions of the central uranium atom and the
cage except the 1287 cm™ peak, which is the result of the motion of the cage only. It may
be interesting to note that all these high intensity peaks are doubly degenerate i.e. these

are arising from the frequency corresponding to the E; symmetry.

Electronic Spectra: Time-dependent density functional theory within the framework of
ZORA has been used for the calculations of the electronic excited states of the bare Csq
cage and the U@Cs6 cluster in ADF. To obtain the excitation energies corresponding to
the singlet-excited states, SAOP model functional has been employed here. In case of
bare D,q symmetric Csq cage the transitions from the ground state to the B, and E levels
have been found to be allowed whereas for the U@Cs6 cluster as the symmetry is Cey,
only the excitations having the symmetry E; and A, are allowed as far as selection rule is
concerned. The scalar relativistic approach has been used for the calculation of the
absorption spectra of the C;¢ cage. On the other hand, for the U@Cs¢ cluster, both scalar

as well as spin-orbit methods have been adopted. All these results are displayed in
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Figures 5.15 and 5.16. For the bare Cs¢ cluster two main absorption peaks are observed at
5.35 and 5.75 eV along with some small humps at around 3.2, 3.95, 4.15, 4.6, 4.8 and
4.95 eV. After encapsulation of uranium atom, the absorption peaks are shifted slightly
towards the lower energy i.e. higher wavelength region. The first absorption peak is
observed at around 2.95 eV for the U@C;¢ cluster using scalar relativistic approach.
However, introduction of spin-orbit effect does not make significant changes in the UV-
Vis spectra of the U@Cse cluster, and the nature of the spectra is found to be almost

similar to that obtained using the scalar approach.
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Figure 5.15 UV-visible spectra for the Cs4 cage.
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Figure 5.16 UV-visible spectra for U@Cs¢ cluster, a) without and b) with spin-orbit

coupling.

Here it may be noted that the HOMO-LUMO gap of any chemical species is likely to
correlate well with its excitation energy. In the present work, the HOMO-LUMO energy
gap values for the U@C36 system is found to be higher as compared to that of the bare
Cs6 cage. However, in the case of U@Cj;g, the first absorption peak is observed at lower
energy (2.95 eV) as compared to that of the bare Cs4 cage (3.2 eV). This may be due to
the presence of uranium atom as it has been found that the first excitation peak for the
free uranium atom appears at around 3 eV. Moreover, from the detail analysis of the low
intense first excitation peak of U@C;¢, involvement of uranium atom orbitals has been

found to be significant.

5.4 Concluding Remarks
In this chapter, we have presented the results predicting a new class of closed shell
species with smallest fullerene cages, viz., Cyp and Cse, through encapsulation of an

actinide or lanthanide atom/ion, using density functional calculations. Structural,
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electronic, bonding and spectroscopic properties for the clusters have been calculated and
discussed.

Highly symmetric icosahedral structure along with large HOMO-LUMO gap indicates
that the M@C, clusters are associated with high stability as compared to the bare Cy
cage with D3y symmetry. Similar to Pby,> and Sn;p> species, all the predicted
organometallic icosahedral M@C, systems with 26 valence electrons occupying the
metal-carbon hybrid orbitals, can be considered as highly stable clusters with
“intermediate magic numbers”. Preparation of the M@C, clusters using laser ablation
techniques may be one of the possible ways of detecting the elusive I, structure of Cy
cage by mass spectroscopy or photoelectron spectroscopy as reported earlier for U@C,'*
and M@Sn, 17 clusters.

In case of Cs6, we have considered different classical cage structures of Cs¢ fullerene with
an objective to investigate the possibility of enhancing the stability of the Cj¢ cage
through encapsulation of a uranium atom. We have studied fifteen U@Css isomers
associated with various symmetries. Two competitive isomers are found to exist for the
Cs6 cage, viz., Dyg and Dgn, whereas, for the U@Csg cluster, the Cg, isomer, which is
derived from the Dg, cage, is the most stable one and significantly lower in energy as
compared to the other isomers. The stability of the most stable U@Cs cluster has been
rationalized through geometric and energetic criteria. Thus, the stability of the U@Cse
cluster has been explained in terms of larger HOMO-LUMO gap as compared to the bare
Cs6 cage, higher binding energy per atom and calculated high negative values of free
energy and enthalpy of reaction for the U@C;¢ cluster during its formation from uranium
and Cj¢ species. Thus, the origin of the higher intensity peak corresponding to the U@Cse

154,155
d >

cluster in the experimentally observe mass spectra of U@C,, clusters may be
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attributed to the highly stable Str-01-Cey structure, derived from the Cs¢ cage with Dgy
symmetry. The stability and the magic nature of the uranium encapsulated 36-atom
fullerene cage, as evident from the reported results, clearly indicate a possibility of
formation of cluster-assembled material consisting of U@Cs36 cluster as building block,
although formation of metal encapsulated fullerene systems with varying number of
carbon atoms may differ widely depending on the experimental conditions.’"'>**!72!8
Nevertheless, it may be noted that the significantly strong U@C;¢ peak as compared to

the adjacent peaks in the FT-ICR mass spectrum of cluster cations formed from the

vaporization of a UO,-graphite target also corroborate our inferences.
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Chapter 6: Actinide and Lanthanide Encapsulated

Metallofullerenes: Insight from 32-electron Principle

6.1 Introduction

6.1.1 Stability of Clusters: Effect of Electronic Shell Closing

In the past two decades cluster science has attracted enormous interest because of its
applications in the design of novel materials with fascinating properties. In particular,
just after the experimental identification of Cgo by Kroto et. al'®'” in 1985, search for
highly stable new clusters gained tremendous momentum. The origin of the stability
of a particular cluster with respect to its neighboring ones can be considered as a
manifestation of electronic or geometric shell closing.'®**'**** The effect of shell
closing in atomic systems is responsible for the variation in chemical properties of the
elements across the periodic table. Similarly, the geometrically and electronically
closed shell structure can be regarded as one of the important factors to attain high
stability for a particular cluster. Through encapsulation of a proper impurity atom
(metallic or non-metallic), stability of a particular cluster can be enhanced’'**'*’
drastically. These highly stable clusters show pronounced stability in the mass
spectrum, and the exceptional stability of some of these clusters can be followed
directly from a specific number of electrons corresponding to electronic shell closings.

21 are well

For instances, the Lewis octets and the Langmuir 18-electron (18e) rule
recognized. These correspond to fully occupied ns2np6 and nsznp(’(n—l)dlo orbitals,
respectively. The numbers 8 and 18 are called magic numbers, a term borrowed from

the same concept in nuclear physics. In the recent past, the actual interpretation of the

18-electron rule has been discussed by Pyykko.”” W@Aup,™ '™ An@Cas, ™'
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(where An stands for actinide atoms/ions) Auo,'¥ Ausn,'® Aus,”!' Aupn,'®? Pb5,R

Snp>, " M@Sniy,” Pu@Pbyy, > [U@Six]” > M@Ca (M = lanthanide/actinide
. 220 51,154,157

atoms or ions),”” U@Css etc. are some of the examples of recently reported

important magic clusters.

6.1.2 Introduction to 32-electron Principle
In addition to the 8- and 18-electron principles, possibility of 32 valence electron
systems had been indicated by Langmuir in 1921.*' The first predicted metal
encapsulated 32-electron system is Pu@Pby,,>*® where central Pu atom is attached to
12 Pb atoms, resulting into 32 valence electrons and corresponds to the fully occupied
spdf shells. Here, 6 valence electrons from Pu®’ ion along with 26 valence electrons
from Pb,> collectively make an electron count of 32. Second example of such a
system, An@Cas, has been predicted'®® later on, where An is an actinide atom/ion
with 4 valence electrons. Here 32-electron criterion is satisfied cumulatively using the
4 valence electrons from an actinide atom/ion and 28 7 electrons from the Cyg cage.
Subsequently, importance of 32-electron system is further emphasized in two news
articles.”?*** The high stability of Aus, cluster can also be explained in terms of 32-
electron principle. Recently, A new example of 32 electron system, [U@Siz]" is
reported by Dognon et. al.**

In the present work our main objective is to explore the possibility of
stabilization of small size fullerene through encapsulation of a suitable
actinide/lanthanide metal atom or ion which will satisfy valence 32 electron counts for

the central metal atom/ion.”?***’ It can be achieved by varying the number of 7 and
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valence electrons corresponding to the fullerene and the encapsulated metal atom,
respectively.

For this purpose, we have taken 8-valence and 6-valence actinide or lanthanide
atom/ion and encapsulated into C,4 (24 7 electrons) and C,¢ (26 m electrons) cages,
respectively, with the objective to design new 32-electron system, followed by their

- S 226,227
systematic imnvestigations.”

6.2  Computational Details
In this present work, computational methodologies are same as discussed previously
in Chapter 5, section 5.2. The software package CaGe**® developed by Brinkmann and

McKay has been used to generate different isomeric structures of the fullerene.

6.3 Results and Discussions

6.3.1 Study of Ln/An encapsulated C,4 fullerene

6.3.1.1 Bare C,4 Isomers

We have considered here five lowest lying cage isomers of bare C,4, which are
depicted in Figure 6.1. In the case of bare C,4 fullerene only one classical isomer
(STRO1) exists and the other isomers are non-classical ones as reported earlier by An
et. al. in 2008%*°. The four low energy non-classical isomers considered here are
associated with one or two 4-membered ring(s) but no 7-membered ring. STR02,
STRO3, STR04 and STROS consist of two 4-membered rings located far apart, only
one 4-membered ring, two 4-membered rings separated by one 6-membered ring and
two 4-membered rings widely separated, respectively. Other non-classical isomers of

Cy4 are not considered as they are significantly higher in energy.
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a) () (i) (iii) (iv) (\))

STRO1 STRO02 STRO3 STR04 STRO5

b) (0) (i) (iii) (iv) (\))

STRO1 STRO02 STRO03 STR04 STROS

Figure 6.1 Optimized structures of a) bare C,4 and b) M@C,4 clusters.

After optimization, the STRO1 (classical isomer) was found to be associated with C,
symmetry and the non-classical isomers STR02, STR03, STR04 and STROS are of C,,
Cs, Cs and C; symmetry, respectively. For all the bare C,4 isomers average C-C and C-
X (X is a centrally located dummy atom) bond lengths are reported in Table 6.1.
Relative energy ordering and HOMO-LUMO gap for all the bare structures using PBE
functional are reported in Tables 6.2 and 6.3, respectively. Among all the isomers
considered here, the non-classical STR02 with C, symmetry is the most stable one and
solitary classical isomer (STRO1) is found to be the third most stable isomer, which is
0.15 eV higher in energy from the most stable structure at the PBE level of theory.

However, energy ordering obtained using B3LYP functional is slightly different than
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that obtained using the PBE functional (Table 6.2), and the classical isomer is found to

be isoenergetic with the non-classical STRO2.

Table 6.1 Calculated values of average X*-C and M-C bond lengths for bare and

metal encapsulated C,s4 systems using PBE functional in Turbomole. Average C-C

Bond lengths values are presented within the square bracket.

Isomers Bare Cy4 Pu@Ca4 Sm@Cy; | Gd"@Cy | Cm™ @Ca4
STRO1 2.256 2.315 2.311 2.302 2.304
[1.456] [1.496] [1.475] [1.465] [1.489]
STRO02 2213 2.328 2.335 2.332 2.329
[1.464] [1.505] [1.504] [1.499] [1.488]
STRO3 2253 2.334 2.333 2.321 2.321
[1.453] [1.501] [1.493] [1.489] [1.489]
STR04 2262 2.332 2.329 2.326 2.328
[1.451] [1.502] [1.496] [1.493] [1.493]
STRO5 2.273 2.349 2.349 2.341 2.340
[1.452] [1.507] [1.513] [1.511] [1.501]

* X is a dummy atom, which is placed at the origin of the bare Cy4 structures.

Table 6.2 Calculated relative energy values (in eV) as obtained for the bare Cy4 and

M@C,4 clusters using PBE (B3LYP) functional in Turbomole program and using

PBE functional in ADF program within the square bracket

Isomers | Bare Ca4 | Pu@Cas | Sm@Cas | GAP@Ca4s | C™*@Coq
STRO1 | 0.15 0.0 0.0 0.0 0.0
(0) (0) (0) (0) (0)
[0.15] [0] [0] [0] [0]
STR02 0.0 3.61 3.18 2.91 3.35
0.02) | (4.24) | (2.33) (1.50) (3.18)
[0] [3.37] | [2.76] [3.59] [3.17]
STRO3 | 0.04 2.15 2.07 2.02 2.21
024) | (232) | (1.62) (1.91) (2.26)
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[0.06] | [2.23] | [2.00] [2.15] [2.11]
STR04 | 0.17 1.86 1.58 1.50 1.71
0.17) | (1.96) | (1.02) (0.31) (1.66)
[0.17] | [1.72] | [1.36] [1.84] [1.59]
STROS | 0.44 5.98 5.67 5.54 5.99
0.60) | (623) | (2.33) (4.62) (6.07)
[0.46] | [6.04] | [5.53] [5.97] [5.71]

Table 6.3 Calculated values of HOMO-LUMO Gap (in eV) as obtained from
Turbomole program for the bare Cs and M@C,4 clusters using PBE (B3LYP)

functional

Isomers | Bare Cy4 | Pu@Css | Sm@Cas | Gd™@Cas | CP@Cay4

STRO1 | 0.47 1.47 0.39 1.22 1.37
(1.83) | (3.26) | (3.57) (3.42) (3.99)

STRO2 | 127 1.03 0.26 0.55 1.18
(2.52) | (1.49) | (3.07) (2.51) (3.44)

STRO3 | 0.83 1.49 0.48 0.54 1.49
(1.89) | (3.05) | (3.12) (2.07) (3.74)

STRO4 | 0.99 1.39 0.56 0.86 1.53
(2.16) | (3.03) | (3.07) (2.73) (3.78)

STRO5 | 1.48 0.97 0.22 0.35 1.16
(2.66) | (2.45) | (1.92) (2.31) (3.14)

6.3.1.2 Structural Analysis of M@C;4 Isomers

Here our main idea is to find out systems with 32 valence electron count involving Cy4
fullerene. For this purpose we have used atoms or ions with 8 valance electrons (Pu,
Cm*', Sm and Gd2+) for encapsulation into above mentioned optimized classical and
non-classical bare C,4 isomers. Both PBE and B3LYP functionals have been used for

the optimization purpose in Turbomole. Now onwards we have considered the results
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obtained using Turbomole program, unless otherwise stated. All real frequencies for
the M@Cy4 structures reported here simply suggest that these complexes are true
minima on their respective potential energy surfaces. It is mentioned above that the
non-classical isomer with C, symmetry has been the most stable bare C,4 cluster,
however, after encapsulation either of the Pu, Cm*" Sm and Gd** metal atom or ion,
the classical isomer attained Dgq symmetry and becomes the most stable structure
using both PBE and B3LYP functionals. This transformation from low to high
symmetry is an indication of stability gain after incorporation of a suitable actinide or
lanthanide atom or ion. The optimized structures for all the plutonium based
complexes are presented in the Figure 6.1. In any particular C,4 isomer, the structures
of Cm2+, Sm and Gd* doped Cy4 cluster are almost the same irrespective of the
encapsulated metal atom or ion. We find that the classical M@C,4 isomer (STRO1) is
the most stable one irrespective of the encapsulated species considered here.
Moreover, Pu@C,s (STRO1) is found to be energetically the most stable among all the
classical M@C,4 (STRO1) isomers, as far as the binding energy per atom is concerned
(Figure 6.2). Thus, classical Pu@C,4 is used as a representative for further studies
beyond the structure and stability aspects, i.e. for the analysis of molecular orbital
energy diagram, vibrational and UV-Vis spectra, effect of spin-orbit interactions etc.
Average C-C and M-C bond lengths for all the metal encapsulated C,4 clusters are
reported in Table 6.1. Encapsulation of metal atom/ion within the C,4 cage leads to an
overall increase in cage size, and as a result average M-C and C-C bond lengths are
found to be increased in M@C,4 as compared to the average X-C and C-C bond
lengths in the bare C,4 clusters. It may be noted that there are three categories of C-C

bonds and two classes of M-C bonds present in the most stable M@C,4 classical
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isomer (STRO1), with 12 bonds in each category or class. However, for the bare Cy-
STROI (C, symmetry), there are seven categories of bond lengths present for each of
the C-C and X-C bonds. Nevertheless, for the purpose of comparison it is better to
take the average C-C and M-C (X-C for the bare) bond lengths. Thus, the average C-C
bond length varies from 1.456 to 1.496 A from bare C»;-STRO1 to Pu@Cy4 (STRO1).
Similarly, for other encapsulated species also C-C bond length values are increased as
compared to the corresponding bare Cy4 cage. It is also to be noted that the average X-
C bond length lies in the range, 2.213-2.273 A for the bare Cy4 cage isomers, whereas
average Pu-C bond length varies from 2.315 to 2.349 A in the case of Pu@Cyy
isomers. This trend is similar for the other encapsulated structures also. Among all the
M@C24-STRO1 species, Pu@C,4-STRO1 has the largest average C-C and M-C bond
lengths, although the differences are small from that of the other metal species

encapsulated clusters.
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Figure 6.2 Binding energy per atom graph for different M@C,4 clusters.
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6.3.1.3 Energetics and Thermodynamics Stability of M@C,4 Isomers
The relative energy ordering of the bare as well as encapsulated structures are
calculated and reported in Table 6.2 using both PBE and B3LYP functionals. It has
already been mentioned that the non-classical STR02 isomer is the most stable for the
bare C,4 as obtained using PBE functional, and the classical STRO1 is found to be the
most stable for the M@C,4 clusters. Therefore, STRO2 is taken as a reference for
predicting the stability of other bare C,4 isomers and STRO1 is taken as reference for
the other metal encapsulated C,4 clusters (for any particular metal atom/ion).
According to the relative energy values, STRO5 is found to be the least stable among
all the encapsulated species irrespective of the encapsulated atom/ion. There are slight
differences in energy ordering using B3LYP functional, and STRO1 becomes the most
stable for the bare Cy4 structure, however, the energy ordering remains the same for
the encapsulated structures. Moreover, the relative energy ordering is exactly the same
using the PBE functional as obtained from Turbomole and ADF programs.
Thermodynamic parameters i.e. enthalpy change (AH) and Gibbs free energy
change (AG) for the encapsulation reaction (M + Cy4 2 M(@C24) have been calculated

for all the lanthanide/actinide encapsulated complexes and reported in Table 6.4.

Table 6.4 Calculated enthalpy values (AH in kJmol'l) for the reaction, M + Cy0—»
M@C,4. Corresponding values of Gibbs free energies (AG in kJmol') are given

within the square bracket

Isomers Pu@Cq Sm@C4 Gd"@Cy4 Cm"”@Ca4
-620.1 713 1027.2 -335.8

STRO1 [-549.2] [154.1] [1098.7] [-262.8]
-272.6 390.8 1303.7 -8.4

STR02 [-219.1] [443.7] [1358.1] [48.1]
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-299.4 394.9 1333.7 -10.3
STRO3 [-352.3] [341.0] [1281.5] [-61.2]
-446.8 2293 1165 1772
STR04 [-500.8] [174.5] [1111.8] [-229]
-88.6 582.6 1514.7 195.4
STRO5 [-37.2] [633.8] [1568.9] [250.5]

The calculated thermodynamic parameters provide consistent trends with the relative
energy orderings. The results suggest that the classical encapsulated fullerenes are
more stable than the non-classical metal encapsulated fullerenes. Similar trend has
been found with the binding energy per atom values (Figure 6.2). Moreover, Pu@Cy4
(STRO1) with largest negative AH (-620.1 kJ mol™) and AG (-549.2 kJ mol™) values is
found to be the most stable, and accordingly the encapsulation process is also highly
feasible. The Sm and Gd™ encapsulated C,; complexes are rather less stable
energetically as compared to the Pu and Cm** encapsulated C,4 complexes (except for
Cm™@C,4 STRO5). The AH value varies from -620.1 to -88.6 kJ mol™ for Pu
encapsulated structures. The negative values for the enthalpy change suggest that
these encapsulation processes are exothermic in nature. For the Pu and Cm*
encapsulated fullerenes AH values are negative, however, the same is positive for the
Sm and Gd*" containing species. Similarly for the Pu@Ca4 isomers, AG varies from -
549.2 to -37.2 kJ mol™, which also indicate the feasibility of the encapsulation of Pu
atom inside the C,4 cage. Change in Gibbs free energy values is found to be negative
for both the actinide containing species (except Cm**-STR02 and Cm*"-STRO05),
however AG values are positive for Sm and Gd** encapsulated isomers. To examine

the feasibility of the encapsulation process we have compared the stability of Pu@Ca4
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systems with some of the experimentally observed endohedral metallofullerene
systems such as U@C2851’154 and Ti@C28.154. The calculated AG and AH values are
found to be -673, -722 for U@Cys and -541, -548 kJ/mol for Ti@C,s system using the
same level of theory. These AG and AH values are comparable with the presently
reported AG and AH values (-549 and -620 kJ/mol) for the most stable Dgq symmetric
Pu@C,4 system. This supports the possible formation of the Pu@Cy4 cluster through
proper experimental technique.

In general, these types of clusters are usually formed from the constituent atomic
components (obtained by laser ablation of the precursor solid materials);’'~*!>*1%3
therefore, it is interesting to know the binding energy per atom (BE) of the clusters
with respect to the atomic fragments. Thus, apart from the thermodynamic parameter
and relative energy calculations, we have calculated the binding energy of a metal
encapsulated cluster with respect to its atomic fragments using the following equation:

BE = - [E (M@Cy) — E (M) — 24E(C)]/n
Figure 6.2 represents the trends in the variation of BE for the different M@Cy4
isomers with varying the trapped species. Here BE denotes the dissociation energy of
a complex into its atomic fragments and refers to the process, M + 24 C > M@C»4.
All the clusters are found to be highly stable with respect to their dissociation into
constituent atomic fragments with a BE range of 5.87 to 6.77 eV. As far as the BE
results are concerned, for all the encapsulated species STRO1 is the most stable and
STROS is the least stable isomer irrespective of the central metal atom/ion present.
The stability ordering for a particular isomer of M@C,4 decreases in the order Pu-
Cm*"-Sm-Gd*". Results obtained from the BE calculations are also in exact agreement

with the calculated values of thermodynamic parameters and the relative energy
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trends. Moreover, the calculated BE value for the most stable Dgg symmetric Pu@Cy4
(6.77 eV) system is found to be slightly higher as compared to the previously
predicted U@Cy and U@Cys systems (6.72 and 6.28 eV, respectively). It is
interesting to note that the calculated BE value is 6.39 eV for the experimentally
observed U@C,g system. Thus, through proper tuning of the experimental parameters

it may be possible to observe the Pu@C,4 system experimentally.

6.3.1.4 Molecular Orbital Energy Diagram and Charge Distributions

Apart from the above energy criteria a large HOMO-LUMO gap in the encapsulated
structures is also a criterion of stability. The HOMO-LUMO gap values for these
metallofullerenes are presented in Table 6.3 using both PBE and B3LYP functionals.
For a particular Cy4 isomer the HOMO-LUMO gap for the encapsulated complexes
differ depending upon the metal species trapped inside it. The most stable bare Cy4
STRO2 isomer has sufficiently high HOMO-LUMO gap of 2.52 eV calculated using
B3LYP functional. In case of STROI although bare isomer has low HOMO-LUMO
gap (1.83 eV), however, after encapsulation of a eight valance metal atom/ion the
HOMO-LUMO gap increases significantly (3.26 eV). The HOMO-LUMO gap values
can also be correlated well with the binding or encapsulation energy ordering of the
metal encapsulated structures. Actinide encapsulated isomers have larger HOMO-
LUMO gap values as compared to the corresponding lanthanide encapsulated species.
Molecular orbital energy diagram as calculated using the PBE functional with ADF
program is depicted in Figure 6.3 for the Pu@C,4 (STRO1) system with Dgg symmetry.
Molecular orbitals (MOs) 5b, and 5e4 are the HOMO and the LUMO, respectively, for

the Dgg Pu@C,4 isomer. The MOs 5Sb,, 4es, 4e3, 6e;, 4by, Sey, 4es, 4e,, 5a; and 4a;
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have the contribution from both the metal atom/ion and carbon atoms, with a

cumulative valence electron count of 32.
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Figure 6.3 Molecular orbital energy diagram for the Pu@Cy4 (Dgg) cluster without

(left) and with (right) spin-orbit coupling.

The pictures of the valence MOs have been depicted in Figure 6.4. The metal atom/ion
contributes 8 valence electrons and remaining 24 electrons come from the C,4 cage
(24 = electrons). Significant amount of overlap has been found to be present between
the metal and the C,4 cage orbitals for these MOs. However, 6a;, 1by, 3e,, 3e4, 4e1, 3e5
and 3e; MOs correspond to pure carbon orbitals of Cy4. The energy gap between the
4a; and 2e5 MOs is also found to be fairly large, and a total number of 56 electrons up
to the 4a; MOs correspond to the cumulative number of electrons occupied by the
metal-carbon hybrid MOs (32 electron), and pure carbon MOs (24 -electrons)

mentioned above.
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Figure 6.4. Valance molecular orbitals of Pu@C,4. Orbitals written within the

parentheses refers to the orbitals contributed by pure C,4 cage.
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Thus, it is evident that the plutonium atom corresponding to 8 valence electrons has
been able to elevate the C, symmetry of the Cy4 cage to the Dgg symmetry through
fulfilling the 32-electron principle corresponding to the spdf shells of the central metal
atom. Here, it may be noted that as per group theoretical analysis, for a Dgg symmetric
system the molecular orbitals a;, (b,®e)), (a;Pe,Pes), (b,Pe;PesPe,) can be assigned
in terms of the central metal atomic orbitals s, p, d and f, respectively. Now, it is
interesting to analyze the valence MOs to get the contributions of the centred metal
orbitals from symmetrized fragment orbitals (SFOs) analysis. From this analysis it has
been found that the hybrid 5b, orbital is primarily of f character (~64% contribution
from the Pu f,y, orbital). All the other hybridized orbitals are associated with smaller f
character ( <40% ). If an MO with more than 50% 5f contribution is assumed as a pure
5f then Pu remains in 5f° configuration in the Pu@Ca4 system. The contribution of the
metal f orbitals towards MOs 4e4, 4e; and 6e; are found to be 36%, 30% and 27%,
respectively. Remaining valence hybrid orbitals consist mainly of Pu p and d
characters, without any f orbital contribution. The densities of states (DOS) of the bare

Cy4 cage and the Pu@C,4 (STRO1) cluster are plotted in Figure 6.5.
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Figure 6.5 Density of states (DOS) for the (a) bare Cy4 cage and (b) the Pu@Ca4
cluster.

DOS corresponding to the Pu@C,4 cluster is quite different from that of the bare Cy4
cluster, which indicates significant mixing between the orbitals of the plutonium atom
and the fullerene cage. The HOMO energies for these two systems are -5.39 and -4.55
eV, respectively.

Now it will be interesting to discuss the charge distributions in the M@Cy4
clusters. Natural population analysis (NPA) method has been employed to study the
charge distribution on the atoms in the clusters. The charge distribution and the
relative stability of the species follow a good agreement for the neutral clusters
(Pu@Cys and Sm@Cs4) i.e. for the most stable cluster the charge value is the largest
and then it gradually decreases following the same stability trend. This observation is
not exactly matched with the charged species. High negative charge values are
obtained on the metal centers in the M@C,4 structures, irrespective of the initial
charges located on the metal atom. This is to some extent unrealistic, particularly for
the Cm”*" and Gd** encapsulated structures. In view of this, additionally we have

calculated the Voronoi deformation density (VDD) charges (Table 6.5).'
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Table 6.5 Calculated natural and VDD (in parenthesis) charge values on metal centers

for M@C,4 clusters computed with PBE functional in Turbomole and ADF programs,

respectively

Isomers Pu Sm Gd Cm
STRO1 -3.526 -2.784 -2.254 -2.228
(0.474) (0.219) (-0.148) (0.046)
STRO02 -3.297 -2.457 -1.892 -2.329
(0.463) (0.019) (0.080) (0.072)
STRO03 -3.369 -2.622 -2.421 -2.064
(0.483) (0.224) (-0.128) (0.039)
STR04 -3.358 -2.552 -2.399 -1.981
(0.464) (0.217) (-0.130) (0.023)
STROS -3.218 -2.434 -2.271 -1.888
(0.483) (0.225) (-0.123) (0.036)

The VDD scheme is based on the calculated amount of electron density that flows to
or from a certain atom due to bond formation through spatial integration of the
deformation density over the atomic Voronoi cell, and thus is not explicitly dependent
on the basis functions involved in a calculation. Consequently, VDD derived charge
values are considered to provide chemically meaningful charge distributions values.
Here, it may be noticed that lanthanides are having less positive or slightly negative
charges; however, actinides are associated with slightly higher positive charge values.
The orbital population i.e. distribution of electrons corresponding to s, p, d and f
orbitals for the central metal atom of various encapsulated structures, calculated using

NPA scheme are reported in Table 6.6.
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Table 6.6 Calculated values of orbital populations for the central metal atom (M) in

M@C,4 clusters using PBE functional in Turbomole.

Isomers Pu@Cyq4 Sm@C,4 Gd+2@C24 Cm+2@C24
n(s) 4.334 4.323 4.372 4.335
n(p) 11.997 12.002 11.999 11.997
STRO1 | n(d) 11.881 12.621 12.536 11.879
n(f) 9.311 7.836 9.318 10.332
n(s) 4315 4.299 4.349 4314
n(p) 11.974 11.987 11.983 11.969
STRO2 | n(d) 11.857 12.573 12.495 11.835
n(f) 9.147 7.597 9.063 10.208
n(s) 4.324 4.309 4.358 4.323
n(p) 11.982 11.989 11.988 11.978
STRO3 | n(d) 11.882 12.602 12.514 11.864
n(f) 9.178 7.72 9.202 10.253
n(s) 4318 4.303 4.353 4316
n(p) 11.987 11.992 11.992 11.985
STRO04 | n(d) 11.863 12.565 12.482 11.847
n(f) 9.186 7.691 9.152 10.248
n(s) 4.308 4.294 4.342 4.307
n(p) 11.971 11.981 1.975 11.963
STROS | n(d) 11.875 12.611 12.513 11.847
n(f) 9.061 7.547 9.055 10.151

Values for n(s) and n(p) follow a similar trend for all the encapsulated species
whereas, a huge fluctuation is observed in the values of n(d) and n(f). It may be
interesting to note that for the lanthanide encapsulated species n(d) populations are
larger as compared to the actinide encapsulated species whereas, in case of n(f)
population just opposite trend is observed. It may be due to the larger spatial extent of

the 5f orbitals of actinides as compared to the 4f orbitals of lanthanides.
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6.3.1.5 Effect of Spin-Orbit interaction

Spin-orbit effect is very much significant in presence of any heavy element within a
chemical system. To assess the effect of spin-orbit interaction we have taken Pu@C4
complex and made a systematic investigation. Inclusion of spin-orbit effect for the
geometry optimization step leads to almost no change in bond length values as
compared to the corresponding values obtained using relativistic scalar ZORA
calculations. After inclusion of spin-orbit effect, an overall increase in stability by
2.68 eV (0.111 eV in terms of BE) is found as far as the total interaction energy
corresponding to atomic dissociation is concerned. It may also be noted that there is
an increase of 0.17 % in the steric component and 0.41 % in orbital component after
incorporating spin-orbit effect.

Now, it is interesting to consider the spin-orbit effect on the orbital energy
diagram. For all the valence orbitals, spin-orbit splittings are reported in Figure 6.3.
The effect of spin-orbit interaction is not very significant for the systems studied here.
It can be noticed that after inclusion of spin-orbit interaction, the HOMO-LUMO gap
for the Pu@C,4 cluster calculated using scalar relativistic approach is decreased from
1.49 to 1.26 eV (using PBE functional). The extent of splitting of the molecular orbital
levels are found to be rather small except for the 5e; mixed orbital, which shows
significant splitting with a value of 0.70 eV. Thus, the effect of spin-orbit coupling is
not that significant for the present systems. It may be attributed to the presence of Caq4

cage, which reduces the effect of spin-orbit interaction.
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6.3.1.6 Spectroscopic Analysis: C24 and M@Cy4

Vibrational Spectra: A detailed IR spectroscopic analysis for the bare as well as the
encapsulated structures has been carried out using Turbomole program. Harmonic
vibrational spectra for the bare C,4 (STRO1) and Pu@C,s (STROI1) clusters are
represented in Figure 6.6. In the case of bare Cy4 cage with C, point group, both the
frequency values corresponding to the A and B symmetries are IR-active, whereas, for
the Pu@Cy4 (Dgq symmetry) cluster frequencies with B, and E; symmetries are IR-
active. It has been found that in the case of vibrational spectra of the Pu@C,4 cluster,

the Pu atom has strong influence on the spectrum.
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Figure 6.6 Simulated vibrational spectra of the (a) bare C,4 cage and (b) Pu@Cs4

cluster.
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As a result, the peak positions and the corresponding intensities are changed
drastically for the Pu encapsulated C,4 cluster as compared to that in the bare C,4 cage.
It is interesting to note that the lowest and the highest frequency peaks in the C,4 cage
are shifted towards the blue and red regions, respectively. The first hump in the
vibrational spectrum of the Pu@Ca;4 cluster is a combination of two peaks (366 cm’
and 372cm’™), which can be ascribed to be associated with a combined motion of the
encapsulated metal atom (Pu) and the C,4 cage atoms. The highest frequency peak of
1225 em™ is also associated with highest intensity and it is also due to a combined
motion of the Pu atom and the C,4 cage atoms. Other non-zero intensity peaks are
found to be at 621, 753, 879, 981, 1060 cm™ , where all the vibrational peaks arise

because of the combined motion of Pu atom and the Cy4 cage atoms, except the

981cm™ peak. The 981cm™ peak is the result of the motion of the Ca4 cage only.

Electronic Spectra: Time-dependent density functional theory with ZORA approach
has been adopted here for calculating the vertical electronic excited states to obtain
UV-Vis. Spectra. For this purpose SAOP model functional in ADF program has been
used to calculate the excitation energies corresponding to the singlet-singlet
excitations. As far as the selection rule is concerned, only the transitions from the
ground state Dgq structure of Pu@C,4 cluster to the e; and b, states have been found to
be the dipole allowed transitions. The calculated spectra using scalar relativistic
approach within the framework of ZORA as well as spin-orbit interaction are given in
Figure 6.7 for the Pu encapsulated C,4 cage structure. For the purpose of comparison
we have also calculated the similar spectrum for the bare C,4 cage as obtained using

scalar relativistic approach, which is represented in Figure 6.8. From the figures it is

187



clear that the low intensity absorption maxima found at the visible region
corresponding to the Cy4 cage (~1.5 eV) is shifted towards higher energy region
(~2.95 eV) for Pu@Cy4 cluster. High intensity peaks for the bare Cy4 cluster generally
lie in the range 4.5-5.8 and 8.5-10.5 eV. After encapsulation of a Pu atom these high

intensity peaks are found to be shifted slightly towards higher energy region.
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After inclusion of spin-orbit interaction in the Pu@C,4 cluster, the absorption peak
observed at around 5 eV is found to be slightly blue shifted and this is the only high
intensity peak that is retained after incorporation of spin-orbit effect. Overall intensity
of the peaks also decreases after considering spin-orbit interaction. Here it may be
noted that depending on the nature of the encapsulated metal atom/ion the metal-cage
interaction would be changed. Consequently, spectrum nature may be strongly

influenced by the metal species encapsulated in the fullerene cage.

6.3.2 Study of Ln/An encapsulated C;¢ fullerene

6.3.2.1 Bare C,5 Cage

The ground state optimized geometry of sole classical isomer of C,s is of Dsp
symmetry and corresponds to °A,' state. It is an open shell quintet spin state system
with two unpaired electrons in each ¢' and e" orbitals as reported earlier.”>**' The C-
C bond distances in Cy¢ cage have been calculated using B3LYP functional and found
to be 1.410, 1.428, 1.450, 1.473 and 1.540 A. The HOMO-LUMO gap for the bare Ca
cage with D3, symmetry is found to be 1.62 and 1.56 eV using Turbomole and ADF

programs, respectively, with B3LYP functional. The molecular orbitals 5a,' and 11e"
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are the HOMO and LUMO, respectively, similar to the previous report.”*’ We have
found that the optimized structure of the singlet state bare C,¢ cage with D3;, symmetry

9

(reported earlier by Beate Paulus,””® as the ground state) is associated with three

imaginary frequencies, which is consistent with the results reported by An et. al.*'
recently. According to our calculations, singlet Cy structure with no imaginary
frequency is found to be of D3 symmetry and energetically higher (~8 kcal/mol) than
the D3, quintet state. Moreover, geometry optimization of the singlet state with lower
symmetry or even with no symmetry leads to a higher energy isomer as compared to
the quintet state. In addition to the classical isomer, which is the ground state lowest
energy structure of C,s cluster, we have also considered the lowest energy non-
classical isomer (triplet state), which contains one 4-membered ring surrounded by
three hexagons and one pentagon. However, the non-classical isomer has been found
to be energetically higher as compared to the classical one with an energy difference

of 3 keal/mol. Similar result has been reported earlier by Li and coworkers. *!

6.3.2.2 Optimized Structures of M@C;¢ Clusters

The geometries of all the M@Cy¢ clusters have been optimized using Turbomole and
ADF programs with PBE and B3LYP functionals in Turbomole, and BP86 and PBE
functionals in ADF. The calculated vibrational frequencies have been found to be real
for all the clusters, which indicate that these structures are true minima on their
respective potential energy surfaces. Starting from various initial cage structures
geometries of M@Cys clusters have been optimized; however, in all the cases
geometry optimization leads to the same closed shell Dj, structure. The optimized

structures of bare C,6 and M(@Cy¢ clusters are represented in Figure 6.9.
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Figure 6.9 Optimized structures of a) bare Cy¢ cage and b) M@C,; cluster.

For the purpose of comparison we have also investigated the encapsulation of U
within the lowest energy nonclassical C,s structure. However, this nonclassical
U@Cy is found to be energetically less stable by 27 kcal/mol as compared to the
corresponding classical structure. Therefore, only the classical isomer has been
considered for further investigations here. Now onwards we have discussed the results
obtained using Turbomole program unless otherwise mentioned. Incorporation of
metal atom/ion with 6 valence electrons into the C, cage leads to the same Dsp
structure (except Eu’" and Gd*") for all the clusters. Eu>" and Gd*" encapsulated Csg
systems are found to be of D3 symmetry. Encapsulation of metal atom/ion within the
Cy6 cage leads to an overall increase in cage size and as a result C-C bond lengths are
found to increase except the largest one. For example, the calculated C-C bond lengths
for the U@Cy cluster are found to be 1.433, 1.480, 1.486, 1.514 and 1.531 A, as
compared to the corresponding values of 1.410, 1.428, 1.450, 1.473 and 1.540 A for
the bare Cys. The M-C bond lengths obtained from Turbomole and ADF using

different functionals are reported in Table 6.7.

191



Table 6.7 Calculated values of M-C bond distance (Ry.c in A) using different
functionals with Turbomole and ADF Programs and binding energy per atom (BE) in

eV with Turbomole program for all the M@Cy¢ clusters

Metal Ry.c (Turbomole) Rm.c (ADF) BE’ in eV

Atom/Ion (Turbomole)

™M) B3LYP PBE BP86 PBE B3LYP

Ca” 2.220/2.286/ | 2.234/2.305/ | 2.228/2.296/ | 2.226/2.294/ | 5.969
2.465/2.595 | 2.472/2.617 | 2.467/2.604 | 2.464/2.602

Pr 2.344/2.369/ | 2.351/2.374/ | 2.353/2.376/ | 2.350/2.372/ | 6.263
2.466/2.542 | 2.468/2.548 | 2.467/2.547 | 2.463/2.543

Pa’ 2.369/2.387/ | 2.375/2.391/ | 2.379/2.394/ | 2.376/2.390/ | 6.415
2.472/2.555 | 2.474/2.553 | 2.474/2.550 | 2.469/2.544

Nd 2.336/2.365/ | 2.339/2.366/ | 2.340/2.366/ | 2.337/2.362/ | 5.978
2.457/2.502 | 2.457/2.529 | 2.456/2.530 | 2.452/2.526

U 2.348/2.369/ | 2.355/2.374/ | 2.359/2.376/ | 3.345/2.372/ | 6.283
2.455/2.532 | 2.458/2.533 | 2.457/2.529 | 2.452/2.524

Pm" 2.330/2.365/ | 2.332/2.362/ | 2.332/2.360/ | 2.329/2.357/ | 5.855
2.443/2.493 | 2.449/2.516 | 2.449/2.519 | 2.445/2.516

Np* 2.335/2.359/ | 2.342/2.364/ | 2.345/2.366/ | 2.342/2.362/ | 6.197
2.444/2.512 | 2.447/2.519 | 2.447/2.516 | 2.442/2.512

Sm™ 2.326/2.370/ | 2.329/2.361/ | 2.324/2.359/ | 2.321/2.355/ | 5.763
2.429/2.501 | 2.445/2.511 | 2.451/2.548 | 2.447/2.545

Pu” 2.328/2.355/ | 2.334/2.359/ | 2.336/2.360/ | 2.333/2.356/ | 6.127
2.436/2.499 | 2.442/2.512 | 2.441/2.509 | 2.436/2.505

Eu’" 2.335/2.373/ | 2.329/2.363/ | 2.328/2.360/ | 2.324/2.356/ | 6.024
2.439/2.516 | 2.445/2.515 | 2.447/2.517 | 2.443/2.514

Am’" 2.326/2.354/ | 2.330/2.358/ | 2.333/2.360/ | 2.329/2.356/ | 6.303
2.433/2.498 | 2.442/2.521 | 2.442/2.511 | 2.437/2.507

Gd** 2.336/2.374/ | 2.336/2.374/ | 2.330/2.364/ | 2.326/2.361/ | 6.830
2.445/2.526 | 2.445/2.526 | 2.452/2.525 | 2.449/2.522

Cm* 2.330/2.358/ | 2.331/2.362/ | 2.333/2.362/ | 2.329/2.359/ | 6.930
2.435/2.505 | 2.447/2.519 | 2.445/2.515 | 2.441/2.512
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“For the bare Cy cage, the distance between the cage center to the unique carbon
atoms are reported.

®For a stable cluster we have considered positive sign for BE energy values.

From the calculated M-C bond length values it is clear that the bare C,s cage becomes
nearly spherical in shape on encapsulation with the metal atom/ion. For the bare Cys
cluster the largest and the smallest distances from the center dummy atom to the
symmetry unique carbon atoms of the cage have been found to decrease and increase,
respectively, to intermediate values after metal atom/ion encapsulation. The average
B3LYP calculated M-C distance for U@Cys cluster is found to be 2.396 A as
compared to 2.336 A for the bare Cys cage. Thus, the averages increase in the
distance from the cage center to surface carbon atoms (0.06 A) is comparable to that
found in the M@C,s system.”” The M-C bond lengths calculated using different
functionals are found to be almost the same for a particular metal atom/ion. The trends
in the variation of the bond lengths along the lanthanide and the actinide series also
remain the same. In general, from Pr to Sm in lanthanide and Pa to Am in the actinide
series, M-C bond lengths have been found to decrease and then again increase. It is
interesting to note that the calculated M-C bond lengths in M@C,s systems are

comparable to that in M@Cos systems.'>

6.3.2.3 Molecular Orbital Ordering and Charge Distribution Analysis

The molecular orbital energy diagram for the U@C,s system as calculated using
B3LYP functional and ADF program is represented in Figure 6.10. The HOMO and
the LUMO for this system have been found to be 9a;' and 3a;" molecular orbitals

(MOs), respectively. However, it is to be noted that HOMO or LUMO state may differ
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from one system to another depending on the encapsulated species. We have reported

the calculated HOMO-LUMO gaps using different functionals in Table 6.8.

343 g —————— LUMO e,
4
2.93(eV) 2.925(eV)
5.
, HOMO
-6 9a, e HOMO €,

+
e3/2 e5/2

+
e1/2 e3/2

312
512

Figure 6.10 Molecular orbital diagram for the U@C,s cluster without (left) and with

(right) spin-orbit coupling.

The calculated HOMO-LUMO energy gap values for all the M@C,s systems are
found to be considerably higher (e.g., 2.4-4.0 eV with B3LYP functional) as
compared to that for the bare Cys (1.62 eV) cage using the same functional. In this
context it may be noted that some of the highly stable clusters, reported recently, have
been found to be associated with high HOMO-LUMO gaps.>>>*815>-184186.189-191
Consequently, calculated higher HOMO-LUMO gaps in case of M@Cys can be
correlated with the chemical stability gain after incorporation of the metal atom/ion
into the Cys cage. Figure 6.11 depicts the pictorial representation of the valence

molecular orbitals (MOs) of the U@Css cluster.
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Table 6.8 The calculated values of HOMO-LUMO gap (in eV) as obtained using
Turbomole and ADF programs for the M@Cy¢ clusters with different functional

Metal Atom/Ion HOMO-LUMO gap

M) Turbomole ADF

B3LYP PBE | B3LYP

Pr 2.71 1.57 2.61
Pa’ 2.61 1.57 2.60
Nd 3.03 1.14 2.90
U 2.94 1.82 2.93
Pm" 3.35 0.84 3.16
Np' 3.35 2.08 3.31
Sm”™ 3.14 0.78 3.31
Pu” 3.73 1.93 3.77
Eu’”’ 2.74 1.69 2.82
Am’ 3.81 1.69 3.86
Gd* 2.44 2.44 2.62
Cm"* 3.99 1.59 3.95

11e' [18e']

7a," [11a,"] 3a,' [5a,'] 10e' [17¢'] 2a," [32,"] (P)
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Figure 6.11 Valance molecular orbitals of U@C,s. Within the parentheses ‘P’ refers
to the orbitals contributed by pure C,4 cage only.
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The atomic orbitals (AOs) from both metal atom/ion and carbon atoms are hybridized
to form the 9a', 11¢', 8e", 7a,", 3a,', 10¢', 9¢', 8a;', 6a,", 6e" and 6a;' MOs with a total
valence electron count of 32 for the central f-block element. The 6 valence electrons
of the metal atom/ion and the 26 ©t electrons of the C,¢ cage cumulatively make a 32-
electron system. Considerable amount of overlap has been found to be present
between the metal and C, cage orbitals for these MOs. Conversely, the 2a,", 7e", 8¢/,
7a)', 5e", 7e', 4e", 2ay', 5a,", 6¢', 4a,", 5¢', 5a,', 3e" and 1a;" MOs correspond to pure
carbon orbitals of Cys cage. The energy gap between the inner orbitals, viz., 1a;" and
4a;' MOs is calculated to be quite large, and starting from the HOMO to the inner 1a,"
MO, a cumulative number of 32 electrons are found to be present in the metal-cage
hybrid orbitals. Thus, it is quite evident that the open shell Cys cage has been
stabilized on encapsulation of a lanthanide and actinide atom/ion corresponding to 6
valence electrons, resulting into the close shell M@Cy¢ system, through fulfilling the
32-electron principle for the central metal atom/ion. Indeed, through metal atom/ion
encapsulation within a cluster, only few highly stable chemical systems with 32

54,155,223
d so far.

valence electrons have been predicte

Now we focus on the charge distributions in the M@C,s clusters. High
negative charges on the metal centers as obtained from both natural population
analysis (NPA) and Lowdin schemes (Table 6.9) are somewhat unrealistic. This
problem of getting unrealistic charge values is very common for other metal cluster
systems also.'® Nevertheless, the calculated charge values using the above two
schemes indicate that, with increase in the positive charge on the bare metal ion, the

negative charge on the metal center in M@C,s decreases almost monotonically,

except few cases. In addition to the NPA and Lowdin schemes we have also
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calculated the VDD charges (Table 6.9) that is based on the calculated amount of
electron density that flows to or from a certain atom due to bond formation through
spatial integration of the deformation density over the atomic Voronoi cell, and thus is
not explicitly dependent on the basis functions involved in a calculation. Therefore,
VDD derived charges are considered to provide chemically meaningful charge

C e 186,195
distributions values. ™

Table 6.9 Calculated natural, Lowdin and VDD charges on metal centers for the

M@Css clusters using Turbomole and ADF programs with different functionals

Metal Natural Charges Lowdin Charges VDD
Atom/Ion Turbomole ADF
™M) B3LYP PBE B3LYP PBE BP86 PBE
Pr -2.331 -2.530 -1.355 -1.463 0.329 0.330
Pa’ -2.284 -2.475 -2.444 -2.597 0.314 0.316
Nd -2.291 -2.586 -1.301 -1.412 0.291 0.293
U -3.242 -3.416 -2.231 -2.360 0.298 0.303
Pm" -2.192 -2.531 -1.229 -1.349 0.265 0.268
Np" -3.326 -3.433 -2.156 -2.257 0.244 0.251
Sm™* -2.005 -2.429 -1.182 -1.311 0.259 0.261
Pu” -3.205 -3.279 -2.040 -2.120 0.492 0.500
Eu’’ -1.441 -2.170 -1.071 -1.265 0.200 0.231
Am’ -2.510 -2.582 -1.677 -1.740 0.416 0.425
Gd™ -1.238 -1.949 -1.032 -1.217 -0.115 -0.110
Cm*" -2.282 -2.351 -1.636 -1.690 0.050 0.059

The calculated VDD charges (Table 6.9) lie in the range of 0.2-0.5. It is also
interesting to get an idea about the distribution of electrons corresponding to the s, p,

d, and f orbital occupations for the metal center in M@Cys clusters. For this purpose
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the NPA calculated orbital-wise population values for the metal center in M@Cae
clusters are reported in Table 6.10. For both the lanthanide and the actinide containing
clusters, the occupations corresponding to the s and p orbitals remain almost the same.
However, d orbital occupation, n(d), has been found to be higher for a particular
lanthanide as compared to the corresponding isoelectronic actinide system. This trend
is found to be opposite in case of f orbital populations (n(f)), which may be due to a
larger spatial extent of the 5f orbital of actinides as compared to the 4f orbital of

lanthanides.

Table 6.10 Calculated values of orbital population for the central metal atom in

M@Cs clusters with B3LYP functional using Turbomole program

Metal Atom/Ion (M) n(s) n(p) n(d) n(f)
Pr 431 12.00 12.38 4.64
Pa’ 4.34 11.99 11.89 5.06
Nd 431 12.00 12.44 5.54
§] 433 12.00 12.03 6.89

Pm" 431 12.00 12.50 6.38
Np* 4.33 12.00 11.96 8.04
Sm” 431 12.00 12.55 7.15
Pu” 432 12.00 11.97 8.93
Eu” 430 12.00 12.51 7.76
Am’* 431 11.99 11.97 9.24
Gd™* 4.30 12.00 12.53 8.50
Cm** 431 11.99 11.97 10.01

The calculated values of the percentage of atomic orbitals contributing to various MOs
reported in Table 6.11 reveal that all the valence s, p, d and f orbitals of lanthanides

and actinides are found to be involved in the hybridization with the Cy6 cage orbitals.
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Table 6.11 The percentage contributions of the

hybridized valence MOs as obtained using ADF

metal

valance orbitals to the

Metal 9a,” 11e” | 8e” 7a,” | 3a,” 10e” 9¢’ 8a,” 6e” 6a,” 6a;,”
Atom/Ion
™)
Pr 22.0f [12.6f |152f |12.0f |15.0f |4.6p 33p |6.8d |8.5d 6.8p 8.8s
34d 7.5d
Pa’ 10.7f [11.0f [13.1f [11.0f [14.1f |12.7p |1.3p |83d [14.0d |133p [9.0s
8.6d
Nd 56.1f |19.6f |17.9f [16.4f [13.1f [3.3p 30p [13d ([185d |6.5p 11.5s
6.7d 10.4d
U 234f [16.8f |19.0f [19.0f |157f |12.0p |1.0p |86d [12.2d |13.1p |104s
9.0d
Pm"* 81.6f |29.3f |20.4f [20.1f [11.4f [2.4p 29p [13.0d|18.5d |6.5p 6.0s
8.3d 9.0d
Np+ 42.3f (242fF |252fF |21.3f |22.7f |10.5p [1.52p[123d|15.0d [122p |9.0s
1.6d 11.4d
Sm* 90.6f [50.0f [24.0f [19.8f [11.9f |1.5p 2.8p [15.0d(15.0d |57p 11.7s
10.6d [6.2d
Pu?’ 61.2f [32.4f [31.1f [27.1f [249f |9.1p 1.8p [15.1d([10.5d |11.2p |11.9s
1.1d 9.3d
Eu* 942f [66.2f |285fF [17.6f |142f |13.5d |3.2p |16.5d[14.5d |43p 12.5s
29d
Am* 76.0f [41.4f [383f [33.6f [28.0f |6.8p 35p [22.0d(109d |9.7p 11.7s
3.6d 8.6d
Gd* 949f [79.8f [38.0f [16.0f [16.5f |18.5d [3.5p [20.0d[20.5d |4.5p 13.7s
2.0d
Cm* 82.6f |50.1f |44.5f [40.4f [33.2f [4.6p 52p |21.5d|8.7d 9.1p 1345
9.5d 14.0d

Moreover, the participation of 5f/4f atomic orbitals are maximum for the 9a;', 11¢',

8e", 7a,", 3a,' MOs with a cumulative 14 electrons, as obtained from the symmetrized

fragment orbital analysis through ADF calculations. Subsequently, participation of
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metal d and p orbitals is maximum for the 10e', 9¢", 8a,' and 6e" MOs with a total
electron count of 16 corresponding to 10 d and 6 p electrons. The remaining 2
electrons of 6a,” are contributed by metal s orbital along with carbon orbitals. For the
actinide systems, the participation of the S5f-orbitals is fully reasonable and well
accepted in the scientific community, however, there is some controversy regarding
the contribution of 4f orbitals for the lanthanides in bonding, and participation of 5d
orbitals is important in the case of lanthanides.”** Nevertheless, for the presently

investigated lanthanide systems strong f orbital participation is observed (Table 6.11).

6.3.2.4 Energetics and Thermodynamic Stability

The calculated binding energy per atom (BE) values for the M@C,s clusters are
reported in Table 6.7. It has been found that the BE values vary from 6.13 to 6.93 and
5.76 to 6.83 eV for the actinides and lanthanides, respectively. The calculated BE
values for the actinides are higher than the corresponding lanthanides. It is important
to note that the BE wvalues for all the M@Cy clusters are higher than the
corresponding value for the bare Cas cage (5.97 eV) except for Pm'@Cas and
Sm2+@C26 clusters.

In addition to the binding energy per atom, it is also interesting to know about
the different energy components for an in-depth analysis of the nature of interactions
involved in the formation of the M@C,s complex from its constituent fragments. For
this purpose we have reported the calculated values of different energy components
and also the total interaction energy corresponding to the dissociation of M@C,s into
(M + Cy) in Figures 6.12 and 6.13, for the actinide and lanthanide systems,

respectively. Interaction energies calculated using the ADF software are found to lie
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in the range of -15 to -37 eV, which indicates that all the cluster studied here are very
stable. The nature of the plots corresponding to the total interaction energy is found to
be the same for both lanthanide and actinide series and becomes more negative with
increase in positive charge. However, the other energy components differ widely for
the two series. Both the orbital stabilization energy and the steric term are found to be
the minimum for Pu”@Cy and Sm* @Css clusters among all the actinides and

lanthanides, respectively.
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Figure 6.12 Interaction energy analysis for the M@C,¢ clusters, where M= Pr, Nd,
Pm', Sm*", Ev’", Gd*".
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Figure 6.13 Interaction energy analysis for the M@Css clusters, where M= Pa’, U,
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Thermodynamic analysis have been carried out using Turbomole program for the
reaction, M + Cp¢ — M@Cy. Thermodynamic parameters calculated using B3LYP
functional (T = 298.15 K, P = 0.1 MPa) are reported in Table 6.12. Calculated values
of Gibb’s free energies (A;G) and enthalpies (A;H) of reaction are found to be negative
for most of the cases, and reaction entropy (A,S) are in the range of -180 to -195 Jmol
'K!. Negative A/G values for all the actinides and few lanthanides suggest the
spontaneity of the metal atom/ion encapsulation process into the Cy4 cage. In case of
lanthanides A,G values are less negative as compared to the actinides, however, the
trends are similar in both the cases. Starting from Pr/Pa’ the negative A;G values
decrease up to Np2+/ Pu®" and then again increase. The trends in the variations of the
calculated A;H values are found to be the same. Calculated negative A:H values for
most of the clusters suggest the exothermic nature of the encapsulation process. It is
interesting to note that the calculated A;H value for a particular actinide-containing
cluster is more negative as compared to the corresponding isoelectronic lanthanide

ones.

Table 6.12 The calculated values of change in enthalpy (in kJmol™"), Entropy (in Jmol
'K") and Free Energy (in kJ/mol) corresponding to the reaction M + Cas — M@Cag

as Obtained from Turbomole Program using B3LYP Functional.

Metal Atom/Ion (M) AH AS AG
Pr -646 -182 -592

Pa’ -1045 -187 -989

Nd 100 -184 154

U -692 -191 -635

Pm" 423 -187 478

Np' -460 -195 -402
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2+

Sm 659 -183 714
Pu™ -275 -197 217
Eu’” -18 -184 36
Am’" 732 -196 -674
Gd™ 2121 -180 2067
Cm* -2368 -195 -2310

The higher stability of M@C,s with actinide metal atoms/ions may be due to the
higher orbital interactions between the Cys cage and the actinides with large 5f
contribution. It is clearly due to the higher spatial extent of actinide 5f orbitals as
compared to the 4f orbitals of lanthanides. Here we have also compared the stability of
M@Cys systems with some other experimentally observed endohedral
metallofullerene systems such as U@ng,ﬁ’154 Ti@ng,154 using the same level of
theory. The calculated AG and AH values are found to be -673, -722 for U@Cys and -
541, -548 kJ/mol for Ti@C,s systems, respectively. These values are comparable with
the AG and AH values reported in the present work for most of the M@Cy¢ systems,
indicating the feasibility of their possible existence. It is also interesting to consider
the reaction, U@Cys 2 U@Cy6+ C,, which is associated with a positive A,G value
(955 kJ/mol). So, this process is not energetically favorable. Therefore, (U@Cys + Cy)
system may be viewed as a metastable system with respect to U@Css system and the
former one is bound within a local minimum with a sufficient energy barrier for its
conversion into U@Cos. However, it is important to note here that this type of clusters
are generally formed from the constituent atomic fragments in experiments (obtained
by laser ablation of the corresponding solid materials); therefore, the binding energies
of the clusters with respect to atomic fragments are more important as compared to the

above process. Indeed, the calculated BE values for the U@Css and U@Cys systems
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(6.28 and 6.39 eV) are rather so close that a proper tuning of experimental parameters
may lead to the observation of U@Css system experimentally.

It may be noted that the calculated value of basis set super position error for
the complexation energy has been found to be 9.9 kcal/mol for the U@Csy complex,
which is rather negligible in comparison to the computed AG (-151.8 kcal/mol) and

AH (-165.5 kcal/mol) values for the same complex.

6.3.2.5 Effect of Spin-Orbit Interaction

In general, effect of spin-orbit interaction is very important especially for the heavy
elements. Therefore, to assess the spin-orbit interaction effect a systematic
investigation has been performed on the U@C,s complex. The structural parameters
remain almost the same after inclusion of spin-orbit coupling within the ZORA
approach. Similarly, detail bonding energy analysis considering spin-orbit effects
leads to an increase of 0.02 % in the steric component and 0.18 % in the orbital
component, with an overall increase in stability by 1.96 eV as far as the total
interaction energy corresponding to atomic dissociation is concerned.

Although the effect of spin-orbit coupling is found to be rather negligible in
the energetics, however, it is still interesting to assess its effect on the orbital energy
levels. The calculated spin-orbit splittings for the valence orbitals reported in Figure
6.10 indicate that the HOMO-LUMO gap for the U@Cy cluster calculated using
scalar relativistic approach almost remains the same after inclusion of spin-orbit
interaction, and thus spin-orbit interaction has no significant effect here, which may be
due to the presence of the C, cage, which reduces this effect. In general, the splittings

of the energy levels are found to be very small (~0.05 eV). Accordingly, ground state
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molecular properties are rather insensitive to the spin-orbit coupling for the M@Cy
systems. Nevertheless, in the case of M@Cas systems' > this effect has been found to
be slightly higher.

In recent years, the NICS index, which is well accepted in chemical
community has been proven to be highly successful in predicting the aromaticity of a
chemical system.'””?°! A negative NICS value indicates the presence of diatropic ring
current i.e. aromaticity, whereas presence of paramagnetic ring current or
antiaromaticity is represented by a positive NICS value. Moreover, the concept of
aromaticity is not just limited to conjugated organic molecules but also extended to

22 NICS calculations have been carried

inorganic molecules including metal clusters.
out at different positions for the Cys cage and the M@Cy¢ clusters in order to acquire
an idea about the aromaticity of the systems. Three different positions viz. center of
the cage or midpoint between the cage center and the center of a pentagon/hexagon
located on the cage surface, surface of the cage (center of a pentagon/hexagon located
on the cage surface) and 1 A above the respective cage, have been chosen to calculate
the NICS values for the Cy cage or U@Cy¢ cluster. The calculated NICS values for
U@Cys are -54.88, -28.57 and -8.29 ppm for the positions inside the cage, on the
surface of the cage and above the cage, respectively, in the case of pentagon, while for
the hexagon case the corresponding values are found to be -42.86, -27.91 and -6.93
ppm. All the calculated NICS values suggest a presence of aromatic character at all
the positions considered here, and can be rationalized through the 2(N+1)* rule of
aromaticity™> corresponding to the presence of 32 valence electrons. The calculated

NICS values for the bare Cy¢ cage are 2.85, 2.92 (6.02) and 2.65 (5.03) ppm at the

cage center, at a pentagon (hexagon) ring center on the surface and at 1 A above the
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respective ring centers outside the cage, respectively. All these calculated values
indicate that aromatic character of the Cy4 cage is increased on encapsulation with U
atom, which may be due to a significant electronic delocalization in the metallic center
orbitals, mainly from the 5f orbitals. We have also evaluated the effect of spin-orbit
interaction on the NICS values for the U@Cys cluster and the calculated values of -
51.23,-27.82 and 8.19 ppm at the positions, inside the cage, on the surface of the cage
and above the cage, respectively (pentagon case) are very close to the corresponding
scalar values. Similar trend is observed while considering the hexagon ring and
corresponding values are found to be -42.44, -27.49 and -6.72 ppm. Here it may
be interesting to discuss the changes in the bond lengths while considering the
aromaticity from the viewpoint of structural/geometrical aspects. Thus, the calculated
C-C bond lengths for U@Cys cluster are found to be 1.433, 1.480, 1.486, 1.514 and
1.531 A, as compared to the corresponding values of 1.410, 1.428, 1.450, 1.473 and
1.540 A for the bare Cas. Thus, it is evident that the deviations in the C-C bond length
values from the corresponding average value is more for the bare C,6 cage (1.448 A)
as compared to that in M@Ca cluster (1.481 A), which indicate that M@C,s cluster is

associated with more aromatic character than the bare Cys cage.

6.3.2.6 Spectroscopic Properties of Cys and M@C,¢ Clusters

Time-dependent density functional theory in conjunction with ZORA approach as
implemented in ADF program has been used for the calculation of the vertical
electronic excited states for the U@Cys cluster. To obtain the excitation energies
corresponding to the singlet-excited states, SAOP model functional has been

employed here. The transitions from the ground state to the e' and a," states have been
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found to be allowed ones as far as the selection rule is concerned. Scalar relativistic
approach has been adopted here for the calculation of the absorption spectra of the
bare Cy¢ cage. On the other hand, in the case of U@C,¢ system both scalar as well as
spin-orbit methods have been used. Graphical presentations of all the calculated

spectra are reported in Figures 6.14 and 6.15.
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Figure 6.14 UV-visible spectra for the Cy4 cage.
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Figure 6.15 UV-visible spectra for U@Cys cluster, a) without and b) with spin-orbit

coupling.
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For the bare Cy¢ cluster two main absorption maxima corresponding to 4.80 and 5.44
eV are found. The absorption spectrum is also associated with small humps at around
4.18 and 5.14 eV. In the case of U@Cys cluster, the first absorption peak is observed
at around 3 eV, whereas the maximum intensity peak appeared at 5.36 eV is
associated with few low intenisty peaks around 4.86, 5.78 and 6.89 eV using scalar
relativistic approach. In general, the HOMO-LUMO gap correlates well with the
excitation energy of a chemical species.

In the present work, the HOMO-LUMO energy gap values for all the
M@C,6 systems are found to be considerably higher as compared to that of the bare
Cye cage. However, in the case of U@Cy, the first absorption peak is observed at
around 3 eV, which is much lower than that of the bare Cys cage (4.80 eV). To explain
the occurrence of the low intensity 3 eV peak in U@Cys cluster, an excited state
calculation has been performed for the free U atom and it has been observed that the
first excitation peak appears at around 3 eV. Moreover, from the detail analysis of the
low intense first excitation peak of U@Cse, involvement of U atom orbitals has been
found to be significant, and this can be implicated as the origin of the 3 eV peak in
U@Cys cluster. After inclusion of spin-orbit effect two high intensity peaks have been
observed corresponding to 3.85 and 5.88 eV associated with two humps at 4.92 and

5.58 eV.

6.4 Concluding Remarks
In this chapter, two new series of metal atom/ion encapsulated “superatoms” fulfilling
the 32-electron principle have been proposed using the results obtained from density

functional calculations.
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In case of Cy4 fullerene, the non-classical C, symmetric isomer is the
most stable one for the bare cluster, which is consistent with the previously published
report.””’ However, after encapsulation of an atom/ion with 8 valance electrons inside
the bare C,4 cage, the sole classical isomer achieve high symmetry (Dgg) and stability
along with high HOMO-LUMO gap. The elevation of symmetry from C, to Dgq point
group and gain in stability can be attributed through fulfilment of 32-electron principle
for the central actinide/lanthanide metal atom/ion. The calculated results show that,
Pu@C,4 (STROI1) is the most stable metallofullerene among all the isomers studied
here. The calculated relative energy ordering, binding energy per atom and
thermodynamic data are found to be consistent with each other and indicate that the
encapsulation of 8-valance actinide metal atom/ion is energetically more favorable as
compared to encapsulation of 8-valance lanthanide metal atom/ion.

It has been found that the open-shell Cy cluster transforms to a closed-shell
system on encapsulation with an actinide/lanthanide atom/ion with 6-valence
electrons. A complete discussion of different aspects such as structural, electronic,
bonding, aromatic and spectroscopic properties for all the clusters has been provided.
Relativistic effects have been taken into account using both scalar as well as spin-orbit
approaches within the framework of zeroth order regular approximations. High
stability of the M@Cy clusters for all the actinides and few of the lanthanides has
been rationalized in terms of larger HOMO-LUMO gap, higher NICS values and
higher binding energy per atom as compared to the same for the bare C,s cage.
Calculated negative values of free energy and enthalpy of reaction suggest the

formation of M@Cys cluster from M and Cy species. Thus, the M@Cys systems with
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32 valence electrons occupying the metal-carbon hybrid orbitals, can be considered as
highly stable clusters with magic number of electronic configuration.

Thus, in addition to the recently predicted Pu@Pblz,54 M@ng15 S and the
[U@Siz0]® ** systems, the new series of clusters reported in the present work strongly
suggest that the 32-electron principle might have important implications in the
chemistry of lanthanide and actinide compounds. Moreover, all the calculated
structural, energetic and spectroscopic properties imply that it may be possible to
identify the M@Cs and M@Cy¢ species through proper tuning of the experimental

parameters.51’154’217’218
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Chapter 7: Summary and Outlook

In this concluding chapter we summarize all the works discussed in the preceding five
chapters as well as possible future perspectives of the work that can stem out from our
previous discussions. In this thesis we have made an attempt to understand the
electronic structure, properties and reactivity of a broad range of molecules and
clusters. The study of chemical bonding and reactivity is of immense importance in
diverse areas of chemistry and physics. In recent times computational chemistry has
been proven to be a versatile tool in providing meaningful insights to explain the
behavior of various chemical systems and processes. Thus, the selectivity of a
particular ligand towards a particular metal ion can be rationalized in a better way
through theoretical modeling studies. Although, accurate estimation of the bonding
energies and measure of reactivity in small molecules can in principle be obtained
through ab-initio quantum mechanical calculations, understanding this prediction in
terms of simple chemical concepts is an equally important and interesting topic of
investigation. The work presented in this thesis has been based on the density
functional theory (DFT) which provides an alternative appealing framework for the
guantum mechanical study of electronic structure and properties. Here we have
attempted to provide theoretical insights towards the selective complexation and
encapsulation of important metal ions/atoms with various ligands and clusters using
ab initio DFT based methods. Few experiments have also been performed to validate
some of our theoretical predictions.

In Chapter 2 we have proposed a modified concept related to selective
complexation of actinides with either S or N donor ligands. Although actinide

selective ligands with hard donor atom like O seems highly unusual, here we have
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made an attempt to reply to this question affirmatively through introducing a new
concept, ‘intramolecular synergism’, where electrostatic interaction predominates
between the softer metal ion and hard donor atoms in presence of soft donor centers
within the same ligand. For this purpose the complexation behavior of pre-organized
1,10-phenanthroline-2,9-dicarboxylic acid (PDA) based ligands with trivalent
lanthanides and actinides have been studied using DFT. Through functionalization of
the PDA ligand with soft donor atoms such as sulfur, new ligands viz. mono-thio-
dicarboxylic acids and di-thio-dicarboxylic acids have been designed. This unusual
aspect where softer actinide metal ion is bonded strongly with hard donor oxygen
atoms has been explained using the popular chemical concepts, viz., HSAB principle
and the Fukui reactivity indices.

The theoretical design of 1,10-phenanthroline-2,9-dicarboxylamide (PDAM) and
prediction of its selectivity of towards Am(lIl) ion have been discussed in chapter 3.
Since PDA ligand has very low solubility in both organic and aqueous medium, to
improve its organic solubility we have switched from PDA to PDAM. Moreover, we
further extended our calculation to explore different derivatives of PDAM with long
alkyl chains e.g. N,N-di-isobutyl (PDAM-Isobutyl) and N-decyl (PDAM-Decyl).
Subsequently, the amide derivatives have been synthesized and solvent extraction

experiments have been carried out to validate our theoretical prediction.

Additionally, we have also theoretically investigated some conventional extractants to
rationalize the experimentally observed trends. Chapter 4 provides an in-depth
theoretical insight on the experimentally observed complexation behavior of the
Am(II) and Eu(lll) ions with Cyanex301 [bis(2,4,4-trimethyl-pentyl)

dithiophosphinic acid], Cyanex302 [bis(2,4,4-trimethyl-pentyl) monothiophosphinic
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acid] and Cyanex272 [bis (2,4,4-trimethylpentyl) phosphinic acid] ligands. A shorter
Am-S bond distance, a higher percentage of orbital interaction energy and a higher
degree of metal-ligand charge transfer leading to a greater degree of covalency in
Am(Cyanex301); as compared to the Eu(Cyanex301); complex are in agreement

with the experimentally observed selectivity trend.

Chapter 5 deals with the selective encapsulation of a metal atom or ion inside a small
fullerene cage of different sizes. Smaller fullerenes are of special interest due to the
presence of high curvature and huge strain energy owing to the presence of adjacent
pentagonal rings, which lead to clusters with unusual intra and inter -molecular
bonding and electronic properties. However, the smaller fullerenes, which are formed
during the production of stable fullerenes, are difficult to isolate because of their
extremely high chemical reactivity. Nevertheless, encapsulation of a proper dopant
atom or ion (metal or nonmetal) into the smaller fullerenes may lead to highly stable
clusters with fascinating properties. In Chapter 5 we have considered two smaller
fullerenes, viz., Cy and Cgsand study their possible stabilization through doping with
a suitable lanthanide or actinide atom/ion.

The origin of the stability of a cluster can be considered as a manifestation of
electronic or geometric shell closing. In general, 8- and 18- electron rules are observed
for the compounds involving main group and transition elements, respectively,
corresponding to fully occupied ns?np® and ns?np®(n-1)d*® orbitals. In addition to the
8- and 18-electron principles, possibility of 32 valence electron systems had been
indicated by Langmuir in 1921. However, until recently, no chemical system with 32
valence electrons has been reported in the literature except PuPb,, An@Csg, (An is an

actinide atom/ion with 4 valence electrons) and [U@Six]®. In Chapter 6 we have
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explored the possibility of stabilizing two small size fullerenes, viz., C,4 and Cy
through encapsulation of a suitable actinide/lanthanide metal atom or ion which

satisfy valence 32 electron counts around the central metal atom/ion.

To conclude, we can say that the separations using mixed donor ligands are
comparatively new so standardization of the experimental techniques followed by the
plant scale establishment will be interesting as well as highly challenging task. Radio
nuclide immobilization using carbon nano-clusters is also a new concept and till now
only very few theoretical or experimental investigations have been done. Thus, this is
also a very challenging and potential area of research for both theoreticians and

experimentalists.
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