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CHAPTER 8 

Summary and Conclusion  

 

In this chapter, we summarize all the works discussed throughout the thesis as well as 

possible future perspectives of the work. In the present thesis, we have studied the effect of 

doping of an isoelectronic series of lanthanide and actinide atom/ion on the structure, 

electronic and magnetic properties of a host cluster. Besides we have investigated the position 

of lanthanides and actinides in the periodic table. Also, we have analyzed how the chemical 

bonding of f–elements with various chemical species changes across the f–block.  

All the work presented in this thesis has been mainly carried out by using density 

functional theory (DFT) and dispersion corrected DFT. In addition, we have also used post–

Hartree–Fock based methods such as MP2 and CCSD(T) as discussed in Chapter 2. 

 At first in Chapter 3 we investigated the position of La, Ac, Lu and Lr elements in the 

periodic table by modeling their chemical behaviour in the Lu
n+

, Lr
n+

, La
3+

 and Ac
3+

 (n = 0, 

1, 2, 3) doped Pb12
2–

 and Sn12
2–

 icosahedral symmetry clusters as these clusters can provide a 

spherical atom−like environment to the doped ion. Despite having different valence 

electronic configuration, both Lu
n+

 and Lr
n+

 (n = 0, 1, 2, 3) doped clusters show exactly 

similar structure, bonding, HOMO–LUMO energy gap and charge distribution, which 

indicates the similar behaviour of Lr and Lu in their different oxidation states (n = 0–3). 

Among all the studied Lu
n+

 and Lr
n+

 (n = 0, 1, 2, 3) doped clusters, the Lu
3+

 and Lr
3+

 doped 

clusters have maintained icosahedral symmetry of the parent cluster and possess higher 

HOMO–LUMO energy gap, high binding energy which indicate higher stability of Lu
3+

 and 

Lr
3+

 doped clusters. Moreover, 18–electron principle is fulfilled around the Lu/Lr atom in the 

Lu
3+

 and Lr
3+

 doped clusters corresponding to s
2
p

6
d

10
 configuration rather than the 32–

electron rule as their highly shielded f–orbitals could not involve in the bonding with the cage 
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atoms. Similar to Lu
3+

 and Lr
3+

 ion, the La
3+

 and Ac
3+

 doped Pb12
2–

 and Sn12
2–

 clusters also 

possess icosahedral geometry, high HOMO–LUMO energy gap, high binding energy and 

follow 18–electron rule indicating the exactly similar behaviour of La, Ac, Lu and Lr 

elements. Therefore, from our results we suggest to place all lanthanide (La–Lu) and actinide 

(Ac–Lr) elements in the 15–elements f–blocks, which is in agreement with the IUPAC 

accepted periodic table. 

Then we studied the isoelectronic series of Ln = La
3+

, Ce
4+

, Pr
5+

, Nd
6+

 and An = Th
4+

, 

Pa
5+

, U
6+

, Np
7+

 doped metalloid clusters, viz., M@(Sb4
2–

)3 and M@(Bi4
2–

)3 (M = Ln and An) 

in Chapter 4. We have found that as we move from La
3+

 to Nd
6+

 and Th
4+ 

to Np
7+

 doped 

systems, the bonding of Ln/An with the E4
2–

 (E= Sb, Bi) ring increases and binding energy 

also increases along the same. Thus, the stability of M@(Sb4
2–

)3 and M@(Bi4
2–

)3 systems 

increases along the same. However, along the same the non–planarity of the E4
2–

 (E = Sb/Bi) 

rings increases indicating lose in the aromaticity of E4
2–

 rings. To understand this 

counterintuitive increase in the stability despite the ring losing their aromaticity, we have 

analyzed the molecular orbital pictures of these clusters and find out that no f–orbital of La 

and Th involved in bonding with the ring, however, as we move across the f–block, the 

involvement of f–orbitals in bonding with ring increases which lead to the fulfillment of 32–

electron count in the M@(Sb4
2–

)3 and in M@(Bi4
2–

)3 systems and provides very high stability 

to these systems. 

 Furthermore, we have also studied an isoelectronic series of Ln = Pm
+
, Sm

2+
, 

Eu
3+

 and An = Np
+
, Pu

2+
, Am

3+
 doped exohedral B12H12

2–
 and exohedral as well as 

endohedral Al12H12
2–

 clusters in Chapter 5. As the ground state of the chosen Ln/An ions is 

associated with a high spin state, therefore, we have optimized these Ln/An doped E12H12
2–

 

(E = B, Al) clusters in different possible spin states. Among all spins, the septet spin Ln/An 

doped exohedral clusters are the most stable. It is noteworthy to mention that in all the 
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systems the spin density of Ln/An remains intact, which can provide magnetic characteristics 

to these clusters. It is very interesting to observe that the spin population of Am
3+

/Eu
3+

 ion is 

enhanced after doping in the E12H12
2–

 clusters (E = B, Al). In M@E12H12
2–

 (M = Ln, An and 

E = B, Al) clusters the bonding of f–orbital with cage increases as we move across the f–

block from Pm
+
 to Eu

3+
 and Np

+
 to Am

3+
. Moreover, in the septet spin endohedral 

An@Al12H12
2–

 (An = Pu
2+

 and Am
3+

) clusters the 32–electron count is fulfilled around the An 

ion corresponding to s
2
p

6
d

10
f
14

 configuration. Thus, in the present thesis, we have predicted 

the magnetic superatomic M@Al12H12
2–

 clusters which are quite rare to observe. 

Besides we have designed nine–membered aromatic novel heterocyclic 

1,4,7−triazacyclononatetraenyl anion, C6H6N3
–
, and its sandwich complexes with divalent 

lanthanide cation, viz., Ln(C6H6N3)2 (Ln = Nd(II), Pm(II), Sm(II), Eu(II), Tm(II), Yb(II)) as 

discussed in Chapter 6. In these sandwich complexes, the spin population of Ln ion is almost 

equivalent to their atomic spin. Thus, Ln sandwich complexes with high spin population will 

possess high magnetic moment. These predicted sandwich complexes with a high spin 

population may also find application as a single ion magnet. Moreover, the designed 

Ln(C6H6N3)2 sandwich complexes possess comparable stability with the experimentally 

synthesized Ln(C9H9)2 complexes, which indicates a possible synthesis of the predicted 

complexes.  

In Chapter 7, we have studied the coordination behaviour of An (Ac
3+

, Th
3+

, Th
4+

, 

Pa
4+

, U
4+

) and Ln (La
3+

) ion toward H2 molecules. The An
3+/4+

 and Ln
3+

 ion is found to form 

side on ƞ
2
 type of non–classical 3–centered 2–electron (3c–2e) bond (M–H2) with the H2 

molecules where bonded electrons of H–H bond are involved in bonding with the metal ion. 

It is noteworthy to mention that the An (Ac
3+

, Th
3+

, Th
4+

, Pa
4+

, U
4+

) and Ln (La
3+

) ions are 

capable to form bonds with a maximum of 24 hydrogen atoms of 12H2 molecules in its first 

coordination sphere which is the highest number recorded till date. In addition 18–electron 
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count is fulfilled around Ac ion corresponding to s
2
p

6
d

10
 configuration in few of the 

Ac(H2)n
3+ 

(n = 9–12) systems. 

Over all we can conclude that our work will not only motivate experimentalists to 

synthesize these predicted systems but also encourage for discovering various new systems 

with intriguing properties by just doping single atom or ion in a cluster.  
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Summary 

 Lanthanides (Ln) and actinides (An) have attracted immense attention of scientists 

due to their complex electronic structure and bonding, and their various applications. These 

ions can be used in designing new magnetic materials, nanomaterials as well as single 

molecule magnet (SMM). Therefore, in the present thesis, we have studied the effect of 

doping of an isoelectronic series of lanthanide and actinide atom/ion on the structure, 

electronic and magnetic properties of a host cluster. Moreover, we have made an attempt to 

settle down the on-going debate on the position of La, Ac, Lr and Lu in the periodic table 

using computational techniques. With the help of doping of Ln/An ion in Pb12
2−

 and Sn12
2−

 

clusters, we have shown that La
3+

, Ac
3+

, Lr
3+

 and Lu
3+

 doped Pb12
2−

 and Sn12
2−

 clusters 

possess exactly similar structural, bonding, electronic and energetic behaviour. Thus, we 

proposed to place all these four elements in the 15−elements f−blocks which supports the 

IUPAC accepted periodic table. 

For designing novel clusters, we have chosen host clusters made up of p−block 

elements, viz., Pb12
2−

, Sn12
2−

, (Sb4
2−

)3, (Bi4
2−

)3, B12H12
2−

 and Al12H12
2−

. The chosen host 

clusters are highly stable closed−shell clusters with highly symmetric icosahedral geometry 

except for (Sb4
2−

)3 and (Bi4
2−

)3. In the present thesis, we have predicted highly stable 

18−electron count following M@Pb12
2−

 and M@Sn12
2−

 (M = Lr
3+

, Lu
3+

, La
3+

, Ac
3+

) clusters 

associated with 18 valence-electron around the central metal ion. Also, we have predicted 

M@(E4
2−

)3 (M = La
3+

, Th
4+

) and M@(E4
2−

)3 (M = Pa
5+

, U
6+

, Np
7+

; E = Sb, Bi) clusters, 

which follow 26−electron and 32−electron principles, respectively.  

Moreover, using the structural parameters, electron counting rule and energetics, we 

have shown that the highly unstable (E4
2−

)3 (E = Sb or Bi) clusters are significantly stabilized 

after doping with the iso−electronic series of lanthanide and actinide ion even though the 
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aromatic Sb4
2−

 and Bi4
2−

 rings lose their planarity in M@(E4
2−

)3 (M = Ln, An) clusters.

 Furthermore, we have predicted magnetic M@B12H12
2−

 and M@Al12H12
2−

 clusters (M 

= Pm
+
, Sm

2+
, Eu

3+
; Np

+
, Pu

2+
, Am

3+
) with the high spin population. It is noteworthy to 

mention that the septet spin endohedral M@Al12H12
2−

 (M = Sm
2+

, Eu
3+

; Pu
2+

, Am
3+

) clusters 

follow 32−electron principle which is very rare to observe in case of open−shell clusters.  

Besides we have predicted novel aromatic nine−membered heterocyclic ligand 

1,4,7−triazacyclononatetraenyl ion and its sandwich complexes with the divalent lanthanide 

(Ln = Nd(II), Pm(II), Sm(II), Eu(II), Tm(II) and Yb(II)). These predicted lanthanide 

sandwich complexes possess high spin population and might be considered as single-ion 

magnet.  

Furthermore, we have shown that the Ln (La
3+

) and An (Ac
3+

, Th
3+

, Th
4+

, Pa
4+

, U
4+

) 

ion can hold a maximum of 24 hydrogen atoms in its first coordination sphere in M(H2)12
3+/4+

 

(M = La, An) clusters via side on 3−center−2−electron bond with H2 molecules, which is the 

highest recorded coordination number till date.  

In the studied systems, it has been found that as we move across the iso−electronic 

series of lanthanide and actinide doped ion, the bonding of Ln and An ions with the host 

clusters increases due to a greater involvement of their f−orbital in the bonding, which leads 

to an increase in the stability of doped clusters across the same. Thus, the present work 

reveals that for the clusters of the size in the range of sub-nano to nanometer, even presence 

of one f-block atom/ion can make a difference in their properties. We have shown that the 

structural, electronic, energetic and magnetic properties of the clusters can be modified by 

just doping a single lanthanide and actinide atom/ion. We believe that our results will 

motivate scientists to synthesize these predicted lanthanide and actinide doped clusters and 

compounds as well as to find new metal atom or ion doped clusters with novel properties as 

these clusters might be used as building blocks for new materials.  
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CHAPTER 1 

Introduction 

 

1.1 General introduction of actinides and lanthanides 

In the periodic table the elements from lanthanum (La) to lutetium (Lu) with atomic 

number 57 to 71 are known as lanthanides while the elements from actinium (Ac) to 

lawrencium (Lr) with the atomic number 89 to 103 are known as actinides. The phrases 

“lanthanides” and “actinides” are derived from the first element of their respective series, 

which is lanthanum and actinium. In general, the chemical symbol Ln and An is used for 

representing the elements of lanthanide and actinide series. There are total 15−elements in 

each Ln and An series. However, in some periodic table, the elements lanthanum (La) and 

actinium (Ac) have been labeled as group 3 elements of the d block, while in some other 

periodic table lutetium (Lu) and lawrencium (Lr) are labeled as d block elements of group 3, 

but most often all these four elements are included in the general discussion of the lanthanide 

and actinide elements chemistry.
1-6

 In the periodic table, the Ln and the An can be seen in 

two additional rows underneath the main body of the table, either with empty space or with a 

particular single element of each series (either lanthanum and actinium, or lutetium and 

lawrencium) present in a particular cell in the d−block of the main table in group 3 below 

scandium and yttrium.
1-6 

 Still today the position of these four elements (La, Ac, Lu, and Lr) 

in the periodic table is in controversy.
7-8

 One of the chapters of this thesis is fully dedicated to 

the chemical bonding of La, Ac, Lu, and Lr elements and their position in the periodic table. 

While the other chapters of the thesis deal with the chemical bonding of other lanthanide and 

actinide elements with various chemical species.  
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1.2 Chemical properties of Ln and An 

The electronic configurations of lanthanides and actinides are [Xe] 4f
0−14

5d
0−1

6s
2 

and 

[Rn] 5f
0−14

6d
0−1

7s
2
, respectively. Thus in the lanthanides, the valence electrons are distributed 

in the 4f, 5d, and 6s orbitals. The most common oxidation state of Ln is +3 while few of the 

lanthanides can also show +2 and +4 oxidation states as listed in Table 1.1. After the removal 

of three electrons from the valence 5d and 6s orbitals of the Ln, the 4f orbitals become highly 

stabilized due to the increased effective nuclear charge. Thus, it becomes very difficult to 

remove the electrons from their 4f orbitals. Therefore, almost all the lanthanides prefer +3 

oxidation state except in few exceptional cases when the f orbitals gain half−filled (f
7
) or 

full−filled (f
14

) electronic configuration.
9-10 

 

Table 1.1: The Ground State Electronic Configuration of the Lanthanides and their Variable 

Oxidation State
9
. 

Element Symbol Atomic  

Number 

Electronic 

Configuration 

Oxidation  

State 

Lanthanum La 57 [Xe] 5d
1
6s

2
       +3 

Cerium Ce 58 [Xe] 4f
1
5d

1
6s

2
       +3,+4 

Praseodymium Pr 59 [Xe] 4f
3
6s

2
       +3 

Neodymium Nd 60 [Xe] 4f
4
6s

2
       +2,+3 

Promethium Pm 61 [Xe] 4f
5
6s

2
       +2,+3 

Samarium Sm 62 [Xe] 4f
6
6s

2
       +2,+3 

Europium Eu 63 [Xe] 4f
7
6s

2
       +2,+3 

Gadolinium Gd 64 [Xe] 4f
7
5d

1
6s

2
       +3 

Terbium Tb 65 [Xe] 4f
9
6s

2
       +3 

Dysprosium Dy 66 [Xe] 4f
10

6s
2
       +3 

Holmium Ho 67 [Xe] 4f
11

6s
2
       +3 

Erbium Er 68 [Xe] 4f
12

6s
2
       +3 

Thulium Tm 69 [Xe] 4f
13

6s
2
       +3 

Ytterbium Yb 70 [Xe] 4f
14

6s
2
       +2,+3 

Lutetium Lu 71 [Xe] 4f
14

5d
1
6s

2
       +3 
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However, the corresponding actinides show variable oxidation states (Table 1.2) in 

the range of +2 to +7 after the removal of electrons from their valence 5f, 6d and 7s orbitals, 

which indicates that the 5f orbitals of An are relatively more diffuse as compared to the 4f 

orbitals of Ln.  

 

Table 1.2: The Ground State Electronic Configuration of the Actinides and their Variable 

Oxidation State
9
. 

Element Symbol Atomic 

Number 

Electronic 

Configuration 

Oxidation 

State 

Actinium Ac 89 [Rn] 6d
1
7s

2
 +3 

Thorium Th 90 [Rn] 6d
2
 7s

2
 +4 

Protactinium Pa 91 [Rn] 5f
2
6d

1
7s

2
 +4, +5 

Uranium U 92 [Rn] 5f
3
6d

1
7s

2
 +3,+4,+5,+6 

Neptunium Np 93 [Rn] 5f
4
6d

1
7s

2
 +3,+4,+5,+6,+7 

Plutonium Pu 94 [Rn] 5f
6
 7s

2
 +3,+4,+5,+6,+7 

Americium Am 95 [Rn] 5f
7
 7s

2
 +2,+3,+4,+5,+6 

Curium Cm 96 [Rn] 5f
7
6d

1
7s

2
 +3,+4, 

Berkelium Bk 97 [Rn] 5f
9
 7s

2
 +3,+4, 

Californium Cf 98 [Rn] 5f
10

7s
2
 +3 

Einsteinium Es 99 [Rn] 5f
11

7s
2
 +3 

Fermium Fm 100 [Rn] 5f
12

7s
2
 +3 

Mendelevium Md 101 [Rn] 5f
13

 7s
2
 +3 

Nobelium No 102 [Rn] 5f
14

 7s
2
 +2,+3 

Lawrencium Lr 103 [Rn] 5f
14

6d
1
7s

2
 +3 

 

Therefore, the 5f orbitals of An are more radially extended and participate in chemical 

bond formation as compared to that of the 4f orbitals of Ln. The radial extension of the 4f/5f 

atomic orbitals decreases across the Ln/An series. On moving across the lanthanide and 

actinide series both nuclear charge as well as intervening electrons in f−orbitals increases, 

however, due to the poor nuclear shielding power of the f electrons, the effective nuclear 

charge felt by all valence electrons increases, which leads to the contraction of the atomic and 

ionic radii of the Ln and An atoms or ions. This effect is called as actinide and lanthanide 
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contraction for the actinides and lanthanides series, respectively. Thus, as we move across the 

An series, the 5f orbitals of actinide behave much like the lanthanide 4f orbitals.
9-10

 Similarly, 

in the periodic table as we move across the period from left to right, the atom/ion size 

decreases due to the same effect as for the lanthanides. However, due to the lanthanide 

contraction the size of 5d elements (post-lanthanide) remains almost the same as that of the 

4d elements; hence the post-lanthanide elements in the periodic table are greatly influenced 

by the lanthanide contraction. In fact the radii of the period-6 transition metals are very 

similar to the radii of the period-5 transition metals. In this regard the lanthanide contraction 

could be considered as an exotic effect.  

The similarities and differences in the chemical bonding of the lanthanides and 

actinides with various species have been of considerable research interests
11-13

 due to their 

applications in various fields including the field of nuclear science. 

 

1.3 Role of Ln and An elements in nuclear energy and related applications 

Actinides play a very important role in the nuclear power generation because actinides 

especially uranium and plutonium are used as nuclear fuels in a nuclear reactor, which 

releases energy through nuclear fission to generate heat, which is then converted into 

electricity using steam turbines in a nuclear power plant. In most of the nuclear reactors, the 

electricity is produced by nuclear fission of uranium and plutonium. The uranium−233, 

uranium−235, and plutonium−239 are the three most relevant fissile isotopes. In the nuclear 

fission process, the unstable nuclei of these fissile isotopes absorb neutron and split into two 

lighter daughter nuclei and produce two, three or more neutrons. These produced neutrons 

further split more nuclei, which created a self−sustaining chain reaction. The use of nuclear 

power for electricity generation is increasing day by day. In the year 2017, nuclear power has 
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provided about 10% of the worldwide electricity (2,488 terawatt−hours) and became the 

second largest environment−friendly energy source after the hydroelectricity.
14

 

Although nuclear energy is a clean source of energy but the management of the 

radioactive nuclear waste and spent nuclear fuel (unused fuel) is a very difficult task because 

of the presence of highly radiotoxic actinides such as uranium and plutonium, with small 

amounts of long−lived minor actinides, namely, neptunium, americium, curium, and fission 

products including lanthanides and transition metals. Therefore, at first, the spent nuclear fuel 

is reprocessed to separate uranium and plutonium, which are again used in the nuclear reactor 

to produce nuclear energy. Partitioning and transmutation is another strategy of waste 

management in which long−lived minor actinides are transmuted into stable elements or 

short−lived nuclides via neutron fission and is considered an effective method to reduce the 

long−term radiotoxicity of the nuclear waste. Lanthanides are neutron poisonous and can 

hinder the transmutation process, therefore, to increase the efficiency of the transmutation 

process lanthanides must be separated from the minor actinides.
15

 However, the separation of 

trivalent lanthanides from minor actinides remains a great challenge due to their very similar 

physical and chemical properties.
16

 In this regard, the ligands with soft donor atoms (N or S) 

are found to be highly promising as they can distinguish the difference between actinides and 

lanthanides and forms relatively stronger covalent bond with the more diffuse 5f orbitals of 

actinides. Therefore, a large number of soft donor containing ligands have been designed for 

the selective separation of trivalent actinides over lanthanides.
17-19

 In the recent past, it has 

been found that in the presence of softer donor atoms, even hard donor atoms of the ligand 

can selectivity bind with softer actinides over harder lanthanides.
20-23

 Several methods have 

been proposed for the separation of the radioactive nuclides from the nuclear waste, such as 

Plutonium URanium EXtraction process (PUREX)
24

, a process to selectively extract 

plutonium and uranium into an organic phase using tri−butyl phosphate (TBP) ligand, TRans 
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Uranic Extraction process (TRUEX)
25

, a process in which Am and Cm minor actinide are 

selectively extracted from the nuclear waste, DIAMide EXtraction (DIAMEX) process
26

, in 

which minor actinides are selectively extracted using malondiamide as extractant. Similarly, 

Selective ActiNide EXtraction process (SANEX)
27

 is also used to separate minor actinides 

from the lanthanides. The remaining radioactive wastes are disposed off in deep geological 

repositories.  

 Apart from the electricity production, radioisotopes such as 
60

Co, 
131

I, 
137

Cs, 
90

Sr, and 

32
P are widely used in cancer therapy, medical diagnosis and imaging, storage of food items, 

and equipment sterilization.
28-30

  

 As discussed above the actinides play a very important role in the nuclear fuel cycle, 

but due to the high radioactivity of these elements, their experimental handling becomes very 

difficult. Therefore, working with actinides is very challenging from the perspective of an 

experimentalist. However, it is desirable to have knowledge of Ln/An chemistry as it is very 

important in the context of nuclear waste management and spent fuel reprocessing. In this 

regard, computational chemistry plays an extremely important role in studying the chemistry 

of lanthanide and actinide compounds as compared to that for the compounds of any other 

elements of the periodic table.
31-32

 Thus, with the help of computational studies, we can 

investigate the actinide properties, which are hard to quantify experimentally. Nevertheless, 

the computational study of lanthanide and actinide compounds is unusually complex due to 

the large number of electronic states arising from their open f−shells, low lying and dense 

atomic (n−2)f and (n−1)d orbitals that are close in energy, strong electron correlation effect 

and large relativistic effect.
33

 Most often the relativistic effects are treated using relativistic 

effective core potential (RECP), however, for some applications all of the electrons are 

treated using relativistic Hamiltonian. Different theoretical approaches have been proposed to 

overcome the challenges and to understand the chemistry of the lanthanides and actinides. 
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Among all the theoretical methods, the density functional theory (DFT) is the most widely 

used computational technique for studying chemistry of medium to large size lanthanide and 

actinide−containing compounds because the results produced using DFT are most often 

found to be in good agreement with the corresponding experimental values.  

 

1.4 Other applications of Ln and An compounds 

The lanthanide and actinide compounds have attracted significant attention of 

experimentalists and theoretical chemists alike due to their fascinating electronic structure, 

hyperactive valence electrons and their intriguing bonding via 4f (lanthanide, Ln) and 5f 

(actinide, An) orbitals. The actinide elements can also be used for the development of novel 

nanomaterials and nanomedicine due to their distinct electronic structures. In the past, the 

actinide encapsulated fullerenes have been investigated to understand the complex electronic 

structures of An and their interaction with the fullerene.
34-36

 Doping with an atom, ion, or 

molecule in a cluster is a powerful method for modifying the chemical and physical 

properties of the cluster for particular applications. Sometimes doping lead to the formation 

of more stable doped structures than the corresponding hollow cage structures. The actinide 

doped gold nanoclusters may also find applications in the radio−labelling, nano−drug carrier 

and other biomedical applications.
37

 

 Moreover, f−elements, especially lanthanides can be used in the construction of 

single−molecule magnets (SMMs) or single−ion magnets (SIMs), which have received 

considerable attention due to their slow magnetic relaxation and their application in creating 

switchable molecular−scale devices and in quantum computing.
38-45

 The interaction between 

a single ion electron density of f−element and the crystal field environment (ligand field 

environment) provides the desirable magnetic characteristics, which lead to the single−ion 

anisotropies required for the strong single−molecule magnets.
43

 The spins on individual metal 
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ions couple to give rise to a high−spin ground state to generate magnetism in the SMMs. The 

lanthanide phthalocyanine sandwich complexes, [LnPc2]n (Ln(III) = Tb, Dy, Ho; H2Pc = 

phthalocyanine; n = −1, 0, +1) display unprecedented slow magnetic relaxation behaviour.
46

 

The dysprosium metallocene also displays slow magnetic relaxation.
47-48

 Particularly, a linear 

two−coordinate complex with perfect axial anisotropy excites the synthetic chemists to 

develop the SMMs. Although a significant amount of research has been carried out on the 

lanthanide−based single−molecule magnet of the highly anisotropic Dy
3+

 and Tb
3+

 ions, but 

studies on the lighter and non−classical lanthanides are still relatively scarce.  

 Furthermore, the lanthanide-nickel (Ln-Ni) alloys have attracted considerable 

attention of scientists in view of their potential role for reversible hydrogen storage. 

Moreover, the Ln-alloys are used in various portable electronic devices and electric 

vehicles.
49-50

  

 Apart from these, lanthanides or rare earth elements (REE) are widely used in the 

permanent magnets and these lanthanide based permanent magnets are used in the wind 

turbine and electric vehicles.
51,52-53

 As far as the reduction of the environmental pollution is 

concerned, the demand of these environment-friendly electric vehicle and wind turbine 

generator is rapidly escalating which in turn increases the demand for REE.
54

  

 Furthermore, the lanthanide compounds are also used as luminophores and show wide 

range of applications in the telecommunications, bioanalysis, optoelectronics, lasers and 

biological imaging because of their unique and sharp luminescence bands that cover the 

entire visible and near infrared (NIR) spectral regions.
55-59

 In addition, lanthanide-doped up-

conversion nanoparticles play a significant role in biological applications and optical 

encoding.
60-61
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1.5 Properties of hollow clusters and Ln/An doped clusters 

Zintl ion clusters such as Pb12
2−

 and Sn12
2−

 clusters have received significant attention 

due to their ability to form stable and hollow cage−like structures with icosahedral (Ih) 

symmetry.
62-63

 In these clusters the valence np electrons are delocalized over the cage and 

forms π−bonds. Due to the spherical π−bonding the Pb12
2−

 and Sn12
2−

 clusters are considered 

as the inorganic analogues of fullerenes. The Pb12
2−

 and Sn12
2−

 clusters cannot be isolated in 

the gas phase. Therefore, these clusters are stabilized via doping with alkali metal ion, which 

results in the formation of exohedral K@Pb12
−
 or K@Sn12

−
 clusters. Thus, Pb12

2−
 and Sn12

2−
 

clusters have been produced in the form of KPb12
−
 (K

+
[Pb12

2−
]) and KSn12

−
 (K

+
[Sn12

2−
]) 

experimentally by laser vaporization of a lead and tin target, respectively, containing ∼15% 

potassium (K). The formation of exohedral K@Pb12
−
 or K@Sn12

−
 clusters has been 

confirmed by the mass spectra and photoelectron spectroscopy. The cage diameter of Pb12
2−

 

(6.3 Å) and Sn12
2−

 (6.1 Å) Zintl clusters is slightly smaller than the C60 fullerene (7.1 Å)
34

 and 

it is large enough to accommodate a d− or f−block element. In the past, lanthanide and 

actinide doped fullerene have been successfully synthesized.
35-36,64

 Thus similar to the 

fullerene, Zintl ion clusters can also be used as a model system to create new materials by 

doping with atom or ion or molecule. Experimentally it has been shown that the Sn12
2−

 cluster 

can trap a transition metal atom or the f−block elements (M = Ti, V, Cr, Fe, Co, Ni, Cu, Y, 

Nb, Gd, Hf, Ta, Pt, Au) to form endohedral clusters with very little distortion in the 

icosahedral cage.
65

 Till now several atom or ion have been doped or encapsulated in lead and 

tin clusters.
66-71

 It is very interesting to observe that most of the anionic and neutral species 

formed after doping in the Sn12
2−

 clusters are of ionic type viz., [Sn12
2−

M
+
] and [Sn12

2−
M

2+
], 

respectively, whereas in gold doped cluster opposite charge distribution (Au
δ−

@SnN
δ+

) has 

been observed.
72

 The doping of actinide element can enhance the stability of a cluster and 
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also tune its optical and magnetic properties due to the hyperactive valence electrons of the 

actinide elements.  

The bonding pattern of the Pb12
2−

 and Sn12
2−

 clusters also matches with that of the 

valence−isoelectronic B12H12
2−

 (borate) and Al12H12
2−

 (alanate) clusters.
73-74

 Similar to the 

Pb12
2−

 (6.3 Å) and Sn12
2−

 (6.1 Å) clusters, the B12H12
2−

 (3.4 Å) and Al12H12
2−

 (5.1 Å) clusters 

possess hollow cage−like icosahedral structures but of relatively smaller cage diameter. 

Through density functional calculations, it has been shown that a noble gas (Ng) atom can be 

doped inside and outside of the B12H12
2−

 and Al12H12
2−

 cages.
75

 Moreover, the exohedral 

M@A12H12
2−

 (M = Be
2+

, Na
+
, Mg

2+
,..; A = B or Al) clusters are found to be more stable than 

the corresponding endohedral clusters.
76

 Also, it might be possible to design new superatoms 

through doping of lanthanide and actinide ion in the B12H12
2−

 and Al12H12
2−

 clusters. 

In the recent past, a series of intermetalloid Pb/Bi cluster anions embedded with 

different Ln
3+

 ions have been synthesized.
77

 Subsequently, encapsulation of an actinide ion in 

intermetalloid clusters viz., [U@Bi12]
3–

, [U@Tl2Bi11]
3–

, [U@Pb7Bi7]
3–

, and [U@Pb4Bi9]
3– 

has 

also been realized experimentally.
78

 An unprecedented antiferromagnetic coupling between 

U
4+

 site and a unique radical, Bi12
7–

 shell has been observed in [U@Bi12]
3–

 cluster.
78

 The 

formation of such clusters is of great interest in regard to their structural, bonding, and 

magnetic properties. Moreover, a series of all−metal antiaromatic anions, [Ln(η
4
−Sb4)3]

3−
 (Ln 

= La, Y, Ho, Er, Lu) possessing counterintuitive stability, have been synthesized.
79

  

 

1.6 Properties of Ln and An sandwich complexes 

The synthesis of highly symmetric bis(cyclo−octatetraene)uranium, U(COT)2, 

sandwich complex also known as “uranocene” has motivated the experimentalists and 

theoretical chemists to discover new actinide and lanthanide sandwich complexes.
80-81

 In the 

past it was assumed that f−orbitals of An/Ln are not involved in bonding, however, 
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experimental and theoretical evidences of f−orbital participation in bonding in the 

(cyclo−octatetraene)actinides, M(COT)2, convinced scientists that the f orbitals do involve in 

the bonding. Since then much effort has been made to discover the nature of the bonding in 

various other actinide complexes. In the U(C8H8)2 complex, U
4+

 ion is sandwiched between 

the two aromatic C8H8
2−

 rings and dominant covalency is observed in the system due to 

5f(U)−π(C8H8) overlap.
82-83

 Also, the sandwich complexes of divalent Ln (Eu and Yb) ion 

have been prepared as (K
+
)2[Ln

2+
(C8H8

2−
)2] salts.

84-85
 Even multiple decker sandwich 

complexes of Lnn(C8H8)m (Ln = Ce, Nd, Eu, Ho, and Yb) have been produced experimentally 

by using a combination of laser vaporization and molecular beam methods.
86 

The Lnn(C8H8)m 

complexes with (n, m) = (n, n + 1) for n = 1−5 are prominently produced as magic numbers 

in the mass spectra. It has been found that in these magic−numbered multiple decker 

sandwich complexes the Ln atoms and C8H8 ligands are alternately arranged. Very recently, 

Layfield et al have synthesized perfectly linear uranium(II) metallocene.
87

  

 The most important application of the sandwich compounds of the rare earth elements 

is their use as single molecule magnets (SMMs).
88

 The lanthanide based SMMs can show 

magnetic hysteresis at liquid nitrogen temperature.
89-91

 Most of the sandwich complexes of 

transition metals are made up of 5 and 6−memebered rings
92-93

, while the sandwich 

complexes of the f−block elements contain 8− to 9−membered rings.
80, 94-96

 Very recently, 

heteroleptic sandwich complexes of Ln ion, viz., [(η
9
−C9H9)Ln(η

8
−C8H8)] where Ln = 

Ce(III), Pr(III), Nd(III) and Sm(III))
96

 have been synthesized which shows slow magnetic 

relaxation, including hysteresis loops up to 10 K for the Er(III) analogue. Thus, knowing the 

importance of the SMMs, significant efforts have been made to find the nanometer−scale 

magnets, which can operate at the temperatures higher than the cryogenic range.  
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1.7 Electron counting in Ln and An compounds  

In chemistry the stability of atoms, molecules, and compounds is described using 

electron counting rule. For example, for explaining the stability of the main group elements (s 

and p block elements) octet rule
97-98

 has been proposed which states that an atom needs to 

contain eight electrons in its valence ns
 
and np shell to achieve ns

2
np

6
 configuration. Thus, 

with the help of octet principle, the stable (inert) behaviour of noble gas atoms (ns
2
np

6
) and 

highly reactive nature of alkali metals (ns
1
) and halogens (ns

2
np

5
) can be easily understood. 

On the other hand, 18−electron principle
99-100

 has been proposed for explaining the stability 

of transition metal complexes due to the presence of additional (n−1)d valence orbitals in 

transition metals. According to the 18−electron principle, any transition metal compound 

which contains 18−electrons in its valence ns, np and (n−1)d orbitals and possess 

ns
2
np

6
(n−1)d

10 
configuration

 
are stable. For example Cr(C6H6)2 and Fe(C5H5)2 metallocene 

complexes are stable as both of them satisfy 18 electrons principle. Similarly, due to the 

presence of additional (n−2)f valence orbitals in the f−elements, the 32−electron principle has 

been proposed which states that 32−electrons are needed in the valence shell to achieve stable 

[ns
2
np

6
(n−1)d

10
(n−2)f

14
] closed-shell configuration. The Pu@Pb12

2−
 is the first example of a 

32−electron compound of the f−element.
101

 

 The same electron−counting rule is used for explaining the stability of atomic and 

molecular clusters of various elements. The stable clusters also known as magic clusters, 

show extra stability as compared to its nearest neighbours. Experimentally the magic 

behaviour of a particular size cluster is identified by the presence of intense ion signal in the 

mass spectra. However, theoretically, the magic behaviour of a cluster is analyzed using 

higher binding energy, higher HOMO–LUMO energy gap, higher ionization potential, lower 

electron affinity, and electron counting rule. Apart from the electron−counting rule, the 

closed-shell electronic configuration and highly symmetric geometry of a cluster also governs 
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the stability of the cluster. For example, the alkali metal cluster with 2, 8, 20, 40… number of 

electrons shows magic behaviour.
102

 However, 2(N+1)
2
 Hirsch rule is used for icosahedral 

symmetry cluster according to which clusters with 2, 8, 18, 32, 50,... number of delocalized 

electrons are more stable compared to other clusters.
103

 For example, a sharp peak has been 

observed in the mass spectra of AlPb12
+ 

cluster while no peak was observed for neutral 

AlPb12
 

cluster. The stability of AlPb12
+ 

cluster is explained due to the fulfillment of 

50−electron rule and it possesses a highly symmetric icosahedral structure.
104

  

 Pyykkö et al theoretically predicted a stable W@Au12 cluster,
105

 which possess the 

icosahedral symmetry and a closed−shell 18−electron ns
2
np

6
(n−1)d

10
 configuration. Soon 

after, the structure and stability of W@Au12 cluster have been confirmed experimentally 

using photoelectron spectroscopy (PES).
106

 Moreover, the superheavy element doped gold 

clusters, Sg@Au12 is found to be stable theoretically and follow the 18−electron principle.
107

 

Therefore, 18−electron principle is very promising for explaining the high stability of various 

transition metal doped clusters. However, the stability of actinide doped clusters, such as 

Pu@Pb12,
101

 An@C28,
108-110

 [U@Si20]
6−

,
111

 Pu@C24,
112

 and lanthanide and actinide doped 

fullerene, M@C26,
113

 is successfully explained using 32−electron principle. On the other 

hand, the very early lanthanide doped gold cluster, Ce@Au14 follow 18−electron rule because 

of their highly stable 4f shells.
114

 Till now only uranium doped C28 fullerene, U@C28, has 

been observed experimentally.
64

  

 Unlike to other compounds the stability of closo‐boranes (BnHn
2−

)
115

 can be explained 

using Wade–Mingos rule.
116-117

 According to this rule closo-borane with n vertices will be 

stable if it possesses 2n+2 electrons or n+1 pairs of skeletal electrons (where n = no of 

vertices). The B12H12
2−

 is the most stable member of borane family because the 26−electron 

(12−electrons from B12 cage + 12−electrons from 12H atoms and 2−electrons from negative 

charge) are available for bonding in B12H12
2−

, which is equivalent to the required 2n+2 
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electrons (n = 12) needed to satisfy Wade–Mingos rule. A unified electron−counting rule for 

boranes has also been proposed by Jemmis et al.
118

 

 

1.8 Scope of the present thesis 

Of late scientists have shown that the quantum chemical techniques are very 

successful in unraveling the nature of bonding in the lanthanide (Ln) and actinide (An) 

compounds. The applications of lanthanide encapsulated fullerenes
119-121

 in nano−materials 

and nano−medicine have stimulated a new field of f−block element doped compounds. 

Moreover, application of actinide and lanthanide doped compounds or cluster in spintronics 

and in the design of novel materials with magnetic properties have further motivated the 

scientists to explore such compounds. Motivated by the aforementioned applications in 

various fields, in the present thesis, we have investigated the bonding of Ln and An ions with 

various chemical species with an objective to find highly stable clusters with intriguing 

electronic and magnetic properties using density functional theory. Besides, we have also 

investigated the variation in the chemical bonding of the isoelectronic series of Ln/An with 

the various chemical species across the f−block. 

 The complex electronic structure and presence of relativistic effect make the 

computational investigation of Ln and An chemistry very challenging. For example, the 

valence electronic configuration of Lr calculated using relativistic correction is f
14

p
1
s

2
, which 

is more stable than the previously predicted f
14

d
1
s

2
 configuration, thereby raising a question 

whether Lr (f
14

p
1
s

2
) will still show similarity with Lu (f

14
d

1
s

2
) or not?

122-127
 The complexity in 

the chemistry of Ln and An elements can also be analyzed from the fact that even in the 150
th

 

year of the periodic table it is not clear whether the elements La, Lu, Ac and Lr belong to 

d−block or f−block. Because in few periodic tables Lu, Lr are placed in d−blocks while in 



  

15 

 

other periodic tables La, Ac are located in d−blocks. On the contrary a third version of the 

periodic table contains all of these four elements in f blocks. 
1-6, 127

 

 Therefore, the first objective of the present thesis is to investigate the properties of La, 

Lu, Ac and Lr elements to settle down the on−going debate on their position in the periodic 

table. For this purpose, we have investigated the La, Lu, Ac and Lr doped Pb12
2−

 and Sn12
2−

 

Zintl ion clusters and compared the chemical bonding and electronic behaviour of these 

metal−doped clusters in each oxidation states of doped Lu
n+

 and Lr
n+

 (n = 0, 1, 2, 3) ion. In 

this study, we have found that Lr
n+

 doped clusters show similarity with the corresponding 

Lu
n+

 doped clusters despite having different valence electronic configuration. Among all the 

doped clusters, the M
3+

 (M = La, Lu, Ac and Lr) doped clusters are the most stable clusters 

due to their highly symmetric icosahedral geometry and electronic shell closing 

corresponding to ns
2
np

6
(n−1)d

10
 configuration around M

3+
 ion. Unlike to other actinides and 

lanthanides, the f−orbitals of La, Ac, Lr and Lu do not involve in bonding with the cluster, 

therefore, all these M
3+

 doped clusters form 18−electron system rather than 32−electron 

systems. Thus, due to the similarity in the structure, bonding and electronic properties of La, 

Lu, Ac and Lr ions doped clusters, we have proposed to place all the four La, Ac, Lr and Lu 

elements in the 15−element f−blocks. 

 The second objective of the thesis is to predict new lanthanide and actinide doped 

compounds, which possess high stability and follow the electron−counting rule as well as 

possess intriguing electronic and magnetic properties. In this context, we predicted new Ln 

and An containing metalloid clusters, viz, [An@(E4
2−

)3] and [Ln@(E4
2−

)3] (An = Th
4+

– Pa
5+

– 

U
6+

– Np
7+

; Ln = La
3+

, Ce
4+

, Pr
5+

, Nd
6+

 and E = Sb, Bi) which possess unusually high 

stability, although the aromaticity of rings in these clusters decrease after binding with the 

Ln/An ion. As we move across the f−block, the involvement of the f−orbitals of these An (to 

a lesser extent of Ln) in bonding with the E4
2−

 rings increases which lead to the fulfillment of 
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32−electron count in these systems. Therefore, the fulfillment of 32−electrons condition and 

stronger bonding in the actinide and lanthanide containing systems, viz., [An@(E4
2−

)3] (An = 

U
6+

, Np
7+

) and [Ln@(E4
2−

)3] (Ln = Nd
6+

), are responsible for the very high stability of these 

clusters.  

 Furthermore, we have predicted another isoelectronic series of lanthanide and actinide 

doped borate (B12H12
2−

) and alanate (Al12H12
2−

) clusters. The predicted exohedral− and 

endohedral−Ln@E12H12
2−

 and An@E12H12
2−

 (Ln = Pm
+
, Sm

2+
, Eu

3+
; An = Np

+
, Pu

2+
, Am

3+
; 

E = B or Al) clusters are stable and possess high spin population. In the endohedral 

M@Al12H12
2−

 (M = Ln, An) clusters, the f−orbitals of actinides and to a lesser extent of 

lanthanides are involved in the bonding with the parent cluster, which lead to the fulfillment 

of 32−electrons around the An ion corresponding to ns
2
np

6
(n−1)d

10
(n−2)f

14
 configuration. 

Thus, the present study provides a new example of endohedral An@Al12H12
2−

 (An = Pu
2+

, 

Am
3+

) magnetic superatomic clusters.  

 Besides, we have made an attempt to predict a nine−membered novel aromatic 

heterocyclic anionic ligand, viz., 1,4,7−triazacyclononatetraenyl ion, C6H6N3
−
 (tacn) and their 

linear sandwich complexes with divalent lanthanide ion (Ln = Nd(II), Pm(II), Sm(II), Eu(II), 

Tm(II) and Yb(II)) using dispersion corrected density functional theory. It is noteworthy to 

mention that in Ln(tacn)2 complex all the spin density of the complex is centered on the 

Ln(II) ion. Moreover, the highest occupied molecular spinor (HOMS) of Eu(tacn)2 complex 

shows a significant electronic delocalization in the metal centered orbitals, originated mainly 

from the 4f orbitals of Eu(II) ion. Therefore, the Eu(tacn)2 complex might have application as 

a single molecule magnet (SMM). Furthermore, the comparable stability of the predicted 

C6H6N3
−
 ligand and its Ln(C6H6N3)2 complexes with that of the recently synthesized C9H9

−
 

ligand and Ln(C9H9)2 complexes
95

 favours the feasibility of the predicted ligand and its 

Ln−sandwich complexes. 
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 Finally, we have predicted another class of closed-shell An(H2)n
3+

 and La(H2)n
3+

 (n = 

1−12) clusters. Though for a long time it was known that the actinide and lanthanide can 

show high coordination number in their complexes due to their large size, in this work we 

have shown that an An (Ac
3+

, Th
3+

, Th
4+

, Pa
4+

, U
4+

) and Ln (La
3+

) ion is able to coordinate 

directly with the 24 H atoms of 12H2 molecules via 3−centered 2−electron (3c−2e) M−η
2
(H2) 

bonds, which is the highest recorded coordination behaviour of any metal ion towards H2 

molecules till date. The predicted Ac(H2)n
3+

 (n = 9−12) clusters follow the 18−electron rule. 

Thus, with this study, we have added another stable member in the 18−electron family.  

  



  

18 

 

CHAPTER 2 

Computational and Theoretical Methodologies 

 

2.1 Introduction 

Theoretical chemistry is a branch of chemistry that defines the chemical concepts 

using mathematical equations. The well−developed mathematical equations or theoretical 

methods have been incorporated in the computer programs to solve various chemical 

problems such as stability, energetics, electronic properties, reaction path for chemical 

reactions etc. The computational results not only support the information obtained by the 

experiments but also assist in understanding and visualizing the experimental data, which 

sometimes cannot be analyzed directly from the experimental results. The computational 

chemistry can also predict the possibility of entirely unknown molecules as well as new 

chemical phenomena. It also plays an extremely important role in the design of new 

materials, ligands, and drugs. The most popular theoretical methods such as Hartree-Fock 

(HF), Post Hartree-Fock, coupled-cluster, density functional, semi−empirical and molecular 

mechanics have been discussed in great detail in numerous books.
128-130

 A brief discussion of 

the theoretical methods is given here to understand the use of computational techniques in 

chemistry. 

 

(a) Ab initio: Ab initio means from the first principle and without empirical parameters. 

Quantum mechanical methods such as Hartree−Fock, coupled-cluster, Møller−Plesset 

perturbation theory (MP), configuration interaction (CI), etc are ab initio methods. All these 

methods are wave function based methods. On the other hand, density functional theory 

(DFT) is based on electron density. Sometimes it is referred as an ab initio method though it 

is a matter of controversy because of the unavailability of the exchange-correlation energy 
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density functional for a system with inhomogeneous electron density distributions, such as 

atoms, molecules etc.  

 

(b) Semi−empirical methods: Semi−empirical methods use experimental data or the 

results of ab initio calculations to determine some of the required matrix elements or integrals 

to find properties of the systems. 

 

(c) Molecular mechanics: Unlike other theoretical methods, molecular mechanics uses 

classical mechanics to model the molecular systems.  

 

 The computational chemistry provides meaningful insights into the various chemical 

systems and processes. Among all the methods, ab initio methods provide the most accurate 

results; however, the computational cost of these methods is very high and even increases 

with the size of the system. Moreover, the most accurate ab initio method viz., coupled-

cluster with single and double with perturbative triple excitations [CCSD(T)], also known as 

a gold standard method is limited to only small size systems. Therefore, for the computational 

chemists, the selection of accurate method is very important. Among all the available 

theoretical methods, the density functional theory (DFT) is the most popular as well as most 

frequently used computational methods for medium to large size molecular systems because 

of its lower cost and reasonably good accuracy. Therefore, in the present thesis, we have used 

mostly DFT and to a certain extent second order Møller−Plesset perturbation theory (MP2) 

and CCSD(T) to investigate various chemical systems.  
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2.2 Theoretical methodologies 

 The wave function, Ψ, (known as the heart of the quantum mechanics) contains all the 

information about the system. It can be obtained by solving the Schrödinger equation and 

hence all the properties of the systems can be calculated using the wave function. It is to be 

noted that in the quantum mechanics we use basis set to represent the electronic wave 

function or to model the electronic behaviour of a system.  

 

2.2.1 Basis set 

 The basis set is a set of mathematical functions, which is used to represent the 

electronic wave function in computational chemistry. The basis set is made up of a linear 

combination of the atomic orbitals (LCAOs) with the coefficient to be determined.  

 
 
 
  ∑      

 

   

                 

where     is expansion coefficient and  
 
 represents a set of a basis functions for the μ

th
 

orbital. 

 For the accurate description of the wave function, basis set should be made up of the 

infinite number of basis functions. However, due to the computational limitation, a finite 

number of basis functions are used in most of the quantum chemical calculations. The error 

associated with the size of the basis set is known as truncation error. Therefore, in general, 

large size basis set is preferred for the accurate calculations. Moreover, if the finite basis 

function is expanded towards an infinite complete set of functions, then the calculations using 

such basis sets are said to approach the basis set limit.  

 In the present study two types of orbitals, namely, Gaussian−type orbitals or 

Slater−type orbitals have been used for the construction of the basis functions. 
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(a) Slater type orbital (STO) 

 The mathematical form of STO matches with that of the hydrogenic orbital.
131

 The 

mathematical representation of STO in polar coordinates is, 

  
       

                                  

where (r, ,  ) are the spherical coordinates, Yl,m is the spherical harmonics, N is the 

normalization constant and   is the Slater orbital exponent. Since STO has a cusp at the 

nucleus, therefore, electrons near the nucleus are nicely described by the STOs. The 

disadvantage of using STO is that the three- and four-centre two-electron integrals cannot be 

calculated analytically. 

 

(b) Gaussian type orbital (GTO) 

 The mathematical representation of GTO
132

 in polar coordinates is defined as, 

  
       

                                     

where the exponent   controls the width of the GTO. 

 At the nucleus a GTO has no cusp, consequently GTOs have problems in representing 

the proper behaviour near the nucleus. Moreover, due to exponential in r
2
 the decay of GTOs 

is too fast, therefore it poorly describes the behaviour of electrons present at the larger 

distance from the nucleus. However, calculation of four−index integral can be performed 

analytically using GTOs.  

The limitations of GTO can be overcome by constructing the basis functions as a 

linear combination of several GTOs to give as good fit as possible to the Slater orbitals. Such 

basis function is known as a contracted Gaussian−type basis function (CGTF) while the 

individual Gaussians involved to construct the controlled basis function is known as Gaussian 

primitives. The CGTF is a good compromise between speed and accuracy.
133
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2.2.2 The Schrödinger equation 

In 1926 Erwin Schrödinger postulated a partial differential equation to describe the 

wave function or state function of a quantum−mechanical system, known as Schrödinger 

equation.
134

 The ground state properties of a system can be described by using the 

time−independent Schrödinger equation,  

  ̂               

For many body systems the time−independent Schrödinger equation can be written as, 

  ̂ i (r1,…, rN, R1,…, RN) = Ei i (r1,…, rN, R1,…, RN)       

where  ̂ is the Hamiltonian operator, i is the wave function of electron and nuclear 

coordinates and Ei is the eigenvalue of the i
th

 state. The total energy operator "Hamiltonian" 

in the atomic units can be represented as, 

          ̂   
 

 
∑   

  

 

   

  
 

 
∑    

  

 

   

 ∑ ∑
  

   
 

 

   

 

   

 ∑∑
 

   
 

 

   

 

   

  ∑ ∑
    

   
 

 

   

 

   

       

where, riA = |ri – RA| is the distance between the i
th

 electron and the A
th

 nucleus, rij = |ri – rj| is 

the distance between the i
th

 and the j
th

 electrons and RAB is the distance between A and B 

nuclei. The first and second terms in the equation (2.6) are the kinetic energy for the electrons 

and nucleus, respectively, third term is potential energy of electron due to its interaction with 

nucleus, fourth and last terms are the electron−electron and nuclear−nuclear repulsive 

interactions, respectively.  

For an N-electron system, the wave function is a function of 3N spatial variables and 

N spin variables. Moreover, the total wave function is a function of electronic and nuclear 

coordinates, therefore it is very difficult to get the exact solution of the Schrödinger equation. 

Fortunately, Born Oppenheimer (BO) approximation simplifies the Schrödinger equation by 

decoupling the nuclear and electronic degrees of freedom. According to BO approximation
135

 

the kinetic energy of nuclei can be neglected from the Hamiltonian and the nuclear repulsion 
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term is kept constant at a fixed nuclear position, because nuclei move much slower than the 

electron due to its larger mass, therefore, nuclei are considered to be in rest with respect to 

electronic motion.  

Thus, according to the BO approximation, the total wave function of the molecule can 

be represented as the product of electronic and nuclear wave function.  

 total (r, R) = electronic (r; R)  nuclear (R)         

and the Schrödinger equation now can be written as, 

   ̂        el = Eel el       

  ̂                       

Thus, the total energy of the system can be represented as a sum of electronic energy 

and nuclear energy,  

Etotal = Eel + Enucl         

Although the BO approximation is generally considered in almost all the theoretical 

calculations, the solution of the Schrödinger equation is still very difficult due to the presence 

of electron−electron repulsion term in the many-electron systems. The exact solution of the 

Schrödinger equation is possible for only the hydrogen (H) atom or H like atoms. But the 

presence of electron−electron repulsion term prevents the reduction of a many-electron 

problem to an effective single electron problem (like H atom). 

 

2.2.3 The Variational principle 

Infinite numbers of solutions are possible for the electronic Schrödinger equation. 

However, the accurate solution is the one which minimizes the energy of the system, i.e. 

which provides the lowest energy solution to the Schrödinger equation. Thus, the real goal of 

the quantum mechanics is to find a wave function, which provides the ground state energy of 

the system. 
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 The variational principle states that for any normalized trial wave function        (that 

satisfies the appropriate boundary conditions), the expectation value of the Hamiltonian 

represents an upper bound to the exact ground state energy. In other words, any trial wave 

function cannot provide energy lower than the ground state energy (  ) of the system. 

             ̂                  

where    is the true ground state energy of the system. 

The trial or guess wave function,       , can be constructed as a linear combination of 

the actual eigenfunctions of the Hamiltonian 

        ∑    

 

        

In quantum mechanics, the wave function of a multi−fermionic system is represented 

as a Slater determinant because it satisfies anti−symmetry requirements, and consequently the 

Pauli principle. In the following section, we will discuss the brief outline of the Slater 

determinant as well as the different approximations that have been proposed for solving the 

Schrödinger equation.  

 

2.2.4 Hartree−Fock approximation 

 Soon after the introduction of the Schrödinger equation, Hartree in 1928 proposed
136

 

that the electronic wave function could be approximated in such a way that the individual 

electrons could be decoupled similar to the decoupling of nucleus and electron in the BO 

approximation. Thus, the many−electron wave function would be a product of one−electron 

wave functions as shown in equation (2.13).  

            (r1, r2,......,rn) =   (r1)  (r2) .......  (rn)        

This wave function completely ignores the instantaneous electron−electron repulsion. 

To account for this, Hartree assumed that each electron experience an average field created 
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by all other electrons and nuclei in the molecule. This average potential is called mean−field 

potential (  
   

) or Hartree potential. Thus, the Schrödinger equation can be written as, 

( 
 

 
  

  ∑
  

   

 

 

    
   

) 
 
      

        

The Hartree product wave function violates the Pauli Exclusion Principle and does not 

fulfill the antisymmetry requirement. In 1930 Fock and Slater expressed the wave function as 

a Slater determinant to incorporate the antisymmetry requirement and the Pauli Exclusion 

Principle in the wave function.
128

  

 

(a) Slater determinant 

According to the antisymmetry principle wave function must change sign on 

interchange of the positions of any two particles as shown in equation (2.15). 

               (x1, ... , xi, ... , xj, ... , xN) =     (x1, ... , xj, ... , xi, ... , xN)         

The two−particle wave function can be represented as product of two one−particle 

wave functions as follows,  

 12 (x1, x2) =  i (x1)  j (x2)        

If we interchange the position of electrons by placing electron one in  j and electron 

two in  i, we will have, 

 21 (x1, x2) =  i (x2)  j (x1)        

Thus, the actual wave function can be written as a linear combination of these two 

functions by simply adding or subtracting these functions. The wave function that is created 

by subtracting the right−hand side of Equation (2.17) from the right−hand side of Equation 

(2.16) has the desired anti-symmetric behaviour, 

                       (x1, x2) = 
 

√ 
 ( i (x1)  j (x2)    i (x2)  j (x1))        
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where, the factor 
 

√ 
 is known as „normalization factor‟.  

This equation can be rewritten in determinant form as shown below, 

             
 

√ 
|
 
 
    

 
 
    

    
 
    

    
 
    

|        

This determinant is known as „Slater determinant‟.
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 Similarly, for N−electrons 

system, the Slater determinant can be written as, 

                
 

√  
|
| 

 
 
    

 
 
    

 
 
 
    

   

 
 
    

 
 
    

 
 
 
    

  

 
 
 
    

 
 
    

 
 
    

 
 
 
    

|
|        

In the Slater determinant on going from one row to another row, the electronic 

coordinates change while on going from one column to the next column the spin−orbital 

changes. The Slater determinant fulfills the anti-symmetry requirement of the wave function 

as interchanging the coordinates of two electrons (equivalent to the interchange of two rows) 

will change the sign of the determinant. Moreover, the determinant will vanish if two 

electrons occupy the same spin−orbital, which is equivalent to two identical columns of the 

determinant. 

 

(b) Electron correlation 

In Hartree−Fock approximation, the antisymmetric wave function is approximated by 

a single Slater determinant which does not take into account Coulomb correlation, leading to 

total electronic energy different from the exact solution of the non−relativistic Schrödinger 

equation. This energy difference is known as the correlation energy, Ecorr as shown in 

equation (2.21), where E0 and EHF are the exact non-relativistic energy and the Hartree-Fock 

energy, respectively. However, a certain amount of electron correlation is always present 

within the HF approximation in the electron exchange term describing the correlation 
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between electrons with parallel spin, which prevents the two parallel spin electrons from 

being found at the same point in the space known as the Fermi correlation. However, the 

correlation between the spatial positions of electrons due to Coulomb repulsion (known as 

Coulomb correlation) is missing in the HF approximation.  

Ecorr = E0   EHF        

There are two types of electron correlation namely, dynamic and static (nondynamic). 

The dynamic correlation arises due to the failure of the HF method to account for the 

instantaneous correlation between the motions of electrons. Whereas, the static correlation 

arises in those situations when single-Slater-determinant HF wave function provides poor 

representation of the system‟s state. The solution of the HF method is discussed as follows. 

 

Considering the simplest case, one−electron hydrogen−like atoms, it is easy to be 

convinced that the solutions are atomic orbitals (AOs). However, for many electron systems 

first simple guess is to construct the molecular orbitals (MOs)  
 
 from the AOs  

 
 (basis 

functions). 

 
 
  ∑      

 

   

        

The Hartree−Fock energy of a Slater determinant can be obtained from the following 

equation,  

        | ̂|     ∑(  | ̂|  )

 

 

  
 

 
 ∑∑                   

 

 

 

 

          

where the first term of equation (2.23) is, 

     ̂       ∫ 
 
  ⃗⃗   { 

 

 
   ∑

  

   

 

 

}   
 
  ⃗⃗      ⃗⃗          
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 Equation 2.24, defines the contribution due to the kinetic energy and the 

electron−nucleus attraction.  

The second term of equation (2.23) can be expressed as, 

 ̂                ∫∫| 
 
  ⃗⃗   |

  

   
| 

 
  ⃗⃗   |

 
  ⃗⃗    ⃗⃗          

                 ̂                ∫∫  
 
       

      
 

   
  

 
       

                      

Here,  ̂  and  ̂   are „Coulomb‟ and „Exchange‟ operator, respectively. The variational 

principle is applied for minimizing the Hartree−Fock Energy (EHF). The resulting 

Hartree−Fock equations can be written as, 

 ̂   
     

                             

where  ̂    ̂   ∑   ̂      ̂     
 
   and  ̂   

 

 
  

  ∑
  

   

 
    is a one electron 

Hamiltonian. 

In the above expression in equation (2.27),  ̂ is the Fock operator and εi are the 

Lagrangian multipliers which possesses the physical representation as the orbital energies. In 

the HF method electron correlation part is missing due to which HF wave function cannot 

account for the electron correlation (~1% of the total energy), which is very important for 

describing chemical phenomena. Various post−HF methods improve the Hartree−Fock 

energy by taking into account the effect of the electron correlation. 

  

2.2.5 Post Hartree−Fock methods 

(a) Configuration interaction method 

 In the configuration interaction (CI) method the trial wave function is written as a 

linear combination of determinants with the expansion coefficients to be determined by 

variationally minimizing the energy.
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 If we consider all possible excited configurations that 
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can be generated from the HF determinant, we will have a full CI as shown in equation 

(2.28).  

                                       ∑∑  
   

 

    

 

    

 

 ∑∑   
     

  

    

   

    

   

                                          

where i, j,.. are occupied MOs and r, s,.. are virtual MOs in the HF wave function. The first 

term in the r.h.s of equation (2.28) is the ground state HF wave function. The second and 

third terms appearing in the equation (2.28) are generated by exciting an electron from the 

occupied orbital(s) into the virtual orbital(s). Thus, the second and third terms in equation 

(2.28) represents all possible single electronic excitations and all possible double excitations, 

respectively, and so on. 

 The energies E of N different CI wave functions can be determined from the N roots 

of the CI secular equation, 

                                                  | 

     
   

 
   

   

   

     
 

   

  

 
 
 
    

   

   

 
   

|                                                      

where                                                         

 Solving the secular equations is equivalent to diagonalizing the CI matrix. The CI 

energy is obtained as the lowest eigenvalue of the CI matrix, and the corresponding 

eigenvector contains the ai coefficients in front of the determinants in equation (2.28). The 

configuration interaction method (CI) recovers the static correlation. 

 In order to develop a computationally affordable model, the number of excited 

determinants in the CI expansion (equation (2.28)) must be reduced. Since all matrix 

elements between the HF wave function and singly excited determinants are zero (Brillouin‟s 

theorem), truncating the excitation level at single excitation (CI with Singles (CIS)) does not 

give any improvement over the HF method. Only doubly excited determinants have nonzero 

matrix elements with the HF wave function, thus the lowest CI level that gives an 
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improvement over the HF result is to include only doubly excited states, yielding the CI with 

Doubles (CID) model. Similarly, CI can be truncated at single and double excitations which 

gives rise to CISD method.  

 

(b) Møller−Plesset Perturbation theory  

The Møller−Plesset (MP) perturbation theory proposed by Møller and Plesset in 1934, 

treats the electron correlation in a perturbative way by considering the electronic correlation 

effects as a small perturbation to the basic Hartree−Fock (HF) calculation.
138

 This form of 

many-body perturbation (MBPT) is called as Møller-Plesset (MP) perturbation theory. 

 The MP unperturbed Hamiltonian is a sum of the one-electron Fock operator ( ̂) as 

shown in following equation (2.30), 

                                                                       ̂    ∑  ̂

 

   

                                                                  

 The ground state HF wave function    is a Slater determinant of n spin-orbitals   . 

Thus, 

                                                 ̂     (∑   

 

   

)                                                                

 The HF ground-state function    is one of the zeroth-order wave function of the 

unperturbed Hamiltonian  ̂  and      is zeroth order energy of unperturbed Hamiltonian. 

Thus, the zeroth order eigenfunction (  ) of  ̂   (using equation (2.31)) has the eigenvalue 

∑     
   . 

Therefore,                                           
       | ̂|      ∑   

 
                                  

 The difference between the true molecular electronic Hamiltonian ( ̂) and 

unperturbed Hamiltonian ( ̂ ) is defined as perturbed Hamiltonian ( ̂ ) as shown in equation 

(2.33). 
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                           ̂     ̂     ̂   ∑ ∑
 

   
    

  ∑ ∑[ ̂      ̂    ]

 

   

 

 

   

                               

where  ̂  is the difference between true interelectronic repulsion and the HF average 

interelectronic repulsion potential. The  ̂     and  ̂     are the same as defined in equations 

2.25 and 2.26. The     is the distance between the l
th

 and the m
th

 electrons.  

 The Møller-Plesset first order correction to the ground state energy (  
   

) can be 

obtained using following equation (2.34), 

                                                          
   

   
 

   
| ̂ |

 

   
       | ̂

 |                                          

where subscript 0 denotes the ground state while superscript 0 denotes the zeroth-order 

(unperturbed) correction. Thus, on adding zeorth and first order corrected energy of the 

ground state we get,  

    
   

   
   

    
 

   
| ̂ |

 

   
     | ̂

 |       | ̂
   ̂ |         ̂                    

 Since   0| ̂| 0  is an expectation value of HF Hamiltonian over HF ground state 

wave function     it equals to the HF energy, EHF. Hence, 

                                                               
   

    
   

                                                     

 The Hartree-Fock energy can be further improved by including the second order 

energy correction   
   

 which is as follows, 

                                                             
   

  ∑
  

 
   | ̂ |    

 

  
   

   
   

   

                                                       

where the 
 
    states are all possible Slater determinants made from n different spin-orbitals. 

Let us consider i, j, k, l, ... are the occupied spin-orbitals in the ground state HF wave function 

 0 and a, b, c, d, ... are the unoccupied (also known virtual) spin-orbitals in the HF wave 

function. Each unperturbed wave function can be categorized by a number of excitation level 

or virtual spin-orbitals. The singly excited determinant (  
 ) can be formed from  0 by 
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replacing the occupied spin-orbital (ui) by virtual spin-orbital (ua) while the doubly excited 

determinant (   
  ) are formed from  0 by replacing occupied spin orbitals ui, and uj by virtual 

spin orbitals ua and ub, and so on.  

 According to Brillouin‟s theorem, the value of  
 
   | ̂ |        for all singly 

excited 
 
    states and according to Condon-Slater rule  

 
   | ̂ |    vanishes for 

 
    states 

whose excitation level is three or higher. Hence we only need doubly excited 
 
    states to 

find   
   

 using the following equation (2.38), 

                  
   

  ∑ ∑ ∑ ∑
         

                
         

            

   

   

 

     

 

     

 

     

                       

where n is the number of electrons and  

                                      
          ∫∫  

      
       

                                                 

 The above integrals over the spin orbitals can be calculated in terms of the electron 

repulsion integrals. The inclusion of all the doubly substituted 
 
    states leads to the 

summation over a, b, i, and j in equation (2.39). 

 The more accurate molecular energy can obtained by incorporating the second order 

correction in the Hartree-Fock energy (EHF), which is designated as MP2 or MBPT(2) as 

shown in equation (2.40).  

                                                       
   

    
   

   
   

   
   

                                        

The single reference Møller–Plesset perturbation theory (MP ) recovers primarily the 

dynamic correlation. In the present thesis for a few systems we have performed calculations 

using the MP2 method. 
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(c) Coupled cluster method 

The coupled cluster (CC) method incorporate the electron correlation using cluster 

operator.
139

 In the CC method wave function can be described as, 

ΨCC =   ̂ΨHF        

where the cluster operator   ̂ is defined by the Taylor series expansion as, 

  ̂     ̂  
 ̂
 

  
 

 ̂
 

  
   ∑

 ̂
 

  

 

   

        

and  ̂ is defined as, 

 ̂   ̂   ̂     ̂         

where n is the number of electrons in the molecule and  ̂  is the „one particle excitation 

operator‟ and  ̂  is the „two particle excitation operator‟ expressed as, 

 ̂    ∑ ∑   
   

 

 

   

 

     

        

 ̂    ∑ ∑ ∑ ∑    
     

  

   

   

 

     

 

     

 

     

        

where   
  is the singly excited Slater determinant formed by replacing occupied i

th
 spin-

orbital ui by virtual a
th

 spin-orbital ua in  0 and the value of numerical coefficient   
  depends 

on i and a. The  ̂  operator on operating on the determinant  0 ( 0 = |u1un|) converts it into 

a linear combination of all possible singly excited Slater determinants. On the other hand, 

(   
  ) is the doubly excited Slater determinant created by replacing occupied spin-orbitals ui 

and uj by virtual spin-orbitals ua and ub, respectively. Similar explanation holds for  ̂ , ...,  ̂ . 

In coupled cluster theory the computational problem is to find out the coefficients   
 , 

   
  ,     

   , ... for all i, j, k, ... , and all a, b, c, ... for all of the operators included in the 

particular approximation. In the standard application, we can find their values by left-

multiplying the Schrödinger equation by trial wave functions expressed as determinants of 
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the HF orbitals. This generates a set of coupled, nonlinear equations in the amplitudes which 

must be solved, usually by some iterative technique. 

With the amplitudes in hand, the coupled-cluster energy is computed as, 

    ̂   ̂         

If cluster operator ( ̂) expansion is cut off after two terms, the coupled cluster singles 

and doubles (CCSD) method is created. Using CCSD method it is possible to obtain very 

good results at a slightly higher computational cost than CI. If couple cluster singles and 

doubles (CCSD) includes the triple excitations through perturbation then the method is called 

CCSD(T). The problem is that the formal scaling of these methods is N
4
 for regular HF 

theory to N
8
 or higher for the most accurate methods such as CCSD(T), where N is the 

number of basis functions to describe a system. In the present thesis for a few small size 

systems we have performed calculations using the CCSD(T) method. 

 

2.3 Density based methods 

Density functional theory (DFT) uses density instead of the wave function to 

investigate the electronic properties of the many-body systems. The use of electron density 

instead of wave function reduces the 3N variable problem into three variables problem as the 

electron density is a function of only three variables. It is to be noted that the square of the 

wave function is physically observable (also known as electron density, ρ     ) and can be 

defined as the probability of finding an electron in the volume element d  ⃗⃗⃗⃗ , whereas wave 

function itself has no physical significance.  

 The mathematical representation of electron probability density is, 

       ∫ ∫                 
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The electron density,      , is a non−negative function of only the three spatial 

variables which vanishes at infinity and integrates to the total number of electrons, 

                 

∫   ⃗    ⃗            

 

2.3.1 The Thomas−Fermi model 

Thomas and Fermi were the first to introduce the use of density instead of wave 

function to solve many body problems. In this model, a functional form of the kinetic energy 

of non−interacting uniform electron gas is derived from the quantum statistical theory.
140-141

 

However, the electron−nucleus and electron−electron interactions treated classically. The 

significance of this simple Thomas−Fermi model is that the energy can be determined purely 

using the electron density. The kinetic energy functional of the electrons is defined as, 

          [ ]    ∫ 
 

                  

where                      
 

  
      

 
         

The total energy in terms of electron density is represented as, 

                      [ ]    ∫ 
 
          ∫

     

  
    

 

 
∬

            

         
                

While this kinetic energy expression is correct for uniform electron gas, it is not 

obvious if this relation will hold for inhomogeneous electron gas (real systems). In the above 

equation, the first term represents the kinetic energy; second and third terms are the 

electron−nucleus and electron−electron interactions energy, respectively.  
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2.3.2 The Hohenberg−Kohn theorems 

Although Thomas–Fermi have first proposed the density functional theory for the 

electronic structure of materials, the DFT was first put on a firm theoretical basis by Walter 

Kohn and Pierre Hohenberg in 1964 in the framework of the two Hohenberg–Kohn theorems 

(HK). The original HK theorems held only for non−degenerate ground states. The HK 

theorems relate to any system consisting of electrons moving under the influence of an 

external potential.
142

 
 

 

Theorem 1: The first HK theorem states that the ground−state properties of the 

many−electron systems are uniquely determined by an electron density (     ) that depends 

on only three spatial coordinates. Moreover, the ground state density (     ) uniquely 

determines the potential and thus all properties of the system, including the many−body wave 

function.  

 

Theorem 2: The second HK theorem defines an energy functional for a system and 

demonstrates that the correct ground state density for a system is the one that minimizes the 

total energy through the functional E[     ]. Thus, the true ground state density of the system 

gives the lowest energy. 

For any positive integer N and external potential    , a density functional F[ ] exists 

such that, 

 [ ]    [ ]  ∫                    

 While the ground state energy of any atomic or molecular system can be expressed 

as, 

                            [ ]     
   

  [ ]  ∫                    

where                        [     ]   [     ]   [     ]      [     ]        
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The first term  [     ] denotes kinetic energy; second term  [     ] is a classical 

Coulomb interaction and the third term     [   ⃗  ] is a non−classical term, which contains a 

self−interaction correction, exchange and electron correlation effects. The HK theorems 

cannot explain how to find the energy from the density since functional F[ ] in the equation 

2.52 is unknown. Also, the HK theorems do not tell how to find the density without first 

finding the wave function. In 1965 Kohn and Sham devised a practical method for finding the 

density and energy from the density.  

 

2.3.3 The Kohn−Sham method 

The Kohn–Sham (KS) equation is the one−electron Schrödinger equation of a 

fictitious system of non−interacting electrons that generate the same density as that of the any 

given system of interacting electrons.
143

 The Kohn–Sham equation is defined by a local 

effective (fictitious) external potential in which the non−interacting particles move, typically 

denoted as       and known as Kohn–Sham potential. As the particles in the Kohn–Sham 

system are non−interacting fermions, the Kohn–Sham wave function is a single Slater 

determinant constructed from a set of orbitals that are the lowest energy solutions, 

( 
 

 
         ∫

      

        
            )  

 
   

 
          

 Here the first term is kinetic energy, second term is external potential, third term is 

Hartree potential and the last term is the exchange−correlation potential, respectively. Here, ε 

is the orbital energy of the corresponding Kohn–Sham orbital,  
 
, and the density for an 

N−particle system is expressed by, 

      ∑  
 
  

 

 

        

The exchange−correlation potential is given by, 
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     ⃗   
    [ ]

    ⃗  
        

and    [ ]    [ ]    [ ]      [ ]    [ ]         

where  [ ] and    [ ] are the exact kinetic energy and electron−electron repulsion energy, 

while   [ ] and   [ ] are approximated kinetic energy and electron−electron repulsion 

energy. 

Thus, the effective potential can be defines as, 

           ∫
      

        
                    

Therefore, the equation (2.55) can be rewritten in a more compact form as, 

( 
 

 
       )  

 
   

 
        

From the above expression, it is clearly evident that the KS equation is like a 

Hartree−Fock single particle equation, which needs to be solved iteratively. The total energy 

can be determined from the resulting density through the following equation, 

  ∑  

 

 

 
 

 
∬

           

        
           [ ]  ∫                       

Equations (2.55) and (2.60) are the distinguished Kohn−Sham equations. Since      

depends on ρ( ⃗ ) through the equation (2.59), therefore, the Kohn−Sham equation is solved 

self−consistently. In KS method at first we have to make a guess of electron density, which is 

used in the construction of      using the equation (2.59). Using this     , KS equation 

(2.60) is solved to get the Kohn−Sham orbitals. Based on these orbitals, a new density is 

calculated from equation (2.56) and the process is repeated until the convergence is achieved.  

Finally, the total energy of the system is calculated from equation (2.61) with the final 

electron density. If each term in the Kohn−Sham energy functional was known, we would be 

able to obtain the exact ground state density and the total energy. Unfortunately, there is one 
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unknown term, the exchange−correlation (XC) functional (EXC). The EXC 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 EXC is not known exactly, it is necessary to approximate it. Therefore, since the 

birth of DFT, a large number of approximations for EXC have been proposed.
130

 

 

(a) Local density approximation 

The local density approximation (LDA) is the simplest approximation for constructing 

exchange−correlation (XC) functional, which assumes a fictitious uniform electron gas model 

for calculating the exchange−correlation energy. Thus in the LDA, XC functionals depend 

only on the local value of the electron density. 

In general, the LDA expression for XC energy is written as, 

   
   [ ]   ∫   ⃗     (   ⃗  )             

Evaluating the integral, using a uniform gas produces,  

      ∫ 
 

  ⁄               

      
 

 
 (
 

 
)

 
 ⁄

        

The analytic form of exchange term is simple for the homogenous electron gas model. 

However, only limiting expressions for the correlation density are known exactly, leading to 

numerous different approximations for correlation energy,   . The high−level quantum Monte 

Carlo simulations provide accurate values of the correlation energy density. The 

Vosko−Wilk−Nusair (VWN) and Perdew−Wang (PW92) are LDA's for the correlation 

functional. 
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 For spin−polarized systems local spin−density approximation (LSDA) is used instead 

of LDA. The spin polarized system in DFT possess two density,     and    for the up and 

down spins, with           

   
   [      ]   ∫                         

LDA has been widely used for band structure calculations, however, their 

performance is less impressive for molecular calculations. 

 

(b) Generalized gradient approximation 

The LDA is appropriate model for a system with uniform electron density. However, 

in the real system the electron density is not as uniform as considered in LDA approach. 

Therefore, apart from the density, the exchange−correlation functionals in GGA contain the 

first derivative of the electron density to take into account the non−homogeneity of the true 

electron density, which includes information about the immediate neighbourhood of the point 

under consideration. There are various functionals using the GGA approach in use, and they 

can be semi−empirical or non−empirical. BLYP is an example of a semi−empirical GGA 

functional, which is dependent upon a parameter fitted to experimental data. The PBE is a 

popular non−empirical GGA functional.  

   
   [    ]   ∫  

 
 ⁄     (    )          

     
     

 
 

 ⁄    
        

GGA provides very good results for molecular geometries and ground−state energies. 

The PW86, B88 ("b"), PBE
144

 and PW91 are the examples of exchange and either PW91 or 

PBE or LYP is correlation in GGA. The exchange energy of B88 can be written as, 
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   [ ]    

   [ ]    
 

 ⁄
  

           
        

  
    

 
 

 ⁄
        

The B86 and PBE functionals contains no empirical parameters. 

The next level of improvement over GGA is the meta−GGA. These functionals are 

dependent on the second derivatives of the electron density (the Laplacian) or on kinetic 

energy density. TPSS is a popular example of a meta−GGA functional. The GGA‟s tend to 

improve total energies, atomization energies, energy barriers and structural energy 

differences. The M06 suite of functionals
145

 is a set of meta−hybrid GGA and meta−GGA 

DFT functionals. The M06 suite gives good results for systems containing dispersion forces. 

 

(c) Hybrid exchange−correlation functionals  

The exchange-correlation energy with a LDA or a GGA functional incorporates an 

unphysical self-interaction error (SIE). In contrast the Hartree-Fock (HF) theory explicitly 

accounts for the self-interaction correction but correlation effect is not included in the HF 

method which is important in larger molecules and solids for describing the chemical 

bonding accurately. As these correlation effects are captured well within the local exchange-

correlation functionals, Becke
132

 rationalized an intermixture of local exchange-correlation 

functionals with HF exchange known as hybrid functionals. The popular B3LYP 

exchange−correlation functional is an example of a semi−empirical hybrid functional 

containing exact exchange, LDA and GGA exchange (with the latter coming from the B88 

functional), plus LDA and GGA correlation (with the latter coming from the LYP 

functional). The B3LYP functional
146-147

 is defined in equation (2.70), 
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where the parameters    = 0.20,    = 0.72 and    = 0.81. These parameters are specified by 

fitting the functional's predictions to experimental or accurately calculated thermochemical 

data. 

PBE0 functional is another hybrid functional.
148-149

 The PBE0 functional mixes the 

Hartree−Fock exchange with exchange obtained from the Perdew–Burke−Ernzerhof (PBE) 

functional in 1:3 ratio as shown in equation (2.71). 

   
      

 

 
  

   
 

 
  

      
           

The hybrid functionals further improves the performance in the calculation of many 

molecular properties, such as atomization energies, bond lengths, and vibration frequencies. 

 

2.4 Computational details 

 All the theoretical calculations have been performed using the TURBOMOLE
150

 and 

ADF
151-153

 programs. Bare as well as metal encapsulated clusters have been optimized using 

PBE, PBE0, B3LYP, BHLYP and M06−2X functionals.
144-149, 154-155

 Moreover, in weakly 

interacting systems we have added Grimme's D3−dispersion correction.
156-157

 For most of the 

calculations we have used Gaussian type basis set, however, for fewer calculations Slater 

type basis set has been used. Apart from DFT, for few systems we have also used wave 

function based methods such as MP2
138, 158

 and CCSD(T)
159

. The def−TZVP and def−TZVPP 

basis sets
160

 have been used along with a relativistic effective core potential (RECP) for all 

the heavier elements.
161-164

 The CCSD(T) calculations are performed using MOLPRO2012
165

 

software. Frequency calculations have been carried out in order to obtain the true minima on 

their respective potential energy surfaces (PES). Charges on the metal atoms or ions have 

been calculated using natural population analysis with def-TZVP and def-TZVPP basis 

sets
166

. Besides, Voronoi deformation density (VDD) method
167

 has also been used for the 
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charge calculation using Slater type basis set as implemented in ADF software. Furthermore, 

the atoms–in–molecules (AIM) analysis
168-169 

has been adopted to understand the nature of 

bonding that exists between the lanthanide or actinide elements with the elements present in 

the host cluster. The Multiwfn
170

 software has been used for analyzing the electron density 

based on Bader's quantum theory of atoms in molecules (QTAIM).
168-169

 The bond critical 

point (BCP) and the electron localization function (ELF)
171

 have been analyzed using Boggs 

criteria
169

 of bonding to get information about the nature of the bonding between the central 

metal ion and cage atoms. The missing core electron density on heavy atoms is modeled by 

using the tightly localized electron density function (EDF) as proposed by Keith and 

Frisch.
172

 Since the results of electron density analysis by using the ECP based wave function 

augmented with EDF are nearly identical to the corresponding all electron wave function 

derived results,
172

 therefore we have calculated all the bond critical point properties by using 

the EDF augmented electron density as implemented in the Multiwfn software. Furthermore, 

to obtain the interaction energies between the fragments in the doped cluster, energy 

decomposition analysis (EDA)
173-175

 has been performed using scalar relativistic zeroth order 

regular approximation(ZORA)
176-177

 with ADF software. The TZ2P basis set
178

 has been used 

along with the zeroth−order regular approximation (ZORA) for the incorporation of scalar 

relativistic effect. Furthermore, spin orbit coupling effect has also been studied using ZORA 

approach as implemented in ADF software.
179

 Throughout the thesis, the molecular orbital 

pictures are plotted with an electron density cutoff of 0.02 eÅ
 3

. 
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CHAPTER 3 

Position of Lanthanides and Actinides in the Periodic Table:            

A Theoretical Study  

 

3.1 Introduction 

For the past three decades there has been a heated debate with reference to the 

position of lawrencium (Lr) and lutetium (Lu) in the periodic table. In 1983 Jensen suggested 

that Lu should be placed in the third group of the periodic table below scandium (Sc) and 

yttrium (Y) due to the absence of empty f−orbitals in Lu and its similarities with Sc and Y for 

various atomic properties such as atomic radii, the sum of the first two ionization potentials, 

the melting point, and electronegativity. However, Jensen placed Lr in group 3 below Lu 

solely on the basis of their similar properties.
1-2 

This placement resulted in fourteen−element 

rows, La–Yb and Ac–No for the f−block elements, is now also chosen by Wikipedia. Later 

calculations which incorporated the relativistic effect, found the ground state of Lr to be 

[Rn]5f
14

7s
2
7p

1
 instead of [Rn]5f

14
6d

1
7s

2
.
122-124

 On this basis, Lavelle in 2008 claimed that Lr 

and Lu should not be placed in the d block, but instead La ([Xe]5d
1
6s

2
) and Ac ([Rn]6d

1
7s

2
) 

be placed in the d block as both have their last electron in a d orbital.
3-5

 Lavelle maintained 

that Lu and Lr must remain in the f block consisting of fourteen−element rows, Ce–Lu and 

Th–Lr.
3-5

 The placement of Lr and Lu in the f−block and La and Ac in the d block as 

suggested by Lavelle is accepted by the Royal Society of Chemistry and the American 

Chemical Society. However, Lavelle‟s view is solely based on the electronic configuration 

which is not reasonable and acceptable due to the presence of exceptional electronic 

configurations. For example Cr (s
1
d

5
) follows V (s

2
d

3
) and Cu (s

1
d

10
) follows Ni (s

2
d

8
) in the 

periodic table even though there is no continuity in the electronic configuration. If we only 
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focus on the electronic configuration, then we will be forced to place Lr (f
14

s
2
p

1
) in p block 

rather than in d or f block.  

Apart from various electronic properties of atoms considered by Jensen
1-2

, electric 

response property, mainly, the polarizability trends
180

 also favours the placement of Lu in the 

group 3 of the periodic table. However, the polarizability of Lr is extremely large as 

compared to that of the group 3 elements and f-elements.
181

 Later, Scerri has used XIX-

century semi-quantitative reasoning to show that the elements Y, Lu, Lr form an atomic 

number triad, whereas the same is not true for Y, La and Ac which supports the Jensen‟s 

view.
182

 In addition, Scerri has given various other contributions to the periodic table.
183-186

 In 

2015, Jensen has reconfirmed his initial suggestions
187

 and maintained the placement of Lu 

and Lr in d-block. Recently Cao et al.
188

 have also supported the Jensen‟s view by showing 

that the Lu and Lr have f
14

 shell in their lanthanoid- and actinoid-contracted atomic core and 

they are found to be more similar to the d elements than the La and Ac, respectively. Thus, in 

the periodic table elements are arranged in such a way that one may easily find similarity in 

the properties as they go down the group and elements are separated in the periodic table with 

systematic filling of electrons in s, p, d, … shells.
189

  

The experimentally determined and theoretically calculated, exceptionally low value 

of the first ionization potential of Lr (4.96 eV) clearly shows the importance of the relativistic 

effect in the heavy elements.
125

 Recent studies in 2016 by Srivastava et al. uncovered that the 

Lr@C60 cluster shows similar behaviour to the alkali metal encapsulated Li@C60 cluster.
126

 

This finding and a very low value of ionization potential of Lr again raises a query 

concerning the position of Lr in the periodic table. Employing the relativistic electronic 

configuration of Lr ([Rn]5f
14

7s
2
7p

1
), Pyykkö et al. in 2016 studied the effect of the ground 

state configuration of Lr on its chemical behaviour and concluded that though they have 

different ground state configurations, both Lr and Lu show the same chemical behaviour, 
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whereas Tl and Lr show quite different properties, in spite of having similar ground state 

electronic configurations. Thus, Pyykkö et al. advocated the placement of all lanthanides 

(La–Lu) and actinides (Ac–Lr) in the f block
6
 consisting of 15 elements with configurations 

of f
0
 to f

14
. This placement has now been adopted in the modern periodic table and by 

IUPAC.
190

 Therefore, to date the position of Lr, Lu, La, Ac elements in the periodic table is 

in controversy and this has motivated us to investigate the chemical as well as the electronic 

behaviour of Lr and Lu and compare their properties with those of La and Ac.  

 To settle down the ongoing controversy we have looked into this issue from a new 

perspective, which involves encapsulation of these four elements into Zintl ion clusters, 

Sn12
2−

 (stannaspherene)
62

 and Pb12
2−

 (plumbaspherene)
63

 followed by determination of 

structural, thermodynamic and electronic properties of these endohedral M@Pb12
2−

 and 

M@Sn12
2−

 clusters (M = Lr
n+

, Lu
n+

, La
3+

, Ac
3+

 with n = 0, 1, 2, 3) using density functional 

theory (DFT). We have doped Lr and Lu element in their different oxidation states (0 to +3) 

in a cluster due to their different valence electronic configuration while La and Ac are studied 

in their most stable +3 oxidation state. All the results discussed in this chapter have been 

obtained by using PBE
144

 and B3LYP functionals
146-147

 with def−TZVP basis set along with a 

relativistic effective core potential (RECP) for heavy elements by using Turbomole
150

, 

ADF
151, 153

 and Multiwfn
170

 programs. The PBE results are discussed throughout the chapter 

unless otherwise stated. Detail computational methodologies have been discussed in Chapter 

2 of this thesis. 

 

3.2 Results and discussions 

3.2.1 Structural stability analysis  

The bare Sn12
2−

 and Pb12
2−

 cages possess icosahedral geometry as the minimum 

energy structure. In the recent past a number of transition metal as well as lanthanide 
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encapsulated Pb12
2−

 and Sn12
2−

 clusters have been investigated experimentally as well as 

theoretically owing to their large diameter.
66-67, 191-194

 Moreover, we have calculated the 

ionization potential (IP) of Pb12
2−

 and Sn12
2−

 which came out to be 0.14 and 0.15 eV, 

respectively. The positive value of IP suggests that these dianions are stable in the gas phase 

and would not show auto-detachment of excess electron in the gas phase. Both the Pb12
2−

 and 

Sn12
2−

 clusters are found to be stabilized due to the substantial delocalization of excess two 

electrons in such a large size systems. Therefore, in the present work we have modeled the 

chemical behaviour of Ln (La, Lu) and An (Ac, Lr) atom or ion by doping them in Pb12
2−

 and 

Sn12
2−

 clusters and compared the similarity and differences in the various properties of La, 

Ac, Lu and Lr doped clusters. 

 To start with we have considered icosahedral geometry as the initial geometry of 

M@Pb12
2−

 and M@Sn12
2−

 (M = Lr
n+

, Lu
n+

, La
3+

, Ac
3+

 and n = 0, 1, 2, 3) clusters. However, 

only Lr
3+

, Lu
3+

, La
3+

 and Ac
3+

 encapsulated Sn12
2−

 and Pb12
2−

 clusters with closed-shell 

configurations are optimized with all real frequency values in the icosahedral geometry, 

while all the other M@Pb12
2−

 and M@Sn12
2−

 clusters (M = Lr
n+

, Lu
n+

 and n = 0, 1, 2) are 

associated with imaginary frequency values. Therefore, to obtain the minimum energy 

structures we have again optimized the clusters by displacing their coordinates along the 

imaginary frequency modes. We repeated this process several times until we obtained the 

lowest energy structure associated with real frequency values for all the endohedral clusters. 

The most stable geometry of each metal encapsulated cluster is discussed below in detail. 

 

3.2.2 Endohedral Lr
n+

 and Lu
n+

 doped clusters  

(a) Lr
3+

 and Lu
3+

 clusters  

First we have considered Lr
3+

 and Lu
3+

 encapsulated Pb12
2−

 and Sn12
2−

 cages, which 

result in Lr@Pb12
+
, Lu@Pb12

+
, Lr@Sn12

+
 and Lu@Sn12

+
 clusters. The structures of all these 
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clusters have been optimized in Ih, Oh and D5h geometries to obtain the energetically most 

stable structures and these geometries are represented as Str1(Ih), Str2(Oh) and Str3(D5h) 

respectively (Figure 3.1). The calculated values of the relative energy of the M@Pb12
+
 and 

M@Sn12
+
 (M = Lr and Lu) clusters are reported in Table 3.1. From Table 3.1 one can see that 

both the lower symmetry geometries viz., Str2(Oh) and Str3(D5h) of the M@E12
+
 (M = Lr and 

Lu, E = Pb, Sn) clusters are less stable (by 1.83−2.86 eV) than the corresponding highly 

symmetric icosahedral geometry, Str1(Ih). Frequency calculations subsequently carried out on 

the optimized structures result in Str1(Ih) with all real frequencies, while both Str2(Oh) and 

Str3(D5h) possess imaginary frequency modes. Therefore, to obtain the true minimum 

structure, we have displaced the coordinates along the imaginary frequency mode and 

subsequently re−optimized these structures with and without any symmetry constraints. 

Interestingly, all the optimized geometries (with and without any symmetry) are found to 

have the same icosahedral structure. Thus both Lr
3+

 and Lu
3+

 encapsulated Pb12
2−

 and Sn12
2−

 

clusters retained icosahedral geometry of the parent clusters and shows one−to−one 

correspondence in their geometry. 

 

(b) Lr
2+

 and Lu
2+

 clusters 

Similarly, Lr
2+

 and Lu
2+

 encapsulated Pb12
2−

 and Sn12
2−

 cages, viz., Lr@Pb12, 

Lu@Pb12, Lr@Sn12 and Lu@Sn12 clusters have been investigated and four different 

geometries, one with D3d symmetry and the remaining three with C1 symmetry, represented 

as Str4(D3d), Str5(C1), Str6(C1) and Str7(C1), respectively, are found to be optimized with all 

real frequency values (Figure 3.1). Their relative energies are listed in Table 3.1. For both 

Lr@Pb12 and Lu@Pb12 clusters, the Str4(D3d) is the most stable and Str7(C1) the least as 

shown in Table 3.1. Similarly, M@Sn12 clusters (M = Lr and Lu) have been optimized to 

give three different geometries: one with D3d and two with C1 symmetry, which are 
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represented as Str4(D3d), Str6(C1) and Str7(C1), respectively (Figure 3.1). Here again for both 

Lr@Sn12 and Lu@Sn12 clusters, Str4(D3d) or Str6(C1) is the most stable and Str7(C1) is the 

least stable structure. Thus, one−to−one correspondence between the Lr
2+

 and Lu
2+

 ions in 

the Lr@Pb12, Lu@Pb12, Lr@Sn12 and Lu@Sn12 clusters is found to exist. 

 

(c) Lr
+
 and Lu

+
 clusters 

Next we have considered the mono−positive cation containing Pb12
2−

 and Sn12
2−

 

cages, namely, Lr@Pb12
−
, Lu@Pb12

−
, Lr@Sn12

−
 and Lu@Sn12

−
 clusters. The geometries of 

all these clusters are optimized and we obtain four different structures with D3d, C1, C1, and 

Cs symmetries for the M@Pb12
−
 clusters (M = Lr and Lu). These are represented as Str4(D3d), 

Str7(C1), Str8(C1) and Str9(Cs), respectively (Figure 3.1) and their relative energy is reported 

in Table 3.1. For both Lr@Pb12
−
 and Lu@Pb12

−
 clusters, the Str8(C1) is the most stable, 

whereas Str7(C1) corresponds to the least stable structure. While all the M@Sn12
−
 clusters 

exist in four different geometries (Str6(C1), Str7(C1), Str8(C1), and Str11(C1)) all with C1 

symmetry. For Lr@Sn12
−
 and Lu@Sn12

−
 clusters also Str8(C1) and Str7(C1) represent the 

most and least stable structures, respectively (Table 3.1). All these results clearly indicate the 

analogous behaviour of Lr
+
 and Lu

+
 ions when encapsulated within the Pb12

2−
 and Sn12

2−
 

cages. 

 

(d) Lr and Lu clusters 

Apart from the +3, +2 and +1 oxidation states of Lr and Lu as discussed above, here 

we discuss the encapsulation of neutral Lr and Lu atom within the Pb12
2−

 and Sn12
2−

 cages. In 

order to locate the most stable structure for the M@Pb12
2−

 and M@Sn12
2−

 (M = Lr, Lu) 

clusters, the calculations have been carried out using a number of initial geometries. 

However, only three structures, two with C1 and one with C2 symmetry (Str7(C1), Str8(C1) 
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and Str10(C2), respectively) are found to possess real frequencies. For both Lr@Pb12
2−

 and 

Lu@Pb12
2−

 clusters, Str10(C2) and Str8(C1) are the most stable, while Str7(C1) represents the 

least stable isomer (Table 3.1). Similarly, for both Lr@Sn12
2−

 and Lu@Sn12
2−

 clusters, 

Str8(C1) proved to be the most stable though Str7(C1) is the least stable (Table 3.1). Once 

again the calculated results suggest a close similarity between Lr and Lu even in their neutral 

state. 

 

 

         Str1(Ih)                  Str2(Oh)              Str3(D5h)                Str4(D3d)            Str5(C1) 

 

           Str6(C1)              Str7(C1)               Str8(C1)             Str9(CS)               Str10(C2) 

  

                                         Str11(C1)          Str12(C3v)             Str13(C5v)       

Figure 3.1: Optimized structures of M@Pb12
2− (M = Lrn+, Lun+ and n = 0, 1, 2, 3) clusters. 
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Table 3.1: Relative Energy (RE, in eV) of Different Isomers of M
n+

@E12
2−

 with Respect to 

the Corresponding Most Stable Isomer using PBE Functional. 

Geometry 
RE 

Geometry 
RE 

Lr
n
@Pb12

2−
 Lu

n
@Pb12

2−
 Lr

n
@Sn12

2−
 Lu

n
@Sn12

2−
 

M@E12
+
 

Str1(Ih) 0.00 0.00 Str1(Ih) 0.00 0.00 

Str2(Oh) 2.13
a 

2.23
a 

Str2(Oh) 1.83
a 

1.94
a
 

Str3(D5h) 2.76
a 

2.86
a 

Str3(D5h) 2.31
a 

2.40
a
 

Str12(C3v)(exo) 1.33
 

2.10 Str12(C3v)(exo) 0.52 1.33 

Str13(C5v)(exo) 2.06
a 

3.55
a
 Str13(C5v)(exo) 1.16

a
 2.76

a
 

M@E12 

Str4(D3d) 0.00 0.00 Str4(D3d) 0.00 0.01 

Str5(C1) 0.01
 

0.01 Str6(C1) 0.04 0.00 

Str6(C1) 0.02 0.01 Str7(C1) 0.56 0.97 

Str7(C1) 1.82 1.61 ... ... ... 

M@E12
−
 

Str8(C1) 0.00 0.00 Str8(C1) 0.00 0.00 

Str9(Cs) 0.22 0.19 Str6(C1) 0.72 0.55 

Str4(D3d) 0.38 0.18 Str11(C1) 0.42 0.39 

Str7(C1) 1.22 1.33 Str7(C1) 1.17 0.78 

M@E12
2−

 

Str10(C2) 0.00 0.00
 

Str8(C1) 0.00 0.00 

Str8(C1) 0.01 0.01 Str10(C2) 0.14 0.20 

Str7(C1) 1.21 1.32 Str7(C1) 1.03 0.86 

                  a
Clusters are associated with imaginary frequencies. 

 

3.2.3 Exohedral Lr
3+

 and Lu
3+ 

doped clusters 

Apart from endohedral metal−doped clusters, exohedrally doped Pb12
2−

 or Sn12
2−

 

clusters with Lr
3+ 

and Lu
3+

 viz., Lr@Pb12
+
, Lu@Pb12

+
, Lr@Sn12

+
 and Lu@Sn12

+
 are also 

investigated to compare their stability with endohedral metal doped clusters. Exohedral 

metal−doped clusters have been optimized and this resulted in exohedral isomers having C3v 
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and C5v symmetries. These are represented as Str12(C3v) and Str13(C5v), respectively (Figure 

3.1). Among these, Str12(C3v) is more stable and has real frequencies, whereas Str13(C5v) is 

less stable and has imaginary frequencies. Interestingly, all the exohedral M@Pb12
+
 and 

M@Sn12
+
 (M = Lr and Lu) clusters are energetically less stable (by 0.52−3.55 eV) as 

compared to the corresponding endohedral Str1(Ih) cluster as shown in Table 3.1. 

 It is noteworthy to mention at this juncture, that the different geometries of the 

M@Pb12
2−

 and M@Sn12
2−

 clusters in their different oxidation states (M = Lr
n+

, n = 0, 1, 2, 3) 

are very close to the geometries of the equivalent M@Pb12
2−

 and M@Sn12
2−

 clusters in the 

corresponding oxidation states of Lu
n+

 (n = 0, 1, 2, 3). Furthermore, in most of the cases the 

most stable geometries of Lr encapsulated clusters in their different oxidation states are the 

same as those of the corresponding Lu encapsulated clusters in their equivalent oxidation 

states, which clearly show a one to one correspondence between Lr and Lu in their respective 

oxidation states. 

 

3.2.4 Optimized structural parameters  

(a) Endohedral M@Pb12
2−

 and M@Sn12
2−

 clusters (M = Lr
n+

, Lu
n+

 and n = 0, 1, 2, 3) 

After obtaining the most stable geometry for all the clusters, the structural parameters 

of all the M@Pb12
2−

 or M@Sn12
2−

 (M = Lr
n+

, Lu
n+

, and n = 0, 1, 2, 3) clusters have been 

analyzed. The most stable metal encapsulated cluster geometries have been considered for 

this analysis for each oxidation state and are compared with the structural parameters 

obtained for the bare Pb12
2−

 and Sn12
2−

 cages. The cage diameter of the bare icosahedral 

Pb12
2−

 and Sn12
2−

 is calculated as 6.258 and 6.030 Å, respectively, and the Pb–Pb and Sn–Sn 

bond distances are 3.290 and 3.170 Å, respectively. At this juncture it is worth noting that the 

encapsulation of Lr
3+

 and Lu
3+

 into the bare Pb12
2−

 and Sn12
2−

 clusters does not alter the 

icosahedral geometry, Str1(Ih), however, there is a slight increase in Pb–Pb bond distances 
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from 3.290 Å to 3.468 Å and 3.445 Å on encapsulation of a Lr
3+

 and Lu
3+

 ion, respectively. 

Similarly, in M@Sn12
+
 clusters, Sn–Sn bond distances are increased on encapsulation of a 

Lr
3+

 or Lu
3+

 ion (Table 3.2). Consequently, in M@Pb12
+
 clusters, the cage diameter expands 

by 0.17 Å (for Lr) and 0.15 Å (for Lu), while in M@Sn12
+
 clusters, a slightly larger 

expansion of the bare cage has been observed (0.19 Å for Lr and 0.16 Å for Lu). This 

difference in the extent of expansion can be attributed to the smaller size of the bare Sn12
2−

 

cage compared to the bare Pb12
2−

 cage. A smaller cage size effectively leads to more 

repulsion between the cage and the encapsulated metal atom/ion. These findings are in 

concurrence with previously studied Pu@Pb12 and Pu@Sn12 clusters in which the cage 

diameter of Pb12
2−

 and Sn12
2−

 clusters is expanded by 0.18 and 0.19 Å, respectively.
101

 The 

Lr–Pb (Lr−Sn) and Lu–Pb (Lu−Sn) bond distances are calculated to be 3.298 (3.209) and 

3.276 (3.176) Å in M@Pb12
+
 (M@Sn12

+
) clusters, respectively. The Lr–Pb/Sn and Lu−Pb/Sn 

bond distances are slightly differ in values due to the smaller size of Lu
3+

 ion compared to 

Lr
3+

 ion. Similar results are obtained using B3LYP functional as reported in Table 3.2. 

However, encapsulation of other Lr
n+

 or Lu
n+

 (n = 0, 1, 2) ion inside the Pb12
2−

 or Sn12
2−

 

clusters has distorted the icosahedral geometry of their parent Pb12
2−

 or Sn12
2−

 clusters and the 

corresponding M−Pb/Sn and Pb−Pb/Sn−Sn bond distances of these clusters are reported in 

Table 3.2. It can be seen from Table 3.2 that trend in the structural parameters viz. bond 

lengths of M–Pb/Sn and Pb–Pb/Sn–Sn of Lr
n+

 encapsulated clusters (where n = 0, 1, 2 and 3) 

shows a striking similarity with that of the corresponding Lu
n+

 encapsulated clusters (n = 0, 1, 

2 and 3). 

(b) Endohedral M@Pb12
2−

 and M@Sn12
2−

 clusters (M = La
3+

, Ac
3+

) 

In addition to the Lr and Lu encapsulated Zintl ion clusters, the structures of La
3+

 or 

Ac
3+

 encapsulated Pb12
2−

 or Sn12
2−

 clusters have also been investigated to elucidate the 

structural similarity/differences between La
3+

 or Ac
3+

 ions and the smaller sized Lu
3+

 and 
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Lr
3+

 ions. Similar to Lu
3+

 and Lr
3+

 ions, encapsulation of La
3+

 or Ac
3+

 into Pb12
2−

 clusters 

does not alter the Ih geometry of the parent Pb12
2−

 cluster and the geometry contains real 

frequencies. However, because of the larger size of the La
3+

 and Ac
3+

 ions and the 

comparatively smaller cage size of the Sn12
2−

 cluster, the M@Sn12
+
 clusters show small 

imaginary frequency values using PBE functional. The M–Pb and Pb–Pb bond distances are 

calculated to be 3.384, 3.559 Å, respectively in the La@Pb12
+
 cluster and 3.432, 3.609 Å, 

respectively, in the Ac@Pb12
+
 cluster. The M–Pb/Sn and Pb–Pb/Sn–Sn bond distances 

calculated by using the PBE/def-TZVP and B3LYP/def-TZVP methods are found to be very 

close as reported in Table 3.2. Due to the large size of La and Ac ion, the cage diameter in the 

La@Pb12
+
 and Ac@Pb12

+
 clusters expands even more than for Lr

3+
 and Lu

3+
 (0.51 and 0.61 

Å, respectively whereas for Lr
3+

 and Lu
3+

 this expansion is 0.17 and 0.15 Å, respectively).  

 

3.2.5 Binding energy estimation 

The binding energy is an important parameter for determining the stability of clusters. 

The encapsulation of the metal atom or ion into the Pb12
2−

 or Sn12
2−

 clusters can be 

represented by the following reaction. 

M
n+

 + E12
2−

 → (M@E12)
n−2

       

BE = [E(M@E12)
n−2 

− E(M
n+

) − E(E12
2−

)]       

where M = Lr
n+

, Lu
n+

, La
3+

, Ac
3+

, E = Pb, Sn, and n = 0, 1, 2, 3 and negative value of binding 

energy implies that the cluster is stable with respect to its fragments. 

The binding energies of all the lawrencium and lutetium encapsulated Pb12
2−

 and 

Sn12
2−

 clusters are negative indicating that they are energetically stable. However, among all 

the clusters, Str1(Ih) of the M@Pb12
+
 and M@Sn12

+
 (M = Lr and Lu) clusters are observed to 

be the most stable having most negative values of the binding energy (−37.19 and −37.90 eV 

for Lr@Pb12
+
 and Lu@Pb12

+
, respectively, and −36.23 and −37.03 eV, for Lr@Sn12

+
 and 
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Lu@Sn12
+
 respectively) as reported in Table 3.2. They also possess the highest symmetry, 

which is an added advantage when it comes to their stable energetics. For the other Lr
n+

 or 

Lu
n+

 (n = 0, 1, 2) doped clusters, the binding energy corresponding to their most stable 

structure is less negative compared to Lr
3+

 and Lu
3+

 encapsulated Pb12
2−

and Sn12
2−

 clusters 

(Table 3.2), which implies their relatively lower stability. In all the clusters, binding energies 

decrease with a decrease in the charge on the encapsulated atom or ion (Table 3.2). Thus, 

more positive charge on the encapsulated metal ion increases the interaction between the cage 

and the encapsulated atom (ion). Furthermore, despite their size difference, the binding 

energies of Lr
n+

 encapsulated clusters in their different oxidation states (n = 0, 1, 2, 3) are 

found to be very close to the corresponding binding energies of Lu
n+

 encapsulated clusters in 

their corresponding oxidation states (Table 3.2). It may be noted that the M@Pb12
+
 and 

M@Sn12
+
 (M = Lr, Lu) clusters are found to be energetically more stable than the previously 

studied Pu@Pb12 and Pu@Sn12 clusters which have comparatively less negative binding 

energies of −26.76 and −26.19 eV, respectively.
101

 

Moving to the La and Ac clusters, their binding energy is observed to be relatively 

smaller (−31.36 and −28.88 eV, respectively, for La@Pb12
+
 and Ac@Pb12

+
 clusters) as 

compared to that of the Lu@Pb12
+
 and Lr@Pb12

+
 clusters, but nonetheless higher than the 

Pu@Pb12 cluster
101

 (−26.76 eV). Similarly, binding energy values of the La@Sn12
+
 and 

Ac@Sn12
+
 clusters are −30.04 and −27.47 eV, respectively, which are also smaller than the 

corresponding values for the Lu@Sn12
+
 and Lr@Sn12

+
 clusters (Table 3.2). This trend shows 

that larger metal ion (La
3+

 or Ac
3+

) encapsulated Pb12
2−

 or Sn12
2−

 clusters are less stable 

compared to smaller metal ion (Lu
3+

 and Lr
3+

) encapsulated clusters. The B3LYP/def-TZVP 

calculated binding energy values follow exactly the same stability trend as we discussed 

above using the PBE/def-TZVP method (Table 3.2).  
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Table 3.2: Calculated Values of Average Bond Distance (R(M−Pb/M−Sn) and R(Pb–Pb/Sn–Sn), in Å), 

Binding Energy (BE, in eV) and HOMO−LUMO Energy Gap (EGap, in eV) using PBE 

(B3LYP) Functionals. 

Cluster Geometry R(M–Pb/M–Sn) R(Pb–Pb/Sn–Sn) BE EGap 

Pb12
2−

 Ih 3.129 (3.151) 3.290 (3.314) … 2.28 (3.05) 

Sn12
2−

 Ih 3.015 (3.030) 3.170 (3.186) … 1.87 (2.72) 

Lr@Pb12
+
 Str1(Ih) 3.298 (3.326) 3.468 (3.497) −37.19 (−36.54) 1.81 (2.69) 

Lu@Pb12
+
 Str1(Ih) 3.276 (3.302) 3.445 (3.472) −37.90 (−37.20) 1.87 (2.79) 

Lr@Sn12
+
 Str1(Ih) 3.209 (3.219) 3.375 (3.385) −36.23 (−35.43) 1.62 (2.57) 

Lu@Sn12
+
 Str1(Ih) 3.176 (3.196) 3.339 (3.360) −37.03 (−36.21) 1.70 (2.69) 

La@Pb12
+ Str1(Ih) 3.384 (3.413) 3.559 (3.589) −31.36 (−30.79) 1.26 (2.17) 

Ac@Pb12
+
 Str1(Ih) 3.432 (3.464) 3.609 (3.642) −28.88 (−28.28) 1.22 (2.11) 

La@Sn12
+ Str1(Ih) 3.293 (3.317) 3.462 (3.488) −30.04 (−29.35) 1.06 (2.03) 

Ac@Sn12
+ Str1(Ih) 3.342 (3.371) 3.513 (3.544) −27.47 (−26.71) 1.02 (1.96) 

Lr@Pb12 Str4(D3d) 3.291 (3.320) 3.460 (3.531) −20.03 (−19.17) 0.25 (0.96) 

Lu@Pb12 Str4(D3d) 3.269(3.305) 3.437 (3.499) −21.61 (−20.69) 0.25 (0.99) 

Lr@Sn12 Str4(D3d) 3.190 (3.266) 3.353 (3.437) −19.57 (−18.57) 0.24 (0.99) 

Lu@Sn12 Str6(C1) 3.169 (3.190) 3.331 (3.343) −21.16 (−20.17) 0.25 (1.02) 

Lr@Pb12
−
 Str8(C1) 3.462 (3.536) 3.373 (3.416) −8.00 (−7.16) 0.99 (1.86) 

Lu@Pb12
−
 Str8(C1) 3.435 (3.460) 3.358 (3.388) −9.84 (−8.95) 0.98 (1.87) 

Lr@Sn12
−
 Str8(C1) 3.356 (3.385) 3.294 (3.297) −8.30 (−7.37) 0.80 (1.71) 

Lu@Sn12
−
 Str8(C1) 3.346 (3.344) 3.301 (3.266) −10.21 (−9.24) 0.82 (1.73) 

Lr@Pb12
2−

 Str10(C2) 3.478 (3.530) 3.380 (3.434) −2.79 (−1.99) 0.27 (1.00) 

Lu@Pb12
2−

 Str10(C2) 3.420 (3.423) 3.471 (3.447) −3.67 (−2.82) 0.27 (1.01) 

Lr@Sn12
2−

 Str8(C1) 3.333 (3.378) 3.267 (3.369) −3.37 (−2.50) 0.27 (1.06) 

Lu@Sn12
2−

 Str8(C1) 3.310 (3.328) 3.253 (3.326) −4.32 (−3.45) 0.27 (1.07) 
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3.2.6 Molecular orbitals analysis 

Molecular orbital (MO) energy level diagrams of Lr
3+

 and Lu
3+

 metal ion 

encapsulated Pb12
2−

 and Sn12
2−

 clusters as obtained using the B3LYP/def-TZVP method are 

represented in Figure 3.2. In Pb12
2−

 the HOMO and lowest unoccupied molecular orbital 

(LUMO) correspond to the 2t1u and 1gg levels, respectively, while in the Sn12
2−

 clusters the 

HOMO and LUMO are of 2hg and 1gg symmetries, respectively, with the corresponding 

HOMO–LUMO energy gaps of 3.05 and 2.72 eV. The HOMO–LUMO energy gap of all 

these clusters calculated by using the PBE/def-TZVP method are relatively smaller (cf. 2.28 

and 1.87 eV, for Pb12
2−

 and Sn12
2−

, respectively) than the B3LYP/def-TZVP method 

calculated values (Table 3.2).  
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Figure 3.2: MOs energy level diagrams of E12
2– and M@E12

+ (M = Lr, Lu and E = Pb, Sn) clusters 

using B3LYP functional. 

 

In the bare cage the occupied MOs corresponding to 2t1u, 2hg, 1gu and 2ag symmetry 

are associated with the valence electrons of the cage atoms and form stable 26−electrons 

systems,
62-63

 while the remaining occupied MOs (1t2u, 1hg, 1t1u and 1ag symmetries) contain 

only the inner s electrons of the cage atoms (Pb and Sn) and do not have any role in the 

reactivity of the system. For M@Pb12
+
 clusters (M = Lr and Lu), the HOMO and LUMO are 

found to be of 4t1u and 4hg symmetries, respectively, with the HOMO–LUMO energy gap 
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values of 2.69 (1.81) eV and 2.79 (1.87) eV, respectively, using the B3LYP (PBE) 

functionals. These values are slightly smaller than that of the bare cluster. In the case of the 

Lr@Sn12
+
 and Lu@Sn12

+
 clusters the HOMO–LUMO energy gaps of 2.57 (1.62) and 2.69 

(1.70) eV, respectively, calculated using the B3LYP (PBE) functionals are also closer to the 

corresponding value of the bare cluster, however, slightly smaller relative to the 

corresponding M@Pb12
+
 clusters. The calculated HOMO–LUMO energy gap of Lr

3+
 or Lu

3+
 

encapsulated clusters are fairly large, indicating that these clusters are chemically stable, 

while for other charged Lr
n+

 and Lu
n+

 (n = 0, 1, 2) encapsulated Pb12
2−

 and Sn12
2−

 clusters the 

HOMO–LUMO gap is small (Table 3.2). 

Now it is worthwhile to discuss about the valence electron count of the cage in the 

presence of the central atom/ion, and around the central atom/ion. It is to be noted that in the 

presence of the metal atom/ion (Lr, Lu, La and Ac), the cage possesses 26 electrons in the t1u, 

hg, gu and ag MOs in the M@Pb12
+
 clusters. This behaviour is exactly identical to the 

26−electron count in the bare cage. However, unlike in the bare cage, the t1u, hg, and ag MOs 

in the M@Pb12
+
 clusters are formed by the hybridization of the s, p, d valence orbitals of the 

central atom/ion and the p orbitals of the cage atoms, while the gu orbital corresponds to the 

pure cage orbital. In the Lr@Pb12
+
 cluster, 4t1u, 3hg, 2gu, 4ag, 2t2u, 1gu, 1t2u, 2hg, 3t1u, and 3ag 

MOs correspond to occupied MOs. From Figure 3.2, one can see that the energy separation 

between the 4ag and 2t2u orbitals is very large. Therefore, only 4t1u, 3hg, 2gu and 4ag orbitals 

are considered as the outer valence MOs of the Lr@Pb12
+
 cluster. Among these valence MOs, 

the 2gu orbital corresponds to the pure cage orbital as it does not interact with the central 

atom, while the remaining 4t1u, 3hg and 4ag MOs are formed by the overlapping of the 7s, 7p, 

6d orbitals of Lr with the cage orbitals (Figure 3.3) with a cumulative electron count of 18. 

Therefore, the Lr@Pb12
+
 cluster satisfies the 18−electron principle and can be considered as a 
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new example of an 18−electron system
99-100, 107, 114

 corresponding to shell−closing around the 

central metal atom with an s
2
p

6
d

10
 electronic configuration. 

 

      
  4t1u (M) 

 
          3hg (M)  

  
                      2gu (P) 

              
            4ag(M)                                    2t2u(P) 

           
                       1gu (Lr)                                     1t2u (Lr) 

Figure 3.3: MO pictures of Lr@Pb12
+ cluster using B3LYP functional. Here, „(M)‟ stands for mixed 

Lr−cage atoms MOs and „(P)‟ stands for pure cage atoms MOs and „(Lr)‟ represents pure Lr MOs. 

 

Similarly, the Lu@Pb12
+
 system also forms a very stable 18−electron system 

corresponding to completely filled 4t1u, 3hg and 4ag hybridized MOs as shown in Figure 3.4. 

In the same way, the Lr@Sn12
+
 and Lu@Sn12

+
 clusters are also obey the 18−electron 

principle. 
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4t1u (M) 

   
3hg(M) 

                                     
     2gu(P)                          4ag(M)            

          
       2t2u (Lu)                           1gu (Lu)          

        
  1t2u (P) 

Figure 3.4: MO pictures of Lu@Pb12
+ cluster using B3LYP functional. Here, „(M)‟ stands for mixed 

Lu−cage atoms MOs and „(P)‟ stands for pure cage atoms MOs and „(Lu)‟ represents pure Lu MOs. 

 

The MO pictures of the La
3+

 and Ac
3+

 encapsulated clusters are depicted in Figures 

3.5 and 3.6, respectively. Similar to Lr
3+

 and Lu
3+

 encapsulated clusters, the La@Pb12
+
 

(Ac@Pb12
+
) cluster also forms a stable 18−electron system corresponding to mixed 3t1u, 2hg, 

3ag (4t1u, 3hg, 4ag) MOs with s
2
p

6
d

10
 configuration around La (Ac) ion. It is to be noted that 

the HOMO–LUMO energy gaps (Table 3.2) of La
3+

 and Ac
3+ 

encapsulated Pb12
2−

 clusters is 

2.17 (1.26) and 2.11 (1.22) eV, respectively, calculated using the B3LYP (PBE) functionals 

are relatively smaller than those for Lr
3+

 and Lu
3+

 encapsulated Pb12
2−

 clusters. The same is 

true for La
3+ 

and Ac
3+

 encapsulated Sn12
2−

 clusters. 
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Thus, in the M@Pb12
+
 (M = La, Lu, Ac and Lr) clusters magic properties are satisfied 

individually with respect to the central metal atom and the cage. The central metal atom is 

found to satisfy shell closing with 18−bonding electrons around the central atom. On the 

other hand, the cage satisfies the 26−electron magic number through MOs involving pure 

cage orbitals and cage−central atom mixed orbitals. 

 
3t1u (M) 

 
        2hg (M) 

     
           2gu (P)       3ag(M)  

Figure 3.5: MO pictures of La@Pb12
+ cluster using B3LYP functional. Here, „(M)‟ stands for mixed 

La−cage atoms MOs and „(P)‟ stands for pure cage atoms MOs. 

 

 
4t1u (M) 

 
     3hg (M)  

     
                                             1gu (P)               4ag(M) 

Figure 3.6: MO pictures of Ac@Pb12
+ cluster using B3LYP functional. Here, „(M)‟ stands for mixed 

Ac−cage atoms MOs and „(P)‟ stands for pure cage atoms MOs. 
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Now, it is interesting to compare the 32−electron shell−closing in U or Pu containing 

clusters reported recently with the present systems. Unlike mid lanthanide or actinide 

encapsulated clusters, namely, Pu@Pb12,
101

 [U@Si20]
6−

,
111

 M@C26,
113

 (M = 

lanthanide/actinide), Pu@C24,
112

 and U@C28,
110

 in the M@Pb12
+
 cluster, the participation of 

the highly shielded 4f/5f orbitals of the Lu/Lr is negligible in the bonding with the cage 

atoms. Since the 4f/5f orbital of Lu/Lr does not participate in bonding with the cage (Pb12
2−

 

and Sn12
2−

), therefore the Lr@Pb12
+
, Lu@Pb12

+
, Lr@Sn12

+
 and Lu@Sn12

+
 systems behave 

like an 18−electron system rather than a 32−electron system, though the total number 

electron (including the 14 non-bonding electrons) around the Lr or Lu in the M@Pb12
+
 

clusters are found to be 32. Nevertheless, as far as the fulfillment of electron counting rule is 

concerned, normally the number of bonding electrons are considered, accordingly Lr and Lu 

containing systems better be described as 18-electron systems. 

 

3.2.7 Density of states analysis 

The density of states (DOS) plots for bare Pb12
2−

 cluster as well as of endohedral M@Pb12
+
 

(M = Lr and Lu) clusters are shown in Figure 3.7, which reveals that the Fermi level moves 

down in energy upon complexation with Lu
3+

/Lr
3+

 ion (pointed by green arrow) due to the 

stabilization of ligand‟s (i.e. cage‟s) orbitals in the field of Ln
3+

/An
3+

 cation. Figure 3.7 

represents the DOS corresponding to the clusters molecular orbitals (MOs), and the 

composition of each of the valence occupied MOs is discussed in the molecular orbital 

analysis section. Intense bands are observed for the bare Pb12
2−

 clusters, which correspond to 

their valence 6s and 6p orbitals. Similar intense bands have been observed for M@Pb12
+
 

clusters. However, the DOS of the M@Pb12
+
 clusters are slightly red shifted compared to the 

corresponding peaks for the bare Pb12
2−

 cluster. The deeper energy bands corresponding to 

the 4f or 5f valence orbitals of the Lu
3+

 or Lr
3+

 metal ion in the Lu@Pb12
+
 and Lr@Pb12

+
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clusters is indicative that these 4f or 5f orbitals of the central metal ions are highly shielded 

by their intervening electrons, and therefore act as inert/core orbitals and do not participate in 

bonding with the cage atoms. Both Lu
3+

 and Lr
3+

 ion encapsulated Pb12
2−

 clusters show 

almost similar energy shifts (Figure 3.7). Similar DOS is observed for Sn12
2−

 and M@Sn12
+
 

clusters.  
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Figure 3.7: Variation of DOS of Pb12
2– and M@Pb12

+ (M = Lr and Lu) clusters as a function of MOs 

energy using PBE functional. (Vertical green arrow is pointing toward HOMO). 

 

3.2.8 Charge distribution analysis 

The charges on the central atoms calculated by natural population analysis (NPA)
166

 

at PBE/def-TZVP level of theory are found to be very high, indicative of ionic bonding 

between the central atom and the cage atoms (Table 3.3). Therefore, we have performed 

Voronoi charge density (VDD)
167

 analysis at PBE/TZ2P level to calculate the Voronoi 

charge. The VDD charges are highly useful in calculating the amount of electronic density 
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that flows to or from a certain atom due to bond formation and thereby provide a chemically 

meaningful charge distribution.  

 

Table 3.3: Calculated Values of VDD and NPA Charges
1
 using PBE Functional. 

Cluster Geometry qM (NPA) qSn/Pb (NPA) qM (VDD) qSn/Pb (VDD) 

Pb12
2−

 Ih   … −0.17   … −0.17 

Sn12
2−

 Ih   … −0.17   … −0.17 

Lr@Pb12
+
 Str1(Ih) –3.63   0.39   0.10   0.08 

Lu@Pb12
+
 Str1(Ih) –2.50   0.29   0.07   0.08 

Lr@Sn12
+
 Str1(Ih) –3.93   0.41   0.11   0.08 

Lu@Sn12
+
 Str1(Ih) –2.83   0.32   0.08   0.08 

La@Pb12
+ 

Str1(Ih) –3.48   0.37 –0.11   0.09 

Ac@Pb12
+
 Str1(Ih) –6.86   0.66 –0.04   0.09 

La@Sn12
+ 

Str1(Ih) –3.46   0.37 –0.12   0.09 

Ac@Sn12
+ 

Str1(Ih) –6.51   0.63 –0.05   0.09 

Lr@Pb12 Str4(D3d) −3.52   0.29   0.08 –0.01 

Lu@Pb12 Str4(D3d) −2.42   0.20   0.05 –0.01 

Lr@Sn12 Str4(D3d) −3.82   0.32   0.09 –0.01 

Lu@Sn12 Str6(C1) −2.73   0.23   0.05 –0.01 

Lr@Pb12
−
 Str8(C1) −2.03   0.09   0.17 –0.10 

Lu@Pb12
−
 Str8(C1) −1.31   0.03   0.14 –0.10 

Lr@Sn12
−
 Str8(C1) −2.32   0.11   0.17 –0.10 

Lu@Sn12
−
 Str8(C1) −1.56   0.05   0.13 –0.09 

Lr@Pb12
2−

 Str10(C2) −1.88 −0.05
 

  0.17 –0.18 

Lu@Pb12
2−

 Str10(C2) −1.32 −0.01   0.13 –0.18 

Lr@Sn12
2−

 Str8(C1) −2.20   0.02   0.17 –0.18 

Lu@Sn12
2−

 Str8(C1) −1.44 −0.05
 

  0.14 –0.18 

1 
Average charge (qSn/Pb) for Sn/Pb atoms is reported. 
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The VDD charges on Lr and the cage atom are calculated to be 0.10 (0.11) and 0.08 

(0.08), respectively, in the Lr@Pb12
+
 (Lr@Sn12

+
) clusters, which are very different from the 

initial charges on Lr (+3) and the cage (−2). Similarly, the charges on Lu and the cage atom 

are calculated to be 0.07 (0.08) and 0.08 (0.08), respectively, in the Lu@Pb12
+
 (Lu@Sn12

+
) 

clusters. Thus an increase in the electron density around the central atom and a decrease in 

the electron density around the cage clearly indicate that some electron density has been 

transferred to the valence orbitals of the central atoms from the valence orbitals of the cage 

atoms. Further similar charges on Lr and Lu once again indicate that both Lr and Lu are 

forming a similar kind of bond with the cage atoms. The nature of the charges on the metal 

and cage atoms in M@Pb12
2−

 and M@Sn12
2−

 (M = Lr
n+

 and Lu
n+

 and n = 0, 1, 2, 3) clusters 

clearly signifies a very weak covalent or electrostatic interaction between the cage atoms and 

the encapsulated central atom. 

 Since ligand field is expected to be different on different subshells, therefore, we have 

calculated the orbital population in the s, p, d, and f orbitals for the central metal atom of 

M@Pb12
2 

 (M = La
3+

, Lu
3+

, Lr
n+

, Lu
n+

, n = 0, 1, 2, 3) clusters using NPA scheme and the 

corresponding values are reported in Table 3.4. The atomic population analysis confirms that 

Lu and Lr have their f
14

 shell in their lanthanoid- or actinioid-contracted atomic cores, 

respectively, which is also revealed from the molecular orbital pictures depicted in Figures 

3.3 and 3.4. The n(p) population on Lr is 1 unit higher than that on Lu as Lr has 7p
1
 

configuration while n(d) population is ~ 0.5 unit higher on Lu in M@Pb12
2 

 clusters. It is to 

be noted that only n(d) population on Lr and Lu changes considerably with the change in the 

oxidation state of Lr and Lu in M@Pb12
2 

 (M = Lr
n+

, Lu
n+

, n = 0, 1, 2, 3) clusters. 

Furthermore, the d orbital of La, Lu, Ac and Lr in the studied clusters are found to be 

partially filled with electrons. 
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Table 3.4: Calculated Values of Atomic Population on the Central Metal Atom in M@Pb12
2-

 

(M = Lr
n+

, Lu
n+

, La
3+

, Ac
3+

 and n = 0, 1, 2, 3) using NPA with PBE Functional. 

Cluster n(s) n(p) n(d) n(f) 

Lr@Pb12
+
 4.6 13.8 14.3 14.0 

Lr@Pb12 4.6 13.6 14.3 14.0 

Lr@Pb12
−
 4.6 13.1 13.3 14.0 

Lr@Pb12
2−

 4.6 13.1 13.2 14.0 

Lu@Pb12
+
 4.5 12.2 14.8 14.0 

Lu@Pb12 4.5 12.1 14.8 14.0 

Lu@Pb12
−
 4.4 12.1 13.8 14.0 

Lu@Pb12
2−

 4.5 12.0 13.8 14.0 

Ac@Pb12
+
 4.5 12.0 15.5 3.8 

La@Pb12
+
 2.6 6.0 5.8 0.1 

 

3.2.9 Analysis of topological properties 

For further understanding the nature of the M–Pb/Sn and Pb–Pb/Sn–Sn bonds in 

M@Pb12
+
 (M = Lr, Lu, La and Ac) and M@Sn12

+
 (M = Lr and Lu) clusters, the bond critical 

point (BCP) properties of the M–Pb and Pb–Pb bonds have been calculated using quantum 

theory of atoms in molecules (QTAIM)
 
analysis.

168, 172
 The BCP properties viz., the electron 

density (ρ), the Laplacian of the electron density ( 2
ρ), the Lagrangian kinetic energy G(r), 

the potential energy density V(r), the local electron energy density Ed(r), ratio of local 

electron kinetic energy density and electron density (G(r)/ρ in au) and ELF Values at M−Pb, 

Pb−Pb and Sn−Sn bonds are reported in Table 3.5. 

Generally, the value of the electron density and the Laplacian of the electron density 

at the BCP are used to distinguish between covalent [large electron density (ρ > 0.1) and 

 2
ρ(r) < 0] and non−covalent [small electron density (ρ < 0.1) and  2

ρ(r) > 0] interactions. 

However, according to Boggs
169

, sometimes the use of  2
ρ(r) can produce conflicting results 

regarding the nature of bonding at a critical point (r). According to Boggs, if Ed < 0 or |Ed| < 
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0.005 and G(r)/ρ(r) < 1, the interaction possesses some degree of covalency even if the value 

of  2
ρ(r) > 0. In the present work for M–Pb/M−Sn and Pb–Pb/Sn−Sn bonds, the value of 

 2
ρ(r) > 0, however the value of Ed(r) < 0, G(r)/ρ(r) < 1 and |Ed(r)| < 0.005 at the BCP satisfy 

Bogg's criteria of weak covalent interaction of type C and type D in M@Pb12
+
 and M@Sn12

+
 

(M = Lr, Lu) clusters (Table 3.5). Therefore, the M−Pb/M−Sn and Pb−Pb/Sn−Sn bonds are 

not truly covalent in nature; however, these bonds possess only a small degree of covalent 

interaction, which is in the agreement with the results of the VDD charge distribution 

analysis. 

 

Table 3.5: BCP Properties at M Pb/M Sn and Pb Pb/Sn Sn Bonds using PBE Functional 

along with Small Core RECP Employed with EDF. 

Cluster Bond   
2
 G(r)

 
V(r)

 
Ed(r) G(r)/ Type

 
ELF 

Lr@Pb12
+ 

Lr−Pb 0.023 0.04 0.01 –0.02 –0.003 0.54 C, D 0.16 

Pb–Pb 0.023 0.02 0.01 –0.01 –0.002 0.32 C, D 0.34 

Lu@Pb12
+ 

Lu–Pb 0.022 0.04 0.01 –0.02 –0.003 0.54 C, D 0.15 

Pb–Pb 0.023 0.02 0.01 –0.01 –0.002 0.32 C, D 0.34 

Lr@Sn12
+ 

Lr–Sn 0.026 0.04 0.01 –0.02 –0.004 0.54 C, D 0.18 

Sn–Sn 0.025 0.02 0.01 –0.01 –0.003 0.27 C, D 0.46 

Lu@Sn12
+ 

Lu–Sn 0.024 0.04 0.01 –0.02 –0.003 0.56 C, D 0.16 

Sn–Sn 0.026 0.02 0.01 –0.01 –0.003 0.28 C, D 0.45 

La@Pb12
+ 

La−Pb 0.022 0.05 0.01 –0.02 –0.001 0.65 C, D 0.11 

Pb–Pb 0.022 0.02 0.01 –0.01 –0.002 0.29 C, D 0.39 

Ac@Pb12
+ 

Ac−Pb 0.021 0.04 0.01 –0.01 –0.001 0.61 C, D 0.11 

Pb–Pb 0.020 0.02 0.01 –0.01 –0.002 0.26 C, D 0.40 
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Moreover, we have calculated the electron localization function (ELF)
171

 values for 

M−Pb/Sn and Pb−Pb/Sn−Sn bond as it is an important parameter for understanding the nature 

of bonding between the constituent atoms. In general high value of the ELF (close to 1) 

implies a covalent bonding between the constituent atoms, while a small value of ELF (< 0.5) 

indicate ionic or a very weak covalent interaction between the constituent atoms. For all the 

studied systems the calculated value of ELF is less than 0.5 (Table 3.5) which primarily 

suggests an ionic behaviour of M−Pb/M−Sn and Pb−Pb/Sn−Sn bonds in M@Pb12
+
 and 

M@Sn12
+
 clusters (M = Lr, Lu, La and Ac). 

 

3.2.10 Energy decomposition analysis 

To analysis the nature of interaction between the fragments of a molecular system, 

energy decomposition analysis (EDA) has been performed using Morokuma-type
173, 175

 

energy decomposition method as implemented in ADF program. For EDA, the M
n+

@Pb12
2−

 

and M
n+

@Sn12
2−

 clusters (M = Lr, Lu and n = 0, +1, +2, +3) have been decomposed into two 

fragments, viz., M
n+ 

+ Pb12
2−

 and M
n+ 

+ Sn12
2−

, respectively. In the EDA method, the total 

interaction energy between the separated fragments (ΔE
int

) can be divided into the Pauli 

repulsion (ΔE
Pauli

), electrostatic interaction (ΔE
elec

), and orbital interaction (ΔE
orb

) terms as 

shown in equation (3.3) and corresponding values are reported in Table 3.6.  

ΔE
int

 = ΔE
Pauli

 + ΔE
elec

 + ΔE
orb

       

where, ΔE
orb

 is the stabilizing orbital interaction term which consists of a polarization term 

and a covalency factor due to the overlap between the metal and cage orbitals, ΔE
elec

 and 

ΔE
Pauli

 denote the electrostatic interaction energy and the Pauli repulsion energy, respectively, 

between the fragments.  

  



  

69 

 

Table 3.6: EDA at PBE/TZ2P Level of Theory. Percentage Contribution of Energy 

Components to the Total Interaction Energy (in eV) is Provided within the Parenthesis. 

Cluster ΔE
Pauli

 ΔE
elec

 ΔE
orb

 ΔE
int

 

(a) Cationic clusters (+1 charge) 

Lr@Pb12
+
 (Ih) 13.62  −27.01 (52.1) −24.88 (47.9) −38.35 

Lu@Pb12
+
 (Ih) 11.11  −25.27 (50.1) −24.60 (49.3) −38.76 

Lr@Sn12
+
 (Ih) 14.38  −26.68 (51.9) −24.72 (48.1) −37.16 

Lu@Sn12
+
 (Ih) 12.07  −25.02 (50.3) −24.68 (49.7) −37.62 

(b) Neutral clusters 

Lr@Pb12 (D3d) 20.91  −23.57 (56.0) −18.53 (44.0) −21.22 

Lu@Pb12 (D3d) 18.94  −22.05 (54.0) −18.81 (46.0) −21.93 

Lr@Sn12 (D3d) 22.15  −23.50 (55.1) −19.16 (44.9) −20.52 

Lu@Sn12 (D3d) 20.48  −22.16 (53.1) −19.57 (46.9) −21.27 

Lu@Sn12 (C1) 19.97 −21.97 (52.8) −19.66 (47.2) −21.66 

(c) Anionic clusters (−1 charge) 

Lr@Pb12
−
 (C1) 20.82  −17.60 (54.8) −14.50 (45.2) −11.28 

Lu@Pb12
−
 (C1) 20.40  −17.13 (52.5) −15.48 (47.5) −12.22 

Lr@Sn12
−
 (C1) 22.39  −18.05 (54.1) −15.32 (45.9) −10.98 

Lu@Sn12
−
 (C1) 21.94  −17.65 (51.9) −16.35 (48.1) −12.06 

(d) Anionic clusters (−2 charge) 

Lr@Pb12
2−

 (C2) 52.62  −19.82 (34.1) −38.24 (65.9) −5.43 

Lu@Pb12
2−

 (C2) 46.78 −19.26 (36.7) −33.20 (63.3) −5.68 

Lr@Sn12
2−

 (C1) 45.50  −19.73 (38.0) −32.16 (62.0) −6.39 

Lu@Sn12
2−

 (C1) 40.90  −18.85 (39.6) −28.81 (60.4) −6.77 

 

 Table 3.6 shows the contribution from electrostatic, Pauli and orbital interactions to 

the total interaction energy for the lowest energy isomer for each oxidation state of the metal 

in M@Pb12
2−

 and M@Sn12
2−

 clusters (M = Lr
n+

 and Lu
n+

 and n = 0, 1, 2, 3). Based on their 

charge, the clusters are grouped (a) to (d) in Table 3.6. In all the clusters, the total interaction 

energy between fragments decreases with a decrease in the charge on the encapsulated atom 
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or ion as shown in Table 3.6. Slightly higher contribution of ΔE
elec

 term to the ΔE
int

 once 

again confirms a stronger electrostatic and weaker covalent interaction in these systems. Each 

energy components of Lr
n+

 doped clusters matches with the corresponding component of 

Lu
n+

 doped cluster, which indicate very similar bonding behaviour of Lr and Lu ion with the 

cluster.  

 

3.2.11 Spin orbit coupling effect 

Since the spin orbit (SO) coupling effect is very important for systems containing a 

heavy atom, the effect of spin orbit coupling has therefore been investigated for the bare 

clusters (Pb12
2−

 and Sn12
2−

) and Lr@Pb12
+
, Lu@Pb12

+
, Lr@Sn12

+
 and Lu@Sn12

+
 clusters using 

the ZORA approach at the PBE/TZ2P level. The optimized bond lengths calculated using the 

spin orbit ZORA approach are found to be very close to those of the optimized bond lengths 

calculated using the scalar ZORA approach as reported in Table 3.7, which clearly shows a 

negligible effect of spin orbit coupling on the optimized geometrical parameters of these 

clusters. It is interesting to note that the geometrical parameters obtained using the RECP 

approach (Table 3.2) are very close to those reported in Table 3.7, indicating the suitability of 

the RECP approach in determining the structural properties of the clusters reported in this 

work. However, the HOMO–LUMO energy gap is slightly lowered (by 0.1−0.6 eV) after 

incorporating the spin–orbit coupling. The effect of spin orbit coupling can be noticed from 

the splitting of the various energy levels (gu, hg and tu) as shown in Figure 3.8, plotted using 

the B3LYP/TZ2P results. At the B3LYP/TZ2P level, the splitting of various energy levels 

(gu, hg and tu) is slightly higher than the splitting at the PBE/TZ2P level. 

 In the Lr@Pb12
+
 and Lu@Pb12

+
 clusters the splitting of the gu orbital is slightly higher 

(in the range of 0.58–0.56 eV) as compared to hg (0.43–0.53 eV) and tu (0.06–0.35 eV) 

orbitals. In the Lr@Sn12
+
 and Lu@Sn12

+
 clusters the extent of splitting of gu (in the range of 
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0.20–0.23 eV), hg (0.14–0.19eV) and tu (0.04–0.25eV) is relatively smaller than that in the 

Lr@Pb12
+
 and Lu@Pb12

+
 clusters. Due to the spin–orbit coupling, the HOMO (tu) of the 

M@Pb12
+
 and M@Sn12

+
 clusters is splitted into g3/2u and e1/2u orbitals. Because of this 

splitting, the HOMO is destabilized (either of the g3/2u or e1/2u orbital), resulting in a decrease 

of the HOMO–LUMO gaps of the bare cage as well as of the Lr@Pb12
+
, Lu@Pb12

+
, 

Lr@Sn12
+
, Lu@Sn12

+
 clusters after the incorporation of the spin–orbit effect. Since in all the 

studied clusters the effect of spin–orbit coupling is rather small, the spin orbit coupling is 

therefore not significant enough to affect their electronic and structural properties. 

 

Table 3.7: Calculated Bond Distances (R(M−Pb/M−Sn) and R(Pb–Pb/Sn–Sn), in Å), and 

HOMO−LUMO Energy Gap (EGap, in eV) at PBE/TZ2P Level of Theory. B3LYP 

Calculated EGap Values are Provided in the Parenthesis. 

Cluster R(M–Pb/M–Sn) R(Pb–Pb/Sn–Sn) EGap 

Scalar SO Scalar SO Scalar SO 

Pb12
2−

 3.106 3.052 3.266 3.226 2.11 (2.93) 1.89 (2.59) 

Sn12
2−

 3.031 3.030 3.187 3.186 1.96 (2.75) 1.84 (2.61) 

Lr@Pb12
+ 

3.273 3.261 3.443 3.429 1.68 (2.54) 1.28 (2.06) 

Lu@Pb12
+
 3.264 3.283 3.433 3.438 1.66 (2.61) 1.13 (1.99) 

Lr@Sn12
+
 3.217 3.211 3.382 3.377 1.57 (2.42) 1.25 (2.10) 

Lu@Sn12
+
 3.199 3.199 3.363 3.363 1.55 (2.52) 1.35 (2.31) 
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Figure 3.8: Scalar relativistic and spin orbit (SO) splitting of the valence MO energy levels at 

B3LYP/TZ2P level of theory. 

 

3.3 Conclusion 

In light of the positions of the elements Lr, Lu, La and Ac in the periodic table, these 

elemental atom and ion encapsulated Sn12
2−

 and Pb12
2−

 clusters have been constructed and 

studied. We have found remarkable similarities in the various properties viz. geometrical 

stability, structural properties, the binding energy and HOMO–LUMO energy gap and 

electronic distributions of the different oxidation states of Lr
n+

 (n = 0, 1, 2, 3) encapsulated 

clusters with those of the corresponding Lu
n+

 (n = 0, 1, 2, 3) encapsulated clusters, indicating 
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that Lr in all its oxidation states possesses similarity with the corresponding oxidation states 

of Lu in spite of their different atomic ground state valence electronic configurations. 

Among all the M
n+

 doped clusters (M = Lr, Lu, and n = 0, 1, 2, 3), only Lr
3+

 or Lu
3+

 

ion encapsulated Pb12
2−

 and Sn12
2−

 clusters retained the icosahedral geometry and also 

displayed the highest energetic stability. Moreover, these M@Pb12
+
 and M@Sn12

+
 clusters 

form stable magic clusters with shell-closing corresponding to 18−bonding electrons around 

the central metal ion. Similarly, La
3+

 or Ac
3+

 encapsulated clusters also possess icosahedral 

geometry with high negative binding energy values and form highly stable 18−electron 

systems. The similarity further extends to the formation of similar HOMOs and LUMOs in 

the case of all the four elements in question. All the Lr
3+

, Lu
3+

, La
3+

, and Ac
3+

 doped clusters 

follow 18-electron rule corresponding to s
2
p

6
d

10
 configuration around the doped metal ion 

and also the doped metal atom or ion possess partially filled d orbital (similar to transition 

metal complex). Altogether, Lr
3+

, Lu
3+

, La
3+

, and Ac
3+

 show the same kind of electronic, 

energetic as well as geometric behavior, convincing us to recommend that all four of these 

elements to be placed in a same block in the periodic table.
190

 Therefore, among all the three 

periodic table we choose the IUPAC accepted periodic table where all the lanthanides and 

actinides (La to Lu and Ac to Lr) are placed in a 15-element f block. Moreover, in the 15-

elements f block the behaviour at the two ends is found to be quite similar, which supports 

15−member Ln and An rows.  
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CHAPTER 4 

Electronic Structure and Chemical Bonding in Lanthanide and 

Actinide doped Sb4
2−

 and Bi4
2−

 Rings  

 

4.1 Introduction 

In the previous chapter (Chapter 3), we have investigated the position of lanthanide 

(Ln) and actinide (An) elements in the periodic table and predicted early and late Ln/An (La, 

Ac, Lr, Lu) atom or ion doped highly stable Zintl ion clusters, which follow 18–electron 

principle. However, highly stable 32–electron system could be produced with the doping of 

mid Ln/An atom or ion in a cluster. Recently in the work done by Mitzinger and co–

workers,
195 

an attempt has been made to comprehend the formation mechanism of ligand–free 

inorganic chemical compounds containing Zintl ions and it has attracted the attention of 

scientists in this advancing field of research. A large number of studies have been carried out 

in the past on a range of multi–metallic clusters doped with transition–metal atoms or ions.
196-

202
 Rare–earth–doped metalloid clusters, [Ln@Pb6Bi8]

3–
, [Ln@Pb3Bi10]

3–
, [Ln@Pb7Bi7]

4–
, 

[Ln@Pb4Bi9]
4–

, and so forth, have also been studied experimentally as well as quantum 

mechanically.
77, 203-205

 Recently, U–doped metalloid clusters [U@Bi12]
3−

, [U@Tl2Bi11]
3−

, 

[U@Pb7Bi7]
3−

, and [U@Pb4Bi9]
3−

 have been synthesized and characterized experimentally as 

well as theoretically and have been shown to have unique antiferromagnetic coupling 

between the metal–actinide atoms.
78

 Apart from the uranium–doped clusters, lanthanide–

doped metalloids clusters, [Ln@(Sb4)3]
3–

 (Ln = La, Y, Ho, Er, Lu) have also been 

synthesized by Min et al. and isolated as the K([2.2.2]crypt) salts and characterized by 

single–crystal X–ray diffraction techniques.
79

 Very recently Rookes et al. have synthesized 

and characterized the [An(Tren
DMBS

)(Pn(SiMe3)2)] and [An(Tren
TIPS

)(Pn(SiMe3)2)] systems, 
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and investigated the thermal and photolytic reactivity of U–Pn and Th–Pn (Pn = Pnictogen) 

bonds.
206 

Although the ligand–free inorganic chemical compound containing lanthanum, 

[La@(Sb4)3]
3–

 is synthesized and characterized experimentally as well as studied 

theoretically,
79

 encapsulation of actinide (Th
4+

, Pa
5+

, U
6+

 and Np
7+

) ions in the negatively 

charged antimony (Sb4
2–

)3 and bismuth (Bi4
2–

)3 clusters have not been reported before. Also 

we have made an attempt to predict new stable 32–electron
108, 110-113

 systems by doping iso–

electronic series of early to mid Ln and An ion in the metalloid clusters. Thus, the present 

work not only attempts to provide a thorough analysis on the stability of the experimentally 

observed [La@(Sb4)3]
3–

 cluster
79

 within the framework of electronic shell closing principles 

but also to predict the highly stable closed-shell actinide–centered clusters, [An@(E4
2–

)3] (An 

= Th
4+

, Pa
5+

, U
6+

 and Np
7+

), and other valence isoelectronic lanthanide–centered clusters, 

[Ln@(E4
2–

)3] (Ln = La
3+

, Ce
4+

, Pr
5+

 and Nd
6+

), through quantum chemical calculations. 

Another interesting feature in this work is to study the dependence of charge on the metal ion 

toward the extent of nonplanarity of the E4
2–

 rings in the [M@(E4
2–

)3] complexes. The 

encapsulated forms denoted as [Ln@(E4
2–

)3] and [An@(E4
2–

)3], have been examined with 

respect to their stability order with variation of the central metal ion in different metalloid 

[(Sb4
2–

)3 and (Bi4
2–

)3] clusters. In the present theoretical study, metal atom or ion–

encapsulated clusters have been rendered stable in spite of losing the aromaticity of their 

parent E4
2–

 (E = Bi, Sb) rings. The concept of aromaticity and antiaromaticity plays an 

important role in guiding experimental synthesis and rationalizing geometrical and electronic 

structures of some Zintl clusters.
207 

Thus, it is of immense interest to explore the reasons 

behind the unusually high stability of these clusters, notwithstanding their conversion into 

what is expected to be a less stable antiaromatic cluster.  
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All the results discussed in this chapter have been obtained by using PBE
144

 and 

B3LYP functionals
146-147

 with def–TZVPP basis set along with a relativistic effective core 

potential (RECP) for heavier elements by using Turbomole
150

, ADF
151, 153

 and Multiwfn
170

 

programs. Detail computational methodologies have been discussed in Chapter 2 of this 

thesis. 

 

4.2 Results and discussions 

4.2.1 Bare (E4
2–

)3 systems 

Both bare metalloid Zintl ion clusters, (E4
2–

)3 (E = Sb and Bi) are made up of three 

aromatic E4
2–

 rings. Individual Sb4
2–

 and Bi4
2–

 rings are found to optimize in D4h symmetry 

with all real frequencies. The ionization potential (IP) of Sb4
2–

 and Bi4
2–

 rings are calculated 

to be negative ( 1.8 and  1.7 eV, respectively) in the vacuum. However, the potassium-

cryptand salts of the Sb4
2−

 and Bi4
2−

 have already been prepared in the past.
208-210

 The 

pictorial representation of the E4
2–

 ring is shown in Figure 4.1. The bare (E4
2–

)3 systems are 

found to be highly unstable because of the weak interactions among the neighbouring E4
2–

 

units in the absence of any metal ion. In these Zintl clusters (E4
2–

)3, two types of bonding is 

possible, one is intra–ring bonding (Rintra), that is bonding within the E4
2–

 ring and the second 

is inter–ring bonding (Rinter), that is bonding between the neighbouring rings (E4
2–

–E4
2–

). In 

both (Sb4
2–

)3 and (Bi4
2–

)3 clusters, Rintra bonds are found to be much stronger, whereas Rinter 

bonds are observed to be extremely weak which clearly represents the highly stable and less 

reactive nature of the aromatic Sb4
2–

 and Bi4
2–

 rings. 

 

4.2.2 Optimized structure of M@(E4
2–

)3 systems 

To begin with, we optimized the experimentally observed [U@(Bi4)3]
3–

 and 

[La@(Sb4)3]
3–

 clusters using def–TZVPP (represented as DEF) basis set. For comparison 
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purpose both the systems are also optimized with small–core ECP using def2–TZVPP basis 

set for Sb, Bi and Stuttgart basis set for La
211-212

 (represented as DEF2). The calculated bond 

lengths of [U@(Bi4)3]
3–

 and [La@(Sb4)3]
3–

 clusters are reported in Table 4.1. In the optimized 

structure of the [M@(E4
2–

)3] (M = Ln, An) clusters, six atoms (E = Sb or Bi) of the (E4
2–

)3 

clusters are in the plane (represented as "eq" atom) while for the remaining six atoms, three 

atoms are above the plane and three lie below the plane (represented as "ax" atom) as shown 

in Figure 4.1. 

 

                 
 

         E4
2−

 (D4h)                M@(E4
2–

)3 (D3h)   M@(E4
2–

)3 (Cs) 

Figure 4.1: Optimized structures of E4
2− and M@(E4

2–)3 (M = Ln, An) systems. 

 

In addition to Rintra and Rinter bond distances, metal–doped clusters also possess two 

other types of bonding: one is the bonding of central metal atom with the six in–plane atoms 

of (E4
2–

)3 cluster known as equatorial bonding (Req) and the second is the bonding of central 

metal ion with the six out–of–plane atoms of the (E4
2–

)3 cluster, which is mentioned as axial 

bonding (Rax) throughout the paper. It is noteworthy to mention that for [La@(Sb4)3]
3–

 and 

[U@(Bi4)3]
3–

, the Rax and Req corresponding to M–E (M = La, U) bond as well as Rinter and 

Rintra, corresponding to E–E (E = Sb, Bi) bond calculated using PBE/DEF and PBE/DEF2 

methods are somewhat close to the corresponding experimental values (Table 4.1).
78-79 

However, the B3LYP calculated Rax, Req, Rinter, and Rintra values in [La@(Sb4)3]
3–

 and 

[U@(Bi4)3]
3–

 clusters are significantly different from the corresponding reported 
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experimental values. Further, from Table 4.1, it can be seen that the results calculated using 

PBE/DEF and PBE/DEF2 methods are very close. Therefore, we have investigated the 

various properties of all of the clusters using the PBE/DEF method and corresponding results 

have been discussed throughout this chapter unless otherwise mentioned. 

 

Table 4.1: Calculated Bond Distances (in Å) in [U@(Bi4)3]
3–

 and [La@(Sb4)3]
3−

 Clusters 

using PBE (B3LYP) Functionals. 

Systems Method Req Rax Rintra Rinter 

[U@(Bi4)3]
3–

 

 

Expt 3.463 − 3.545 3.119 − 3.167 3.051 − 3.109 3.018 − 3.046 

DEF 3.567 (3.664) 3.133 (3.236) 3.100 (3.073) 3.006 (3.085) 

DEF2 3.592 (3.693) 3.158 (3.261) 3.107 (3.076) 3.020 (3.105) 

[La@(Sb4)3]
3−

 

 

Expt 3.434 − 3.474 3.239 − 3.263 2.809 − 2.826 3.018 − 3.052 

DEF 3.542 (3.588) 3.334 (3.384) 2.865 (2.865) 3.136 (3.168) 

DEF2 3.529 (3.583) 3.310 (3.365) 2.870 (2.872) 3.121 (3.150) 

 

After performing the benchmark study for [U@(Bi4)3]
3–

 and [La@(Sb4)3]
3–

 clusters, 

which are known experimentally, all of the lanthanide– and actinide–doped metalloid 

clusters, viz., [Ln@(E4
2–

)3] and [An@(E4
2–

)3] (Ln = La
3+

, Ce
4+

, Pr
5+

, Nd
6+

; An = Th
4+

, Pa
5+

, 

U
6+

, Np
7+

; E = Sb, Bi) are optimized in D3h symmetry (Figure 4.1) with all real frequency 

values. In addition to the D3h symmetry, all of the [Ln@(E4
2–

)3] and [An@(E4
2–

)3] clusters 

except the [Nd@(Bi4)3] cluster are optimized in Cs symmetry (Figure 4.1) with all real 

frequencies. However, this particular geometry with Cs symmetry is energetically less stable 

(7–16 kcal mol
–1

) as compared to the corresponding D3h geometry isomer. Also, we have 

made an attempt to optimize the [Ln@(E4
2–

)3] and [An@(E4
2–

)3] clusters using icosahedral 

geometry without any symmetry constrain. However, they are optimized in distorted 

icosahedral structure. Furthermore, these distorted icosahedral geometries for all of the 

[Ln@(E4
2–

)3] and [An@(E4
2–

)3] clusters are found to be energetically less stable (by 0.05–1.6 
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eV) as compared to their corresponding D3h isomer, which is consistent with the 

experimentally observed D3h structure of [Ln@(Sb4)3]
3–

 clusters
79

 reported recently. 

Therefore, the D3h geometry represents the true minimum structure for all of the [Ln@(E4
2–

)3] 

and [An@(E4
2–

)3] clusters.  

In general, the intra–ring bond distances (Rintra) are found to be smaller than the inter–

ring bond distances (Rinter), indicating a stronger intra–ring bonding as compared to inter–ring 

bonding in most of the metalloid systems (Table 4.2). This trend is in agreement with the 

intra– and inter–ring bond distances for the K([2.2.2]crypt) salts of [Ln@(Sb4)3]
3–

 (Ln = La, 

Y, Ho, Er, Lu) systems, which have been synthesized and characterized recently.
79

 However, 

in the presently studied [U@(Bi4)3], [Np@(Bi4)3]
+
, [Np@(Sb4)3]

+
, and [Nd@(Bi4)3] clusters, 

the Rinter bonding turns out to be stronger than the Rintra, indicating a greater extent of 

interaction among the three neighbouring E4
2–

 rings in the presence of U
6+

, Np
7+

, and Nd
6+

 

metal ions. This alternative trend has also been found in the recently synthesized
78

 

K([2.2.2]crypt) salts of [U@(Bi4)3]
3–

. 

 Furthermore, on moving from Ln = La
3+

 to Nd
6+

 and An = Th
4+

 to Np
7+

 ion in 

[Ln@(E4
2–

)3] and [An@(E4
2–

)3] clusters, respectively, bonding of An/Ln ion with ring atoms 

(Rax and Req) increases monotonically. It is also interesting to observe that as we move from 

La
3+

 to Nd
6+

 and Th
4+

 to Np
7+

 in [Ln@(E4
2–

)3] and [An@(E4
2–

)3] clusters the bonding 

between the neighbouring rings (Rinter) is progressively increases whereas the bonding within 

the rings (Rintra) decreases and finally Rinter bond becomes stronger than Rintra bond. The 

variation of the Rax, Req, Rintra, and Rinter are reported in Table 4.2. These bond length values 

clearly indicate that the central metal ion plays a vital role to stabilize these clusters. 
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Table 4.2: Optimized Bond Length (in Å) in [Ln@(E4
2–

)3] and [An@(E4
2–

)3] Clusters 

using PBE Functional. 

Systems Req Rax Rintra Rinter 

[Th@(Bi4)3]
2−

 3.553 3.259 3.040 3.138 

[Pa@(Bi4)3]
−
 3.457 3.151 3.053 3.074 

[U@(Bi4)3] 3.426 3.110 3.056 3.054 

[Np@(Bi4)3]
+
 3.419 3.099 3.064 3.054 

[Th@(Sb4)3]
2−

 3.456 3.218 2.872 3.053 

[Pa@(Sb4)3]
−
 3.340 3.085 2.893 2.955 

[U@(Sb4)3] 3.295 3.029 2.902 2.914 

[Np@(Sb4)3]
+
 3.283 3.012 2.908 2.903 

[La@(Bi4)3]
3−

 3.655 3.380 3.030 3.209 

[Ce@(Bi4)3]
2−

 3.498 3.187 3.052 3.104 

[Pr@(Bi4)3]
−
 3.449 3.137 3.061 3.074 

[Nd@(Bi4)3] 3.427 3.121 3.068 3.065 

[La@(Sb4)3]
3−

 3.542 3.334 2.865 3.136 

[Ce@(Sb4)3]
2−

 3.398 3.146 2.880 3.003 

[Pr@(Sb4)3]
−
 3.328 3.070 2.899 2.944 

[Nd@(Sb4)3] 3.297 3.041 2.909 2.920 

 

4.2.3 Binding energy estimation 

 The stability of the [Ln@(E4
2–

)3] (Ln = La
3+

, Ce
4+

, Pr
5+

, Nd
6+

) and [An@(E4
2–

)3] (An 

= Th
4+

, Pa
5+

, U
6+

, Np
7+

) (E = Sb, Bi) systems can be determined based on their BE values, 

which are calculated by using the following pathway (path1). 

M
n+

 + 3 [E4
2–

]  [M@(E4)3]
n–6         

BE = E ([M@(E4)3]
n–6

) – E (M
n+

) – 3E (E4
2–

)       

 All of the encapsulations are found to be exothermic in nature with negative BE 

values, which is indicative of the feasibility of bond formation between the central metal 

atom with the E4
2–

 rings atoms, thus favouring the formation of all [Ln@(E4
2–

)3] and 

[An@(E4
2–

)3] clusters. For all of the systems, calculated binding energies are very high as 
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shown in Table 4.3. The two set of values of BE for [M@(Sb4
2–

)3] and [M@(Bi4
2–

)3] (M = 

Ln, An) are very close to each other, indicating that for a particular central metal ion, the BE 

value remains almost the same with change in the Zintl ion ligand from Sb4
2–

 to Bi4
2–

. 

However, for a particular ligand, there is an enormous change in the BE value along the La
3+

, 

Ce
4+

, Pr
5+

, Nd
6+

 series, which is consistent with the calculated structural trends.  

For the neutral [U@(Sb4)3], [U@(Bi4)3], [Nd@(Sb4)3], and [Nd@(Bi4)3] systems, we 

again calculated the BE by taking neutral fragments pathway (path2) that is shown below: 

M + 3 [E4]  [M@(E4)3]
       

BE = E [M@(E4)3] – E (M) – 3E (E4)       

The BE values calculated using path2 are −13.84 and −13.89 eV for [U@(Bi4)3] and 

[U@(Sb4)3] systems, respectively. In addition, for [Nd@(Bi4)3] and [Nd@(Sb4)3] systems, 

binding energies are −8.75 and −8.47 eV, respectively. These values clearly indicate that the 

BE values are overestimated in case of highly charged fragments (path1). We anticipate 

higher BE by following the path1 as we are separating the highly charged species in the gas 

phase. However, we have not used path2 for other systems because defining neutral 

fragments for path2 becomes difficult for the charged systems studied here. 

 In the present study, initially three planar and aromatic E4
2–

 rings (E = Sb and Bi) are 

considered to interact with each other and with the central metal ion to form [Ln@(E4
2–

)3] 

and [An@(E4
2–

)3] clusters. However, three rings (E4
2–

 unit) deviate considerably from their 

planarity in the corresponding [Ln@(E4
2–

)3] and [An@(E4
2–

)3] clusters similar to the 

experimentally reported [La@(Sb4)3]
3–

 system.79 It is worthwhile to mention that the stability 

of metal–doped clusters has been significantly affected by the nonplanarity of the three E4
2–

 

rings present in their respective [M@(E4
2–

)3] clusters. On−going from [La@(E4)3]
3–

 to 

[Nd@(E4)3] and [Th@(E4)3]
2–

 to [Np@(E4)3]
+
 clusters, the extent of nonplanarity of each 

metalloid rings (E4
2–

) in their corresponding systems tend to increase considerably, where the 
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dihedral angle (DA) varies from 12.9 to 24.3° and 17.2 to 27.9° for each of the Sb4
2–

 and 

Bi4
2–

 units in the corresponding complexes, as reported in Table 4.3. Thus, it is revealed that 

an increase in the DA on going from valence–isoelectronic La
3+

 to Nd
6+

 and Th
4+

 to Np
7+

 

doped Zintl ion clusters is associated with an increase in the strength of inter–ring bonding 

(Rinter) and bonding of central metal atom with the ring atoms (Rax and Req), which in turn 

enhance the stability of these metalloid clusters. Consequently, all of the clusters studied in 

this work are stable even after losing the aromaticity of their parent E4
2–

 rings, similar to the 

experimentally observed [Ln@(Sb4)3]
3–

 (Ln = La, Y, Ho, Er, Lu) clusters.
79

 
 

 

Table 4.3: Binding Energy (BE, in eV), HOMO−LUMO Energy Gap (ΔEGap, in eV), and 

Dihedral Angle of Ring (DA, in degree) of M@(E4
2–

)3 Systems using PBE Functional. 

Systems BE ΔEGap DA Systems BE ΔEGap DA 

[Th@(Bi4)3]
2−

 −82.58 1.21 21.8 [Th@(Sb4)3]
2−

 −82.36 1.50 17.0 

[Pa@(Bi4)3]
−
 −131.53 1.31 26.1 [Pa@(Sb4)3]

−
 −131.23 1.47 22.2 

[U@(Bi4)3] −196.51 0.99 27.7 [U@(Sb4)3] −196.02 1.00 24.4 

[Np@(Bi4)3]
+
 −279.53 0.71 28.5 [Np@(Sb4)3]

+
 −278.65 0.73 25.2 

[U@(Bi4)3]
3–

 −40.17 0.20 25.7 … …. … … 

[La@(Bi4)3]
3−

 −46.93 1.10 17.2 [La@(Sb4)3]
3−

 −46.64 1.17 12.9 

[Ce@(Bi4)3]
2−

 −90.37 0.98 24.9 [Ce@(Sb4)3]
2−

 −90.02 0.99 19.7 

[Pr@(Bi4)3]
−
 −152.27 0.74 27.0 [Pr@(Sb4)3]

−
 −151.74 0.69 22.9 

[Nd@(Bi4)3] −235.60 0.69 27.9 [Nd@(Sb4)3] −234.76 0.70 24.3 

 

4.2.4 Molecular orbital and charge distribution analyses 

 The molecular orbital (MO) energy level diagram of [An@(Sb4
2–

)3] clusters is shown 

in Figure 4.2. The sufficiently large HOMO–LUMO energy gap (Table 4.3) value points to 

the chemical stability of all the studied clusters. It is to be noted that in all the An– and Ln–

doped clusters the energy difference between the 6s/5s orbital and the 6p/5p orbitals of Bi/Sb 

atom is very large; therefore, only 6p/5p orbitals are considered as outer valence orbitals for 
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bonding with doped metal atom in the Figure 4.2. The Th
4+

– and La
3+

–doped Zintl ion 

clusters alone behave differently in comparison to the remaining An (An = Pa
5+

, U
6+

 and 

Np
7+

) and Ln (Ln = Ce
4+

, Pr
5+

 and Nd
6+

) doped clusters, as no f–atomic orbitals of Th and La 

atom are involved in bonding with the valence atomic orbitals of ring atoms.  
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Figure 4.2: MO energy level diagram of [An@(Sb4
2–)3] clusters using PBE functional. Here blue 

lines stands for mixed An–ring atoms MOs and red for the pure ring atoms MOs.  

 

From Figure 4.3, one can see the participation of the valence 7s, 7p, 6d orbitals of Th 

in bonding with the 5p orbitals of ring atoms in 10e′, 8a1′, 5a2″, 5e″, 9e′, 8e′, 7e′, and 7a1′ 

mixed Th-Sb MOs. As a consequence, these hybrid MOs fulfill the 26–electron count around 

the Th. Similarly, the [La@(Sb4)3]
3–

 cluster forms a stable 26–electron system corresponding 

to completely filled 6a1′, 8e′, 4e″, 4a2″, 7e′, 6e′, 5e′, and 5a1′ mixed La-Sb MOs, which are 
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formed by the overlapping of the valence orbitals of La (6s, 6p, 5d) and the valence orbitals 

of ring (5p) atoms. However, the remaining occupied MOs in both clusters are due to the pure 

ring orbitals. Unlike in the case of Th
4+

 and La
3+

, the f orbitals of remaining An (Pa
5+

, U
6+

 

and Np
7+

) and Ln (Ce
4+

, Pr
5+

, Nd
6+

) are involved in bonding with the valence np orbitals of 

the rings. 

 

             
           10e'–1(M)      10e'−2(M)       8a1'−2(M)         5a2''(M)         2a2'(P)         

                
           5e''–1(M)         5e''–2(M)         4e''−1(P)       4e''−2(P)      9e'–1(M)      9e'−2(M)     

                
  4a2''(P)         8e'−1(M)       8e'−2(M)         1a1''(P)        7e'−1(M)       7e'−2(M)            

          
             7a1'(M)        3e''−1(P)        3e''−2(P)            6a1'(P) 

Figure 4.3: MO pictures of [Th@(Sb4)3]
2− cluster using PBE functional. Here „(M)‟ stands for mixed 

Th–ring atoms MOs and „(P)‟ stands for pure ring atoms MOs. 

 

 In U@(Sb4)3 cluster (Figure 4.4), the 7s, 7p, 6d, and 5f orbitals of U overlap with the 

5p orbitals of Sb atoms to form a stable 32–electron system
108, 110-113

 corresponding to 

completely filled 10e′, 5a2″, 2a2′, 8a1′, 5e″, 9e′, 4e″, 8e′, 7e′ and 7a1′ mixed U-Sb MOs. 

However, in the Ln–doped clusters the central atom–ring mixing in 4e″ orbital is small. In all 

of the [An@(Sb4
2–

)3] and [Ln@(Sb4
2–

)3] clusters, 1a1″, 4a2″, 3e″, and 6a1′ MOs correspond to 

the 5p orbitals of ring atoms do not contribute to the bonding with the central atom. In the 
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same way, An– and Ln–doped Bi clusters also fulfill the 26–electron count around Th and 

La, and 32–electron count around the remaining An (Pa
5+

, U
6+

 and Np
7+

) and Ln (Ce
4+

, Pr
5+

, 

Nd
6+

) ion in their respective clusters. Thus, the absence of the involvement of the f–orbitals 

in the bonding with the ring atoms causes the difference of six electrons in the total electron 

count of Th
4+

 and La
3+

 containing [(E4
2–

)3] systems. Therefore, larger involvement of the f–

orbitals of An (U
6+

 and Np
7+

) and of Ln (Nd
6+

) in bonding with the ring atoms is responsible 

for the stronger inter–ring bonding as compared to the intra–ring bonding in [Np@(Sb4)3]
+
, 

[U@(Bi4)3], [Np@(Bi4)3]
+
 and [Nd@(Bi4)3] systems, which clearly shows the impact of f–

orbitals of An and Ln on the geometrical parameters of these systems. 

 

                 
  10e'−1(M)    10e'−2(M)       2a2'(M)        5a2''(M)       5e''−1(M)        5e''−2(M) 

                
          8a1'(M)       4e''−1(M)     4e''−2(M)     9e'−1(M)     9e'−2(M)      1a1''(P) 

                
           8e'−1(M)      8e'−2(M)      7e'−1(M)     7e'−2(M)        4a2''(P)       7a1'(M) 

       
3e''−1(P)         3e''−2(P)         6a1'(P) 

Figure 4.4: MO pictures of [U@(Sb4)3] cluster using PBE functional. Here „(M)‟ stands for mixed 

U–ring atoms MOs and „(P)‟ stands for pure ring atoms MOs. 
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Further, the VDD
167

 charges on central atoms as well as on the ring atoms of 

[Ln@(E4
2–

)3] and [An@(E4
2–

)3] clusters are calculated using PBE/TZ2P method and 

corresponding values are reported in Table 4.4. The calculated VDD charges on the central 

atoms are in the range of 0.01 to −0.07 for An (Th
4+

 to Np
7+

) and −0.05 to −0.06 for Ln (La
3+

 

to Nd
6+

), which is significantly smaller than the initial charge on the central atoms (i.e., +3 to 

+7). On the other hand, the overall negative charge of ring (i.e., −6) has been reduced to the 

range of −2.95 to 0.06, from La
3+

– to Nd
6+

–doped clusters and −2.01 to 1.07 from Th
4+

– to 

Np
7+

–doped clusters. Thus, in the [An@(E4
2–

)3] and [Ln@(E4
2–

)3] clusters, the charge density 

of the doped ion (Ln/An) is increased, whereas the charge density of the ring atoms (E4
2–

, E = 

Sb/Bi) is decreased. This clearly represents that the charge transfer takes place from the rings 

atoms (E4
2–

) to the doped metal ion. Moreover, the magnitude of charge transfer from the 

rings atoms to the doped ion is slightly increased along the actinide and the lanthanide series, 

An = Th
4+

 − Pa
5+

 − U
6+

− Np
7+

 and Ln = La
3+

 − Ce
4+

 − Pr
5+

− Nd
6+ 

in the [An@(E4
2–

)3] and 

[Ln@(E4
2–

)3] clusters as shown in Table 4.4. Further, the population of the valence s, p, d, 

and f orbitals of the central atom in all metal–doped clusters are calculated using the NPA
166

 

scheme. On moving from Th
4+

 to Np
7+

 and La
3+

 to Nd
6+

 metal ions, it has been found that s 

and p populations on central atom are more or less similar while there is a significant 

variation in its f population for both lanthanide– and actinide–doped clusters as shown in 

Table 4.4. 
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Table 4.4: VDD Charges
1
 at PBE/TZ2P Level (qeq, qax, qring, and qM) and f–Population of 

Ln/An (fM) using NPA at PBE/DEF Level. 

Systems qeq qax qring qM fM 

[Th@(Bi4)3]
2−

 −0.12 −0.21 −2.01   0.01 3.48 

[Pa@(Bi4)3]
−
 −0.05 −0.12 −1.05   0.05 3.50 

[U@(Bi4)3]   0.03 −0.03   0.02 −0.02 4.07 

[Np@(Bi4)3]
+
   0.11   0.07   1.07 −0.07 5.04 

[Th@(Sb4)3]
2−

 −0.15 −0.22 −2.03   0.03 3.30 

[Pa@(Sb4)3]
−
 −0.04 −0.13 −1.07   0.07 3.69 

[U@(Sb4)3]   0.04 −0.03   0.01 −0.01 4.29 

[Np@(Sb4)3]
+
   0.12   0.06   1.06 −0.06 5.23 

[La@(Bi4)3]
3−

 −0.19 −0.30 −2.95 −0.05 0.00 

[Ce@(Bi4)3]
2−

 −0.12 −0.19 −1.85 −0.15 1.23 

[Pr@(Bi4)3]
−
 −0.05 −0.11 −0.95 −0.04 2.40 

[Nd@(Bi4)3]   0.03 −0.02   0.06 −0.06 3.54 

[La@(Sb4)3]
3−

 −0.19 −0.31 −2.97 −0.03 0.00 

[Ce@(Sb4)3]
2−

 −0.11 −0.21 −1.87 −0.12 1.19 

[Pr@(Sb4)3]
−
 −0.04 −0.12 −0.99 −0.02 2.40 

[Nd@(Sb4)3]   0.04 −0.03   0.05 −0.05 3.56 

1 
Average charge (qeq and qax) for equatorial and axial Sb/Bi atoms is reported. 

 

4.2.5 Density of states analysis 

Density of states (DOS) plots for the [Ln@(E4
2–

)3] and [An@(E4
2–

)3] (E = Sb, Bi) 

clusters are represented in Figure 4.5. All of the bands appearing at the right side of the 

HOMO (HOMO is pointed by the vertical arrow) correspond to the unoccupied MOs. 

Whereas the bands appearing at the left side of the HOMO correspond to the mixed occupied 

MOs [associated with the valence orbital of central atom (s, p, d and f) as well as ring atomic 

orbitals (p)] and pure occupied MOs (associated with the ring atomic orbital only). It is to be 
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noted that the DOS are shifted deeper in energy from Th
4+

–Np
7+

 and La
3+

–Nd
6+

–doped 

clusters, indicative of the increasing extent of hybridization of central atom with ring atoms. 

Furthermore, as compared to the actinide–doped systems, the lanthanide–doped [Ln@(E4
2–

)3] 

systems are shifted less deep in energy because of the slightly smaller mixing of their less 

diffuse 4f/5d orbitals with the valence np orbitals of Sb/Bi as compared to that of the 5f/6d 

orbitals of actinides. 
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Figure 4.5: DOS plots of [An@(E4
2–)3] and [Ln@(E4

2–)3] clusters using PBE functional. (Black 

arrows are showing peak corresponding to HOMO). 

  

4.2.6 Analysis of topological properties  

 To analyze the nature of chemical bonding between the ring atoms as well as between 

the central metal atom (Ln/An) and ring atoms (Sb/Bi) in [Ln@(E4
2–

)3] and [An@(E4
2–

)3] 

clusters, bond critical point (BCP) properties have been calculated using Bader‟s quantum 
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theory of atoms in molecules (QTAIM)
168, 172

 with small core ECP augmented with EDF 

using the PBE/DEF2 method. Using Boggs
169

, criteria of bonding (as discussed in Chapter 3) 

we have found that the Rax and Req bonds as well as inter– and intra–ring bonding are not true 

covalent bond. However, at BCP the value of Ed(r) < 0 (~−0.01) and G(r)/ρ(r) < 1 (~0.3–0.5), 

suggests a very small amount of covalent character in all the four type of bonds.
169

 

 

4.2.7 Energy decomposition analysis 

 In Energy decomposition analysis (EDA), the total interaction energy (ΔE
int

) is 

decomposed into Pauli repulsion (ΔE
Pauli

), electrostatic interaction (ΔE
elec

) and orbital 

interaction (ΔE
orb

) terms. Thus, the total interaction energy, ΔE
int

, can be represented as, 

ΔE
int

 = ΔE
Pauli

 + ΔE
elec

 + ΔE
orb

       

where the ΔE
elec

 and ΔE
orb

 are attractive energy (stabilizing) terms, whereas the ΔE
Pauli

 is 

repulsive energy (destabilizing) term.  

 Since the three planar E4
2–

 rings become highly non-planar in the [M@(E4
2–

)3] 

clusters so lots of deformation from the equilibrium structure of the E4
2– 

ring, hence it is 

important here to consider the contribution of the deformation energy of rings in the total 

interaction energy as shown in equation (4.6).
 

ΔE
int

 = ΔE
Pauli

 + ΔE
elec

 + ΔE
orb

+ ΔE
prep       

where the ΔE
prep

 is the preparatory energy term (also known as deformation energy of E4
2–

 

rings in the presence of doped metal ion), which is calculated by taking the energy difference 

between the distorted rings (3E4
2–

 units) of [M@(E4
2–

)3] with the relaxed bare 3E4
2–

 rings.  

 For EDA calculations, [M@(E4
2–

)3] clusters are partitioned into four fragments viz., 

central ion (M) and three identical E4
2–

 rings (E = Sb, Bi). From Table 4.5, we can see that 

the ΔE
prep

 term increases as we move from Th
4+

 to Np
7+

 and La
3+

 to Nd
6+

 centered (E4
2–

)3 

clusters, which is in agreement with DA variation (Table 4.3). Thus, E4
2–

 rings of the 
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[M@(E4
2–

)3] get more distorted as we move from Th
4+

 to Np
7+

 and La
3+

 to Nd
6+

 centered 

[(E4
2–

)3] clusters. It is to be noted that the ΔE
int

 of all the [Ln@(E4
2–

)3] and [An@(E4
2–

)3] 

clusters is strongly affected by the nature and type of central metal atom; however, an 

insignificant effect of ring type (Sb4
2–

 or Bi4
2–

) has been observed in the interaction energies 

of all clusters. 

 

Table 4.5: EDA of [M@(E4
2–

)3] Clusters at PBE/TZ2P Level. Percentage Contribution of 

Stabilizing Energy to the Total Interaction Energy (in eV) is Provided within Parenthesis. 

Cluster ΔE
Pauli

 ΔE
elec

 ΔE
orb

 ΔE
prep

 ΔE
int

 

[Th@(Bi4)3]
2−

 56.16 −92.12 (66.30) −46.82 (33.70) 0.91 −81.87 

[Pa@(Bi4)3]
−
 73.91 −123.44 (59.83) −82.87 (40.17) 1.48 −130.92 

[U@(Bi4)3] 83.47 −150.01 (53.28) −131.52 (46.72) 1.71 −196.35 

[Np@(Bi4)3]
+
 88.51 −174.14 (47.04) −196.02 (52.96) 1.84 −279.81 

[Th@(Sb4)3]
2−

 47.65 −86.43 (66.62) −43.30 (33.38) 0.52 −81.56 

[Pa@(Sb4)3]
−
 67.31 −119.05 (59.92) −79.63 (40.08) 1.18 −130.19 

[U@(Sb4)3] 79.48 −147.70 (53.46) −128.56 (46.54) 1.53 −195.25 

[Np@(Sb4)3]
+
 85.39 −173.13 (47.40) −192.15 (52.60) 1.65 −278.24 

[La@(Bi4)3]
3−

 39.05 −61.64 (71.14) −25.00 (28.86) 0.48 −47.11 

[Ce@(Bi4)3]
2−

 61.02 −96.06 (61.75) −59.50 (38.25) 1.29 −93.25 

[Pr@(Bi4)3]
−
 71.78 −123.79 (52.25) −113.15 (47.75) 1.62 −163.54 

[Nd@(Bi4)3] 76.75 −149.16 (43.92) −190.43 (56.08) 1.82 −261.02 

[La@(Sb4)3]
3−

 32.89 −56.91 (71.13) −23.10 (28.87) 0.25 −46.87 

[Ce@(Sb4)3]
2−

 51.81 −89.88 (61.82) −55.52 (38.18) 0.81 −92.78 

[Pr@(Sb4)3]
−
 65.31 −119.79 (52.20) −109.68 (47.80) 1.29 −162.87 

[Nd@(Sb4)3] 71.77 −146.79 (44.05) −186.42 (55.95) 1.56 −259.88 

 

In case of [Ln@(E4
2–

)3] and [An@(E4
2–

)3] (E = Sb, Bi) clusters, the bonding energy 

has been drastically increased from Th
4+

 to Np
7+

 and La
3+

 to Nd
6+

 metal–doped clusters. Note 

that in all of the cases the major contribution of the attractive energy components makes the 

overall interaction energy attractive in nature. Further, as we move from Th
4+

 to Np
7+

 and 
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La
3+

 to Nd
6+

 centered [(E4
2–

)3] clusters, the percentage contribution from the electrostatic 

terms become smaller, while the contribution of ΔE
orb

 term is found to be increased, leading 

to more stability for the [Np@(E4)3]
+
 and [Nd@(E4)3] clusters as compared to the remaining 

clusters. The increase in the ΔE
orb

 contribution along these series is clearly due to an increase 

in the Rax, Req, and Rinter bonding. 

 

4.2.8 Spin orbit coupling effect 

 Finally, we have studied the effect of spin orbit coupling for four systems, namely, 

[U@(Sb4)3], [U@(Bi4)3], [Nd@(Sb4)3], and [Nd@(Bi4)3]. The [U@(Sb4)3] system has been 

optimized using spin orbit coupling and scalar relativistic effect using PBE functional and 

TZ2P basis set. The bond lengths calculated by incorporating the spin orbit coupling (Rax = 

3.082, Req = 3.372, Rinter = 2.968, Rintra = 2.960) and scalar relativistic effects (Rax = 3.054, 

Req = 3.343, Rinter = 2.948, Rintra = 2.949) are relatively close in value, indicating a very small 

effect of spin orbit coupling on the structural parameter of [U@(Sb4)3] system. Moreover, the 

PBE/DEF calculated bond lengths of [U@(Sb4)3] (Rax = 3.029, Req = 3.295, Rinter = 2.914, 

Rintra = 2.902) are relatively close to the bond lengths calculated using the scalar relativistic 

effects. Because the variation in the optimized bond length is not large, for the remaining 

systems, we have performed single–point energy calculations using scalar relativistic and 

spin orbit coupling by taking the optimized geometry obtained by the PBE/DEF method. We 

have also plotted the MO energy level diagram to see the effect of spin orbit interaction on 

the energy levels of all of the above–mentioned clusters. In the presence of spin orbit 

coupling, the HOMO–LUMO energy gap is slightly lowered in all of the systems because of 

splitting of the energy levels (Figure 4.6). Because of the spin orbit coupling, the MO energy 

levels split, although the extent of splitting of MO energy levels is very small. From Figure 

4.6 one can see that the effect of spin orbit coupling on the energy levels of MOs of 
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[U@(Sb4)3] is too small to affect their electronic properties. Same has been observed for 

[U@(Bi4)3], [Nd@(Sb4)3], and [Nd@(Bi4)3] clusters. 
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Figure 4.6: Scalar relativistic and spin orbit splitting of the valence MO energy levels of [U@(Sb4)3] 

system at PBE/TZ2P level. 

 

4.3 Conclusion 

 Theoretical existence of an iso–electronic series of early- to mid-lanthanide (Ln = 

La
3+

, Ce
4+

, Pr
5+

, Nd
6+

) and actinide (An = Th
4+

, Pa
5+

, U
6+

, Np
7+

) doped metalloid clusters, 

viz., [Ln@(E4
2–

)3] and [An@(E4
2–

)3] (E = Sb, Bi) has been comprehensively investigated in 

the present work using density functional theory. The stability of [Ln@(E4
2–

)3] and 

[An@(E4
2–

)3] clusters increases as we move from La
3+

 to Nd
6+

 and Th
4+

 to Np
7+

 doped 

clusters, although the E4
2– 

rings lose their planarity and in turn their aromaticity along the 

same. Except for the La and Th, the f–orbitals of remaining Ln and An ion are involved in 

bonding with the ring atoms. Therefore, only 26–electron count is fulfilled in [La@(Sb4)3]
3–

 

and [Th@(Sb4)3]
2–

 systems. Whereas, the f–orbitals of U, Np, and Nd is strongly involved in 

bonding with ring atoms (Rax and Req) and lead to the fulfillment of 32–electron count in 
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[U@(Bi4)3], [Np@(Bi4)3]
+
, [Np@(Sb4)3]

+
 and [Nd@(Bi4)3] systems which is responsible for 

making inter–ring (Rinter) bond stronger as compared to that of the intra–ring (Rinter) bond. 

Thus, the formation of closed-shell 32–electron and 26–electron systems in addition to their 

favourable geometric as well as energetic parameters provides them with unusually high 

stability even though the rings are losing their aromaticity in the studied systems. Our work 

uncovers the reasons behind the unexpectedly high stability of lanthanide– and actinide–

doped antiaromatic clusters in many aspects.  
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CHAPTER 5 

Effect of Doping of Lanthanide and Actinide Ion in Al12H12
2−

 and 

B12H12
2−

 Clusters 

 

5.1 Introduction 

In the previous chapters (chapters 3 and 4), we have predicted highly stable 

lanthanide− and actinide− doped clusters, which follow 18− and 32−electron principles. In 

both the chapters, we have chosen Ln/An ion in their high oxidation state with f
0
 

configuration. Using these ions, we have tuned electronic and structural properties of the 

clusters, however, we have not considered the magnetic property. In order to modify the 

magnetic property or to induce magnetism in a cluster, one needs to dope a high spin Ln/An 

ion in a cluster. For this purpose, we have now chosen isoelectronic series of Ln (Pm
+
, Sm

2+
, 

Eu
3+

) and An (Np
+
, Pu

2+
, Am

3+
) ion, where all Ln/An are taken in their low oxidation state. 

All of the chosen Ln/An ion has f
6
 configuration and possess septet spin as their ground spin 

state. In the present study, B12H12
2−

 and Al12H12
2−

 clusters have been considered as host 

clusters because of their highly symmetric icosahedral geometry, large cage diameter and 

wide range of applications.
73-74, 213-218

 The B12H12
2−

 is known experimentally but Al12H12
2−

 

has not been produced experimentally to date, although the crystal salts of the icosahedral 

Al12R12
2−

 dianions with bulky substituents have been synthesized and measured in the past.
219 

Till now a large number of metal doped Bn and Aln clusters have been investigated 

experimentally and theoretically,
220-226 

however, only very few metal encapsulated B12H12
2−

 

and Al12H12
2−

 clusters have been reported. In this context, noble gas doped E12H12
2−

 (E = B, 

Al, Ga; Ng = He, Ne, Ar, Kr),
75

 silicon doped Al12Hn (n = 1–14),
227

 and transition metal 

doped TMAlnH2n and TMAlnH2n+1 (TM = Sc, Ti, V; n = 3, 4)
228

 clusters have been 

investigated theoretically. In addition to these studies, Charkin et al. have explored the 
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exohedral and endohedral MAl12 and MAl12X12 (M = Li
+
, Na

+
, Be

2+
, Mg

2+
, Al

3+
, Cu

+
, Ga

+
; X 

= H, F) clusters using density functional theory.
76, 228-230

 More recently Hopkins et al. have 

investigated the transition metal doped B12X12
2−

 (X = H, F) clusters and studied the charge 

transfer in these clusters.
231 

 Thus, in the present work, we have investigated the isoelectronic series of actinide ion 

(An = Np
+
, Pu

2+
 and Am

3+
) doped B12H12

2−
 and Al12H12

2−
 clusters using first 

principles−based density functional theory. For comparison purposes, the corresponding 

series of lanthanide ion (Ln = Pm
+
, Sm

2+
 and Eu

3+
) doped B12H12

2−
 and Al12H12

2−
 clusters 

have also been investigated. The overall charges on these metal−doped M
n+

@Al12H12
2−

 and 

M
n+

@B12H12
2−

 clusters are −1, 0 and +1, respectively, for Np
+
 (Pm

+
), Pu

2+
 (Sm

2+
) and Am

3+
 

(Eu
3+

) ion containing systems. The structural, energetic, electronic and magnetic properties of 

these actinide and lanthanide doped B12H12
2−

 and Al12H12
2−

 clusters have been investigated 

systematically. To the best of our knowledge, all these lanthanide and actinide doped 

Al12H12
2−

 and B12H12
2−

 clusters have not been reported earlier in the literature.  

 All the results discussed in this chapter have been obtained by using PBE
144

, 

B3LYP
146-147

, and M06−2X functionals
145

 with def–TZVPP (represented as DEF) basis set 

along with a relativistic effective core potential (RECP) for heavier elements by using 

Turbomole
150

, ADF
152-153

 and Multiwfn
170 

programs. Detail computational methodologies 

have been discussed in Chapter 2 of this thesis. B3LYP results are discussed throughout the 

chapter unless otherwise stated. 

 

5.2 Results and discussions 

5.2.1 Bare B12H12
2−

 and Al12H12
2−

 clusters 

Both the bare B12H12
2−

 and Al12H12
2−

 clusters are optimized in highly symmetric 

icosahedral geometry (Ih) with all real frequency values. The cage diameter of B12H12
2−

 is 
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calculated to be small, i.e. 3.392 Å. However, the cage diameter of Al12H12
2−

 is found to be 

somewhat larger (5.144 Å). Comparatively, a larger cage diameter of Al12H12
2−

 is suitable for 

the encapsulation of a lanthanide or actinide ion, whereas the same is not possible with the 

B12H12
2−

 cage due to its small cage diameter. Endohedral encapsulation of a 

lanthanide/actinide ion into B12H12
2−

 destabilizes the cage considerably. Therefore, in the 

case of B12H12
2−

, we have studied only exohedral metal−doped B12H12
2−

 clusters 

(M@B12H12
2−

), whereas for Al12H12
2−

, we studied both exohedral as well as endohedral 

clusters (M@Al12H12
2−

). 

 

5.2.2 Endohedral and exohedral M@Al12H12
2−

 clusters 

The iso−electronic series of the actinide (An = Np
+
, Pu

2+
, Am

3+
) and lanthanide (Ln = 

Pm
+
, Sm

2+
, Eu

3+
) doped Al12H12

2−
 clusters represented as An@Al12H12

2−
 and Ln@Al12H12

2−
, 

respectively, have been considered in this work. All the clusters are optimized in their lowest 

(singlet) as well as highest (septet) possible spin states. Initially, we have optimized the 

endohedral clusters where the metal ion is doped inside the Al12H12
2−

 cage. All the 

closed−shell endohedral An@Al12H12
2−

 and Ln@Al12H12
2−

 clusters are optimized in the 

highly symmetric icosahedral symmetry (Ih) (Figure 5.1, STR1) similar to their parent 

Al12H12
2−

 clusters, whereas all the corresponding open−shell endohedral clusters in septet 

spin state are optimized in the distorted icosahedral geometry with lower symmetry. Among 

all the open−shell clusters, Np
+
 and Pm

+
 doped clusters are optimized in highly distorted C1 

symmetry (Figure 5.1, STR2). However, the Pu
2+

 and Sm
2+

 doped Al12H12
2−

 clusters are 

optimized in C3v symmetry structure (Figure 5.1, STR3) as their minimum energy structure. 

Whereas, Am
3+

 and Eu
3+

 doped Al12H12
2−

 clusters are optimized in the C3 symmetry structure 

(Figure 5.1, STR4). Moreover, to find the true minimum energy structure we have optimized 

one of the endohedral systems without any symmetry constraint with different initial 
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geometries, in which the doped ion is placed at different positions inside the cage. However, 

the structures obtained after the optimization are the same as we have obtained with the 

symmetry constraint optimization.  

 It is to be noted that for all the endohedral M@Al12H12
2−

 clusters, the septet spin 

isomer is energetically more stable (0.3−5.7 eV) than the corresponding closed−shell cluster 

except for Np@Al12H12
−
. Furthermore, the energy difference between the two different spin 

states (singlet and septet) is significantly larger in the case of Ln@Al12H12
2−

 clusters as 

compared to that in the An@Al12H12
2−

 clusters (Table 5.1). The 4f orbitals of Ln are deeply 

“buried” inside the atom and are shielded from the atom‟s environment by their 4d and 5p 

electrons. Therefore, 4f orbitals of Ln ion are not affected by the ligand field strength. 

Consequently, the high spin state of Ln ion remains preserved in the endohedral 

Ln@Al12H12
2−

 clusters. However, the 5f orbitals of early An are much more diffused, 

therefore their spin state can be affected by the ligand field environment. The Np
+
 has much 

more diffused orbitals than Pu
2+

, which in turn found to be more diffused than Am
3+

. Hence, 

the ligand field strength will decreases in this series. As a result, Np
+
 doped endohedral 

cluster favours low spin state, while high spin state is preserved in Pu
2+

 and Am
3+

 doped 

endohedral clusters. Thus, the early actinides are very similar to the heavy 5d transition 

metals, while the chemistry of lanthanide differs from the transition metal elements. 
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                 Ih (STR1)               C1 (STR2)                     C3v (STR3)                 C3 (STR4)       

                    

                           C3v (STR5)                       C2v (STR6)                   C1(STR7) 

Figure 5.1: Optimized structures of Ln and An doped B12H12
2− and Al12H12

2− clusters. 

 

Subsequently, we have studied the exohedral An@Al12H12
2−

 and Ln@Al12H12
2−

 

clusters where the Ln or An ion is doped at the outside region of one of the triangular faces of 

the Al12H12
2−

. In all these clusters, the doped metal ion is coordinated in a tridentate manner 

with one of the triangular faces of Al12H12
2−

. These exohedral clusters are also optimized in 

both singlet and septet spin state in C3v (Figure 5.1, STR5) symmetry with the real frequency 

values. For exohedral clusters also, the septet spin state is found to be more stable (3.4–8.4 

eV) than the corresponding singlet spin state as shown in Table 5.1. Moreover, to find out the 

minimum energy exohedral structure, we have optimized one of the septet spin exohedral 

clusters without any symmetry constraint using different initial geometries. All the different 

structures are finally optimized to the structure similar to the C3v symmetry (Figure 5.1, 

STR5) where the doped metal ion is coordinated in a tridentate manner with one of the 

triangular faces of Al12H12
2−

.  
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Table 5.1: Relative Energy (RE, in eV) of Singlet and Septet Spin Endo− and 

Exo−M@Al12H12
2−

 and Exo−M@B12H12
2−

 Cluster with Respect to Corresponding Septet 

Spin Exohedral Cluster using B3LYP Functional.  

Cluster 

RE (M@Al12H12
2−

) RE (M@B12H12
2−

) 

Endo Exo Exo 

Singlet Septet Singlet Septet Singlet Septet 

Np@E12H12
−
 0.86 1.27 3.38 0.00 2.92 0.00 

Pu@E12H12 2.57 2.27 3.82 0.00 6.37 0.00 

Am@E12H12
+
 4.43 2.60 5.39 0.00 5.17 0.00 

Pm@E12H12
−
 6.46 2.67 5.34 0.00 5.88 0.00 

Sm@E12H12 7.52 3.72 5.38 0.00 9.88 0.00 

Eu@E12H12
+
 9.72 4.01 8.44 0.00 8.25 0.00 

 

On comparing the stability of endo− and exo− M@Al12H12
2−

 clusters we found that 

the septet spin exohedral clusters are the most stable clusters as shown in Table 5.1. 

 Since the exohedral clusters are more stable than the corresponding endohedral 

clusters, therefore to find the other possible lower energy spin states for these exohedral 

clusters, we have optimized exohedral Pu
2+

 and Sm
2+

 doped Al12H12
2−

 clusters in the other 

remaining spin states (triplet and quintet) in C3v symmetry. Both the triplet and quintet spin 

states of Pu@Al12H12 and Sm@Al12H12 clusters are found to be energetically less stable (by 

1.4–4.6 eV) as compared to the corresponding septet spin state.  

 To see the effect of different exchange correlation (XC) functionals on the stability of 

different spin states, we have also optimized exohedral as well as endohedral Pu@Al12H12 

and Sm@Al12H12 clusters in different spin states with and without any symmetry constraint 

using PBE and M06−2X functionals. Interestingly with all different XC functionals, the 

septet spin state is found to be the most stable (by 0.8−10.4 eV) state. 
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 Apart from the C3v symmetry, the exohedral Pu@Al12H12 and Sm@Al12H12 clusters 

are also optimized in C2v symmetry, where the Pu
2+

 (Sm
2+

) ion is located at the midpoint of 

one of the edges of Al12H12
2−

 and coordinated in a bidentate manner with the Al12H12
2−

 as 

shown in Figure 5.1 (STR6). The optimized C2v symmetry structures of Pu@Al12H12 and 

Sm@Al12H12 clusters possess one imaginary frequency in all the studied spin states. 

Moreover, all the different spin states of the C2v symmetry isomer of these clusters are 

energetically less stable (0.6−5.9 eV) as compared to the corresponding septet spin state of 

the C3v symmetry isomer.  

 

5.2.3 Exohedral M@B12H12
2−

 clusters 

In B12H12
2−

 cluster, the Ln and An ion is doped at the outside region of one of the 

triangular faces of the B12H12
2−

. For this, at first, Pu@B12H12 and Sm@B12H12 clusters are 

optimized in both C3v (STR5) and C2v (STR 6) symmetry (Figure 5.1) in all the possible spin 

states viz., singlet, triplet, quintet, and septet. Among all the spin states of C3v isomers, the 

septet spin isomer is energetically most stable for both the Pu@B12H12 (by 2.7–6.4 eV) and 

Sm@B12H12 (by 2.5–9.9 eV) clusters. The Pu@B12H12 and Sm@B12H12 clusters in C3v 

symmetry possess all real frequencies; however, the C2v symmetry isomer of Pu@B12H12 and 

Sm@B12H12 clusters contains one imaginary frequency value in all the studied spin states. 

Moreover, C2v symmetry exohedral Pu@B12H12 and Sm@B12H12 clusters in the different spin 

states are energetically less stable (by 0.5–5.9 eV) as compared to the corresponding septet 

spin state of C3v symmetry isomer. 

In addition to the B3LYP functional, exohedral Pu@B12H12 and Sm@B12H12 clusters 

are optimized with PBE and M06−2X functionals in different spin states with and without 

any symmetry constraint. With all the different functionals, septet spin cluster is found to be 

the most stable (by 1.2−7.6 eV) cluster with and without symmetry constraint. 
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Since septet spin exohedral Pu@B12H12 and Sm@B12H12 clusters in C3v symmetry are 

the most stable, the remaining Ln (Pm
+
, Eu

3+
) and An (Np

+
, Am

3+
) doped B12H12

2−
 clusters 

are optimized in septet spin state. However, for the comparison purpose, all the clusters are 

also optimized in the lowest singlet spin state. All Ln and An doped B12H12
2−

 clusters in 

singlet and septet spin states are optimized in C3v symmetry, except for the Am
3+

 and Eu
3+

 

doped B12H12
2−

 clusters. The Am
3+

 and Eu
3+

 doped B12H12
2−

 clusters are optimized in C1 

symmetry (Figure 5.1, STR7) with real frequency values in both the singlet and septet spin 

states. It is to be noted that all the exohedral An@B12H12
2−

 (An = Np
+
, Pu

2+
, Am

3+
) and 

Ln@B12H12
2−

 (Ln = Pm
+
, Sm

2+
, Eu

3+
) clusters in septet spin state are more stable (by 2.9–9.9 

eV) than that in the corresponding singlet spin state as shown in Table 5.1. 

 

5.2.4 Structural parameters in septet spin state 

 Since the C3v symmetry M@Al12H12
2−

 exohedral clusters in septet spin are the most 

stable clusters, we have first discussed the geometrical parameters of only these exohedral 

clusters. The optimized metal–cage bond distance (M–Al) is reported in Table 5.2. It is 

noteworthy to mention that in the metal−doped clusters, the cage diameter of the Al12H12
2−

 is 

compressed (from 5.144 to 5.040 Å) along that triangular face where the metal ion is doped, 

whereas the cage diameter is elongated (from 5.144 to 5.271 Å) along the remaining 

triangular faces. The compression and elongation of the cage diameter of Al12H12
2−

 is 

increased along the An = Np
+ 

− Pu
2+ 

− Am
3+

 and Ln = Pm
+
 − Sm

2+
− Eu

3+
 series in the case of 

An@Al12H12
2−

 and Ln@Al12H12
2−

 clusters, respectively. Furthermore, Pu
2+

 and Sm
2+

 form 

the strongest bonding (metal–Al bond length of 3.070 and 3.106 Å, respectively) with the Al 

atoms of the triangular face followed by a stronger bonding of Am
3+

 (Eu
3+

) and Np
+
 (Pm

+
) 

ions, respectively, in An (Ln) doped Al12H12
2−

 clusters. 
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Table 5.2: Calculated Bond Length Values (R(M−Al/B), in Å), BSSE Corrected Binding Energy 

(BE, in eV), HOMO−LUMO Energy Gap (EGap, in eV), NPA Charge on Doped ion (qM, in 

e), Total Spin Population (NS) and <S
2
> value of Septet Spin Exohedral An@E12H12

2−
 and 

Ln@E12H12
2−

 (E = Al, B) Clusters using B3LYP Functional. 

Cluster Sym R(M−Al/B) qM NS ΔEGap BE <S
2
> 

Al12H12
2−

 Ih ... ... ... 3.70    ... ... 

Np@Al12H12
−
 C3v 3.230 0.64 5.93  1.53  −7.18  12.01  

Pu@Al12H12 C3v 3.070 1.20 6.17  2.21  −16.77  12.02  

Am@Al12H12
+
 C3v 3.130 1.41 7.11  1.15  −33.60  13.03  

Pm@Al12H12
−
 C3v 3.340 0.78 5.94  1.44  −7.00  12.01  

Sm@Al12H12 C3v 3.106 1.37 6.12  2.50  −16.32  12.01  

Eu@Al12H12
+
 C3v 3.159 1.51 7.15  1.19  −35.42  13.02  

        

B12H12
2−

 Ih ... ... ... 6.57    ... ... 

Np@B12H12
−
 C3v 2.826 0.82 5.98  1.24  −8.53  12.00  

Pu@B12H12 C3v 2.636 1.60 6.11  2.08  −17.80  12.01  

Am@B12H12
+
 C1 2.705 1.77 7.08  1.67  −33.11  13.01  

Pm@B12H12
−
 C3v 2.838 0.86 5.98  1.56  −8.39  12.00  

Sm@B12H12 C3v 2.646 1.65 6.10  3.28  −17.48  12.01  

Eu@B12H12
+
 C1 2.707 1.78 7.07  2.08  −35.10  13.00  

  

 Similarly we have discussed the structural parameters of the most stable C3v 

symmetry M@B12H12
2−

 (M = Np
+
, Pu

2+
, Pm

+
, Sm

2+
) and C1 symmetry M@B12H12

2−
 (M = 

Am
3+

, Eu
3+

) septet spin exohedral clusters and corresponding values are reported in Table 

5.2. In septet spin exohedral An@B12H12
2−

 (An = Np
+
, Pu

2+
, Am

3+
) and Ln@B12H12

2−
 (Ln = 

Pm
+
, Sm

2+
, Eu

3+
) clusters, the Pu

2+
 and Sm

2+
 form the strongest bonding (metal–B bond 

length of 2.636 and 2.646 Å, respectively) with the B atoms present at the triangular face of 
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the B12H12
2−

 cluster followed by stronger bonding of Am
3+

 (Eu
3+

) and Np
+
 (Pm

+
) ions, in An 

(Ln) doped B12H12
2−

 clusters (Table 5.2).  

 

5.2.5 Binding energy estimation 

 The binding energy (BE) of the clusters is calculated by using the following equations 

(5.1) and (5.2), 

M
n+

 + E12H12
2− 

                  [M@E12H12]
n−2

       

BE = E([M@E12H12]
n−2

)−E(M
n+

)−E(E12H12
2−

)       

where, M
n+

 = Ln (Pm
+
, Sm

2+
, Eu

3+
) and An (Np

+
, Pu

2+
, Am

3+
), n = +1, +2, +3, respectively, 

and E = B and Al.  

 The basis set superposition error (BSSE) has been calculated using the Counterpoise 

(CP) method
232

. The BSSE is calculated to be in the range of 0.01–0.08 eV for exohedral 

clusters, whereas for endohedral clusters, the BSSE is around 0.09–0.11 eV that has been 

added in the B3LYP calculated BE of the exohedral and endohedral clusters and the 

corresponding values are reported in Tables 5.2 and 5.3. The negative BE of all the exohedral 

M@Al12H12
2−

 and M@B12H12
2−

 clusters (Table 5.2) clearly indicates high stability of these 

clusters. It is to be noted that the binding energy of the exohedral clusters increases along the 

An = Np
+ 

− Pu
2+ 

− Am
3+

 and Ln = Pm
+ 

− Sm
2+ 

− Eu
3+

 series in the case of An and Ln doped 

Al12H12
2−

 and B12H12
2− 

clusters as reported in Table 5.2. Such a significant increase in the 

binding energy (∼−7 to −35 eV) is observed due to the increase in the charge of doped An 

(Ln) ion from +1 to +3. However, a very small change has been observed in the binding 

energy with the change of the cage type from Al12H12
2−

 to B12H12
2−

. Continuous increase in 

the binding energy value of An@E12H12
2−

 and Ln@E12H12
2−

 (E = B, Al) clusters along the An 

= Np
+ 

− Pu
2+ 

− Am
3+

 and Ln = Pm
+ 

− Sm
2+ 

− Eu
3+

 series, shows the highest stability of Am
3+

 

and Eu
3+

 doped Al12H12
2−

 and B12H12
2− 

clusters as compared to the remaining actinide and 
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lanthanide ion doped clusters. Similar BE trend is observed along iso-electronic series of 

Ln/An doped Al12H12
2−

 and B12H12
2− 

clusters using PBE (BE = −8 to −36 eV) and M06−2X 

(−8 to −36 eV) functionals as we have discussed above with the B3LYP XC functional. 

 

Table 5.3: Optimized Bond Lengths (R(M−Al), in Å), BSSE Corrected Binding Energy (BE, in 

eV), HOMO−LUMO Energy Gap (ΔEGap, in eV), Total Spin Population (NS) and 

f−Population (nf) of An/Ln in Septet Spin Endohedral M@Al12H12
2−

 Clusters using B3LYP 

Functional.  

  

 It is important to note here that the BE of the endohedral M@Al12H12
2−

 clusters in the 

septet spin state is also negative and significantly large (−4.28 to −31.33 eV) as shown in 

Table 5.3, which represents high stability of these endohedral clusters. The binding energy 

values of all the endohedral clusters are comparatively lower (by ∼2–4 eV) than that of the 

corresponding exohedral clusters. Nevertheless, the significantly high negative binding 

energy values indicate the possibility of formation of both endohedral and exohedral metal 

doped Al12H12
2−

 clusters, though the formation of exohedral clusters is energetically more 

favourable. 

 

 

Cluster Sym R(M−Al) NS  nf ΔEGap BE 

Al12H12
2−

 Ih ... ...  3.70 ... 

Np@Al12H12
−
 C1 2.846 5.02  4.03 1.20 −5.88 

Pu@Al12H12 C3v 2.782 5.72  5.47 2.04 −14.42 

Am@Al12H12
+
 C3 2.789 6.48  6.15 1.53 −30.87 

Pm@Al12H12
−
 C1 2.899 4.96 4.24 1.34 −4.28 

Sm@Al12H12 C3v 2.781 6.03  5.79 2.91 −12.52 

Eu@Al12H12
+
 C3 2.798 6.95  6.60 1.41 −31.33 
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5.2.6 Molecular orbital analysis 

In order to explore the chemical stability of the M@Al12H12
2−

 and M@B12H12
2−

 

clusters, we have calculated the HOMO – LUMO energy gap for the septet spin clusters 

(Table 5.2−5.3). For these open-shell systems, the highest energy occupied orbital is 

considered as HOMO (the singly occupied molecular orbital (SOMO) in our case) 

independent of the spin of the occupied electron and lower energy orbital among up spin 

LUMO and down spin LUMO is considered as LUMO. The energy difference between them 

is defined as the HOMO–LUMO energy gap in the present work. The HOMO–LUMO energy 

gap increases along An = Np
+
 < Am

3+
 < Pu

2+
 (1.24 to 2.08 eV) and Ln = Pm

+
 < Eu

3+
 < Sm

2+
 

(1.56 to 3.28 eV) ion in the An@B12H12
2−

 and Ln@B12H12
2−

 clusters (Table 5.2). Similar 

HOMO–LUMO energy gap trend is observed in the endohedral An@Al12H12
2−

 and 

Ln@Al12H12
2−

 clusters in septet spin state (Table 5.3). However, in case of exohedral metal 

doped−Al12H12
2−

 clusters, the HOMO–LUMO gap increases along An = Am
3+

 < Np
+ 

< Pu
2+

 

(1.15 to 2.21) and Ln = Eu
3+

 < Pm
+
 < Sm

2+
 (1.19 to 2.50 eV) ion doped An@Al12H12

2−
 and 

Ln@Al12H12
2−

 clusters (Table 5.2). In both the M@Al12H12
2−

 and M@B12H12
2−

 clusters, the 

HOMO–LUMO gap is the largest for the Pu
2+

 (Sm
2+

) doped clusters. The reversal in the 

HOMO–LUMO energy gap trend for (Np
+
, Am

3+
) and (Eu

3+
, Pm

+
) ion pairs in exohedral 

M@Al12H12
2−

 and M@B12H12
2−

 clusters is due to the break of symmetry in Am@B12H12
+
 and 

Eu@B12H12
+
 clusters (symmetry C1), whereas no symmetry break is observed in the 

corresponding Am@Al12H12
+
 and Eu@Al12H12

+
 clusters (symmetry C3v). The sufficiently 

large HOMO–LUMO energy gap clearly represents the high chemical stability of these Ln 

and An doped clusters. 

The molecular orbital energy level diagram of the empty Al12H12
2−

 and endohedral 

metal−doped clusters, namely, Pu@Al12H12 and Sm@Al12H12 at the B3LYP/DEF level is 

shown in Figure 5.2. The HOMO of Al12H12
2−

 cage is scaled with respect to the HOMO of 
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the Pu@Al12H12 cluster. In the empty cage, there are a total of 50 valence electrons in the 2gu 

(HOMO), 6hg, 6t1u, 5ag, 4t2u, 5hg, 5t1u and 4ag molecular orbitals (MOs). However, in the 

metal−doped Pu@Al12H12 cluster, six electrons are further added in the cage from the metal 

(f
6
) ion. Therefore, in the metal−doped cluster, the electron count in the cage is 56.  
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Figure 5.2: MO energy level diagram of Al12H12
2− and endohedral M@Al12H12

2− (M = Pu2+ and 

Sm2+) clusters using B3LYP functional.  

 

 MOs pictures of Pu@Al12H12 cluster with occupation of each MOs (reported within 

parenthesis) is depicted in Figure 5.3 and the symmetrized fragment orbitals (SFOs) analysis 

obtained at the PBE/TZ2P (Table 5.4) level using the scalar relativistic ZORA approach 

reveal that the mixing of doped metal ion and the cage orbitals is significant for the 34e 

(HOMO), 6a2, 30a1, 33e, 29a1, 5a2, 32e, 31e, 28a1, 27a1, 30e, 29e and 26a1 MOs. 

Cumulatively, all these MOs account for 32 outer valence electrons. It is to be noted that 

among all these MOs, the initial four MOs, namely, 34e, 6a2, 30a1, 33e are SOMOs 

containing six unpaired electrons, while the remaining MOs are doubly occupied orbitals. 

The next two MOs, namely, 25a1 and 28e containing a total of six electrons, can be attributed 

to pure cage orbitals. Subsequent three MOs, 24a1, 27e and 26e containing ten electrons are 
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mostly contributed by the cage atoms with virtually negligible share from the dopant metal 

atom. Contributions from both cage and dopant atoms are found for the next three inner MOs 

(23a1, 25e and 22a1), which contain another eight electrons. After all these analysis, it may be 

inferred that the Pu@Al12H12 cluster contains 32 valence electrons corresponding to the 

metal-cage hybrid orbitals, and thus satisfies the 32−electron principle through attainment of 

ns
2
np

6
(n−1)d

10
(n−2)f

14
 electronic configuration around the central actinide atom (Pu). 

 

 
            34e(2e)       6a2(1e)     30a1(1e)        33e(2e)       29a1(2e)    5a2(2e)        32e(4e) 

f
14 

 

                   
                       31e (4e)      28a1(2e) 27a1(2e)   30e(4e)      29e(4e) 

   p
6
                                               d

10
 

 

                                 
                      26a1(2e)     25a1(2e)       28e(4e)             24a1(2e)          27e(4e) 

        s
2 

 

                                    
                                      26e(4e)     23a1(2e)             25e(4e)           22a1(2e) 

Figure 5.3: MO pictures of endohedral Pu@Al12H12 cluster using B3LYP functional. Here, Blue text 

represents MOs with metal−cage orbital overlap, red text represent pure cage atoms MOs, green text 

represent MOs with negligible metal−cage orbital mixing. Occupation of each MOs is reported within 

parenthesis. 
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Table 5.4. Symmetrized Fragment Orbitals (SFOs) Analysis and Irreducible representation 

(IRR) of MOs of Septet Spin Endohedral Pu@Al12H12 Cluster in D3d Symmetry with 

PBE/TZ2P Method using ADF Software. The Corresponding IRR of MOs of Pu@Al12H12 

Cluster in C3v Symmetry Obtained using Turbomole software is also Reported. 

IRR_SR
a 

IRR_RECP
b 

Occu
c
 Energy (eV) MO (%) metal/cage 

10A1.g 22a1 2.0 -12.9 66.6% Pu(s) + 33.0% Cage 

11E1.u:1 25e:1 2.0 -11.0 7.5% Pu(p) + 92.0% cage 

11E1.u:2 25e:2 2.0 -11.0 7.5% Pu(p) + 92.0% cage 

9A2.u 23a1 2.0 -11.0 8.5% Pu(p) + 91.5% cage 

11E1.g:1 26e:1 2.0 -10.1 12.5% Pu(dyz) + 87.5% cage 

11E1.g:2 26e:2 2.0 -10.1 12.5% Pu(dxz) + 87.5% cage 

12E1.g:1 27e:1 2.0 -10.1 45.5% Pu(dx
2
-y

2
) + 54.5% cage 

12E1.g:2 27e:2 2.0 -10.1 45.5% Pu(dxy) + 54.5% cage 

11A1.g 24a1 2.0 -10.1 45.8% Pu(dz
2
) +54.3% cage 

12E1.u:1 28e:1 2.0 -9.2 100% cage 

12E1.u:2 28e:2 2.0 -9.2 100% cage 

10A2.u 25a1 2.0 -9.1 100% cage 

12A1.g 26a1 2.0 -8.5 22.0% Pu(s) +78.0% Cage 

13E1.g:1 29e:1 2.0 -7.6 18.5% Pu (dyz) +81.5% Cage 

13E1.g:2 29e:2 2.0 -7.6 18.5% Pu (dxz) +81.5% Cage 

13A1.g 27a1 2.0 -7.6 20.0% Pu (dz
2
) + 80.0% cage 

14E1.g:1 30e:1 2.0 -7.6 18.3% Pu(dx
2
-y

2
) + 81.7% cage 

14E1.g:2 30e:2 2.0 -7.6 18.3% Pu(dxy) + 81.7% cage 

11A2.u 28a1 2.0 -7.3 14.0% Pu(pz) + 85.9% cage 

13E1.u:1 31e:1 2.0 -7.3 13.5% Pu(px) + 86.5% cage 

13E1.u:2 31e:2 2.0 -7.3 13.5% Pu(py) + 86.5% cage 

14E1.u:1 32e:1 2.0 -6.2 24.6% Pu(f) + 75.4% cage 

14E1.u:2 32e:2 2.0 -6.2 24.6% Pu(f) + 75.4% cage 

3A1.u 5a2 2.0 -6.2 24.3% Pu(f) + 75.7% cage 

12A2.u 29a1 2.0 -6.1 24.3% Pu(f) + 75.7% cage 

15E1.u:1 33e:1 1.0 -5.2 75.1% Pu(f) + 24.9% cage 

15E1.u:2 33e:2 1.0 -5.2 75.1% Pu(f) + 24.9% cage 

13A2.u 30a1 1.0 -5.0 70.9% Pu(f) + 29.1% cage 

16E1.u:1 34e:1 1.0 -4.0 72.0% Pu(f) + 28.0% cage 

16E1.u:2 34e:2 1.0 -4.0 72.0% Pu(f) + 28.0% cage 

4A1.u 6a2 1.0 -3.9 74.1% Pu(f) + 25.9% cage-HOMO 

14A2.u 31a1 0.0 -3.9 73.3% Pu(f) + 26.7% cage-LUMO 

a
IRR_SR= IRR using scalar relativistic ZORA approach with 60 electron frozen core for Pu 

using ADF 
b
IRR_ECP= Irreducible representation of molecular orbitals with 60 electron core ECP for Pu 

using Turbomole. 
c
Occu = Occupation of MO
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However, consideration of inner valence electrons contained in the MOs, 23a1, 25e, 

and 22a1 leads to a total valence electron count of 40−electrons around the central actinide 

ion, which is also a magic number. Here, it is important to note that the energy gap between 

the set of metal−cage hybridized orbitals containing 32 electrons and the second set 

containing the inner 8 electrons (inner s and p orbitals) accommodated in the hybridized 

orbitals, 23a1, 25e, and 22a1 is quite large (∼2–2.7 eV). Accordingly, the 32−electron 

principle is reasonably fulfilled as far as the outer valence electrons are concerned. A similar 

bonding is observed in the Sm@Al12H12 cluster. Moreover, 32−electron count corresponding 

to outer valence electrons is also found for the Am and Eu ions in the Am@Al12H12
+
 and 

Eu@Al12H12
+
 clusters. 

 

5.2.7 Spin population and 〈S
2〉 expectation value 

It is interesting to note that the spin population as well as f−population on An and Ln 

ions is not significantly changed in the septet spin M@Al12H12
2−

 and M@B12H12
2−

 clusters 

(Tables 5.2–5.3). In these clusters the nf populations in Am
3+

 and Eu
3+

 ions are close to 7, 

which is a stable half−filled electronic configuration, whereas in the case of Pu
2+

 and Sm
2+

, 

the nf populations are 6 which is equal to their atomic spins. Only in the case of Np
+
 and 

Pm
+
, the spin population of doped metal ions is partially quenched as shown in Table 5.3. 

In addition, from the spin density surface pictures it can be seen that the all the spin 

density is localized on the doped Ln and An ions (Figure 5.4) which indicates that the Ln and 

An ion carry all the spin. The high spin population on doped metal ions in the metal−doped 

clusters favour the magnetic behaviour of the studied M@Al12H12
2−

 and M@B12H12
2−

 

clusters. It is noteworthy to mention that for all the studied exohedral clusters, the expectation 

value of 〈S
2〉 (∼12.0) is found to be very close to the corresponding theoretical value [S(S 

+ 1) = 12] for the septet spin state. Whereas, in the case of Am
3+

 and Eu
3+

 doped clusters, the 
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expectation value of 〈S
2〉 (∼13) differs from the theoretical value of 12 for the septet spin 

state as shown in Table 5.2. This deviation is observed due to the achievement of f
7
 

configuration of the metal ion (Am/Eu) in the doped clusters as observed from the f 

population of the metal ions. The 〈S
2〉 value of 12 or 13 and localized spin density on the 

Ln and An ion can favour a high magnetic moment for these metal−doped clusters. 

Therefore, all the predicted clusters can show magnetic behaviour. The same has been 

observed for the corresponding endohedral metal−doped clusters. 

 

      
Exo       Endo

 

Figure 5.4: Spin density pictures of septet spin exohedral and endohedral Pu@Al12H12
 clusters using 

B3LYP functional. 

 

5.2.8 Natural population analysis 

To analyze the nature of bonding between the doped metal ion and the cage atoms, we 

have performed the charge distribution analysis for all the exohedral M@Al12H12
2−

 and 

M@B12H12
2−

 clusters using natural population analysis (NPA)
166

. From Table 5.2, one can 

see that the positive charge of the doped metal ion is reduced significantly from its initial 

value, which indicates that the charge density of the doped ion is increased, whereas the 

charge density of the cage atom is decreased. This clearly represents that the charge transfer 

takes place from the cage to the doped metal ion. Moreover, the magnitude of charge transfer 

from the cage to the doped ion is increased along the actinide and the lanthanide series, An = 

Np
+
 − Pu

2+
 − Am

3+
 and Ln = Pm

+
 − Sm

2+
 − Eu

3+
 in the M@Al12H12

2−
 (M@B12H12

2−
) clusters 
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as shown in Table 5.2, which is found to be in agreement with the stability trend of these 

clusters. The maximum charge transfer from cage to metal ion (∼1.4 e) in the Am
3+

 and Eu
3+

 

doped cluster is responsible for the achievement of the f
7 

configuration in the doped ion. The 

charge transfer from the cage to the doped ion is responsible for holding the doped metal ion 

in these clusters. These results are also found to be in good agreement with the results of 

Hopkins et al.
231

 who found a similar kind of charge transfer from the B12X12
2−

 (X = H, F) 

cage to the doped transition metal using NBO analysis. 

 

5.2.9 Energy barrier for M@Al12H12  

 Since the energy barrier height is an important parameter for finding the 

inter−conversion ability of one particular isomer to another isomer, we have calculated the 

energy barrier height for Pu@Al12H12 and Sm@Al12H12 clusters in septet spin state for them 

to go from endohedral to exohedral and vice versa. We have plotted the energy barrier height 

of exohedral and endohedral Pu@Al12H12 and Sm@Al12H12 clusters as shown in Figure 5.5. 

Barrier height for endohedral clusters is calculated by moving the Pu (Sm) atom from its 

equilibrium position (inside the cage) to the outside of the cage through one of the triangular 

faces of the Pu@Al12H12 (Sm@Al12H12) clusters. Whereas to calculate the barrier height for 

exohedral clusters, the Pu (Sm) atom is moved toward the centre of the cage from outside of 

the cage through one of the triangular faces of Pu@Al12H12 (Sm@Al12H12) clusters. In both 

processes, the Pu@Al12H12 (Sm@Al12H12) cluster achieves the least stable structure when the 

Pu (Sm) atom is placed on the surface of the triangular face of the Pu@Al12H12 

(Sm@Al12H12) clusters. The energy difference between this least stable structure and the 

equilibrium structure is considered as the energy barrier height for endohedral and exohedral 

Pu@Al12H12 (Sm@Al12H12) clusters. For the endohedral Pu@Al12H12 and Sm@Al12H12 

clusters, the energy required to cross the barrier height to form an exohedral cluster is 
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calculated to be 39.87 and 34.21 eV, respectively. These extremely large barrier height values 

indicate that the endohedral clusters can remain stable once they are formed. Similarly, for 

exohedral Pu@Al12H12 and Sm@Al12H12 clusters, the energy required to cross the barrier 

height to form an endohedral cluster is 60.00 and 51.56 eV, respectively. It is noteworthy to 

mention that the barrier height for exohedral clusters is significantly large as compared to that 

of the corresponding endohedral clusters (by ∼17–20 eV). Thus, exohedral clusters require a 

significantly large amount of energy to cross the barrier height to form endohedral clusters. 

This trend is consistent with the higher energetic stability of the exohedral isomers. 
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Figure 5.5: Energy barrier plots of exohedral and endohedral a) Pu@Al12H12 and b) Sm@Al12H12 

clusters, using B3LYP functional. 
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5.2.10 Density of states analysis 

We have also analyzed the density of states (DOS) plots of the exohedral lanthanide 

and actinide doped B12H12
2− 

and Al12H12
2−

 clusters in the septet spin state. The DOS plots of 

all these clusters as well as of the bare B12H12
2− 

and Al12H12
2−

 clusters are provided in Figure 

5.6. From Figure 5.6, one can see that the DOS plots of exohedral metal−doped B12H12
2− 

and 

Al12H12
2−

 clusters are almost the same as those of the corresponding bare B12H12
2− 

and 

Al12H12
2−

 clusters.  
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Figure 5.6: Density of states (DOS) plots of a) bare B12H12
2−, exohedral M@B12H12

2− and b) bare 

Al12H12
2−, exohedral M@Al12H12

2−, (M = Ln, An) clusters using B3LYP functional. 
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It is to be noted that the DOS are shifted to much lower energy along Ln = Pm
+
 − 

Sm
2+

 − Eu
3+

 ion in Ln@B12H12
2−

 and Ln@Al12H12
2−

 clusters. Similarly, in the case of 

An@B12H12
2−

 and An@Al12H12
2−

 clusters, the DOS are shifted to lower energy along the An 

= Np
+
 − Pu

2+
 − Am

3+
 series. This energy shift in the DOS bands along the Ln = Pm

+
 − Sm

2+ 
− 

Eu
3+

 and An = Np
+
 − Pu

2+
− Am

3+
 series is observed due to the increase in the bonding of 

doped ions with the cage atoms along the two series.  

 

5.2.11 Spin orbit coupling effect 

To see the effect of spin orbit coupling, we have optimized the septet spin exohedral 

Pu@B12H12 cluster with spin orbit coupling (SOC) and scalar relativistic (SR) approaches 

using PBE and B3LYP functionals. The optimized Pu–B distance with (without) SOC is 

2.646 (2.654) and 2.576 (2.585) Å using B3LYP and PBE XC functionals, respectively. 

However, the HOMO–LUMO gaps calculated with (without) SOC is 1.853 (1.900) and 0.014 

(0.121) eV using B3LYP and PBE functionals, respectively. The optimized structure is found 

to be almost the same with and without the SOC. Thus, almost negligible effect of the SOC 

has been observed on the optimized structure; however the HOMO–LUMO energy gap is 

decreased by 0.05–0.1 eV due to the SOC. As shown in Figure 5.7, the SOMO to SOMO−5 

of the Pu@B12H12 exohedral cluster is majorly centered on the Pu(f) orbitals. The SOMO 

possesses f character in both SOC and SR calculations, however, due to the change in the 

energy order of SOMOs due to SOC, the ordering of singly occupied f orbitals is different in 

SOC and SR calculations (Figure 5.7). The energy order of valence SOMO is changed in 

SOC due to very close lying f energy levels. 
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Figure 5.7: MO pictures of valence singly occupied molecular orbitals (SOMOs) of septet spin 

exohedral Pu@B12H12 cluster at B3LYP/TZ2P level. 

 

5.3 Conclusion 

In a nutshell, for the first time, we have predicted iso−electronic series of lanthanide (Ln = 

Pm
+
, Sm

2+
, Eu

3+
) and actinide (An = Np

+
, Pu

2+
, Am

3+
) doped exohedral and endohedral 

Al12H12
2−

 clusters, whereas for B12H12
2−

, only exohedral clusters have been investigated using 

density functional theory. The stabilities of all Ln and An doped clusters have been analyzed 

in different possible spin states. Among all the clusters, the exohedral clusters in the septet 

spin state are energetically the most stable. The sufficiently large HOMO–LUMO energy gap 

of these clusters reflects their chemically stable behaviour. Moreover, large barrier heights 

reveal the high kinetic stability of these clusters. All these clusters associated with high spin 

population on the doped metal ion in septet spin state and having a high HOMO–LUMO gap 

can be considered as new magnetic superatoms with f−block elements. It is to be noted that 

the stability of the metal doped Ln@E12H12
2−

 and An@E12H12
2−

 (E = Al, B) clusters increases 

along the Ln = Pm
+
 − Sm

2+ 
− Eu

3+
 and An = Np

+
 − Pu

2+
 − Am

3+
 series, respectively. 

Additionally, the magnitude of charge transfer from the cage to the doped ion is also 

increased along the Ln = Pm
+
 − Sm

2+
 − Eu

3+
 and An = Np

+
 − Pu

2+
 − Am

3+
 series, for 

Ln@E12H12
2−

 and An@E12H12
2−

 (E = Al, B) clusters, respectively. Actinide/lanthanide ion 

encapsulated endohedral Al12H12
2−

 clusters are found to fulfill the 32−electron principle 
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corresponding to the completely filled s, p, d and f shells of the central metal atom. In the 

present work, we have predicted the existence of new actinide doped clusters following 

32−electron principle, which are associated with open-shell electronic configuration. Among 

all the doped clusters, the Eu
3+

 doped cluster might be difficult to synthesize due to the highly 

oxidizing nature of Eu
3+

 ion.
233-235

 Nevertheless, it might be possible to synthesize some of 

these Ln/An doped clusters with suitable experimental technique(s). Thus, the theoretical 

predictions of these stable lanthanide and actinide doped B12H12
2−

 and Al12H12
2−

 clusters 

could encourage experimentalists for the preparation of these metal−doped clusters.  
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CHAPTER 6 

Neutral Sandwich complexes of Divalent Lanthanide with Novel 

Nine−Membered Heterocyclic Aromatic Ring: Ln(C6H6N3)2 

 

6.1 Introduction 

In the previous chapters, we have shown the application of lanthanide (Ln) and 

actinide (An) ions in modifying the structural, electronic, and magnetic properties of clusters 

by doping them in a cluster. Due to the highly shielded nature of their f–orbitals, the high 

spin density of Ln/An ion remains unquenched as discussed in Chapter 5. Moreover, under 

the presence of a suitable crystal field (ligand field), the lanthanide ion with high magnetic 

moment shows slow magnetic relaxation as discussed in detail in Chapter 1. Therefore, 

lanthanide ion in the form of their sandwich complexes play a very important role in the 

creation of single molecule/ion magnet.
48, 89, 91, 236-238

 From time to time various cyclic ligands 

namely benzene, cycloheptariene, cyclooctatetraene and cyclononatetraenyl are proposed for 

investigating different sandwich complexes.
239-247

 Very recently the cyclononatetraene anion 

(C9H9
−
) ligand has been employed to synthesize divalent lanthanide containing sandwich 

complexes, Ln(C9H9)2 (Ln = Sm(II), Eu(II), Tm(II), Yb(II)).
95

 Earlier the same ligand has 

been used to study the alkaline earth metal sandwich complexes.
94

 A very few sandwich 

complexes with a nine−membered ring have been studied till date, however, five−, six− or 

eight−membered ring ligands have been widely used to form various sandwich complexes.
94-

95, 245-250
 

Unlike in the transition metal sandwich complexes, lanthanide ions show larger 

hapticity in their sandwich complexes. However, the sandwich complexes of lanthanides with 

a nine−membered ligand are very rare in the literature.
95

 Thus, designing a new 

nine−membered aromatic ring is not only important for the development of novel divalent 
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lanthanide sandwich complexes but also for the creation of magnetic coupling of metal ions 

along a one−dimensional chain of sandwich complexes via hybridization of the metal ion 

with extended π orbitals of aromatic ligand. Moreover, inclusion of heteroatoms into a ring 

skeleton leads to a unique electronic features and also increases the versatility of aromatic 

rings. For example, fully conjugated heterocyclic ring such as s−triazine, isoelectronic to 

benzene, and triazine based dendrimers have applications in the drug delivery and 

agriculture.
251-252

 Therefore, various half sandwich transition metal complexes with 

heterocyclic ligands are synthesized in the past and shown to have biological applications 

such as anticancer and antibacterial properties.
253-255

 Moreover, full sandwich complexes of 

heterocyclic ligands are also predicted in the recent past.
256-257

  

Therefore, in the present chapter we have made an attempt to find a new 

nine−membered aromatic heterocyclic ring to form a stable novel sandwich complex with a 

divalent lanthanide ion. For this purpose, we have proposed a nine−membered heterocyclic 

1,4,7−triazacyclononatetraenyl, C6H6N3
−
 (tacn) ligand, which is isoelectronic with the 

experimentally known cyclononatetraenyl C9H9
−
 (cnt) ligand and associated with 10 π 

electrons, but possesses three hetero atoms. The electronic and structural analogy of C6H6N3
−
 

with C9H9
−
 ligand makes it attractive for the present study. Furthermore, we have 

investigated the sandwich complexes of divalent lanthanides with our newly predicted 

C6H6N3
−
 ligand, Ln(tacn)2 (Ln = Nd(II), Pm(II), Sm(II), Eu(II), Tm(II) and Yb(II)) using 

dispersion corrected density functional theory (DFT). 

All the results discussed in this chapter have been obtained by using PBE–D3
144, 156-

157
, PBE0–D3

148, 156-157
 and B3LYP−D3

146-147, 156-157
 functionals with def–TZVP basis set 

along with a relativistic effective core potential (RECP) for heavier elements by using 

Turbomole
150

, ADF
152-153 

and Multiwfn
170

 programs. Detail computational methodologies 

have been discussed in Chapter 2 of this thesis. 
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6.2 Results and discussions 

6.2.1 Structural and electronic properties of C6H6N3
−
 ligand 

For the formation of cis and trans C6H6N3
−
 ligand, we have replaced three –CH units 

in each of the cis and trans isomer of C9H9
−
 (cnt), with N atoms at each alternate position of –

CH=CH– units which gives one cis and two different trans isomers (Trans (T) and Trans1 

(T1)) as shown in Figure 6.1. In cis form, all the atoms (C, N) forms a regular ring while in 

the trans form one of the atoms (C or N) of ring lies inside the ring. All the three isomers of 

C6H6N3
−
 (tacn) ligand are optimized using PBE−D3 functional and def−TZVP basis set. For 

C6H6N3
−
 ligand cis isomer is more stable than the planar Trans (4.1 kcal mol

−1
) and 

non−planar Trans1 (7.7 kcal mol
−1

) isomers. It is to be noted that experimentally cis and only 

non–planar trans isomers of C9H9
−
 ligand are observed in solution using 

1
H NMR spectrum. 

However, theoretically cis isomer of C9H9
−
 ligand is more stable than the non–planar trans 

isomer (11 kcal mol
−1

). In the present study the observed energy difference between cis and 

trans C6H6N3
−
 ligand is even smaller (4−7 kcal mol

−1
), which also indicates the co−existence 

of both the isomers of the ligand in the solution.
95 

In the gas phase the energy barrier for cis to trans isomerization process is calculated 

to be 8.4 and 14.0 kcal mol
−1

 for C6H6N3
−
 and C9H9

−
 ligands, respectively, and hence it may 

be possible that the inter–conversion of cis– and trans– C9H9 anion and the –C6H6N3
−
 in 

solvent is kinetically controlled. The high HOMO−LUMO energy gap indicates the stability 

of C9H9
−
 and C6H6N3

−
 ligands (Table 6.1). In cis C6H6N3

−
 all C−C (1.416 Å) and C−N (1.328 

Å) bond distances are equal.  
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Figure 6.1: Optimized structures of cis and trans isomers of C6H6N3
− ligand. 

 

Table 6.1: Shortest and Longest Bond Lengths (in Å), HOMO−LUMO Energy Gap (EGap, in 

eV), HOMA, and NICS(0) (NICS(1)) Values Obtained using PBE–D3 Functional. 

Ligand R(C−C) R(C−N) EGap HOMA NICS 

C6H6N3
−
−Cis 1.416 1.328 2.675 0.93 −13.13 (−12.13) 

C6H6N3
−
−Trans 1.409 

1.453 

1.304 

1.353 

3.186 0.83 ... 

C9H9
−
−Cis 1.405 ... 3.749 0.93 −13.31 (−12.02) 

C9H9
−
−Trans 1.389 

1.433 

... 3.446 0.78 ... 

C9H9
−
−Cis 

(expt) 

1.352 

1.450 

... ... ... ... 

C9H9
−
−Trans 

(expt) 

1.360 

1.450 

... ... ... ... 

 

6.2.2 Aromaticity of C6H6N3
−
 ligand 

Aromaticity of the C6H6N3
−
 ligand is analyzed by using its structural parameters and 

harmonic oscillator model of aromaticity (HOMA) value. In addition, nucleus−independent 

chemical shift (NICS) is also calculated at the ring centre [NICS(0)] and at 1Å above the ring 

centre [NICS(1)]. The structural parameters, NICS and HOMA values are reported in Table 

6.1. The negative NICS(0) and NICS(1) (−13.13 and −12.13) values and HOMA value (0.93) 

close to 1 indicate the aromaticity of cis C6H6N3
−
 ligand. To analyze the aromaticity of trans 

Cis Trans (T) Trans1 (T1)
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2e"−1      2e"−2      1e"−1      1e"−2     1a2"

(a)

2e"−1      2e"−2      1e"−1     1e"−2         1a2"

(b)

ligand HOMA value is calculated instead of NICS, as the trans ligand is not a regular ring. 

The unequal C−N, C−C bond lengths and relatively a smaller HOMA value of 0.83 for trans 

C6H6N3
−
 show a decrease in its aromaticity. 

Similar NICS and HOMA values of C6H6N3
−
 and C9H9

−
 ligands (Table 6.1) indicate 

almost similar aromaticity of both the ligands. Moreover, Hückel rule of aromaticity is also 

applied to check the aromaticity of the ligand. Exactly similar delocalized π molecular 

orbitals contributing 10π e
−
 shows that cis isomer of both the C9H9

−
 and C6H6N3

−
 ligands 

follows the Hückel rule of aromaticity (Figure 6.2). 

 

 

 

 

 

 

Figure 6.2: Delocalized π molecular orbital pictures of a) C9H9
− and b) C6H6N3

− ligands. 

 

6.2.3 Structural properties of Ln(C6H6N3)2 complexes 

First of all we have optimized the experimentally observed
95

 Ln(cnt−cis)2, 

Ln(cnt−trans)2 and Ln(cnt−cis)(cnt−trans) (Ln = Sm(II), Eu(II), Tm(II), Yb(II)) complexes 

represented as Ln(cnt−CC), Ln(cnt−TT) and Ln(cnt−CT), respectively, using PBE−D3, 

B3LYP−D3 and PBE0−D3 functionals. Among all the complexes, the Ln(cnt−CC) 

complexes are the most stable as shown in Figure 6.3. 
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Figure 6.3: Relative energy (RE, in kcal mol−1) plots of Ln(cnt−TT) and Ln(cnt−CT) complexes 

with respect to corresponding Ln(cnt−CC) complexes. 

 

However, experimentally the mixture of all the three different complexes in the 

solution has been observed in the 
1
H NMR spectra.

95
 For the Ln(cnt)2 complexes, the 

optimized bond lengths calculated using the PBE−D3 method are found to be in good 

agreement with the experimentally observed
95

 values (Figure 6.4) as compared to the 

B3LYP−D3 and PBE0−D3 functionals. 

 

  

Figure 6.4: Difference between the experimental and the computed Ln–C bond lengths values 

(ΔR(Ln–C), in Å) in Ln(cnt−CC) complexes. 

 

 After finding a close similarity in the PBE−D3/def−TZVP and the experimental 

results for the C9H9
−
 complexes, we have optimized the sandwich complexes of divalent Ln 

with cis–C6H6N3
−
 and trans–C6H6N3

−
 (tacn) ligands, viz., Ln(tacn−CC), Ln(tacn−TT) and 

0

4

8

12

 

 

 

Ln@(cnt-TT)

Ln@(cnt-CT)

R
E

 /
 k

c
a
l 
m

o
l-1

Sm2+ Eu2+          Tm2+      Yb2+

Ln(C9H9)2

Ln@(cnt-CC)

PBE-D3

0

4

8

12

16

20

 Sm2+ Eu2+        Tm2+          Yb2+

 

 

 

Ln@(cnt-CC)

Ln@(cnt-CT)

Ln@(cnt-TT)

B3LYP-D3

Ln(C9H9)2

R
E

 /
 k

c
a

l 
m

o
l-1

0

4

8

12

16

 Sm2+ Eu2+
           Tm2+        Yb2+

 

PBE0-D3

 

 

Ln@(cnt-TT)

Ln@(cnt-CT)

Ln@(cnt-CC)

R
E

 /
 k

c
a
l 
m

o
l-1

Ln(C9H9)2

0.00

0.02

0.04

0.06

0.08

0.10

 

 

 


R

(L
n

-C
) 

/ 
Å

 PBE-D3

 B3LYP-D3

 PBE0-D3

Ln(cnt-CC)

    Sm2+      Eu2+     Tm2+     Yb2+



  

123 

 

Ln(tacn−CT) (Figure 6.5) using the PBE−D3/def−TZVP method. Moreover, for comparison 

purpose, all calculations are also performed with B3LYP−D3 and PBE0–D3 functionals. The 

PBE–D3 results have been discussed throughout this chapter unless otherwise stated.  

 

 

Figure 6.5: Optimized structures of staggered Ln(tacn)2 complexes. 

 

It is to be noted that non−planar C6H6N3
− 

Trans1 (T1) ligand, iso−structural with 

trans−C9H9
−
 ligand forms less stable Ln(tacn−T1T1) and Ln(tacn−CT1) complexes (by 4 kcal 

mol
−1

) as compared to the corresponding Ln(tacn−CC) complexes which is in agreement with 

the stability trend of the experimentally observed Ln(cnt)2 complexes
95

 (Figure 6.3). 

However, the planar C6H6N3
− 

Trans (T) ligand forms more stable Ln(tacn−TT) complexes 

than the corresponding Ln(tacn−CT) (8.1−11.4 kcal mol
−1

) and Ln(tacn−CC) (17.2−20.7 kcal 

mol
−1

) complexes as shown in Figure 6.6. Thus among all the complexes, Ln(tacn−TT) 

complexes are the most stable. In the present study we have mainly focused on the 

Ln(tacn−TT), Ln(tacn−CT) and Ln(tacn−CC) complexes. 

 All the studied Ln(tacn−CC) complexes are more stable in their staggered 

conformation (0.1−3.0 kcal mol
−1

) as compared to the corresponding eclipsed conformation. 

Similarly for the Ln(tacn−TT) complexes, the staggered isomer is more stable (1.6−2.3 kcal 

mol
−1

) than the corresponding eclipsed isomer. Same trend is observed for the Ln(tacn−CT) 

complexes. Therefore, in the current chapter we have discussed only staggered Ln(tacn−CC), 

Ln(tacn−CT) and Ln(tacn−TT) complexes (Figure 6.5).  

    Ln(tacn−CC)          Ln(tacn−TT)        Ln(tacn−CT) 
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Figure 6.6: Relative energy (RE, in kcal mol−1) plots of Ln(tacn−CC) and Ln(tacn−CT) complexes 

with respect to the corresponding Ln(tacn−TT) complexes.  

  

The Ln(tacn−CC) complexes contain two η
9
−coordinated ligands in linear sandwich 

arrangement with 180º centroid−Ln−centroid angle similar to that of the experimentally 

synthesized Ln(cnt−CC)
95

 complexes. All the divalent lanthanides form iso−structural linear 

sandwich complexes. Among all the ions Tm(II) and Yb(II) forms strongest bonding with 

C6H6N3
−
 ligand with Ln−C and Ln−N bond distances in the range of 2.72−2.73 Å and 

2.68−2.70 Å, respectively, while Eu(II) forms weakest Ln−C (2.83 Å) and Ln−N (2.81 Å) 

bonds (Table 6.2). However, it is interesting to note that the C−C (1.42 Å) and C−N (1.33 Å) 

bond distances are almost the same in all the lanthanide complexes. 

Unlike in the linear Ln(tacn−CC) complexes, the centroid−Ln−centroid angle in 

Ln(tacn−TT) complexes is in the range of 162−167º. Here also Tm(II) and Yb(II) ions form 

strongest bonding (Ln−C = 2.61−2.97, Ln−Cavg = 2.82 Å, Ln−N = 2.38−2.71, Ln−Navg = 2.59 

Å) with the trans−ligands, while Eu(II) forms weakest Ln−C and Ln−N bonds (Ln−Cavg 

=2.94 and Ln−Navg = 2.74). The C−C (1.41−1.45 Å) and C−N (1.32−1.36 Å) bond distances 

are almost the same in all the Ln(tacn−TT) complexes. It is to be noted that all the three N 

atoms of the cis−tacn ligand form almost equally strong bond with the Ln ion and same is 

observed with six carbon atoms, as all the N and C atoms are in the same chemical 
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environment. Whereas in the trans-tacn ligand, the N atom which lie inside the tacn ring 

forms more strong bond with the Ln ion (by 0.28−0.33Å) as compared to the bond formed by 

the remaining two N atoms. Also the two C−C units directly connected with this inside ring 

N atom of trans ligand form significantly weaker bond with Ln ion (by 0.20−0.35, Å) as 

compared to that of the remaining two C atoms. In Eu(tacn−TT), the shortest Eu−N and 

Eu−C bond distance is 2.50 and 2.75Å, while the longest Eu−N and Eu−C distance is 2.84 

and 3.02 Å, respectively. The shortest and longest (Ln−C and Ln−N) bond distances are 

reported in Table 6.2. Similar bonding trend is observed in the Ln(tacn−CT) complexes as 

shown in Table 6.2. Each trans ligands in Ln(tacn−TT) and Ln(tacn−CT) complexes form 

four relatively weak Ln−C and two relatively weak Ln−N bonds with an average Ln−C bond 

lengths in the range of 2.82−2.94 Å for the six Ln−C bonds and average Ln−N distances in 

the range of 2.54−2.67 Å for the three Ln−N bonds. The –C–C–C–C–, –N–C–C–N– and –C–

C–N–C– dihedral angle in the trans C6H6N3
–
 ligand is deviated from the planarity by 5–17°, 

10–12° and 4–11°, respectively, in the Ln(tacn–TT) complexes as compared to that in the 

free trans C6H6N3
–
 ligand.  

It is noteworthy to mention that although the planarity of the ligands decreases in their 

Ln(tacn−TT) complexes but their HOMA value is slightly increased from 0.83 to 0.83−0.89. 

In addition the significantly high NICS values (in the range of −18 to −42) show that the 

aromaticity of these Ln(tacn−TT) complexes is significantly high similar to that observed in 

the An(COT)2
244 

complexes. The torsional angle between the two ligands in Ln(tacn−CC) 

complexes is calculated to be around 178−180 degree, while it is observed to be around 

93−95 degree in Ln(tacn−TT) complexes. Among all the complexes the HOMO−LUMO gap 

is the highest for Eu(tacn)2 and Yb(tacn)2 complexes (Table 6.3). It is due to the half−filled 

(f
7
) and fully filled (f

14
) electronic configuration of Eu(II) and Yb(II) ions, respectively. 

Similar results are obtained using B3LYP and PBE0 functionals. 
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Table 6.2: Shortest and Longest Bond Lengths (in Å) in Ln(C6H6N3)2 Complexes Calculated 

using PBE−D3 Functional. 

Complex R(Ln−C) R(Ln−N) R(C−C) R(C−N) 

Nd(tacn–CC) 2.783–2.797 2.737–2.757 1.420–1.423 1.334–1.337 

Pm(tacn–CC) 2.787–2.792 2.743–2.747 1.421 1.334 

Sm(tacn–CC) 2.808–2.812 2.776–2.794 1.421–1.424 1.333–1.334 

Eu(tacn–CC) 2.830–2.833 2.806–2.810 1.422 1.333 

Tm(tacn–CC) 2.715–2.725 2.683–2.700 1.421–1.422 1.333 

Yb(tacn–CC) 2.719–2.722 2.689–2.693 1.422 1.332–1.333 

     

Nd(tacn–TT) 2.761–2.958 2.458–2.786 1.412–1.452 1.321–1.361 

Pm(tacn–TT) 2.718–3.029 2.437–2.811 1.412–1.452 1.316–1.363 

Sm(tacn–TT) 2.751–3.018 2.471–2.802 1.413–1.452 1.319–1.360 

Eu(tacn–TT) 2.750–3.016 2.502–2.835 1.414–1.454 1.317–1.358 

Tm(tacn–TT) 2.625–2.966 2.380–2.707 1.413–1.454 1.320–1.362 

Yb(tacn–TT) 2.609–2.956 2.387–2.710 1.414–1.455 1.319–1.362 

     

Nd(tacn–CT) 2.739–2.922 2.418–2.813 1.412–1.452 1.323–1.359 

Pm(tacn–CT) 2.738–2.952 2.429–2.782 1.412–1.451 1.320–1.360 

Sm(tacn–CT) 2.737–2.986 2.448–2.815 1.413–1.452 1.320–1.360 

Eu(tacn–CT) 2.756–3.021 2.477–2.832 1.414–1.453 1.314–1.359 

Tm(tacn–CT) 2.624–2.985 2.379–2.707 1.412–1.455 1.320–1.361 

Yb(tacn–CT) 2.621–2.975 2.382–2.713 1.413–1.451 1.320–1.360 

 

6.2.4 Binding energy estimation 

The stability of all the complexes is analyzed by calculating their binding energy. The 

binding energy of the Ln(C6H6N3)2 and Ln(C9H9)2 complexes has been calculated using the 

following given equations 6.2 and 6.4, respectively. 
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Ln
2+

 + 2*C6H6N3
−   

  Ln@(C6H6N3)2       

BE = E[Ln(C6H6N3)2] − [E(Ln
2+

) + 2*E(C6H6N3
−
)]       

 

Ln
2+

 + 2*C9H9
−  

Ln@(C9H9)2       

BE = E[Ln(C9H9)2] − [E(Ln
2+

) + 2*E(C9H9)]       

 

The negative binding energy of Ln(tacn−CC) (−18.03 to −18.87 eV), Ln(tacn−CT) 

(−18.62 to −19.54 eV) and Ln (tacn−TT) (−19.14 to −20.14 eV) complexes demonstrate their 

high stability (Table 6.3). A slightly higher binding energy also indicate a higher stability of 

the Ln(tacn−TT) complexes as compared to the Ln(tacn−CC) and the Ln(tacn−CT) 

complexes. It is noteworthy to mention that the binding energy of the predicted Ln(tacn)2 

complexes is found to be only slightly less (1−2 eV) as compared to the corresponding 

experimentally observed Ln(cnt)2 complexes
95

 which indicate comparable stability of the 

predicted Ln(tacn)2 complexes with the experimentally synthesized Ln(cnt)2 complexes.  

 

6.2.5 Natural population and spin population analyses 

The natural population analysis (NPA)
166

 derived positive charge on the divalent 

lanthanide ions in the Ln(tacn−CC), Ln(tacn−CT) and Ln(tacn−TT) complexes is slightly 

reduced to ~+1 e from their initial charge value (+2) (Table 6.3). It indicates a small amount 

of charge transfer from the ligand to the metal ion in these complexes. The magnitude of 

charge transfer is almost the same in all the studied Ln–complexes. It is noteworthy to 

mention that in all the Ln(C6H6N3)2 sandwich complexes, the spin population of valence ns, 

np, nd shell of Ln is zero, while spin population (NS) in the 4f shell of lanthanides is very 

close to its atomic spins as shown in Table 6.3. The unquenched high spin density on the 

Ln(II) ion in Ln(C6H6N3)2 complexes also favors the application of these complexes in the 
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design of single ion magnet. The zero spin population of Yb(C6H6N3)2 complex is due to its 

singlet ground state. 

 

Table 6.3: HOMO−LUMO Energy Gap (EGap, in eV), Binding Energy (BE, in eV), NPA 

Charges on Ln, C, N (qLn, qC and qN, in e) Atoms, Spin Populations on Ln Ion (NS) and 

Dipole Moment (μ, in Debye) of Ln(C6H6N3)2 Complexes Obtained using PBE–D3 

Functional. 

Complex EGap BE qLn qN qC NS μ 

Nd(tacn–CC) 0.67 –18.35 1.11  –0.43  –0.08  3.65  0.00  

Pm(tacn–CC) 0.62 –18.31 1.13  –0.43  –0.08  4.69  0.00  

Sm(tacn–CC) 0.48 –18.18 1.14  –0.43  –0.08  5.83  0.00  

Eu(tacn–CC) 1.20 −18.03 1.16  −0.43  −0.08 6.88  0.01  

Tm(tacn–CC) 0.51 −18.89 1.07 −0.42 −0.08  1.06  0.00  

Yb(tacn–CC) 1.19 −18.87 1.09  −0.42 −0.08  0.00  0.01  

        

Nd(tacn–TT) 0.66 –19.51 1.11  –0.46  –0.07  3.58  3.22  

Pm(tacn–TT) 0.40 –19.41 1.16  –0.46  –0.07  4.64  2.94  

Sm(tacn–TT) 0.44 –19.23 1.18  –0.46  –0.07  5.76  2.82  

Eu(tacn–TT) 1.02 −19.14 1.21  −0.46  −0.07  6.84  3.01  

Tm(tacn–TT) 0.50 −20.13 1.14  −0.46  −0.06  1.13  3.02  

Yb(tacn–TT) 1.15 −20.12 0.97  −0.46  −0.07  0.00  3.12  

        

Nd(tacn–CT) 0.65 –18.94 1.12  –0.44  –0.08  3.62  2.76  

Pm(tacn–CT) 0.53 –18.86 1.15  –0.44  –0.08  4.67  2.71 

Sm(tacn–CT) 0.47 –18.75 1.15  –0.44  –0.08  5.79  2.33 

Eu(tacn–CT) 1.07 −18.62 1.18  −0.44  −0.08  6.86  2.38  

Tm(tacn–CT) 0.32 −19.40 1.13 −0.44  −0.08  1.11  2.50  

Yb(tacn–CT) 1.00 −19.54 1.12 −0.44  −0.08  0.00  2.45  
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The zero dipole moment in Ln(tacn−CC) complexes confirms that the cis C6H6N3
−

 

ligand forms a linear sandwich complexes, whereas nonzero dipole moment shows a 

deviation from the linearity of Ln(tacn−CT) and Ln(tacn−TT) complexes containing at least 

one trans C6H6N3
−

 ligand (Table 6.3). The dipole moment of all the Ln(C6H6N3)2 complexes 

is found to be in good agreement with their centroid−Ln−centroid angle. 

 

6.2.6 Scalar relativistic and spin orbit calculations 

Finally, to study the relativistic effect, we have optimized most of the Ln(tacn−CC) 

and Ln(tacn−TT) complexes using scalar relativistic and spin orbit ZORA approach at 

PBE−D3BJ/TZ2P level of theory. It is interesting to note that using relativistic effect the 

strongest bonding is also observed in Yb(II) complexes (Ln−C = 2.70−2.71 and Ln−N= 

2.67−2.68 Å) and weakest bonding in Eu(II) complexes (Ln−C = 2.81 and Ln−N = 2.78 Å). 

 Unlike NPA analysis, the Voronoi deformation density (VDD) charges shows 

significant charge transfer from the ligand to the metal ion. The bond lengths calculated using 

relativistic scalar and spin orbit methods are almost the same, which indicate a negligible 

effect of spin orbit coupling (Table 6.4). However, the HOMO−LUMO energy gap is slightly 

lowered (0.01−0.35 eV) due to the spin orbit coupling (Table 6.4). It is to be noted that 

structural parameters as well as HOMO−LUMO energy gap, calculated using relativistic 

approaches (Table 6.4) are found to be in good agreement with the RECP based results 

(Table 6.2). 

Among all the studied complexes, the divalent Pm, Sm, Eu sandwich complexes are 

the potential candidate for use as magnetic materials due to their larger spin population which 

might lead to large magnetic moment. It is noteworthy to mention that the highest occupied 

molecular spinor (HOMS) of Eu(tacn−CC) and Eu(tacn−TT) complexes shows a significant 

electronic delocalization in the metallic center orbitals, mainly from the 4f orbitals of Eu 
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(Figure 6.7). It is to be noted that the highest occupied molecular orbital (HOMO) as well as 

HOMO−1 to HOMO−5, each of which containing one unpaired electron have major 

contribution from the 4f orbital (> 93%) of Eu ion and a very small contribution from the 

ligand in Eu(tacn−CC) complex. Whereas, lowest unoccupied molecular spinor (LUMS) of 

Eu(tacn−CC) and Eu(tacn−TT) complexes shows a significant electronic delocalization in the 

ligand (Figure 6.7), which is in agreement with the lowest unoccupied molecular orbital 

(LUMO) which contains major contribution from the ligand (>95%) and a very small 

contribution from the Eu ion.  

 

Table 6.4: Shortest and Longest Bond Lengths (in Å), HOMO–LUMO Gap (ΔEGap, in eV) 

and VDD Charge (qLn, qN and qC, in e) in Ln(C6H6N3)2 Complexes Obtained using PBE–

D3BJ/TZ2P Method using Scalar Relativistic (Spin Orbit) ZORA Approach.  

Complex R(Ln–C) R(Ln–N) ΔEgap qLn qN qC 

Sm(tacn–CC) 2.783–2.794 

(2.784–2.793) 

2.745–2.770 

(2.746–2.768) 

0.22 

(0.22) 

0.20 

(0.20) 

–0.16 

(–0.16) 

–0.00 

(–0.00) 

Eu(tacn–CC) 2.810 

(2.810) 

2.785–2.786 

(2.784–2.785) 

1.09 

(0.79) 

0.21 

(0.21) 

–0.16 

(–0.16) 

–0.00 

(–0.00) 

Yb(tacn–CC) 2.706–2.710 

(2.704) 

2.673–2.683 

(2.673) 

1.11 

(0.76) 

0.34 

(0.35) 

–0.16 

(–0.16) 

–0.01 

(–0.01) 

       

Sm(tacn–TT) 2.726–2.978 

(2.726–2.974) 

2.452–2.760 

(2.457–2.759) 

0.25 

(0.24) 

0.24 

(0.24) 

–0.18 

(–0.16) 

–0.00 

(–0.00) 

Eu(tacn–TT) 2.731–3.017 

(2.728–3.016) 

2.484–2.805 

(2.483–2.801) 

0.88 

(0.72) 

0.23 

(0.23) 

–0.18 

(–0.15) 

–0.00 

(–0.00) 

Yb(tacn–TT) 2.595–2.924 

(2.590–2.919) 

2.370–2.683 

(2.364–2.676) 

0.93 

(0.64) 

0.35 

(0.36) 

–0.16 

(–0.16) 

–0.01 

(–0.01) 
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Figure 6.7: Spin magnetization density pictures of highest occupied molecular spinor (HOMS) and 

lowest unoccupied molecular spinor (LUMS) of a) Eu(tacn−CC) and b) Eu(tacn−TT) complexes at 

PBE–D3BJ/TZ2P level. 

 

6.3 Conclusion  

In summary, we have theoretically predicted a novel aromatic heterocyclic C6H6N3
−
 

(tacn) ligand containing 10π electrons using dispersion−corrected density functional theory. 

The negative NICS value and 0.93 HOMA value of C6H6N3
−
 confirm the aromaticity of this 

ligand similar to that of the C9H9
−
 ligand. The C6H6N3

−
 ligand forms stable Ln(tacn−CC), 

Ln(tacn−TT) and Ln(tacn−CT) sandwich complexes. Moreover, high spin population 

localized on the Ln ion in these studied sandwich complexes might be useful for their use as a 

single ion magnet. It is important here to mention that 1,4,7−triaza−2,5,8−cyclononatriene 

C6H6(NR)3 neutral ligand
258-262

 with 6π electrons and fully saturated 

1,4,7−triazacyclononane
263-264

 have been synthesized in the past. Although 

1,4,7−triazacyclononane ligands are fully saturated, however, the unsaturated imino N can be 

introduced into the basic skeleton through photochemical reaction at ambient temperature 

condition.
265

 Moreover, various monohetero C8H8X analogue of C9H9
−
 have been studied 

computationally, among which C8H8NH and C8H8N
−
 are predicted to be aromatic.

262   

Thus, prediction of new aromatic ligand and one to one correspondence in the studied 

properties of the predicted Ln(tacn)2 complexes with the experimentally observed 

corresponding Ln(cnt)2 complexes
95

 will motivate experimentalists for the synthesis of the 

predicted C6H6N3
−
 ligand and its sandwich complexes with divalent lanthanides.   

      HOMS    LUMS 

                      (a) 
    HOMS             LUMS 

                    (b) 
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CHAPTER 7 

High Coordination Behaviour of Lanthanide and Actinide Ions 

toward H2 molecules  

 

7.1 Introduction 

In the previous chapters we have predicted highly stable lanthanide (Ln) and actinide 

(An) doped clusters, which have been found to follow 18– and 32–electron principles, and 

also the lanthanide sandwich complexes possessing high spin population. In all the studied 

Ln/An doped clusters or complexes the electronic and magnetic properties are governed by 

the f–orbitals of Ln and An elements as discussed in the previous chapters. However, in the 

present chapter, we are making use of large size of lanthanide and actinide ions for 

investigating highly coordinated lanthanide and actinide complexes. In recent years, actinides 

and lanthanides have attracted considerable research attention because of their unique and 

distinctive bonding behaviour as well as their ability to have very high coordination numbers 

(CNs). Werner defined the coordination number as the number of atoms directly connected to 

a metal atom/ion via coordinate or covalent bonds or the number of neighbouring atoms in 

the first coordination sphere of a metal atom/ion.  However, with time this definition has been 

modified for different ligands such as ethene or cyclopentadienyl, which are considered to 

occupy one and three coordination sites, respectively. Though the high coordination numbers 

(CN = 12–16) of actinides in [U(NO3)6]
2−

,
266

 [Th(NO3)6]
2−

,
267

 M(BH4)4 (M = Th, Pa, U, Pu, 

Np),
268-271

 and [Th(H3BNMe2BH3)],
272

 and Cs in Cs[H2NB2(C6F5)6],
273

 complexes are 

known, only recently Kaltsoyannis, for the first time, has reported seventeen–coordinated 

Ac(He)n
3+

, Th(He)n
4+

 and Pa(He)n
4+

 (n = 1–17) clusters theoretically where all the He atoms 

reside in the first coordination shell.
274

 Earlier Schwerdtfeger and co–workers predicted the 

existence of PbHe15
2+

, with 15 He atoms in the first coordination sphere.
275

 Recently, Ozama 
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et al. showed a coordination number of 18 for Ac(III) in Ac(He)n
3+

 clusters using molecular 

dynamics simulation.
276

 

 Apart from the metal centered He clusters, hydrogen clusters have also attracted 

considerable attention because of their distinctive bonding behaviour. The most interesting 

bonding of H2 molecule is its side on η
2 

bonding with the metal ion that is 3–centered–2–

electron (3c–2e) M–η
2
(H2) bond in which strongly bonded electrons of H–H bond involves in 

bonding with the metal ion. This bond is known as Kubas type bond as it was first observed 

in dihydrogen complex by Kubas et al.
277

 In 2004 Gagliardi and Pyykkö showed that a 

maximum of 12 H atoms can bind with a transition metal atom/ion through either M–H and 

M–η
2
(H2) bonds or only M–η

2
(H2) bonds in MH12 clusters.

278
 Later Chandrakumar and 

Ghosh found that in the M(H2)8 cluster a maximum of 16 H atoms can bind with alkali metal 

ions via M–η
2
(H2) bonds.

279
 A recently performed combined experimental and theoretical 

study of UH4(H2)6, ThH4(H2)x (x = 1–4), MHx(H2)y (M = La–Gd, n = 1–4, y = 0–6) and 

MHx(H2)y (M = Tb–Lu, n = 1–4, y = 0–3) systems shows the presence of both M–H and M–

η
2
(H2) bonds in these systems.

280-283
 Very recently, in the experimentally observed 

H@(H2)12
−
 system by Renzler et al.

284
 as well as in theoretically investigated other atom/ion 

centered X@(H2)12
−
 systems,

285
 we found that only 12 H atoms can bind with the metal ion 

via 2c–2e M–H2 bonds.
285

 It is noteworthy to mention that in all the molecular/cluster 

systems reported until now not more than 16 H atoms can bind directly with a metal atom/ion 

in the first sphere of coordination. 

 Now interesting questions are: what can be the maximum number of H atoms that can 

directly bind to a metal ion in a molecular system? Is it possible for any lanthanide and 

actinide ion to bind with more than 16 H atoms in the gas phase? For these, we have 

investigated molecular hydrogen (H2)n clusters containing actinide ions, namely, Ac(H2)n
3+

 (n 

= 1–15), Th(H2)12
3+

, Th(H2)12
4+

, Pa(H2)12
4+

 and U(H2)12
4+

, using first–principles density 
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functional theory (DFT). Various properties like structural, electronic, and energetic 

properties for all the clusters have been investigated systematically. Moreover, for 

comparison purposes, analogous La(H2)n
3+

 (n = 1–15) clusters are investigated. 

 All the results discussed in this chapter have been obtained by using MP2, CCSD(T) 

and DFT–D3 methods
144, 146-149, 156-157

 with def–TZVPP basis set along with a relativistic 

effective core potential (RECP) for heavier elements by using Turbomole
150

, ADF
152-153

, 

GAMESS−2018
286

, MOLPRO2012
165 

and Multiwfn
170

 programs. Detail computational 

methodologies have been discussed in Chapter 2 of this thesis. 

 

7.2 Results and discussions 

7.2.1 Structural parameters of M(H2)n
3+

 (n = 1–12) systems 

To begin with, we have first optimized the Ac(H2)n
3+

 (n = 1–3) systems using the 

CCSD(T) and MP2 methods. For comparison purposes, Ac(H2)n
3+

 (n = 1–3) are also 

optimized with the PBE–D3, B3LYP–D3, PBE0–D3, TPSS–D3, TPSSH–D3 and BHLYP–

D3 functionals using def–TZVPP basis set. The BHLYP–D3 results are found to be very 

close to the MP2 and CCSD(T) results (Table 7.1). Therefore, for all the Ac(H2)n
3+

 and 

La(H2)n
3+

 (n = 1–15) systems calculations have been performed using the BHLYP–D3/def–

TZVPP method, and the corresponding results are discussed throughout this chapter unless 

otherwise mentioned. The optimized structure of the M(H2)12
3+

 complex is depicted in Figure 

7.1. In all the studied systems the hydrogen molecules are bonded with the metal ion by 

Kubas type 3c–2e side–on M–η
2
(H2) bonds. We have found that a maximum of 24 H atoms 

can directly bind to the metal ion in Ac(H2)12
3+

, Th(H2)12
3+

, Th(H2)12
4+

, Pa(H2)12
4+

, U(H2)12
4+

 

and La(H2)12
3+

 which is the highest reported number in the literature to date. It is to be noted 

that in the optimized structures of M(H2)n
3+

 (M = Ac, La and n = 1–12) systems all the H 

atoms are positioned in the first coordination shell around the metal ion.  
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Table 7.1: Optimized Bond Lengths (R(Ac–H) and R (H–H), in Å) and Binding Energy (BE, in 

eV) of Ac(H2)n
3+

(n = 1–3) Clusters. 

Methods Rmin(Ac–H) Rmax(Ac–H) Rmin(H–H) BE  

Ac(H2)
3+

 

PBE–D3 2.716 2.716 0.786 –0.94 

B3LYP–D3 2.734 2.734 0.774 –0.84 

TPSS–D3 2.701 2.701 0.776 –0.90 

PBE0–D3 2.700 2.700 0.778 –0.89 

TPSSH–D3 2.698 2.698 0.774 –0.88 

BHLYP–D3 2.722 2.722 0.766 –0.81 

MP2 2.722 2.722 0.766 –0.78 

CCSD(T) 2.724 2.724 0.771 –0.78 

Ac(H2)2
3+

 

PBE–D3 2.726 2.730 0.783 –1.80 

B3LYP–D3 2.761 2.764 0.772 –1.63 

TPSS–D3 2.704 2.719 0.774 –1.72 

PBE0–D3 2.708 2.715 0.776 –1.71 

TPSSH–D3 2.701 2.717 0.772 –1.69 

BHLYP–D3 2.753 2.755 0.764 –1.56 

MP2 2.727 2.733 0.764 –1.51 

CCSD(T) 2.729 2.736 0.770 –1.52 

Ac(H2)3
3+

 

PBE–D3 2.727 2.743 0.781 –2.61 

B3LYP–D3 2.746 2.760 0.770 –2.35 

TPSS–D3 2.711 2.724 0.772 –2.49 

PBE0–D3 2.715 2.727 0.774 –2.48 

TPSSH–D3 2.714 2.726 0.770 –2.45 

BHLYP–D3 2.735 2.746 0.762 –2.27 

MP2 2.737 2.744 0.763 –2.21 

CCSD(T) 2.739 2.746 0.768 –2.22 
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However, for n = 13 or higher, we could not find the minimum energy structure where 

all H atoms reside in the first coordination sphere. The 13th, 14th and 15th H2 molecules are 

present in the second coordination shell of the metal ion (RM–H > 4 Å). It is worthwhile to 

mention that we have also optimized the Ac(H2)12
3+

 system containing only classical 2c–2e 

M–H2 bonds in different high symmetries, namely, Ih, Oh, D3h, and D5h. All the Ih, Oh, D3h, 

and D5h structures of Ac(H2)12
3+

 are optimized with imaginary frequencies and also found to 

be energetically less stable than the M–η
2
(H2) bonded Ac(H2)12

3+
 structure. To find the true 

minimum energy structure for the Ac(H2)12
3+

 system, all the optimized Ih, Oh, D3h, and D5h 

structures are distorted along the imaginary frequency mode, and finally after optimization of 

each new structure, we got back the original optimized structure with only the M–η
2
(H2) type 

of bonding, which indicates that side on M–η
2
(H2) bonding is more favoured than 2c-2e M–

H2 bonding in the Ac(H2)12
3+

 system. 

 

 

 

 

   

 

 

Figure 7.1: Optimized structure of Ac(H2)12
3+ cluster. 

The optimized M–H and H–H bond lengths of all the M(H2)12
3+

 systems are reported 

in Table 7.2. As expected, the M–H bond length in M(H2)n
3+

 (n = 1–12) increases slightly 

(2.722 to 2.828 Å) with an increase in the number of H2 molecules (from n = 1 to 12), while 

the opposite trend is found for the H–H bonds (0.766 to 0.750 Å). It is to be noted that in 
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actinide centered M(H2)12 clusters the M–H distances are 2.815, 2.746, 2.644, 2.597, and 

2.563 for M = Ac(III), Th(III), Th(IV), Pa(IV), and U(IV), respectively (Table 7.2). It 

indicates that the bonding strength increases from the Ac(III) ion to the U(IV) ion. In all the 

cases, the H–H distances (0.766 to 0.750 Å) are very close to the equilibrium bond length of a 

H2 molecule (0.74 Å), indicating almost no activation of the H–H bond in the M(H2)n
3+

 and 

M(H2)n
4+

 complexes. 

 

Table 7.2: Optimized Bond Lengths (in Å), HOMO−LUMO Energy Gap (EGap, in eV), 

NPA Charges (qM and qH, in e) and BE/H2 (in eV) of M(H2)12
3+/4+

 Obtained using 

BHYLP−D3 Functional. 

Cluster Rmin(M−H) Rmax(M−H) EGap qM qH BE/H2 

Ac(H2)12
3+

 2.815 2.828 12.98 1.93 0.04 –0.57 

Th(H2)12
3+

 2.746 2.774 5.73 1.33 0.07 –0.64 

Th(H2)12
4+

 2.644 2.654 10.82 1.41 0.11 –1.29 

Pa(H2)12
4+

 2.597 2.611 8.14 0.94 0.13 –1.37 

U(H2)12
4+

 2.563 2.581 8.20 0.85 0.13 –1.54 

La(H2)12
3+

 2.730 2.743 11.86 1.74 0.05 –0.62 

 

We have also studied few species containing a mixture of radial M–H bonds and side–

on M–η
2
(H2) bonds, viz., [Ac(H)2(H2)y

3+
] and [Ac(H)4(H2)y

3+
], where y = 1, 2, 9, and 10 

(Figure 7.2), and compared their stability with the corresponding Ac(H2)n
3+

 systems 

containing only side–on M–η
2
(H2) bonds with the same compositions. All the ionic species 

containing both the radial M–H bonds and side–on M–η
2
(H2) bonds are significantly less 

stable (6–13 eV) with respect to the corresponding Ac(H2)n
3+

 systems having only the side–

on M–η
2
(H2) bonds. The absence of one H2 molecule in lieu of two H atoms in the mixed 

ionic species decreases the energy by 4.7 eV, and consequently mixed ionic species are 

higher in energy. We have also compared one of the experimentally observed neutral 

UH4(H2)6
280

 systems with the hypothetical U(H2)8 complex in the lowest energy spin state 
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(triplet) and found that UH4(H2)6 is more stable by 1.52 eV. This is due to the back donation 

from the metal orbital to the anti–bonding orbital of a H2 molecule,
287

 leading to breaking of 

a H–H bond in H2 molecule favouring mixed M–H and M–η
2
(H2) bonds in the neutral 

complex, with much shorter radial M–H bonds. However, such back donation is not possible 

in the ionic M(H2)n
3+

 system, and hence mixed ionic structures containing radial M–H bonds 

and side–on M–η
2
(H2) bonds are higher in energy than the corresponding M(H2)n

3+
 structures 

containing only side–on M–η
2
(H2) bonds. 

 

       
                 Ac(H)2_(H2)                             Ac(H)4_(H2)                             Ac(H)2_(H2)2        

 

 
                   Ac(H)4_(H2)2                             Ac(H)2_(H2)9                     Ac(H)2_(H2)10 

Figure 7.2: Optimized structures of Ac(H)2(H2)y
3+ and Ac(H)4(H2) y

3+ systems (where y = 1, 2, 9, 10) 

using BHLYP-D3 functional. 

 

Furthermore, we have also studied the bonding of various other atom or ion (X = H
–
, 

Be, Mg, B
2–

, C
–
, N

3–
, P

3–
, O

2–
, S

2–
, Se

2–
, F

–
, Cl

–
, Br

–
, Cu

–
, Ag

–
, Au

–
, Zn, and Cd) with the H2 

molecules in X@(H2)12, X@(H2)32, X@(H2)44 clusters.
285

 On comparison we found that 

unlike in the studied M(H2)n
3+/4+

 systems, the central atom or ion in the X@(H2)12, X@(H2)32, 
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X@(H2)44 clusters form a 2–centre 2–electron (2c–2e) X–H2 bond. Thus all the centre 

atom/ion in X@(H2)12, X@(H2)32, X@(H2)44 clusters are capable of forming a direct bond 

with only one H atom of each H2 molecule. Therefore, unlike in M(H2)n
3+

 (M = La/Ac), only 

12 H atoms are present in the first coordination sphere of the central atom/ion in the 

X@(H2)12, X@(H2)32, X@(H2)44 clusters. This work has been extensively discussed in the 

reference 259. 

 

7.2.2 Binding energy estimation 

All the studied systems are energetically stable (Table 7.2) as the binding energy of 

all the systems is negative. The binding energy per H2 molecule (BE/H2) has been calculated 

using the following equation (7.1). 

BE/H2 = [E(M(H2)n) − n*E(H2) − E(M)]/n*E(H2)       

where, M
 
= La

3+
, Ac

3+
, Th

3+
,
 
Th

4+
, Pa

4+
, U

4+
 and n = 1−12 

The BE per H2 molecule slightly decreases from −0.81 to −0.57 eV and −0.90 to 

−0.62 eV with an increase in the number of H2 molecule for Ac(H2)n
3+

 and La(H2)n
3+

 (from n 

= 1 to 12), respectively. However, the BE/H2 molecule increases from the Ac(III) to U(IV) 

containing (H2)12 clusters (−0.57 to −1.54) (Table 7.2). Moreover, the basis set superposition 

error (BSSE) for all the studied systems using the BHLYP–D3/def–TZVPP method is very 

small (0.001–0.025 eV).  

 Earlier theoretical studies have shown that the nuclear quantum effects (NQE) are 

important for species containing light hydrogen molecules, as reported by Gianturco and 

coworkers, who used the quantum path integral and diffusion Monte Carlo methods.
288

 To 

investigate the NQE we have considered the nuclear–electronic orbital approach with MP2 

(NEO–MP2) method using def2–TZVPP basis set for H and CRENBL basis set of Ac as 

implemented in GAMESS−2018 software.
289-290

 Moreover, DZSPDN nuclear basis set is 
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used for the quantum hydrogen as implemented in GAMESS−2018 software. In the NEO 

approach, specified nuclei are treated quantum mechanically at the same level as the 

electrons, and the mixed nuclear–electronic wavefunction is calculated with the molecular 

orbital method. The binding energies of Ac(H2)n
3+

 (n = 1–7) systems with the NEO–MP2 

approach are found to be only slightly increased as compared to the corresponding MP2 

calculated results (Table 7.3). Moreover, ortho–para effects in a hydrogen molecule might 

also have a small influence, however, in order to consider the ortho–para effects, one needs to 

analyze the potential energy surface inclusive of internal rotation and vibration, which is left 

for future studies. 

 

Table 7.3: Binding Energy (BE, in eV) and BE/H2 (in eV) Calculated using MP2 

and NEO–MP2 Methods. 

System 
MP2 NEO–MP2 

BE_Error/H2 
BE BE/H2 BE BE/H2 

Ac(H2)
3+ 

–0.70 –0.70 –0.78 –0.78 0.09 

Ac(H2)2
3+ 

–1.37 –0.68 –1.53 –0.76 0.08 

Ac(H2)3
3+

 –2.0 –0.67 –2.23 –0.74 0.08 

Ac(H2)4
3+

 –2.61 –0.65 –2.89 –0.72 0.07 

Ac(H2)5
3+

 –3.16 –0.63 –3.48 –0.70 0.07 

Ac(H2)6
3+

 –3.72 –0.62 –4.10 –0.68 0.06 

Ac(H2)7
3+

 –4.22 –0.60 –4.63 –0.66 0.06 

 

We have also calculated the gain in the energy (EG, kJ mol
−1

) of M(H2)n
3+

 on the 

addition of hydrogen molecules in M(H2)n−1
3+

 using the following equation (7.2). 

EG = E[M(H2)n
3+

] − E[M(H2)n−1
3+

] − E(H2)       

It can be seen from Figure 7.3 that the EG value decreases from M(H2)
3+

 to M(H2)11
3+

 

and increases at M(H2)12
3+

 and again decreases significantly as we move from the M(H2)12
3+

 

to M(H2)13
3+

 system, and remains almost the same for M(H2)n
3+

 (n = 13–15) systems. The 
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sharp dip in the EG of the M(H2)13
3+

 cluster is caused by the disruption of the stable structure 

of the M(H2)12
3+ 

system. Similarly, the local maxima in EG were found for Ac(He)n
3+

 and 

Pb(He)n
2+ 

systems
274−275

 for n = 12. It is very interesting to note that in all the clusters the 

HOMO–LUMO energy gap (EGap) is very large (Table 7.2). Among all the systems the 

EGap is the largest in M(H2)12
3+

 (EGap = 12.98 and 11.86 eV, for M = Ac and La) followed 

by that in the M(H2)9
3+

 (EGap = 12.57 and 11.79 eV for M = Ac and La) system, which 

clearly shows the relatively high chemical stability of these two systems.  
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Figure 7.3: Energy Gain (EG, kJ mol–1) of M(H2)n
3+ (M = Ac, La and n = 1–15) system on addition 

of hydrogen molecule in M(H2)n–1
3+ system using BHLYP-D3 functional. 

 

7.2.3 Molecular orbital analysis 

It is interesting to note that the Ac(H2)n
3+

 systems (n = 9–12) satisfy the 18–electron 

rule corresponding to the fulfillment of s
2
p

6
d

10
 configuration around Ac atom (Figures 7.4 

and 7.5). It is in agreement with the M@Pb12
+
 and M@Sn12

+
 clusters (M=Ac and La) 

discussed in Chapter 3 of this thesis. However, La(H2)n
3+

 system do not satisfy the 18–

electron rule. It is because of the inability of H2 molecules to perturb the highly stabilized 

energy levels of the La
3+

 ion in La(H2)n systems as compared to that of the Ac
3+

 ion in the 

corresponding Ac(H2)n
 
systems.  
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                                 22a (M)     21a (M)     20a (M)    19a (M)     18a (M) 

             

17a (M)     16a (M)      15a (M)       

 
              14a (M) 

Figure 7.4: MO Pictures of Ac(H2)9
3+ cluster using BHLYP-D3 functional. Here, „M‟ represent 

mixed Ac–(H2)n atoms MOs. 

 

               

          25a(P)     24a (P)     23a (P) 

             

       22a(M)    21a(M)    20a(M)    19a (M)     18a(M)   

          

       17a(M)   16a(M)   15a(M)   14a(M) 

Figure 7.5: MO Pictures of Ac(H2)12
3+ cluster using BHLYP-D3 functional. Here „P‟ represent Pure 

(H2)n MOs and „M‟ represent mixed Ac–(H2)n atoms MOs. 

 

7.2.4 Natural population analysis 

To gain clear insight into the nature of bonding between the constituent atoms in the 

Ac(H2)n
3+

 and La(H2)n
3+

 (n = 1–12) systems, we have performed natural population 

analysis
166

 (NPA). The initial charge (+3) on the metal ion is observed to decrease through 
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transfer of electrons from the hydrogen molecules to the metal ion. As expected, the charge 

on the metal ion decreases (2.96–1.93 e) with the increase in the number of hydrogen 

molecules in Ac(H2)n
3+

 (from n = 1 to 12). The presence of a very small positive charge on 

the hydrogen atoms in Ac(H2)n
3+

 systems (0.02–0.04 e) implies an ion–induced dipole 

interaction in these systems. Similar trends are observed in La(H2)n
3+

 (n = 1–12) complexes. 

We observe more charge transfer from H2 molecules to other An (Th, Pa, U) ions due to the 

involvement of their f–orbitals in bonding (Table 7.2). 

 

7.2.5 Analysis of topological properties  

For further understanding the nature of bonding we have calculated the electron 

density at the bond critical point (BCP) of M–H and H–H bonds and other BCP properties 

like the Laplacian of the electron density ( 2
ρ), Lagrangian G(r), potential energy V(r), local 

energy density E(r) and G(r)/ρ. Using the Boggs criteria
169

 of bonding we find that all the H–

H bonds are strong covalent (ρ > 0.1 and  2
ρ < 0) bonds, while M–H bonds are very weak 

covalent bonds of type D ( 2
ρ > 0, |E(r)| < 0.0005 and G(r)/ρ < 1) and contain major percent 

of ionic character. Again this shows the presence of ion–induced dipole interaction in M–H 

bonds in M(H2)n
3+

 systems. The positions of the critical points between the metal ion and 

hydrogen molecules in Figure 7.6 clearly show the presence of side–on M–η
2
(H2) bonds in 

the studied systems. 

 

      Ac(H2)
3+

         Ac(H2)2
3+

                                 Ac(H2)3
3+

   Ac(H2)4
3+

 

Figure 7.6: Electron density pictures of Ac(H2)n
3+ (n = 1–4) clusters using BHLYP-D3 functional. 
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7.2.6 Scalar relativistic effect 

 To study the relativistic effect, we have also optimized the systems using the zeroth 

order regular approximation (ZORA) approach with a 4f–frozen core as well as with an all–

electron basis set using the PBE–D3BJ/TZ2P method (Table 7.4). Various properties like 

optimized structural parameters, binding energies, HOMO–LUMO energy gap and VDD 

charges
167

 on metal ions calculated at the PBE–D3BJ/TZ2P level with the 4f frozen core 

show close similarity with the all electron basis set results (Table 7.4). Moreover, all the 

results calculated using the relativistic effect (Table 7.4) also show close similarity with the 

RECP (relativistic effective core potential) based results (Table 7.2). 

 

Table 7.4: Optimized Bond Lengths (in Å), BE/H2 (in eV), HOMO–LUMO Energy Gap 

(ΔEGap, in eV) and VDD Charge (qM, in e) in M(H2)12
3+/4+

 using Scalar Relativistic ZORA 

Approach at PBE–D3BJ/TZ2P Level of Theory. 

System Rmin(M−H) Rmax(M−H) R(H–H) BE/H2 qM ΔEGap 

4f–Frozen Core 

La(H2)12
3+

 2.714 2.721 0.769 –0.75 0.32 5.08 

Ac(H2)12
3+

 2.823 2.828 0.768 –0.66 0.32 7.92 

Th(H2)12
3+

 2.482 2.813 0.769 –0.76 0.12 0.56 

Th(H2)12
4+

 2.645 2.654 0.785 –1.46 0.38 4.85 

U(H2)12
4+

 2.550 2.584 0.789 –1.70 0.53 0.34 

All electron Basis Set 

La(H2)12
3+

 2.710 2.717 0.770 –0.76 0.33 5.08 

Ac(H2)12
3+

 2.815 2.820 0.767 –0.66 0.32 7.98 

Th(H2)12
3+

 2.531 2.791 0.770 –0.77 0.10 0.57 

Th(H2)12
4+

 2.640 2.649 0.785 –1.47 0.38 4.71 

U(H2)12
4+

 2.551 2.578 0.789 –1.70 0.53 0.34 
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7.3 Conclusion 

 In summary, we have shown that An (Ac
3+

, Th
3+

, Th
4+

, Pa
4+

, U
4+

) and La
3+

 ions form 

3c–2e side–on M–η
2
(H2) bonds with hydrogen molecules without any activation of the H–H 

bonds. The number of hydrogen atoms directly connected to the actinide/lanthanide ion in the 

predicted complexes is found to be higher than that in any of the alkali
279

 or transition metal 

hydrogen complexes
278

. This is the highest ever reported number of hydrogen atoms (n = 24) 

bonded with any metal ion in the first coordination shell of a metal–hydrogen complex. 

Moreover, some of the predicted complexes, Ac(H2)n
3+

 (n = 9–12), are found to satisfy the 

18–electron rule. All the theoretical results presented here and the experimental preparations 

of various dihydrogen complexes mentioned here
280-283

 indicate that it might be possible to 

prepare some of the M(H2)12
3+

 (M = Ac and Th) and M(H2)12
4+ 

(M = Th, Pa and U) 

complexes experimentally. All these cationic M(H2)12
3+

 systems could be prepared in the 

solid state in form of their salt. For this purpose very weakly coordinating anions can be used 

to minimize the effect of substitution of weakly bound H2 molecules by anions in the first 

coordination sphere of the metal ion.  
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Figure 1:First ever report showing a maximum 

of 24 hydrogen atoms can directly bind to 

actinide ions in M3+-(η2-H2)12 complexes. 
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Lanthanide (Ln) and actinide (An) compounds show interesting electronic, magnetic and bonding properties 

due to their hyperactive valence electrons. Moreover, sandwich compounds of lanthanides are used in the 

construction of single−molecule magnets (SMMs) or single−ion magnets (SIMs), which have received 

considerable attention of scientists due to their slow magnetic relaxation behaviour and their application in 

switchable molecular−scale devices and quantum computing. Furthermore, the applications of lanthanide 

encapsulated fullerenes in nanomaterials and nanomedicine have stimulated a new field of f−block element 

doped compounds. Therefore, in the present thesis, we have investigated the electronic structure and 

chemical bonding in the different Ln and An atom or ion doped clusters by using various ab initio quantum 

chemical computational techniques. Moreover, motivated by the high coordination behaviour of Ln and An 

ion, we have studied their coordination behaviour toward the smallest and simplest H2 molecules known in the 

universe. 

In the present thesis, we have designed various novel 

Ln/An doped Pb12
2-, Sn12

2-, (Bi4
2-)3, (Sb4

2-)3, B12H12
2- and Al12H12

2- 

clusters as well as lanthanide sandwich complexes. We have 

also made an attempt to settle down the ongoing debate on 

the position of La, Ac, Lr and Lu elements in the periodic table 

based on the encapsulation of these four elements (in their 

various oxidation states) into the Pb12
2- and Sn12

2- cages. 

Considering the similarity in electronic configurations, energetic 

aspects and geometric behavior, we have advocated the 

placement of all these four elements (La, Ac, Lu and Lr) in the 

15-elements f-block, as suggested and followed by IUPAC.  

In addition, we have predicted very stable M@(E4
2−)3 (M = La3+, Th4+) and M@(E4

2−)3 (M = Pa5+, U6+, 

Np7+; E = Sb, Bi) clusters which follow 26−electron and 32−electron principles, respectively. Moreover, we have 

investigated the magnetic M@B12H12
2− and M@Al12H12

2− (M = Pm+, Sm2+, Eu3+; Np+, Pu2+, Am3+) clusters 

possessing high magnetic moment. In addition, we have designed novel nine membered 

1,4,7−triazacyclononatetraenyl ligand and its magnetic sandwich complexes with divalent lanthanide (Ln = 

Nd(II), Pm(II), Sm(II), Eu(II), Tm(II), and Yb(II)). Moreover, we have shown high coordination behaviour of Ln/An 

ion toward the hydrogen molecule where Ln (La3+) and An (Ac3+, Th3+, Th4+, Pa4+, U4+) ion can hold a maximum 

of 24 hydrogen atoms in its first coordination sphere in M(H2)12
3+/4+ (M = La, An) clusters, which is the highest 

recorded coordination number till date. It is interesting to note that An@(H2)n (n = 9-12) clusters follow 18-

electron rule corresponding to s2p6d10 configuration around the Ac ion (Figure 1). 
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