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Abstract 

 

Carbon exists in different allotropic forms such as graphite, diamond, fullerenes and carbon 

nanotubes. With the discovery of fullerenes and carbon nanotubes, a new branch of science 

called nanoscience was emerged. Fullerenes and carbon nanotubes are molecules which can 

encapsulate various species due to the vacant space available inside. Endohedral complexes of 

fullerenes and carbon nanotubes have taken wide attention of the scientific community during 

last few decades due to their wide applications in various fields. These complexes are mainly 

stabilized by the dispersive interactions between the guest and the host species. The endohedral 

complexes of fullerenes and carbon nanotubes can be diamagnetic or paramagnetic depending 

on the nature of the guest. Earlier studies on endohedral complexes of fullerenes and carbon 

nanotubes provided the details on the structure, stability and properties of some of the 

complexes in which paramagnetic atoms are trapped inside the cavity of fullerenes. One of the 

most remarkable findings of those studies is that in N@C60, the encapsulated nitrogen atom 

retained its atomic spin. However, information on spin-spin coupling, spin polarization and spin 

density transfer in endohedral fullerene dimers, endohedral heterofullerenes and endohedral 

heterofullerene dimers are lacking. Therefore, it is interesting to know how the spins of atomic 

nitrogen present inside adjacent cages of dimers interact and how the heteroatom of cage 

affects the interactions between guest species. An attempt is also made to understand the spin-

spin coupling, spin polarization and spin density transfer in the complexes of carbon nanotubes 

and its BN analogue.   

     The present thesis consists of seven chapters. In chapter 1, introduction, synthesis and 

applications of fullerenes and their derivatives are discussed. The structure, stability and 

properties of various endohedral complexes of fullerenes and heterofullerenes are reviewed. 

The host-guest interactions in the above complexes as well as the spin-spin coupling between 

their components are discussed. A brief review on the properties of various derivatives of 

carbon and boron nitride nanotubes is given.  

     Chapter 2 briefly reviews the computational methods used in the present work. Various 

computational methods such as Hartree-Fock, post Hartree-Fock and density functional 

theoretical methods are briefly explained. It also overviews basis sets, time-dependent density 

functional methods and spin broken symmetry approach. The chapter also provides details of 

spin polarization parameter. 
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     In chapter 3, the results of the density functional theoretical calculations on the structure, 

stability and properties of nitrogen atom encapsulated fullerene derivatives obtained at different 

levels are discussed. For this purpose, N@C60, N@C59N and their respective dimers are 

considered which are important in the context of spin-spin interactions between the guest and 

the host as well as that between guest species.  For the most stable spin states of each of the 

above complexes, spin density transfer and spin–spin coupling between different components 

are investigated. The study also focuses on spin polarization and spin degeneracy of the 

complexes. The analysis of spin density showed that the encapsulated nitrogen retained its 

atomic state in N@C60 and N@C59N. Depending on the multiplicity of N@C59N, the unpaired 

electrons of the encapsulated nitrogen are coupled with those of the cage antiferromagnetically 

or ferromagnetically. The study also showed that the complex (N@C60)2 can exist in two 

isoenergetic spin states, namely, 
7
[(N@C60)2] and 

1
[(N@C60)2]. In the former, the encapsulated 

nitrogens are ferromagnetically coupled, whereas they are coupled anti-ferromagnetically in the 

latter. A similar coupling between the guest species occurs in the nitrogen analogues 

7
[(N@C59N)2] and 

1
[(N@C59N)2] which indicates that the nitrogen atom on the surface does not 

assist any spin interactions between the components of the complexes. On encapsulating 

nitrogen atom inside fullerene derivatives, the energy gap between the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) (ΔEHOMO-LUMO) 

of the latter did not change. It was also revealed that the encapsulation of nitrogen atom inside 

C60, C59N and their respective dimers is thermodynamically feasible. The thermodynamic 

feasibility of the formation of (N@C60)2 and (N@C59N)2 from their respective monomer units 

is also discussed. 

      Considering the fact that boron atom is also reactive and paramagnetic, boron atom 

encapsulated complexes of C60, C59B, and C59N at B3LYP/6-311G* and B3LYP-GD2/6-311G* 

are investigated in chapter 4. In B@C60, the guest atom is located at the centre of host cage. 

The study showed that the complexes B@C59B and B@C59N are stable in their singlet and 

triplet states. The electronic properties such as electron affinity (VEA), ionization energy 

(VIE), and ΔEHOMO-LUMO of the complexes are calculated. On encapsulating boron, ΔEHOMO-

LUMO of C60, C59B, and C59N is either decreased or increased depending upon the spin states of 

the resultant complexes. The transfer of spin density and spin–spin coupling between the guest 

and the host are examined. The study revealed that ferromagnetic core@shell spin coupling 

occurs between the host and the guest species of the complexes B@C59B and B@C59N in their 

triplet state without the transfer of spin density. The spin polarization in the complexes B@C60, 

B@C59B and B@C59N are also discussed. The thermodynamics of encapsulation of boron atom 
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in C60, C59B and C59N is examined based on the values of change in Gibbs free energy and 

change in enthalpy. It suggested that the encapsulation of boron atom is thermodynamically 

feasible. 

     In chapter 5, the dimer of endohedral fullerene derivatives (B@C59B)2, (B@C59N)2, 

(N@C59B)2, (B@C59N–N@C59B) and (B@C60)2 are investigated using dispersion corrected 

density functional theory.  Several spin states of these complexes are considered and their 

stable spin states are reported. For 
1
[(B@C59B)2] and 

1
[(B@C59N–N@C59B)], the encapsulated 

atoms are located near the inner surface of the host cages, in contrast to other spin states where 

they are positioned at the centre of the cages. In complexes 
1
[(B@C59N)2], 

3
[(B@C59N)2], 

7
[(N@C59B)2], 

1
[(B@C60)2] and 

3
[(B@C60)2] the guest atoms are found to be at the centre of the 

host cages. The spin polarization and the transfer of spin density between the components of 

the complexes for different stable spin states are analyzed. Based on the spin states of the 

complexes, the spin–spin interaction is found to be either ferromagnetic or anti-ferromagnetic. 

Unlike other complexes, in 
1
[(B@C59B)2] and 

1
[(B@C59N–N@C59B)], the spin density is 

transferred from the guest to the host followed by anti-ferromagnetic coupling between the 

monomers. The complexes are found to be fully spin polarized, partially spin polarized or spin 

degenerate depending upon their spin states. The thermodynamic feasibility of formation of the 

complexes is also examined. The vertical electron affinity, vertical ionization energy and 

ΔEHOMO-LUMO as well as the dipole moment of the above systems are determined. The singlet 

state of the heterodimer (B@C59N–N@C59B) showed high polarity due to the slight rotation 

along the dihedral angle ϕNCCB. 

     To know the effect of confinement due to different nanotubes, the nitrogen encapsulated 

complexes of carbon nanotube (CNT), boron nitride nanotubes (BNNT) and their respective 

dimers are investigated in chapter 6. The study showed that the complexes 
4
[N@CNT] and 

4
[N@BNNT] are stable due to the van der Waals interactions between the guest and the host 

species. In these complexes, the guest atoms are located at the center of the host nanotube. 

Similar to 
4
[N@C60], nitrogen atom retains its atomic spin inside CNT and BNNT. The 

complexes (N@CNT)2 and (N@BNNT)2 are stable in their isoenergetic singlet and septet 

states. In stable states of (N@CNT)2 and (N@BNNT)2, the guest atoms are shifted towards 

each other from the center of respective host nanotubes. The effect of the position of nitrogen 

atom on the stability is also discussed. The analysis of spin density for (N@CNT)2 revealed 

that the spins of guest nitrogen atoms are antiferromagnetically and ferromagnetically coupled 

in its singlet and septet states, respectively. Similar results are obtained for (N@BNNT)2. The 

study also indicated spin polarization in 
4
[N@CNT] and 

4
[N@BNNT]. The singlet states of 
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(N@CNT)2 and (N@BNNT)2 are spin degenerate whereas their septet states are spin polarized. 

On encapsulating nitrogen atom, electronic properties such as VEA, VIE and ΔEHOMO-LUMO of 

the host nanotubes remained the same although VEA of BNNT and (BNNT)2 are significantly 

reduced. The effect of diameter of nanotubes on the spin-spin coupling between the 

encapsulated nitrogen atoms inside adjacent nanotubes is also examined. It is revealed that the 

cavity size of the nanotube does not affect the spin-spin coupling between nitrogen atoms 

present in adjacent CNTs. The spin polarization is also not much affected by decreasing the 

cavity size of CNTs.    

 

The conclusions and future scope is discussed in chapter 7. 
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Chapter-1 

Introduction 

 

Carbon exists in its different allotropic forms such as graphite, diamond, fullerenes and carbon 

nanotubes [1]. Among these, the serendipitous discoveries of fullerenes and carbon nanotubes 

at the end of last century paved the way for a new branch of science called nanoscience [2, 3]. 

The fullerenes and carbon nanotubes find various applications due to their different properties. 

A brief discussion about fullerenes, carbon nanotubes and their derivatives are given below.  

1.1 Fullerenes 

The fullerenes were discovered when the graphite was vaporized in presence of helium 

atmosphere during the studies on the polycyclic hydrocarbons relevant to interstellar chemistry 

[2]. For the discovery of fullerenes, Nobel prize in chemistry was awarded jointly to Kroto, 

Curl and Smalley in 1996. In contrast to graphite, made up of only hexagons, the framework of 

fullerene includes both hexagons and pentagons [1, 2]. It is known that pentagons lead to 

spherical or ellipsoidal structures. One of the most abundant fullerenes is C60 in which 12 

pentagons and 20 hexagons are arranged in the form of a soccer-ball. There are two types of 

bonds present in C60 which differ in their bond lengths (1.40 Å and 1.46 Å). The molecular 

point group of C60 fullerene is icosahedral (Ih). Based on the similarity between the shape of 

C60 with the football as well as the Montreal biosphere by Buckminster Fuller, C60 fullerene is 

also known as buckyball or Buckminster fullerene. In 1990, Krätschmer, Lamb, Fostiropoulos 

and Huffman produced C60 fullerene in milligram amounts using the resistive heat on graphite 

[4]. In nature, fullerenes are found in hydrocarbon flames, soots and minerals [5-7]. 

1.1.1 Derivatives of fullerene 

Buckminster fullerene has a cavity of diameter 7.09 Å and forms different types of derivatives 

viz. endohedral fullerenes, exohedral fullerenes and heterofullerenes as represented in figure 

1.1. The derivatives in which atoms, ions, or small molecules occupy the inner cavity of 

fullerenes are known as endohedral fullerenes and are denoted by G@Cn, where G represents 

the guest species and n is the number of carbon atoms of the fullerene cage. Heath et al. 

synthesized the endohedral fullerene La@C60 using the laser ablation technique when graphite 

was ablated in a solution of LaCl3 [8]. The synthesis of La@C60 opened a new direction in the 

studies of fullerene and later several guest species including various types of atoms and small 

molecules (di-atomic, tri-atomic and tetra-atomic etc.) were encapsulated in the cavity of 

fullerenes [9-18]. 
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     The other derivatives of fullerene in which species linked to the outer surface of fullerene 

cage are known as exohedral fullerenes (figure 1.1 b). The first two exohedral fullerene 

synthesized were C60Pt(PPh3)2 and C60Pd(PPh3)2 [19-22]. Later, various exohedral fullerenes 

have been synthesized with different metals such as Ti, Nb, Re, Fe, Ru and Ni as guest species 

[23-28]. Since then, several reports are available on different exohedral fullerenes [29-35]. 

Among these, the theoretical studies on the structure and stability of various C60Fn (n = 2, 4, 

6.....52) take a special attention as the studies showed exohedral derivatization of fullerenes by 

fluorine enhanced the polarity and hence its solubility in polar solvents [33, 34].  The variation 

in electronic properties of C60 with the exohedral functionalization has also been reported. [35].  

 

` 

      

                      (a)                                                (b)                                                 (c) 

 

Figure 1.1. Structure of (a) endohedral fullerene, (b) exohedral fullerene, and (c) 

heterofullerene. 

 

     Another important class of fullerene derivative is heterofullerene where at least one carbon 

atom of the cage is replaced by heteroatom such as boron, nitrogen and phosphorous (figure 1.1 

c) [36-39]. Heterofullerenes are considered as an interesting material, because of their structure, 

chemical functionality and electronic properties. The vaporization of graphite in the atmosphere 

of pyrrole and boron-nitride leads to the formation of azafullerenes and borofullerenes, 

respectively [40-41]. The synthesis of azafullerene cation C59N
+
 was reported from a cluster of 

N-MEM (N-methoxyethoxy methyl) ketolactam by the atom bombardment technique [42]. The 

subsequent formation of (C59N)2 dimer by in situ reduction of C59N
+
 cation was also reported. 
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Batirev and his co-workers investigated the electronic structure of (C59B)2 using quantum 

chemical calculations [43].  

      The fullerenes and their derivatives are useful in various fields due their exceptional 

properties. The fullerenes can be used in photovoltaics due to their n-type semiconducting 

properties [44-45]. They have also been proposed as antiviral agent, photosensitizor, 

antioxidant, drug delivery carriers, hydrogen storage and dehydrogenation materials [46-50]. 

Fullerenes have also been found to be useful to create the assemblies of the superparamagnetic 

species [51-52].  Similar to fullerenes, endohedral fullerenes find potential applications in MRI 

[53-55] and X-ray [56] diagnosis.  They are also used as radiotracers [57-58], antitumor agent 

[59-60], superconductor [61] and ferroelectric material [62-63]. Endohedral fullerenes have 

also been proposed as a candidate for quantum computing [64-66]. It has also been reported 

that reactions become spontaneous inside a fullerene cavity [67]. Recently, Mehdi et al. showed 

the catalytic applications of heteroatom (B, N, Si, P and S) doped fullerenes towards the 

oxidation of CO, conversion of NO to N2O and reduction of N2O to N2 [68-70].   

1.2 Studies on fullerenes and endohedral fullerenes 

The endohedral fullerenes have become a demanding material since last few decades due to 

their unique electronic, optical and magnetic properties [9-10]. As mentioned before, taking 

graphite as a starting material Kroto et al. synthesized the first endohedral fullerene La@C60 in 

1985 using the laser ablation method [8]. Followed by the synthesis of La@C60, several other 

endohedral fullerenes of different size were reported which encapsulate various guest species 

including noble gases, reactive atoms, metal atoms, and small molecules [9-18, 71-81]. Several 

experimental and theoretical investigations about the encapsulation of various reactive species 

inside C60 fullerenes have been reported thereafter [82-91].  

     The formation of fullerene dimers and their complexes also gained the attention of scientific 

community especially those working in the field of fullerenes. Rao et al. observed the 

formation of (C60)2 via cycloaddition reaction by exposing C60 to uv-visible light [92]. The 

above cycloaddition reaction was confirmed by several other experimental and theoretical 

techniques [93-102]. Followed by the synthesis of (C60)2, Farrington et al. reported the 

formation of the derivatives of (N@C60)2 via a 1, 3 dipolar cycloaddition reaction [103]. 

 

 

 



CHAPTER 1 

 

4 
 

     The encapsulation of paramagnetic species inside fullerene can alter the magnetic properties 

of the latter which has become a topic of interest since last few decades. The endohedral 

fullerenes with paramagnetic guest species have been investigated theoretically [104-113]. For 

example; Park et al. studied the encapsulation of paramagnetic atoms such as nitrogen, 

phosphorus, oxygen and sulphur inside C60 [104]. Their results suggested that the dispersion 

interactions between components lead to the stability of complexes. Their studies also revealed 

that the guest species retained their spin states. Further, Lu et al. investigated the encapsulation 

of nitrogen, oxygen and fluorine atoms in the cavity of C60 and revealed that the complexes are 

stable due to dispersion interaction between guest and host cage [105]. The study also showed 

that the atomic spin states of the guest atoms are retained inside C60. The theoretical studies of 

polonium encapsulated C60 indicated triplet state of the complex as stable in which polonium 

occupies the centre of C60 retaining its electronic configuration [106]. Asif et al. examined the 

effect of encapsulation of B2, O2 and Ge2 inside C60 on the stability of their respective 

complexes in their singlet and triplet states [107]. Their investigations revealed that the spins of 

guest species are unaltered inside C60. On the other hand, studies of endohedral complexes of 

C60 with guest species calcium, scandium and yttrium showed that the electrons of outer most 

s-orbitals of guest species are transferred to C60 cage [108]. The density functional studies of 

Gd@C60 showed that the complex is stable in its septet state in which there is electron transfer 

from guest to host [109]. The study also reported the antiferromagnetic spin coupling between 

Gd and C60. The structural, electronic and magnetic properties of defective uranofullerene 

U2@C61 have been investigated using the density functional methods [110, 111]. To induce the 

defect in U2@C60, an extra carbon atom was added to different sites of the outer surface of C60 

cage. The presence of an unpaired electron on the surface of U2@C61 leads to a significant 

change in the magnetic properties compared to that of U2@C60. The studies also showed the 

complex as stable in quintet state with antiferromagnetic coupling between the components U2 

and C61. Nakagawa and co-workers studied the isolation, structure and electromagnetic 

properties endohedral complexes of exohedral fullerenes La@C60(CF3)3,5 and Gd@C60(CF3)3,5 

[112]. Their results showed that the energy gap between HOMO and LUMO of La@C60 and 

Gd@C60 widened on addition of CF3 units over the surface of cage. It was also revealed that 

the spins of guest and host of Gd@C60(CF3)3 are antiferromagnetically coupled. Using 

theoretical and experimental methods, Qian et al. investigated on the electronic structure and 

magnetic properties of Gd3N@C80 and showed that the complex has high magnetic moment of 

21.0 μB [113]. It was also revealed that the spin density is localized only on the guest species of 

Gd3N@C80. 
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1.3 Studies on heterofullerenes and endohedral heterofullerenes 

As mentioned earlier, the substitution of at least one carbon of fullerene cage by the heteroatom 

(B, N, and P etc.) leads to the formation of heterofullerenes [114]. Several theoretical and 

experimental studies have been reported on the heterofullerenes with the heteroatoms from 

boron and nitrogen family. [42-49, 114-120]. When graphite was vaporized in the atmosphere 

of pyrrole and boron-nitride, it resulted in the formation of azafullerenes and borofullerenes, 

respectively [46-47]. Followed by the synthesis of azafullerene and borofullerene, the 

theoretical studies on the heterofullerenes such as C59B, C59N, C59Al, C59Ga, C59In, C59Ge, and 

C59As were reported [43-44, 49, 115-120]. The investigations of the electronic structure and 

properties of C59B and C59N using the tight-binding approximation method indicated that the 

former is electron deficient and latter is electron rich [116]. Andreoni et al. also reported 

similar results using the Car–Parrinello method [117]. The studies of heterofullerenes with 

heteroatoms from the boron family indicated that the HOMO-LUMO energy gap is decreased 

compared to that of C60 [118]. The density functional studies on the heterofullerenes C59X 

(where X is heteroatom from the boron, nitrogen and carbon family) revealed that the 

properties of heterofullerenes are significantly different from those of C60 fullerenes [119]. The 

boron and nitrogen atom substituted fullerenes of different combination have been studied 

using the time-dependent density functional theory (TDDFT) and it was revealed that the 

absorption properties of fullerene can be tuned with appropriate substitution [120]. The 

hyperfine coupling constant (hfcc) of the heteroatom in heterofullerene has been investigated 

using the electron spin resonance spectroscopy [121-122]. The value of hfcc for 
14

N in 

azafullerene is 3.60 at a g-value of 2.0004 [121].  Later, the values of hfcc of nitrogen atom in 

azafullerenes C19N, C59N, C69N, and C75N were reported by Schrier et al. using density 

functional methods [122]. Several articles and reviews about the synthesis and various 

properties of heterofullerenes and their dimers are available in literature [123-134].  

     Various endohedral heterofullerenes have been investigated using the theoretical and 

experimental methods [135-140]. The theoretical studies of the encapsulation of hydrogen atom 

in C59B and C59P have been performed which revealed that the hydrogen atom is bonded to 

inner surface of the heterofullerenes C59B and C59P [135]. Recently, using molecular surgery 

method Murata and his co-workers synthesized H2@C59N, H2O@C59N and their respective 

dimers [136-137]. The 
1
H NMR spectra of H2O@C59N showed that the relaxation time of guest 

water molecule is significantly decreased compared to that of free molecule due to the effect of 

paramagnetic C59N host cage. Furthermore, NMR spectra of the dimer indicated that guest 

water molecules present in adjacent cages do not interact with each other. In another study by 
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the same group, the synthesis of H2@C59N
+
 and H2O@C59N

+
 has been done using molecular 

surgery method [138]. This study revealed strong intramolecular electrostatic interaction 

between C59N
+
 and H2O in contrast to its isoelectronic systems H2O@C60. The electron affinity 

(EA) of H2O@C59N has been determined using the high-resolution photoelectron imaging 

spectroscopy and found that EA of the complex is 0.0092 eV lower than that of free host cage 

[139]. Ab initio and density functional studies on Gd2 and Dy2 encapsulated C79N reported 

strong magnetic exchange coupling between guest atoms [140].  

 

1.4 Carbon Nanotubes (CNTs) 

The cylindrical structures formed by the rolling of graphene sheets are known as carbon 

nanotubes. In 1991, the carbon nanotubes were firstly synthesized by the Ijima using an arc 

discharge method [3]. The different forms of carbon nanotubes such as long, short, single-

walled, multi-walled, open, and closed are available nowadays. Due to electron delocalization, 

CNTs show amazing electronic properties. Carbon nanotubes have high tensile strength, 

Young’s modulus and excellent mechanical strength [141-142].  

     The single-walled carbon nanotubes (SWCNTs) can be classified based on a pair of indices 

(n, m) called the chiral vector. Depending on the values of n and m, SWCNTs are classified 

into three types. These include (i) armchair (n=m), (ii) zigzag (m=0) and chiral (n≠m≠0) and 

are shown in figure 1.2. The carbon nanotubes show metallic and semiconducting properties 

based on their structure [143-145]. The armchair carbon nanotube is metallic as its conduction 

band is near to the valence band. Hence electrons can easily enter to the conduction band. On 

the other hand, zigzag and chiral carbon nanotubes are semiconducting due to relatively high 

energy difference between conduction and valence bands. 

1.5 Boron nitride nanotubes (BNNTs) 

The structural analogous of CNTs by replacing C2 units by BN units are known as BNNTs 

(Figure 1.3). Although, CNTs and BNNTs are structurally similar, they differ in their chemical 

and physical properties [146-148]. Unlike CNTs, the electronic properties of BNNTs are 

independent of chirality. In 1995, Chopra et al. synthesised BNNTs by applying arc discharge 

on h-BN sheet [149]. Using this technique, BNNTs of 1-3 nm diameters and 200 nm lengths 

were obtained. Later, other well-known techniques such as laser ablation and chemical vapour 

deposition were also used for the synthesis of BNNTs [150-151]. 
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     CNTs and BNNTs find applications in various fields due to their peculiar properties such as 

electrical, chemical, mechanical, optical, and thermal [146-148, 152-159].  The nanotubes have 

unique structures by which they possess high surface area, good stiffness and resilience. The 

carbon nanotubes can be used in the field of drug delivery, tissue engineering, artificial 

implants, energy storage, hydrogen storage etc. [146-148, 152-159]. CNTs can also be used as 

electrochemical supercapacitor, field-emitting devices, transistors, nanoprobes, artificial 

implants, preservatives, energy storage and hydrogen storage material, sensors, composite 

material, and templates. 

1.6 Endohedral and exohedral complexes of carbon nanotubes 

Similar to fullerenes, carbon nanotubes can also accommodate various atoms, ions and 

molecules inside the cavities. Such type of complexes are known as endohedral carbon 

nanotubes and is denoted as G@CNT, where G represents the guest species (figure 1.4 a). 

Various endohedral complexes of CNT with different guest species have been reported [160-

168].  

     The carbon nanotubes associate in the form of bundles in solvents. The exohedral 

functionalization of carbon nanotubes prevent the formation of such bundles to some extent and 

disperse CNTs in solutions. This type of complexes of CNTs is known as exohedral carbon 

nanotube (figure 1.4 b). The exohedral functionalization of carbon nanotubes have been 

achieved using organic or inorganic molecules, organic-inorganic hybrid molecules, metal 

nanoparticles, proteins, enzymes and polymers, [169-170].  

1.7 Studies on endohedral carbon nanotubes 

In a confined environment, the properties of atoms and molecules can be changed drastically. 

As mentioned above, various species can be confined inside the carbon nanotube due to their 

hollow structure. The encapsulation of various molecules and clusters inside carbon nanotubes 

has been investigated using various experimental and theoretical techniques [143, 161, 164, 

173-178]. Li and coworkers theoretically studied the encapsulation of α-, β-, and γ-Ga 

nanowires (NW) in carbon nanotubes and showed that β-, and γ-Ga nanowire encapsulated 

complexes of CNT are more stable than the complex of α-Ga nanowire [179]. The stability of 

endohedral complexes of β-, and γ-Ga nanowires with CNT mainly arises due to the strong
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Figure 1.2. Different types of carbon nanotubes based on the way of rolling graphene sheet. 
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Figure 1.3. Structure of boron nitride nanotube (BNNT). 

 

 

Figure 1.4.  Structure of (a) endohedral carbon nanotube and (b) exohedral carbon 

nanotube 

 

interaction of Ga nanowire with inner wall of CNT. The density functional theory has also been 

applied on Gd and Gd-carbide nanowire encapsulated carbon nanotube to investigate their 

structural, electronic and magnetic properties [180]. The study showed that the interaction 

between Gd atoms and inner walls of CNT in GdNW@CNT is strong compared to that of Gd-

Gd bond resulting in the stretching of the bond. However, in the endohedral complex of Gd-

carbide with CNT, the interaction between Gd atoms and inner wall of CNT is weaker than that 

between Gd and C atoms of Gd-carbide. Zhou and coworkers investigated the structural, 

electronic and transport properties of Gd/Eu chain encapsulated complexes of carbon nanotube 

using density functional methods [181]. Their study showed that Gd and Eu chains occupy off 

center positions inside the carbon nanotube. The results also reported the spin polarization at 

Boron nitride nanotube (BNNT)

(a) (b)
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the Fermi level when Gd-chain is encapsulated in (8,8)-CNT. Paduani investigated the MnNW 

encapsulated carbon nanotube using density functional methods to infer their structure, stability 

and electronic properties [182]. His results indicated that the electron spin of Mn atoms of 

MnNW coupled ferromagnetically inside carbon nanotubes. The electronic, optical and 

mechanical properties of diamond nanowire encapsulated CNT (CNW@CNT) have been 

examined using first principle calculations [183]. It was revealed that the complex 

(CNW@CNT) is stable due to weak van der Waals forces between the units. Using density 

functional methods, the stability and electronic properties of endohedral complexes of sulfur 

nanowire with CNT (SNW@CNT) have been investigated [184]. The study revealed that 

sulphur nanowire and carbon nanotube interacts via van der Waals forces leading to the 

stability of the complex. The encapsulation of sulphur nanowire in carbon nanotubes can alter 

the electronic properties of the latter. Recently, Huang and co-workers theoretically examined 

the structure and electronic properties of nitrogen chain (N8) encapsulated (n, 0)-CNT (n = 6, 7, 

8….12) and found that N8@(9, 0)-CNT is more stable compared to other complexes [185]. The 

study also revealed that the electronic properties of CNT were changed on encapsulating N8-

chain inside.  

 

      Apart from the encapsulation of various nanowires and chains inside carbon nanotubes, 

various organic molecules have also been encapsulated in carbon nanotube [186-195]. These 

types of complexes are stable due to the attractive host-guest interactions. Using density 

functional theory, Kuwahara et al. investigated about the polyenes C10H2, C10H, C10, C6H2, 

C4H2 and C6H14 encapsulated (10, 0) CNT and showed that the resultant complexes are 

stabilized by 1.48, 2.04, 2.18, 1.05, 0.55, and 1.48 eV, respectively [186]. However, such 

stabilization was not observed when the above species were encapsulated inside a (10, 10) 

CNT. Khorsand et al. applied density functional theory to investigate the structural, energetics 

and properties of penicillamine encapsulated zigzag and armchair CNTs [187]. The study 

indicated that the van der Waals interactions along with the charge transfer from guest molecule 

to carbon nanotube stabilize the complex. Yumura et al. studied the encapsulation of π-

conjugated oligomer (methyl terminated terfurans) inside the carbon nanotube [188]. It 

indicated that the arrangement of guest species inside carbon nanotube depends on the extent of 

host-guest interaction. The encapsulation of the drug doxorubicin (DOX) inside CNT has been 

examined theoretically by Wang et al. [189]. Their studies reported that the encapsulation 

becomes exothermic when the diameter of CNT is ~11.0 Å. Due to the host-guest interaction a 

bathochromic shift has been observed in the absorption spectra of β-carotene that confined 
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inside a carbon nanotube [190]. Orellana and co-workers investigated the terthiophene (T3) 

encapsulated complexes of zigzag carbon nanotube using density functional theory [191]. The 

band structure of the complex T3@CNT showed that the guest molecule retained its electronic 

properties. Debbichi et al. studied the complex anthracene@CNT using density functional 

theory and revealed that the electronic properties of the complex depend on the location of 

guest molecule [192]. Chernov and his co-workers studied the optical properties of graphene 

nanoribbon (GNR) encapsulated CNT and found that the complexes show photoluminescence 

in the visible and infrared regions of the spectrum [193]. Using the dispersion corrected density 

functional theoretical methods, Tripathy et al. investigated the effect of confinement on the 

proton transfer in Zundel cation using both carbon and boron nitride nanotube [194-195]. More 

details about the encapsulation of several other organic molecules inside CNT are available in a 

review by Y. J. Dappe [162].  

     The encapsulation of various atoms, molecules and clusters inside carbon nanotube has also 

been investigated experimentally and theoretically. This includes ab initio studies on the 

encapsulation of lithium and sodium atoms inside carbon nanotubes [196]. The results 

suggested that the guest atoms do not interact with each other when their concentration is up to 

2.3 atomic percent [196]. In another study, the magnetic nanoparticles of iron were 

encapsulated in single walled carbon nanotube to investigate the magnetic properties of the 

complex [197]. The study showed that the iron nanoparticles encapsulated complexes of carbon 

nanotube exhibit ferromagnetic and superparamagnetic properties at room and low 

temperatures, respectively. Giménez-López et al. experimentally reported the encapsulation of 

archetypical single molecule magnet Mn12O12(O2CCH3)16(H2O)4 inside carbon nanotube and 

reported that the guest molecule retained its magnetic properties [198]. This study also 

suggested that the complex is a hybrid nano structure which combines the single molecule 

magnetic properties of guest and functional properties of host carbon nanotube. The density 

functional studies of rare gas dimers (He2, Ne2, Ar2 and Kr2) encapsulated (5, 5) and (6, 6) 

carbon nanotube revealed that the complexes are stable when guest species aligned parallel to 

the tube axis [199]. This study also showed that the bond distance between the atoms of rare 

gas dimer is decreased when they are located perpendicular to the carbon nanotube. In addition, 

Balasubramani et al. reported the energetics and host-guest interactions in the rare gas atom 

encapsulated carbon nanotube complexes using both analytical and density functional methods 

[200]. Their results suggested that the encapsulation of guest atoms is feasible in various carbon 

nanotubes depending on the size of guest as well as that of cavity of carbon nanotube.  
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1.8 Objective of the thesis 

Over the last few decades, the endohedral complexes of fullerene and carbon nanotubes have 

gained wide attention. Among these, the encapsulation of atomic nitrogen in C60 can be 

considered as one of the most important studies where nitrogen atom retained its spin state. In 

this context, it is important to know that how the spins of guest species in two adjacent cages 

interact and how does heteroatom of the cage assist the interaction between the guest species. 

Similar questions are relevant for the boron atom encapsulated derivatives of fullerenes as 

boron is also reactive and paramagnetic. Different atoms inside the cavity and on the cage may 

affect the spin-spin coupling and hence attention is also given to the heterodimers formed by 

various combinations of B@C59N and N@C59B. Although, some studies have been reported on 

the structure, stability and properties of endohedral fullerenes and heterofullerenes [8-18, 69-

90, 104-120, 135-139], the spin-spin coupling, spin polarization and spin density transfer in 

endohedral fullerene dimers, endohedral heterofullerenes and endohedral heterofullerene 

dimers were not considered in earlier investigations.  

 

         One of the most important objectives of the thesis is to investigate the structure, stability 

and properties of nitrogen atom encapsulated fullerene derivatives. The complexes considered 

in the present study are (N@C60), (N@C59N) and their respective dimers which are most 

important in the context of spin interactions between host-guest and guest-guest as mentioned 

above. The aim of present investigation is to understand the spin-spin coupling and spin density 

transfer between the components of above complexes. The study also plans to investigate on 

spin polarization and spin degeneracy in the complexes. The thesis aims to examine the effect 

of encapsulation of nitrogen atom inside fullerene cage on the energy gap between HOMO-

LUMO of the latter. It is also important to study the thermodynamic feasibility of the formation 

of the complexes and hence the present thesis also focus on the calculation of change in Gibbs 

free energy (∆G) and change in enthalpy (∆H) associated with the encapsulation of nitrogen 

atom in various fullerene derivatives as well as the calculation of the above parameters 

associated with the dimerization of monomer units.  

 

       As mentioned earlier, boron is also reactive and paramagnetic atom. Therefore, it is of 

significance interest to investigate the structure, stability and properties of the boron atom 

encapsulated fullerene derivatives. In this regard, the idea is to study the complexes B@C60, 

B@C59B and B@C59N. The present investigations aims at understanding the spin-spin coupling 

and spin density transfer between guest and host of the above complexes. Another goal of the 
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present study is to examine the spin polarization and spin degeneracy in the complexes. The 

present study aims on examining the effect of encapsulation of boron atom inside host cages on 

the electronic properties of the latter. As above complexes are experimentally not available, 

which necessitates the investigation of thermodynamics of boron encapsulation inside various 

fullerene derivatives.  

 

     Another objective of the present thesis is to study the structure, stability and properties of 

dimers of nitrogen and boron atom encapsulated fullerene derivatives. For this purpose, the 

complexes (B@C59N)2, (B@C59N-N@C59B) and (N@C59B)2 are considered. An attempt is also 

made to compare the above complexes to those of (B@C59B)2 and (B@C60)2. The present study 

aims to investigate the spin-spin coupling and spin density transfer between host-guest and 

guest-guest of the complexes. To make the study more versatile, the present thesis also focuses 

on the studies on the spin polarization, spin degeneracy and electronic properties of the 

complexes. The study also aims to report about the thermodynamic feasibility of the formation 

of complexes based on the change in Gibbs free energy (∆G) and enthalpy (∆H) associated with 

different ways.  

 

      Similar to fullerenes, the carbon nanotubes can also host nitrogen atoms. Therefore, it 

would be interesting to study the structure, stability and properties of nitrogen atom 

encapsulated carbon nanotube, boron nanotube and their respective dimers. The present study 

aims at understanding the spin-spin coupling between the components of the endohedral 

nanotubes. In addition, the plan is also made to the report the nature of spin polarization in the 

complexes. To make the study more comprehensive, attempts have also made to investigate the 

effect of nitrogen encapsulation on various electronic properties such as electronic affinity, 

ionization energies and HOMO-LUMO energy gap of free host cages.  

 

1.9 Outline of the thesis 

The present thesis consists of seven chapters. Chapter 1 gives an introduction on fullerenes and 

their derivatives. The synthesis and applications of fullerenes and their derivatives are also 

reviewed. The discussion on the structure, stability and various properties of endohedral 

fullerenes as well as endohedral heterofullerenes followed by host-guest interactions and spin-

spin coupling between their components are discussed.  The structure, synthesis and 

applications of carbon and boron nitride nanotubes are briefly explained. The endohedral and 

exohedral derivatives of nanotubes are discussed. Studies about the encapsulation of various 
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species inside the carbon nanotube are presented. The effect of encapsulation of various 

molecules inside carbon nanotube on various properties of the latter are discussed.  

     To explore the structure, stability and various properties of endohedral derivatives of 

fullerenes, heterofullerenes, carbon nanotubes and boron nitride nanotubes, the density 

functional theoretical methods are applied. Thus, in chapter 2, an overview of various 

computational methods including the Hartree-Fock, post Hartree-Fock , density functional 

theoretical methods, basis sets, time-dependent density functional methods and spin broken 

symmetry approach are briefly explained. The details of the spin polarization parameter are also 

provided. 

     In chapter 3, the results obtained from the studies on the nitrogen atom encapsulated 

fullerene derivatives are presented. The host-guest and guest-guest spin coupling in stable states 

of the above complexes are discussed. The spin density transfer and spin polarization in the 

complexes are also analyzed. The effect of encapsulation of guest species on the energy gap 

between HOMO-LUMO of the host cage is also examined. The thermodynamic feasibility of 

the formation of the above complexes is discussed.   

     The findings of the study of the boron atom trapped fullerenes derivatives are reported in 

chapter 4. The stabilization energy and the host-guest interactions in the above complexes are 

presented. The spin-spin interactions and the transfer of spin density between trapped boron 

atom and the host fullerene in the complexes are also discussed in this chapter. The spin 

polarization in the above complexes is discussed. The influence of the encapsulation of boron 

atom in various host cavities on the properties of latter is also examined. The thermodynamics 

of the encapsulation of boron is also investigated. 

      In chapter 5, the outcomes of the investigations on the dimers of nitrogen as well as boron 

atom encapsulated fullerene derivatives are presented. The ground state of each of the above 

systems is reported. For stable states of the complexes, the spin-spin interactions between 

components species, spin polarization and spin density transfer are analyzed and presented. 

Based on the values of ∆G and ∆H, the thermodynamic feasibility of formation of endohedral 

heterofullerene dimers via different ways are reported. The electronic properties of the above 

dimers are also discussed.  

    In chapter 6, the results obtained from the studies of nitrogen atom encapsulated carbon 

nanotube, boron nitride nanotube and their respective dimers are presented. Various possible 

spin states of the dimers are considered for this purpose.  The spin-spin coupling between guest 

and host as well as that between two guests of the above complexes for their stable spin states 
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are presented. The spin polarization and spin degeneracy are also discussed for the stable 

systems. The effect of encapsulation of nitrogen atom on various electronic properties such as 

electronic affinity, ionization energies and HOMO-LUMO energy gap of nanotubes are also 

examined in this chapter. The effect of the diameter of nanotubes on spin-spin coupling 

between components of the endohedral complexes is also determined.  A comparison between 

the results of nitrogen atom encapsulation in the dimer of nanotube with those of fullerene is 

also provided.  

      In chapter 7, the summary of thesis and future scope are discussed. 
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Chapter-2 

Computational Methods 

 

          Over the last few decades, computational chemistry has emerged as an independent field 

in chemical science due to rapid developments of the computer hardware and software as well 

as the implementation of theoretical methods [201-202]. The structure, stability and properties 

of chemical species, which are either expensive or difficult to get, can be accurately predicted 

by computational methods. Using the computational techniques one can elucidate the structure, 

stability and properties of various chemical species [104-111]. 

       Broadly, there are two types of differ in the underlying theoretical methods. In one of the 

methods, the classical laws of motion are used to predict the molecular computational methods 

which structure and properties. In this method (e.g. classical molecular dynamics simulations), 

the interactions of electrons are not explicitly considered and hence is not adequate to describe 

most of the properties of the systems. In another method, the quantum chemical laws are used 

to describe the atoms and molecules and are more accurate to predict the properties of the 

chemical systems. 

     In the quantum mechanical method, the electronic energy of a system is obtained by solving 

the Schrödinger equation corresponding to its wave function. However, the Schrödinger 

equation cannot be solved analytically for systems with more than one electron. The chemical 

species which consists of several nuclei and large number of electrons rules out the possibility 

of an analytic solution and necessitate the need for approximate solution to Schrödinger 

equation. These approximations methods include variation and perturbation techniques. Two 

main theoretical approaches used widely nowadays are ab initio and density functional 

methods. A brief discussion of these methods is given below. 

 

2.1 Ab initio methods 

Ab initio is a Latin word which means “from the beginning”. Ab initio methods solve the 

Schrödinger equation only by using the values of fundamental physical constant, to determine 

the electronic energy and various properties of the chemical systems [203]. Considering the 

importance of ab initio techniques in the investigation of the various properties of chemical 

species, the theoretical approach employed in various ab initio methods are briefly discussed 

below. 
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2.1.1 The Schrödinger equation 

According to the postulates of quantum mechanics, the characteristics of a chemical species can 

be represented by a mathematical function called wave function ( ) [202, 203-207]. The 

quantum mechanical methods characterize an electronic system by solving either the time 

dependent or time independent Schrödinger equation. The time dependent Schrödinger 

equation is given as 

                                                                        
       

  
                                                (2.1) 

and time-independent form of Schrödinger equation can be written as 

                                                                                                                                  (2.2) 

where,    and   represent the Hamiltonian operator and the molecular wave function, 

respectively. The Hamiltonian operator    can be expressed as 

                                                                                                                                (2.3) 

where,     is the kinetic energy of nuclei;     is the kinetic energy of the electrons;     ,      and 

     are the operator for potential energies due to the interactions between the nucleus-nucleus, 

electron-electron and nucleus-electron, respectively. 

      As mentioned above, the analytical solution to Schrödinger equation is possible only for 

single electron systems. For systems consisting of many electrons, several approximations are 

incorporated to simplify their Hamiltonian operator. One of the most important approximations 

is Börn-Oppenheimer approximation which separates the motion of the nuclei and that of the 

electrons [208]. In this approximation, the nuclei are considered as fixed points as they are 

significantly heavier compared to the electrons. Considering the fact that the positions of nuclei 

are fixed, the resultant electronic Hamiltonian becomes  

    
 

 
   

  
      

  

   

 
   

 
      

 

   

 
   

 
                                   (2.4) 

where, the first term in equation 2.4 denotes the operator for the kinetic energy of electrons, the 

second term denotes the operator for the nucleus-electron attractions and third term represents 

the operator for the potential energy of interactions between electrons. More details on the 

Börn-Oppenheimer approximation are available in various standard text books of Quantum 

Chemistry [206-210]. 
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2.1.2 Hartree-Fock method 

A simple method to solve Schrödinger equation for many body systems is Hartree-Fock 

Method (HF). In this method, it is considered that the electron is moving in an average field 

generated by other electrons of the species. The wave function is known as the Hartree product 

and is expressed as 

                                                                         (2.5) 

where,                           represent the wave function for           and    electrons, 

respectively. The above wave function is not antisymmetric, which is expected for a wave 

function describing electrons. In this regard, the Hartree-Fock wave functions are built from the 

wave functions of atomic orbitals in the form of a determinant known as Slater determinant 

which is expressed as  

Ψ= 
 

   
 

      

      
 

      

       

      
 

 
 

       

      

      
 

      

                                        (2.6) 

where 
 

   
  represents the normalization factor. In the above Slater determinant,        

represents N electrons occupy in N spin orbitals.  

     According to variation theorem, the expectation value of energy for a given trial wave 

function of any system is larger or equal to the true ground state energy. Thus, the lowest 

energy wave function can be considered as the best approximation to the true ground state 

energy wave function.  

HF equation can be solved by variation method by minimizing the Hartree-Fock energy   

                                                                                                             (2.7) 

where,        is called Fock operator and is expressed as 

                                                  
   
  

                                                    (2.8) 

 

where     represents the Hamiltonian operator for electron    which consists of kinetic energy 

operator of electron and the potential energy operator describing the interaction between 

electron and nuclei. The repulsion between electrons is accounted by coulomb operator       , 

the exchange energy between electrons is obtained by exchange operator       . 
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     The coulomb operator        and exchange operator        are expressed as 

                             
  

     
                                       (2.9) 

 

                            
  
          

     
                                      (2.10) 

 

where       represents an arbitrary function for electron   . 

     In HF method, the average field by an electron depends on the spin orbitals of other 

electrons and hence HF equation is a non linear equation. Thus, the above equation can be 

solved by iterative procedure known as self-consistent field (SCF) method.  

    In SCF method, the initial spin orbitals (  ) are guessed from which the average field sensed 

by each electron is calculated. Further, eigen value is obtained by solving the equation 2.7 for a 

new set of spin orbitals. The new fields can be obtained using these new sets of spin orbitals. 

The above iteration is repeated until convergence is achieved. The energy of a spin orbital is 

given by    

                                                                                    (2.11) 

The energy of a system of N electrons is expressed as 

       
   
                

   
 

   
                                            (2.12) 

where,     is the number of occupied spatial orbital and     is the internuclear repulsion 

energy. The major shortcoming of this method is that it does not account the correlation energy 

between electrons. Hence, the ground state energy calculated using Hartree-Fock method is 

larger than that of true energy. Thus, several post Hartree-Fock methods have been developed 

which are capable to account the electronic correlation energy. 

2.1.3 Post Hartree-Fock methods 

As discussed above, the Hartree-Fock method does not consider the electron correlation energy 

between electrons where each of the electron moves in the average field generated by 

remaining n-1 electrons [204]. To overcome these problems, the post Hartree-Fock methods 

were introduced. The electron correlation energy can be incorporated by considering a multi-

determinant wave function instead of single determinant wave function. In post Hartree-Fock 

methods, the number of determinants in wave function depends on the size of basis set which 

means that bigger the size of basis set, more the number of determinants in the wave function. 

Further, to calculate the electron correlation energy the infinite size of basis set is required 
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which is not possible for larger chemical systems. To calculate the electronic correlation 

energy, several post Hartree Fock methods such as configuration interaction (CI), many body 

perturbation theory (MBPT) and coupled cluster (CC) methods are developed. These methods 

are computationally very expensive especially for the large molecules as considered in the 

present study and hence they are not used.   

2.2 Density functional theory (DFT) 

To investigate the properties of the systems containing large number of atoms, the density 

functional methods can be considered as a replacement to traditional ab initio methods to some 

extent. Over the last few decades, this technique has gained immense popularity. In density 

functional methods, the energy of a multi electron is computed using the electron density ρ(r), 

where, the electron density ρ(r) is a function of only three variables x, y, z [209-210]. Density 

functional methods are computationally less expensive than that of post Hartree-Fock methods 

due to the replacement of 3N degree of freedom by three spatial coordinates x, y, z of N-body 

system. DFT is based on some approximations which are discussed below. 

2.2.1 Thomas-Fermi-Dirac approximation 

This model is independently developed by Thomas and Fermi in which the wave function is 

replaced by electron density      [211-212]. According to this model, the energy of a many 

body system in an external potential         is a function of electron density      and is 

written as 

          =        
       +              

   + 
 

 
 

         

      
               (2.13) 

 

where, the first term is for kinetic energy of non-interacting electrons, second is for coulomb 

interaction energy between nuclei and electrons. The last term denotes the repulsive energy 

between the electrons. The exchange and correlation energy between electrons cannot be 

calculated using Thomas-Fermi model. To overcome the above problem, a local exchange term 

was added in equation 2.13 by Dirac in 1930 [213]. The resultant expression is written as 

                   
                    

   
 

 
 

         

      
                

 

     

(2.14) 
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The equation 2.14 is called Thomas-Fermi-Dirac equation. To solve this equation at stationary 

points, the Lagrange parameters can be used 

                      
                                             (2.15) 

where, μ is the Lagrange parameter which is known as chemical potential or Fermi energy at 0 

K. On solving equation 2.15, Thomas-Fermi-Dirac equation becomes 

 

 
      

              
 

 
 
     

      
       

 

 
      

      = 0            (2.16) 

The above equation gives the ground state density of a chemical system. The limitation of 

Thomas-Fermi Dirac approximation is that it does not consider the bonding between atoms. 

The Hohenberg-Kohn (HK) theorems 

DFT is mainly based on two theorems which are stated by Hohenberg and Kohn in 1964 [214] 

and are given below: 

Theorem I 

The first theorem states, “the external potential         is directly related to the 

electron density     , and hence the the total energy is a unique functional of electron 

density     ”. 

          According to the above theorem, the chemical system can be described by the ground 

state electron density. The energy      of a chemical system can be written in terms of the 

ground state electron density      and external potential          

 

                                                                (2.17) 

                                       and                                                                                 (2.18) 

where,      and        represent the functional form of kinetic and electron-electron interaction 

energy. 

Theorem II  

The second theorem states, “the electron density that minimizes the ground state energy 

of overall functional is the exact ground state density corresponding to the solution of the 

Schrödinger equation”. 

 

 



CHAPTER 2 

 

22 
 

     Second theorem of Hohenberg and Kohn states that the energy of a chemical species can be 

determined using variational method. As stated above, the minimization of energy of a 

chemical species can be done using electron density     , hence a trial electron density can be 

used. The total energy of a system corresponding to the trial electron density for a given 

external potential follows the inequality as given 

                                                                                   (2.19) 

where,    and    are the trial and ground state electron density, respectively.  

     As described above, based on the Hohenberg and Kohn theorems the energy of a system can 

be determined using the ground state electron density. However, the true ground state energy of 

a system cannot be calculated using above two theorems due to the unknown functional     . 

As a solution to the above problem, Kohn-Sham method was introduced by Kohn and Sham in 

1965 [215]. 

2.2.2 The Kohn-Sham equations 

    The practical application of Hohenberg and Kohn theorem in computational chemistry was 

possible due to the model developed by Kohn-Sham [215]. The main drawback of the 

Hohenberg and Kohn model was the poor illustration of kinetic energy. To overcome this, 

Kohn and Sham considered a system of non-interacting particles which possess exactly the 

same ground state electron density to the system of interacting particles. In this approach, 

Kohn-Sham considered that the N non-interacting electrons are moving in a single particle 

potential         and the resulting Hamiltonian can be written as 

       
 

 
                                                                          (2.20) 

The solution of one-electron Schrödinger equations is as follows 

  
 

 
         )                                                              (2.21) 

where, the eigenvalue of each of the N orbitals is denoted by   . For the non-interacting 

electrons, the kinetic energy          is expressed as 

          
 

 
    

       
                                                (2.22) 

Kohn and Sham introduced a functional         to incorporate the difference between 

non-interacting and interacting kinetic energies 
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                                                       (2.23) 

          
 

 
 

          

   
                                  (2.24) 
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(2.25) 

     The Kohn-Sham method has a main drawback that it does not take into account of exchange 

correlation energy functional            properly. To get a more accurate form of the density 

functional theory, it is necessary to obtain the exact exchange correlation energy functional, 

          or potential          . The exchange correlation energy functional was incorporated 

in the density functional theory for which several approximations of the exchange energy 

functional are developed and are explained below. 

2.2.3 Approximations of the exchange-correlation functional 

     To obtain the exact exchange correlation energy functional, various approximations are 

introduced which are discussed below. These approximations are extremely helpful for 

computing various properties of chemical systems. The main advantage of these 

approximations is that they take significantly less computational time. 

2.2.3.1 Local density approximation (LDA) 

To calculate the exchange correlation energy of a system, LDA is the simplest approach in DFT 

[206]. In LDA, electron density is considered in the form of local uniform electron gas. The 

exchange correlation energy functional is dependent on the local uniform electron gas and 

given as 

   
                                                                   (2.26) 

   
                                                                (2.27) 

where, the exchange and correlation energies for the homogeneous local electron gas      are 

represented by the term    and   , respectively.  

          In an open shell system α and β electron densities of a system are not equal. In such 

cases, LDA is replaced by the local spin density approximation (LSDA). The expression for the 

LSDA is represented as         
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                                                      (2.28) 

   
                            

                 
                             (2.29) 

     The most common examples of LDA functional are Perdew-Zunger 81 (PZ81), Perdew-

Wang 92(PW92) and Vosko-Wilk-Nusair (VWN) [216-218]. The local density approximation 

is reported to be less accurate in results for the quantitative analysis of the chemical species. 

The main outcome of the LDA and LSDA approximations is that they are useful in deriving 

more advanced approximations viz. generalized gradient approximation (GGA) and meta- 

generalized gradient approximations. 

2.2.3.2 Generalized gradient approximation (GGA) 

  The results obtained for various chemical systems using LDA and LSDA functionals were 

similar to those for Hartree-Fock methods [202]. To improve the accuracy of the results 

obtained using these approximations, the non-uniform electron gas was proposed. For the 

deviation in the electron density with the positions of electrons, the first derivative of the 

electron density (∇ (r)) is incorporated in the LSDA functional. The functional form of 

generalized gradient approximation (GGA) is expressed as 

   
               

                      ∇                         (2.30) 

where,     represents the correction term. Several GGA functionals have been reported such as 

Perdew-Wang (PW91), Becke (B or B88), Lee-Yang-Par (LYP), Perdew (P86) and Perdew-

Burke-Ernzerhof (PBE) for calculating exchange and correlation contribution [219-223].   

2.2.3.3 Hybrid-GGA functional 

To make further improvement over the GGA-functional, the Hartree Fock exchange term was 

incorporated in the functional. In quantum chemistry, the most widely used hybrid functional is 

B3LYP (Becke, three-parameter, Lee-Yang-Parr). The hybrid functional B3LYP is a 

combination of three parameters such as HF exchange, density functional exchange and 

correlation exchange [224-225]. The expression for B3LYP is given as 

   
          

          
      

          
      

          
      

            (2.31) 
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where    = 0.20,    = 0.72 and    = 0.81 are the parameters obtained from the experimental 

atomization energies [206, 224]. The    
    represents the VWN exchange correlation given by 

Vosko-Wilk-Nusair,   
    represents the B88 exchange given by Becke, and   

    represents 

the LYP correlation proposed by Lee-Yang-Parr. Other examples of the hybrid functional are 

PBE0 [226] and HSE [227].   

2.2.3.4 Meta GGA functional 

 The GGA functional depends on the electron density      and its first derivative (∇ (r)). To 

improve GGA functionals, the higher derivatives of      are also included in the functional. 

These form of the functional are called meta-GGA functional [228-229] and their mathematical 

form is expressed as 

   
                

                      ∇                  ∇
             (2.32) 

where,     and     represent the correction terms. This class of functional is known to be 

suitable for studying charge transfer, kinetics and thermochemical properties of chemical 

species. Several functionals such as Minnesota 05 [230], Minnesota 06 [228], Minnesota 08 

[229], Minnesota 11 [232-233], and Minnesota 12 [234] reported by Donald Truhlar are of this 

category and are known as Minnesota functionals. The amount of exchange energy functional is 

different in each Minnesota functional. Minnesota functionals were reported to be suitable for 

the studies of transition metal complexes [235-236].  

2.2.3.5 Long range corrected functional 

The major deficiency of the above mentioned functionals is that they do not take into account 

the London dispersion and van der Waals forces between non-bonded atoms [237-238]. 

However, such interactions play very important role in the studies of biomolecules, host-guest 

complexes and adsorption of the molecule over the surfaces. Keeping this in mind, Stefan 

Grimme incorporated the empirical-long range    
   corrections to the GGA functionals 

[239]. The energy for a dispersion corrected functional can be written as 

                                                                  (2.33) 

where,         represents the Kohn–Sham density functional energy and       is an empirical 

dispersion corrected energy [240-241] given as 

            
  
  

   
 

 
     

   
                                                      (2.34) 
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where,   is number of atoms, the dispersion coefficient of the ij pair of an atom is denoted by 

  
  

, the global scaling factor is described by   , and     represents the atomic distance between 

two atoms. The      is a damping function which avoids the short range interaction between 

atoms and are expressed as 

          
 

   
   

   
  

   
                                                           (2.35) 

where,    denotes the sum of van der Waals radii of atoms. The dispersion interaction was 

introduced by Grimme in B3LYP hybrid functional in the form of GD2 and GD3 [240-245]. 

Several other dispersion corrected functionals such as B97-D3 [242], ωB97-XD [243-244], etc. 

are also developed. The functional B3LYP-GD2 reproduced the experimental results for C60 

fullerene and is chosen for the present thesis work [245-248]. 

2.3 Basis sets 

In order to perform quantum chemical calculations, the wave function of the system has to be 

specified. The wave function is characterized by a basis set of known functions. The linear 

combination of mathematical functions which mimics the atomic orbital of an atom is known as 

basis set. In computational chemistry, the atomic orbitals were described by the Slater Type 

Orbitals (STOs) in which the wave function decreased exponentially with respect to the 

distance of the orbitals from the nuclei [249]. Later, to make the integration faster the Gaussian 

Type Orbitals were introduced [250]. The STOs can be written in polar coordinates form and 

given as 

    
                     

                                            (2.36) 

Moreover, the polar and Cartesian coordinates form of GTOs is given as 

    
                     

 
  
                                       (2.37) 

                                 
                       

 
                                                    (2.38) 

where, N represents the normalization constant and             describes the type 

of orbital (if     then orbital is p).  

   In order to get the accuracy near to that from STO, the linear combination of GTO’s can be 

used. Further, the contracted Gaussian type orbitals (CGTOs) are expressed as linear 

combination of gaussian primitives and can be written as 
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                                                                          (2.39) 

where,     represents the contraction coefficient and     represents the primitive Gaussians.  

2.3.1 Classification of basis sets 

2.3.1.1 Minimal basis sets 

The minimal basis set is the smallest basis set where a minimum number of basis functions are 

used to describe atomic systems. For example, to define a hydrogen and helium atom a single s-

function is used. To describe the first row elements of the periodic table, two set of s-functions 

(1s and 2s) and a set of p-functions (2  , 2  , 2  ) are used. The second row elements of the 

periodic table can be characterized by three s-functions (1s, 2s, and 3s) and two p-functions (2p 

and 3p). 

2.3.1.2 Double-zeta and Split-valence basis sets 

   An improvement over the minimal basis sets is double-zeta basis set which is obtained by 

replacing each STO with two STOs that differ in their   values. For example, two s-functions 

(1s and 1s′) are used for hydrogen; four s-functions (1s, 1s′, 2s and 2s′) and two p-functions (2p 

and 3p) are used for the first row elements, respectively.  

     Use of double zeta basis set for each orbital of an atom is computationally expensive. To 

make it computationally less expensive, split-valence basis sets were introduced, where only 

one STO for core orbitals and more than one STO for valence orbitals are used. Based on the 

STOs used for valence orbitals, split-valence basis sets are named as double zeta, triple zeta, 

quadruple zeta and quintuple zeta.   

2.3.1.3 Polarization and diffuse functions 

The shape of atomic orbitals is distorted when they participate in chemical bonding due to the 

shift in electron densities. This phenomenon is called polarization. Thus, it is necessary to add 

polarization factors to achieve more accurate representation of atomic orbitals in a molecule. To 

allow polarization factors, STOs of higher angular momentum than the real angular momentum 

of valence shell are added in the basis functions. The most common example of polarization 

functions is Double-Zeta plus polarization basis set (DZP), where, three p-functions for 

hydrogen atom and five d-functions for first or second row elements of periodic table are added 

for polarization factor.  
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     On the other hand, to describe ions and weak bonding in molecules, diffuse functions are 

added in the basis function. To add the diffuse functions in basis sets, one s-function and one p-

function for non-hydrogen atoms and one s-function for hydrogen atom are added. 

2.3.1.4 Pople basis sets 

John Pople and his co-workers introduced a notation to represent the split-valence basis set in 

the form of n-ijG or n-ijkG, where the primitive gaussian for core electrons and valence 

electrons are denoted by n and ij or ijk, respectively. For example, in 6-311G basis set, the six 

primitive gaussian type orbitals (PGTOs) are used to elucidate the core shell orbitals and three 

functions represent the valence shell electrons which are further described by three, one and 

one PGTOs, respectively [251]. 

     To represent polarization and diffuse functions, the notation ‘*’ and ‘+’, respectively, are 

used. For example, in 6-311G**, the first asterisk denotes the addition of five d functions on 

the  atoms other than hydrogen atoms and the second asterisk is used for the addition of the 

three p-functions on hydrogen atom. In 6-311++G basis set, the first “+" is used to describe the 

addition of diffuse function over atoms other than hydrogen and the second “+" is used to 

describe the addition of diffuse function over hydrogen atom. In the present work, 6-311G* 

basis set is used as it is found to be appropriate for the study of complexes of fullerenes for 

results of reliable accuracy. 

2.3.1.5 Correlation-consistent basis sets 

In 1989, Dunning and his co-workers defined a new class of basis set known as correlation-

consistent basis sets [252]. This class of basis set is used to study the weakly bonded chemical 

species and are represented by cc-pVXZ where, ‘cc’ represents the correlation-consistent, ‘p’ 

describes the polarization functions added on all atoms and ‘VXZ’ denotes valence, cardinal 

number X and zeta, respectively. Further, cardinal number can be of different order such as 

X=D (double), T (triple) and Q (quadruple). This class of basis sets is further improved by 

adding diffuse function and denoted as aug-cc-pVXZ where, ‘aug’ indicates augmented. 
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2.4 Time-dependent density functional theory (TDDFT) 

As mentioned above, theorem I of Hohenberg-Kohn density functional theory is appropriate for 

ground state of the system. To study the excited states of chemical species, Runge and Gross 

extended DFT to its time dependent analogue [253]. For this purpose, the time-dependent (TD) 

potential was incorporated in DFT [254-255]. According to Runge and Gross theorem, the 

time-dependent probability density        of finding an electron of spin S at position r can be 

given as 

 

                  
                           

 
               (2.40) 

 

where, N is the number of electrons in system. The general form of Hamiltonian operator by 

Runge and Gross can be expressed as 

 

                                                                           (2.41) 

 

where    is kinetic energy operator,          is external potential operator at time t, and      is the 

operator for electron-electron interaction. TDDFT is useful to explain the optical response of 

chemical species which cannot be explained solely using density functional theory. The details 

are widely discussed in standard text book [255]. In the present thesis, TDDFT method is 

employed to obtain the absorption spectra of the complexes of fullerene. 

2.5 Spin broken symmetry approach 

In computational chemistry, the unrestricted density functional approach is good enough to 

investigate the structure and energy for open shell systems [256]. However, it does not describe 

the lower spin states of biradical properly as it defines the lower spin states by a single 

determinant. The solution of higher spin states can be easily described by the single 

determinant. To achieve the correct solution for the lower spin states the broken symmetry 

approach can be used as suggested by Noodleman [257-259]. This approach is also known as 

spin projection technique. The broken symmetry solution is a mixture of the high and low spin 

sates. Thus, to achieve the accurate solution for the low spin states of biradical systems the 

broken symmetry approach is used in the present thesis which is described below. 

 

 



CHAPTER 2 

 

30 
 

     To estimate the energy of the antiferromagnetic singlet state of the biradical complexes of n 

fragments, the broken symmetry calculations using the wave function of the high spin state of 

the complexes were performed. For this purpose, the stability of wavefunction for the 

optimized geometry of the biradical complex in its highest stable spin state, where both 

biradical centers having same spin has to be verified. This is followed by guess for the 

antiferromagnetic singlet using above initial wavefunction and further optimization of the 

antiferromagnetically coupled singlet state. 

2.6 Spin density and spin polarization parameter  

The spin density transfer and spin polarization in chemical species can be analyzed using their 

spin density values and spin polarization parameter [209, 260]. The difference between   and   

spins of each atom is called spin density on that atom. The spin polarization properties of the 

chemical species can be assessed with the help of spin polarization parameter as given below 

                                                                                                             

                   
         

          
;                                                  (2.42) 

                                                                                                       

where,      and      represents the density of α and β electrons, respectively. Thus, in the 

present thesis, the spin density transfer and the spin polarization properties of various 

complexes of the fullerene and carbon nanotubes are determined using the values of spin 

density and spin polarization parameter.  
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Chapter-3 

Structure, stability and properties of the nitrogen encapsulated fullerene derivatives

 

3.1 Introduction 

The synthesis and various applications of fullerenes and their derivatives were discussed in 

chapter 1. The earlier studies on the dimers of fullerenes as well as azafullerenes were also 

discussed. As was mentioned before, the encapsulation of reactive species inside C60 was a 

major development due to the stability of the resulting complex. These include the 

encapsulation of highly reactive atomic nitrogen inside C60, in which nitrogen atom retained its 

atomic spin in the complex suggesting it as suitable for quantum computing [11].        

      As discussed in chapter 1, several theoretical studies have been reported on the 

encapsulation of paramagnetic species inside the cavity of C60. In all these studies, spin–spin 

coupling and spin density transfer between guest and host are limited to the cage made of 

carbon atoms. The studies of nitrogen atom encapsulated azafullerenes are not reported earlier. 

Since nitrogen retains its spin in N@C60, it is important to know how the presence of a nitrogen 

atom inside the adjacent cage affects the spin of encapsulated nitrogen. Further, it should also 

be investigated that how the spin-spin interaction in N@C59N and its dimer affected due to the 

nitrogen atom of the cage.  

      Keeping this in mind, the present chapter aims to study the structure, stability and 

properties of N@C60, N@C59N and their respective dimers in detail. The spin density transfer 

and the spin–spin coupling between guest and host as well as those between guests in adjacent 

cages of the above complexes are investigated for their different stable spin states. The spin 

polarization parameter (ζ) for the stable states of the complexes is also calculated using the spin 

density values. The effect of the encapsulation of guest species in the host cages on the energy 

gap between HOMO and LUMO of the latter is also examined. The thermodynamic feasibility 

of formation of complexes is studied based on the values of change in Gibbs free energy (∆G) 

and change in enthalpy (∆H) of the complexes. 

3.2 Computational methods 

All calculations reported in this study were carried out using Gaussian 09 program [261]. 

Geometry optimization was performed for C60, N@C60, C59N, N@C59N, and their respective 

dimers. The hybrid density functional B3LYP with and without the Grimme’s empirical 

dispersion correction (i.e., B3LYP-GD2) in conjunction with 6-311G* basis set was used for all 

the calculations [224, 240]. The energy gap between the highest occupied molecular orbital 
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(HOMO) and lowest unoccupied molecular orbital (LUMO) for C60 obtained by the above 

methods is 2.7 eV and is in agreement with the value reported experimentally earlier [245-246]. 

The calculated vertical ionization energy (7.63 eV) and vertical electron affinity (2.44 eV) were 

also found to be in excellent agreement with the corresponding experimental values of 7.60 and 

2.46 eV, respectively [247-248]. 

     For the complexes N@C59N, (N@C60)2, and (N@C59N)2, various possible spin states of 

each species were considered. The wave functions corresponding to various spin states of 

different complexes were verified for their stability and confirmed that they are stable. The 

stabilization energy of each state was computed, and on the basis of that most stable spin state 

of each type of the complexes was determined. The frequency analysis confirmed that the 

optimized geometry of the most stable state of each type of the complexes corresponds to 

minimum on the respective potential energy surface. The stabilization energy of the complex 

was calculated as follows: 

                                                                       (3.1) 

where,          and             are the energy of complex and their components, respectively. 

The stabilization energy of the most stable complex is further corrected for basis set 

superposition error (BSSE) [262].  

        To investigate the spin-spin coupling and spin density transfer between components of 

stable spin states of the complexes, the spin density difference on the heteroatoms were 

calculated. To get insight into the spin polarization of the complexes, the spin polarization 

parameter was calculated as given in chapter 2. The calculated spin density difference and the 

molecular orbital diagrams of HOMO and LUMO are plotted using the program GaussView 5 

[263].  

     To examine the thermodynamic feasibility of the formation of complexes, the values of 

change in Gibbs free energy (ΔG) and change in enthalpy (ΔH) associated with the 

encapsulation of guest species in the cage were determined. For dimers, the above values were 

also calculated for the dimerization of two endohedral fullerene units. The equations which are 

used to calculate the above thermodynamic parameters are given as 

 

                                                                      (3.2) 

 

                                                                       (3.3) 
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where                 is the change in Gibbs free energy associated with the encapsulation of 

guest atoms in the host cage.                corresponds to the free energy change associated 

with dimerization of the two monomer endohedral fullerenes.         ,      ,         and 

               represent the Gibbs free energies of the complex, host cage, guest atoms and 

monomer endohedral fullerenes, respectively. The change in enthalpy (ΔH) was also computed 

using the same procedure. 

 

3.3 Results and discussion 

3.3.1 Structure and stability of the complexes 

The optimized geometries of various systems studied are depicted in figure 3.1. The 

stabilization energy calculated for the complexes with and without the contribution from 

dispersion interactions are listed in table 3.1. From the table, it can be seen that the complex 

N@C60 has stabilization energy 1.22 and −9.69 kcal/mol at B3LYP/6-311G* and B3LYP-

GD2/6-311G* levels, respectively. In N@C60, the guest nitrogen atom is located at the centre of 

C60 as indicated in figure 3.1. The stabilization energies of (N@C60)2 in its singlet, triplet, 

quintet, septet and nonet states are -20.75, 30.41, 19.16, -20.75 and 18.71 kcal/mol at B3LYP-

GD2/6-311G* level, respectively. From the above values, it is evident that the complex 

(N@C60)2 is stable in its isoenergetic singlet and septet states whereas other states of the 

complex are unstable. This holds true for the stabilization energies obtained at B3LYP/6-

311G* level. In 
7
[(N@C60)2], the guest nitrogen atoms are located at the center of respective 

host cages. The values of stabilization energy calculated using B3LYP and B3LYP-GD2 

functional indicate that van der Waals interaction is the major interaction that leads to the 

stability of these complexes.      
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Figure 3.1. Optimized geometries of C60, C59N, their nitrogen encapsulated complexes, 

and their respective dimers. 
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Table 3.1. Stabilization energy
 
(kcal/mol) of various endohedral complexes for their 

different spin states. The BSSE corrected values for the most stable spin states are given 

in parentheses. 

Complexes B3LYP/6-311G* B3LYP-GD2/6-311G* 

4
[N@C60] 1.22 (3.55) -9.69 (-7.45) 

1
[(N@C60)2] 1.64 -20.75 

3
[(N@C60)2] 52.93 30.41 

5
[(N@C60)2] 41.81 19.16 

7
[(N@C60)2] 1.65 (6.37) -20.75 (-15.86) 

9
[(N@C60)2] 41.29 18.71 

1
[N@C59N] 13.81 14.93 

3
[N@C59N] 1.02 (3.08) -10.22 (-8.03) 

5
[N@C59N] 1.11 (3.22) -10.13 (-7.92) 

1
[(N@C59N)2] 2.36 -20.28 

3
[(N@C59N)2] 52.14 ---

a
 

5
[(N@C59N)2] 34.85 11.85 

7
[(N@C59N)2] 2.36 (6.47) -20.28 (-15.91) 

9
[(N@C59N)2] 36.64 13.69 

a
Convergence error. 
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     The calculated values of stabilization energy for the singlet, triplet and quintet spin states of 

N@C59N are 14.93, -10.22 and -10.13 kcal/mol at B3LYP-GD2/6-311G* level, respectively. 

This indicates that the complex is stable in its nearly isoenergetic triplet and quintet state. The 

energy of the singlet state of the above complex is significantly higher than that for triplet and 

quintet states. In both triplet and quintet states of N@C59N, the guest nitrogen atom is occupied 

at the centre of the host cage. The energy difference between triplet and quintet states of 

N@C59N is negligible compared to thermal energy at room temperature, suggesting that the 

complex can exist in both triplet and quintet states.  

     As reflected from the values of stabilization energies of (N@C59N)2 for its various spin 

states in table 3.1, the complex is stable in its isoenergetic singlet and septet spin states with the 

stabilization energy value of -20.28 kcal/mol. Similar to (N@C60)2, the guest nitrogen atoms 

are occupied at the respective center of the cages in the stable state of (N@C59N)2. The low 

value of stabilization energy for the encapsulation of nitrogen atom inside the host cage 

indicates that guest and host species interact via van der Waals forces. 

3.3.2 Spin–Spin coupling between guest and host as well as guest atoms of adjacent 

cages 

The calculated values of spin density of the encapsulated nitrogen and the nitrogen of the cage 

for stable states of the systems are listed in table 3.2. The values of spin polarization parameter 

(ζ) for the stable states of systems are also given in the table. The spin density difference plots 

for the complexes are shown in figure 3.2. It can be seen from the table that nitrogen atom 

encapsulated in C60 has a spin density of 2.97 e/au
3
 suggesting that the electronic configuration 

of the free state is retained. This suggests that there is no spin density transfer from the 

encapsulated nitrogen to the host cage. Moreover, the complex N@C60 is fully spin polarized as 

reflected from the values of its spin polarization parameter 1.00. Considering the fact that spin 

density of nitrogen of 
7
[(N@C60)2] is equal to that of N@C60, it can be concluded that there is 

no transfer of spin density between two guest species or between guest species and host. This is 

also confirmed from the spin density difference plot of septet state of (N@C60)2, where the spin 

density difference is distributed only on nitrogen atoms, suggesting a ferromagnetic coupling 

between them. The value spin polarization parameter (ζ) of 
7
[(N@C60)2] is 1.00 which indicates 

that the complex is fully spin polarized.  In the singlet state of (N@C60)2, spin of the unpaired 

electrons of nitrogen atoms in the adjacent cages are anti-ferromagnetically coupled as evident 

from their spin density values of 2.97 and −2.97 e/au
3
 as obtained from the broken symmetry 
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calculations discussed in chapter 2. In contrast to septet state of (N@C60)2, the singlet state of 

the complex is spin degenerate as indicated from zero value of ζ.  

  The complex N@C59N has two different types of nitrogen atoms, one that is encapsulated 

inside the cage (Nencap) and the other that substitutes one of the carbon atoms (Ncage) of the 

cage. Thus, the spin density associated with both types of nitrogen atoms of the complex in its 

triplet and quintet states were analyzed. A comparison of spin–spin coupling between 

encapsulated nitrogen and that of the cage in N@C59N to the respective nitrogen atoms of 

(N@C59N)2 showed some interesting results. For C59N in its ground state, the spin density is 

distributed over the entire cage rather than only on nitrogen atom. The latter possess a spin 

density of only 0.08 e/au
3
 suggesting that the unpaired electron is delocalized over all atoms of 

the cage. The encapsulated nitrogen atom (Nencap) has nearly the same value of spin density 

(2.95 and 2.97 e/au
3
) for triplet and quintet states of N@C59N. The values of spin density listed 

in table 3.2 also suggest that there is no spin density transfer from trapped nitrogen to that of 

the cage for both spin states of the complex. The spin densities of nitrogen of the cage (Ncage) 

for triplet and quintet states of N@C59N are −0.08 and 0.08 e/au
3
, respectively. This indicates 

that ferromagnetic or anti-ferromagnetic spin–spin coupling occurs between the guest and the 

host in N@C59N depending upon the spin states of the complex. From the values of spin 

polarization parameter of triplet (ζ=0.50) and quintet (ζ=1.00) states of N@C59N, it can be 

revealed that the former is partially spin polarized whereas the latter is fully spin polarized.  

     For the lowest energy septet state (N@C59N)2, the excess α-electron spin density of 2.97 

e/au
3
 resides only on the encapsulated nitrogens without any transfer to the host cage. Thus, in 

7
[(N@C59N)2] the unpaired electrons on each guest species are ferromagnetically coupled. In 

contrast to septet state, in singlet state of (N@C59N)2, anti-ferromagnetic coupling occurs 

between the spin of encapsulated nitrogens of adjacent cages. The singlet and septet states of 

the complex (N@C59N)2 are spin degenerated and fully spin polarized as reflected from their ζ 

value of 0.00 and 1.00, respectively. It can also be concluded that in N@C59N and in its dimer, 

the presence of nitrogen on the cage does not assist spin density transfer between guest and 

host. 
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          Table 3.2. The spin density values (in e/au
3
) of various nitrogen atoms and the spin polarization parameter (ζ) for the stable    

          state of the complexes. 

Complexes 

B3LYP/6-311G* B3LYP-GD2/6-311G* 

Spin density 
Spin polarization 

parameter (ζ) 
Spin density 

Spin polarization 

parameter (ζ) 
4
N 3.00 1.00 3.00 1.00 

4
[N@C60] Nencap

 
=

 
2.97 1.00 Nencap

 
=

 
2.97 1.00 

1
[(N@C60)2] (Nencap)1=

  
2.97, (Nencap)2

 
=

  
-2.97 

 

0.00 
(Nencap)1=

  
2.97, (Nencap)2 =

  
-2.97 

 

0.00 

7
[(N@C60)2] (Nencap)1=(Nencap)2

 
=

  
2.97 1.00 (Nencap)1

 
= (Nencap)2

  
=

 
2.97 1.00 

2
[C59N] Ncage

 
=

 
0.08 1.00 Ncage

 
=

  
0.08 1.00 

3
[N@C59N] Nencap

 
= 2.95, Ncage

 
= -0.08 0.50 Nencap

 
= 2.96, Ncage

 
= -0.08 0.50 

5
[N@C59N] Nencap

 
= 2.97, Ncage

 
= 0.08 1.00 Nencap

 
= 2.97, Ncage = 0.08 1.00 

1
[(N@C59N)2] 

(Nencap)1= 2.97, (Nencap)2
 
= - 2.97 

Ncage
 
= 0.00 

 

0.00 

(Nencap)1= 2.97, (Nencap)2
 
= -2.97 

Ncage
 
= 0.00 

 

0.00 

7
[(N@C59N)2] 

(Nencap)1=(Nencap)2
  

= 2.97 

Ncage= 0.00 

1.00 (Nencap)1
 
= (Nencap)2

 
= 2.97 

Ncage
 
= 0.00 

1.00 
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Figure 3.2. Spin density difference plots for various complexes in their most stable spin states 

with an isodensity value of 0.0004. The blue color represents the excess of α spin density, and 

the orange color represents the excess of β spin density. 
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     The complex (N@C59N)2 can be considered to be formed by the dimerization of two N@C59N 

radicals with the pairing of unpaired electrons of each cage. Although the spin density difference 

plot indicates an excess spin density on the host cage of N@C59N, no such excess α or β spin 

density is observed in any of the cages of dimer for its singlet and septet states, confirming the 

pairing of electrons during dimerization. 

3.3.3 Energy gap between HOMO and LUMO 

To investigate the effect of encapsulation of nitrogen atom inside various types of cages on the 

energy gap between HOMO and LUMO of the latter, the energy gap between the above orbitals 

for various species is calculated and is listed in table 3.3. The diagrams of α-spin frontier 

molecular orbitals of the systems are depicted in figure 3.3. For the system containing unpaired 

electrons α-spin in figure 3.3 whereas their corresponding β-spin orbitals are shown in figure 3.4. It 

can be seen that the energy gap between HOMO and LUMO of C60 (2.75 eV) is nearly unaffected 

by the encapsulation of nitrogen atom inside. From the molecular orbital diagrams of C60 and 

N@C60, it is also clear that the frontier molecular orbitals of N@C60 are mainly formed from the 

atoms of host cage. This is understandable because the molecular orbitals derived from nitrogen 

are lower in energy because of its higher electronegativity. Similarly, the HOMO–LUMO energy 

gap (2.48 eV) of host (C60)2 is also unaffected by the encapsulation of nitrogens. Like in N@C60, 

the frontier orbitals of (N@C60)2 are formed mainly from carbon atoms of the cage as clear from 

figure 3.3.  

     The HOMO–LUMO energy gap of C59N is 1.27 eV. It remained the same for the triplet and 

quintet states of N@C59N. For N@C59N, the energy gap is considered for either α- or β-spin 

orbitals depending on the spin state of the complex. The reason for choosing the α-spin orbital for 

the quintet state and β-spin orbital for triplet state of N@C59N can be explained on the basis of the 

spin density difference plot and the HOMO–LUMO energy levels given in figure 3.2 and figure 

3.5, respectively. The figures clearly illustrate that, unlike 
5
[N@C59N], 

3
[N@C59N] has β-spin 

density on the host cage. It is also clear from figure 3.3 that the HOMO of all these complexes is 

centered on the host cage. Thus, for 
3
[N@C59N], the HOMO–LUMO energy gap for β-spin orbital 

is considered. Figure 3.3 shows that HOMO and LUMO of 
5
[N@C59N] have no contribution from 

the encapsulated nitrogen, although there is a slight contribution of the encapsulated nitrogen 

towards HOMO and LUMO of 
3
[N@C59N]. 
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Figure 3.3. Isodensity surface plots of α-spin highest occupied and lowest unoccupied 

molecular orbitals of the complexes with an isodensity value of 0.02. For triplet state of 
3
[N@C59N], the β-spin orbitals are shown. 
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Figure 3.4. Isodensity surface plots of highest occupied and lowest unoccupied β-spin 

molecular orbitals of the complexes with an isodensity value of 0.02. For triplet state of 
3
[N@C59N], α-spin orbitals are shown. 
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Table 3.3. Calculated HOMO–LUMO energy gap (eV) for various complexes in their most 

stable spin states 

Complexes B3LYP/6-311G* B3LYP-GD2/6-311G* 

                 C60 2.75 2.74 

4
[N@C60] 

α 2.74 2.74 

β 2.66 2.66 

              (C60)2 2.48 2.47 

7
[(N@C60)2] 

α 2.48 2.47 

β 2.43 2.41 

2
[C59N] 

α 1.27 1.27 

β 2.46 2.45 

 

3
[N@C59N] 

α 2.45 2.45 

β 1.25 1.25 

5
[N@C59N] 

α 1.27 1.27 

β 2.44 2.44 

             (C59N)2 2.21 2.20 

7
[(N@C59N)2] 

α 2.22 2.20 

β 2.12 2.10 
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Figure 3.5 The α- and β-spin HOMO and LUMO energy levels of 
2
[C59N], 

3
[N@C59N] and 

5
[N@C59N]. 
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     The HOMO–LUMO energy gap of (C59N)2 is 2.21 eV, which is unaffected by the encapsulation 

of nitrogen atoms inside the cage. The respective HOMO and LUMO of (C59N)2 and (N@C59N)2 

are quite similar in appearance as evident from figure 3.3. As mentioned for other endohedral 

complexes, the HOMO and LUMO of (N@C59N)2 are mainly contributed by the carbon and 

nitrogen atoms of the cage. 

     The effect of dimerization of C60, N@C60, C59N, and N@C59N on the HOMO–LUMO energy 

gap was examined, and it is found that the HOMO–LUMO energy gap for C60 and N@C60 is 

decreased by ∼0.27 eV on forming their respective dimers. For the complexes C59N and N@C59N, 

the dimerization led to an increase in the HOMO–LUMO energy gap by ∼0.95 eV in agreement 

with the enhanced stability of the dimer. 

3.3.4 Thermodynamic feasibility of the formation of the complexes 

In order to know the thermodynamic feasibility of the formation of complexes for their stable 

states, the change in Gibbs free energy (ΔG) and change in enthalpy (ΔH) corresponding to the 

encapsulation of nitrogen inside fullerene derivatives were calculated and are listed in table 3.4. 

For dimer, the values of ΔG and ΔH associated with the dimerization of monomer units are also 

calculated. For 
4
[N@C60], the values of ΔG and ΔH due to the encapsulation of nitrogen atom 

inside C60 are -3.78 kcal/mol and -9.70 kcal/mol, respectively, at B3LYP-GD2/6-311G* level. This 

suggests that the encapsulation of nitrogen atom inside C60 is thermodynamically feasible.  The 

values of ΔG and ΔH for the triplet state of N@C59N are -4.08 kcal/mol and -9.82 kcal/mol, 

respectively, at B3LYP-GD2/6-311G* level which indicate that the formation of complex is 

thermodynamically feasible. Similarly, the formation of N@C59N in its triplet state is also 

thermodynamically feasible as reflected from the respective values of ΔG and ΔH listed in table 

3.4. The complex 
7
[(N@C60)2] can be obtained by the encapsulation of nitrogen atoms inside 

adjacent cages of (C60)2 as indicated from the values of ΔG of -8.77 kcal/mol and ΔH of -19.51 

kcal/mol. However, it may be difficult to obtain the same via the dimerization of N@C60 as clear 

from the value of ΔG (0.49 kcal/mol). As clear from the values of ΔG and ΔH in table 3.4, the 

formation of dimer 
7
[(N@C59N)2] is thermodynamically feasible either by the encapsulation of 

nitrogen atoms inside the adjacent cages of (C59N)2 or by the dimerization of N@C59N although 

the formation is more feasible via the dimerization of N@C59N.  



CHAPTER 3 

 
 

46 
 

Table 3.4. The change in Gibbs free energy (ΔG) and change in enthalpy (ΔH) for the formation of the complexes relevant to 

the encapsulation of guest atoms inside the fullerene derivatives. For the dimers, the value of ΔG and ΔH associated with the 

dimerization monomers units are provided in parenthesis.  

 

Complexes 

ΔG (kcal/mol) ΔH (kcal/mol) 

B3LYP/6-311G* B3LYP-GD2/6-311G* B3LYP/6-311G* B3LYP-GD2/6-311G* 

4
[(N@C60)] 8.24 -3.78 0.91 -9.70 

3
[(N@C59N)] 7.46 -4.08 1.09 -9.82 

5
[(N@C59N)] 7.31 -3.46 1.24 -9.70 

7
[(N@C60)2] 

13.98 

(22.00) 

-8.77 

(0.49) 

2.48 

(10.19) 

-19.51 

(-13.24) 

7
[(N@C59N)2] 

14.45 

(-12.95) 

-5.39 

(-30.71) 

2.25 

(-27.14) 

-20.02 

(-47.18) 
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      The encapsulation of nitrogen is considered only for the trans isomer of (C59N)2 as earlier 

experimental observations report that (C59N)2 exists in its trans form [42, 123]. However, the 

gauche isomer (C59N)2 is slightly lower energy (∼0.5 kcal/mol) compared to its trans isomer as 

reported earlier theoretically [264]. The experimental studies of Hummelen et al. reported that the 

dimer (C59N)2 shows 30 lines in 
13

C NMR suggesting a reasonably symmetric structure [42]. The 

studies of Pitchler et al. support (C59N)2 trans form [123]. Thus, to examine whether the orientation 

of the host cage affects the spin–spin interaction between the guest species, the encapsulation of 

two nitrogen atoms in the cages of the gauche isomer of (C59N)2 for the singlet and the septet states 

was also investigated. The results of the above calculations are listed in table 3.5. From the values 

of spin density of nitrogen obtained for the endohedral complexes of gauche and trans isomers, it 

can be concluded that the orientation of the cage has no significant effect on the interaction 

between the encapsulated guest species. 

Table 3.5. The relative energy (R.E.) of various complexes with respect to their trans 

conformers and the spin density of encapsulated nitrogen atoms. 

 

System Conformers 

B3LYP/6-311G* B3LYP-GD2/6-311G* 

R. E. 

(kcal/mol) 

Spin 

density 

(e/au
3
) 

R. E. 

(kcal/mol) 

Spin 

density 

(e/au
3
) 

1[(C59N)2] 

Trans 0.00 ---- 0.00 ----- 

Gauche -0.68 ---- -0.90 ----- 

1[(N@C59N)2] 

Trans 0.00 
(Nencap)1= 2.97 

(Nencap)2 = - 2.97 
0.00 

(Nencap)1= 2.97 

(Nencap)2 = - 2.97 

Gauche -1.05 
(Nencap)1= 2.97 

(Nencap)2 = - 2.97 
-1.29 

(Nencap)1= 2.97 

(Nencap)2 = - 2.97 

 

7[(N@C59N)2] 

Trans 0.00 
(Nencap)1 = 2.97 

(Nencap)2 = 2.97 
0.00 

(Nencap)1 = 2.97 

(Nencap)2 = 2.97 

Gauche -1.05 
(Nencap)1 = 2.97 

(Nencap)2 = 2.97 
-1.29 

(Nencap)1 = 2.97 

(Nencap)2 = 2.97 
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3.4 Conclusions 

In the present chapter, the density functional theoretical studies were performed to investigate the 

structure, stability, and magnetic properties of nitrogen atom encapsulated complexes of fullerene 

derivatives. It was found that the triplet and quintet states of N@C59N are nearly isoenergetic 

suggesting that the complex can exist in either of the spin states. For the most stable spin state of 

each of the complexes, the spin–spin coupling and the spin density transfer between guest and the 

host cage as well as those between guest species of adjacent cages were investigated. The spin 

polarization in the stable states of the complexes was also studied. In the triplet state of N@C59N, 

the spin density of encapsulated nitrogen and that of host cage was found to be anti-

ferromagnetically coupled, opposite to the ferromagnetic coupling in its quintet state. Moreover, 

the values of spin density on the encapsulated nitrogen atom in triplet and quintet state of N@C59N 

suggested that the guest nitrogen atom retained its atomic spin. The present study also showed that 

the complexes (N@C60)2 and (N@C59N)2 are stable both in their septet and singlet states. Unlike in 

metallofullerenes, there is no electron transfer between guest and host species in the above 

complexes and hence guests retained their atomic spin. The spins of the respective guest nitrogen 

atoms of (N@C60)2 and (N@C59N)2 were antiferromagnetically and ferromagnetically coupled in 

their singlet and septet states, respectively. The study also showed that the complexes are spin 

degenerate and spin polarized in their lower and higher spin states, respectively.  

    The effect of the encapsulation of nitrogen atom inside various cages on the energy gap between 

HOMO and LUMO of the latter were examined. In all cases, the HOMO–LUMO energy gap is 

unaffected due to the encapsulation of nitrogen. Thus, stability of the complex is entirely due to the 

dispersion interaction between the encapsulated nitrogen and the host cage. It was also found that 

the formation of (C59N)2 and (N@C59N)2 from their respective monomers leads to an increase in 

the HOMO–LUMO energy gap in contrast to that for (C60)2 and (N@C60)2. The values of the 

thermodynamic parameters ΔG and ΔH for the complexes indicated that the formation of nitrogen 

atom encapsulated fullerene derivatives is thermodynamically feasible. 

     In conclusion, taking nitrogen-encapsulated fullerenes as a prototype of two spin center 

molecules, the stability, magnetic properties, and nature of interaction between two paramagnetic 

guest species encapsulated in adjacent cages were studied. The effect of a heteroatom on the 

surface of the cage in the interaction was also examined using an experimentally viable system.



CHAPTER 4 

 

49 
 

Chapter-4 

Structure, stability and properties of the boron encapsulated fullerene derivatives

 

4.1 Introduction 

The studies on heterofullerenes suggested that the properties of fullerenes can be altered by 

suitable substitution of carbon atom by heteroatom [114-122]. As mentioned in chapter 1, several 

experimental and theoretical reports are available on endohedral fullerenes and endohedral 

heterofullerenes discussing their structure, stability and various properties [71-91, 104-111, 135-

140]. In chapter 3 of the present thesis, the electron spin-spin coupling and spin density transfer in 

the endohedral complexes of C60, C59N and their respective dimers with nitrogen as the endohedral 

species were discussed. The above study revealed that unlike in N@C60, an antiferromagnetic or a 

ferromagnetic coupling between the guest and the host occurs in N@C59N, depending upon the 

spin state of the complex.  

     Like nitrogen, boron is also a reactive and paramagnetic atom adjacent to carbon in periodic 

table and is capable to form endohedral complexes with fullerene derivatives. Thus, it is interesting 

to know how the spin of encapsulated boron atom interacts with that of paramagnetic host 

fullerene derivatives or how the encapsulated boron atom affects the properties of the latter. Thus, 

the structure, stability and properties of boron atom encapsulated complexes of various fullerene 

derivatives (C60, C59B and C59N) are investigated in the present chapter. For this purpose, possible 

spin states of the complexes are considered. The electronic properties of the stable states of the 

boron atom encapsulated fullerene derivatives are discussed. The spin-spin interaction and spin 

density transfer between guest and host of the stable states of the above complexes are studied. 

Further, the spin polarization in the complexes is also examined. The effect of confinement on the 

isotropic hyperfine coupling constant (hfcc) of boron atom due to different cages is examined. The 

thermodynamic feasibility of the boron encapsulation in various fullerenes derivatives is 

determined.  
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4.2 Computational Methods      

All calculations were performed using Gaussian 09 program [261]. Geometry optimization was 

performed for C60, C59N, C59B, and their boron encapsulated derivatives using the hybrid density 

functional, B3LYP with and without Grimme’s empirical dispersion correction (B3LYP-GD2) in 

conjunction with 6-311G* basis set [224, 240]. The selection of methods B3LYP/6-311G* and 

B3LYP-GD2/6-311G* used was already justified in chapter 3. The value of hyperfine coupling 

constant for 
14

N (3.6 G) of C59N obtained by these methods also agrees well with the experimental 

value [121]. 

     For the complexes B@C59B and B@C59N, various possible spin states were considered. The 

stabilization energy was calculated as was given in equation 3.1. for various possible spin states of 

complexes and from which the most stable spin state was determined. The frequency analysis 

confirmed that the optimized geometry of the most stable state of each type of complexes 

corresponds to minima on the respective potential energy surface. The broken symmetry 

calculations were performed to analyze the antiferromagnetic singlet state of the complexes using 

their high spin state wave function. The wave functions corresponding to various spin states of 

different complexes were tested for their stability and confirmed that they are stable. In order to 

know the spin polarization in above complexes, the spin polarization parameter (ζ) was calculated 

using equation 2.42.  

     The vertical ionization energy (VIE) and vertical electron affinity (VEA) of the species were 

calculated from the energy of the neutral, cationic, and anionic species using the optimized 

geometries of the respective neutral species. The electron spin density associated with the 

heteroatom of cage and encapsulated boron atom of the complexes was also calculated. The spin 

density difference distribution and the isodensity surface of HOMO and LUMO were plotted using 

the program GaussView 5 [263]. The values of hyperfine coupling constant corresponding to the 

heteroatom of the cage and the guest species therein were calculated. To examine the 

thermodynamic feasibility of boron encapsulation inside various fullerene derivatives, the change 

in Gibbs free energy (ΔG) and change in enthalpy (ΔH) associated with the encapsulation of boron 

inside the cage was calculated as was done in chapter 3 for similar systems. The absorption studies 

were performed using the TDDFT formalism at the B3LYP/6-311G* level. 

 



CHAPTER 4 

 

51 
 

4.3 Results and discussion 

4.3.1 Structure, stability and host–guest interaction 

The optimized geometries of different complexes for their various spin states are depicted in figure 

4.1. The calculated values of stabilization energies for various spin states of the complexes are 

listed in table 4.1. The stabilization energy of −11.52 kcal/mol for B@C60 obtained at B3LYP-

GD2/6-311G* level compared to that of 6.0 kcal/mol at the B3LYP/6-311G* level suggests that 

the stabilization of the complex mainly arises due to the dispersion interaction between the guest 

and the host. In the stable state of the complex, boron atom occupied at the centre of host cage. 

     The stabilization energy of the complex that formed by the encapsulation of boron atom inside 

the paramagnetic cage C59B shows that, among the possible two spin states of the complex 

B@C59B, the singlet state is ∼40.0 kcal/mol more stable than the triplet one. In the complex 

1
[B@C59B], the encapsulated boron is located near to one of C5B hexagonal rings of the cage 

which forms a nearly hexagonal pyramidal geometry. The distances of encapsulated boron to 

atoms of C5B hexagonal ring of the cage are in the range of 1.95–2.13 Å as shown in figure 4.2. In 

the triplet state of the complex, the encapsulated boron is located near to the center of the cage. 

The studies also showed that the complex B@C59N is stable in its singlet and triplet states with the 

stabilization energy of -24.12 and -12.46 kcal/mol, respectively, which indicates that the former is 

more stable by 11.66 kcal/mol than the latter. In the complex 
1
[B@C59N], the encapsulated boron 

is located adjacent to a C5 pentagonal ring of the cage that is bonded to nitrogen of the cage, 

thereby forming an approximate pentagonal pyramidal structure. The distances of encapsulated 

boron atom to nearby C5 pentagonal ring of 
1
[B@C59N] are in the range of 1.84–1.96 Å as 

indicated in figure 4.2. In the triplet state of B@C59N, the encapsulated boron is located near the 

center of the cage.  

     To investigate the stability of antiferromagnetic singlet state of the complex, broken symmetry 

calculations were performed for the complexes. The stabilization energy of the antiferromagnetic 

states of B@C59B and B@C59N are 40.89 kcal/mol and 11.72 kcal/mol higher energy than the 

corresponding closed shell singlet states. The antiferromagnetic singlet and triplet states were 

found to be of same energy. 
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Table 4.1. Stabilization energy (kcal/mol) of various endohedral fullerene complexes in their 

different spin states. The basis set superposition error (BSSE) corrected values are given in 

parentheses. 

 

Complexes Multiplicity B3LYP/6-311G* B3LYP-GD2/6-311G* 

B@C60 2 6.00 (7.95) -11.52 (-9.56) 

B@C59B 

1 -43.20 (-41.20) -52.68(-50.61) 

3 5.79 (7.63) -11.57(-9.67) 

B@C59N 

1 -13.72 (-11.21) -24.12 (-21.48) 

3 5.13 (7.07) -12.46 (-10.51) 
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Figure 4.1. Optimized geometries of the complexes in their different spin states. 
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C59B 

 

1
[B@C59B] 

Figure 4.2.  Figure  illustrating  the  internuclear  distances  for  some  of  the  selected  atoms  

of C59B,  C59N  and  their  complexes. The diameter of the cage with respect to the 

heteroatom, its nearest carbon and along the perpendicular direction is also shown in the 

right bottom of each panel.        

1.44

1.45

2
.0

8

DB-hexa = 7.24 Å 

DC-hexa = 7.08 Å 

D
┴

C-hexa = 7.11 Å 

DB-hexa = 7.27 Å 

DC-hexa = 7.08 Å 

D
┴

C-hexa = 7.08 Å 



CHAPTER 4 

 

55 
 

 

C59N 

 

1
[B@C59N] 

Figure  4.2.  continued.   
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    To get further insight on the nature of interaction, the natural bond orbital (NBO) analysis was 

carried out for the above complexes. The NBO analysis indicated strong interaction between the 

encapsulated boron and the nearby hexagonal or pentagonal rings of the cages mentioned above. 

The analysis also revealed that the interaction of guest atom with heteroatom of the cage is more 

prominent in 
1
[B@C59B] than in 

1
[B@C59N], leading to a higher stabilization energy for the 

former. 

    It should be mentioned that although the substitution of one of the carbon atoms of C60 by a 

heteroatom (B/N) causes slight distortion of the cage, encapsulation of boron atom inside the cage 

did not show significant distortion further. The changes in C–C and C–B (or C–N) bond lengths 

for the nearby hexagonal rings of B@C59B (or pentagonal ring of B@C59N) are less than ∼0.03 Å 

as evident from figure 4.2. To know the effect of the encapsulation of guest boron on the size of 

cage, the diameter of the cage in different directions are determined for the complexes as well as 

for the free cage as shown in figure 4.2. The diameter of the cage C59B (or C59N) with respect to 

heteroatom of the cage and its nearest carbon are represented by DB-hexa (or DN-hexa) and DC-hexa, 

respectively, whereas the diameter along the perpendicular direction of heteroatom is represented 

by D
┴

C-hexa. As expected, the change in size of the cage due to encapsulation of boron is negligible 

as reflected from the values of diameters. 

4.3.2  Electronic properties 

4.3.2.1 Electron affinity and ionization energy 

To study the electronic properties of complexes, vertical electron affinity (VEA) and vertical 

ionization energy (VIE) of different spin states of the complexes are calculated and are listed in 

table 4.2. From the table, it can be seen that the values of VEA and VIE of C60 are -2.44 eV and 

7.63 eV, respectively. On encapsulation of boron atom inside C60, the value of VEA is decreased 

by 0.68 eV compared to that of C60. On the other hand, the VIE of C60 is not much affected due to 

the encapsulation of boron atom. Similarly, the electron affinity of the most stable state of the 

complex B@C59B is 1.07 eV less than that of its host cage C59B. With the encapsulation of boron, 

the vertical ionization energy of C59B is increased by 0.21 eV for the most stable state of the 

resultant complex B@C59B. This suggests that the electron donating propensity is reduced 

significantly with the encapsulation of boron, probably due to the electron deficiency of boron 

atom. On the other hand, the electron affinity and ionization energy for triplet state of B@C59B is 
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found to be nearly unchanged with respect to C59B. The encapsulation of boron in C59N does not 

change the vertical electron affinity of C59N for any of the spin states of complex. In contrast, the 

vertical ionization energy of 
1
[B@C59N] is increased by 0.40 eV compared to that of free host cage 

although it is unaltered for triplet state of the complex. The ionization energy of most stable state 

of the resultant complex suggests that C59N has more tendency to donate an electron than that for 

B@C59N. The heterofullerene C59B has more propensity to accept electrons among all the species 

considered. 

4.3.2.2 Energy gap between HOMO and LUMO 

To know more about electronic properties of the complexes, isodensity surfaces of HOMO and 

LUMO as well as the energy gap between them are analyzed. The isodensity surfaces of HOMO 

and LUMO of the complexes in their different spin states are depicted in figure 4.3. For the 

complexes with unpaired electrons, α-spin orbitals are shown in figure 4.3. The corresponding β-

spin orbitals are shown in figure 4.4. The values of energy gap between the respective HOMO and 

LUMO of C60, C59B, C59N, and their boron encapsulated complexes are listed in table 4.2. It can be 

inferred from the figure that HOMO corresponding to α-spin of B@C60 is mainly formed by 

orbitals of boron atom. The LUMO of the above is formed by orbitals of carbon atoms of C60 and 

resembles LUMO of C60. Because of the encapsulation of boron, HOMO–LUMO energy gap of 

C60 is decreased by ∼1.0 eV. 

     It was also found that the HOMO–LUMO energy gap of the complexes varies with their spin 

states. For example, HOMO–LUMO energy gap of B@C59B is 2.52 eV for its singlet state, 

whereas that of triplet state is 1.79 eV. The frontier molecular orbitals of the singlet state of 

B@C59B are formed by the orbitals of both guest and host species whereas those for the triplet 

state are formed either by the orbitals of one of the guest or host species. The HOMO–LUMO 

energy gap of B@C59N in its triplet state remains nearly the same as that of C59N. However, the 

HOMO–LUMO energy gap of B@C59N in its singlet state is increased slightly by 0.21 eV with 

respect to the host cage. It can be inferred from figure 4.3 that the frontier molecular orbitals of 

B@C59N in its singlet state are formed from orbitals of both components of the complex. For 

triplet state of B@C59N, the frontier molecular orbitals are mainly formed by the contribution of 

host cage. The above results show that HOMO–LUMO energy gap for the singlet state of B@C59B 

and B@C59N is slightly more than that of the respective host cages. 
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Table 4.2. Values of vertical electron affinity (VEA), vertical ionization energy (VIE), and the 

energy gap between HOMO and LUMO (ΔEHOMO–LUMO) of complexes in their different spin 

states obtained at the B3LYP/6-311G* Level. The values obtained at B3LYP-GD2/6-311G* 

level are given in parentheses. 

Complexes Multiplicity VEA (eV) VIE (eV) ΔEHOMO-LUMO (eV) 

C60 1 -2.44 (-2.44) 7.63 (7.62) 2.75 (2.74) 

B@C60 2 -1.76 (-1.76) 7.72 (7.74) 
α=1.77 (1.78) 

β=2.72 (2.72) 

C59B 2 -3.59 (-3.59) 7.23 (7.23) 
α=2.41 (2.40) 

β=1.54 (1.54) 

 

B@C59B 

1 -2.52 (-2.52) 7.44 (7.44) 2.52 (2.52) 

3 -3.58(-3.61) 7.17(7.17) 
α=1.79 (1.79) 

β=1.53 (1.53) 

C59N 2 -2.72 (-2.72) 6.19 (6.19) 
α=1.27 (1.27) 

β=2.46 (2.45) 

 

B@C59N 

1 -2.72 (-2.72) 6.59 (6.60) 1.48 (1.48) 

3 -2.68(-2.68) 6.18(6.18) 
α=1.26 (1.26) 

β=2.46 (2.46) 
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Figure 4.3. Isodensity surface plots of α-spin highest occupied and lowest unoccupied 

molecular orbitals of the complexes in their different spin states with an isodensity value of 

0.02. 
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Figure   4.4.   The  β-spin   isodensity   surface   of   highest   occupied   and   lowest 

unoccupied molecular orbitals of the paramagnetic species with an isodensity value of 0.02. 
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4.3.3 Spin–Spin coupling between guest and host 

To get insight on spin–spin coupling and electron spin density transfer between guest and host 

cage, electron spin density of guest and heteroatoms of the cage for various complexes are 

calculated and are listed in table 4.3. The spin density difference plots for complexes are depicted 

in figure 4.5. It can be seen from the table that boron atom of B@C60 has an electron spin density 

of 1.00 e/au
3
, keeping its original electronic configuration. This also indicates that there is no 

transfer of spin density from the trapped boron to the host cage or vice versa. It is also evident 

from spin density difference plot of the above complex that spin density is distributed only on the 

guest. For the triplet state of B@C59B, spin of guest and that of host is ferromagnetically coupled 

without the transfer of spin density between guest and host. Similarly, ferromagnetic coupling also 

occurs in the triplet state of B@C59N without any spin density transfer between its components. 

Thus, the above observation clearly indicates the possibility of a core@shell type ferromagnetic 

coupling between guest and host cage in the triplet state of B@C59B and B@C59N. It can also be 

concluded that the boron atom retains it atomic spin in 
2
[B@C60], 

3
[B@C59B] and 

3
[B@C59N].  

     In order to know the spin polarization in the complexes, the spin polarization parameter (ζ) for 

the complexes is calculated and is listed in table 4.3. The value of spin polarization parameter (ζ) 

for 
2
[B@C60] is 1.00 which indicates that the complex is spin polarized. Similarly, the complexes 

3
[B@C59B] and 

3
[B@C59N] are also spin polarized as reflected from corresponding spin 

polarization parameter (ζ) of 1.00.  

4.3.4 Hyperfine coupling constant (hfcc) 

The effect of confinement on the hyperfine coupling constant (hfcc) of boron due to the 

diamagnetic C60 cage as well as paramagnetic C59B and C59N cages was examined. In addition, the 

hfcc of the heteroatom of the cages in both the complexes and free state were calculated. The 

calculated values of hfcc for guest as well as for heteroatom of the cage of various complexes are 

listed in table 4.3. From the table, it can be seen that the value of hfcc obtained for free boron is 

4.52 G at B3LYP/6-311G* and B3LYP-GD2/6-311G* levels of theory. The value of hfcc of boron 

is decreased to 1.07 G when it is encapsulated inside C60, although there was no change in its 

electron spin density. For complexes 
3
[B@C59B] and 

3
[B@C59N], hfcc of trapped boron is further 
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          Table 4.3. The spin density values (in e/au
3
) and hyperfine coupling constant values (hfcc) (in Gauss) on the heteroatom of cage    

          and encapsulated boron atom of various complexes along with the values of spin polarization parameter of the complexes.  

 

 

Complexes Multiplicity 

B3LYP/6-311G* B3LYP-GD2/6-311G* 

Spin Density hfcc ζ Spin Density hfcc ζ 

B 2 1.00 4.52 1.00 1.00 4.52 1.00 

B@C60 2 Bencap=1.00 Bencap=1.07 1.00 Bencap=1.00 Bencap=1.07 1.00 

C59B 2 Bcage=0.14 Bcage=-1.09 1.00 Bcage=0.14 Bcage=-1.08 1.00 

B@C59B 3 

Bencap=1.00 

Bcage=0.14 

Bencap=0.47 

Bcage=-0.54 

1.00 

Bencap=1.00 

Bcage=0.14 

Bencap=0.43 

Bcage=-0.54 

1.00 

C59N 2 Ncage=0.08 Ncage=3.67 1.00 Ncage=0.08 Ncage=3.63 1.00 

B@C59N 3 

Bencap=1.00 

Ncage=0.08 

Bencap=0.51 

Ncage=1.86 

1.00 

Bencap=1.00 

Ncage=0.08 

Bencap=0.51 

Ncage=1.86 

1.00 
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Figure 4.5. Spin density difference plots of various complexes in their different spin states 

with isodensity value of 0.0004. The blue color represents the excess of α-spin density, and 

the orange color represents the excess of β-spin density. 
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reduced to 0.47 G and 0.51 G, respectively, showing the effect of encapsulation by a paramagnetic 

cage. Despite a decrease in the value of hfcc, the electron spin density of encapsulated boron for 

the complexes B@C59B and B@C59N remained the same as in its free state. Further, the hyperfine 

coupling constant of heteroatoms of the cages C59B and C59N with and without guest species are 

also analyzed. As evident from table, the value of hfcc of boron in C59B is −1.09 G, which is 

increased to −0.54 G by encapsulating a boron atom inside. On the other hand, hfcc of nitrogen in 

C59N (3.67 G) is decreased to 1.86 G on encapsulating the guest species inside. Thus, hfcc of 

encapsulated boron atom of the complexes is decreased in the order B@C60 > B@C59N > 

B@C59B. 

 

4.3.5 Thermodynamics of encapsulation of boron in fullerene derivatives 

The thermodynamic feasibility of the encapsulation of boron atom in fullerene derivatives is 

investigated based on the values of the change in Gibbs free energy (ΔG) and change in enthalpy 

(ΔH). Therefore, the values of ΔG and ΔH associated with the encapsulation of boron atom inside 

fullerene derivatives are determined and are tabulated in table 4.4. As complexes were found to be 

stable at B3LYP-GD2/6-311G*, the values of ΔG and ΔH obtained at this level are discussed. The 

values of ΔG and ΔH for the complex 
2
[B@C60] are -5.92 and -11.64 kcal/mol indicated that the 

encapsulation of boron atom inside C60 is thermodynamically feasible. The encapsulation of boron 

atom inside C59B is thermodynamically feasible for the singlet and triplet states of resultant 

complex as reflected from their corresponding values of ΔG and ΔH. The formation of the singlet 

state of B@C59B is more feasible than its triplet state by 38.01 kcal/mol with respect to ΔG and 

40.66 kcal/mol with respect to ΔH. The values of ΔG and ΔH for the singlet state of B@C59N are -

14.52 and -23.97 kcal/mol, respectively, indicate the formation of complex. Similarly, the 

formation of its triplet state is also possible as reflected from the values of ΔG and ΔH (-5.95 and -

12.10 kcal/mol, respectively). The formation of singlet state of B@C59N is more feasible than its 

triplet state as evident from the values of ΔG and ΔH. Thus, it can be concluded that the 

encapsulation of boron inside various fullerene derivatives is thermodynamically feasible. 
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      Table 4.4. The change in Gibbs free energy (ΔG) and change in enthalpy (ΔH) due to the boron atom encapsulation in fullerene     

      derivatives. 

 

 

Complexes 

Multiplicity 

ΔG (kcal/mol) ΔH (kcal/mol) 

B3LYP/6-311G* B3LYP-GD2/6-311G* B3LYP/6-311G* B3LYP-GD2/6-311G* 

B@C60 2 12.52 -5.92 5.58 -11.64 

B@C59B 1 -33.07 -42.36 -42.42 -51.79 

B@C59B 3 13.15 -4.35 5.99 -11.13 

B@C59N 1 -4.60 -14.52 -13.90 -23.97 

B@C59N 3 12.24 -5.95 5.13 -12.10 
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4.4  Conclusion 

In the present chapter, the structure as well as electronic, magnetic, and spectral properties of 

boron encapsulated C60, C59B, and C59N were investigated using density functional theoretical 

methods. The study showed that in B@C60 the boron atom locates at the center of the cage. The 

complex was found to be stable due to dispersion interaction between the guest and the host. The 

complexes B@C59B and B@C59N exist in two different stable spin states, viz. singlet and triplet. 

For both types of complexes, the singlet state was found to be more stable than the triplet state 

analogue. The study also revealed that the size of the fullerene cage was unaffected due to the 

encapsulation of boron atom inside. The calculated values of vertical electron affinity (VEA) and 

vertical ionization energy (VIE) obtained for the complexes indicate that C59B has more propensity 

to accept the electrons than C60, 
2
[B@C60], 

1
[B@C59B], C59N, 

1
[B@C59N] and 

3
[B@C59N]. On the 

other hand, C59N and 
3
[B@C59N] have more tendency to donate electrons. With the encapsulation 

of boron inside C60, C59B, and C59N, the HOMO–LUMO energy gap of respective cages is either 

increased or decreased depending upon the spin states of complexes. 

      The calculated electron spin density values of guest and host indicated the absence of any spin 

density transfer between the component species. In 
2
[B@C60],

 3
[B@C59B] and 

3
[B@C59N], the 

boron atom retained its atomic spin as in its free state. The studies also showed ferromagnetic spin 

coupling between guest and host in triplet state of the complexes B@C59B and B@C59N. The 

results also showed that the complexes 
2
[B@C60],

 3
[B@C59B] and 

3
[B@C59N] are spin polarized. 

The value of the hyperfine coupling constant of boron is decreased due to its encapsulation in a 

cage, and the change was found to be more prominent inside the paramagnetic cages. The 

calculated values of the thermodynamic parameters ΔG and ΔH for the boron encapsulated 

fullerene derivatives indicated that the encapsulation of boron atom inside the latter is 

thermodynamically feasible. The thermodynamic feasibility of the formation of the singlet states of 

the complexes B@C59B and B@C59N was found to be more compared to their respective triplet 

states.  
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Chapter-5 

Structure, stability and properties of the dimers of B@C59N and N@C59B 

 

5.1 Introduction 

In chapter 3, it was shown that the spins of the trapped nitrogen atom and the host C59N cage 

couple each other either antiferromagnetically or ferromagnetically without the transfer of spin 

density depending upon multiplicity of the complexes. It was also revealed that the anti-

ferromagnetic and ferromagnetic states of (N@C60)2 are isoenergetic and there is no spin density 

transfer between the guests or between the guest and the host. The above results also hold true for 

(N@C59N)2. Later in chapter 4, boron encapsulated in C60, C59B and C59N were investigated. The 

ferromagnetic interaction was observed between the respective components of the complexes 

B@C59N and B@C59B in their triplet spin states. Interestingly, in this case also, spin density 

transfer was not observed between the components of the complexes.  

     Considering the lack of spin density transfer for the complexes studied in previous chapters, to 

seek the possibility of spin density transfer in the heterodimers of endohedral heterofullerenes 

(B@C59N)2, (N@C59B)2 and (B@C59N–N@C59B) due to the presence of different types of 

heteroatoms on or inside the cage. The structure, stability and properties of the above complexes 

are studied in this chapter.  

     To investigate the spin polarization and spin degeneracy of the complexes, the spin polarization 

parameter is calculated and analyzed. The thermodynamic feasibility of the formation of the 

complexes both via the encapsulation of guest species in the host dimer [(C59B)2, (C59N)2 and 

(C59B–C59N)] and via the dimerization of respective monomer units are studied. The effect of 

encapsulation of guest atoms on the electronic properties of the parent cage is also discussed in this 

chapter. 
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5.2 Computational methods 

The electronic structure program Gaussian 09 was used for all of the calculations [261]. 

Considering the fact that B3LYP functional does not stabilize the endohedral complexes of 

fullerenes and heterofullerenes as mentioned in previous chapters, only the dispersion corrected 

B3LYP functional (B3LYP-GD2) in conjunction with the 6-311G* basis set was used for the 

present study [224, 240]. As was mentioned in chapters 3-4, the experimentally reported electronic 

properties of C60 were in excellent agreement with the calculated values thereby justifying the level 

of calculation used. Like previous studies, all possible spin states of the complexes were 

considered. To confirm that the optimized geometries belong to minima on the potential energy 

surface, frequency calculations were performed. The stability of the wave functions of the 

complexes having unpaired electrons was also verified. The interaction between the radical centers 

was examined using the broken symmetry calculations as was explained in chapter 2. 

     The stabilization energy of various endohedral heterofullerenes was computed using the 

supermolecule approach by subtracting the energies of guest atoms and host cages from the energy 

of the respective complexes in their optimized geometries as was done in other chapters. To 

investigate the spin–spin interaction and spin density transfer, the spin density difference was 

calculated and plotted for various stable states. The spin density difference and molecular orbitals 

were plotted using the program GaussView5 [263]. To get more insight on the spin polarization of 

the complexes, the spin polarization parameter was calculated as discussed in chapter 2. 

     To determine the thermodynamic feasibility of complex formation, the change in Gibbs free 

energy (ΔG) and change in enthalpy (ΔH) associated with the encapsulation of guest species in the 

cage as well as those due to the dimerization of endohedral heterofullerenes were calculated using 

equation 3.2 and 3.3. The vertical ionization energy (VIE) and vertical electron affinity (VEA) of 

various species were computed using the energies of their neutral and ionic analogues 

    In chapter 3, it was reported that the nitrogen atom retained its spin inside C59N, therefore it is 

important to study how the spins of atomic nitrogen behaves on encapsulating in C59B. Thus, the 

structure, stability and properties of N@C59B are investigated in the present study. The optimized 

geometries of the complex N@C59B in its various spin states are shown in figure 5.1. The 

stabilization energy, spin density values of heteroatoms, spin polarization parameter (ζ), electronic 

properties (VIE, VEA and ΔEHOMO-LUMO) and thermodynamic parameters (ΔG and ΔH) of various 

complexes are tabulated in table 5.1. The stabilization energy for the singlet, triplet and quintet 

states of N@C59B is -7.11, -9.96 and -10.02 kcal/mol suggesting that the complex is most stable in 
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its quintet state which is nearly isoenergetic with triplet state. The guest atom is located at the 

center of the host cage in 
3
[N@C59B] and 

5
[N@C59B], whereas it is located near inner surface of 

the host in 
1
[N@C59B].  To investigate the spin-spin coupling and spin density transfer between 

nitrogen and C59B, the spin density values on the heteroatoms of the complex are analyzed. The 

spin density distribution plots for the stable states of N@C59B are shown in figure 5.2. For 

3
[N@C59B], 

5
[N@C59B], the antiferromagnetic and ferromagnetic coupling occurs, respectively, 

between nitrogen and C59B without any spin density transfer. As evident from the values listed in 

table 5.1, the nitrogen atom retained its atomic spin inside C59B for triplet and quintet states of the 

resultant complex. The complex N@C59B is partially and fully spin polarized in its triplet (ζ=0.50) 

and quintet (ζ=1.00) states, respectively.  

     To know the effect of encapsulation of nitrogen on the electronic properties of C59B, various 

electronic properties such as VIE, VEA and ΔEHOMO-LUMO of the complex as well as that of host 

cage are calculated and are listed in table 5.1. The electron affinity of C59B is -3.59 eV which is 

unaltered due to the encapsulation of nitrogen for the triplet and quintet states of the resultant 

complex. However, for 
1
[N@C59B], the electron affinity is decreased by 1.13 eV. On 

encapsulating nitrogen atom, the ionization energy of C59B is not significantly changed for various 

spin states of the complex except for the triplet state for which it is increased slightly by 0.28 eV. 

For 
1
[N@C59B] and 

5
[N@C59B], the energy gap between HOMO and LUMO is found to be the 

same as that of C59B, however, it is decreased by 0.86 eV for 
3
[N@C59B]. To examine the 

thermodynamic feasibility of the formation of N@C59B for its various spin states, the change in 

Gibbs free energy (ΔG) and change in enthalpy (ΔG) associated with the encapsulation of nitrogen 

inside C59B are calculated.  From the values of ΔG and ΔH, it is found that the formation of 

N@C59B is thermodynamically feasible in its triplet and quintet states.  

     In order to investigate the homo and heterodimers of B@C59N and N@C59B, the minimum 

energy structures of the host cages (C59N)2, (C59B)2 and (C59N–C59B) are selected. For this 

purpose, the relative energies of the cis and trans conformers of these host cages were calculated 

and are listed in table 5.2. As seen from table, trans-isomers of (C59N)2, (C59B)2 and (C59N–C59B) 

were found to be lower in energy by 8.45, 6.30 and 0.17 kcal/mol with respect to their respective 

cis-isomers. Thus, trans forms of the above species were selected for further studies.    
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Figure 5.1. The optimized geometries of N@C59B in its various spin states. 

 

 

 

Figure 5.2. The spin density distribution plot of triplet and quintet states of N@C59B with an 

isodensity value of 0.0004.  

 

     

 

1[N@C59B] 3[N@C59B] 5[N@C59B]

3[N@C59B] 5[N@C59B]

-4.858e-4 4.858e-4
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Table 5.1. The stabilization energy and various properties of C59B and its nitrogen 

encapsulated complex. The value of stabilization energy with BSSE corrections are given in 

parenthesis.  

System Multiplicity Stabilization energy(kcal/mol) 

N@C59B 

1 -7.11 (-3.08) 

3 -9.96 (-7.77) 

5 -10.02 (-7.83) 

 Spin density (e/au
3
) Spin polarization parameter (ζ) 

C59B 2 Bcage=0.14 1.00 

N@C59B 

3 

Nencap=2.97 

Bcage=-0.15 0.50 

5 

Nencap=2.97 

Bcage=0.14 1.00 

 VEA (eV) VIE (eV) ΔEHOMO-LUMO (eV) 

C59B 2 -3.59 7.23 

α=2.40 

β=1.54 

N@C59B 

1 -2.46 7.29 2.44 

3 -3.59 7.51 

α=1.54 

β=2.34 

5 -3.59 7.23 

α=2.41 

β=1.54 

  ΔG (kcal/mol) ΔH (kcal/mol) 

N@C59B 

1 4.81 -5.91 

3 -2.87 -9.45 

5 -3.20 -9.50 
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Table 5.2 Relative energies (kcal/mol) of cis and trans form of (C59N)2, (C59B)2 and (C59B-

C59N). 

System Trans Cis 

(C59N)2 0.00 8.45 

(C59B)2 0.00 6.30 

C59B-C59N 0.00 0.17 

            

5.3 Results and discussion 

5.3.1 Structure and stability of the complexes 

The calculated stabilization energies for all possible spin states of the dimers of various endohedral 

heterofullerenes are listed in table 5.3. The optimized geometries of the stable states of the above 

complexes are shown in figure 5.3. The complex (B@C59B)2 is found to be stable in its singlet 

state with a stabilization energy of −62.35 kcal/mol. The triplet state of the above complex is also 

stable, although the stabilization energy of the latter is decreased by ∼37.5 kcal/mol. For the 

singlet state, the encapsulated boron atoms are close to the cage, whereas they are near to the 

centre of the cage for the triplet state. Unlike singlet and triplet states of (B@C59B)2, the 

complexes 
1
[(B@C59N)2] and 

3
[(B@C59N)2] were found to be isoenergetic with the stabilization 

energy of -24.23 kcal/mol and the guest species are located close to the centre of the cage. The 

stabilization energy of triplet and quintet states of B@C59N–N@C59B is -22.20 and -22.22 

kcal/mol, respectively, which indicated that they are nearly isoenergetic. The guest atoms reside at 

the centre of respective cages in the triplet and quintet states of B@C59N–N@C59B. The 

stabilization energy of the singlet state of the above complex is -6.15 kcal/mol, which is ∼16.0 

kcal/mol less than its triplet and quintet states. The complex (N@C59B)2 is stable in its septet state, 

for which the guest species are located at the centre of the host cages, although the complex 

(N@C59N)2 was stable in both the singlet and septet state as discussed in chapter 3. In the complex 

(B@C60)2, the guest atoms occupy at the centre of C60 cage similar to (N@C60)2 reported in chapter 

3. The singlet and triplet states of the complex (B@C60)2 are isoenergetic with the stabilization 

energy of −24.75 kcal/mol. 
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Table 5.3. Stabilization energies (ΔEstab) of various endohedral heterofullerenes for their 

different spin states obtained at B3LYP-GD2/6-311G* level.  The basis set superposition 

error (BSSE) corrected values of stabilization energies are given in parenthesis.  

 

Complexes Multiplicity ΔEstab (kcal/mol) 

 

(B@C59B)2 

1 -62.35 

3 -24.89 (-20.92) 

5 14.76 

 

(B@C59N)2 

1 -24.23 

3 -24.23 (-20.33) 

5 10.17 

N@C59B-B@C59N 

1 -6.15 

3 -22.20 (-18.19) 

5 -22.22 (-18.18) 

7 14.46 

 

(N@C59B)2 

1 2.54 

3 29.76 

5 17.74 

7 -20.05 (-15.70) 

9 18.68 

(B@C60)2 

1 -24.75 

3 -24.75 (-20.43) 

5 14.69 
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Figure 5.3. Optimized geometries of various stable spin states of different endohedral 

heterofullerenes. The grey, violet and green colored spheres represent carbon, boron and 

nitrogen atoms, respectively. The multiplicity of the complexes is given in superscript. 

 

C59B-C59B

C59B- C59N

1[(B@C59B)2]

3[(B@C59B)2]

3[(B@C59N)2]

3[(B@C59N-N@C59B]

5[(B@C59N-N@C59B]

7[(N@C59B)2]

1[(B@C59N-N@C59B]

3[(B@C60)2]
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5.3.2 Spin polarization and transfer of spin density     

The values of spin density of the heteroatoms present in various complexes are given in table 5.4. 

The calculated values of spin polarization parameter (ζ) for the stable states of complexes are also 

provided in the table. The plots of spin density distribution for various complexes are shown in 

figure 5.4. For 
1
[(B@C59B)2], the values of spin density on the encapsulated boron atoms are -0.68 

and 0.68 e/au
3
, respectively, which indicate that the spin density is shifted from the guest atom to 

the respective host cage, followed by antiferromagnetic spin coupling between two monomer units. 

In 
3
[(B@C59B)2], such a shift in spin density is not observed, rather the spins of the encapsulated 

boron atoms are ferromagnetically coupled. Depending upon the spin states of (B@C59N)2, the 

interaction between unpaired electrons of the encapsulated boron atoms and their respective host 

cage is either antiferromagnetic or ferromagnetic without any shift of spin density between them. 

As discussed in chapter 3, the spin density transfer between guest and host species was not 

observed for the analogous (N@C59N)2 or (N@C60)2. In triplet state of the heterodimer B@C59N–

N@C59B, the value of spin density on encapsulated boron and nitrogen atoms are -1.00 and 2.97 

e/au
3
 suggesting the encapsulated atoms are antiferromagnetically coupled, whereas in its quintet 

state, the coupling is ferromagnetic without spin density transfer. The values of spin density on 

trapped boron and nitrogen are 1.00 and 2.97 e/au
3
. In contrast to 

3
[B@C59N–N@C59B] and 

5
[B@C59N–N@C59B], the spin density is shifted from trapped nitrogen to its host cage in singlet 

state. Similarly, a shift of spin density is observed from the encapsulated boron to its host cage 

followed by antiferromagnetic coupling between two monomer units. The spin of guest nitrogen 

atoms in 
7
[(N@C59B)2] interact ferromagnetically without spin density transfer between guest and 

host. In (B@C60)2, the spin of each boron atom interacts anti-ferromagnetically and 

ferromagnetically in its singlet and triplet states, respectively, without spin transfer as reflected 

from the values of spin density. 
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Table 5.4. The spin density of various heteroatoms and the spin polarization parameter (ζ) 

for the stable endohedral complexes 

 

Complexes Multiplicity Spin Density (e/au
3
) 

Spin Polarization 

Parameter (ζ) 

 

(B@C59B)2 

1 
(Bencap)1=-0.68, (Bencap)2=0.68 

(Bcage)1=-0.09 (Bcage)2=0.09 
0.00 

3 
(Bencap)1=(Bencap)2=0.95 

(Bcage)1=(Bcage)2=0.04 
1.00 

 

(B@C59N)2 

1 
(Bencap)1=1.00, (Bencap)2=-1.00 

(Ncage)1=(Ncage)2=0.00 
0.00 

3 
(Bencap)1=(Bencap)2=1.00 

(Ncage)1=(Ncage)2=0.00 
1.00 

 

 

N@C59B-B@C59N 

1 
(Nencap)=-0.13, (Bencap)=0.0 

(Ncage)=(Bcage)=0.00 
0.00 

3 
(Nencap)=2.97, (Bencap)=-1.00 

(Ncage)=(Bcage)=0.00 
0.50 

5 
(Nencap)=2.97, (Bencap)=1.00 

(Ncage)=(Bcage)=0.00 
1.00 

(N@C59B)2 7 
(Nencap)1=(Nencap)2=2.97 

(Bcage)1=(Bcage)2=0.00 
1.00 

(B@C60)2 

1 (Bencap)1=1.00, (Bencap)2=-1.00 0.00 

3 (Bencap)1=(Bencap)2=1.00 1.00 
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Figure 5.4. Spin density difference plots for various endohedral heterofullerenes in their 

stable spin states for an isodensity value of 0.0004. The blue color represents an excess of α-

spin density, and the orange color represents an excess of β-spin density. The multiplicity of 

the complexes is given in superscript. 

 

3[(B@C59N)2]

1[(B@C59N)2]

1[(B@C59B)2]
3[(B@C59B)2]

7[(N@C59B)2]

1[N@C59B-B@C59N] 3[(N@C59B-B@C59N]

5[(B@C59N-N@C59B]

-4.858e-4 4.858e-4
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     To know more about the spin polarization and spin density transfer, the spin polarization 

parameter was calculated as mentioned in chapter 2 and the results are listed in table 5.4. The 

relevant molecular orbitals of these species are depicted in table 5.5. The highest occupied 

molecular orbitals (degenerate α- and β-spin orbitals) of 
1
[(B@C59B)2] suggest that the electron 

density is distributed on guest as well as on host species. In addition, the spin density values given 

in table 5.4 clearly indicate the transfer of spin density from guest to host in 
1
[(B@C59B)2]. 

Moreover, the zero value of the spin polarization parameter and the degeneracy of the α- and β-

spin orbitals of 
1
[(B@C59B)2] confirm the spin degeneracy of the complex. In contrast to the 

singlet state, the unpaired electrons are localized only on guest boron in its triplet state, leading to 

ferromagnetic coupling. The spin polarization parameter of 1.00 for 
3
[(B@C59B)2] suggests that 

the complex is fully spin polarized. The complexes 
1
[(B@C59N)2] and 

3
[(B@C59N)2] are spin 

degenerate and fully spin polarized as reflected from the corresponding values of spin polarization 

parameter (0.00 and 1.00). Further, the respective molecular orbitals of 
1
[(B@C59N)2] and 

3
[(B@C59N)2] suggest the antiferromagnetic and ferromagnetic spin coupling between guest atoms 

of the complexes, respectively.  

     The spin density transfer from guest to host followed by the antiferromagnetic coupling 

between two units occurs in 
1
[B@C59N–N@C59B]. The zero value of spin polarization parameter 

(table 5.4) for the complex also indicates that the complex is spin degenerated. In contrast to 

singlet state of B@C59N–N@C59B, for the triplet and quintet states, the unpaired electrons are 

localized only on guest atoms leading to their antiferromagnetic and ferromagnetic coupling for 

these states (table 5.5). Further, as reflected from the values of spin polarization parameter listed in 

table 5.4, the complex B@C59N–N@C59B in its triplet state (ζ = 0.50) is partially spin polarized, 

whereas the quintet state (ζ = 1.00) is fully spin polarized. The spin polarization parameter value of 

1.00 and relevant molecular orbitals of 
7
[(N@C59B)2] reveal that the complex is fully spin 

polarized along with the ferromagnetic coupling between encapsulated nitrogen atoms. The spin 

degeneracy of the singlet state of (B@C60)2 and the fully spin polarized nature of its triplet state are 

evident from the values of table 5.4 and 5.5. 
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Table 5.5. The relevant molecular orbitals showing the spin density distribution for an isodensity value of 0.02 of stable spin states of 

various endohedral heterofullerenes. The energies of molecular orbitals are given in Hartree.  

 

(B@C59B)2 

  Singlet Triplet 

Molecular 

Orbital 

 

 

 

 
 

 

 

(B@C59N)2 
Molecular 

Orbital 

 

 

 

 

(B@C60)2 
Molecular 

Orbital 

 

 

 
 

 

 

 
 

 (…continued) 

-0.20351 

-0.20377 
-0.19768 

-0.19768 

-0.16803 

-0.17055 
-0.20240 -0.20240 

-0.20126 

-0.20209 -0.20167 
-0.20167 
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B@C59N-

N@C59B 

 Singlet  Triplet  Quintet 

Molecular 

Orbital 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

(…continued) 

-0.20076 

-0.18693 -0.19905 

-0.38157 

-0.38181 

-0.38213 -0.38196 

-0.38161 

-0.38112 

-.20247 
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(N@C59B)2 

 Septet 

Molecular 

Orbitals 

 

 

-0.38045 -0.38054 

-0.38088 

-0.38130 
-0.38130 

-0.38155 
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5.3.3 Thermodynamic feasibility of the formation of the complexes 

To investigate the thermodynamic feasibility of the formation of the complexes, the values of 

ΔG and ΔH were computed and are listed in table 5.6. For the complex (B@C59B)2, the values 

of ΔG and ΔH suggest that the encapsulation of boron atoms inside (C59B)2 is feasible leading 

to the formation of a stable complex. However, the formation of (B@C59B)2 is more feasible 

via dimerization of B@C59B as reflected from the respective ΔG and ΔH values. On the other 

hand, the encapsulation of boron atoms inside (C59N)2 is not a thermodynamically feasible 

process, although formation of the complex (B@C59N)2 is feasible via dimerization of 

B@C59N. From table 5.6, it can also be inferred that formation of the heterodimer B@C59N–

N@C59B is thermodynamically feasible. The dimer (N@C59B)2 can be obtained either by 

dimerization of N@C59B or by encapsulating nitrogen atoms inside (C59B)2. The above holds 

true for the formation of (B@C60)2. 

5.3.4 Electronic properties 

5.3.4.1 Electron affinity and ionization energy 

To get more insight on the properties of the above endohedral heterofullerenes, vertical electron 

affinity (VEA), vertical ionization energy (VIE) and dipole moment (μ) were calculated for 

various complexes in their distinct stable states and are given in table 5.7. The value of VEA for 

1
[(B@C59B)2] is -3.18 eV which is 0.25 eV more than that of (C59B)2. However, VIE of the 

complexes is less by 0.92 eV compared to (C59B)2. The higher VEA and lower VIE values of 

1
[(B@C59B)2] compared to the respective host cage is due to the encapsulation of electron 

deficient boron atoms close to the surface of the cage, resulting strong interactions with the 

cage. The VEA of 
3
[(B@C59B)2] is the same as that of its free host cage. The VIE of the above 

complex is decreased by 0.22 eV when the encapsulated boron atoms occupy at the centre of 

the respective host cages. There is no significant change in VEA and VIE of 
3
[(B@C59N)2] due 

to relatively weak interactions between its components. For the triplet and quintet states of the 

heterodimer B@C59N–N@C59B, the electron affinity and ionization energies remain nearly the 

same as those of the host cage C59N–C59B. On encapsulating nitrogen atoms, the electronic 

properties VEA and VIE of (C59B)2 were not affected, probably due to the weak interactions 

between the component species. Similar to (C59B)2, the electronic properties of (C60)2 were not 

changed due to the encapsulation of boron atoms in adjacent cages.  
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    The systems (C59B)2, (C59N)2 and their encapsulated complexes have no dipole moment due 

to the presence of an inversion centre. The dipole moment of the heterofullerene C59N–C59B is 

0.66 Debye. For triplet and quintet states of B@C59N–N@C59B, the dipole moment is found to 

be unaltered on encapsulating boron and nitrogen atoms in C59N and C59B cages, respectively, 

as guest atoms remained at the centre of the respective cages. On the other hand, a large dipole 

moment (16.62 Debye) for 
1
[B@C59N–N@C59B] arises due to the rotation of dihedral angle 

ϕNCCB by ~20° indicating the polarity of the system and hence its possible separation. 

5.3.4.2 Energy gap between HOMO and LUMO 

To investigate more about the electronic properties, the calculated energy gap between HOMO 

and LUMO (ΔEHOMO-LUMO) of various species considered is listed in table 5.7. The energy gap 

between HOMO and LUMO of (C59B)2 is 2.43 eV. For 
1
[(B@C59B)2], ΔEHOMO-LUMO was 

decreased by 1.07 eV compared to that of (C59B)2, although it is decreased only by 0.71 eV for 

the triplet state of the complex. Similarly, the value of ΔEHOMO-LUMO for 
3
[(B@C59N)2] is 1.75 

eV which is 0.45 eV less than that of its host cage (C59N)2. On encapsulating guest atoms inside 

C59N-C59B, the values of ΔEHOMO-LUMO of singlet and quintet states of the resultant complex 

(B@C59N-N@C59B) are reduced by 1.74 and 0.47 eV, respectively, whereas it is unchanged for 

the triplet state of the complex. The energy gap between HOMO and LUMO of (C59B)2 is 

unaffected due to the encapsulation of nitrogen atoms inside. The calculated value of ΔEHOMO-

LUMO of 
3
[(B@C60)2] is 1.73 eV that indicates that ΔEHOMO-LUMO of (C60)2 is decreased by 0.74 

eV due to the encapsulation of boron. Thus, it can be concluded that the energy gap between 

HOMO and LUMO of complexes depends on their various spin states. The boron atom 

encapsulation inside various fullerenes derivatives changed ΔEHOMO-LUMO, although it was 

unaffected by encapsulating nitrogen atoms in consistent with the results of the complexes 

studied in chapters 3 and 4.  
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Table 5.6. The change in Gibbs free energy (ΔG) and change in enthalpy (ΔH) for the formation of the complexes by encapsulating guest atoms 

in the host cage of the heterofullerene dimer as well as by the dimerization of their respective monomers. 

 

 

Complexes 

 

Multiplicity 

ΔG (kcal/mol) ΔH (kcal/mol) 

ΔGencapsulation ΔGdimerization ΔHencapsulation ΔHdimerization 

 

(B@C59B)2 

1 -33.61 -53.23 -47.94 -70.81 

3 -10.05 -29.67 -24.24 -47.11 

(B@C59N)2 3 14.56 -5.37 1.74 -20.63 

 

N@C59B-B@C59N 

1 12.87 -9.77 -5.89 -30.22 

3 -6.67 -29.30 -21.00 -45.32 

5 -8.98 -31.61 -21.40 -45.72 

(N@C59B)2 7 -7.18 -29.11 -19.21 -45.34 

(B@C60)2 3 -8.87 4.67 -23.55 -13.42 



CHAPTER 5

 

85 

Table 5.7. The values of vertical electron affinity (VEA), vertical ionization energy (VIE), energy 

gap between HOMO and LUMO (ΔEHOMO-LUMO) and dipole moment (μ) for various 

heterofullerenes and their complexes. 

Systems Multiplicity 

VEA 

(eV) 

VIE 

(eV) 

ΔEHOMO-LUMO 

(eV) 

Dipole Moment 

(Debye) 

(C59B)2 1 -2.93 7.11 2.43 0.0 

 

(B@C59B)2 

1 -3.18 6.19 1.36 0.0 

3 -2.94 6.89 

α=1.72 

β=2.43 

0.0 

(C59N)2 1 -2.83 6.80 2.20 0.0 

(B@C59N)2 3 -2.77 6.88 

α=1.75 

β=2.19 

0.0 

C59B-C59N 1 -2.94 6.93 2.16 0.66 

 

N@C59B-

B@C59N 

1 -3.76 5.97 

α=0.42 

β=0.90 

16.62 

3 -2.95 6.93 

α=2.16 

β=1.66 

0.67 

5 -2.95 6.89 

α=1.69 

β=2.13 

0.59 

(N@C59B)2 7 -2.93 7.11 

α=2.43 

β=2.37 

0.0 

(C60)2 1 -2.84 7.07 2.47 0.0 

(B@C60)2 3 -2.80 7.00 

α=1.73 

β=2.45 

0.0 
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5.4 Conclusions 

In the present chapter, the dispersion corrected density functional method (B3LYP-GD2/6-311G*) was 

applied on endohedral heterofullerenes (B@C59B)2, (B@C59N)2, (B@C59N–N@C59B) and (N@C59B)2 

to investigate their structure, stability and various properties. The study was initiated with the 

investigation of N@C59B which was found to be stable in its various spin states. In 
3
[N@C59B] and 

5
[N@C59B], the core and shell are coupled antiferromagnetically and ferromagnetically, respectively. 

The complex is partially spin polarized in triplet state whereas it is fully spin polarized in quintet state. 

The encapsulation of nitrogen atom in C59B was thermodynamically feasible.  

     The investigations on the homo and heterodimers of B@C59N and N@C59B showed that the 

complexes are stable in their various spin states. In 
1
[(B@C59B)2] and 

1
[(B@C59N–N@C59B)], the 

guest atoms are positioned near to the inner surface of the host cages, while for their high spin states 

the guest atoms are positioned near to the centre of the cages. For 
1
[(B@C59N)2], 

3
[(B@C59N)2], 

7
[(N@C59B)2], 

1
[(B@C60)2] and 

3
[(B@C60)2], the encapsulated atoms occupy at the centre of the 

cages. The spin-spin coupling and transfer of spin density between the component species of various 

complexes were analyzed. Interestingly, for 
1
[(B@C59B)2] and 

1
[(B@C59N–N@C59B)], the spin 

density was found to shifted from guest to host. Based on the spin states of the complexes, spins of 

two monomer units of complexes interacted either anti-ferromagnetically or ferromagnetically without 

spin density transfer between the components. The study showed that the complexes with their higher 

spin states are fully spin polarized, although they are either partially spin polarized or spin degenerate 

for lower spin states.  

      To determine the feasibility of formation of various complexes, the thermodynamic parameters ΔG 

and ΔH via encapsulation of guest species inside host dimers as well as via dimerization of endohedral 

heterofullerenes were calculated. The values of thermodynamic parameters for the complexes 

indicated that the formation of a dimer of endohedral heterofullerenes is thermodynamically feasible 

either of the ways as mentioned above. To determine the effect of encapsulation of guest atoms on the 

properties of various heterofullerenes, the values of VEA, VIE, ΔEHOMO-LUMO and μ were calculated 

and it was found that the properties can be tuned by encapsulating suitable guest atoms inside 

heterofullerenes. The study showed that the energy gap between HOMO and LUMO depends on the 

spin states of the complexes. Moreover, on encapsulating boron atoms inside various dimers of 

fullerene derivatives, the value of ΔEHOMO-LUMO is significantly decreased. However, the nitrogen atom 

encapsulation inside (C59B)2 does not alter its ΔEHOMO-LUMO. The high dipole moment of B@C59N–

N@C59B indicated the polarity of the complex and hence its separation.  
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Chapter-6 

Structure, stability and properties of the nitrogen encapsulated carbon and boron nitride 

nanotubes

 
6.1  Introduction 

As was mentioned in chapter 1, the nanotubes can accommodate various molecules and clusters 

inside the cavity. Earlier, studies on endohedral complexes of carbon nanotubes showed that such 

complexes attain stability due to the dispersion interaction between the guest and the host. The 

properties of carbon nanotubes are reported to be altered because of the encapsulation of guest 

species. In chapter 3, the spin-spin coupling and spin polarization for the nitrogen encapsulated 

C60, C59N and their respective dimers were investigated. The study revealed that the spins of 

respective guest nitrogen atoms of (N@C60)2 and (N@C59N)2 are either antiferromagnetically or 

ferromagnetically coupled based on the spin state of the complexes. The results also suggested that 

the higher spin states of the complexes are spin polarized whereas the complexes of lower spin 

states are spin degenerated. Therefore, it is interesting to know how the spins of encapsulated 

nitrogen atoms interact with each other when they are confined in adjacent nanotubes. Although 

several studies have been done on endohedral complexes of carbon nanotubes [179-200], the 

encapsulation of paramagnetic nitrogen atoms inside carbon nanotube, boron nitride nanotube and 

their respective dimers as well as the subsequent interactions between host-guest and guest-guest 

are not yet reported.  

     In the present chapter, the structure, stability and properties of nitrogen atom encapsulated 

carbon nanotube, boron nanotube and their respective dimers are investigated. The spin-spin 

coupling between the guest and the host and that between guest species are examined. To 

investigate the spin polarization and spin degeneracy of the stable states of the complexes, spin 

polarization parameter is calculated and the relevant molecular orbitals to the spin density are 

analyzed. The effect of encapsulated nitrogen atoms on the electronic properties of the carbon and 

boron nitride nanotubes is examined. For this purpose, the vertical electron affinity (VEA), vertical 

ionization energy (VIE) and energy gap between HOMO and LUMO (ΔEHOMO-LUMO) are 

determined for all the species mentioned above. The effect of confinement by both types of 

nanotubes on the hyperfine coupling constant of nitrogen is examined. The role of cavity size of 

the nanotube on the spin-spin coupling between the components of the complexes is studied using 

(6,6)- and (5,5)-carbon nanotubes as the host cages. 
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6.2  Computational methods 

The calculations were performed using the computational chemistry package Gaussian 09 [261]. 

The hybrid functional B3LYP with dispersion correction (B3LYP-GD2) in conjunction with 6-

311G** was used [224, 240]. The functional chosen have already found suitable to describe spin-

spin coupling in similar complexes discussed in previous chapters. The terminals of the carbon 

nanotubes and boron nitride nanotubes (BNNT) used in the present study were passivated by 

hydrogen atoms. The calculated values of energy gap between HOMO and LUMO of (6,6)- and 

(5,5)-carbon nanotubes are 2.30 and 2.16 eV, respectively, which are in agreement with those 

values reported earlier at B3LYP/6-31G* level [265]. 

    Similar to previous chapters, various possible spin states of the complexes are considered. The 

stability of wave function of the systems having unpaired electrons was verified. The energy of the 

antiferromagnetic singlet was calculated using broken symmetry approach as was discussed in 

chapter 2.  

    The stabilization energy of nitrogen atom encapsulated complexes of CNT, BNNT and their 

respective dimers were calculated using the supermolecule approach as in equation 3.1. To study 

the spin-spin coupling in the above complexes, spin density values of the encapsulated nitrogen 

atoms were determined. The program GaussView5 was used to plot the spin density difference and 

molecular orbitals of the systems [263]. The spin polarization parameter was determined as 

discussed in chapter 2. The values of vertical ionization energy (VIE) and vertical electron affinity 

(VEA) for the species considered are calculated using the respective energies of their neutral, 

cationic, and anionic analogues as was done for the fullerene complexes in chapters 3-5. 

6.3  Results and discussion 

6.3.1 Structure and stability of the complexes 

The optimized geometries of free as well as nitrogen atom encapsulated (6,6)-carbon nanotube 

(CNT), (6,6)-boron nitride nanotube (BNNT) and their respective dimers are shown in figure 6.1. 

As indicated in the figure, the diameter and length of CNT are 8.16 Å and 9.21 Å, respectively. 

The size of BNNT is approximately the same as that of CNT with diameter 8.44 Å and length 9.18 

Å. The distance between CNTs in (CNT)2 is 3.22 Å. For (BNNT)2, the above distance is 2.88 Å. 

The energy of dimerization for (CNT)2 is -14.66 kcal/mol and that for (BNNT)2 is -33.95 kcal/mol. 
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The stabilization energies associated with the encapsulation of atomic nitrogen in various host 

cavities are listed in table 6.1. The stabilization energy of the complex 
4
[N@CNT] is -3.02 

kcal/mol. This is much lower than that of -9.69 kcal/mol obtained for 
4
[N@C60] and is expected 

because of the weaker interactions between guest and host in 
4
[N@CNT] due to the relatively large 

cavity size of CNT (by 1.07 Å). The stabilization energy of -4.09 kcal/mol for 
4
[N@BNNT] arises 

from the weak van der Waals interaction between the component units. In
 4

[N@CNT] and 

4
[N@BNNT], the guest atoms are located at the centre of the respective host cages. The complexes 

(N@CNT)2 is found to be stable in its septet state with the stabilization energy of -12.95 kcal/mol 

which is significantly less than that of 
7
[(N@C60)2] (-20.75 kcal/mol) due to large cavity of 

nanotube. In contrast to 
4
[N@CNT], each of the guest atoms are shifted towards the surface of 

CNT by ~ 0.76 Å in 
7
[(N@CNT)2], thereby decreasing the distance between nitrogen atoms of 

adjacent CNTs. Moreover, the distance between the nanotubes is decreased by 0.15 Å on 

encapsulating nitrogen atoms inside. The broken symmetry calculation of (N@CNT)2 suggested 

that the singlet state of the complex is isoenergetic to its septet state. Similar to (N@CNT)2, the 

complex (N@BNNT)2 is also stable in its septet state with the stabilization energy of -10.58 

kcal/mol. In 
7
[(N@BNNT)2], the guest nitrogen atoms are shifted from the centre of the host cage 

by  1Å in contrast to its monomer units. However, the separation between the nanotubes remained 

the same in (N@BNNT)2 as was in its free dimer. The broken symmetry calculations revealed that 

the singlet state of the complex (N@BNNT)2 is isoenergetic to its septet state. 

      As evident from the above analysis, the encapsulation energy of 
7
[(N@CNT)2] and 

7
[(N@BNNT)2] is more than twice as that of their respective monomer units. In order to know the 

factors responsible for the additional stability of the above complexes, the stabilization energies of 

related complexes were calculated and are listed in table 6.2. The stabilization energy of 

4
[N@(CNT)2] in which nitrogen atom is shifted towards the inner surface of CNT is -4.47 

kcal/mol. The stabilization energy of 
4
[N@(CNT)2] in which nitrogen atom is at the center of one 

of the CNTs is -3.35 kcal/mol. This difference in the energy of -1.12 kcal/mol is due to the shift of 

guest atom from the center towards the surface of CNT. 
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Figure 6.1. Optimized geometries of CNT, BNNT, (CNT)2, (BNNT)2 and their respective 

nitrogen atom encapsulated complexes. The grey, violet and green colored spheres represent 

carbon, boron and nitrogen atoms, respectively. The multiplicity for each of the complexes is 

given in superscript. 
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Table 6.1. The stabilization energies of the nitrogen atom encapsulated complexes of 

nanotubes in their different spin states at B3LYP-GD2/6-311G** level. The values of BSSE 

corrected stabilization energies are given in parenthesis for the stable states of the complexes. 

   

Complexes Multiplicity Stabilization Energy (kcal/mol) 

N@CNT 4 -3.02(-2.21) 

(N@CNT)2 

1 -12.95 

3 ---a 

5 25.52 

7 -12.95(-9.01) 

9 20.60 

N@BNNT 4 -4.09(-2.74) 

(N@BNNT)2 

1 -10.58 

3 39.09 

5 17.43 

7 -10.58(-5.34) 

9 107.65 

a-Convergence error 
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In the optimized geometry of 
7
[(N@CNT)2], one of the CNTs is rotated along their tube axis 

similar to benzene dimer in its slipped parallel form as shown in figure 6.2 [266]. This contributes 

to an additional stabilization of -3.65 kcal/mol. Thus, the stabilization energy of 
7
[(N@CNT)2] can 

be attributed to the encapsulation of nitrogen atoms along with their shift towards each other in two 

cages (2 х -4.47 kcal/mol = -8.94 kcal/mol) and the stabilization due to the rotation of one of the 

nanotubes (-3.65 kcal/mol). The stabilization energy due to the single occupancy of nitrogen inside 

(CNT)2, out of which one CNT is rotated is -8.35 kcal/mol. This is approximately equal to the sum 

of the stabilization energies due to the encapsulation of nitrogen (-3.02 kcal/mol), its shift inside 

(CNT)2 (-1.12 kcal/mol) and the rotation of nanotubes (-3.65 kcal/mol). 

     For 
4
[N@(BNNT)2], in which guest atom is shifted near to the surface of BNNT, the 

stabilization energy is -5.29 kcal/mol. The stabilization energy reduces to -4.24 kcal/mol on 

displacing the guest atom to the center of BNNT. Hence, the energy of -1.05 kcal/mol can be 

attributed to the shift of guest atom from the center of BNNT. In contrast to 
7
[(N@CNT)2], both 

nanotubes are aligned parallel to each other in 
7
[(N@BNNT)2] similar to the most stable structure 

of borazine dimer in which the individual borazine units are stacked parallel to each other (figure 

6.2) [267-268]. Thus, the stabilization energy of 
7
[(N@BNNT)2] can be attributed due to the 

encapsulation of nitrogen atoms inside adjacent BNNTs as well as to their shift towards each other. 

6.3.2 Spin-Spin coupling in complexes 

The spin density of guest atoms in various endohedral complexes mentioned above in their stable 

spin states are given in table 6.3. The spin density distribution plots of these complexes are shown 

in figure 6.3. The spin density value of 2.99 e/au
3
 on nitrogen of 

4
[N@CNT] suggests that the 

nitrogen atom retains its atomic spin state after encapsulation in CNT. It is also confirmed from its 

spin density distribution plot. This also holds true for 
4
[N@BNNT], suggesting that the guest 

nitrogen retains its spin states irrespective of the type of confinement (at least by C60, CNT and 

BNNT).  
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Table 6.2. The stabilization energy of various complexes associated with the encapsulation of 

nitrogen atom at B3LYP-GD2/6-311G** level. For (CNT)2 and rotated-(CNT)2, their relative 

energy with respect to each other is given. 

Complex 
Stabilization 

Energy (kcal/mol) 
Geometries 

4
[N@CNT] -3.02 

 

7
[(N@CNT)2] -12.95 

 

4
[(N@(CNT)2] -4.47 

 

4
[(N@(CNT)2] 

 

(nitrogen at the centre) 

-3.35 

 
4
[(N@(CNT)2] 

 

(CNT is rotated on 

encapsulation) 
 

-8.35 

 

(CNT)2 0.00 

 

rotated-(CNT)2 
-3.65 

 

 

 

 

 

 

 

 

  …continued. 

3.07 Å

3.22 Å

3.22 Å
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4
[N@BNNT] -4.09 

 

7
[(N@BNNT)2] -10.58 

 

4
[(N@(BNNT)2] -5.29 

 

4
[(N@(BNNT)2] 

 

(nitrogen at the centre) 

-4.24 

 

 

 

Figure 6.2. The geometries and relative energies of parallel and slipped parallel form of 

respective dimers of benzene and borazine at B3LYP-GD2/6-311G** level   

2.88 Å

2.88 Å

2.88 Å

Benzene dimer

1.70 kcal/mol0.00 kcal/mol

Borazine dimer

0.00 kcal/mol 0.93 kcal/mol



CHAPTER 6

 

 
 95 

 

     To investigate how the spins of guest atoms interact in (N@CNT)2 and (N@BNNT)2, the spin-

spin coupling in the stable states of the above complexes are analyzed. In 
7
[(N@CNT)2], the values 

of spin density of nitrogen atoms are equal to that of nitrogen in 
4
[N@CNT]  and  

7
[(N@C60)2].  

The  values  of  spin  density  of  both  nitrogen  atoms  and  their spin density distribution plot 

suggest ferromagnetic spin coupling between guest atoms on confining in CNT cages. In case of 

singlet state of (N@CNT)2, the spins of both guest atoms are antiferromagnetically coupled as 

inferred from their spin density values 2.97 e/au
3
 and -2.97 e/au

3
. This is also confirmed from its 

spin density distribution plot. Similar results are also obtained for stable states of (N@BNNT)2. As 

in monomers, both nitrogen atoms retained their spin inside CNT and BNNT dimers. It should be 

also mentioned that the spins of guest species in the respective septet states of both (N@CNT)2 and 

(N@BNNT)2 are ferromagnetically coupled in septet state whereas they are antiferromagnetically 

coupled in their singlet states similar to the case of (N@C60)2 and (N@C59N)2 reported in chapter 

3.  

6.3.3 Spin polarization in complexes  

To know about the spin polarization and spin degeneracy in the complexes, the spin polarization 

parameter (ζ) for stable states of the complexes is calculated and is listed in table 6.3. To get more 

insight on the spin polarization and spin degeneracy of the complexes, the spin density distribution 

of various orbitals are shown in figure 6.4 and are analyzed. It was revealed from the spin density 

distribution plots of 
4
[N@CNT] and 

4
[N@BNNT] that the unpaired electrons are mainly localized 

on encapsulated nitrogen atoms. Moreover, the atomic orbitals of nitrogen become non-

degenerated when it is confined in nanotubes. As indexed in table 6.3, the value of spin 

polarization parameter is 1.00 for 
4
[N@CNT] and 

4
[N@BNNT] indicating the complexes are spin 

polarized. In the septet states of (N@CNT)2 and (N@BNNT)2, the unpaired electrons are occupied 

in non-degenerate orbitals of guest atoms. The atomic orbitals of guest atoms of 
7
[(N@CNT)2] and 

7
[(N@BNNT)2] are also non-degenerate. The value of spin polarization parameter (ζ) for both 

7
[(N@CNT)2] and 

7
[(N@BNNT)2] is 1.00 indicating that the complexes are spin polarized. In 

contrast to septet state, the complexes (N@CNT)2 and (N@BNNT)2 are spin degenerated in their 

singlet state as inferred from the zero value of spin polarization parameter. The spin polarization 

and spin degeneracy in nitrogen encapsulated CNT, BNNT and their respective dimers are in 

similar to the observations of nitrogen encapsulated fullerene analogues discussed in chapters 3 

and 5. 
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Table 6.3. The spin density on encapsulated nitrogen atoms and the spin polarization 

parameter (ζ) for the stable endohedral nanotubes. 

Complexes Spin densities (e/eu
3
) Spin polarization parameter (ζ) 

N 3.00 1.00 

4
[N@CNT] (Nencap)=2.99 1.00 

1
[(N@CNT)2] 

(Nencap)1=2.97 

(Nencap)2=-2.97 
0.00 

7
[(N@CNT)2] (Nencap)1=(Nencap)2=2.97 1.00 

4
[N@BNNT] (Nencap)=2.98 1.00 

1
[(N@BNNT)2] 

(Nencap)1=2.97 

(Nencap)2=-2.97 
0.00 

7
[(N@BNNT)2] (Nencap)1=(Nencap)2=2.97 1.00 

 

 

Figure 6.3. Spin density difference plots for endohedral nanotubes in their stable spin states 

for an isodensity value of 0.0004. 
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Figure 6.4. The relevant molecular orbitals showing spin density distribution for the stable spin states of various endohedral 

nanotubes with an isodensity value of 0.02. The energies of orbitals are given in Hartree. 
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Figure 6.4. Continued. 
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Figure 6.4. Continued.
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6.3.4 Hyperfine coupling constant 

To investigate the effect of confinement by nanotubes on the hyperfine coupling constant (hfcc) of 

guest nitrogen atoms, the values of hfcc of the latter in complexes as well as in free states are 

calculated and are listed in table 6.4. The value of hfcc of nitrogen in its free state is 1.84 Gauss 

(G) which remained nearly the same after its encapsulation in CNT. However, hfcc of nitrogen in 

7
[(N@CNT)2] is decreased to 0.90 G, although the spin density values remained the same (table 

6.3). The decrease in hfcc of nitrogen atoms of 
7
[(N@CNT)2] is due to the ferromagnetic spin 

coupling between the guest atoms. In 
4
[N@BNNT], the value of hfcc of encapsulated nitrogen is 

increased by 0.26 G due to the confinement of BNNT despite the same value of spin density in its 

free state. On encapsulating nitrogen atoms in adjacent BNNT, the hfcc of nitrogen atoms is 

reduced by 0.99 G due to the ferromagnetic spin coupling between trapped nitrogen atoms. Thus, 

the confinement by different nanotubes alters the hfcc of nitrogen atom. 

 

Table 6.4. The calculated values of hyperfine coupling constant (hfcc) of encapsulated 

nitrogen atom in various endohedral nanotubes 

 

Complexes hfcc (Gauss) 

N 1.84 

4
[N@CNT] (Nencap)=1.87 

7
[(N@CNT)2] (Nencap)1= 0.90 

(Nencap)2=0.89 

4
[N@BNNT] (Nencap)=2.10 

7
[(N@BNNT)2] (Nencap)1=(Nencap)2=0.85 
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6.3.5 Electronic properties 

6.3.5.1 Electron affinity and ionization energy 

In order to investigate the electronic properties of the complexes, the vertical electron affinity 

(VEA) and vertical ionization energy for the stable states of the complexes are calculated and are 

listed in table 6.5. The values of electron affinity and ionization energy of CNT are -1.67 and 5.85 

eV, respectively. The electron affinity and ionization energy of CNT were found to be unaltered 

with the encapsulation of nitrogen. Similarly, VEA and VIE of (CNT)2 were also not changed by 

encapsulating nitrogens in adjacent cages. On encapsulating nitrogen, electron affinity of BNNT is 

decreased by 1.37 eV, although the ionization energy remained the same. The electron affinity of 

(BNNT)2 is 0.30 eV which is reduced to -1.76 eV by encapsulating nitrogen atom in both of the 

tubes. As in the case of BNNT, the encapsulation of nitrogen does not change the ionization 

energy.     

6.3.5.2 Energy gap between HOMO and LUMO 

To know more about the electronic properties of the complexes, the energy gap between HOMO 

and LUMO (ΔEHOMO-LUMO) is calculated and is tabulated in table 6.5. The corresponding molecular 

orbitals are shown in figure 6.5. The energy gap between HOMO and LUMO of CNT is 2.30 eV 

which is not changed due to encapsulation of nitrogen inside. The analysis showed that the 

respective frontier molecular orbitals of CNT and 
4
[N@CNT] are formed by the contribution of 

carbon atoms of CNT which is expected as the orbitals of nitrogen are relatively lower in energy 

due to its high electronegativity. The value of ΔEHOMO-LUMO of 
7
[(N@CNT)2] is 2.24 eV and is 

nearly the same (2.11 eV) as that of its free host (CNT)2. Likewise, the electron density of frontier 

molecular orbitals of 
7
[(N@CNT)2] is mainly distributed over the carbon atoms of CNTs. The 

energy gap between HOMO and LUMO of BNNT is 6.31 eV which was unaffected due to the 

encapsulation of nitrogen inside. Similar to 
4
[N@CNT], the encapsulation of nitrogen in BNNT 

does not perturb the frontier molecular orbitals of the latter as inferred from figure 6.5. The energy 

gap between HOMO and LUMO of (BNNT)2 and their corresponding molecular orbitals are 

unaffected by the encapsulation of nitrogen atom inside adjacent cages.  
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      In order to know the effect of dimerization of CNT, N@CNT, BNNT and N@BNNT on their 

ΔEHOMO-LUMO, the respective values ΔEHOMO-LUMO for monomers and dimers are compared. The 

energy gap between HOMO and LUMO of CNT was decreased by 0.19 eV on its dimerization. 

The dimerization of 
4
[N@CNT] also leads to a decrease in ΔEHOMO-LUMO by 0.07 eV. The energy 

gap between HOMO and LUMO of BNNT and 
4
[N@BNNT] is reduced by 0.09 eV on forming 

their respective dimers.  

 

Table 6.5. The values of vertical electron affinity (VEA), vertical ionization energy (VIE), 

energy gap between HOMO and LUMO (ΔEHOMO-LUMO) of various nanotubes and their 

nitrogen atom encapsulated complexes. 

 

System VIE (eV) VEA (eV) ΔE(HOMO-LUMO) (eV) 

CNT 5.85 -1.67 2.30 

4
[N@CNT] 5.85 -1.68 

2.31(α) 

2.30(β) 

(CNT)2 5.43 -1.94 2.11 

7
[(N@CNT)2] 5.48 -1.87 

2.24(α) 

2.21(β) 

BNNT 7.62 0.50 6.31 

4
[N@BNNT] 7.62 -0.87 

6.31(α) 

3.30(β) 

(BNNT)2 7.33 0.30 6.22 

7
[(N@BNNT)2] 7.33 -1.76 

6.22(α) 

3.40(β) 
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Figure 6.5. Isodensity surface plots of highest occupied and lowest unoccupied molecular 

orbitals of the complexes in their stable spin states with an isodensity value of 0.02. 
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Figure 6.5. Continued. 
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6.3.6 Effect of the size of cavity on the spin-spin coupling between guest atoms 

To investigate the effect of size of cavity on the spin-spin coupling between the guest and the host 

as well as that between guests, the structure and properties of nitrogen encapsulated (5,5)-carbon 

nanotube of same length as that of the tube considered before was also investigated. The optimized 

geometries of (5,5)-CNT, its dimer and their respective nitrogen encapsulated complexes are 

shown in figure 6.6. As shown in figure, the diameter of (5,5)-CNT is 6.98 Å which is 1.18 Å less 

than that of (6,6)-CNT used before. The distance between two (5,5)-CNT in its dimer is  3.49 Å 

which is 0.27 Å more than that between two (6,6)-CNTs. The dimerization energy of ((5,5)-CNT)2 

is -14.32 kcal/mol indicating that the dimerization is energetically possible. 

     The stabilization energies of N@(5,5)-CNT and its dimer (N@(5,5)-CNT)2 in their possible 

spin states are listed in table 6.6. The spin density plots for these states of the complexes as well as 

the values of spin density on nitrogen atoms and spin polarization parameter (ζ) are shown in 

figure 6.7. The stabilization energy of the complex N@(5,5)-CNT in its quartet spin state is -7.64 

kcal/mol, where the guest atom is occupied at the centre of the nanotube. The value of spin density 

of nitrogen is 2.97 e/au
3
, same as that obtained for CNT of larger diameter suggesting that the spin 

density of nitrogen atom is unaltered inside (5,5)-CNT. The spin polarization was also unaffected 

with a decrease in the cavity size as can be seen from figure 6.7. The complex (N@(5,5)-CNT)2 is 

stable in its isoenergetic singlet and septet states with the stabilization energy of -13.89 kcal/mol. 

In 
7
[(N@(5,5)-CNT)2], the guest atoms are located at the centre of respective nanotubes unlike in 

7
[(N@(6,6)-CNT)2]. The distance between nitrogen atoms in 

7
[(N@(5,5)-CNT)2] is 9.90 Å which 

is 0.19 Å more than that in its larger nanotube analogue. The spin density on the nitrogen atoms are 

unaffected by using CNT of smaller diameter as inferred from table 6.3 and figure 6.7. The 

antiferromagnetic and ferromagnetic spin coupling occur between guest atoms in 
1
[(N@(5,5)-

CNT)2] and 
7
[(N@(5,5)-CNT)2], respectively, an observation similar to (6,6)-CNT analogue. The 

spin polarization in complexes was also unaffected with a decrease in the diameter of the carbon 

nanotube. Thus, the size of carbon nanotube did not affect the spin-spin coupling between 

encapsulated nitrogen atoms. 
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Figure 6.6. Optimized geometries of (5,5)-CNT, N@(5,5)-CNT and their respective dimers. 

The grey, violet and green colored spheres represent carbon, boron and nitrogen atoms, 

respectively. The multiplicity of the complexes is given in superscript. 
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Table 6.6. The calculated stabilization energies of the nitrogen atom encapsulated complexes 

of (5,5)-CNT in their different spin states at B3LYP-GD2/6-311G** level. The values of BSSE 

corrected stabilization energies for the stable spin states of the complexes are given in 

parenthesis.   

Complexes Multiplicity Stabilization Energy (kcal/mol) 

N@(5,5)-CNT 4 -7.64 (-5.93) 

 

 

(N@(5,5)-CNT)2 

1 -13.89 

3 35.93 

5 14.84 

7 -13.89(-11.04) 

9 15.66 

 

Figure 6.7. The spin density difference plots of 
4
[N@(5,5)-CNT],  

1
[(N@(5,5)-CNT)2] and 

7
[(N@(5,5)-CNT)2] for an isodensity value of 0.0004. The spin density values (e/au

3
) on guest 

nitrogen atoms along with the spin polarization parameter (ζ) are also given.  

2.97e/au3 -2.97e/au3
2.97e/au3

2.97e/au3 2.97e/au3

4[N@(5,5)-CNT]
ζ=1.00

1[(N@(5,5)-CNT)2]
ζ=0.00

7[(N@(5,5)-CNT)2]
ζ=1.00-4.858e-4 4.858e-4



CHAPTER 6 

 

 

108 
 

6.4 Conclusions   

In the present chapter, the structure, stability and properties of nitrogen atom encapsulated 

complexes of CNT, BNNT and their respective dimers were investigated using the dispersion 

corrected density functional B3LYP-GD2 and 6-311G** basis set. The study showed that in 

4
[N@CNT] and 

4
[N@BNNT], the guest atom is located at the centre of respective hosts. The 

stability of the complexes arises due to the van der Waals interaction between guest and host 

species where guest atom retained its electronic configuration. The complexes (N@CNT)2 and 

(N@BNNT)2 were found to be stable in their singlet and septet spin states. In the stable states of 

(N@CNT)2 and (N@BNNT)2, the guest atoms are shifted towards each other from the centre of 

adjacent CNTs providing additional stability to the complexes. This stabilization energy is more 

than twice as that of monomer analogues. The spins of respective guest atoms of (N@CNT)2 and 

(N@BNNT)2 are antiferromagnetically and ferromagnetically coupled in their singlet and septet 

states, respectively. The study revealed that 
4
[N@CNT] and 

4
[N@BNNT] exhibit spin 

polarization. For (N@CNT)2 and (N@BNNT)2, the septet states are spin polarized although their 

singlet spin states are spin degenerated. The effect of confinement by nanotubes on hyperfine 

coupling constant of encapsulated nitrogen atom was examined and for the complexes 

7
[(N@CNT)2] and 

7
[(N@BNNT)2], the value of hyperfine coupling constant of the encapsulated  

nitrogen was significantly reduced due to the ferromagnetic spin coupling between them. In 

general, on encapsulating nitrogen atom inside CNT, BNNT and their respective dimers, the 

electronic properties such as VEA, VIE and ΔEHOMO-LUMO of the respective hosts were found to be 

unaffected except VEA of BNNT and (BNNT)2 for which it was significantly decreased.  

      The effect of cavity size of nanotubes on spin-spin coupling between the guest and the host as 

well as that between guests in endohedral complexes of nanotubes was analyzed. The analysis 

showed that the spin-spin coupling and spin polarization of nitrogen encapsulated nanotubes are 

not affected due to a decrease in size of nanotubes. 

    The nitrogen encapsulated complexes of CNT, BNNT and their respective dimers showed 

similar spin-spin coupling and spin polarization as that of the complexes of C60 and (C60)2.  
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Chapter-7 

Conclusions and future scope 

 

    In the present thesis, the density functional theoretical studies were performed to investigate the 

structure, stability and properties of the heteroatom encapsulated complexes of various derivatives 

of fullerenes and nanotubes. For this purpose, the nitrogen (and boron) atom encapsulated C60, 

C59N, C59B and their respective dimers were considered. The heterodimer B@C59N-N@C59B was 

also investigated. The nitrogen atom encapsulated carbon nanotube, boron nitride nanotube and 

their respective dimers were also studied.        

     The study showed that the guest atoms were located at the center of C60 in 
4
[N@C60] and 

2
[B@C60]. For nearly isoenergetic 

3
[N@C59N] and 

5
[N@C59N], the guest was occupied nearly at 

the center of the cage. Like in triplet and quintet states of N@C59N, the guest was located at the 

center of C59B in 
3
[N@C59B] and 

5
[N@C59B], whereas it was located near to inner surface of the 

cage in its singlet state. The nearly isoenergetic triplet and quintet states of N@C59B are more 

stable than that of its singlet state. The boron encapsulated complexes of C59B and C59N are found 

to be stable in their singlet and triplet states. The results also revealed that the singlet states of both 

the complexes are more stable than their respective triplet states.  

     The complexes (N@C60)2 and (N@C59N)2 are stable in their respective isoenergetic singlet and 

septet states, however, for (N@C59B)2 only the septet state is stable. The guest atoms were located 

at the center of each of the host cages in the stable states of the above complexes. The complexes 

(B@C60)2 and (B@C59N)2 are stable in their isoenergetic singlet and triplet states with the guests at 

the center of host cages. Similarly, the complex (B@C59B)2 are stable in its singlet and triplet 

states although the former is more stable than the latter. The heterodimer (B@C59N–N@C59B) is 

stable in its various spin states. In the singlet states of the complexes (B@C59B)2 and (B@C59N–

N@C59B), the guest atoms occupy near the inner surfaces of the host cages, although in their high 

spin states they locate at the center of respective host cages. Studies showed that in 
4
[N@CNT] and 

4
[N@BNNT], the guest atoms prefer to be at the center of the respective nanotubes. It was also 

revealed that the singlet and septet states of both (N@CNT)2 and (N@BNNT)2 are stable where the 

guest atoms were shifted towards each other from the centre of adjacent nanotubes which results 

into an additional stabilization energy than twice of the stabilization energy of respective monomer 

analogue.  
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     The studies on the spin-spin coupling and spin density transfer revealed that the nitrogen and 

boron atom retained their atomic spin inside C60 and hence no spin density transfer was observed 

from guest to host or vice versa. For (N@C59N) and (N@C59B), the spins of guest nitrogen atoms 

are either antiferromagnetically or ferromagnetically coupled with that of the respective host cage 

in their triplet and quintet states in order. However, the spins of guest and host are only 

ferromagnetically coupled in 
3
[B@C59N] and 

3
[B@C59B]. The study showed that there is no spin 

density transfer between the respective component species of N@C59N, N@C59B, B@C59N and 

B@C59B.  

       In 
1
[(N@C60)2], the spins of guest nitrogen atoms are antiferromagnetically coupled whereas 

they are ferromagnetically coupled in 
7
[(N@C60)2]. Likewise, the interaction between guest atoms 

is antiferromagnetic and ferromagnetic in singlet and triplet states of (B@C60)2, respectively. Thus, 

changing the guest atom inside (C60)2 does not affect spin-spin interaction between guest species. 

    To get more insight onto the spin-spin coupling and spin density transfer between guest and host 

as well as those between guest species, various endohedral heterofullerenes such as (N@C59N)2, 

(N@C59B)2, (B@C59N)2, (B@C59B)2 and (B@C59N-N@C59B) were studied. The results showed 

that the guest atoms are antiferromagnetically or ferromagnetically coupled in both (N@C59N)2 and 

(B@C59N)2 depending upon their spin states suggesting that substitution of carbon atom of (C60)2 

by nitrogen atom also does not affect the spin-spin coupling between guest species. However, the 

spin-spin interaction was affected when the carbon atom of (C60)2 was substituted by boron atom 

as the interaction between spins of respective guest species of 
7
[(N@C59B)2] and 

3
[(B@C59B)2] is 

only ferromagnetic. For B@C59N-N@C59B, the spins of guest species are antiferromagnetically 

and ferromagnetically coupled in its triplet and quintet states, respectively. Interestingly, the spin 

density transfer occurs from the guest to the host of 
1
[(B@C59B)2] and 

1
[B@C59N-N@C59B] 

followed by the antiferromagnetic coupling between their respective monomers.  

     The effect of confinement by different nanotubes on the spins of nitrogen atom was studied. 

The nitrogen atom retained its atomic spin inside both CNT and BNNT. The spins of the 

corresponding guest atoms of each of the complexes 
1
[(N@CNT)2] and 

7
[(N@CNT)2] coupled 

antiferromagnetically and ferromagnetically, respectively. This holds true for singlet and septet 

states of (N@BNNT)2. Thus, spin-spin interaction between the respective guest atoms of 

(N@CNT)2 and (N@BNNT)2 is similar to that of C60 analogue.  In all of the above complexes, the 

spin of guest atom was found to be retained except in 
1
[(B@C59B)2] and 

1
[B@C59N-N@C59B] 

where spin is transferred from guest to host. Thus, the spin-spin interactions and spin density 
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transfer between the components of the complexes depend on the encapsulated atom as well as on 

the heteroatoms of the cage. 

      The analysis of spin polarization parameter of the above complexes showed that the complexes 

are spin polarized when the spins of their component species are ferromagnetically coupled. 

Whereas, the complexes are spin degenerate when the antiferromagnetic coupling occurs between 

the component species except for 
3
[N@C59N], 

3
[N@C59B] and 

3
[B@C59N-N@C59B] which are 

partially spin polarized.  

     The calculated values of change in the Gibbs free energy (ΔG) and change in enthalpy (ΔH) 

associated with the encapsulation of guest species as well as dimerization of endohedral fullerene 

derivatives showed that the encapsulation of nitrogen and boron atoms inside C60, C59B, C59N and 

their respective dimer is thermodynamically feasible. It was also revealed that the formation of the 

dimer of endohedral fullerene derivatives is also thermodynamically feasible.  

     The energy gap between HOMO and LUMO of various derivatives of fullerene was unaffected 

due to the encapsulation of nitrogen atom inside. Based on the spin states of the complexes, the 

energy gap between HOMO and LUMO was altered on encapsulating boron atom inside fullerene 

derivatives. The investigation on other electronic properties (VEA and VIE) of the derivatives of 

fullerene showed that the properties can be tuned by the encapsulation of suitable guest species. 

The dipole moment of B@C59N–N@C59B is found to be the highest suggesting the polarity of the 

complex and hence its separation. On the other hand, the electronic properties such as VEA, VIE 

and ΔEHOMO-LUMO of the host nanotubes remain the same on encapsulation of atoms except VEA of 

BNNT and (BNNT)2 which are significantly reduced due to encapsulation.  

      The results obtained from the present thesis are expected to trigger several experimental studies 

on the development and applications of endohedral complexes of fullerenes, heterofullerenes, 

carbon nanotubes and boron nitride nanotubes. The study can be extended to the encapsulation of 

other paramagnetic atomic and molecular species inside fullerenes and nanotubes of various size 

and shape.  
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