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Abstract 

 

Functionalization of carbon nanotubes (CNTs) has gained wide attention during the last two 

decades due to their applications in various optoelectronic devices. Such functionalization has 

been achieved by either covalently or non-covalently. The non-covalent functionalization is 

further classified into endohedral and exohedral. The endohedral functionalization involves the 

encapsulation of guest molecules inside the cavity of host CNT while in the exohedral one the 

molecules are adsorbed non-covalently on the surface of CNT. The non-covalently interacting 

endo- and exohedral complexes of CNTs are often stabilized by weak interactions such as π-π, 

C-H…π and N-H…π, depending on the functional groups present in the attached molecule. 

Among these, the π-π interactions are more common and exist between aromatic rings and CNT. 

Such interactions also exist between π-donor and π-acceptor molecules. In general, the various 

interactions such as dispersion, electrostatic and polarization stabilize the complex while the 

exchange interaction destabilizes it. Such complexes exhibit distinctive optoelectronic and 

charge transport properties which makes them suitable for their applications in organic electronic, 

organic light-emitting diode (OLED) and organic transistor devices. The donor-acceptor 

complexes of CNTs are particularly useful in OLEDs. The organic semiconducting complexes 

of CNTs with good carrier mobilities are potential candidates for organic transistors. They can 

be of p-type, n-type or ambipolar in nature depending on the magnitude of electron and hole 

mobility. Most of the studies on optoelectronic properties of the non-covalent complexes of 

CNTs have been done without an in-depth understanding of charge transfer at the molecular 

level. Besides, a molecular level understanding of the charge transport properties of such 

complexes are also lacking. In this regard, the computational investigation of the optoelectronic 

as well as the charge transport properties of non-bonded complexes of CNTs with donor or 

acceptor molecules is of utmost important. 

A new type of non-covalent functionalization of CNT is the mechanically interlocked 

nanotubes (MINTs).  In MINTs, the movement of macrocycles on the surface of CNT is possible 

in presence of external stimuli such as light and can be used for various applications including 

molecular motors. In the present thesis, dispersion-corrected density functional theoretical 

methods are employed to study the interaction of carbon nanotubes (CNTs) with selected 

macrocyclic host molecules to explore their optoelectronic properties.     
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The thesis is divided into seven chapters. In chapter 1, different types of functionalization of 

CNTs, mechanically interlocked nanotubes, their properties and applications are discussed. The 

earlier reported studies on the complexes of CNTs are also briefly reviewed.  

The important computational methodologies used in the present thesis are described in the 

second chapter. Beginning with Schrödinger equation, the quantum chemical methods such as 

Hartree-Fock and Post-Hartree-Fock methods are briefly discussed. Apart from these 

wavefunction-based methods, density functional methods used in the present work are also 

discussed. A brief outline of different types of functionals and basis sets is presented. This chapter 

also provides basic concepts of ground- and excited-state electron transfer processes for donor-

acceptor compounds. Various charge transport parameters such as reorganization energy, transfer 

integral and carrier mobility are explained.  

In chapter 3 of the thesis, stability, optoelectronic and charge transport properties of endo- and 

exohedral complexes of CNT with indigo are investigated using dispersion-corrected density 

functional B97-D in conjunction with 6-31G(d,p) basis set. The stabilization energy, ionization 

energy, electron affinity, the energy gap between the highest occupied and lowest unoccupied 

molecular orbitals (ΔEHOMO-LUMO), and absorption spectra of the complexes as well as their free 

components are determined. The ΔEHOMO-LUMO of about 1 eV is obtained for the complexes 

indicating them as organic semiconductors. The effect of number of indigo molecules on the 

above mentioned properties of their exohedral complexes with CNT is examined. The 

dependence of diameter of CNT on the stability and properties of its endohedral complexes with 

indigo is investigated. The effect of hybrid functional B3LYP-GD3 and long-range corrected 

hybrid functional ωB97X-D on the properties of most stable endohedral complex is examined. 

The photoinduced charge transfer for the exohedral complexes in which CNT behaves as a donor 

and indigo acts as an acceptor is observed. The optical absorption spectra of the complexes are 

simulated using the time-dependent density functional theoretical (TD-DFT) method. The 

complexes show charge transfer peaks in the visible and near-infrared regions of the 

electromagnetic spectrum. Based on the Marcus theory, the carrier mobility is calculated from 

the charge hopping rate. The carrier mobility calculations reveal that the exohedral complexes 

exhibit p-type character due to significantly higher hole mobility than electron mobility while 

the endohedral complexes possess nearly the same value of hole and electron mobilities. The 

results for the exohedral complexes of long and closed CNTs are similar to those obtained for 

the complexes of CNT of relatively small length as well as with open ends. Apart from this, the 
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exohedral complex in which indigo is aligned parallel to the tube-axis exhibits almost similar 

value of hole and electron mobilities.  

The structure, optoelectronic and charge transport properties of the exohedral complex of 

(6,6)CNT with perylene bisimide (PBI) are investigated using different dispersion-corrected 

density functionals (B97-D, B3LYP-GD3 and ωB97X-D) in conjunction with 6-31G(d,p) basis 

set and the results are discussed in chapter 4. The electron density distribution in the frontier 

molecular orbitals of the complex indicates the possibility of photoinduced charge transfer from 

donor CNT to acceptor PBI constituting a donor-acceptor complex between them. Due to 

inappropriate size of the cavity of (6,6)CNT to host PBI, a relatively larger diameter (8,8)CNT 

is used for the encapsulation. The calculations of stabilization energy reveal that the endohedral 

complex PBI@(8,8)CNT is more stable than the exohedral complex PBI-(8,8)CNT. The energy 

decomposition analysis of the complexes suggests that the dispersion and the electrostatic 

interactions are predominant for endo- and exohedral complexes, respectively.  

In chapter 5 of the thesis, the structure and properties of endo- and exohedral complexes of 

(6,6)CNT with electron donor molecule quaterthiophene (4T) are investigated using various 

dispersion-corrected density functionals. A comparative study on the charge transport properties 

of both types of complexes is presented. The results indicate a n-type charge transfer 

characteristics owing to remarkably higher electron mobility than hole mobility, irrespective of 

the type of functionalization. The excited state calculations of the complexes carried out in the 

framework of TD-DFT indicate several charge transfer transitions from donor 4T to acceptor 

CNT in the visible region of the electromagnetic spectrum. The complexes also show very high 

light-harvesting efficiency implying their possible application in solar cells. 

The optoelectronic properties of the complexes of guest (6,6)CNT with macrocyclic hosts  

[10]cycloparaphenylene ([10]CPP) and its derivatives are studied using dispersion-corrected 

density functional method and are discussed in chapter 6. The various derivatives of [10]CPP are 

modelled by doping nitrogens as well as by substituting hydrogens with electron-donating 

amino/electron-accepting fluorine groups. The values of stabilization energy indicate that the 

complexes CNT@[10]CPP and CNT@nF-[10]CPP (n = 10, 20 and 40) are energetically stable. 

The frontier molecular orbital analysis predicted the occurrence of photoinduced charge transfer 

in the complex CNT@40F-[10]CPP. The optical absorption spectrum of the complex CPP-CNT 

indicates absorption in the near-ultraviolet and visible regions, whereas that of the complexes 

CNT@nF-[10]CPP show absorption in a wide range starting from near-ultraviolet to near-

infrared region of the electromagnetic spectrum. Among the complexes, high values of light-
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harvesting efficiency are obtained for CNT@nF-[10]CPP. The change in potential energy for the 

translational movement of CPP over CNT for both ground and excited states is examined. The 

results indicate an energy barrier for the piston type movement of CNT in the complexes for the 

ground state, but not for its excited states. The barrier for rotation of bare and fluorinated CPP 

over CNT suggests the application of these complexes as components in molecular wheels and 

shuttles. 

The summary and conclusions of the thesis are provided in chapter 7.  
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CHAPTER 1 

Introduction 
 

1.1   Structure and Properties of Carbon Nanotubes    

Carbon nanotubes, especially single-walled nanotubes (SWNTs), have engrossed great attention 

owing to their distinctive structural, electronic, optical and transport properties.[1, 2] Like 

fullerenes and graphenes, carbon nanotube (CNT) is the allotrope of carbon discovered by Iijima 

in 1991.[3] The hybridization of each carbon atoms of CNT lies between sp2 and sp3 leading to 

non-planarity to the structure. CNTs have hollow cylindrical structure in which electrons move 

on the surface along the tube-axis and hence they are considered as one-dimensional 

conductors.[4] Due to the long tubular structure, CNT exhibits high aspect ratio 

(length/diameter). Similarly, the surface-to-volume ratio is also notably high. 

Broadly, CNTs are divided into two categories viz., single-walled nanotubes (SWNTs) and 

multi-walled nanotubes (MWNTs). SWNT is formed by rolling one of the graphene sheets by 

specific chiral angle. Based on the magnitude of chiral angle and chiral indices (n and m, where 

n is any natural number and m is any whole number), nanotubes are classified as armchair, zigzag 

and chiral. For armchair nanotubes, both chiral indices are same and are denoted as (n,n)CNTs. 

The zigzag and the chiral ones are designated as (n,0) and (n,m)CNTs, respectively. The diameter 

(d) of any (n,m)CNT can be determined using the formula: d = 0.783 √𝑛2 + 𝑚2 + 𝑛𝑚 Å.[5] 

1.1.1   Experimental Studies 

The synthesis of CNT of a particular chirality is a challenge for experimentalists although some 

progresses have been made in this direction over the past few years.[6, 7] Liu et al. reviewed 

different approaches employed for the chirality-selective synthesis of CNTs.[8] One such 

approach is the seeded growth method, wherein the short CNTs used as a seed to grow long 

CNTs of specific chirality.[9-12] Another approach is based on the utilization of metal-

nanoparticles as catalysts for the disproportion reaction of carbon monoxide resulting in the 

formation of chirality-selective synthesis of CNT.[13-16] In other studies, carbonaceous 

compounds like one end capped CNT, carbon nanoring, diamond and C60 have been used as 

precursors for initiating the growth of CNT.[17-21] 

In 2004, the thinnest CNT with a diameter of 3 Å referred to as (2,2)CNT was synthesized by 

Zhao and group.[22] CNTs of diameter as large as 30 Å have also been studied.[23] Similarly, 

CNTs of length in centimetres have been grown.[24] It is well known that CNTs of finite length 
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is difficult to synthesize. Two approaches viz., bottom-up and top-down are normally used to 

obtain finite-length CNTs. Jasti and group synthesized the shortest possible segments of armchair 

CNT known as [9]-, [10]- and [18]cycloparaphenylene (CPP) with different diameters.[25] An 

attempt towards the synthesis of CNT from [9]- and [10]CPP was put forth by Itami and 

group.[21] Similarly, the synthesis of armchair (5,5)CNT, utilizing [5]CPP was reported by Jasti 

and Bertozzi.[26] The bottom-up synthesis of three different zigzag CNTs (C120H136) has been 

achieved from the racemic mixture of (16,0)-[4]cyclo-3,9-chrysenylene in methanol or 

methylene chloride.[27] The bottom-up synthesis of CNT through macrocyclization of 

[4]phenacene is also reported.[28] Wang and colleagues reviewed the recent advancements in 

the synthesis of CNTs of finite-length using bottom-up approach.[29] The top-down approach 

for the synthesis of CNT by employing various physical and chemical methods to shorten the 

length below 1 μm has been studied extensively during the last decade.[30-36] Warner et. al. 

performed a comparative study of the stability of CNTs with varying diameter under electron 

beam irradiation.[37] Their study indicated defects in CNTs of diameter less than 10 Å . In 2013, 

Naumov and co-workers investigated the optical properties of long SWNTs as a function of their 

length and could not find any relationship between the two.[38] A study conducted by Kataura 

et. al. on the optical properties of CNT showed that the absorption peaks shift to shorter 

wavelength with a decrease in the diameter of tube.[39] They also demonstrated that the optical 

absorption of CNT occurs in the near-ultraviolet (350 nm) to near-infrared (2500 nm) region of 

electromagnetic spectrum. Due to the absorption of CNTs in the near-infrared region, they were 

found to be useful in photothermal therapy for the treatment of cancer.[40] The unique properties 

of CNTs enable their application in optoelectronic devices such as organic solar cells [41], field-

effect transistors [42] and light-emitting diodes.[43] 

1.1.2   Theoretical Studies  

Theoretical studies of finite-length CNT have been performed even before their first time 

synthesis.[44] Matsuo et. al. also investigated the structural properties of finite-length armchair 

CNTs.[45] They divided (n,n)CNTs (n = 5 and 6) into three types of structures viz., Kekulé, 

incomplete and complete Clar, based on the alteration in the length of carbon-carbon bond. 

Several theoretical studies on the passivation of terminals of CNTs by hydrogens have been 

reported.[46-48] 

The studies of CNTs are interesting as their energetics and properties can be modulated by 

varying length as well as diameter. The properties of infinite length CNTs differ significantly 

from their finite length counterparts. The armchair nanotubes of infinite-length are metallic in 
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nature, whereas the finite-length nanotubes are semiconducting.[44] This is due to the Peierls 

instability leading to alteration in the carbon-carbon bond lengths.[49] Odom et al. examined the 

quantum size effects on the electronic properties of three short CNTs of length 3, 5 and 6 nm.[50] 

Recently, Hedman and Larsson carried out a study on the dependence of length on the stability 

of armchair and zigzag CNTs.[51] Petrushenko and Ivanov examined the correlation between 

structure and electronic properties of finite CNTs.[52] Their results inferred that vertical and 

adiabatic ionization energies are different for finite CNTs while they are same for infinite CNTs. 

They also reported a significant change in carbon-carbon bond length upon ionization of CNT. 

Okada studied the energy gap between highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) of armchair CNTs of length upto 100 Å.[53] The finite-

length CNTs showed non-zero energy gap that decreases on increasing the length of the tube. 

Gao et. al. examined the dependence of energy gap on the length of semiconducting chiral CNTs 

(less than 100 Å) employing density functional theoretical method.[54] A similar study on the 

variation in energy gap between HOMO-LUMO of semiconducting zigzag CNT as a function of 

its length (ranging from 4 to 44 Å) was also conducted by Ahmadpour and co-workers.[48] 

Ghosh et. al. reported that CNTs of larger diameter are less reactive due to less curvature 

compared to those of smaller diameter.[55] Galano investigated the structural and electronic 

properties of (n,n)CNTs (n = 3-6) of diameter about 4-8 Å and length about 6-30 Å.[56] They 

found that the variation in length or diameter of CNT leads to changes in various properties such 

as binding energy, electronegativity, chemical potential, chemical hardness, ionization energy, 

electron affinity, energy gap between frontier orbitals and optical transitions. The same study 

also found that CNT of minimum length and diameter as the most reactive. Recently, the optical 

properties of long CNT (10-20 Å) have been explored using time-dependent density functional 

theory.[57] The study reported a red shift in absorption maximum for CNT of length 20 Å 

compared to that of length 10 Å. 

1.2   Functionalization of Carbon Nanotubes 

Despite outstanding properties of CNTs, they suffer from a major drawback in the fabrication of 

devices. This is mainly due to the van der Waals (vdW) interactions between carbon nanotubes 

leading to the formation of bundles thereby hindering their use for practical purposes. The above 

problem can be circumvented by the functionalization of CNTs which can be achieved in two 

ways viz., covalent and non-covalent functionalization.  
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1.2.1   Covalent Functionalization  

In the covalent functionalization of CNT, the hybridization of carbon atoms linked to guest 

species changes, resulting in the modifications of its electronic properties.[58] The properties of 

CNT are strongly influenced by other molecules either by adsorbing over the nanotube or by 

encapsulating inside CNT. The unique structure of CNT allows the species to interact both from 

inside and outside the cavity. In this regard, CNTs can be functionalized in two ways viz., endo- 

and exohedral. Endohedral functionalization is done by encapsulating molecule within the 

hollow space of CNT. Exohedral functionalization is also known as surface functionalization. 

However, the covalent functionalization is usually preferred on the surface of CNT. In 2004, Kar 

and co-workers carried out an investigation on the covalent functionalization of CNT with O3 

and 2-phenyl-1 H-imidazole.[59] Later, in 2004, Zhao et al. found a drastic change in the 

electronic states of CNT near the fermi level by covalently attaching -NH2, -CH3, -OH or –COOH 

groups.[60] However, a new method of covalent functionalization via [2+1] cycloaddition was 

presented in which the π-conjugation of CNT remains unchanged.[61] Prato and group reviewed 

various covalent complexes of CNT with organic species viz., carboxylic acid, fluorine, carbene, 

nitrene, alkyl and aryl groups.[62] The covalent functionalization of CNT with amine-terminated 

organic monolayer on gold and silicon surfaces has been explored using experimental as well as 

theoretical methods.[63] The density functional theoretical investigation on the covalent 

interaction of non-functionalized, OH- and COOH-functionalized CNTs with ethylene glycol 

(EG) by Subramanian et. al. demonstrated that EG exhibits stronger interaction with 

functionalized CNTs.[64] Ghosh and co-workers demonstrated that covalently functionalized 

CNTs with Na atoms can be used as hydrogen storage materials.[65] 

1.2.2   Non-Covalent Functionalization  

The bundling of CNTs leads to solubility issues and hinders their use for various applications. 

The non-covalent functionalization of CNTs helps in circumventing the above problem by 

dispersing them in solvents while preserving the properties of pristine CNT.[66] Several research 

groups have reviewed the non-covalent functionalization of CNTs.[67-73] The non-covalent 

functionalization of CNT can be done either endohedrally or exohedrally. The exohedral 

functionalization is generally performed by non-covalently attaching molecule over the surface 

of CNT. The adsorption affinity of 30 aromatic compounds on the surface of CNT has been 

examined theoretically.[74] The non-covalent complex CNT-porphyrin was synthesized by 

Murakami and co-workers.[75] In a study by Anderson and group, the relationship between the 

binding energy of the complexes of CNTs with porphyrin oligomers has been investigated.[76] 
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Their results indicated that larger the porphyrin  units, greater the binding affinity for CNTs. 

Using various functionals with and without dispersion correction, Chermahini et al. studied the 

adsorption of lactic acid on the surface of CNTs of different chirality.[77] Ghosh et. al. 

investigated the structural properties of the endohedral complexes of (n,n)CNT, n = 4-8 with 

Zundel cation.[78] They found that among the complexes studied, the complex of (6,6)CNT as 

the most stable due to its least deformation energy.  

Endohedral functionalization is a special case of non-covalent functionalization. In 2003, 

Takenobu et al. reported the inclusion complexes of CNT with various organic molecules such 

as anthracene, tetrathiafulvalene (TTF), tetracyanoquinodimethane (TCNQ), C60, to name a 

few.[79] The literature is abundant with a number of studies performed on the encapsulation of 

fullerenes, heterofullerenes and metallofullerenes into the hollow space of CNT and such type of 

systems are commonly known as peapods.[80-87] Munusamy and Wheeler explored the 

exohedral as well as endohedral complexes of CNT with substituted benzenes and found that the 

endohedral complexes are more stable than their exohedral counterparts.[88] In a combined 

theoretical and experimental study performed by Stobinski and co-workers on the complexes of 

CNT with carotenoids such as β-carotene and lycopene, it has been found that the endohedral 

complex in which carotenoids act as acceptors are more stable than the corresponding exohedral 

complex.[89] Very recently, the structural and electronic properties of endo- as well as exohedral 

complexes of CNTs with different nucleic acids have been reported using DFT method by Kumar 

and his group.[90] Their results also revealed that the endohedral complexes are energetically 

more stable than their exohedral counterparts. 

The non-covalent complexes of CNT with inorganic molecules have also been studied 

although not extensively as those of organic molecules. For instance, Chang and Lee conducted 

density functional theoretical investigation on the adsorption of NH3 and NO2 over CNT 

surface.[91] A similar study has been performed by Dai et al. on the adsorption of NOx (where, 

x = 1, 2 and 3) molecules on CNT.[92] The encapsulation of uranyl complexes inside CNT was 

studied for the storage of nuclear waste.[93] Mejri and co-workers conducted molecular 

dynamics studies on the encapsulation and subsequent release of cisplatin from the cavity of 

CNT.[94] The encapsulation of atoms such as Li and Na within CNTs of varying diameter has 

been investigated and the results revealed that the density of state generally increases as a 

function of the number of encapsulated species.[95] Another theoretical investigation has been 

performed by Roztoczyńska and group on the exo-and endohedral complexes of HF dimer with 

CNT.[96] Their results indicated a stronger interaction of HF dimer when it was confined inside 

the cavity of CNT. Kumar et. al. studied the interaction of encapsulated noble gas dimers viz., 
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He2, Ne2, Ar2 and Kr2 with the inner wall of CNT and found that dimers aligned parallel to the 

tube-axis rather than perpendicular forming stable complexes.[97] An investigation of the rare 

gas dimers (He2, Ne2, and Kr2) encapsulated inside BN-substituted CNT has been conducted by 

Chakraborty and Chattaraj.[98] In the complexes, a parallel alignment of dimers with respect to 

the tube-axis was preferred. Subramanian and co-workers have examined the possibility of 

encapsulation of ice nanotubes inside CNTs and observed that the cavity size of host plays an 

important role in the stabilization of the complexes.[99]  

1.2.2.1   Weakly Interacting Complexes of Carbon Nanotubes 

Non-covalent interactions, particularly the π-π interactions is the major reason for the attraction 

between the stacked π-systems. These interactions provide stability to the complexes which are 

formed from π-conjugated molecules. In the last decade, several efforts have been made both 

experimentally and theoretically to explore the complexes of CNT which are stabilized by π-π 

and X-H…π (X = C, N, O etc.) interactions. Using density functional theoretical methods, the 

adsorption of benzene derivatives which are formed by attaching electron-donating groups 

(methyl and amino) and -accepting group (nitro) on CNT has been studied by Woods and co-

workers.[100] They showed that the physisorption of above derivatives occurs through π-π 

interactions. In a study by Chin and Tsai, it was found that the π-π interactions between CNT and 

benzene can be strengthened by substituting the latter by either –CH3 or –Cl.[101] Kar et. al. 

carried out an MP2 study on the complexes of CNT with benzene and naphthalene which are 

stabilized by π-π and C-H…π interactions.[102] The π-stacking interactions of CNT with 

polycyclic aromatic compounds such as benzene, pyrene and azulene were investigated by 

Tournus and co-workers.[103] The π-stacking interaction between CNT and benzylmercaptan 

has been revealed by Sacher and group using X-ray photoelectron spectroscopic studies.[104]  In 

a study by Cohen et al., pyridine was substituted on a polymeric moiety named poly(methyl 

methacrylate) so as to have favourable π-π interactions with CNT.[105] The π-π interactions in 

various complexes formed between CNT and planar molecules like π-extended tetrathiafulvalene 

(exTTF), TCNQ, guanine, thymine and cytosine were reviewed by Pérez and Martin.[106] 

Another study reported that the complex with parallel orientation of cytosine over CNT is 

stabilized mainly by π-π interaction, whereas NH…π and CH…π interactions are predominant 

in its perpendicular counterpart.[107] A dispersion-corrected density functional theoretical study 

(DFT-D) on the complexes of functionalized CNT with histidine was reported by Wang and 

group and found that the complexes are stabilized by π-π interactions.[108] Recently, the 

interactions between CNT as host and various pyrene derivatives as guests have been studied 
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using both experimental and theoretical means.[109] Based on the molecular dynamic studies, 

Gorantla and co-workers demonstrated the π–π interactions between C60 and bent double-walled 

carbon nanotube (DWCNT).[110] Using the combined molecular mechanical and quantum 

mechanical study, the π–π interactions between CNT and amino acid derivatives were explored 

by Yang and co-workers.[111] Recently, Yumura and Yamamoto performed a dispersion-

corrected density functional study (DFT-D) on the endohedral complexes of p'(dimethylamino)-

p'-nitrostilbene (DANS) with CNT.[112] They found that the atoms of DANS in the vicinity of 

tube interact via π–π and C-H…π interactions. Nogueira et al. synthesized the π–conjugated 

compounds containing thiophene, dialkoxyphenylene and imidazole units for the dispersion of 

CNTs in water.[113] Very recently, the role of π–π interactions in the purification of phenol-

contaminated water has been highlighted in a density functional theoretical investigation by 

Moradi and co-workers.[114] In their study, CNT and its functionalized derivatives were selected 

due to their favourable π–π interactions with phenol. The π–π interaction between CNT and 

phthalocyanine has been demonstrated in a study conducted by Zhang and Shao.[115]  The π–π 

interactions between aromatic units of CNT with those of amino acid molecules have been 

investigated by several research groups.[111, 116, 117] 

The interactions of CNT with large π–conjugated structures have also been studied 

extensively. In 2002, Chen and group reported that the solubility of CNTs can be achieved via 

π-π interactions with poly(arylenethylene) and its derivatives rather than by wrapping with 

polymers.[118] The π-π interactions in the encapsulated complexes of carbon nanotube with 

small as well as large molecules such as acetylene, terthiophene, anthracene, perylene, coronene, 

C60, graphene nanoribbons and biomaterials such as DNA and lamivudine were reviewed by 

Dappe.[119] Other examples are polymer as well as DNA wrapped around CNT.[120, 121] 

Numata and co-workers reported that the complex in which CNT is wrapped by water-soluble 

polymer β-1,3-glucan is stabilized by π-π and O-H…π interactions.[122] In 2015, different 

polymer-wrapped CNTs were reviewed and it was demonstrated that polymer and CNT are held 

together primarily by π-π and C-H…π interactions.[121] Wang and Ai claimed that the 

complexes in which tripeptides moieties adsorbed on the surface of CNT are stable due to π-π, 

C-H…π, N-H…π and O-H…π interactions.[123] Poenitzsch et. al. showed that CNT-peptide 

complexes are stabilized by π-π stacking interactions between CNT and phenylalanine unit of 

the peptide.[124] 
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1.3   Donor-Acceptor Complexes of Carbon Nanotubes 

The charge transfer phenomenon involves the transfer of a fraction of charge from one species 

to another when two such species interact. The resulting complexes are stabilized mainly via 

electrostatic interactions. The charge transfer interactions also exist between CNT and several 

organic molecules as elucidated from both theory and experiments. Raman spectroscopy is one 

such experimental technique that can be used to study the charge transfer interactions between 

the constituents of the complex. Raman studies have shown that G-band of CNT at 1600 cm-1 

becomes slightly narrow on forming charge transfer complex with Poly(3,4-

ethylenedioxythiophene) (PEDOT).[125] The charge transfer in the encapsulated complexes of 

CNT with oligothiophene and its derivatives have been reported using infrared and Raman 

spectroscopic methods.[126, 127] 

Earlier studies have also shown that CNTs can act as donor or acceptor depending on the 

electronic properties of the molecule attached. In a review by Fukuzumi, it is reported that CNT 

acts as an electron donor with coenzyme Q10, whereas it behaves as an electron acceptor with 

polypeptide P(H2P)16.[128] The charge transfer from donor polypyrrole (PPy) to acceptor CNT 

was studied by Tang and group.[129] Very recently, an investigation was carried out by a group 

of researchers on the exohedral complex formed between donor decamethylcobaltocene and 

acceptor CNT.[130] Their study revealed that the complex exhibits n-type charge transfer 

characteristics. The photoinduced electron-transfer in the complex of CNT wrapped with 

coenzyme Q10 was explained on the basis of frontier orbital energy levels of individual units 

by Ontami and Fukuzumi.[131] They showed that the photoexcitation of electron takes place 

from the valence band to the conduction band of CNT followed by transfer of the photoexcited 

electron to the lowest unoccupied molecular orbital of coenzyme Q10. In a study by Weaver et. 

al., the charge transfer phenomena was reported in the composites of perylene derivatives and 

CNT. They found that CNT acts as an acceptor while the other species behave as donors.[132] 

In 2016, Strauss et al. examined the complexes formed between CNT and n-type semiconductors 

such as pyridyloxy group substituted Zn-pthalocyanine, perylene bisimide and TCNQ.[133] All 

the above complexes were found to be stabilized via π-π, hydrophobic and charge-transfer 

interactions. Rao and co-workers performed an experimental investigation of charge-transfer 

complexes formed between CNT and several donor-acceptor species such as aniline, TTF, 

nitrobenzene, TCNQ and TCNE using Raman spectroscopy.[134] Their results revealed that 

compared to the G-band maximum of CNT (1585 cm-1), a band maximum of its complexes 

with aniline and TTF is decreased while that of its complexes with nitrobenzene, TCNQ and 

TCNE is increased. Another experimental study by Wu and co-workers indicated the 
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possibility of charge transfer from donor tetrathiafulvalene (TTF) to acceptor CNT.[135] The 

charge transfer effects have also been observed in the complexes of CNT with organometallic 

compounds.[136] 

In 2000, Jhi and co-workers investigated the electronic properties of the complexes of CNT 

with O2 by means of density functional theory.[137] Their results from density of states 

calculations revealed the charge transfer from CNT to O2. Zhao and Lu performed theoretical 

studies on the complexes of CNT with benzene, cyclohexane, DDQ and O2.[138] Based on the 

Mulliken population analysis, they reported charge transfer within the complexes. CNT behaved 

as an acceptor in the presence of benzene or cyclohexane while CNT acted as a donor in the 

presence of DDQ or O2. Later, Tournus et. al. studied the physisorption of aromatic molecules 

such as benzene, azulene and DDQ on the surface of CNT and noticed the charge transfer 

interactions between CNT and DDQ.[139] The possibility of charge transfer interactions in the 

complexes of CNTs with small molecules like naphthalene, anthracene, TCNQ and DDQ were 

also examined theoretically by Lu and co-workers.[140] Among these complexes, TCNQ-CNT 

and DDQ-CNT were found to be stabilized by charge transfer interactions. A similar study was 

performed by Manna and Pati on the charge transfer complexes of metallic and semiconducting 

CNTs with TTF, TCNQ and TCNE.[141] Their study revealed that the electronic properties 

of CNT can be changed from metallic to semiconducting and vice-versa on doping different 

donor or acceptor moieties. The charge transfer interactions of CNT with carbene and its 

halogen substituted derivatives were explored by Kakkar and group using density functional 

theoretical methods.[142] Umadevi and Sastry studied the adsorption of gas molecules (H2, 

CO2, H2O, NH3, CH4) on the surface of CNTs.[143] From the Mulliken population analysis, 

they inferred that the above gas molecules behave as electron donors in their complexes with 

CNTs. The charge transfer interactions between electron-accepting CNTs and electron-

donating mono-, di-, tri-, tetra-, penta- and hexa-chloro substituted benzenes have been 

investigated by Balamurugan and Subramanian.[144] They observed that the maximum 

charge transfer occurs between CNT and highly substituted benzene. A recent study by Pati 

et. al. has shown the charge transfer interactions occur in the complexes of hazardous 

molecules such as dichlorodiphenyldichloroethane (DDD), dichlorodiphenyltrichloroethane 

(DDT), and dichlorodiphenyldichloroethylene (DDE) with nitrogen and transition-metal-

doped CNTs rather than their complexes with pure CNT.[145] In 2016, Ivanov and group 

examined the charge transfer interactions between the components of the endohedral 

complexes formed between CNTs and lithium monophosphide chains.[146] In another study 
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on the endohedral complexes of CNT with polyiodide, it has been reported that the charge 

transfer takes place from donor CNT to acceptor iodide ions.[147]  

The donor-acceptor complexes of CNT find applications in various devices. For example, 

the donor-acceptor complexes of CNT with polymer of porphyrin have been found suitable for 

applications in photovoltaic (PV) devices.[148] The composite CNT-poly(p-phenylene vinylene) 

(PPV) wherein hole transfer takes place from PPV to CNT has been shown to exhibit 

photovoltaic properties.[149] The donor-acceptor nanohybrid composed of CNT, pyrene and 

porphyrin has been found to exhibit a significant absorption in the visible region (600-800 nm) 

of the spectrum and therefore considered as an ideal candidate for PV cells.[150] Other donor-

acceptor systems which have been found suitable for PVs are quantum dot-CNT-thiol 

functionalized perylene derivatives and carboxylated CNT-C60.[132, 151] The complexes in 

which CNT acted as a donor and C60 as well as silicon as acceptors have also been reported to be 

suitable for PV applications.[152, 153] The nanocomposite formed by wrapping CNT by helical 

isoalloxazine ring containing aliphatic spacer unit having 12 carbon atoms attached to C 60-

functionalized flavin has been reported as a useful component in PV devices.[154] Guldi 

reported that the device consisting of nanohybrid SWNT/Pyrene+/ZnP8- and indium tin oxide 

(ITO) electrode can be used to convert solar energy to electrical energy.[155] This is due to 

the flow of electrons from nanohybrid to electrode in presence of light. The organic-inorganic 

nanohybrid system made up of CNT, pyrene+ and CdTe wherein CNT acts as an acceptor moiety 

has been found useful in photoelectrochemical cell by Guldi and co-workers.[156]   

1.4   Charge Transport Properties of Functionalized Carbon Nanotubes 

The carrier mobility (μ) is a crucial parameter to decide the nature of charge transport in organic 

semiconductors. The compounds with significantly higher hole mobility than electron mobility 

show p-type semiconducting characteristics. On the other hand, n-type semiconducting 

characteristics are observed for those compounds which exhibit electron mobility much higher 

than hole mobility. However, an ambipolar behaviour is observed for those having equal or 

nearly same values of electron and hole mobilities. 

In 2014, Peng et. al. reviewed the recent advances in p-type as well as n-type field-transistor 

devices based on CNT.[157] Cao and co-workers fabricated p-type thin-film transistor that based 

on CNT with mobility of 12.04 cm2V–1s–1
.[158] The mobility as high as 77 cm2V–1s–1 has been 

reported for CNT based thin-film transistor.[159] In another study, p-type carbon nanotube field-

effect transistor (CNTFET) exhibited mobility of 35 cm2V–1s–1
.[160] McGuire et. al. fabricated 

p-type CNT transistor via doping of boron atoms.[161] Park and co-workers showed that p-type 
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CNT can be prepared by electrochemical doping of CNT by perchlorate anions .[162] The p-type 

doping of CNT with the adsorption of O2 was achieved by Kang and colleagues.[163]  

It is well known that pristine CNTs are p-type semiconductors. Thus, there is a great interest 

in the designing of n-type semiconductors based on CNT. One such study conducted by Xu et. 

al. on the charge transfer complexes of CNT with decamethylcobaltocene (DMC) in which the 

former acted as an acceptor while the latter as a donor.[130] Based on the results obtained from 

the electrical characterization, they inferred that a conversion from p-type to n-type 

characteristics occurs when CNT is doped by DMC. Another study showed that the doping of 

CNT by Al changes the charge transfer characteristics from p-type to n-type.[164] A similar 

investigation was carried out by Czerw et al., showing p-type to n-type conversion of CNT on 

doping nitrogen.[165] Nouchi and co-workers fabricated p-type as well as n-type carbon 

nanotube based field effect transistors using TCNQ and polyethyleneimine (PEI) as dopants, 

respectively.[166] The n-type transistors made up of CNT and SiNx thin films exhibit a maximum 

electron mobility of 10 cm2V-1s-1.[167] The complex formed by functionalizing CNT with amine-

rich polymer showed high electron mobility (8 × 103 cm2V-1s-1) thereby serving as an n-type 

field-effect transistor.[168]  

Huang and Jiang fabricated the carbon nanotube based field-effect transistors which exhibit 

ambipolar behaviour due to nearly the same values of electron and hole mobilities.[169] Baeg 

and co-workers also reported the ambipolar charge transfer characteristics for the polymer-

wrapped CNTs.[170] The conversion of p-type conductivity of CNT to ambipolar-type for 

CNT/carbide heterostructures was observed by Martel and co-workers.[171] Another approach 

of modifying the electrical characteristics of CNT from unipolar to ambipolar has been achieved 

in polystyrene coated CNT.[172] 

1.5   Optoelectronic Properties of Functionalized Carbon Nanotubes 

The complexes of CNT with appreciable band gap (< 2 eV) act as semiconductors and they can 

be used in various optoelectronic devices. Very recently, a combined theoretical and 

experimental study reported that the band gap of metallic CNT becomes non-zero on forming 

complexes with dendrimers.[173] Xu and co-workers pointed out that the metal-to-

semiconductor transition can be done by co-doping CNT with boron and nitrogen atoms.[174] 

Besides, a number of studies are available on the conversion of metallic CNTs to semiconducting 

ones by different methods including irradiation with low-energy electrons [175], treatment with 

hydrogen plasma [176] and by applying high axial strain.[177]. In contrast to the above metal-

semiconductor transition, Rao and co-workers showed that semiconducting CNTs when attached 
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to metal nanoparticles become metallic due to charge transfer between them.[178] Later, Rao 

and Voggu suggested that the metal to semiconductor transition of CNT takes place on forming 

charge transfer complex with electron acceptor molecules while its semiconductor to metal 

transition occurs in the presence of electron donor molecules.[179]  

In an experimental study performed by Tsuchikawa et. al., it has been shown that the optical 

properties of CNT can be altered to a large extent by functionalizing with squaraine dyes.[180] 

Their results indicated that pure CNT does not absorb visible light, whereas a prominent 

absorption is observed for the dye functionalized CNT. Bunes and co-workers studied the 

optoelectronic properties of the complexes formed by interacting carbazolylethynylene oligomer 

with CNT.[181] Their study also showed that although the absorption of CNT is negligible, its 

complexes show significant absorption in the visible region of the electromagnetic spectrum. 

Cheng and co-workers reported that the absorption wavelengths of CNT have been red-shifted 

on complexation with fluorene-based polymers.[182] Interaction between CNT and 

oligonucleotides of DNA was examined by Tan and group.[183] Their results demonstrated that 

the wavelengths as well as the absorption intensities of free CNT differ significantly from those 

of its complexes with DNA. Another group of researchers showed that the nanohybrids formed 

from zinc porphyrin (ZnP) and CNTs can be used for light-harvesting applications.[184] The 

above nanohybrids showed photoinduced electron transfer from ZnP to CNT.  

1.6   Mechanically Interlocked Nanotubes (MINTs)  

The mechanically interlocked molecules (MIMs) have gained increased attention in the past 

decades. They are basically of two types viz., rotaxanes and catenanes. The rotaxanes are those 

in which a linear macrocycle is surrounded by macrocyclic ring, whereas the catenanes are those 

in which macrocyclic rings are intertwined with each other. The work on mechanically 

interlocked molecular architectures was acknowledged with Nobel Prize in Chemistry awarded 

to Feringa, Sauvage and Stoddart in 2016 for the designing and synthesising molecular machines 

at the nanoscale.[185-188].  

The mechanically interlocked nanotubes (MINTs) fall into the categories of MIMs. The two 

main advantages of MINTs are (i) their stability is comparable to that of the covalent complexes 

of CNT and (ii) they do not modify the electronic properties of CNT similar to the non-bonded 

complexes of CNT. Among MINTs, the rotaxane-like structures have been widely investigated 

both theoretically and experimentally.[189-194] There are many examples of such structures 

which include the complexes formed by encapsulation of CNT within macrocycle composed of 

two π-extended TTF units [191, 193], wrapping of CNT by pyrene-based macrocycle [192, 193] 
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and by confining CNT into macrocyclic systems made up of two porphyrin units.[194] Akola 

and co-workers studied the electronic properties of rotaxane-like MINTs formed by the 

complexation of CNT with crown ethers or β-cyclodextrin.[189] Their results indicated that the 

structures without any cross-linking preserves the electronic properties of CNT similar to the 

supramolecular non-covalent complexes. Juan and Pérez reviewed the endohedral complexes of 

CNT on comparing their properties with that of rotaxane-like MINTs.[190] They showed that 

the topology of both types of complexes of CNT is the same. 

Since CNTs have large surface area, the molecules can easily move on their surface in 

presence of external stimuli like temperature, voltage, pH and light. Recently, the light and 

electricity responsive materials of aligned CNT with polymers were reviewed by Luo and 

Hu.[195] Jintoku et. al. studied the optically responsive complexes of CNTs with azobenzene-

based dispersant.[196] They observed the photo-isomerisation of azobenzene molecule upon 

irradiation of ultraviolet light on its complexes. The photomechanical effect in bilayer systems 

composed of CNT and polycarbonate polymer was elucidated by Zhang and co-workers.[197] 

They suggested the future applications of above systems as light-driven motors, oscillators and 

sensors. Temperature and voltage driven molecular motors in which short CNT translates over 

long CNT have also been reported.[198, 199]  

1.7   Objectives of the Thesis 

Although there are reports on the π-π and the charge transfer complexes of CNT, a systematic 

study on the stability, optoelectronic and charge transport properties of these complexes is still 

deficit at the molecular level which motivated us to carry out further investigations. The main 

objective of the present thesis is to study the interactions between CNT and various π-electron 

species such as indigo, perylene bisimide (PBI), quaterthiophene (4T), [10]cycloparaphenylene 

([10]CPP) and substituted as well as doped derivatives of [10]CPP. For this purpose, we used 

different dispersion-corrected density functional methods viz., B97-D [200], B3LYP-GD3 [201] 

and ωB97X-D [202] which account for the weak van der Waal interactions between the 

constituent units.  

In the present study, the armchair nanotubes were selected as they are semiconducting in 

nature. Zigzag nanotubes were not used because of their half-metallic nature for the finite-length. 

We could not use chiral nanotubes because of the high computational cost required due to their 

unsymmetrical nature. As CNTs have the ability to adsorb as well as to encapsulate the organic 

molecules, both endo- and exohedral complexes are considered for the investigation. Further, it 

is imperative to understand the structural stability of these complexes. It is also important to 
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examine how different components of interaction energy contributes towards the stability of each 

of the complexes.  

One of the objectives of the present study is to unravel the mechanism of photoinduced 

electron transfer in the complexes based on the analysis of frontier molecular orbitals of the 

components of the complex. Earlier studies on the non-covalent complexes of CNT did not 

consider the nature of excited state transitions. The thesis aims to find out whether the excited 

state transitions occur due to intermolecular charge transfer. The thesis also attempts to find out 

the role of CNT as an electron donor or as an electron acceptor in its complexes with several π-

conjugated molecules (indigo, PBI, 4T and CPPs). A molecular level analysis of charge transport 

properties of non-covalent complexes of CNT is lacking in earlier studies. Therefore, the thesis 

aims on whether the complexes of CNT with indigo, PBI and 4T exhibit p-type, n-type or 

ambipolar behaviour for organic transistors. Since CPP and its derivatives act as macrocyclic 

host for CNT and together they constitute the mechanically interlocked systems, the molecular 

level understanding of energy barriers for the translational and rotational motions of CPP over 

CNT is needed for their application in molecular machines.  

1.8   Outline of the Thesis 

The chapters of the present thesis are organised as follows: 

The first chapter gives an introduction to CNTs and a literature review focussed on non-

functionalized and functionalized CNTs. The structure and properties of non-covalently bound 

charge transfer complexes of CNTs are reviewed. A brief review on the mechanically interlocked 

nanotubes and their applications is also given. Following this, the objectives of this thesis are 

presented. 

In the second chapter, the theoretical methods commonly used in computational studies are 

discussed. An introduction to the Schrödinger equation followed by various theoretical methods 

such as Hartree-Fock, post-Hartree-Fock and density functional theory are briefly explained. 

Different types of Pople basis sets along with the basis set superposition error are discussed. This 

chapter also presents the details of photoinduced electron transfer within donor-acceptor systems. 

The research works done are covered in next four chapters of the thesis. In Chapter 3-6, the 

structure-property relationships for the various complexes of CNT is established. 

Chapter 3 presents the study of stability, optoelectronic and charge transport properties of 

endo- and exohedral complexes of CNT with indigo at B97-D/6-31G(d,p) level. The effect of 

length and the capping of CNT on the charge transport properties of the above complexes with 
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indigo is examined. Three types of CNTs of same chirality but different diameters are used for 

the confinement of indigo to investigate the optoelectronic and charge transport properties of 

their complexes. The effect of different dispersion-corrected density functionals is studied for the 

endohedral complex of maximum stability. 

In Chapter 4, the stability and above mentioned properties of exohedral complex of CNT with 

perylene bisimide are examined using different dispersion-corrected density functionals. A 

similar investigation on the stability of its endohedral complex is also performed. 

Chapter 5 discusses the structure, optoelectronic and charge transport properties of endo- as 

well as exohedral complexes of CNT with quaterthiophene. The charge transport properties of 

these complexes are compared to those of the complexes reported in other chapters. 

Chapter 6 describes the optoelectronic properties of the complexes of CNT with 

cycloparaphenylene (CPP) and its derivatives. The effect of substituents and dopants on the 

stability of CPP-CNT complexes is investigated. The occurrence of charge transfer to or from 

CNT is established for its complexes with CPP and its fluorine-substituted derivatives. The role 

of these systems in the molecular machines such as wheels and shuttles is also highlighted. 

Chapter 7 culminates the results of the work done in the thesis followed by the future scope 

of the present work.
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CHAPTER 2 

Theoretical Background 

 

Quantum chemistry describes atoms and molecules at microscopic level, in terms of structures, 

energetics and properties which can be assessed through different electronic structure methods. 

Some of the above methods with necessary theoretical background are discussed below. 

2.1   Electronic Structure Methods 

With the advent of quantum mechanics in the early 20th century, Heisenberg in 1925 gave the 

formulation of quantum mechanics by using matrix mechanics.[203] In 1926, Erwin Schrödinger 

proposed the wave equation which describes how the wave evolves in space and time.[204] The 

entire endeavour is solving Schrödinger equation. The time-independent Schrödinger equation is 

given by: 

�̂�|𝜓⟩ = 𝐸|𝜓⟩ (2.1) 

where 𝜓 is the wave function of the particle, �̂� is the Hamiltonian and E is the total energy of 

the system. The time-dependent Schrödinger equation is the first-order differential equation of 

the evolution of wave function in time, 

�̂�|𝜓(𝑡)⟩ = 𝑖ħ
𝑑

𝑑𝑡
|𝜓(𝑡)⟩ (2.2) 

Paul Dirac, in 1926, demonstrated that both Heisenberg and Schrodinger methods are 

equivalent.[205] Since Schrodinger’s version was relatively easy to understand, it was used for 

further development of quantum mechanics. Thereafter, Born and Oppenheimer in 1927 assumed 

that the total wave function (𝜓total) is the product of electron wave function (𝜓electron) and nuclear 

wave function (𝜓nuclear).[206]  

𝜓𝑡𝑜𝑡𝑎𝑙 =  𝜓𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝜓𝑛𝑢𝑐𝑙𝑒𝑎𝑟 (2.3) 

According to Born-Oppenheimer approximation, the Hamiltonian for an electron in an 

interacting many electron system is defined as the sum of the kinetic energy operator (�̂�𝑒), 

potential due to electron-electron interactions (𝑉𝑒𝑒) and external potential (𝑉𝑒𝑥𝑡) due to electron-

nucleus interactions for fixed position of nuclei,  

�̂� =  �̂�𝑒 + 𝑉𝑒𝑒 +  𝑉𝑒𝑥𝑡 (2.4) 
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where  �̂�𝑒 = −
ћ

2

2𝑚
 ∑ ∇𝑖

2
𝑖  

Considering the Born-Oppenheimer approximation, the Schrodinger’s equation can be written 

as: 

−
ħ2

2𝑚 
(

𝜕2𝜓

𝜕𝑥2
+

𝜕2𝜓

𝜕𝑦2
+

𝜕2𝜓

𝜕𝑧2
) + 𝑉𝜓 = 𝐸𝜓 (2.5) 

Based on this approximation, one can separate the electronic and nuclear motions so as to 

partition the respective wavefunction and Hamiltonian. On solving the above equation, the wave 

function can be determined. The wave function is a function of the coordinates that contains all 

the information necessary to define a system. The Schrödinger’s wave was interpreted correctly 

by Max Born as the probability amplitude which means the wave function must be squared in 

order to obtain the probability.[207] 

2.2   Ab-inito Methods 

According to the fundamental postulate of quantum mechanics, a system can be described 

completely using its wave function. The Schrödinger equation for one-electron system can be 

solved analytically, whereas solving many-electron Schrödinger equation is a tedious task and 

needs approximation methods like variational and perturbation methods. 

2.2.1   Hartree-Fock Method 

Hartree and Fock proposed an iterative self-consistent field method for many electron systems. 

The procedure for achieving self-consistency has been discussed in many books.[208-210] The 

Hartree-Fock self-consistent field (HF-SCF) method is an ab-initio approach based on the 

variational method which assumes the total wave function as a product of one electron wave 

functions. The idea behind the assumption taken by Hartree is that each electron moves 

independent of each other and hence experiences only the average electrostatic field from all 

other electrons. [211] In order to construct one electron operator, an initial wave function is taken. 

Then, the equations are solved to get new wavefunction. Fock extended the Hartree method to 

incorporate the electron exchange effect applying Slater determinant.[212] HF method employs 

a Hartree potential and an exchange interaction that forces the antisymmetry of the wavefunction. 

For N-particle system, the trial wavefunction (ψ) satisfying the antisymmetry condition for 

electron can be written in the form of Slater determinant.  



Theoretical Background 

19 

 

𝜓(𝑥1, 𝑥2, 𝑥3, … . , 𝑥𝑁) =  
1

√𝑁!
 

       
       
       

       NNNNN

N

N

N

xxxx

xxxx

xxxx

xxxx



















321

3333231

2232221

1131211

 (2.6) 

where 𝑥1, 𝑥2, … , 𝑥𝑁 denotes the coordinates and 𝜒1𝜒2𝜒3 … 𝜒𝑁 represent the one-electron spin 

orbitals for a set of N-particles. 

For ith-orbital (𝜑𝑖), one-electron Fock operator (�̂�) is given by, 

�̂�[(𝜑𝑖)]  =  �̂�  +  ∑[2𝐽𝑖

𝑁/2

𝑖=1

−  �̂�𝑖] (2.7) 

where �̂� is the Hamiltonian operator which is the sum of kinetic energy operator for electron and 

potential energy operator due to electron-nucleus interaction.  𝐽𝑖 is the Coulomb operator that 

defines the repulsion between two electrons occupying the same ith orbital and �̂�𝑖 is the exchange 

operator arises due to the antisymmetric nature of the wavefunction for N-electrons. In terms of 

occupied spin-orbitals (a and b), the Coulomb operator (𝐽𝑎𝑏) and the exchange operator (�̂�𝑎𝑏) are 

given by 

𝐽𝑎𝑏 =  ∫ 𝑑3𝑟1 𝑑3𝑟2  |𝜓𝑎(𝑟1)|2  
1

𝑟12
  |𝜓𝑏(𝑟2)|2 (2.8) 

�̂�𝑎𝑏 =  ∫ 𝑑3𝑟1 𝑑3𝑟2  𝜓𝑎
∗(𝑟1)𝜓𝑏

∗ (𝑟1)
1

𝑟12
𝜓𝑎(𝑟2)𝜓𝑏(𝑟2) (2.9) 

Equation (2.7) is non-linear and has to be solved iteratively by self-consistent procedure. As 

this equation is difficult to solve, Roothaan and Hall (1951) proposed a detailed way of solving 

this by expanding molecular orbitals as a linear combination of atomic orbitals. Roothaan and 

Hall matrix [213, 214] equation has the form  

�̂�𝐶 = 𝜀𝑆𝐶 (2.10) 

where �̂� is the effective one electron Fock operator, C is the coefficient matrix, S is the overlap 

matrix and 𝜀 is the matrix for orbital energies. 

Once the approximated wave function and Hamiltonian are formulated, one can invoke the 

variational principle to solve the electronic Schrödinger equation. According to variational 

principle, the expectation energy obtained by solving the Schrödinger equation using variational 

principle is always the upper bound of the true ground state energy. By solving the HF equations, 
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lowest energy for the ground state is obtained. This energy tends to HF limit with the 

improvement of wave functions. Nevertheless, this method suffers from a major drawback that 

it considers only the average interaction among electrons. The main drawback of Hartree-Fock 

method is that it does not take into account of the electron correlation due to the assumption of 

independent particle model. Other drawbacks include bond lengths are underestimated and non-

covalent interactions, particularly dispersion forces are not described correctly. 

2.2.2   Post-Hartree-Fock Methods 

The exchange interaction that occurs between electrons is the result of Pauli exclusion principle. 

The correlated motion between electrons of anti-parallel spins arises because of their mutual 

coulombic repulsion. The electron correlation energy is calculated as the difference between 

exact energy and HF energy. Since the Hartree-Fock method does not take into account the 

complete correlation between electrons, post Hartree-Fock methods were introduced which 

refine HF method either variationally or perturbatively. These include Møller-Plesset (MP) 

perturbation, configuration interaction (CI) and coupled-cluster (CC) methods. 

In Møller-Plesset perturbation (MP) methods, the sum of the Fock operators forms the 

unperturbed Hamiltonian. Here, the electron correlation effects are included using perturbation 

method. In case of MP2, the perturbation is limited to second order. The full configuration 

interaction method treats the electron correlation effectively, even better than the higher order 

Møller-Plesset perturbation methods. The coupled cluster single, double and perturbative triple 

excitation, CCSD(T) is regarded as “the gold standard of quantum chemistry” as it fulfils the 

requirements of accuracy and cost. However, these methods are computationally expensive for 

large systems and are not considered for the present study. 

2.3   Density Functional Theory (DFT) 

It is an alternate approach to Hartree-Fock (HF) theory for determining the electronic structure 

of a chemical system. The main advantage of DFT is that it takes into account the electron 

correlation effect which is neglected in HF theory. Instead of computing the multi-electron and 

multi-dimensional wave function, the density functional theory is concerned only with the 

computation of electron density that depends on three variables compared to 3N variables in 

wave-function based approaches. In DFT, function used in wave-function-based approaches is 

replaced by functional. It implies that the wave function (𝜓[𝑛(𝑟)]) depends on the electron 

density 𝑛(𝑟), which in turn depends on the three-dimensional spatial coordinates (𝑟) of the 

system. This theory has great success in the past few decades. 
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It is the most widely used computational method which describes the ground state properties 

of any system under consideration. By employing this method, the approximate solutions of 

Schrödinger equation can be determined. Although DFT is less accurate than other ab-inito 

methods, it is rather more versatile. DFT methods take approximately the same computational 

time as HF methods and have almost the same accuracy compared to MP2 method. 

2.3.1   Thomas-Fermi Model  

Prior to the introduction of density functional theory, Thomas and Fermi in 1927 proposed a 

Jellium model or uniform gas model.[215] In this model, an imaginary system named Jellium is 

composed of large number of electrons in an infinite space with evenly distributed positive 

charges. For the above system, Thomas and Fermi calculated the kinetic energy using the fermion 

statistical mechanics as, 

𝑇[𝜌(𝑟)] =  
3

10
 (3𝜋2)2/3  ∫ 𝜌5/3(𝑟)  𝑑𝑟 (2.11) 

Here, kinetic energy is the function of electron density, which in turn is the function of three-

dimensional spatial coordinates.  

In 1951, Slater determined the exchange energy (Ex) as a function of electron density [216] 

and is given by 

𝐸𝑥[𝜌(𝑟)] = − 
9𝛼

8
  (

3

𝜋
)

1/3

∫ 𝜌4/3(𝑟) 𝑑𝑟 , where α = 1 (2.12) 

Thereafter, Bloch and Dirac derived a similar equation but changed the value of α to 2/3. 

Together, the equations (2.11) and (2.12) with α = 
2

3
  are known as Thomas-Fermi-Dirac 

equation.[217] Thomas-Fermi Statistical model which is based on this equation does not explain 

the bonding between the atoms, which in turn, cannot be considered appropriate for molecules 

and solids.  

2.3.2   Hohenberg-Kohn (H-K) Theorems 

An approach that treats electron density as basic variable was laid in 1964 by Hohenberg and 

Kohn.[218] They explained the density functional theory via first and second H-K theorems.  

2.3.2.1   First H-K Theorem 

The first theorem states that the “external potential is the functional of electron density”. The  
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Hamiltonian operator and hence the total energy (𝐸[𝜌(𝑟)]) is described by the ground state 

electron density (𝜌(𝑟)) as, 

𝐸[𝜌(𝑟)] =  ∫ 𝜌(𝑟) 𝑣𝑒𝑥𝑡(𝑟) 𝑑𝑟 + 𝐹[𝜌(𝑟)]  (2.13) 

where  𝑣𝑒𝑥𝑡(𝑟) is the external potential and 𝐹[𝜌(𝑟)] is the universal functional of electron 

density. 

The universal functional is the sum of kinetic energy and of electron-electron interaction 

energy which is same for all the electrons present in a system. Hence, total energy of any two 

systems is different due to their varying values of 𝑣𝑒𝑥𝑡(𝑟). This theorem is also known as the 

existence theorem.  

2.3.2.2   Second H-K Theorem 

The second theorem states that the ground state energy of a system can be determined by 

minimizing the total energy of the system, which in turn, depends on the external potential. 

Hohenberg and Kohn determined the energy of the ground state using density. It is based on the 

variational principle, according to which, the ground state energy (𝐸𝐺𝑆) is given by, 

𝐸𝐺𝑆 ≤  ⟨𝜓|�̂�|𝜓⟩   (2.14) 

𝐸[𝜌(𝑟)] =  ∫ 𝜌(𝑟) 𝑣𝑒𝑥𝑡(𝑟) 𝑑𝑟 + 𝐹[𝜌(𝑟)] ≥  𝐸𝐺𝑆 (2.15) 

In order to obtain the ground state density and hence the energy, the universal functional has 

to be minimized. Although H-K theorems formed the basis of DFT, the exact functional form of 

the total energy was still unknown and thus many approximate methods have been given in last 

few decades.  

2.3.3   Kohn-Sham Theory 

It is based on the assumption that the density of an unreal system with non-interacting electrons 

is same as that of a real system with interacting electron. The replacement of many-electron 

problem with a single-particle problem by Kohn and Sham leads to much lower computational 

cost. The K-S equations [219] is written in terms of the one-electron Schrödinger equation as 

given by, 

(
−ħ2

2𝑚
 ∇2 +  𝑣𝑒𝑓𝑓(𝑟)) 𝜑𝑖(𝑟) =  𝜀𝑖 𝜑𝑖(𝑟) (2.16) 
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where 𝜑𝑖(𝑟) is the Kohn-Sham orbital and 𝜀𝑖 is the orbital energy. For n-electron system, the 

density in terms of Kohn-Sham orbital is given by 

𝜌(𝑟) =  ∑|𝜑𝑖(𝑟)|2 

𝑛

𝑖

 (2.17) 

The total energy is thus written as 

𝐸[𝜌] =  𝑇𝑠[𝜌] +  𝑉𝑒𝑥𝑡[𝜌] + 𝐸𝐻[𝜌] +  𝐸𝑥𝑐[𝜌] (2.18) 

where kinetic energy 𝑇𝑠[𝜌] is for the non-interacting electrons and is written as 

𝑇𝑠[𝜌] =  ∑ ∫ 𝑑𝑟 𝜑𝑖
∗(𝑟) (−

1

2
 ∇2) 𝜑𝑖(𝑟) 

𝑛

𝑖

 (2.19) 

and 𝐸𝐻[𝜌] is the Coulomb energy. 

Here, the equations are solved to get Kohn-Sham orbitals using self-consistent procedure 

starting with an initial guess of charge density (𝜌). The process of iteration is repeated till the 

value of density and exchange-correlation energy lie within their respective tolerance values. The 

theories by Hohenberg-Kohn and Kohn-Sham are termed as density functional theory (DFT).  

In equation (2.18), the exact form of exchange-correlation energy was not known. Thus, two 

main approximations were used viz., local density approximation (LDA) and gradient density 

approximation (GGA) so as to determine the functional form of exchange and correlation 

energies and are discussed in detail below. 

2.3.4   Local Density Approximation (LDA) 

It is the simplest approximation for determining the exchange-correlation (𝐸𝑥𝑐) that depends on 

the electron density, 

𝐸𝑥𝑐[𝜌] =  ∫ 𝜀𝑥𝑐 [𝜌] 𝜌(𝑟) 𝑑3𝑟 (2.20) 

where 𝜀𝑥𝑐[𝜌] is the exchange-correlation energy per electron. 

The exchange-correlation potential is related to the total exchange-correlation energy by, 

𝑉𝑥𝑐(𝑟) =
𝛿𝐸𝑥𝑐

𝐿𝐷𝐴

𝛿𝜌(𝑟)
 (2.21) 

For spin-polarized system, the exchange-correlation energy is calculated using local-spin density 

approximation (LSDA) and is 
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𝐸𝑥𝑐
𝐿𝑆𝐷𝐴[𝜌↑, 𝜌↓] =  ∫ 𝑑𝑟 𝜌(𝑟) 𝜖𝑥𝑐 (𝜌↑, 𝜌↓) (2.22) 

The above approximations describe the uniform electron gas using Thomas-Fermi theory 

underestimating the interactions between electrons. Here, the exchange energy [217] is given by, 

𝐸𝑥
𝐿𝐷𝐴[𝜌(𝑟)] =  −

3

4
 (

3

𝜋
)

1/3

∫ 𝜌4/3(𝑟) 𝑑𝑟 (2.23) 

and the correlation energy can be determined by Monte-Carlo simulation and fit to analytical 

form by Vosko, Wilk, and Nusair (VWN).[220] However, this method overestimates the 

correlation energy and thus, better approximations are required. With this approximation, the 

chemical bonds like covalent, metallic and ionic are well described, however, hydrogen bond as 

well as the van der Waals bond are not described adequately. It also gives a fairly accurate value 

of bond length whereas a large error is obtained in the calculation of molecular energies. The 

exchange-correlation functional based on this approximation is SVWN which is the combination 

of exchange functional (Slater functional) with local VWN correlation functional.[220, 221] The 

magnitude of exchange-correlation energy on the basis of Hartree-approach is zero due to 

complete negligence of the exchange-correlation effects.  

2.3.5   Generalized Gradient Approximation (GGA) 

The exchange-correction functionals based on LDA involve slow changes in the electron density 

over the small region of space. Therefore, they are used to accurately predict the properties of 

only those systems in which the electron density distribution remains uniform. GGA circumvent 

this problem by incorporating the gradient of density in the calculation of exchange-correlation 

energies. Therefore, it gives a better description of the systems taking into account the derivative 

of density based on the Kohn-Sham theory. By applying GGA, the exchange-correlation energy 

is written as: 

𝐸𝑥𝑐 =  𝜀𝑥𝑐 [𝜌(𝑟), ∇𝜌(𝑟)] (2.24) 
 

where, 𝜀𝑥𝑐
𝐺𝐺𝐴[𝜌(𝑟), ∇𝜌(𝑟)] =  𝜀𝑥

𝐺𝐺𝐴[𝜌(𝑟), ∇𝜌(𝑟)] +  𝜀𝑐
𝐺𝐺𝐴[𝜌(𝑟), ∇𝜌(𝑟)] (2.25) 

The functionals such as Becke (B97) [222] and Becke-Lee-Yang-Parr (BLYP) [223, 224] 

belong to this class of functionals. GGA functionals are also known as non-local functionals and 

describe correctly those systems with inhomogeneous electron distribution. It provides an 

improvement in the bond energies but not in the band gaps of the molecules.  
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Both LDA and GGA functionals fairly describe the structural as well as electronic properties 

of many solids but are relatively less accurate to predict the properties of a molecular system. 

2.3.5.1   Meta-GGA Functionals 

In 2005, the first work on meta-GGA functional was published by Truhlar and his co-workers 

and it was denoted as M05.[225] The meta-GGA exchange-correlation energy as a function of 

electron density is given by, 

𝐸𝑥𝑐
𝑚𝑒𝑡𝑎−𝐺𝐺𝐴[𝜌(𝑟)] =  ∫ 𝜀𝑥𝑐

𝑚𝑒𝑡𝑎−𝐺𝐺𝐴[𝜌(𝑟), ∇𝜌(𝑟), 𝜏(𝑟)] 𝜌(𝑟) 𝑑3𝑟 (2.26) 

where, 𝜏 is the kinetic energy density and is equal to 
1

2
∑ (∇𝜑

𝑖
)2

𝑖  .   

Other type of meta-GGA functional is Toa-Perdew-Staroverov-Scuseria (TPSS) [226]. In 

general, these functionals are accurate than GGA functionals but the disadvantage is that meta-

GGA functionals are relatively more expensive in terms of computational cost.  

2.3.6   Hybrid Functionals 

The main problem with the above exchange-correlation functionals based on LDA, GGA and 

meta-GGA is that they all lead to self-interaction error, whereas exact DFT does not include any 

self-interactions. This problem is circumvented largely by using hybrid functional that helps to 

reduce the self-interaction error. The exchange-correlation energy in hybrid functionals involves 

a contribution from Fock exchange along with the exchange and correlation energy from various 

approximations. 

𝐸ℎ𝑦𝑏𝑟𝑖𝑑[𝜌] =  𝛼𝐸𝑋
𝑒𝑥𝑎𝑐𝑡[𝜌] + (1 − 𝛼)𝐸𝑋[𝜌] + 𝐸𝑐  [𝜌] (2.27) 

where, the parameter α can be obtained by fitting it to experimental data of the molecules. 

The exact exchange energy functional is defined by Kohn-Sham orbitals and not by electron 

density. The hybrid functionals are most popular among different class of functionals and some 

of the examples are Becke-3-LYP [223, 224, 227], ωB97X [228] and CAM-B3LYP [229]. The 

functional Becke-3-LYP (B3LYP) includes 20% of HF exchange, 80% of Dirac or Slater 

exchange, 72% of Becke exchange, 81% of Lee-Yang-Parr correlation and 19% of Vosko, Wilk, 

and Nusair correlation. B3LYP adequately considers the effect of both exchange and correlation 

energy and thus, gives better result than pure functionals based on LDA and GGA. Due to the 

additional HF exchange energy term in hybrid functional, it becomes slower than GGA 

functional. With hybrid functionals, bond energies are significantly improved in comparison to 
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GGA functionals. Further, the hybrid functionals also improve the band gaps and the electron 

affinities of molecules. A new class of functionals called double-hybrid density functionals have 

also been introduced in which exchange-correlation functionals are mainly composed of (i) HF 

exchange and (ii) perturbative correlation term of second-order (PT2).[230] The double hybrid 

functionals are more accurate, however, far more expensive in terms of their computational cost 

than hybrid functionals. 

2.3.7   Improvement in Density Functionals 

The density functionals without any long range or dispersion corrections do not define accurately 

the properties of such systems which are stabilized predominantly by van der Waals (vdW) 

forces. Since these forces play an important role in stabilizing the complexes, it becomes 

imperative to include long-range and dispersion corrections in the total exchange-correlation 

energy.  

2.3.7.1   Long-Range Corrected Functionals 

In this type of functionals, the exchange part of Hartree-Fock is simply replaced by the long-

range exchange functional.  Examples of such functionals include CAM-B3LYP and ωB97X 

which are the long-range corrected version of B3LYP and B97 functionals, respectively. They 

are used mainly for improving the charge transfer excitation energies and oscillator strength 

which are underestimated by the conventional DFT methods. 

2.3.7.2   Dispersion-Corrected Functionals 

In KS-DFT, the long-range electron correlation effects are not incorporated and hence the total 

energy with dispersion interactions is given by  

𝐸𝐷𝐹𝑇−𝐷 =  𝐸𝐾𝑆−𝐷𝐹𝑇 +  𝐸𝑑𝑖𝑠𝑝   (2.28) 

 

and 
𝐸𝑑𝑖𝑠𝑝 =  −𝑠6  ∑ ∑

𝑐6
𝑖𝑗

𝑅𝑖𝑗
6  𝑓𝑑𝑚𝑝(𝑅𝑖𝑗)

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

 (2.29) 

where 𝑠6 is the scaling factor, N is the number of atoms, 𝑐6
𝑖𝑗

 is the dispersion-coefficient for the 

atom pair ij and 𝑓𝑑𝑚𝑝 is the damping function.  

Commonly used DFT methods supplemented with dispersion corrections are DFT-D, DFT-

D2 and DFT-D3. The first two involves pair of atoms while the other include upto three-body 

effects. Some examples of such functionals given by Grimme and co-workers are B2PLYPD 

[231], B97-D [200], ωB97X-D [202], B3LYP-GD2 [200, 224, 227] and B3LYP-GD3 [201, 232].  
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2.3.8   Time-Dependent Density Functional Theory (TD-DFT) 

In this method, the excitations are defined in terms of the electronic density which is time-

dependent and can be used for excited state calculations. Here, the exchange-correlation 

functional is non-local with respect to time and space. The time-dependent generalization of 

Hohenberg-Kohn theorem was given by Runge and Gross[233], thus constituting mathematical 

form of TD-DFT.  

 
�̂�(𝑡) |𝜓(𝑡)⟩  = 𝑖ħ 

𝜕

𝜕𝑡
|𝜓(𝑡)⟩ (2.29) 

where, �̂�(𝑡) =  �̂� +  �̂�𝑒𝑥𝑡(𝑡) +  �̂�𝑒𝑒 (2.30) 

From equation (2.30), it is clear that external potential (�̂�𝑒𝑥𝑡) depends only on time and thus 

�̂�𝑒𝑥𝑡(𝑡) is defined by electron density which can be determined using equation (2.29). 

TD-DFT method is useful for understanding the optical response in molecules. Although 

TDDFT method depends on functionals selected, it is considered more accurate than 

Configuration Interaction Singles (CIS) method. TD-DFT is suitable for studying the excited-

state properties of large systems due to relatively lower computational cost than coupled cluster 

and configuration interaction methods. With TD-DFT, absorption spectra of any system can be 

calculated. It is not always true that one type of functional can give accurate values of both 

absorption wavelength and oscillator strength. Therefore, different functionals are employed 

usually to obtain their correct values.  

2.3.9   Applications of DFT and TD-DFT 

To date, numerous applications of DFT have been reported. Using this method, the structure of 

solids without a priori knowledge of crystal structure can be predicted. One can also determine 

the most stable conformer. The thermodynamic properties such as Gibbs free energy, a quantity 

useful for determining the feasibility of a reaction can be computed. With DFT, it is also possible 

to calculate the electronic properties like ionization energy, electron affinity, band structure and 

density of states. Using TD-DFT method, the optical properties such as band gap and absorption 

spectrum of any system can be determined. 

2.4   Basis Set 

A basis set is a set of functions used to construct wave function. The use of larger basis set 

provides a better estimation of atomic orbitals. Generally, it is used to build molecular orbitals 

(ψ), which can be written as a linear combination of atomic orbitals (φ) with coefficients (c) and 

is given as 
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ψ𝑖(𝑟) = ∑ 𝑐𝜇𝑖

𝑘

𝜇=1
𝜑𝜇(𝑟) (2.31) 

where, k is the total number of basis set. 

 Such basis sets are usually employed which resembles closely to the actual wave function 

and give accurate results at lower cost. The most common basis function used in computational 

study is Slater-type orbitals (STOs) and their radial part has the form N 𝑟𝑛−1 𝑒−𝜁𝑟. Here, N is the 

normalization constant, n is the principal quantum number, r is the distance of electron from the 

nucleus and 𝜁 is a constant that gives the idea about the effective charge of the nucleus. The 

larger value of ζ gives tight function while its smaller value gives diffuse function. Initially, STOs 

were used as basis functions to perform the quantum chemical calculations since they resemble 

the eigenfunctions of hydrogen atom (𝑒−𝑧𝑟/𝑎0). The advantage of STOs is that they have direct 

physical interpretation and the disadvantage is that the computation of large number of integrals 

during self-consistent field (SCF) convergence is tedious, which in turn, reduces the 

computational speed. To overcome this problem, STOs were approximated as a linear 

combination of Gaussian orbitals. In case of Gaussian Type Orbitals (GTOs), the product of two 

Gaussians centered on two different locations gives another Gaussian and the calculations of 

orbital integrals are very fast. The other type of basis set is Gaussian type orbitals (GTOs) for 

which the radial part has the form N 𝑟𝑛−1 𝑒−𝛼𝑟2
. Although they differ from hydrogen atom type 

orbital, their calculations are easy which makes GTOs used universally in quantum chemistry. 

Generally, contracted basis sets, for example, STO-nG, 6-31G, 6-31++G, 6-31G(d, p) etc. are 

used in the calculations. The STO-3G basis set is a minimal basis set where each atomic orbital 

is made up of three primitive Gaussians. Other types of basis set are double zeta basis set that 

uses two basis functions for each atomic orbital. Similarly, there are triple-zeta and quadrupole-

zeta basis sets which employ three and four basis functions, respectively. Generally, extended 

basis sets are used for the system with large number of electrons. The different types of extended 

basis sets are discussed below. 

2.4.1   Split-Valence Basis Set 

These basis sets are used separately for core and valence orbitals. They are formed by two or 

more basis functions having different exponents. Unlike minimal basis set, they allow for size 

variations that occur in the bonding process. For instance, in case of 3-21G basis set, three 

Gaussians are used for the core orbitals and for the valence orbitals a split basis set is employed 

where two Gaussians are used for a contracted part of the wavefunction and one for the diffuse 

part. This is important for atoms like oxygen and fluorine where the minimal basis sets don't 
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allow for the valence orbitals to expand or contract during bond formation. It is also possible to 

add polarization and diffuse functions to the split valence basis set which are discussed below in 

detail. 

2.4.1.1   Polarization Basis Function 

They include flexibility within the basis set owing to which the molecular orbitals become more 

asymmetric about the nucleus. These basis sets are important to explain accurate bonding 

between the atoms as the spherical symmetry of atoms sometimes get distorted in presence of 

neighbouring atoms. For example, 6-31G* basis set include the d functions on the heavy atoms 

while 6-31G** basis set include the d functions on heavy atoms and the p functions on hydrogen 

and helium atoms. 

2.4.1.2   Diffuse Basis Function 

These basis functions have additional functions with small exponents and are thus, large in size. 

They are generally used for anions and also, for the weaker bonds. The use of this basis set mainly 

affects the properties like dipole moments and polarizabilities. For example, 6-31+G adds diffuse 

functions on the heavy atoms while 6-31++G adds diffuse functions on heavy atoms as well as 

hydrogen atoms. 

2.5   Basis Set Superposition Error (BSSE) 

The overestimation of the stabilization energy in a quantum chemical calculation arises generally 

due to the basis set superposition error (BSSE). This mainly results from the artificial 

stabilization of the dimer owing to the inclusion of additional basis function for each of the 

monomers. To determine the BSSE-corrected stabilization energy, a counterpoise correction 

scheme was proposed by Boys and Bernardi.[234]  

When two monomers A and B combine to form dimer AB , the stabilization energy for the dimer 

AB without any BSSE correction, Δ𝐸𝑠𝑡𝑎𝑏
𝐴𝐵 (𝐴𝐵) can be written as: 

Δ𝐸𝑠𝑡𝑎𝑏
𝐴𝐵  (𝐴𝐵) = 𝐸𝐴𝐵 (𝐴𝐵) - 𝐸𝐴 (𝐴) - 𝐸𝐵  (𝐵)               (2.32) 

where,  𝐸𝐴𝐵 (𝐴𝐵), 𝐸𝐴 (𝐴) and 𝐸𝐵  (𝐵) denote the energies of the complex, monomer A and 

monomer B in their respective basis. 

The BSSE for the monomer A; 𝐸𝐵𝑆𝑆𝐸(𝐴) and the monomer B; 𝐸𝐵𝑆𝑆𝐸(𝐵) in the combined basis 

function AB is computed as: 

𝐸𝐵𝑆𝑆𝐸  (𝐴) = 𝐸𝐴𝐵 (𝐴) - 𝐸𝐴 (𝐴)                 (2.33) 
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𝐸𝐵𝑆𝑆𝐸  (𝐵) = 𝐸𝐴𝐵 (𝐵) - 𝐸𝐵  (𝐵)                 (2.34) 

where,  𝐸𝐴𝐵 (𝐴) and 𝐸𝐴𝐵 (𝐵) represent the energies of A and B in the basis of the complex AB. 

Subtracting the equations 2.33 and 2.34 from equation 2.32, we get the BSSE corrected 

stabilization energy Δ𝐸𝑠𝑡𝑎𝑏
𝐶𝑃  (𝐴𝐵), 

 Δ𝐸𝑠𝑡𝑎𝑏
𝐶𝑃  (𝐴𝐵) = 𝐸𝑠𝑡𝑎𝑏

𝐴𝐵  (𝐴𝐵) – [ 𝐸𝐵𝑆𝑆𝐸  (𝐴) + 𝐸𝐵𝑆𝑆𝐸  (𝐵) ]                              (2.35) 

2.6   Photoinduced Charge Transfer 

Interactions between the electron-donor and the electron-acceptor systems lead to the formation 

of an electron donor-acceptor (EDA) complex. The donor molecule is the one with low ionization 

energy, whereas the acceptor molecule is the one with high electron affinity. In contrast to ionic 

or covalent compounds, the complex is formed due to weak electrostatic attraction between the 

donor and the acceptor molecules. Such complexes are also known as charge-transfer complexes.  

In π-electron donor-acceptor complexes, the charge is transferred from the π-bonding orbital of 

the donor to the π*-antibonding orbital of the acceptor. These complexes absorb in the visible 

region of the electromagnetic spectrum.  

The charge transfer in EDA complexes can takes place either in the ground state or in the 

excited state as illustrated in figures 2.1 and 2.2. According to the frontier molecular orbital 

(FMO) theory, the interaction occurs between the highest occupied molecular orbital (HOMO) 

of the donor and the lowest unoccupied molecular orbital (LUMO) of the acceptor molecule in 

the ground state. On the other hand, in the case of excited state charge-transfer, the electron is 

first excited from HOMO of the donor to its LUMO upon irradiation, followed by the transfer of 

electron to LUMO of the acceptor. The charge transfer phenomenon plays an important role in 

various physical, chemical and biological systems. Compared to the charge transfer in inorganic 

species, that in organic species are more useful as latter are inexpensive, fabricated easily and 

mechanically flexible.  

One can predict the rate at which electron transfers from donor to acceptor moiety by applying 

Marcus theory. In the presence of a neighbouring molecule A*, the intermolecular hole/electron 

transfer from the molecule in cationic/anion state (A+/-) is denoted by 

A+/- +A*  A + A*+/- (2.36) 

Since the electron transfer takes place at the transition state, activation energy is needed to distort 

the reactant from its equilibrium state. The rate constant for the intermolecular charge transfer 

(kCT) is given by, 
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Figure 2.1 The ground state charge transfer in electron donor-acceptor (EDA) complexes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 The excited state charge transfer in electron donor-acceptor (EDA) complexes 
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𝑘𝐶𝑇 =  
4𝜋2

ℎ
 

1

√4𝜋𝜆𝑘𝐵𝑇
 𝑡2 𝑒−𝜆/4𝑘𝐵𝑇 (2.37) 

where λ is the reorganization energy, t is the transfer integral, h is the Planck’s constant, T is the 

temperature (298 K) and kB is the Boltzmann’s constant.  From the above equation, it is clear that 

the activation energy of carrier transport depends largely on λ at a given temperature. 

For determining the rate constant for the hole transport, the values of hole transfer integral (t+) 

and reorganization energy (λ+) are used. Similarly, the rate constant for the electron transport can 

be determined from electron transfer integral (t-) and reorganization energy (λ-).  

The reorganization energy for electron/hole transport (λ-/+) can be calculated as (E (charged 

species) - Eo (charged species)) + (E (neutral geometry obtained from the charged species) – Eo 

(neutral geometry)), where E is the single-point energy and Eo is the optimized energy. 

The transfer integral for an electron, t- can be written in terms of energies of LUMO+1 (EL+1) 

and LUMO (EL), 

𝑡− =  
𝐸𝐿+1 −  𝐸𝐿

2
 (2.38) 

The transfer integral for hole, t+ can be approximated from the energies of HOMO (EH) and 

HOMO-1 (EH-1), 

𝑡+ =  
𝐸𝐻 −  𝐸𝐻−1

2
 (2.39) 

The electron/hole diffusion coefficient (D) is calculated using the Smoulchowski equation as 

follows 

𝐷−/+ =  
𝐿2𝑘−/+

2
 (2.40) 

where, L denotes the centre-to-centre equilibrium distance. 

From the values of diffusion coefficient (D), the electron/hole mobility (μ-/+) can be calculated 

using the Einstein relation given by  

𝜇−/+ =  
𝑒𝐷−/+

𝑘𝐵𝑇
 (2.41) 
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CHAPTER 3 

Structure, Stability and Properties of the Complexes of Carbon 

Nanotubes with Indigo 
 

3.1   Introduction 

As mentioned in chapter 1, the derivatization of nanotube has the advantage that it prevents their 

association into bundles and thus provides dispersion in a selected solvent.[235-237] The non-

covalently functionalized complexes of CNT are among the various derivatives which find 

myriad of applications in organic electronics,[238, 239] light-harvesting [240, 241] and organic 

field-effect transistors (OFETs).[242] In the non-covalent complexes, the nature of interactions 

between host and guest plays a crucial role in determining their stability. The non-covalent 

complexes of CNTs are stabilized by van der Waals, electrostatic, π–π stacking, X-H…π (where 

X= C, N, and O) and charge transfer interactions.[70, 150, 243-246] The importance of π-π 

interactions in the complexes such as oligothiophene@CNT, [247, 248] pioglitazone@CNT, 

[249] acetone@CNT [250]  and diamond nanowire@CNT [251] was elucidated by several 

groups through theoretical and experimental methods. The above studies reported that the 

attractive interactions between π-conjugated CNT and encapsulated moiety impart stability to 

these complexes. Using density functional theory, Chang et al. showed that the inclusion 

complexes of amino acids with CNTs are stabilized either by π-π or by charge transfer 

interactions depending on the amino acid encapsulated.[252] In 2016, Wang and Xu theoretically 

studied the endohedral complexes of CNTs with doxorubicin and found that π-π and X-H...π (X 

= C, N, and O) interactions are responsible for the stabilization of resulting complexes.[253]  

Recent studies have shown that the structure and properties of carbon nanotubes can be 

altered significantly by functionalization.[60, 254-261] The developments made in the field of 

functionalized CNTs have been summarized in a review by Meng and co-workers.[73] Both 

experimental and theoretical studies have revealed that the complexes of single-walled carbon 

nanotubes (SWCNTs) possess enhanced electronic properties compared to free carbon nanotubes 

and can be used in electronic devices.[68, 238, 262, 263] Sumanasekera et al. investigated the 

complexes of single-walled carbon nanotube (SWCNT) with various six-membered cyclic 

hydrocarbons having different number of π-electrons and showed an enhancement in the 

transport parameters of CNT with an increase in the number of π-electrons of the 

hydrocarbon.[264] Manzetti reported the tuning of energy levels of highest occupied molecular 

orbital and lowest unoccupied molecular orbital of CNT with a variety of molecules such as 

linear carbon chains, carbon sheets, oligomers and polymers.[265] Using the first principle 
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density functional theoretical (DFT) method, Khorshand and co-workers carried out 

investigation on the structural, energetic and electrical properties of the complexes of 

pencillamine with armchair and zigzag CNTs.[266] Mulliken population and molecular orbital 

analyses revealed that charge-transfer occurs from the electron donor pencillamine to the electron 

acceptor CNT. Debbichi et al. examined the effect of van der Waals interactions on the transport 

properties of the complex formed by encapsulating anthracene in CNT.[267] They observed that 

the rotation of anthracene within the cavity of CNT leads to varying amount of charge transfer 

between two units, which in turn alters the conductance of CNT. Shiraishi and co-workers 

reported that inclusion complexes formed between 7,7,8,8-tetracyano-p-quinodimethane 

(TCNQ) and CNTs can be used as p-type semiconductors in organic field-effect transistors.[268] 

Recently, the endohedral complexes of metallic CNT with viologen derivatives have been 

employed for the fabrication of organic field-effect transistor (OFET) devices due to their 

semiconducting nature.[261] Experimentally, it has been shown that CNT doped with electron 

acceptor TCNQ results in enhanced field emission characteristics compared to bare CNT.[269] 

This suggests the importance of the endohedral complexes of CNTs with organic molecules for 

optoelectronic applications. 

The functionalization of CNTs alters the optical properties to a large extent as was reported 

in the CNT-squarylium complex in which the squarylium dye acts as a photosensitizer.[270] The 

study also revealed that the confinement results in the appearance of an additional peak in the 

absorption spectrum of pristine CNT. Chernov’s group examined the optical properties of the 

endohedral complexes of CNTs with graphene nanoribbon (GNR).[271] They found that the 

complexes exhibit photoluminescence in the visible and infrared regions of the spectrum. The 

complexes formed by confining the asymmetric dye p,p′-dimethylaminonitrostilbene (DMANS) 

in CNT exhibit a large non-linear optical response.[272] In a study conducted by Campo and co-

workers on the encapsulated complexes of CNTs with 20 different organic molecules, including 

various alkanes and their derivatives, an alteration in the optical properties of CNTs was 

observed.[273] Very recently, Wang et al. examined the electronic and optical properties of the 

inclusion complexes of CNTs with diamond nanowires.[251] Their study showed that the 

absorption spectrum of the complexes covers a wide spectral range from the ultraviolet to near-

infrared, suggesting that they are useful in the areas of nano-optoelectronics. The encapsulation 

of flat molecules such as perylene based nanoribbon in carbon nanotube (CNT) leads to low 

charge recombination which is an important property required for solar cell applications.[119]  

In a donor-acceptor (D-A) system of CNT with hydrocarbons, the direction of charge transfer 

between molecules can be ascribed to the electron donating or withdrawing group attached to 
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hydrocarbon. Upon functionalizing a nanotube with tetrathiafulvalene (TTF), the former acts as 

an acceptor,[135] whereas on functionalizing with tetracyanoquinodimethane (TCNQ), CNT acts 

as a donor.[140, 274]  Recently, Caruso et. al highlighted the significance of the HOMO-LUMO 

energy level diagram to understand the electron transfer processes in weakly interacting donor-

acceptor compounds.[275] Their studies illustrated that the electron transfer in the excited state 

occurs when the HOMO of the donor is lower in energy than the LUMO of the acceptor (i.e. ECT 

> 0), whereas the charge transfer occurs in the ground state for the systems when LUMO of the 

acceptor is lower in energy than HOMO of the donor.  

The charge transport properties of the nanotube are crucial in determining the conductivity of 

donor-acceptor complexes. Depending on the donor-acceptor nature of the molecule attached 

non-covalently to CNTs, the complex can be either an n-type semiconductor or a p-type 

semiconductor.[276] In this context, indigo can be envisaged as an interesting and promising 

molecule that exhibits several properties such as semiconductivity and high carrier mobility, 

making it useful as a component in thin films and organic field-effect transistors.[277] Indigo is 

an amphielectronic system with its amino group acting as an electron donor and the carbonyl 

group as an electron acceptor. The complexes of indigo and (6,6)CNTs can be used in the 

semiconductor devices only if the chosen CNT is of finite length. The C-C bond length 

alternation of about 0.03 Å for (6,6) CNT considered in this study is in analogy with the Peierls 

instability reported in the case of semiconducting armchair carbon nanotubes of finite length.[49, 

278] Several methods for synthesizing such finite length CNT have been discussed in the 

literature, which include cutting of long CNTs into small fragments, Diels-Alder reaction of 

aromatic rings with an acetylene molecule or its derivatives and the addition of carbon units to 

cyclic aromatic compounds using Friedel-Crafts reaction.[26] Apart from these, methods such as 

dispersion followed by ultrasonic treatment,[279] and reversible debundling of carbon nanotubes 

upon illumination of light [280] are promising in the direction of synthesis and separation of 

specific tubes.  

The present study aims to obtain a molecular level understanding of yet uninvestigated system, 

indigo-CNT. Here, we study the stability of the complexes of indigo wrapped over CNTs for 

their valuable transport and optical properties. It is very clear from the above studies that the 

endohedral complexes of CNTs with organic molecules are promising for optoelectronic and 

transport applications. In this chapter, we modelled the complexes of armchair CNTs of varying 

diameter with encapsulated indigo. Assuming the encapsulation of indigo can alter the properties 

of CNTs, we carried out a detailed investigation into the structural, optoelectronic and charge 

transport properties of various complexes of indigo@(n,n)CNT, where n = 6, 7 and 8. The 
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electronic transitions of indigo, nanotube and their complexes are simulated using the time-

dependent density functional theoretical method [233] and the results are analysed using the 

frontier molecular orbitals involved.  

3.2   Computational Methods 

The geometry optimization and vibrational frequency calculations of the exohedral complexes 

of indigo with (6,6)CNT in the ratio of 1:1 (dyad) and 2:1 (triad) were done using the dispersion-

corrected density functional theoretical method. Similarly, the geometry optimization and 

frequency calculations of the endohedral complexes of indigo with (n,n)CNTs (n = 6-8) were 

also performed. The above computations were also carried out for their individual components. 

The lack of any imaginary frequency assures that a minimum is achieved in their respective 

potential energy surface. The B97-D functional in conjunction with 6-31G(d,p) basis set was 

employed for the calculations.[200] The above functional is capable of describing the dispersion 

interaction among components of each complex.[281-283] The stabilization energies (∆Estab) of 

the complexes were computed using supermolecular approach by taking the difference in 

energies of the complexes and their components in their respective optimized geometries as 

follows; 

ΔEstab = Ecomplex – (ECNT – n × Eindigo)       (3.1) 

where, n is the number of indigo molecules present in the complex. 

These values were further corrected for basis set superposition error (BSSE) using the 

counterpoise correction scheme.[234, 284] They were also corrected for zero-point energy 

(ZPE). The electronic properties, such as vertical ionization energy (VIE) and vertical electron 

affinities (VEA), were calculated using the expressions: 

VIE =  𝐸+ −  𝐸𝑜𝑝𝑡 (3.2) 

 VEA =  𝐸− −  𝐸𝑜𝑝𝑡  (3.3) 

where 𝐸𝑜𝑝𝑡 denotes the energy of optimized neutral species and , 𝐸+/ 𝐸− denotes the energy of 

charged species using the optimized neutral geometries. Similarly, the adiabatic ionization 

energy (AIE) and the adiabatic electron affinity (AEA) were determined using the energies of 

optimized neutral and charged species as: 

AIE = 𝐸+
𝑜𝑝𝑡 −  𝐸𝑜𝑝𝑡 (3.4) 

  AEA = 𝐸−
𝑜𝑝𝑡 −  𝐸𝑜𝑝𝑡   (3.5) 
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where,  𝐸𝑜𝑝𝑡 denotes the energy of optimized neutral system and 𝐸+
𝑜𝑝𝑡

 (𝐸−
𝑜𝑝𝑡) denotes the 

energies of optimized cationic (and anionic) system. Here, both the cationic and anionic systems 

are in their doublet state. It is assured that these states has no spin contamination. 

As mentioned in chapter 2, the charge transport properties of the holes and electrons at room 

temperature were studied using the hopping model [285, 286]. The transfer integral (t) and 

internal reorganization energy (λ) of the carriers were computed to assess the rate constant of 

charge transfer (kCT). The foregoing parameters along with diffusion coefficient (D) and charge 

carrier mobility (μ) were determined using the equations discussed in chapter 2. The excited state 

calculations were done using the TD-DFT formalism at B97-D/6-31G(d,p) level. All the 

calculations mentioned above were performed using Gaussian 09 suite of programs.[287] The 

optimized geometries and molecular orbital (MO) diagrams were generated using the 

visualization program Gauss View 5.0.[288] 

To study the effect of functionals on the properties of the studied complexes, calculations were 

also performed using the dispersion-corrected hybrid functional B3LYP-GD3 [201, 232] and the 

range-separated functional ωB97X-D [202] for the most stable complex indigo@(7,7)CNT. By 

employing time-dependent density functional theoretical (TD-DFT) method, the optical 

absorption properties were determined for indigo@(7,7)CNT at three different levels B97-D/6-

31G(d,p), B3LYP-GD3/6-31G(d,p) and ωB97X-D/6-31G(d,p). 

3.3   Results and Discussion 

3.3.1   Exohedral complexes of CNT with indigo 

The optimized geometries of indigo, CNT and their complexes are shown in figure 3.1. The 

diameter and length of (6,6) carbon nanotube used are 8.14 Å and 16.69 Å, respectively. In the 

complexes, indigo loses its planarity and bents along the curved surface of CNTs. However, the 

structure of CNTs is not much affected. Figure 3.1 depicts two different distances from the 

surface of CNTs at which indigo is adsorbed. These include the distance to (i) apex of the bent 

indigo molecule and, (ii) centre of the imaginary plane connecting four terminal hydrogen atoms 

at the concave surface of indigo. In the dyad, the distance from the nearest surface of CNTs to 

the apex of indigo molecule is 3.16 Å, whereas that for the triad is 3.05 Å.  The above distances 

lie in the range of π-π stacking distances usually found in the non-covalent complexes formed 

between benzene and carbon nanotubes.[103] The distance between indigo and CNT is an 

important parameter in the charge transport calculations of the complexes and is discussed later.  
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To get insight on the interaction between indigo and CNTs, we evaluated the stabilization energy 

(ΔEstab) of the complexes using equation 3.1. The values of ΔEstab without BSSE and ZPE 

corrections for the dyad and the triad are -28.28 and -56.76 kcal/mol, respectively. The BSSE 

corrections for the dyad and the triad are 7.81 and 15.62 kcal/mol. After incorporating BSSE and 

ZPE corrections, the stabilization energies of dyad and triad are found to be -19.25 and -38.92 

kcal/mol, respectively. The stabilization energies of the complexes for different functional are 

also calculated using the optimized geometries obtained at the B97-D/6-31G(d,p) level and are 

listed in table 3.1. The values indicated that there is no cooperative effect in the triad due to the 

large distance between indigo molecules. The natural bond orbital (NBO) analysis of the 

complexes based on the values of second-order perturbation energy indicated that the interaction 

between the carbonyl group of indigo and the nearest carbon-carbon double bond of CNT mainly 

contributes to the stabilization energy. The electrostatic potential (ESP) maps for the complexes 

as shown in figure 3.2 also support the above findings. From the figure, it is evident that the 

carbonyl groups of indigo with maximum electron density interacts with CNT. 

To study the electronic properties of the complexes, ionization energy and electron affinity of 

individual molecules and their complexes are determined from the energies of the corresponding 

charged and neutral species. Table 3.2 lists the computed values of ionization energy (IE) and 

electron affinity (EA) of indigo, CNT and their complexes. It is found that the vertical ionization 

energy (VIE) of free indigo is 6.58 eV which is in reasonable agreement with the experimental 

value of 7.0 eV.[289] Similarly, the CNT molecule chosen in the present study has a VIE of 4.93 

eV which is in good agreement with the value of 5.02 eV obtained for (5,5) CNT of same 

length.[290] A comparison of ionization energies of indigo and CNT suggests that the nanotube 

can act as an electron donor owing to its low IE. The ionization energy of the complexes differs 

slightly from that of CNT and varies in the order: CNT > dyad > triad.  The electron affinity also 

follows a similar trend as reflected from the values listed in table 3.2. The ionization energy and 

the electron affinity are also calculated adiabatically. It can be seen that the ionization energy 

obtained by adiabatic and non-adiabatic methods are nearly the same. This holds true for the 

corresponding electron affinities as well. A careful examination of the results indicates that there 

is a modest change in the above electronic properties by about 0.05 and 0.10 eV for the dyad and 

the triad, respectively, with respect to free CNT. The relatively low value of ionization energy 

and high value of electron affinity for the complexes with respect to those of CNT imply that 

they are ideal for OLED applications.  

The frontier molecular orbitals play an important role in the charge transport properties. The 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
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Figure 3.1 The optimized geometries of (a) indigo, (b) (6,6)CNT, (c) indigo-(6,6)CNT dyad and 

(d) indigo-(6,6)CNT triad. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Electrostatic potential maps for the indigo-CNT complexes. 
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of the complexes are depicted in figure 3.3. It can be inferred from the figure that HOMO of the 

dyad is mainly formed from the molecular orbitals of nanotube, whereas its LUMO is formed 

from those of both indigo and CNT. A similar observation can be deduced from the frontier 

orbitals of the triad. The energy gap between HOMO and LUMO (ΔEHOMO-LUMO) can be 

correlated to the conductivity of the complex. It is reported that the armchair nanotubes of finite-

length (<100 Å) have a HOMO-LUMO energy gap of ~1eV.[44, 291] Table 3.2 also lists the 

ΔEHOMO-LUMO for indigo, CNT and their complexes. The HOMO-LUMO energy gap of free 

indigo is 1.31 eV, which is close to the experimental value of 1.70 eV.[277] The ΔEHOMO-LUMO 

of free CNT is 0.80 eV, which is decreased to 0.76 eV for the dyad. Introducing a molecule of 

indigo into the dyad does not change the energy gap significantly suggesting that the electronic 

properties of the nanotube remain the same upon further addition of indigo. 

The frontier molecular orbital energy level diagram for free indigo, CNT and their 

corresponding complexes is depicted in figure 3.3. It suggests that there can be photoexcitation 

 

Table 3.1 The stabilization energy of dyad and triad obtained for different functional at 6-

31G(d,p) level. All the energy values are in kcal/mol. 

Functional 

ΔEstab of dyad ΔEstab of triad 

Without BSSE 

correction 

With BSSE 

correction 

Without BSSE 

correction 

With BSSE 

correction 

B97-D -28.28 -20.47 
-56.76  

(-28.38) 

-41.14  

(-20.57) 

B3LYP-

GD2 
-27.85 -19.28 

-55.94  

(-27.97) 

-38.78 

(-19.39) 

M06-2X -18.36 -11.01 
-37.03  

(-18.51) 

-22.32 

(-11.16) 

The values given in the parentheses correspond to respective stabilization energy per indigo.   
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Table 3.2 The vertical ionization energy (VIE), adiabatic ionization energy (AIE), vertical 

electron affinity (VEA), adiabatic electron affinity (AEA) and the HOMO-LUMO energy gap 

for indigo, CNT and their complexes obtained at the B97-D/6-31G(d,p) level. All the energy 

values are in eV. 

System VIE AIE VEA AEA ΔEHOMO-LUMO 

Indigo 6.58 6.52 (7.0)a -1.25 -1.38 1.31 

CNT 4.93 4.90 -2.15 -2.17 0.80 

Dyad 4.88 4.85 -2.20 -2.22 0.76 

Triad 4.84 4.82 -2.24 -2.27 0.74 

aExp. value [289] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 The frontier molecular orbitals and the corresponding energy level diagram of indigo, 

CNT and their complexes. 
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of an electron from the HOMO of CNT to its LUMO followed by the transfer of that electron to 

the LUMO of indigo, thereby suggesting the photoinduced charge transfer phenomenon. The 

charge transfer effects coupled with ΔEHOMO-LUMO (about 0.7-0.8 eV) and the absorption in the 

near-infrared region make the complexes suitable for light absorbing devices such as solar 

cells,[292] especially in the miniaturized electronic devices.  

High charge carrier mobility is one of the prerequisites for a molecule to be exploited in 

organic transistor devices. The carrier mobility depends on various parameters including transfer 

integral, reorganization energy, rate constant of charge carrier transport and the centre-to-centre 

distance between molecules. The calculated values of these parameters are listed in table 3.3, 

where + and – signs represent hole and electron, respectively. From the table, it can be seen that 

the values of transfer integral (t) for hole and electron transport in the dyad are 0.11 and 0.03, 

respectively. In the case of triad, the transfer integral for hole transport is the same as that of 

dyad. However, for electron transport it is decreased by one-third of the value obtained for dyad.  

Furthermore, the high values of rate constant and diffusion coefficient for hole transport can be 

correlated to high value of transfer integral which in turn increases the hole mobility. The distance 

between molecules affects the diffusion coefficient and hence the mobility. Therefore, carrier 

mobilities are calculated for two distinct distances between indigo and CNT and are listed in 

table 3.3. For indigo-CNT dyad in which the components are separated by a distance of 3.16 Å, 

hole mobility is exceptionally high with a value of 8.94 cm2V-1s-1. Both hole and electron 

mobilities of the dyad are nearly one order higher than that of the triad. The above results indicate 

that surface modification of carbon nanotube can alter its transport properties. The higher hole 

mobility makes these complexes useful for their applications in p-type semiconductor devices. 

To understand the effect of length of CNT on the charge transport properties, a relatively long 

carbon nanotube having a length of 31.55 Å was used. As is evident from table 3.3, the complex 

so formed shows an enhancement in electron mobility; a trend similar to the conducting 

behaviour of long armchair carbon nanotubes.  Further, to know about edge effects of the tube, 

we calculated charge transport properties of the complex by capping the carbon nanotube. As 

can be seen from table 3.3, the electron mobility of the complex of capped carbon nanotube is 

enhanced seven times relative to that of the complex of uncapped CNT. Unlike electron mobility, 

hole mobility does not change significantly with respect to the change in length or capping of the 

tube. However, it should be mentioned that all of the above complexes show a higher hole 

mobility than electron mobility. 

To investigate the effect of orientation of indigo on carbon nanotube, the complex in which 

indigo is planar and aligned parallel to the tube axis was modelled. Such a planar geometry for  
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indigo is also expected when it is sandwiched between two carbon nanotubes. This also justifies 

to some extent the limitation of the present study that does not consider the effect of nearby tubes 

due to the high computational cost required. The optimized geometry of the above complex in 

which indigo is aligned parallel to the tube axis is shown in figure 3.4. The charge transport 

properties of the complex are also listed in table 3.3.  Interestingly, electron mobility of this 

complex is higher than hole mobility. This can be correlated to the direction of electron flow in 

the carbon nanotube.  The above results suggest that the charge transport properties of a complex 

can be tuned by changing the orientation of adsorbed molecule.  

The absorption spectra of constituent molecules and their complexes are determined using the 

time-dependent density functional theoretical method and are depicted in figure 3.5. The 

absorption wavelength, oscillator strength and the details of orbitals involved in the electronic 

transitions having an oscillator strength of more than 10% are listed in table 3.4 of the 

supplementary information. The molecular orbitals those mainly involved in the electronic 

transitions are also given in the supplementary information. The absorption maximum (λmax) of 

free indigo obtained at 614 nm is in close agreement with the experimental value of 610 nm.[293] 

The corresponding electronic excitation can be featured as a π-π* transition (HOMO  LUMO). 

The calculation also predicts a signal of low intensity at 384 nm which is dominated by HOMO-

4 to LUMO transition.  The absorption spectrum of carbon nanotube exhibits multiple peaks in 

the visible and near- infrared regions in accordance with the observations reported by Naumov 

et al. on semiconducting CNTs.[294] The prominent peaks for CNT appear at 399 nm, 538 nm, 

548 nm and 874 nm. In the absorption spectra of the complexes, the peaks due to indigo are 

disappeared, probably due to the loss of planarity of indigo upon complex formation. It should 

be mentioned that in the leuco form (water-soluble form) of indigo, the absorption maximum 

shifted from 610 nm to 442 nm due to the lack of conjugation owing to non-planarity of the 

structure.[295] The oscillator strength of the absorption wavelength near 400 nm for CNT is 

reduced by ~30% for each addition of indigo molecule.  Similarly, oscillator strength for the 

absorption of CNT in the near-infrared region is also decreased consistently upon complex 

formation by ~15%. Ultimately, the most intense peak for triad appears in the near-infrared 

region compared to the ultraviolet region for CNT.  Apart from this, a red shift of 10-13 nm is 

also observed for the peak in the near-infrared region. Although intensity and absorption 

wavelength of the remaining peaks of CNT are unaltered in the complexes, several new peaks of 

lower intensity appear in visible region. Unlike bare CNT and indigo, the complexes absorb in a 

broad range of visible region, making them suitable for solar cell applications. 
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Figure 3.4 Optimized geometry of the complex in which indigo is aligned parallel to the tube-

axis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 The absorption spectra of indigo, CNT and their complexes. 



Chapter 3 

46 

 

Table 3.4 The calculated values of absorption wavelengths, corresponding oscillator strengths, 

prominent molecular orbitals involved in transition and the respective percentage contribution 

for indigo, CNT and their complexes. The isodensity plot of molecular orbitals is also shown. 

λ 

(nm) 

f Orbital Contribution 

(%) 

Molecular orbitals involved in the transition 

Indigo 

614 0.22 99 

 

 

HOMO 

 

 

LUMO 

384 0.12 89 

 

 

HOMO-4 

 

 

LUMO 

CNT 

874 0.68 

51 

 

 

HOMO-1 

 

 

LUMO 

46 

 

 

HOMO 

 

 

LUMO+1 

 

548 

 

0.21 37 

 

 

HOMO-2 

 

 

LUMO+3 
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429 0.07 

31 

 

 

HOMO-8 

 

 

LUMO+2 

36 

 

 

HOMO-2 

 

 

LUMO+14 

399 1.17 22 

 

 

HOMO-9 

 

 

LUMO+4 

Dyad 

884 0.58 

25 

 

 

HOMO-1 

 

 

LUMO 

37 

 

 

HOMO 

 

 

LUMO+2 

805 0.06 69 

 

 

HOMO-2 

 

 

LUMO+2 
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550 0.11 54 

 

 

HOMO 

 

 

LUMO+18 

549 0.19 35 

 

 

HOMO-3 

 

 

LUMO+4 

539 0.10 31 

 

 

HOMO-3 

 

 

LUMO+5 

401 0.07 62 

 

 

HOMO-3 

 

 

LUMO+19 

400 0.83 

17 

 

 

HOMO-13 

 

 

LUMO+4 

19 

 

 

HOMO-11 

 

 

LUMO+5 
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Triad 

897 0.08 

30 

 

 

HOMO-3 

 

 

LUMO+1 

50 

 

 

HOMO-2 

 

 

LUMO+2 

887 0.47 30 

 

 

HOMO 

 

 

LUMO+3 

585 0.05 74 

 

 

HOMO-11 

 

 

LUMO 

551 0.15 30 

 

 

HOMO-4 

 

 

LUMO+5 

549 0.12 74 

 

 

HOMO-13 

 

 

LUMO+2 
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542 0.10 42 

 

 

HOMO-4 

 

 

LUMO+6 

539 0.07 32 

 

 

HOMO-13 

 

 

LUMO+2 

536 0.06 

30 

 

 

HOMO-14 

 

 

LUMO+2 

44 

 

 

HOMO-9 

 

 

LUMO+3 

428 0.05 48 

 

 

HOMO-5 

 

 

LUMO+14 

404 0.08 56 

 

 

HOMO-4 

 

 

LUMO+20 
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400 

 

0.42 

 

12 

 

 

HOMO-17 

 

 

LUMO+5 

16 

 

 

HOMO-13 

 

 

LUMO+6 

3.3.2   Endohedral complexes of CNTs with indigo 

Figures 3.1 and 3.6 show three different carbon nanotubes viz. (6,6), (7,7) and (8,8) of diameter 

8.14 Å, 9.49 Å, and 10.84 Å, respectively. The reason for selecting CNTs of varying diameter 

was to find a suitable host for indigo based on the host-guest interactions. The length of ~17 Å 

for CNT used is large enough to host indigo inside the cavity along the tube-axis. Figure 3.6 

shows the optimized geometries of the complexes indigo@(n,n)CNT (where n = 6, 7 and 8). As 

can be seen from figure 3.6, the geometry of CNTs is squeezed in a direction perpendicular to 

the tube-axis in the complexes indigo@(6,6)- and (7,7)CNT to facilitate π-π interactions. It is 

worth mentioning that in a recent molecular dynamic study on the encapsulation of liquid   

droplets inside CNT, the latter was reported to change its cylindrical shape to a distorted 

geometry with an increase in the number of droplets.[296] In another study, Wang et al. reported 

a distortion in the structure of CNTs with encapsulation of carbon nanowires.[251] Unlike in 

indigo@(6,6)CNT,  in all other complexes indigo was found to be slightly tilted with respect to 

the tube-axis, keeping the geometric centres of indigo and CNT coincident with each other.         

Compared to indigo@(7,7)CNT, for indigo, a larger inclination with respect to the tube-axis was 

observed inside (8,8)CNT so as to bring the distance between phenyl groups of indigo and 

(8,8)CNT into the range of π-π stacking. As shown in figure 3.6, the center-to-center distances 

between indigo and the nearby surface of (6,6), (7,7) and (8,8)CNT are 3.41, 4.67 and 5.40 Å, 

respectively. The shortest distance between indigo and the nearby surface of (7,7) and (8,8)CNT 

is 2.97 and 3.04 Å, respectively. It can be seen from the figure that various types of interactions 

such as π-π, C-H…π and N-H…π exist between the components of all the complexes. The various 

bond lengths in free indigo as well as those in its respective endo- and exohedral complexes with 
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CNT were calculated for the B97-D optimized structures and are given in figure A1 of the 

Appendix-A. Comparison of the bond lengths indicate that there is a significant change in the 

bond lengths of indigo in its endohedral complex rather than in its exohedral counterpart. 

Compared to the C-H bond lengths of indigo in free state, those in its endohedral complex has 

significantly shortened although that remained nearly the same in its exohedral complex. From 

the optimized geometries of endo- and exohedral complexes of indigo with CNT shown in figures 

3.1 and 3.6, it was found that indigo lost its planarity upon exohedral complexation. This 

indicates a significant change in the bond angles and dihedral angles of indigo in its exohedral 

complex.  

Table 3.5 lists the stabilization energy (ΔEstab) with and without BSSE and ZPE corrections 

for the abovementioned complexes. As can be deduced from the table, the complexes are 

energetically stable. From the table, it is evident that the stability of complexes follows the order: 

indigo@(7,7)CNT > indigo@(8,8)CNT > indigo@(6,6)CNT. From the table, it can be seen that 

ΔEstab of indigo@(7,7)CNT is only ~2 kcal/mol more than that of indigo@(8,8)CNT, whereas it 

is ~49 kcal/mol more than that of indigo@(6,6)CNT. Thus, it is found that among CNTs of 

different diameter, (7,7)CNT of diameter ~9.5 Å is an ideal host for indigo. The lower 

stabilization for indigo@(6,6)CNT can be accounted due to the repulsive interactions at very 

short distances between indigo and nearby surface of CNT. From the values listed in table 3.5, a 

comparison of ΔEstab of indigo@(6,6)CNT with that of indigo wrapped over (6,6)CNT [297] 

revealed the latter complex to be more stable than the former by ~17 kcal/mol. On the other hand, 

indigo@(7,7)CNT is stabilized more  by ~30 kcal/mol  than its exohedral complex in which 

indigo is wrapped over (7,7)CNT (shown in figure 3.7). A significantly high value of BSSE for 

indigo@(6,6)CNT arises because of the close proximity between indigo and CNT. As mentioned 

earlier, the complexes indigo@(n,n)CNT (n = 6, 7 and 8) considered in this study are stabilized 

by cumulative weak interactions such as π-π, C-H...π and N-H…π. To know more about the 

stabilization of these endohedral complexes, energy decomposition analysis was performed and 

the contribution of different components of energy (dispersion, electrostatic and induction) was 

determined using the symmetry adapted perturbation theoretical (SAPT) method [298] and 6-

31G basis set as reported in the earlier studies of different non-covalent complexes.[299-301] 

Various components of interaction energy such as dispersion, electrostatic and induction were 

determined and their values are listed in table 3.6. All these components were found to stabilize 

the complexes. It is found that for indigo@(6,6)CNT, the contribution of dispersion energy (56%) 

is maximum followed by electrostatic energy (37%). A similar trend is observed for 

indigo@(7,7)CNT with contributions of 69% and 24% for the above components. For indigo@ 
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Figure 3.6 Optimized geometries of (a) (7,7)CNT, (b) (8,8)CNT and (c-e) the respective 

complexes indigo@(n,n)CNT, where n = 6-8 obtained at B97-D/6-31G(d,p) level. 
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Figure 3.7 Optimized geometry of the exohedral complex of indigo with (7,7)CNT obtained at 

B97-D/6-31G(d,p) level of theory. 

 

 

Table 3.5 Calculated stabilization energy of the complexes with and without basis set 

superposition error (BSSE) and zero-point energy (ZPE) corrections at B97-D/6-31G(d, p) level. 

All the energy values are in kcal/mol. 

Complex 
Without BSSE 

Correction  
With BSSE 
Correction  

With ZPE and 
BSSE corrections  

Indigo-(6,6)CNT dyad -28.28 -20.47 -19.25 

Indigo-(7,7)CNT dyad -29.78 -21.97 -20.93 

Indigo@(6,6)CNT -28.47 -4.84 -2.08 

Indigo@(7,7)CNT -66.80 -52.48 -50.76 

Indigo@(8,8)CNT -61.16 -50.60 -48.33 
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(8,8)-CNT, dispersion energy contributes 68% while electrostatic energy contributes 24%. Based 

on the above discussion, it can be concluded that the dispersion interaction is maximum for 

indigo@(7,7)CNT, the most stable among the complexes studied. The electronic properties such 

as ionization energy (IE) and electron affinity (EA) were computed for free indigo, CNTs and 

their complexes as discussed earlier and are listed in table 3.7. From the table, it can be seen that 

both IE and EA decrease with an increase in the diameter of CNT in agreement with the trend 

reported earlier.[302] On encapsulating indigo inside a CNT, only a negligible change in IE and 

EA is observed with respect to those of free CNTs. The values of IE and EA for 

indigo@(6,6)CNT are also found to be close to those of its exohedral complex. The frontier 

molecular orbital (FMO) diagrams of the complexes considered are depicted in figure 3.8. From 

the figure, it is clear that the electron density for highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbital (LUMO) of the complexes is localized over CNT 

without any contribution from indigo, suggesting that the complexes do not exhibit photoinduced 

charge transfer. Table 3.7 also lists the values of the energy gap between HOMO and LUMO 

(ΔEHOMO-LUMO) for all the systems studied.  As can be seen from the table, CNTs show a ΔEHOMO-

LUMO in the range of 0.80-0.94 eV. Compared to this, a slight decrease in ΔEHOMO-LUMO is 

observed for the complexes. The     ΔEHOMO-LUMO of ~1 eV for the complexes indicates that they 

can be used as narrow energy gap semiconductors.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 The frontier molecular orbitals of the complexes (a) indigo@(6,6)CNT (b) 

indigo@(7,7)  CNT and (c) indigo@(8,8)CNT obtained at B97-D/6-31G(d,p) level. 
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Table 3.6 Percentage contribution of various interaction energy components (dispersion, 

electrostatic and induction) for the exo- and endohedral complexes of indigo with CNTs. 

Complex Dispersion Electrostatic Induction 

Indigo-(6,6)CNT dyad 62 32 6 

Indigo@(6,6)CNT 56 37 7 

Indigo@(7,7)CNT 69 24 7 

Indigo@(8,8)CNT 68 24 8 

 

 

Table 3.7 Calculated values of ionization energy (IE), electron affinity (EA), energy of HOMO 

and LUMO orbitals (EHOMO, ELUMO) and their energy gap (∆EHOMO-LUMO) for various systems 

obtained at B97-D/6-31G(d, p). All the energy values are in eV. 

System VIE AIE VEA AEA EHOMO ELUMO ∆EHOMO-LUMO 

Indigo 6.58 6.52 -1.25 -1.38 -4.58 -3.28 1.30 

(6,6)CNT 4.93  4.90 -2.15 -2.17 -3.94 -3.14 0.80 

(7,7)CNT 4.90 4.88 -2.20 -2.21 -4.00 -3.11 0.89 

(8,8)CNT 4.89 4.88 -2.24 -2.26 -4.04 -3.10 0.94 

Indigo@(6,6)CNT 4.90 4.87 -2.14 -2.19 -3.92 -3.15 0.77 

Indigo@(7,7)CNT 4.89 4.86 -2.18 -2.20 -3.97 -3.10 0.87 

Indigo@(8,8)CNT 4.88 4.86 -2.23 -2.25 -4.02 -3.09 0.93 
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Charge transport parameters such as reorganization energy, transfer integral, rate of charge 

transfer and carrier mobility are of utmost importance in assessing the performance of organic 

field-effect transistors and organic light-emitting diodes.[303, 304] The hole reorganization 

energy (λ+) and the electron reorganization energy (λ−) for indigo, CNTs and their complexes 

were calculated and are listed in table 3.8. From the table, it is clear that the reorganization energy 

of the complexes is slightly higher than free components, in general. For all the complexes, the 

value of reorganization energy clearly indicates a relatively higher λ+ than λ−. As evident from 

the table, both λ+ and λ− decrease with an increase in the diameter of CNT. However, all the 

complexes show a lower value of λ+ than λ− , irrespective of the diameter of CNT. The small 

values of reorganization energy of complexes are advantageous in that they decrease the 

possibility of charge recombination during the charge transport process.[305-308] In addition to 

the reorganization energy, the intermolecular transfer integral for holes and electrons is also a 

crucial parameter which affects the rate of hole and electron transfer. It can be seen from table 

3.9 that the values of transfer integral (t) and rate constant (k) for the complexes decrease with 

an increase in the diameter of CNT. One can also see from the table that the carrier mobilities 

are calculated for center-to-center distance of 3.41 Å between indigo and the nearest surface of 

(6,6)CNT. For other complexes, owing to the tilted orientation of indigo, carrier mobilities are 

calculated for two different distances (shown in figure 3.6). The carrier mobilities (μ+ and μ-) 

presented in table 3.9 follow the same trend as those of transfer integral (t+ and t-) with increase 

in the diameter of CNT. Among the complexes studied, indigo@(6,6)CNT has maximum μ+ and 

μ- (8.025 and 9.768 cm2V-1s-1
, respectively). Irrespective of the diameter of CNT, all the 

complexes exhibit a value of μ- slightly higher than the respective value of μ+. The ratio of hole 

and electron mobility for the complexes is close to that of indigo [309] and differs largely from 

that of pristine CNT.[310] Thus, it can be inferred that unlike electronic properties, transport 

properties of CNT are significantly altered on encapsulating indigo. It is also observed that the 

transport properties of endohedral complexes considered in this study are significantly different 

from those of exohedral complex, wherein the hole mobility was higher than the electron 

mobility.[297] It is worth mentioning that a much lower number of compounds have been 

reported that exhibit higher electron mobility than hole mobility,[311, 312] showing the 

importance of endohedral complexes of indigo with CNTs.  

The optical absorption spectra of indigo, (7,7)CNT and indigo@(7,7)CNT were obtained 

using the time-dependent density functional theoretical method and are depicted in figure 3.9. It 

can be seen from the figure that indigo absorbs strongly in the visible region of electromagnetic 

spectrum. The absorption spectrum of CNT spreads in the near ultraviolet- visible-near infrared 
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Table 3.8 Calculated values of hole and electron reorganization energy (λ+ and λ-) for free indigo, 

CNTs and their complexes at B97-D/6-31G(d,p) level. 

System λ+  (eV) λ-  (eV) 

Indigo 0.197 0.272 

(6,6)CNT 0.051 0.038 

(7,7)CNT 0.028 0.033 

(8,8)CNT 0.029 0.027 

Indigo@(6,6)CNT 0.047 0.040 

Indigo@(7,7)CNT 0.038 0.033 

Indigo@(8,8)CNT 0.032 0.029 
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regions of the spectrum with a maximum absorption at ~425 nm. Compared to the absorption 

spectrum of free CNT, that of the complex has several peaks in visible region and the most intense 

peak of the complex lies in near-infrared region. The absorption in near-infrared region makes 

the complex suitable as a heat absorber.[313] For the above complex, absorption wavelength (λ), 

oscillator strength (f), molecular orbitals involved in the electronic transitions and their 

percentage contributions are listed in table 3.10 and are further analysed. Only those transitions 

for which the oscillator strength and the orbital contribution are greater than 0.05 and 25%, 

respectively, are considered in this analysis. From the table, one can see that the maximum 

absorption for the complex occurs at 934 nm with an oscillator strength of 0.56, the transition 

associated with the molecular orbitals HOMO-1  LUMO (orbital contribution of 46%)  and 

HOMO  LUMO+2 (orbital contribution of 33%). It is evident that the former one with more 

orbital contribution is not associated with photoinduced charge transfer phenomena as the 

electron density of the corresponding molecular orbitals is localized only on CNT. However, the 

latter is a charge transfer transition as the electron density of HOMO is located on CNT and that 

of LUMO+2 is located on indigo. The next intense absorption occurs at a wavelength of 427 nm 

with an oscillator strength of 0.33 and does not belong to any charge transfer transition. The 

examination of the molecular orbitals associated with other electronic transitions indicated the 

presence of several charge transfer transitions in visible (423, 587 and 591 nm) region 

emphasizing the importance of these complexes in organic solar cell devices.[314] 

In order to study the effect of density functionals on the structural, energetic, electronic, charge 

transport and optical properties of the complexes, these properties were also calculated using the 

hybrid functional B3LYP-GD3 for the most stable complex indigo@(7,7)CNT.  The optimized 

geometry of the complex is depicted in figure 3.10, in which the shape of indigo is slightly 

distorted. The computed value of ΔEstab after incorporating BSSE and ZPE corrections for 

indigo@(7,7)CNT was found to be -50.27 kcal/mol, which is very close to that obtained for B97-

D functional. From the values listed in table 3.11 for B3LYP-GD3 and table 3.7 for B97-D, it 

can be observed that a change in functional does not significantly affect the values of IE and EA. 

However, ΔEHOMO-LUMO calculated using the B3LYP-GD3 functional is relatively higher than 

that obtained for B97-D functional by ~0.7 eV. Although the carrier mobilities obtained using 

the B3LYP-GD3 functional are lower than those obtained for B97-D functional, in both cases, 

electron mobility is higher than hole mobility as reflected from the values listed in table 3.9 for 

B97-D and in table 3.12 for B3LYP-GD3. The computed hole mobility for the complex is found 

to be close to hole mobility of carbon nanotube-C60 bi-layer system.[315] The absorption spectra 

of indigo@(7,7)CNT and its components obtained at the B3LYP-GD3/6-31G(d,p) level are  
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Figure 3.9 The optical absorption spectra of indigo, (7,7)CNT and their complex 

indigo@(7,7)CNT obtained at B97-D/6-31G(d,p) level. 
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Table 3.10 The absorption wavelength (λ), oscillator strength (f), corresponding electronic 

transitions, percentage contribution and molecular orbitals involved for the complex 

indigo@(7,7)CNT obtained at B97-D/6-31G(d,p). 
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Figure 3.10 Optimized geometry of the complex indigo@(7,7)CNT obtained at B3LYP-GD3/6-

31G(d,p) level of theory. 

 

Table 3.11 Computed values of ionization energy (IE), electron affinity (EA), energy of HOMO 

and LUMO orbitals (EHOMO, ELUMO) and their energy gap (∆EHOMO-LUMO) for indigo, (7,7)CNT 

and their complex obtained at B3LYP-GD3/6-31G(d,p) level. All the energy values are in eV. 

System VIE AIE VEA AEA EHOMO ELUMO ∆EHOMO-LUMO 

Indigo 6.77 6.68 -1.25 -1.42 -5.27 -2.77 2.51 

(7,7)CNT 5.07 5.04 -2.09 -2.12 -4.35 -2.80 1.55 

Indigo@(7,7)CNT 5.04 5.01 -2.08 -2.10 -4.33 -2.79 1.54 

 

Table 3.12 Calculated values of the transfer integral (t), internal reorganization energy (λ), rate 

constant (k) and carrier mobility (μ) for the most stable complex indigo@(7,7)CNT at different 

distances (d) obtained at B3LYP-GD3/6-31G(d,p) level. 

Method d         

(Å) 

λ+            

(eV) 

t+
       

(eV) 

k+
                          

(s-1) 

μ+          

[cm2    

V-1s-1] 

λ-            

(eV) 

t-         

(eV) 

k-                      

(s-1) 

μ-           

[cm2     

V-1s-1] 

B3LYP-

GD3 

4.21 

0.059 0.061 
2.299 × 

1013 

0.895 

0.053 0.061 
4.070×  

1013 

1.401 

3.28 0.544 0.851 
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Table 3.13 The absorption wavelength (λ), oscillator strength (f), corresponding electronic 

transitions, percentage contribution and molecular orbitals involved for the complex 

indigo@(7,7)CNT obtained at B3LYP-GD3/6-31G(d,p) level. 

λ 

(nm) 

f % Orbital 

contribution 
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Figure 3.11 The optical absorption spectra of indigo, (7,7)CNT and the complex 

indigo@(7,7)CNT obtained at B3LYP-GD3/6-31G(d,p) level. 
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Figure 3.12 Optimized geometry of the complex indigo@(7,7)CNT obtained at ωB97X-D/6-

31G(d,p) level. 

 

Table 3.14 Computed values of ionization energy (IE), electron affinity (EA), energy of HOMO 

and LUMO orbitals (EHOMO, ELUMO) and their energy gap (∆EHOMO-LUMO) for indigo, (7,7)CNT 

and their complex obtained at ωB97X-D/6-31G(d,p) level. All the energy values are in eV. 

System VIE AIE VEA AEA EHOMO ELUMO ∆EHOMO-LUMO 

Indigo 6.98 6.81 -1.24 -1.43 7.10 1.09 6.01 

(7,7)CNT 5.02 4.38 -2.34 -2.99 -5.16 -2.19 2.97 

Indigo@(7,7)CNT 5.51 5.49 -1.80 -1.86 -5.65 -1.67 3.98 

 

 

Table 3.15 Calculated values of the transfer integral (t), internal reorganization energy (λ), rate 

constant (k) and carrier mobility (μ) for the most stable complex indigo@(7,7)CNT at different 

distances (d) obtained at ωB97X-D/6-31G(d,p) level. 

Method 
d         

(Å) 

λ+            

(eV) 

t+       

(eV) 

k+                          

(s-1) 

μ+       

[cm2    

V-1s-1] 

λ-           

(eV) 

t-         

(eV) 

k-                      

(s-1) 

μ-           

[cm2       

V-1s-1] 

ωB97X-D 4.40 0.131 0.060 
1.080 × 

1012 
0.041 0.122 0.076 

2.619 × 

1012 
0.098 

 

 



Structure, Stability and Properties of the Complexes of Carbon Nanotubes with Indigo 

69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 The optical absorption spectra of indigo, (7,7)CNT and the complex 

indigo@(7,7)CNT obtained at ωB97X-D/6-31G(d,p) level. 
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Table 3.16 The absorption wavelength (λ), oscillator strength (f), percentage orbital contribution 

and molecular orbitals involved in the transition for the complex indigo@(7,7)CNT obtained at 

ωB97X-D/6-31G(d,p) level. 

λ 

(nm) 

f % Orbital 

contribution Molecular orbitals involved in the transition 
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shown in figure 3.11. It can be seen that the absorption maximum decreased to a lower 

wavelength for all the above systems compared to the respective values obtained using the B97-

D functional. The absorption parameters of indigo@(7,7) CNT for the functional B3LYP-GD3 

are tabulated in table 3.13. As in the case of B97-D functional, three charge transfer transitions 

are also observed for the B3LYP-GD3 functional. From the above discussion, it can be seen that 

the conclusions drawn using the B97-D functional qualitatively remain the same for the 

functional B3LYP-GD3.  

In order to know the effect of functional, the long-range corrected hybrid functional (ωB97X-

D) which has 100% HF-exchange was further used for the most stable complex 

indigo@(7,7)CNT. In this case, indigo aligned parallel to the tube-axis as depicted in figure 3.12. 

The BSSE and ZPE corrected value of ΔEstab for indigo@(7,7)CNT is -106.47 kcal/mol. It is 

clear from table 3.14 that the values of IE and EA show negligible change compared to those 

obtained using the functionals B97-D and B3LYP-GD3 as presented in tables 3.7 and 3.11. 

However, a significant increase in ΔEHOMO-LUMO is observed for ωB97X-D. The results obtained 

using ωB97X-D as tabulated in table 3.15 indicate remarkably lower carrier mobilities with 

respect to those using other functionals as listed in tables 3.9 and 3.12. As evident from figure 

3.13, for this functional the absorption spectrum of the complex shifts towards smaller 

wavelength compared to that obtained by other functionals. Accordingly, the charge-transfer 

transitions also shifted to lower wavelengths (370 and 461 nm) as illustrated in table 3.14. Thus, 

it can be concluded that the charge-transfer excitations depend on the functional to a large extent. 
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3.4   Conclusion 

The non-bonded interactions in the complexes of indigo wrapped over CNTs were studied by 

means of the dispersion-corrected density functional theoretical method. It was found that indigo 

forms stable non-covalent complexes with carbon nanotubes. These complexes showed distinct 

electronic properties compared to the component species. The frontier molecular orbital analysis 

of the complexes revealed that HOMO is mainly localized on CNT, whereas their LUMO is 

delocalized over both indigo and CNT. The energy gap between HOMO and LUMO of the 

complexes is less than that of the individual molecules and is in the range of 0.7-0.8 eV. The 

HOMO-LUMO energy level diagram of the complexes suggests the possibility of photoinduced 

charge transfer from CNT to indigo. The complexes also showed exceptionally high hole 

mobility compared to their electron mobility making them useful for their applications in p-type 

semiconductor devices. The TD-DFT calculations showed that indigo-CNT complexes absorb in 

visible and near-infrared region of the electromagnetic spectrum. The peculiar charge transport 

and optical properties of the complexes suggest that they can be used for the miniaturization of 

optoelectronic devices. The studies on the charge transport properties of the complexes of indigo 

with long carbon nanotube and also with capped carbon nanotube indicated an enhancement in 

their electron mobility compared to that formed from carbon nanotube of finite length.  Unlike 

the electron mobility of the above complexes, a significant change in hole mobility was not 

observed. In contrast to high hole mobility than electron mobility for indigo wrapped over CNT 

complexes, the complex with planar indigo showed higher electron mobility than hole mobility. 

In summary, we have shown that the exohedral complexes of CNTs can be exploited for their 

electronic, optical and charge transport properties. 

The structure and properties of various endohedral complexes formed by encapsulating indigo 

in CNTs of different diameter were also studied using different dispersion-corrected density 

functional theoretical methods. The stabilization energy of various endohedral complexes follow 

the order: indigo@(6,6)CNT < indigo@(8,8)CNT < indigo@(7,7)CNT. The analysis of host-

guest interactions in the complexes was carried out using the energy decomposition approach 

based on symmetry-adapted perturbation theory. It was revealed that all the complexes are 

stabilized mainly by dispersion interactions. However, a major contribution from dispersion 

interactions was observed for the most stable complex indigo@(7,7)CNT. Properties such as 

ionization energy, electron affinity and energy gap between HOMO and LUMO (∆EHOMO-LUMO) 

of the complexes indigo@(n,n)CNTs were changed slightly with respect to the corresponding 

free CNTs. It was also found that these properties are nearly independent of the diameter of CNT. 

The complexes showed a low ∆EHOMO-LUMO (~1 eV) indicating their semiconducting nature. One 
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of the most important findings of the present study is that the carrier mobility can be tuned by 

selecting suitable CNTs. Unlike free CNTs, the complexes showed higher electron mobility than 

hole mobility suggesting that one can alter the transport properties of a CNT by encapsulating 

indigo. Using the time-dependent density functional theoretical method, absorption spectrum of 

indigo@(7,7)CNT was obtained over a wide range covering the near-ultraviolet to the near-

infrared region of the electromagnetic spectrum. The absorption maxima in the near-infrared 

region of this complex corresponds to a charge transfer transition. In addition, several other 

charge transfer transitions were observed in the visible region. Although the properties obtained 

using various functionals differ in their respective values, the conclusion drawn based on the 

results of each functional remained the same. Based on the above discussion, it can be concluded 

that the complexes obtained by the encapsulation of indigo in CNTs can be used for various 

optoelectronic applications in organic semiconducting devices. 
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CHAPTER 4 

Structure, Stability and Properties of the Complexes of Carbon 

Nanotube with Perylene Bisimide 
 

4.1   Introduction 

The application of CNT in optoelectronic devices is possible through the functionalization of 

tube as was discussed in detail in chapter 1.[86, 274, 297, 316-322] In this regard, different 

derivatives of perylene-3,4,9,10-tetracarboxylic acid bisimide have been used as functionalized 

molecules to form exohedral complexes with CNT.[323-329] For endohedral functionalization 

of CNT, size of its cavity should be large enough to encapsulate guest molecules. Few examples 

of organic molecules reported as guests for CNTs of different diameter are 7,7,8,8-

tetracyanoquinodimethane,[274] oligomers of thiophene [316, 319] and fullerene.[86, 87, 317]  

Recently, there is a growing interest for the charge-transfer complexes of carbon nanotube to 

be used in photovoltaic,[330] light-harvesting [331] and electronic devices.[332] In 2006, Lu et 

al. examined the non-bonded interactions of CNT with molecules such as naphthalene, 

anthracene, 7,7,8,8-tetracyanoquinodimethane (TCNQ) and 2,3-dichloro-5,-dicyano-1,4-

benzoquinone (DDQ).[140] They found that among various molecules considered, only TCNQ 

and DDQ form charge transfer complexes with CNT. It was also revealed that the amount of 

charge transferred from donor CNT to acceptors TCNQ or DDQ depends on the orientation of 

the molecules adsorbed. In 2010, Manna et al. carried out an investigation on the adsorption of 

electron donor tetrathiafulvalene (TTF) as well as electron acceptors tetracyanoethylene (TCNE) and 

tetracyanoquinodimethane (TCNQ) on the surface of metallic and semiconducting CNTs.[141] They 

showed that the above electron donor-acceptor molecules can tune the band gap of pristine CNT and 

change its metallic character. The complexes of indigo wrapped over CNT exhibit p-type charge 

transfer characteristics as was mentioned in previous chapter.[297] Very recently, Ketolainen et al. 

examined the adsorption of nitrates on the surface of CNT and reported a p-type characteristics owing 

to the charge transfer from donor CNT to acceptor nitrates.[333] On the other hand, Koizhaiganova 

and co-workers reported n-type charge-transfer characteristics for the complexes of CNT with 

aromatic amines in which CNT acts as an acceptor for donor amines.[334] Recently, Brownlie 

and Shapter reviewed the synthesis, properties and applications of the complexes of CNT with 

n-type characteristics.[335] 

The charge-transfer complexes of CNT with perylene bisimide (PBI) have stimulated 

significant interest in the field of supramolecular chemistry, especially host-guest 

chemistry.[132, 336, 337] It is known that PBI exhibits attractive structural and optoelectronic 
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properties and belongs to one of the most investigated dyes. PBI has the peculiar property that 

its perylene core behaves as an electron donor whereas the bisimide group acts as the electron 

acceptor. In addition, the high electron affinity of PBI makes it useful as a non-fullerene acceptor 

for applications in organic photovoltaic devices.[338-340]  The energy gap of 2.5 eV of PBI 

implies its semiconducting nature and its absorption in the visible region of electromagnetic 

spectrum. Due to high electron mobility of PBI, it acts as an n-type semiconductor suitable for 

applications in organic transistor.[341] Tsarfati and co-workers elucidated that the complexes of 

PBI with CNT are stabilized by π-π and charge transfer interactions.[329] The possibility of 

charge transfer between electron donor CNTs and electron acceptor PBI has also been 

reported.[323] Weaver and co-workers studied a photoinduced charge transfer system composed 

of cadmium selenide quantum dot, thiol based perylene derivative and CNT in which the perylene 

derivative acts as a linker between quantum dot and CNT.[132] Although some experimental 

works have been done to understand the charge transfer properties of the complexes of PBI with 

CNT, not much is known about the nature of interactions and stability of such complexes. 

In this chapter, we carried out an in-depth molecular level investigation on the optoelectronic 

and charge transport properties of PBI-(6,6)CNT by employing dispersion-corrected density 

functional theory (DFT). The electronic and charge transport properties of the above complex as 

well as its free components are examined. Further, the time-dependent density functional theory 

(TD-DFT) is used to infer about the absorption properties of the complex. 

4.2   Computational Methods 

For the quantum chemical calculations of PBI, CNT and their complex, various types of 

functionals such as GGA-type Becke-97D,[200]  hybrid B3LYP-GD3 [201, 232] and range-

separated hybrid ωB97X-D [202] were employed as implemented in Gaussian 09 program.[287] 

The above functionals were used in conjunction with the basis set 6-31G(d,p). It is noteworthy 

that these functionals are capable of handling the dispersion interactions between PBI and CNT. 

Geometry optimization and vibrational frequency calculations were carried out for all the 

systems considered. The stabilization energy of the complex was calculated and also, corrected 

for the basis set superposition error (BSSE) using the counterpoise method proposed by Boys 

and Bernardi.[234] Based on the zeroth-order symmetry-adapted perturbation theory (SAPT0), 

the energy decomposition analysis was performed for the complex using PSI4 software 

package.[342] All the electronic properties which have been calculated in the previous chapter 

for various indigo-CNT complexes were also computed for the complex PBI-(6,6)CNT in the 

present chapter. Similar to indigo-CNT complexes discussed in previous chapter, the optimized 
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geometries and the molecular orbitals of the complex were analysed using Gauss View 5.0 suite 

of program.[288]  The charge transport parameters such as reorganization energy (λ), transfer 

integral (t) and rate of charge transfer (k) of the complex were also explored using Marcus theory 

as was done in indigo-CNT complexes.[307, 343] These parameters were further used for 

calculating the carrier mobility (μ).[286] By means of time-dependent density functional 

theoretical method,[233] the absorption wavelengths and corresponding oscillator strengths were 

computed for the complex. The light-harvesting efficiency (LHE) was determined from the 

oscillator strength (f) using the formula: 

𝐿𝐻𝐸 = 1 −  10−𝑓 (4.1) 

                             

4.3   Results and Discussion 

4.3.1   Optimized structures and stability  

The optimized geometries of the complex formed between PBI and CNT obtained at B3LYP-

GD3/6-31G(d,p), B97-D/6-31G(d,p) and ωB97XD/6-31G(d,p) levels are shown in figure 4.1. It 

can be seen from the figure that PBI aligns parallel to the tube-axis. The distance between the 

centre of PBI and the surface of CNT is approximately 3.1-3.4 Å for the above functionals that 

lies in the range of π-π interacting distances. In order to study the effect of functionals on the 

stability of the complex, both BSSE uncorrected and corrected stabilization energies (ΔEstab) at 

three different levels were calculated and are listed in table 4.1. From the negative values of 

BSSE corrected stabilization energy, it can be inferred that the complex is energetically stable 

for all the functionals used. The stabilization of the complex can be attributed to the attractive π-

π, C-H…π and N-H…π interactions between PBI and CNT. A significant π-π interaction is 

expected due to large number of π-electrons present in both species. Among these interactions, 

N-H…π interaction is widely known in biological systems.[344, 345]  An energy decomposition 

analysis was performed by employing SAPT0 method along with 6-31G basis set as reported in 

earlier studies for π-π interacting systems.[297, 320, 346] The percentage contributions of 

various components of interaction energy such as dispersion, electrostatic and induction were 

determined and are presented in table 4.2. From the table, it can be seen that the dispersion 

interaction is mainly responsible for the stabilization of the complex followed by electrostatic 

interaction. This is in agreement with the conclusions of a previous study that reported the 

dispersion interaction is the major force contributing to π-π stacked complexes.[347] The reason 

behind the significant contribution from electrostatic interaction is probably the charge transfer 
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interactions between CNT and PBI which is discussed in later part of the present chapter. 

However, the contribution of induction energy to the stabilization is found to be almost 

negligible. 

4.3.2   Electronic properties 

The electronic properties such as vertical ionization energy (VIE), adiabatic ionization energy 

(AIE), vertical electron affinity (VEA) and adiabatic electron affinity (AEA) of the complex and 

its free components were calculated and are listed in table 4.3. Both the cationic and anionic 

systems are in their doublet state. It is assured that these states has no spin contamination. The 

calculated values of VIE (7.43 eV) and VEA (-2.28 eV) for PBI at B3LYP-GD3/6-31G(d,p) level 

match exactly with those reported earlier using the self-consistent-field methods.[341] For CNT, 

the corresponding values of VIE and VEA are 5.06 and -2.06 eV. Compared to IE of CNT, that 

of PBI is more, suggesting that the former acts as an electron donor on forming the complex. On 

the other hand, the VEA of CNT is less than that of PBI, and hence the latter acts as an electron 

acceptor. The above conclusions also hold true with the results obtained at other levels of 

calculations. Based on the above discussion, it can be inferred that PBI and CNT can form donor-

acceptor complexes in the ground state. It is worth to mention here that other PBI-based donor-

acceptor compounds are known and were found useful for organic photovoltaics.[348] 

To get more insight on the donor-acceptor nature of the complex, the frontier molecular 

orbitals (FMOs) obtained at different levels were plotted based on the electron density 

distribution obtained from the population analysis and are shown in figure 4.2.  The frontier 

molecular orbital analysis revealed that in the complex PBI-CNT, the electron density of HOMO 

and LUMO is localized on donor CNT and acceptor PBI molecules, respectively. This clearly 

indicates the transfer of electron density from CNT to PBI and thereby suggesting the possibility 

of photoinduced charge transfer within the complex. For indigo-CNT, the electron density of 

HOMO is localized on donor CNT while that of LUMO is delocalized over both donor and 

acceptor molecules. Herein, the electron density is transferred completely from CNT to PBI while 

in the case of indigo-CNT complexes, the electron density is transferred only partially from CNT 

to indigo as discussed in the previous chapter. [297-320] Further, the mechanism of photoinduced 

electron transfer (PET) between CNT and PBI is depicted in figure 4.3. Initially, the electron 

present in HOMO of CNT gets excited to its LUMO and then, the photoinduced electron is 

transferred to LUMO of PBI. Thus, photoinduced electron transfer occurs from CNT to PBI 

although the reverse is not possible. This also supports the complete charge transfer within the 

complex as seen from the electron density distribution in its frontier molecular orbitals. The 
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energy gap between HOMO and LUMO (∆EHOMO-LUMO) of the complex and that of its 

components were calculated for various functionals and are listed in table 4.3. The calculated 

value of ∆EHOMO-LUMO (2.54 eV) for PBI obtained at B3LYP-GD3/6-31G(d,p) level is the same 

as that reported earlier.[349] The ∆EHOMO-LUMO of free CNT is found to be 1.47 eV and that of 

the complex is 1.02 eV. Such a considerable decrease in ∆EHOMO-LUMO for the complex occurs  
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Figure 4.1 Optimized geometries of the complex PBI-(6,6)CNT (left: side view, middle: front 

view and right: top view) obtained at (a) B3LYP-GD3, (b) B97-D and (c) ωB97X-D levels. 
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due to the charge transfer between PBI and CNT. Unlike in the studies on indigo-CNT 

complexes,[297, 320] the present study demonstrates that energy gap between frontier molecular 

orbital of CNT alters remarkably on forming the complex with PBI. This suggests that PBI has 

the ability to tune the orbital energy gap. From the tabulated values, it can be seen that the values 

of ∆EHOMO-LUMO obtained using the functional ωB97X-D deviate significantly from those using 

B97-D and B3LYP-GD3 functionals.  

4.3.3   Charge transport properties 

In order to test the suitability of the complex PBI-CNT for its use in organic transistors, it is of 

utmost importance to examine the charge transport properties. Based on the difference in the 

magnitude of the mobilities of holes and electrons, one can predict the p-type/ n-type charge-

transport characteristics of a system.  It is worth to mention here that the carrier mobility of a 

donor-acceptor complex is directly proportional to the square of the centre-to-centre distance 

between donor and acceptor species. Table 4.4 lists the values of reorganization energy (λ), 

charge transfer integral (t), rate of charge transfer (k) and carrier mobilities (μ) computed using 

three different functionals. It can be inferred from the tabulated values that the complex exhibits 

higher hole mobility than the corresponding electron mobility and therefore, acts as a p-type 

semiconductor. It can also be seen from the table that hole mobility is significantly more than 

electron mobility obtained at both B3LYP-GD3 and ωB97X-D levels. 

4.3.4   Optical absorption properties 

To comprehend more about the nature of charge-transfer in the excited states of the complex, its 

optical properties were simulated using the time-dependent density functional theoretical 

method. The absorption spectra of PBI, CNT and their complex were plotted using different 

functionals and are shown in figure 4.4. As evident from figure, the maximum absorption 

wavelength (λmax) of PBI lies at 571, 505 and 431 nm using B97-D, B3LYP-GD3 and ωB97X-

D, respectively. It should be noted that λmax of PBI at B3LYP/6-31G(d) level is 507 nm as 

reported by Calbo and co-workers.[349] The experimentally obtained λmax of PBI is ~525 nm in 

chloroform.[350, 351] Unlike PBI, CNT has several peaks in its absorption spectrum covering a 

wide range of the electromagnetic spectrum starting from near-ultraviolet to near-infrared region 

at B97-D/6- 31g(d,p) level and from near-ultraviolet to visible region for other two levels. It can 

be seen from the figure that λmax of the complex remains almost unchanged compared to that of 

free CNT using B97-D. On the other hand, λmax of complex is slightly more than that of CNT for 

B3LYP-GD3 and ωB97X-D functionals. 
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Table 4.1 The stabilization energies (ΔEstab) of the complex PBI-CNT with and without BSSE 

corrections using various dispersion-corrected density functionals and 6-31G(d,p) basis set. All 

the energy values are in kcal/mol. 

Complex Functional 
ΔEstab without BSSE 

corrections 

ΔEstab with BSSE 

corrections 

 

PBI-(6,6)CNT 

B3LYP-GD3 -36.55 -27.06 

B97-D -41.07 -31.38 

ωB97X-D -39.48 -31.83 

 

 

Table 4.2 Percentage contribution from various components of interaction energy for the 

complex PBI-CNT using zeroth-order symmetry adapted perturbation theory (SAPT0) and 6-

31G basis set. 

Complex Functional Dispersion (%) Electrostatic (%) Induction (%) 

PBI-(6,6)CNT 

B3LYP-GD3 66 29 5 

B97-D 62 32 6 

ωB97X-D 65 30 5 
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Table 4.5 lists the values of λmax, oscillator strength (f), light-harvesting efficiency (LHE), 

molecular orbitals involved in the transitions and the corresponding orbital contribution for the 

complex. Only those transitions are considered for which the orbital contribution is minimum 

15%. From oscillator strength, light-harvesting efficiency (LHE) was determined. Studies have 

been reported on the suitability of density functionals on the study of optical properties showing 

the usefulness of long-range corrected functional ωB97X-D for calculating the oscillator 

strengths of perylene, perylene bisimide and their dimeric structures.[352, 353] For the complex 

PBI-CNT considered in the present study, a very high LHE (94%) is obtained using ωB97X-D, 

the functional which is reported suitable for the calculation of oscillator strengths.[354] The 

molecular orbital analysis revealed that the absorption corresponding to λmax does not arise due 

to any charge transfer transition, irrespective of the functional used. Further, a close examination 

of molecular orbitals corresponding to the transitions other than that of λmax was performed for 

B3LYP-GD3 (see table 4.6), the functional widely used for studying the optical properties of 

charge-transfer complexes.[355, 356] Only those transitions with minimum oscillator strength of 

0.05 are considered. The charge transfer analysis was performed only for wavelength ranging 

from 300-600 nm owing to the very low orbital contribution for the transitions in near-infrared 

region. It can be seen from table 4.6 that the photoinduced charge transfer transitions from CNT 

to PBI occur at different wavelengths viz., 455, 463 and 505 nm. Among these, the wavelength 

at 463 nm corresponds to maximum LHE (61%) and the molecular orbitals involved in the 

transition are HOMO-1 and LUMO+10. Thus, the complex shows reasonable light harvesting 

properties in the visible region making it suitable to be used in solar cells. 

4.3.5   Effect of nanotube length on stability and properties of PBI-CNT complexes 

To determine the edge effects of CNT on the optoelectronic and charge transport properties of 

its complex with PBI, a comparatively long CNT (21.66 Å) was used. The optimized geometry 

obtained at B97-D/6-31G(d,p) level is depicted in figure 4.5. The distance between the centre of 

PBI to the nearby surface of CNT is about 3 Å. The stabilization energy with and without BSSE 

is found to be -40.93 and -31.63 kcal/mol, which is very close to the complex of PBI formed with 

CNT of small length (16.69 Å) discussed before. The electronic properties of long CNT as well 

as its complex are presented in table 4.7. Compared to the ionization energy of CNT of small 

length and its complex, that of relatively long CNT and its complex is decreased. In contrast to 

ionization energy, their electron affinity is increased. As observed in the case of small CNT, the 

energy gap between the HOMO and LUMO of long CNT is decreased significantly on forming 

the complex. The complex of long CNT also showed photoinduced charge transfer as evident   
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Table 4.3 The vertical ionization energy (VIE), adiabatic ionization energy (AIE), vertical 

electron affinity (VEA), adiabatic electron affinity (AEA) and the energy gap between HOMO 

and LUMO (∆EHOMO-LUMO) of PBI, (6,6)CNT and their complex obtained for different 

functionals using 6-31G(d,p) basis set. All the energy values are in eV. 

Functional System VIE AIE VEA AEA ∆EHOMO-LUMO 

 

B3LYP-GD3 

 

PBI 7.43 7.35 -2.28 -2.40 2.54 

(6,6)CNT 5.06 5.03 -2.06 -2.09 1.47 

PBI-(6,6)CNT 5.09 5.05 -2.36 -2.44 1.02 

B97-D 

PBI 7.21 7.16 -2.30 -2.39 1.50 

(6,6)CNT 4.93 4.90 -2.15 -2.17 0.80 

PBI-(6,6)CNT 4.94 4.92 -2.14 a 0.24 

ωB97X-D 

PBI 7.69 7.58 -2.15 -2.34 5.09 

(6,6)CNT 5.50 5.43 -1.83 -1.90 3.97 

PBI-(6,6)CNT 5.53 5.45 -2.17 -2.36 3.89 

a Convergence criteria not met. 
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Figure 4.2 Frontier molecular orbitals of the complex PBI-(6,6)CNT obtained at (a) B3LYP-

GD3/6-31G(d,p), (b) B97-D/6-31G(d,p) and (c) ωB97X-D/6-31G(d,p) levels. 
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Figure 4.3 Schematic representation of the mechanism of photoinduced electron transfer (PET) 

for the complex PBI-CNT at B3LYP-GD3/6-31G(d,p) level. 
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Table 4.4 Calculated values of transfer integral (t), internal reorganization energy (λ), rate 

constant (k) and carrier mobility (μ) of the complex PBI-(6,6)CNT obtained for different 

functionals using 6-31G(d,p) basis set. 

Method 
Distance 

(Å) 

λ+ 

(eV) 

t+ 

(eV) 

k+     

(eV) 

μ+ (cm2 

V-1s-1) 

λ-

(eV) 

t- 

(eV) 

k-     

(eV) 

μ- (cm2 

V-1s-1) 

B3LYP-GD3 3.29 0.08 0.11 
3.17 × 

1013 
0.66 0.18 0.23 

0.19 × 

1013 
0.04 

 

B97-D 

 

3.13 

 

0.06 

 

0.10 

 

6.63 × 

1013 

 

1.26 

 

---a 

 

0.28 

 

---a 

 

---a 

ωB97X-D 3.25 0.16 0.12 
0.12 × 

1013 
0.02 0.38 0.03 

0.09 × 

108 

1.88 × 

10-7 

aConvergence criteria not met. 
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Table 4.5 The maximum absorption wavelength (λmax), oscillator strength (f), light-harvesting 

efficiency (LHE), molecular orbitals involved in the transitions and the orbital contribution of 

the complex PBI-(6,6)CNT for different functionals using 6-31G(d,p) basis set. Only those 

transitions of minimum orbital contribution 15% are considered. 

 

Functional λmax 

(nm) 

f LHE 

(%) 

Orbital 

Contribution (%) 

Molecular orbitals involved in 

the transitions 

B3LYP-

GD3 
724 0.77 83 

50 
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ωB97X-D 507 1.35 95 
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Table 4.6 The absorption wavelength (λ), oscillator strength (f), light-harvesting efficiency 

(LHE), molecular orbitals involved in the transition and the orbital contribution of the complex 

PBI-(6,6)CNT at B3LYP-GD3/6-31G(d,p) level. Only those transitions of oscillator strength 

more than 0.05 and of minimum orbital contribution 15% are considered. 

λ  

(nm) 

f LHE 

(%) 

Orbital 

Contribution(%) 

Molecular orbitals involved in the 

transition 

 

348 

 

0.75 82 
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Figure 4.5 Optimized geometries (a) side view and (b) front view of the complex PBI with 

relatively long (6,6)CNT obtained at B97-D/6-31G(d,p) level. 
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Figure 4.6 Frontier molecular orbitals of the complex PBI with long (6,6)CNT obtained at B97-

D/6-31G(d,p) level. 

 

 

 

 

 

 

 

 



Structure, Stability and Properties of the Complexes of Carbon Nanotube with Perylene Bisimide 

93 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Optical absorption spectra of long (6,6)CNT and its complex with PBI obtained at 

B97-D/6-31G(d,p) level. 
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Table 4.7 The electronic properties such as vertical ionization energy (VIE), adiabatic ionization 

energy (AIE), vertical electron affinity (VEA), adiabatic electron affinity (AEA) and the energy 

gap between HOMO and LUMO (∆EHOMO-LUMO) of long CNT and its complex with PBI obtained 

at B97-D/6-31G(d,p) level. All the energy values are in eV. 

System VIE AIE VEA AEA ∆EHOMO-LUMO 

long (6,6)CNT 4.72 4.71 -2.46 -2.48 0.50 

PBI with long (6,6)CNT 4.74 4.72 -2.67 -2.69 0.14 

 

 

 

 

 

Table 4.8 The calculated values of transfer integral (t), internal reorganization energy (λ), rate 

constant (k) and carrier mobility (μ) of the complex PBI with long (6,6)CNT at B97-D/6-

31G(d,p) level. 

Distance

(Å) 

λ+
  

(eV) 

t+
  

(eV) 

k+
       

(s-1) 

μ+
       

(cm2V-1s-1) 

λ-
   

(eV) 

t-

(eV) 

k-
        

(s-1) 

μ-
        

(cm2V-1s-1) 

3.02 0.03 0.11 
33.18 × 

1013 
5.84 0.06 0.19 

23.69 × 

1013 
4.24 
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(f) 

Figure 4.8 Optimized geometries of the complexes (a-c) PBI-(8,8)CNT and (d-f) 

PBI@(8,8)CNT each set obtained using B3LYP-GD3, B97-D and ωB97X-D functionals, 

respectively. 
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Table 4.9 The stabilization energies (ΔEstab) of the complexes formed between PBI and (8,8)CNT 

calculated with and without BSSE corrections using various dispersion-corrected density 

functionals and 6-31G(d,p) basis set. All the energy values are in kcal/mol. 

Complex Functional 
ΔEstab without BSSE 

corrections 

ΔEstab with BSSE 

corrections 

 

PBI-(8,8)CNT 

B3LYP-GD3 -39.32 -29.42 

B97-D -44.90 -34.73 

ωB97X-D -41.97 -34.17 

 

PBI@(8,8)CNT 

B3LYP-GD3 -74.95 -59.82 

B97-D -79.50 -65.06 

ωB97X-D -71.81 -59.15 

 

Table 4.10 Percentage contribution from various components of interaction energy for the 

complexes of PBI with (8,8)CNT obtained using zeroth-order symmetry adapted perturbation 

theory (SAPT0) and 6-31G basis set. 

Complex Functional 
Dispersion 

(%) 

Electrostatic 

(%) 

Induction 

(%) 

PBI-(8,8)CNT 

B3LYP-GD3 66 29 5 

B97-D 62 32 6 

ωB97X-D 67 28 5 

PBI@(8,8)CNT 

B3LYP-GD3 72 19 9 

B97-D 71 20 9 

ωB97X-D 71 20 9 
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from figure 4.6. As can be discerned in tables 4.4 and 4.8, hole mobility is more than electron 

mobility for the complexes of CNTs of different lengths. The higher hole mobility for the 

complex of long CNT than that of small CNT is due to lower reorganization energy for hole 

transport. Similarly, the maximum absorption wavelength of both CNTs and their complexes 

also remained nearly the same independent of the length of CNT as reflected from figures 4.4 

and 4.7. In addition, several new peaks arise in visible region of the electromagnetic spectrum 

for both long CNT and its complex compared to those of small CNT and its complex, 

respectively. 

4.3.6   Effect of nanotube diameter on the stability of PBI-CNT complexes 

To understand the dependence of diameter on the stability of the complexes, a carbon nanotube 

of relatively large diameter (8,8)CNT is selected. The stability of the endohedral complex 

PBI@(8,8)CNT was determined. The optimized geometries of the complexes obtained at 

different levels are shown in figure 4.8. It can be seen from the figure that the encapsulated PBI 

is slightly tilted with respect to the tube-axis in order to have maximum interactions with the 

inner wall of CNT. Unlike PBI-(6,6)CNT; PBI-(8,8)CNT indicates slight distortion in the 

structure of PBI. Comparison of the optimized structures of the exohedral complex PBI-

(8,8)CNT with that of the endohedral counterpart indicated a distortion in the structure of PBI in 

the former. The various bond lengths of free PBI as well as those of its respective endo- and 

exohedral complexes with (8,8)CNT were calculated for the B97-D optimized structures and are 

given in figure A2 of the Appendix-A. From the figure, it is found that there is a significant 

change in the bond lengths of PBI in its respective endohedral complexes rather than in their 

exohedral counterparts. Similar to indigo, PBI also showed a significant decrease in its C-H bond 

lengths for the endohedral complex. For the complexes of PBI with (8,8)CNT, the stabilization 

energies with and without incorporating BSSE correction were calculated and are summarized 

in table 4.9. From the values of stabilization energies, it can be inferred that PBI can form both 

exo- and endohedral complexes with (8,8)CNT, although the latter is stabilized more by about 

25-30 kcal/mol depending on the functional used. The percentage contribution of various 

components of interaction energy for these complexes was also determined and the values are 

presented in table 4.10. The analysis revealed that the higher stability of the endohedral complex 

arises mainly due to the dispersion interaction. In contrast, the electrostatic interaction is found 

to be more for the exohedral complex. 
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4.4   Conclusion 

In this chapter, the stability and properties of the complex formed between PBI and (6,6)CNT 

were studied using different dispersion-corrected density functionals. It was found that the 

complex formed is energetically stable, irrespective of the functionals used. The energy 

decomposition analysis of the complexes revealed that the stability arises mainly from the 

dispersion interactions between the components. The lower ionization energy of CNT compared 

to that of PBI along with more negative electron affinity of PBI than that of CNT suggested that 

CNT acts as an electron donor while PBI behaves as an electron acceptor on forming the 

complex. Compared to IE and EA of CNT, those of the complex did not change significantly for 

all the functionals. The donor-acceptor nature of the complex was also confirmed by analysing 

the frontier molecular orbitals of the complex wherein photoinduced charge transfer takes place 

from CNT to PBI. The photoinduced electron transfer was also observed for the complex wherein 

the transfer of photoinduced electron takes place from LUMO of CNT to that of PBI. Compared 

to the energy gap between HOMO and LUMO of free CNT, that of complex is reduced 

significantly suggesting the use of PBI in tuning the energy gap of CNT. The complex showed 

an energy gap of about 1 eV at B3LYP-GD3/6-31G(d,p) level thereby suggesting it to be used 

as organic semiconductors for optoelectronic applications. The complex exhibited p-type charge 

transfer characteristics due to greater hole mobility than electron mobility. The time-dependent 

density functional theoretical calculations showed that the complex absorbs in the wide spectral 

range starting from near ultraviolet to near infrared region. The studies also suggested a very 

high light-harvesting efficiency (94%) for the complex formed between PBI and CNT. The 

molecular orbital analysis was also performed for the complex that indicated several charge 

transfer transitions in the visible region of the electromagnetic spectrum. The above calculations 

were also performed for the complex with relatively long CNT. The conclusions drawn from the 

studies on short CNT and its complex remained the same for long CNT and its complex as well.  

Further, the investigation on the stability of endo- and exohedral complexes formed between 

PBI and (8,8)CNT indicated a higher stability for the endohedral complex. The results of energy 

decomposition analysis showed that the contribution of dispersion interaction is higher for the 

endohedral complex while that of electrostatic interaction is more for the exohedral complex. 
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CHAPTER 5 

Structure, Stability and Properties of the Complexes of Carbon 

Nanotube with Quaterthiophene 
 

5.1   Introduction 

The charge transfer interactions between electron donor CNT and electron acceptors (indigo and 

PBI) were discussed in chapters 3 and 4. The present chapter seeks to explore the donor or 

acceptor nature of CNT when attached to oligothiophene molecule. There are ample evidences 

for the strong electron donor behaviour of oligothiophenes.[357-359] Among these, 

quaterthiophene (4T) is a p-type organic semiconductor which has been used in a variety of 

optoelectronic devices.[360-364] The largest band gap reported for the single-crystals of 4T is 

2.37 eV.[365] The energy gap between highest occupied and lowest unoccupied molecular 

orbital (ΔEHOMO-LUMO) of 4T was reported as 3 eV.[366, 367] Its optical properties have also been 

investigated by several research groups.[368-371] Aschi et. al. measured the absorption spectrum 

of 4T in chloroform and dichloromethane wherein the most intense absorption occurs at 393 

nm.[371] It has also been reported by Becker and group that 4T absorbs strongly at wavelengths 

of 391 and 386 nm in dioxane and methylcyclohexane, respectively.[368]  The S0  S1 

transition energy of 3.01 eV has been obtained for 4T.[369] In another study, it has been found 

that 4T exhibits π- π* transition around 400 nm.[370]  

It is well-known that carbon nanotubes (CNTs) in their charge transfer complexes behave as 

electron donor or acceptor depending on the electronic nature of the molecule used for their 

functionalization. Since oligothiophenes are electron-donating in nature, it implies that CNT can 

act as an acceptor in their donor-acceptor complexes. There are several reports on the structure, 

stability and properties of the complexes of CNT with oligothiophenes. For instance, Orellana 

and Vásquez examined the encapsulation of terthiophene (3T) in CNTs of varying diameter using 

density functional theoretical study.[316] Their results revealed that the above complexes formed 

are stable. In another study, the endo- and exohedral complexes of CNT with 3T have been 

studied both theoretically and experimentally.[372] The analysis revealed the endohedral 

complexes as relatively more stable than their exohedral counterparts. Almadori and co-workers 

carried out experimental studies on the structural properties of the complexes formed by 

encapsulating 4T inside CNTs of varying diameter.[247] Their study revealed that the number 

of 4T molecules trapped inside CNT depends on the diameter of tube. The infrared spectra of 

endo- and exohedral complexes of CNT with 4T have been studied both by theoretical and 

experimental means.[373] Using Raman and infrared spectroscopy techniques, Alwarez and 
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group investigated the possibility of charge transfer in the endohedral complexes of CNT with 

methyl-terminated 4T.[127]  

The optical properties of the complexes nT@SWNT (n = 4-6) have been studied 

experimentally by Gao and co-workers.[374] Their results showed that the complexes emit 

visible light. Picard et al. demonstrated that the complexes of CNTs with an oligomer of bis-4T-

fluorenone can be used in solar cells.[375] Yamashita and Yumura conducted several theoretical 

studies on the structure and properties of the complexes of CNT with methyl-terminated 

oligothiophenes.[248, 281, 376] The interaction of the encapsulated derivatives of 

oligothiophenes with CNT was studied using dispersion-corrected density functional 

methods.[281] Later, the electronic and absorption properties of endohedral complexes of 

multiple 3T units with CNT were investigated.[376] Recently, a comparative study was carried 

out on the properties of the complexes methyl-terminated terthiophenes@CNT and methyl-

terminated terfurans@CNT.[248] It was reported that the major forces responsible for the 

stabilization of these complexes are π-π and C-H…π interactions. Very recently, Miyaura et al. 

showed that the empty cavity of CNT can be utilized for the polymerization of thiophenes.[319]  

From the above studies, it can be seen that there is an emerging interest in the complexes of 

oligothiophenes and CNT. Although some studies have been done on the complexes of 4T with 

CNT, their charge transport properties have not been investigated yet. In this chapter, a 

comparative study on the structural, optoelectronic and charge transport properties of endo- and 

exohedral complexes of CNT with 4T which are hereafter referred to as 4T@CNT and 4T-CNT, 

respectively, is performed. The possibility of switching of charge transfer characteristics of the 

above complexes with regard to those of indigo-CNT and PBI-CNT discussed in previous 

chapters is explored. The analysis of frontier molecular orbitals of free 4T and CNT are 

performed to know the effect of light irradiation on intermolecular charge transfer. The 

intermolecular charge transfer phenomena is also examined in the excited states of the complexes 

using the time-dependent density functional theoretical method. 

5.2   Computational Methods 

The computations of various systems viz., 4T, CNT, 4T@CNT and 4T-CNT were carried out 

using dispersion-corrected density functionals (non-hybrid B97-D [200], hybrid B3LYP-GD3 

[201] and range-separated hybrid ωB97X-D [202]) along with 6-31G(d,p) basis set as 

implemented in the Gaussian 09 software package.[287] A detailed investigation is performed 

on the effect of different functionals on the structure and properties of the above systems. As a 

first step, the geometry optimization was done for the complexes and their component species. 
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The vibrational frequencies of the optimized systems were computed to ensure that they are the 

minimum energy structures. The stabilization energies (ΔEstab) of the complexes were calculated 

as: 

∆𝐸𝑠𝑡𝑎𝑏 =  𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥 −  𝐸4𝑇 −  𝐸𝐶𝑁𝑇     (5.1) 

where,  𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥 represents the energy of the exo-/endohedral complex. The stabilization energy 

was corrected for the basis set superposition error (BSSE) based on the counterpoise method 

proffered by Boys and Bernardi.[234] The above values were also corrected due to zero-point 

energy (ZPE) error. The interaction energy of each of the complexes was decomposed into 

various components such as dispersion, electrostatic, induction and exchange using symmetry-

adapted perturbation theory (SAPT) [377] available in the PSI4 software.[378] The electronic 

properties such as ionization energy (IE), electron affinity (EA) and energy gap between highest 

occupied and lowest unoccupied molecular orbitals (ΔEHOMO-LUMO) were determined for all the 

systems as was discussed in chapters 3 and 4. Both the cationic and anionic systems are in their 

doublet state. It is assured that the spin contamination is negligible for these states. The charge 

transport parameters such as reorganization energy, transfer integral, rate of charge transfer and 

carrier mobility of the complexes were determined from the equations discussed in chapter 2. 

The optical absorption spectra were obtained using the time-dependent density functional theory 

(TD-DFT) proposed by Runge and Gross.[233] The light-harvesting efficiency (LHE) was 

evaluated from the oscillator strength as mentioned in the previous chapter. The optimized 

structures and molecular orbitals were generated by Gauss View 5.0 software.[288]  

5.3   Results and Discussion 

5.3.1   Geometries and stabilization energies of the complexes of CNT with 4T 

The (6,6)CNT of length ~17 Å and diameter ~8 Å used in the previous chapters was employed 

to model its endo- and exohedral complexes with 4T.[297, 320] Herein, the functionals viz., B97-

D, B3LYP-GD3 and ωB97X-D  were employed to study various properties of 4T, 4T@CNT and 

4T-CNT. The above functionals have been widely used in the non-covalent interactions reported 

earlier.[379-381] Their optimized geometries obtained at different levels are depicted in figure 

5.1. It is known that 4T exists either in cis or trans form although the latter is reported to be the 

most stable one.[382] Therefore, only the trans isomer is considered which is slightly non-planar. 

The major-axis of 4T is ~16 Å in length which is comparable to the length of CNT justifying the 

length of the latter used for the present work. As shown in figure 5.1, endo- as well as exohedral 

complexes were formed by aligning 4T along the tube-axis so as to have maximum π-π interactions 
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between the species involved. The other possible interactions include C-H…π and S…π. Although π-

π and C-H…π interactions are prevalent in the complexes of carbon-based nanostructures [106, 383], 

S…π interaction is usually found in protein structures and occurs between its constituent amino 

acids.[384]. Further, it can be noticed from the figure that the structure of 4T is non-planar on the 

surface of CNT, on the other hand, the encapsulation of 4T inside CNT leads to planarity in its 

structure. The various bond lengths in free 4T as well as those in its respective endo- and exohedral 

complexes with (6,6)CNT were calculated for the B97-D optimized structures and are given in figure 

A3 of the Appendix-A. Comparison of various bond lengths of 4T with those of its endo- and 

exohedral complexes indicates that there is a significant change in the bond lengths of 4T in its 

endohedral complex rather than in its exohedral counterpart. A similar change in C-H bond length was 

also observed for 4T as in the case of indigo and PBI. Similar to PBI, the optimized geometry of 4T 

in its exohedral complex is slightly different from its free state as shown in figure 5.1. 

To assess the relative stability of the complexes, the BSSE and ZPE corrected stabilization energies 

(ΔEstab) were calculated as mentioned before and are listed in table 5.1. From the values, it can be seen 

that BSSE and ZPE corrected ΔEstab of 4T@CNT is higher than that of 4T-CNT by about 5-15 

kcal/mol, depending on the functionals used. Based on this, it can be concluded that the 

endohedral complex is more stable than the exohedral analogues irrespective of the functionals 

used. To determine how different components of interaction energy (dispersion, electrostatic and 

induction) contribute to the stability of complexes, their percentage contributions to the 

interaction energies were calculated and are listed in table 5.2. It can be inferred from the table 

that both endo- and exohedral complexes are stabilized largely (> 60%) by dispersion forces. The 

electrostatic force between the components of each complex is attractive in nature and contributes 

substantially to the overall stability. The contribution of induction energy is almost negligible 

compared to other two types of forces and is nearly the same for both complexes. It is also 

observed that the contribution of dispersion forces for exohedral complex is slightly more than 

that for endohedral complex. Contrary to this, the contribution of electrostatic forces is less for 

exohedral counterparts.  

5.3.2   Electronic properties 

To get insight on the electronic properties of the above complexes, the values of ionization 

energy, electron affinity and energy gap between highest occupied and lowest unoccupied 

molecular orbital (ΔEHOMO-LUMO) were calculated and are listed in table 5.3. It can be seen clearly 

from the table that 4T has a higher IE and a lower EA than those of CNT. It can also be observed  
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Table 5.1 Stabilization energies (ΔEstab) of endo-and exohedral complexes formed between CNT 

and 4T obtained for different functionals using 6-31G(d,p) basis set. All the energy values are in 

kcal/mol. 

Complex Functional ΔEstab without BSSE  

and ZPE corrections 

ΔEstab with BSSE  

and ZPE corrections 

4T@CNT 

B97-D -58.92 -34.62 

B3LYP-GD3 -54.41 -30.09 

ωB97X-D -50.79 -27.17 

4T-CNT 

B97-D -29.40 -20.11 

B3LYP-GD3 -29.13 -20.32 

ωB97X-D -30.11 -22.71 
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Table 5.2 Percentage contribution of various components of interaction energy for the complexes 

of CNT with 4T calculated using zeroth-order symmetry adapted perturbation theory (SAPT0) 

and 6-31G basis set. 

Complex Functional Dispersion (%) Electrostatic (%) Induction (%) 

4T@CNT 

B97-D 61 34 5 

B3LYP-GD3 61 34 5 

ωB97X-D 60 34 6 

4T-CNT 

B97-D 63 31 6 

B3LYP-GD3 67 28 5 

ωB97X-D 66 28 6 
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Table 5.3 Calculated values of ionization energy (IE), electron affinity (EA), energy gap between 

HOMO and LUMO (ΔEHOMO-LUMO) for 4T, CNT and their complexes obtained for different 

functionals using 6-31G(d,p) basis set. All the energy values are in eV. 

Complex Functional VIE AIE VEA AEA ΔEHOMO-LUMO 

4T 

B97-D 6.01 5.89 -0.72 -0.82 1.87 

B3LYP-GD3 6.33 6.13 -0.59 -0.77 3.15 (3.13a) 

ωB97X-D 6.86 6.49 -0.21 -0.56 6.93 

(6,6)CNT 

B97-D 4.93 4.90 -2.15 -2.17 0.80 

B3LYP-GD3 5.06 5.03 -2.06 -2.09 1.47 

ωB97X-D 5.50 5.43 -1.83 -1.90 3.97 

4T@CNT 

B97-D ___b ___b -2.13 -2.15 0.64 

B3LYP-GD3 5.03 5.01 -2.04 -2.07 1.50 

ωB97X-D 5.48 5.43 -1.81 -1.87 3.98 

4T-CNT 

B97-D 4.86 4.83 -2.13 -2.15 0.80 

B3LYP-GD3 5.01 4.97 -2.04 -2.07 1.45 

ωB97X-D 5.45 5.37 -1.81 -1.88 3.96 

aFrom Reference [385], bConveregence criteria not met. 
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from the table that for 4T,  the value of ΔEHOMO-LUMO (3.15 eV) obtained using B3LYP-GD3 is 

more close to the reported value of 3.13 eV at B3LYP/6-31G(d) level.[385] Earlier studies have  

reported that B3LYP-GD3 is the ideal functional for evaluating the energy gap.[320, 322, 386] 

The findings of the present study suggest that B97-D underestimates and ωB97X-D 

overestimates the orbital energy gap in agreement with earlier studies.[387-389] From the values 

listed in table 5.3, it can be discerned that the above properties of CNT do not differ significantly 

from those of its complexes. 

Based on the analysis of frontier molecular orbitals of 4T and CNT, the possible 

mechanism of photoinduced electron transfer between them was deduced and is shown in figure 

5.2. As can be seen from the figure, the photoexcitation of electron takes place from HOMO of 

4T to its LUMO. Further, the photoexcited electron gets transferred from LUMO of 4T to that of 

CNT. Thus, it can be concluded that the photoinduced electron transfer (PET) can takes place 

from 4T to CNT and not vice-versa. 

5.3.3   Charge transport properties 

The carrier mobility is of great importance to understand the charge transport properties of an 

organic semiconductor. The essential parameter to calculate mobility (μ) is charge transfer rate 

constant (k), which in turn depends on the reorganization energy (λ) and the transfer integral (t) 

as well as center-to-center distance (dc-c) between interacting molecules. Table 5.4 lists the values 

of the above mentioned parameters for PBI-CNT complexes obtained using the functional B97-

D, B3LYP-GD3 and ωB97X-D. The tabulated values of reorganization energy for both types of 

complexes indicate that the hole reorganization energy (λ+) is larger than the electron 

reorganization energy (λ-), irrespective of the functional used. This is probably due to the higher 

structural relaxation of the complexes for the transport of holes than that of electrons. The transfer 

integral of electrons (t-) is found to be greater than that of holes (t+) for endohedral complex, 

irrespective of the level of calculations used. This also holds true for the transfer integrals of 

exohedral complex computed using ωB97X-D. For other functionals, the exohedral complex 

shows the same value of hole and electron transfer integrals. To achieve a high mobility, a low 

reorganization energy and a high transfer integral are needed. For both types of complexes, 

electron mobility is found to be higher than hole mobility thereby showing n-type charge transfer 

characteristics. These can be attributed to two factors: (i) λ- < λ+ and (ii) t- > t+. Compared to the 

exohedral complex, its endohedral analogue has higher ratio of electron mobility to hole mobility. 

It can be seen from the table that exohedral complex exhibits electron mobility of 2.65             

cm2V-1s-1
 at B97-D level. Compared to this, a relatively higher electron mobility of 3.79 cm2V-1 
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s-1 is obtained for endohedral analogue at same level of theory. In contrast to the charge transfer 

characteristics of the complexes formed by CNT with indigo or PBI, the complexes of CNT with 

4T exhibit n-type behaviour suggesting the complexes as promising for their applications in n-

type transistors. 

5.3.4   Optical absorption properties 

The performance of different density functionals was assessed in the prediction of optical 

properties of 4T and its complexes with CNT. The simulated absorption spectra of 4T using 

different functional are depicted in figure 5.3a. For B97-D and B3LYP-GD3, a significant 

absorption takes place in the near ultraviolet-visible region of electromagnetic spectrum whereas 

the absorption occurs only in the near-infrared region for ωB97X-D. The maximum intensity for 

4T is greater than one, irrespective of the functional used. Table 5.5 lists the values of maximum 

absorption wavelength (λmax), oscillator strength (f) and light-harvesting efficiency (LHE) for 

4T. The λmax of 423 nm obtained at B3LYP-GD3 level is in good agreement with the reported 

value of 436 nm at B3LYP/6-31G(d,p) level.[390] Furthermore, the respective oscillator 

strengths of 1.19 and 1.20 obtained using B3LYP-GD3 and ωB97X-D are in excellent agreement 

with the value of 1.21 reported earlier at B3LYP/6-31G(d,p) level.[390] For all these functionals, 

very high light-harvesting efficiency (~94%) is attained. The excitation energy corresponding to 

HOMO  LUMO transition of 4T obtained at B97-D, B3LYP-GD3 and ωB97X-D levels is 

2.53, 2.93 and 3.61 eV, respectively. The excitation energy (2.74 eV) reported at CASPT2 level 

is more close to that calculated at B97-D and B3LYP-GD3 levels.[391] Thus, B97-D and 

B3LYP-GD3 results can be considered more reliable for determining the excitation energies.  

Figures 5.3b and 5.3c display the absorption spectra of endo- and exohedral complexes, 

respectively. It can be seen from the figures that the complexes cover a wide spectral range (from 

visible to near-infrared region) for B97-D. For other functionals, the absorptions occur only in 

the visible region of the spectrum. Several peaks of relatively low intensity are also seen in the 

absorption spectra of the complexes, except for ωB97X-D. Table 5.6 lists the values of maximum 

absorption wavelength (λmax), light-harvesting efficiency (LHE) and molecular orbitals involved 

in the electronic transitions for the complexes. As evident from the table, the maximum 

absorption for the endohedral complex occurs at higher wavelength than that for its exohedral 

analogue. This suggests that the endohedral complex is more suitable for solar cell applications. 

The computed LHE for the complexes is greater than 95% at ωB97X-D level, which is also 

slightly larger than the LHE of 4T. The analysis of the molecular orbitals involved in the 

transition corresponding to λmax indicates the absence of any photoinduced charge transfer. 
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To further explore the charge transfer properties of the complexes, the molecular orbital 

analysis was performed for other absorption peaks of lower intensities and the results obtained 

at B3LYP-GD3 level are summarized in tables 5.7 and 5.8. As in the earlier cases, only those 

transitions for which oscillator strength greater than or equal to 0.05 and orbital contribution 

more than 15% were considered. For the endohedral complex, it is apparent from table 5.7 that 

wavelengths at 445, 453 and 458 nm are ascribed to charge transfer transitions. These transitions 

are contributed from HOMO-1 to outer unoccupied orbitals (LUMO+14 and LUMO+15). The 

values presented in table 5.8 indicates that the exohedral complex exhibits several charge transfer 

transitions between 448-462 nm as well as at relatively long wavelength (685 nm). These 

transitions are mostly contributed by those from the inner occupied molecular orbitals to LUMO 

or LUMO+4. An analysis of the molecular orbitals revealed the shift of electron density from 4T 

to CNT implying that 4T acts as an electron donor and CNT behaves as an electron acceptor in 

both endo- and exohedral complexes. 

 

 

 

 

 

 

Table 5.5 Calculated values of maximum absorption wavelength (λmax), oscillator strength (f) 

and light-harvesting efficiency (LHE) of 4T obtained for different functionals using 6-31G(d,p) 

basis set. 

Functional λmax (nm) f LHE (%) 

B97-D 490 1.14 93 

B3LYP-GD3 423 (436)a 1.19 94 

ωB97X-D 344 1.20 94 

aFrom Reference [390] 
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Table 5.6 The maximum absorption wavelength (λmax), light-harvesting efficiency (LHE) and 

the molecular orbitals involved in the electronic transitions of the complexes 4T@CNT and 4T-

CNT obtained for different functionals using 6-31G(d,p) basis set. 

System Functional λmax (nm) LHE 

(%) 

Molecular orbitals  involved in the 

transitions 

4T@CNT 

B97-D 906 65 

 

 

 

HOMO-2 

 

 

 

LUMO 

 

 

 

HOMO-1 

 

 

 

LUMO+1 

B3LYP-GD3 738 
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HOMO 

 

 

 

LUMO+1 

ωB97X-D 510 97 
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4T-CNT 

B97-D 881 74 
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Table 5.7 The absorption wavelength (λ), oscillator strength (f), percentage orbital contribution 

and molecular orbitals involved in the transition of the complex 4T@CNT obtained for different 

functionals using 6-31G(d,p) basis set. 

λ (nm) f Orbital 

contribution (%) 

Molecular orbitals involved in the transitions 

738 0.76 
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Table 5.8 The absorption wavelength (λ), oscillator strength (f), percentage orbital contribution 

and molecular orbitals involved in the transition of the complex 4T-CNT obtained for different 

functionals using 6-31G(d,p) basis set. 

λ (nm) f Orbital 

contribution (%) 

Molecular orbitals involved in the transitions 

731 0.68 
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459 0.31 34  

 

 

HOMO-2 

 

 

 

LUMO+4 

448 0.07 

 

30 
 

 

 

HOMO-10 

 

 

 

LUMO 

19  

 

 

HOMO-9 

 

 

 

LUMO 

446 0.14 35  

 

 

HOMO-2 

 

 

 

LUMO+5 

445 0.09 

24  

 

 

HOMO-2 

 

 

 

LUMO+5 

52  

 

 

HOMO 

 

 

 

LUMO+12 

439 0.05 19  

 

 

HOMO-1 

 

 

 

LUMO+14 



Structure, Stability and Properties of the Complexes of Carbon Nanotube with Quaterthiophene 

119 

 

5.4   Conclusion 

The optoelectronic and charge transport properties of endo- as well as exohedral complexes 

formed between CNT and 4T were investigated using various dispersion-corrected density 

functional methods in this chapter. The optimized geometries of the complexes were almost 

remained the same for different functionals. The calculated values of BSSE and ZPE corrected 

stabilization energies using B97-D functional for endo- and exohedral complexes are -35 and -

20 kcal/mol, respectively, indicating that they are energetically stable. Moreover, it was observed 

that the endohedral complex was stabilized by about 5-15 kcal/mol relative to the exohedral 

complex, depending on the functional used. The stabilization of these complexes was due to 

dispersion, electrostatic and induction interactions. The dispersion interaction was more 

prominent in 4T-CNT, while the electrostatic interaction was predominant in 4T@CNT. It was 

found that the electronic properties such as ionization energy, electron affinity and energy gap 

between HOMO-LUMO of CNT do not change significantly on complexation with 4T. However, 

the optical and charge transport properties of 4T@CNT and 4T-CNT differed largely from those 

of their constituents. Although both endo- and exohedral complexes of CNT with 4T exhibited 

several charge transfer transitions in the excited states, they more likely occurred in the former 

case. The charge transfer transitions were accompanied by the transfer of electron density from 

donor 4T to acceptor CNT at wavelengths lying in the visible region of the electromagnetic 

spectrum. The complexes also showed very high light harvesting efficiency (> 95%) which 

suggest them suitable for solar cell applications.   

In contrast to p-type nature of complexes of CNT with indigo and PBI, the complexes CNT 

with 4T showed higher value of electron mobility than hole mobility indicating that they can be 

used as n-type semiconductors. Thus, the complexes considered in this work are expected to have 

potential applications as n-type transistors in the realm of optoelectronics.
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CHAPTER 6 

Structure, Stability and Properties of the Complexes of Carbon 

Nanotube with Cycloparaphenylene and its Derivatives 
 

6.1   Introduction 

In chapters 3-5 of the present thesis, the encapsulation of different guest molecules such as 

indigo, perylene bisimide and quaterthiophene inside CNT were studied. The present chapter 

discusses the encapsulation of CNT within some macrocyclic systems. A recently synthesized 

macrocyclic system known as [10]cycloparaphenylene ([10]CPP) has been used for this 

purpose.[25] CPP is a ring-shaped molecule, which is composed of π-conjugated phenylene units 

connected at para-positions of each other. Within a decade after the synthesis of first CPP, 

another group of researchers successfully synthesized a series of CPPs with varying diameter 

([n]CPPs, where n = 8-13).[392] Their study revealed that the optoelectronic properties of 

[n]CPPs change with the number of phenyl units. The optoelectronic properties of CPP are 

expected to be affected by the substitution of hydrogens with different functional groups or by 

doping of carbon atoms. Synthesis of various derivatives of CPP have been performed in the 

recent past to tune its properties. In 2014, Tran-Van and co-workers synthesized the derivatives 

of [8]CPP via [2+2+2] cycloaddition reaction and found that the optical properties of these 

derivatives differ largely from their unsubstituted analogue.[393] Very recently, Rio et al. 

synthesized halogen-substituted derivatives of CPP and demonstrated that the substitution of 

hydrogens of CPP by halogens leads to increase in the energy gap between highest occupied and 

lowest unoccupied molecular orbitals (∆EHOMO-LUMO) of the resulting compounds.[394] Bachrach 

and Stück performed density functional theoretical studies on the doping of nitrogen atoms in the 

phenylene units of [n]CPP (n = 3-16).[395] Various types of N-[n]CPP derivatives considered in 

their study include pyridine, pyrazine, pyridazine and pyrimidine units in the ring structure of 

CPP.  The dihedral angle between two successive nitrogen bearing units was found to be different 

for different N-[n]CPP derivatives. A combined experimental and theoretical study on the 

optoelectronic properties of a series of aza[8]CPP by Darzi and colleagues showed a gradual 

decrease in ∆EHOMO-LUMO and an increase in absorption wavelength with an increase in the 

number of nitrogen atoms.[396]  

It has been reported that cycloparaphenylenes can host various fullerenes.[246, 397-401] In 

2011, the endohedral complexes of [n]CPP (n = 8-12) encapsulating C60 as guest species have 

been synthesized for the first time by Iwamoto and co-workers.[397] Their study showed that 

[10]CPP can be a suitable host for C60 as its diameter is large enough to accommodate the latter 
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species. Earlier studies have demonstrated that the cavity size of [11]CPP is suitable for the 

encapsulation of C70 and C82.[398-401] Density functional theoretical studies using M06-2X 

functional and 6-31G(d) basis set for the inclusion complexes of [10]CPP and [11]CPP with C70 

in lying and standing orientations, respectively, indicated a significant change in the structure of 

[11]CPP.[398] However, such a structural change was not observed for [11]CPP. A similar study 

on the stability of the complexes formed between C70 and [n]CPP (n = 10-12) for various 

orientations of C70 has also been reported by Yuan and co-workers.[246] In the most stable 

structure of each of the above complexes, C70 oriented in lying, standing and half-lying 

configurations with respect to the Cn-axis of [10]CPP, [11]CPP and [12]CPP, respectively. Using 

M06-2X functional and various basis sets, a potential energy surface analysis has been performed 

by Yuan et al. by moving C60
 inside [8]CPP, [9]CPP and [10]CPP.  Their results showed double-

, triple- and single-well potentials for the respective complexes.[401]  

In this chapter, the structural, stability and optoelectronic properties of a new class of host-

guest complexes between CPP and CNT are investigated. The stability and optoelectronic 

properties of free CPP, CNT of length ~11.7 Å and their complex are discussed. The 

optoelectronic properties are investigated for CPP, its various derivatives and their complexes 

with CNT. The schematic diagram of these systems is illustrated in figure 6.1. For the complexes, 

effect of the number of dopants and donor/acceptor substituents on the above-mentioned 

properties is also explored. To get insight on the translational motion of CPP over CNT, the 

change in potential energy due to the movement of CPP over a relatively long CNT of length 

~21.6 Å is studied. The energy barrier for the rotation of CPP around CNT is also examined.  

6.2   Computational Methods 

The geometry optimization and the vibrational frequency calculations were performed for all 

systems using Grimme’s empirical dispersion corrected density functional B3LYP-GD3 and 6-

31G(d,p) basis set.[201, 232] The above functional has been validated in earlier studies on several 

non-covalent complexes similar to the systems considered in the present study.[402, 403] The 

positive frequencies obtained for all the vibrational modes of the systems ensure the minima on 

the potential energy surface. The stabilization energy (∆Estab) of each complex was calculated 

and also, corrected for basis set superposition error (BSSE) as discussed in previous chapters. 

The zero-point energy (ZPE) corrections were further incorporated to BSSE corrected values of 

∆Estab. The contribution of different components of energy (electrostatic, exchange, induction 

and dispersion) was also determined using the symmetry adapted perturbation theory (SAPT) as  
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Figure 6.1 Schematic diagram of [10]CPP, its derivatives and their complexes with CNT. 
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reported in the studies of various non-covalent complexes [299-301]. Similar to the previous 

chapters, the calculations were performed using the zeroth-order SAPT approach in conjunction 

with 6-31G basis set as implemented in PSI4 suite of programs.[342] For various systems, the 

vertical ionization energy (IE) and vertical electron affinity (EA) were calculated. Both the 

cationic and anionic systems are in their doublet state. It is assured that these states has no spin 

contamination. To comprehend about the charge-transfer interactions between components, the 

frontier molecular orbital analysis was performed. The time-dependent density functional 

theoretical (TD-DFT) calculations were carried out to obtain the absorption wavelength (λ) and 

oscillator strength (f).[233] The light-harvesting efficiencies (LHE) were also determined as 

mentioned in previous chapters. All the above calculations were done using Gaussian 09 software 

package.[287] The optimized geometries and molecular orbital (MO) diagrams were generated 

using Gauss View 5.0 program.[288] 

6.3   Results and discussion 

6.3.1   Mechanically interlocked complex of CPP with CNT 

The optimized geometries of [10]cycloparaphenylene (CPP), (6,6)-carbon nanotube (CNT) and 

their corresponding complex are shown in figure 6.2. As indicated in the figure, CPP has the 

diameters 13.3 and 13.9 Å along two perpendicular directions and CNT has a diameter of 8.1 Å. 

These values clearly indicate that CPP chosen is large enough to encapsulate CNT. CNT of length 

11.7 Å was used as a guest to form inclusion complex with CPP. The resulting complex is 

labelled as CNT@CPP for further discussion. The interlayer distance of  ~3.0 Å obtained for the 

complex is close to the π-π interacting complexes reported earlier [103, 297, 320, 404] In 

preceding chapters 3-5, CNT acted as a host for guest molecules indigo, PBI and 4T. Contrary to 

this, CNT behaves as a guest molecule for the host CPP in the present chapter. Owing to the 

encapsulation of CNT inside CPP, a slight increase in the diameter of the latter is observed in the 

complex. The stabilization energies (∆Estab) of the complex considered in the present chapter are 

listed in Table 6.1. The BSSE and ZPE corrected values of ∆Estab for CNT@CPP is -8.93 

kcal/mol. It can be seen from the table that the value of BSSE for the complex is large due to the 

relatively less distance between CPP and CNT (~ 3 Å) compared to 3.4 Å between two benzene 

rings in the dimeric structure. Also, more number of such rings in CNT-CPP leads to the reported 

BSSE. The stabilization of the complex can be attributed to the attractive π-π interactions 

between the π-electron clouds of CPP and CNT and to the C-H…π interactions between the C-

H bonds of CPP and π-electrons of CNT. Table 6.2 summarizes the percentage contributions of  
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Figure 6.2 Optimized geometries of (a) [10]CPP, (b) CNT, and (c) the complex CNT@[10]CPP. 

 

various energy components for the complex CNT@CPP. It is evident from the table that the 

complex is stabilized by dispersion forces followed by electrostatic and induction forces.  

The ionization energy (IE) and electron affinity (EA) can be used as important parameters to 

describe the electron-donor/electron-acceptor nature of the compounds. For any compound, a 

low value of IE and a high value of EA are indicative of electron-donating and electron–accepting  

abilities, respectively. The calculated values of IE and EA for free molecules as well as their 

complex are given in table 6.3. In pristine state, CPP has an IE of 6.04 eV which is close to that 

of 6.24 eV reported earlier.[405] For CNT, the value of IE is 4.57 eV and that of EA is -2.38 eV. 

It can be also seen from the table that the IE of CNT is lower than the IE of CPP. On the other 

hand, the EA of CNT is more negative than that of CPP. Based on this, it can be envisaged that 

CNT acts as a better electron donor as well as an acceptor than CPP. This rules out the possibility 

of formation of donor-acceptor complex between CPP and CNT. Considering the IE of free CNT, 

a decrease of ~0.05 eV is observed for its complex. Similarly, EA of the complex is less negative 

than that of free CNT by ~0.1 eV. Therefore, only a slight change in the electronic properties of 

complex is observed compared to those of CNT. The frontier molecular orbitals of the above 

complex are shown in figure 6.3. The electron density in frontier orbitals of these complex resides 

only on CNT, ruling out the possibility of photoinduced charge transfer between the component 

species. Table 6.3 lists the values of the energies of HOMO and LUMO along with the energy 

gap between them. The ∆EHOMO-LUMO of 3.49 eV for CPP is in agreement with the value of 3.53 

eV reported earlier.[392] For CNT, the obtained value of ∆EHOMO-LUMO is 0.53 eV. From the 

table, it can be seen that ∆EHOMO-LUMO of the complex is slightly more than that of free CNT. 

This trend is opposite to that observed in the complexes indigo-CNT and PBI-CNT studied in 
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chapters 3 and 4. The energy gap between HOMO and LUMO of less than 1 eV for the above 

complex suggests it to be ideal for low energy gap semiconductor. 

To investigate how the absorption properties of individual molecules vary on forming the 

complex, the time-dependent density functional theoretical calculations were performed. The 

values of maximum absorption wavelength (λmax) and the corresponding light-harvesting 

efficiency (LHE) for CPP and CNT are listed in table 6.4. For [10]CPP, the λmax lies at 350 nm 

which is close to the earlier reported value of 348 nm.[406] The λmax obtained is also very close 

to the experimental value of 338-339 nm reported for [n]CPPs (n = 9, 12, 14, 15, 16).[405] The 

maximum absorption wavelength (λmax) exhibited by CNT is ~320 nm and that of its complex 

with CPP is ~395 nm. It can be seen from the table that the LHE of the complex is relatively less 

than that of its individual components. The molecular orbitals involved in the transition 

corresponding to maximum absorption are depicted in figure 6.4. It can be observed from the 

figure that the electron density of the associated molecular orbitals for both complexes resides 

only on one of the components ruling out the possibility of charge transfer between the 

components. The absorption spectra of the above systems are depicted in figure 6.5. As can be 

seen from the figure, the optical absorption of CPP falls in the near-ultraviolet region of the 

electromagnetic spectrum. Compared to this, that of CNT and the complex CNT@[10]CPP 

spreads in the near-ultraviolet as well as visible region.  

6.3.2   Amino and fluorine-substituted derivatives of CPP 

To understand the effect of donor-acceptor substitution on the optoelectronic properties of CPP, 

a variety of amino- and fluorine-substituted CPP were designed. These derivatives of CPP were 

modelled by substituting hydrogen atoms of phenylene units with electron-donating amino and 

electron-withdrawing fluorine groups. Five different types of fluorine-substituted CPP were 

modelled as depicted in figure 6.6. For example, the fluorine-substituted compound (10F-

[10]CPP) represents substitution of one fluorine atom in each phenyl units of [10]CPP.  The di-

substituted derivatives have two fluorine atoms per phenylene ring of CPP. Three different types 

of isomers of di-substituted derivatives are designated by (ortho, ortho')-, (ortho, meta)- and 

(ortho, meta')-20F-[10]CPP. Similarly, the tetra-substituted fluorine derivative is represented as 

40F-[10]CPP. The same strategy is used for amino-substituted CPP as shown in figure 6.7. Close 

examination of the dihedral angles between adjacent phenylene units of the amino-substituted 

compounds revealed an increase in its value with the number of substituents. The compound 

10NH2-[10]CPP possesses a dihedral angle of ~41⁰ between adjacent phenylene units. For the  
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Table 6.1 The values of stabilization energy (∆Estab) for the complexes of CPP, its substituted 

and doped derivatives with CNT. All the energy values are in kcal/mol. 

Compound 

Stabilization energy (∆Estab) 

Without BSSE 

and ZPE 

corrections 

With BSSE 

correction 

With BSSE 

and ZPE 

corrections 

CNT@[10]CPP -38.98 -10.07 -8.93 

CNT@10NH2-[10]CPP -24.10 6.06 9.16 

CNT@(ortho, ortho')20NH2-[10]CPP -19.33 18.30 28.44 

CNT@(ortho, meta)20NH2-[10]CPP -11.85 19.87 26.27 

CNT@(ortho, meta')20NH2-[10]CPP ---a ---a ---a 

CNT@40NH2-[10]CPP 334.88 377.80 377.15 

CNT@10F-[10]CPP -48.12 -14.62 -12.59 

CNT@(ortho, ortho')20F-[10]CPP -65.54 -29.03 -27.40 

CNT@(ortho, meta)20F-[10]CPP -54.20 -14.98 -13.30 

CNT@(ortho, meta')20F-[10]CPP -62.88 -26.77 -25.10 

CNT@40F-[10]CPP -197.00 -143.53 -142.88 

CNT@10N-[10]CPP -20.16 9.78 12.17 

CNT@(ortho, ortho')20N-[10]CPP 11.54 42.59 44.55 

CNT@(ortho, meta)20N-[10]CPP 17.12 48.86 49.99 

CNT@(ortho, meta')20N-[10]CPP 9.41 40.17 41.67 

CNT@40N-[10]CPP 26.75 60.17 61.91 

aConvergence criteria was not achieved. 
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Table 6.2 Percentage contribution of various components of energy for the interactions of CPP, 

its fluorine-substituted derivatives with CNT. 

Compound Electrostatic  Dispersion  Induction  

CNT@[10]CPP 38 57 5 

CNT@10F-[10]CPP 37 58 5 

CNT@(ortho, ortho')20F-[10]CPP 37 58 5 

CNT@40F-[10]CPP 41 52 7 

 

 

isomers (ortho, ortho')- and (ortho, meta)-20NH2-[10]CPP, the dihedral angle is ~50⁰ although it 

is in the range 17-33⁰ for the isomer (ortho, meta')-20NH2-[10]CPP. The less distortion for the 

structure of the latter isomer is probably due to the least steric hindrance between two amino 

groups that are relatively far apart from each other. The dihedral angle is maximum for the tetra- 

substituted amino derivative and is in the range 61-72⁰. The dihedral angle between the adjacent 

phenyl units for the mono- and di-fluorinated CPP is ~32⁰. Compared to this, the dihedral angle 

(~50⁰) for the tetra-fluorinated CPP is relatively large and is in agreement with the value of 47⁰ 

reported by Rio and co-workers.[394] 

The electronic properties such as ionization energy (IE) and electron affinity (EA) were 

computed for above systems and are listed in table 6.3. From the table, it can be observed that IE 

of various NH2-[10]CPP compounds lies within the range of 4.5-5.5 eV. Owing to the amino 

group, they show lower IE compared to that of the unsubstituted CPP. In general, the IE of amino-

substituted derivatives is decreased with an increase in the number of substituents. On the other 

hand, EA of the above compounds becomes more positive with the number of substituents. 

Unlike the electron-donating amino-substituted CPPs, the electron-withdrawing fluorine-

substituted CPPs show a higher IE and a more negative EA compared to unsubstituted CPP. 

Among various fluorinated derivatives, 40F-[10]CPP has maximum EA (-2.75 eV) reflecting its 

strong electron acceptor behaviour. From the above discussion, it can be concluded that the 

electronic properties of CPP can be tuned by varying the nature, number and position of the 

substituents. Table 6.3 also lists the energies of HOMO and LUMO (EHOMO and ELUMO) along 

with the energy gap between them (∆EHOMO-LUMO). From the table, it is evident that the fluorine- 

substituted CPPs generally show a decrease in ∆EHOMO-LUMO with an increase in the number of  
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LUMO 

Figure 6.3 Frontier molecular orbital of the complex CNT@[10]CPP. 
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LUMO+2 

Figure 6.4 The molecular orbital involved in the transition corresponding to the maximum 

absorption wavelength (λmax) of the complex CNT@[10]CPP. 
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Table 6.3 Computed values of ionization energy (IE), electron affinity (EA), energy of HOMO 

(EHOMO), energy of LUMO (ELUMO) and energy gap between HOMO-LUMO (∆EHOMO-LUMO) of 

[10]CPP, its substituted and doped derivatives, CNT and the corresponding complexes of CPP 

with CNT. All the energy values are in eV. 

Compound IE EA EHOMO ELUMO ∆EHOMO-LUMO 

[10]CPP 6.04 -0.84 -5.18 -1.69 3.49 

10NH2-[10]CPP 5.21 -0.16 -4.41 -0.97 3.44 

(ortho, ortho')20NH2-[10]CPP 5.40 0.21 -4.60 -0.59 4.01 

(ortho, meta)20NH2-[10]CPP 5.46 0.05 -4.67 -0.74 3.93 

(ortho, meta')20NH2-[10]CPP 4.65 0.09 -3.87 -0.72 3.15 

40NH2-[10]CPP 4.93 0.48 -4.06 -0.29 3.77 

10F-[10]CPP 6.43 -1.31 -5.58 -2.16 3.42 

(ortho, ortho')20F-[10]CPP 6.75 -1.68 -5.90 -2.52 3.38 

(ortho, meta)20F-[10]CPP 6.85 -1.68 -6.00 -2.53 3.47 

(ortho, meta')20F-[10]CPP 6.74 -1.63 -5.88 -2.47 3.41 

40F-[10]CPP 7.33 -2.75 -6.51 -3.57 2.94 

10N-[10]CPP 6.40 -1.58 -5.52 -2.44 3.08 

(ortho, ortho')20N-[10]CPP 7.20 -2.29 -6.30 -3.17 3.13 

(ortho, meta)20N-[10]CPP 7.33 -2.19 -6.42 -3.07 3.35 

(ortho, meta')20N-[10]CPP 6.95 -2.38 -6.06 -3.27 2.79 

40N-[10]CPP 8.29 -3.99 -7.35 -4.93 2.42 

CNT 4.57 -2.38 -3.74 -3.21 0.53 

CNT@[10]CPP 4.51 -2.29 -3.70 -3.10 0.60 

CNT@10F-[10]CPP 4.56 -2.35 -3.75 -3.15 0.60 

CNT@(ortho, ortho')20F-[10]CPP 4.63 -2.45 -3.83 -3.24 0.59 

CNT@(ortho, meta)20F-[10]CPP 4.58 -2.39 -3.77 -3.19 0.58 

CNT@(ortho, meta')20F-[10]CPP 4.64 -2.46 -3.84 -3.25 0.59 

CNT@40F-[10]CPP 4.94 -2.41 -4.13 -3.14 0.99 
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Figure 6.5 Absorption spectra of [10]CPP, CNT and the complex CNT@[10]CPP. 
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Table 6.4 The values of maximum absorption wavelength (λmax), light-harvesting efficiency 

(LHE) for [10]CPP, its substituted-/doped-derivatives, CNT and their corresponding complexes. 

System λmax (nm) LHE (%) 

[10]CPP 350 95 

10N-[10]CPP 377 98 

(ortho, ortho')20N-[10]CPP 368 99 

(ortho, meta)20N-[10]CPP 406 42 

(ortho, meta')20N-[10]CPP 401 99 

40N-[10]CPP 528 7 

10F-[10]CPP 357 95 

(ortho, ortho')20F-[10]CPP 360 97 

(ortho, meta)20F-[10]CPP 353 96 

(ortho, meta')20F-[10]CPP 361 94 

40F-[10]CPP 397 98 

10NH2-[10]CPP 375 91 

(ortho, ortho')20NH2-[10]CPP 337 75 

(ortho, meta)20NH2-[10]CPP 339 86 

(ortho, meta')20NH2-[10]CPP 442 89 

40NH2-[10]CPP 363 11 

CNT 321 88 

CNT@[10]CPP 393 61 

CNT@10F-[10]CPP 403 49 

CNT@ (ortho, ortho')20F-[10]CPP 397 57 

CNT@ (ortho, meta)20F-[10]CPP 596 42 

CNT@ (ortho, meta')20F-[10]CPP 401 55 

CNT@40F-[10]CPP 551 52 
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Figure 6.6 Optimized geometries of fluorine-substituted CPPs (side view and front view) and 

their complexes with CNT. 
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substituents. Compared to ∆EHOMO-LUMO of 3.42 eV for 10F-[10]CPP, a marked decrease by 

0.48 eV in ∆EHOMO-LUMO is observed for 40F-[10]CPP. It should be emphasized that the least 

value of ∆EHOMO-LUMO for tetra-fluorinated CPP derivative arises due to a significant decrease in 

the energy of LUMO without considerable change in the energy of HOMO compared to the 

respective energies of mono-substituted analogue. However, the amino-substituted CPPs do not 

show any trend in the values of ∆EHOMO-LUMO with respect to the number or position of 

substituents. The calculated values of ∆EHOMO-LUMO for the donor-/acceptor-substituted CPPs lie 

in the range 2.90-4.10 eV which make the above compounds attractive to be used as wide energy 

gap semiconductors.  

The maximum absorption wavelengths (λmax) for the amino/fluorine-substituted compounds 

of CPP are given in table 6.4. All these compounds absorb strongly in the near-ultraviolet region 

of the spectrum. In general, λmax is decreased for the amino-substituted CPP and is increased for 

the fluorine substituted CPP with the number of substituents attached. The λmax of fluorine-

substituted CPP is red shifted by ~5-50 nm compared to the λmax of free CPP, although such a 

regular shift is not observed for amino-substituted CPP. 

Table 6.4 summarizes the LHE of CPP and its derivatives. From the table, it is clear that 

[10]CPP has a reasonably high LHE of ~95%. Compared to this, LHE of amino-substituted CPP 

is decreased and a large drop is noted for the tetra-substituted one. In contrast, the fluorine-

substituted CPPs have LHE of more than 94% suggesting them as promising candidates for 

optoelectronic applications. Among the various fluorinated CPP, maximum LHE is obtained for 

40F-[10]CPP. Thus, it can be inferred that substitution by donor/acceptor groups leads to 

considerable change in the optoelectronic properties of CPP.  

6.3.3   Complexes of amino and fluorine-substituted CPP derivatives with CNT 

The optimized geometries of the endohedral complexes of fluorine-substituted 

cycloparaphenylene with carbon nanotube are shown in figure 6.6 and those of amino-substituted 

cycloparaphenylene with carbon nanotube are shown in figure 6.7. For the amino-substituted 

complexes, the dihedral angle between two neighbouring phenyl units of CPP varies widely (4°-

23°). On the other hand, the dihedral angle between adjacent phenylene units of CPP is negligible 

for the mono- and di-substituted fluorinated complexes. In the case of tetra fluoro-substituted 

complex, the dihedral angle between adjacent phenylene units is increased to 25⁰-30⁰. It should 

be also noted that the π-π stacking distance between CPP and CNT is ~2.90 Å for mono- and di- 

substituted complexes and ~2.71 Å for tetra-substituted complex. These π-π stacking distances 

are less than that for the unsubstituted analogue. 
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Figure 6.7 Optimized geometries of the amino-substituted derivatives of CPP (side view and 

front view) and their corresponding complexes with CNT. 
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To know the stability of the above complexes, their stabilization energy (∆Estab) was 

calculated. The BSSE and ZPE corrected values of ∆Estab are given in table 6.1. It is evident from 

the values that the amino-substituted complexes are unstable, whereas the fluorine- substituted 

complexes are stable. From the table, it is also clear that ∆Estab increases with the number of 

fluorine atoms on CPP for various fluorine-substituted complexes and are higher than that for the 

unsubstituted CPP-CNT complex. The large stabilization energy on adding fluorine atoms is 

expected from the multipole interactions. Considering the stability of fluorine substituted 

complexes, further discussion is limited only for such complexes. In order to understand how the 

substitution of fluorine affects the relative contribution of various components of interaction 

energy, the energy decomposition analysis was carried out for the fluorinated complexes. Table 

6.2 lists the percentage contributions of dispersion, electrostatic and induction energies for the 

most stable fluorine-substituted complexes. It can be concluded from the values that the 

stabilization is mainly attained by dispersion interaction. As we move from mono-substituted to 

tetra-substituted complexes, the contribution of electrostatic energy is increased as expected. 

Owing to the enhancement of polarizibility with additional fluorine atoms, the contribution of 

induction energy is maximum for tetra-substituted complex.  

The calculated values of IE and EA for the fluorine-substituted complexes are provided in 

table 6.3. The values of IE lie in the range of 4.5-5.0 eV. With an increase in the number of 

substituents on CPP, IE of the complexes increases. On the other hand, EA of the complexes 

varies from -2.35 to -2.46 eV. However, no apparent trend is observed for EA with the number 

of substituents. All the fluorine substituted complexes show higher values of IE and EA 

compared to those of the unsubstituted complex. The frontier molecular orbital diagrams of the 

fluorine- substituted complexes are presented in table 6.5. As evident from the figure, the electron 

density of frontier orbitals resides only on CNT for the mono- and di-substituted complexes 

ruling out the possibility of charge transfer between the respective components. However, for 

tetra-substituted complex, the electron density of HOMO is delocalized over CNT whereas that 

of LUMO is delocalized over both components. Thus, in tetra fluorinated complex, photoinduced 

charge transfer takes place from donor CNT to acceptor 40F-[10]CPP. The energy gap between 

HOMO and LUMO (∆EHOMO-LUMO) of various complexes is listed in table 6.1. From the table, it 

can be seen that the values of ∆EHOMO-LUMO (~0.58-0.99 eV) of fluorinated complexes are close 

to that of bare CNT and are significantly less than that of the respective fluorinated CPP. The 

mono- and di-substituted complexes have nearly the same values of ∆EHOMO-LUMO (~0.60 eV) 

and is increased by 0.40 eV for tetra-substituted complex. 
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Table 6.5 Frontier molecular orbitals of the fluorine-substituted derivatives with CNT. 
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The absorption maxima (λmax) and light-harvesting efficiency (LHE) of the fluorine-

substituted complexes are listed in table 6.4. The λmax of the complexes lies in the range of 400-

600 nm. It can be seen that the complexes have LHE of ~40-60 % which is significantly less with 

respect to the fluorine-substituted CPP analogues. As can be seen from figure 6.8, the fluorine-

substituted CPPs absorb in the near-ultraviolet region and their complexes absorb in the range 

spanning from near-ultraviolet to near-infrared regions. The absorption of the complexes in the 

wide spectral range, despite their relatively low values of LHE, suggests them suitable for their 

possible applications in solar cells. The molecular orbitals involved in the electronic transitions 

corresponding to the absorption maximum of the complexes are given in table 6.6. For the mono-

substituted complex, the transition from HOMO-2 to LUMO+4 can be assigned as a charge 

transfer transition as reflected from the isodensity surface plots of these molecular orbitals. The 

electron density of the former is located mainly on 10F-[10]CPP and that of the latter is localized 

on CNT. For the complexes of various isomers of di-substituted CPP, the electronic transitions 

take place between the molecular orbitals of CNT indicating the absence of charge transfer 

between the components. For tetra-substituted complex, charge transfer transition takes place 

from HOMO-5 delocalized on CNT to LUMO+2 delocalized on 40F-[10]CPP. 

Considering the fact that B3LYP functional underestimates the absorption energy, a range-

separated hybrid functional (ωB97X-D) was used to determine the absorption spectrum of 

[10]CPP, 40F-[10]CPP and the complex CNT@40F-[10]CPP. The absorption spectra of these 

species are given in figure 6.9. For [10]CPP, it is clear that from figure 6.5 that λmax (350 nm) 

obtained using B3LYP-GD3 method is closer to the experimental value of 340 nm [407] 

compared to that obtained for ωB97X-D (286 nm). However, it is worth to mention that the 

oscillator strength obtained for ωB97X-D (see figure 6.9) is more than that for B3LYP-GD3 (see 

figure 6.5). The calculated oscillator strength of [10]CPP for the range separated hybrid 

functional is more closer to that reported in an earlier study.[408] For 40F-[10]CPP and its 

complex CNT@40F-[10]CPP, the respective values of absorption maxima are decreased by 74 

nm and 42 nm for ωB97X-D functional (see figure 6.9) with respect to those obtained using 

B3LYP-GD3 functional (see figure 6.8). 

6.3.4   N-doped derivatives of CPP 

To study the variation of electronic and optical properties of CPP with doping of nitrogens, 

various nitrogen-doped derivatives of CPP were modelled as shown in figure 6.10. Three 

different series of derivatives namely, 10N-[10]CPP, 20N-[10]CPP and 40N-[10]CPP were 

modelled. The three isomers of 20N-[10]CPP differ from each other with respect to the position  
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Figure 6.8 The absorption spectra of various fluorine-substituted derivatives of CPP and their 

complexes with CNT obtained at B3LYP-GD3/6-31G(d,p) level. 
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of nitrogen atoms and are denoted as (ortho, ortho')-, (ortho, meta)- and (ortho, meta')-20N-

[10]CPP. The electronic properties such as IE and EA of the above compounds are presented in 

table 6.3. Due to their characteristic electron-accepting nature, all these compounds possess more 

negative EA than those of the unsubstituted CPP. The values of energy gap between HOMO and 

LUMO (∆EHOMO-LUMO) for the nitrogen-doped CPPs are also listed in the same table. These 

compounds show ∆EHOMO-LUMO of about 2.40-3.40 eV. Among various nitrogen-doped CPP 

compounds, 40N-[10]CPP exhibits the smallest value of ∆EHOMO-LUMO. The maximum 

absorption wavelengths (λmax) of different nitrogen-doped derivatives are summarized in table 

6.4. The compounds show λmax in the range of 360-530 nm. Thus, it can be inferred that λmax of 

nitrogen-doped CPP is shifted towards longer wavelength compared to that of unsubstituted CPP.  

The tetra-substituted derivative shows maximum shift in the absorption maximum, however, the 

oscillator strength corresponding to this transition is almost negligible. The red-shift of the 

absorption maximum for N-doped CPPs compared to that for pristine CPP is in agreement with 

a recent study by Graham and co-workers.[409] 

In order to explore the possibility of formation of the complexes between N-[10]CPP and 

CNT, various nitrogen-doped derivatives of CPP were used as hosts to form inclusion complexes 

of CNT. For this purpose, the CNT of length 11.7 Å was selected. The optimized geometries of 

the above complexes are also shown in figure 6.10. To examine their stability, BSSE and ZPE 

corrected stabilization energies (∆Estab) were calculated and are listed in table 6.1. The positive 

values of ∆Estab indicate that the formation of such complexes are energetically unfavourable. 

Due to the instability, further examination of their electronic and optical properties was not 

performed. 

6.3.5   Potential energy profiles for translational and rotational motions of CPP over CNT 

To explore the complex CNT@CPP as a component in molecular machines,[109, 410, 411] the 

translational and rotational motions of CPP over the surface of CNT were investigated. For this 

purpose, the potential energy profile was generated for the movement of CPP over a relatively 

long CNT of length 21.6 Å. The optimized complex CNT@CPP in which the centres of both 

coincide was taken as the initial geometry. Later, the energy of CPP while moving along the tube 

axis was calculated without further optimization. Figure 6.11 depicts the change in potential 

energy as a function of translational movement of CPP over CNT for the ground as well as the 

excited states. It is clear from the figure that there is a slight barrier for the translational  

movement in its ground state (S0). The translation energy profiles for the excited singlet and 

triplet states were obtained using the TD-DFT methods.  For this purpose, the vertical excitation  
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Table 6.6 The molecular orbital involved in the electronic transition corresponding to the 

maximum absorption wavelength (λmax) of the complexes of fluorine-substituted derivatives with 

CNT. 

Complex Molecular orbitals 
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energy was calculated for each of the ground state configurations. Unlike in the ground state (S0), 

there is no such barrier for the excited singlet (S1) and triplet (T1) states. This suggests that the 

movement of CPP can be controlled with external stimuli such as light thereby finding 

applications in molecular machines. Similarly, the potential energy profile for the rotational 

motion of CPP over CNT was also generated keeping geometric centres of both at the same point 

and is shown in figure 6.12. It can be noticed from the figure that the barrier of rotation is only 

0.83 kcal/mol and is negligible. As in the case of [10]CPP, an investigation was also carried out 

for the translational and rotational movements of 40F-[10]CPP over CNT. The corresponding 

potential energy profiles are depicted in figures 6.13 and 6.14. As expected, the ground state 

energy barriers for translation and rotation movements are increased for the substituted system 

by about 42 and 12 kcal/mol, respectively. The above results suggest that CNT@CPP can be 

used in molecular architectures.[412] 
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Figure 6.9 The absorption spectra of (a) [10]CPP, (b) 40F-[10]CPP and (c) CNT@40F-[10]CPP 

obtained at ωB97XD/6-31G(d,p) level.  
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Figure 6.10 Optimized geometries of the nitrogen-doped derivatives of CPP (side view and front 

view) and their corresponding complexes. 
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Figure 6.11 Potential energy profile for the translational movement of CPP over the surface of 

CNT. For clarity, only the front portion of CPP is shown. 
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Figure 6.12 Potential energy profile for the rotation of CPP over the surface of CNT keeping 

their geometric centres coincide. For clarity, only the front portion of CPP is shown. 

 

 

 

 

 

 

 

 



Structure, Stability and Properties of the Complexes of Carbon Nanotube with Cycloparaphenylene and its Derivatives 

147 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13 Potential energy profile for the translational movement of 40F-[10]CPP over the 

surface of  CNT. For clarity, only the front portion of 40F-[10]CPP is shown. 
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Figure 6.14 Potential energy profile for the rotation of 40F-[10]CPP over the surface of CNT 

keeping their geometric centres coincide. For clarity, only the front portion of 40F-[10]CPP is 

shown. 
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6.4   Conclusion 

In summary, a systematic study on the structure and optoelectronic properties of CPP, its 

substituted as well as doped derivatives, CNT and the corresponding CPP-CNT complexes was 

carried out using the dispersion-corrected density functional theoretical methods. The negative 

value of stabilization energy for the unsubstituted complex indicated that it is energetically stable. 

Among the complexes of substituted- and doped-CPP with CNT, only the fluorinated ones were 

found to be stable. The energy decomposition analysis revealed that the complexes attain stability 

mainly due to the dispersion interaction between the individual components. Among various 

fluorinated complexes, the highly substituted one showed maximum contribution from the 

electrostatic energy term.  

It was found that the substitution and doping of CPP alter the optoelectronic properties of bare 

CPP. Owing to the electron-donating ability of the amino substituted CPP, their IE values were 

found to be less than the IE value of bare CPP. Compared to EA of bare CPP, that of fluorine-

substituted or nitrogen-doped CPP derivatives is relatively more negative due to their electron-

withdrawing nature. In contrast to the wide energy gap between HOMO and LUMO of free CPP 

and its derivatives, a narrow energy gap (< 1 eV) was observed for the complexes. Such a small 

energy gap suggests them to be useful for their applications in organic semiconductors. Among 

various fluorine-substituted complexes, the tetrasubstituted complex has the maximum value of 

ΔEHOMO-LUMO. The study also showed that fluorinated complexes exhibit distinguishable 

properties. For example, photoinduced charge transfer behaviour was observed for the complex 

CNT@40F-[10]CPP in which the electron density is transferred from HOMO localized on CNT 

to LUMO delocalized over both the species. The fluorine-substituted complexes were absorbed 

in wide range of electromagnetic spectrum covering the near-ultraviolet and near-infrared regions 

compared to the absorption in near-ultraviolet and visible regions for their unsubstituted 

analogue. The photoinduced charge transfer phenomena in the fluorinated complexes was also 

reflected from the molecular orbitals involved in the transitions corresponding to the maximum 

absorption wavelengths. In the complex CNT@10F-[10]CPP, the charge transfer occurred from 

donor 10F-[10]CPP to acceptor CNT whereas in its tetra-fluorinated analogue, charge transfer 

occurred from donor CNT to acceptor 40F-[10]CPP. The wide range of absorption wavelength 

along with high light-harvesting efficiency suggests that these complexes are suitable for solar 

cell applications. 

The potential energy profile for the translational motion of CPP/tetra-fluorinated CPP over 

the surface of CNT at ground and excited states were analysed. The barrier for the rotational 

motion of CPP or tetra-fluorinated CPP over CNT was also determined. Compared to the 
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translational and rotational energy barriers of unsubstituted complex, a remarkable increase in 

the barriers were obtained for the fluorinated complex. The translational and rotational 

movements of both unsubstituted and unsubstituted CPP over CNT suggests that these complexes 

can be used as components in molecular machines. 
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CHAPTER 7 

Summary and Conclusions 
 

In the present chapter, the works done in preceding four chapters are summarized. Different π-π 

interacting complexes of CNT with indigo, perylene bisimide, quaterthiophene and 

cycloparaphenylene were studied and their optoelectronic as well as charge transport properties are 

discussed. The main findings of the thesis are outlined as follows: 

The structure as well as the properties of non-covalent complexes formed between CNT and indigo 

were investigated. Two types viz., endohedral and exohedral complexes of indigo-CNT were 

considered. The negative values of stabilization energy obtained at B97-D/6-31G(d,p) level indicated 

that the complexes formed are stable. Among indigo@(n,n)CNT (n = 6-8), indigo@(7,7)CNT was 

found to be the most stable owing to the ideal diameter of (7,7)CNT for encapsulating indigo. The low 

values of ΔEHOMO–LUMO (< 1 eV) for the complexes suggested that they can act as narrow energy gap 

semiconductors. The electron density distribution in the frontier molecular orbitals of the exohedral 

complexes showed a photoinduced charge transfer from donor CNT to acceptor indigo. However, no 

such charge transfer was observed for the endohedral complexes. Based on the Marcus theory, the 

carrier mobilities of the complexes were calculated. The results indicated that the complexes exhibit 

higher hole mobility than electron mobility thereby suggesting them as p-type semiconductors. The 

difference in hole and electron mobility of endohedral complexes was found to be relatively small 

compared to those of exohedral complexes. For endohedral complexes, the carrier mobilities varied 

inversely as the diameter of CNT is increased. The same behaviour was also observed for the 

exohedral complexes of indigo with relatively long CNT and those for which both ends are capped 

with fullerene segments. However, an opposite behaviour was seen for the exohedral complex in 

which indigo was oriented parallel rather than perpendicular to the tube-axis. The absorption 

properties obtained using TD-DFT method predicted that the complexes of CNT with indigo absorb 

strongly in the visible and the near-infrared regions. Along with this, several charge transfer transitions 

were found in the visible region thereby finding applications of the above complexes in solar cells. 

The role of hybrid B3LYP-GD3 and range-separated hybrid ωB97X-D functionals on the properties, 

especially optical absorption properties of the most stable complex indigo@(7,7)CNT was also 

examined. The results showed that both absorption wavelength and oscillator strength depend on the 

type of functional used.  

Using various dispersion-corrected density functionals, the structure and properties of the 

complexes of CNT with perylene bisimide (PBI) were studied. The calculated stabilization energy 

indicated that the complex PBI-CNT is stable. The energy decomposition analysis showed that the 
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contribution of various components of energy towards the stabilization of the complex followed the 

order: dispersion > electrostatic > induction. PBI-CNT complex constituted a donor-acceptor system 

with CNT acting as an electron donor and PBI as an electron acceptor. Unlike the complex indigo-

CNT, the complex PBI-CNT showed a significant decrease in ΔEHOMO-LUMO compared to its free CNT 

analogue. The frontier molecular orbital analysis of the complex PBI-CNT revealed that electron 

density of HOMO is localized on CNT while that of LUMO is localized on PBI. In addition, the 

photoinduced electron transfer occurred from LUMO of CNT to that of PBI. Similar to indigo-CNT 

complexes, higher hole mobility than electron mobility was obtained for PBI-CNT making it suitable 

to be used as a p-type organic field-effect transistor. The studies on the absorption spectrum of the 

complex showed a wide range of absorption in the near ultraviolet-visible-near infrared regions of the 

electromagnetic spectrum suggesting it useful for optoelectronic applications. The above results were 

almost unchanged on increasing the length of CNT. The studies on the stability of endohedral complex 

of PBI with larger diameter (8,8)CNT revealed that it is more stable than its exohedral analogues.  

The modelling and investigation of properties of endo- as well as the exohedral complexes of 

(6,6)CNT with 4T were also carried out using various dispersion-corrected density functionals. 

The stabilization energy of endohedral complex (4T@CNT) was found to be lower than its 

exohedral counterpart (4T-CNT). Similar to indigo-CNT complexes, the electronic properties 

such as ionization energy, electron affinity and energy gap between frontier molecular orbitals 

of CNT are not changed significantly due to the adsorption or the encapsulation of 4T. CNT acts 

as an acceptor in the complex 4T-CNT which is in contrast to the donor nature of CNT in the 

complexes indigo-CNT and PBI-CNT. Contrary to p-type charge transfer characteristics of the 

complexes of CNT with indigo or PBI, those with 4T exhibited n-type charge transfer 

characteristics due to higher electron mobility than hole mobility. Among the complexes of CNT 

with 4T, the endohedral one showed the highest electron mobility of 3.79 cm2V-1s-1. The optical 

absorption studies of the complexes indicated several charge transfer transitions from electron 

donor 4T to electron acceptor CNT in the visible region of the electromagnetic spectrum which 

is in contrast to those observed for the complexes indigo-CNT and PBI-CNT. As it is known that 

pure CNT possesses p-type characteristic, its complexes with 4T have shown n-type 

characteristics. Thus, the above results unequivocally suggested that the charge-transfer 

characteristics of CNT can be altered on forming complexes with 4T. 

The studies on CPP-CNT complexes which include various derivatives of CPP by doping 

nitrogens as well as by substituting donor amino or acceptor fluoro groups showed that only the 

unsubstituted or fluorine-substituted complexes are stable. The energy decomposition analysis 

suggested that the complexes are stabilized mainly by the dispersion interactions between constituent 
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units. The electrostatic interactions are more pronounced in the tetra-fluorinated complex compared 

to its unsubstituted analogue. The optical absorption properties indicated that the complexes of CPP 

with CNT absorb in the near-ultraviolet and visible regions whereas those of various fluorine-

substituted CPP with CNT absorb in a wide range starting from near-ultraviolet to near-infrared region 

of the electromagnetic spectrum. Like the complexes indigo-CNT and PBI-CNT, a photoinduced 

charge transfer was also observed for the complex in which CNT acts as a donor and tetrafluorinated 

CPP acts as an acceptor. Similar to the complexes of CNT with indigo/PBI/4T, those with CPP and 

its fluorinated derivatives exhibited narrow energy gap between the highest occupied and the lowest 

unoccupied molecular orbitals suggesting their use in organic semiconductors. The high values of 

light-harvesting efficiency obtained for fluorine-substituted complexes indicate their use in 

photovoltaic devices. The studies also showed an energy barrier for the piston type movement of CNT 

in the complexes for the ground state, but not for the excited states. The barrier for rotation of bare and 

fluorinated CPP over CNT suggests the potential of these complexes as components in molecular 

wheels and shuttles.  

In summary, the geometries of indigo, PBI and 4T are distorted largely on adsorbing over CNT 

than encapsulating inside CNT. CPP and its derivatives also undergo significant structural changes 

upon complexation with CNT. A small energy gap between HOMO and LUMO of the complexes 

suggests their semiconducting behaviour. They also exhibit very high values of both electron and hole 

mobility making them suitable for organic transistor devices. All the above complexes show several 

charge transfer transitions in the visible region of the electromagnetic spectrum and thus can be used 

in solar cell applications. Based on the above results, it can be concluded that π-π interacting 

complexes of CNT find potential applications in optoelectronic devices and more such complexes can 

be explored. Further, the above studies can be extended to know the effect of electric field on the 

charge transport properties of the complexes for their applications in organic field-effect transistors. 
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Appendix A 
 

Indigo in  

free state 

 

Indigo in 

Indigo@(6,6)CNT 

 

Indigo in Indigo-

(6,6)CNT 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1. Schematic diagram of indigo in free state and indigo in its endo- and exohedral 

complexes with CNT. All the values shown in the above figures are in Å. 
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PBI in  

free state 

 

PBI in  

PBI@(8,8)CNT 

 

PBI in  

PBI-(8,8)CNT 

 

Figure A2. Schematic diagram of PBI in free state and PBI in its endo- and exohedral complexes 

with CNT. All the values shown in the above figures are in Å. 
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4T in  

free state 

 

4T in 

4T@(6,6)CNT 

 

4T in  

4T-(6,6)CNT 

 

Figure A3. Schematic diagram of 4T in free state and 4T in its endo- and exohedral complexes 

with CNT. All the values shown in the above figures are in Å. 
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