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ABSTRACT 

Proteins are polymers of amino acids connected by dipeptide bonds. Amino acids play 

central roles both as building blocks of proteins and as intermediates in metabolism. 

They are essential for the structure, function, and regulation of the body’s tissues and 

organs. Proteins are made up of hundreds of smaller units called amino acids that are 

attached to one another by peptide bonds, forming a long chain. There are 20 common 

amino acids found in proteins, and depending on their sequencing, and the overall 

protein structure, they convey an extensive array of chemical properties. 

Graphene is the youngest known allotrope of carbon which is a two-dimensional and 

one-thick materials consisting sp2 hybridized carbon atoms arranged in honeycomb 

structure. These honeycomb structure are the reasons for the extraordinary properties 

of graphene, which include a very large surface area [2630m2/g, it is double that of 

single-walled carbon nanotube (SWCNT)], a tunable band gap, room temperature 

Hall effect, high mechanical strength (200 times greater than steel), high elasticity and 

high thermal conductivity. The exceptional electrical properties of graphene (such as, 

high charge mobility and capacity, highly tunable conductance) endow it as an ideal 

sensing element in electronic sensors. Carbon nanostructures [CNSs] exhibit non-

covalent interaction such as the XH-π, cation-π, anion-π and π-π interaction towards 

the small gas molecules, metal ions and bio molecules. The XH-π weak interactions 

were extensively studied in recent years.  These interactions are considered as a 

unique type of hydrogen bonding interaction in which π electron acts as the proton 

acceptor. Graphene is a sensitive nano material which detects all the individual events 

when a biomolecule is adsorbed to or deadsorbed from its surface. The adsorption of 

various substrates such as amino acids, nucleic acids, antibodies, gas molecules, metal 
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ions, polymers, organic molecules etc. on grapheme/CNT surfaces has attracted 

considerable attention because of the fundamental importance and potential industrial 

applications. In particular, the protein and graphene/CNT interaction has gained 

significant attention because of its application in various fields such as DNA 

sequencing, DNA sensing, amino acids sensing, drug delivery etc. Recently, it has 

been found that the determination of a patient’s DNA sequence can reveal one’s risk 

of falling ill with a particular disease and also help to design “personalized medicine”, 

and thus the DNA sequencing appears to be one of most potential applications. The 

density functional theory (DFT) B3LYP with basis 6-31G** reproduced the proper 

geometry of the molecules under study. M062X method also provides other properties 

with accuracy. The charge, geometrical parameters etc. thus obtained can be used for 

further calculations and interpretations of molecular properties. It has been observed 

that the interaction energy, adsorption and chemical reactivity varies significantly for 

alkaline earth metal ions and amino acids with CNTs and graphene. It is expected that 

the current study will help in development of carbon material based biosensors. 
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PREFACE 

 

Biosensor exhibits unique specificities towards analytes of biological origin such as 

proteins, DNAs, glucose, antibodies, antigens of contaminated or infected organisms, 

pollutants etc. A device for biological recognition event is necessary for such 

biosensors. This is called process of transduction and involves detection of 

appropriate signal when given substance interacts with probe of biosensor. As 

nanomaterials have shown high specificity and sensitivity even at low concentrations 

of given sample, they are known to act as promising candidates for biosensors. In this 

work, an attempt has been made towards understanding interaction between carbon 

nanostructures (carbon nanotube and graphene) with rare earth ions and amino acids. 

By charting out the corresponding changes occurring due to such interaction, they 

may serve as potential biosensor material.  

Chapter 1 presents a literature survey of work done so far on biological molecules 

and carbon nanostructures with a focus on various computational quantum mechanical 

techniques prevalent in the area.  

Chapter 2 discusses mathematical details of quantum mechanical methods. It also 

gives a glimpse of the theoretical methods helpful in study of bio-molecules, metal 

ions, small molecules and carbon nanostructures complexes. 

Chapter 3 hints that the binding energy preferences of aromatic amino acids are 

different in both exterior and interior positions. The significant changes occur in the 

HOMO-LUMO energy gap of the CNT (12, 0) on the aromatic amino acids, which 

are used to design the new nano-bio composite carbonaceous material. 
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Chapter 4 is focused on study of the Al-doped graphene to improve its gas sensing 

efficiency and selectivity towards the various gas molecules. The gas molecule CCl4, 

CH4, NH3, CO2, CO, NO2, CCl2F2, SO2, CF4 and N2O are all of great practical interest 

for industrial, environmental and medical applications and have been theoretically 

investigated in present work. On the other hand, the effect of doping of the graphene 

sheet on the binding strength has also been estimated. 

Chapter 5 describes the effect of binding strength of metal ions (Be+2, Mg+2, Ca+2)  at 

different position inside the carbon nanotube. The interaction energy with CNT(10,0) 

is compared and effect of metal ions on HOMO-LUMO gap of CNT has been studied. 

Chapter 6 describes the effect of binding strength of aromatic amino acids such as 

histidine, phenylalanine, tyrosine and tryptophan at different position inside the 

carbon nanotube. It has been established that CNT(12,0) may serve as biosensing 

material for amino acids. 

Chapter 7 presents a computational study of interaction of amino acid with graphene 

and effect of doping graphene with aluminium. Dramatic changes in electronic 

properties and related characteristics have been observed. 

Chapter 8 summarises general conclusions drawn from research work of this thesis.  
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CHAPTER 1 

 

INTRODUCTION 

 

1.1. Proteins 

Proteins play major roles in all biological processes. These include structural roles, 

mechanical support, growth and differential, enzymatic catalysis, immune defence, 

contractile processes, thrombosis and transport of matter and charge. Twenty L- 

amino acids are the basic building blocks of nanturally occurring proteins. Amino 

acids differs from each other structurally and functionally owing to the structure and 

chemical nature of their side chains. Under physiological conditions amino acids exist 

in zwitter-ionic form and they can be categorised as aliphatic, aromatic, basic, and 

neutral species, based on the chemical nature of their side chains. The functional 

diversity and versatility of proteins are due to the structural and chemical diversity of 

their side chains. Proteins are linear polymers of amino acids, covalently linked 

through peptide (C-N) bonds.  

 

1.1.1. Amino acids 

Amino acids are the basic structural constitutions of naturally occurring proteins. 

They all consists of an amino group (NH3
+), a carboxylate group (COO-), a hydrogen 

atom and a substituent group (R) called a side chain, bonded to a central carbon atom 

(Cα) as shown in Figure 1.1. 
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Figure 1.1: Basic unit structure for Amino Acid. 

 

1.1.2. Classification of amino acids 

Amino acids can be categorised based on the shape, size and the nature of their side 

chains. There are three types of amino acids due to this nature (1) charged, (2) neutral 

and (3) nonpolar R-groups. 

(1) There are five amino acids with charged R-groups under physisorbed 

conditions. These are : basic amino acids such as lysine, arginine and 

histidine, and acidic amino acids such as aspartic and glutamic acids. 

(2)  Neutral amino acids are: asparagines, glutamine, cystein, serine and 

threonine. 

(3)  Non-polar amino acids are: glysine, alanine, leucine, isoleucine, valine, 

methionine, proline, phenylalanine, tryptophan and tyrosine (uncharged). 
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Figure 1.2: Non-polar amino acids. 

 

 

 

Figure 1.3: Polar, non-charged amino acids. 
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Figure 1.4: Negatively Charged amino acids. 

 

 

Figure 1.5: Positively Charged amino acids. 

 

1.1.3. Structure of Proteins 

Proteins are linear polymers of amino acids, synthesised from a library of twenty 

amino acids, covalently linked through peptide (C-N) bonds by the hydrolysis 

between α-amino and α-carboxyl of successive amino acids (Figure 1.6).  



5 
 

A single diamino acid is termed a peptide, and a polymer of several peptides an 

oligopeptide. A polymer in the range 20-50 amino acid residues is termed either a 

peptide or a small protein and a polypeptide above 50 amino acid residues is called a 

protein. A polypeptide consists of repeating peptide units (main chain) with 

chains(R1, R2, R3, etc). The structure and functional features of proteins and protein 

complexes are addressed at four levels of hierarchal organisation. There are: (1) 

primary structure (1o-structure), (2) secondary(2o-structure), (3) tertiary structure (3o-

structure) and (4) Quaternary structure (4o-structure). 

 

Figure 1.6: Formation of a dipeptide from two monopeptides ( R1 and R2 are side 

chains). 
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1.1.3.1. The Primary Structure (1o-Structure) of Proteins 

The amino acids sequence of a polypeptide chain constitutes the primary structure of 

proteins. The convention for the amino acids is that the N-terminal end (free-α-amino 

group) is to the left (and the number 1-amino acid) and the C-terminal (end with the 

residue containing a free α-carboxyl group) is to the right. Single alphabet 

nomenclature of amino acids is used in the amino acid sequence data. It is essential to 

obtain the primary structure of a protein to understand its molecular mechanism of 

action, to compare with other homologous proteins, to trace evolutionary paths, and to 

predict secondary and tertiary structures from the sequence homologies with related 

proteins (structure prediction). Primary structure data of a protein is generally a 

indispensable for its structure determination by X-ray diffraction and NMR 

spectroscopic techniques. 

 

1.1.3.2. The Secondary Structure (2o-Stucture) of Proteins 

The secondary structure of a protein deals with the ordered segments (helices, sheet), 

reverse turns and loops, and local hydrogen bonding of the polypeptides backbone. 

The secondary structure elements constitute the building blocks of the folding units in 

the globular proteins. The secondary structure of a polypeptide (protein) is determined 

largely by local sequence information. Analysis of structure parameters as bond 

lengths and bond angles of mono- and dipeptides, obtained from X-ray diffraction 

studies and Linus Pauling’s study conducts to propose the essential features of the 

peptide unit and polypeptide backbone.  
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1.1.3.3. The Tertiary Structure (3o-Structure) of Proteins 

The three-dimensional structure (spatial folding) of a protein, consisting of only one 

polypeptide chain, is reffered to as the tertiary structure. The tertiary structure (protein 

folding) of a protein is unique and specific to each protein (Figure 1.7). The structure 

and functional features of protein-binding sites of ligands (protein-drug iteractions), 

the active sites of enzymes, or the binding sites for other proteins (protein-protein 

associations) depends on their tertiary structure, and therefore, knowledge of the 

spatial folding of any protein is indispensable to understand its structure and 

biochemical functions.  

The unique folding of a protein is the result of non-bonded interactions between the 

polypeptide backbone and the side chains, acting cooperatively. The non-bonded 

interactions that stabilise the proper folding of macromolecules are ionic (salt 

bridges), dipole-dipole, van der waal and hydrophobic interactions and hydrogen 

bonds. Ions, dipoles and induced-dipole have electrical effects on one another by 

categories of electro-static interactions: ion/ion, ion/dipole, dipole/induced-dipole and 

induced-dipole/induced-dipole. 

 

1.1.3.4. The Quaternary Structure (4o-Structure) of Proteins 

The structural organisation of proteins consisting of single polypeptides, such as 

myoglobins, lysozymes, cytochrome c, trypsin and chymotrysine etc., is complete at 

the tertiary level. However, In the case of proteins and protein complexes that 

comprise two or more polypeptide chains (poly-subunit proteins), such as 

hemoglobins, cytochrome oxidase, ATPases and collagen and viruses etc., another 

level of organisation, namely quarternary structure, deals with the specific 
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arrangements of the subunits with respect to one another in the protein complex and 

the interactions that stabilise these arrangements and associations. Non-polar 

interactions, which are weak , non-directional and driven by entropy factors, play a 

major role in the structural organisation and stability of quaternary structures in 

macro-molecular complexes.  

 

 

Figure 1.7: Structure of Protein. 

 

1.2. Biosensors and Nanostructures 

A biosensor is defined by its unique specificities toward analytes of biological origin. 

These analytes may be DNAs or proteins generated from antibodies, antigens of 

contaminated or infected organism. The analytes may also be simple molecules such 

as, glucose or pollutants. The main challenge in the development of a biosensor is the 

effective signal capture unit for the biological recognition event i.e., transduction. The 

transducer translates the recognition of the analyte into electrochemical, magnetic, 

gravimetric, electrochemiluminescent or optical signals. The nanomaterials are 
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potential candidates in order to lower detection limits to individual molecules and also 

to increase sensitivities, gold nanoparticles, carbon nanotubes, graphene, polymer 

nanoparticles, nanodiamonds, and semiconductor quantum dots are intensively 

studied nanomaterials.[1]  

The nanomaterials have shown appropriateness of their potential applications for 

biosensing. The use of nano objects led to increased performances with enhanced 

sensitivities and lowered limits of detection by several orders of magnitudes. The 

general advantage of nanomaterials is its high specific surface which enables the 

immobilization of an increased amount of bioreceptor units. One of the main 

challenges for the immobilization scheme used to conjugate the bio-specific entity on 

such nanomaterials. Therefore, development of a reliable biosensor technique is the 

key factors to immobilize the enzyme. 

The non-covalent approaches representing interactions such as π–π stacking, 

entrapment in polymers, van-der Waal forces or electrostatic forces between the 

biological entity and the nanomaterial are the principles to preserve specific properties 

of nanomaterials and biomolecules. Putzbach et al. have  summarized efficient 

methods of the biofunctionalization in the nanomaterials.[2] The strategy to attach 

biomolecules covalently to nanomaterials has a great advantage in terms of 

reproducibility and stability of the surface functionalization. The uncontrolled 

anchoring of the biomolecules can affect the domain, which is responsible for the 

recognition event, is one of  the drawback. 

The technique for the immobilization of biomolecules through supramolecular or 

coordinative interactions is widely accepted in recent years for binding of biological 

species to surfaces. The biotin avidin system is most famous example in the area of 

biosensor engineering.[3] The biotinylated substrates can be attached to biotinylated 
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biomolecules through avidin (orstreptavidin) bridges. The nitrilotric-acetic-acid 

(NTA)/ Cu2+/-histidine complex is another reported affinity systems [4] or 

adamantane/ β-cyclodextrin, the host-guest system.[5] The advantage of these systems 

over the other immobilization methods is the reversibility, and the possibility to 

regenerate/ restore the transducer element. Furthermore, the modified bio-receptor 

may be characterized individually which assured the reproducibility of the biosensor 

and the functionalized transducer surface. 

According to the chemical composition, most of the nanomaterials are equipped with 

appropriate functions through direct functionalization, or through coating of 

functional polymers without changing their specific properties.[6] This type of 

functionalization allows not only the reproducible immobilization of bio-recepts or 

units but may also enhances the biocompatibility of materials. 

 

1.2.1. Gold Nanoparticles 

Gold nanoparticles are popularly used for biosensor application amongst the noble 

metal nanoparticles.[6] because of their biocompatibility, their electronic and optical 

properties, as well as their reasonably simple production and modification.[7] 

The phenomenon of resonant surface plasmons, i.e. vibration of the electrons present 

in the conduction band in response to irradiation of one specific wavelength of light, 

is the interesting optical properties of gold surfaces. When the incident wavelength is 

much larger than particle size, the propagation of the vibrating electrons along the 

surface is not possible and it is termed as Surface Plasmon Resonance (SPR) setups. 

Then the electron density is polarized on one side of the nanoparticle where the 

plasmons vibrate in resonance with the frequency of light (Figure 1.8).  
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Veitch used gold nanoparticles via biotin streptavidin linkage to immobilize the 

model enzyme horse radish peroxidise (HRP) which is widely used as label in 

biosensing applications.[19] Chen et al., showed the attachement of single HRP 

molecule to the gold nonoparticle.[20] Moskovits, Nie and Emory, Hossain et al., Lim 

et al., Saha et al., have studied the enhanced Raman Spectroscopy based on surface 

plasmon assisted signal amplification.[21-25] 

Xu et al., 2006 have showed that efficient wiring can be obtained using enzymes 

(HRP) where metal ions are involved in the catalytic redox process.[26] Several group 

of researchers such as Mena et al., Willner et al., and Pingarrón et al., have also 

studied to wire the enzymes glucose oxidase (GOx) since its active center is deeply 

embedded inside the protein structure and contains no metal ion which would 

facilitate electron transfer.[27-29] Eustis and El-Sayed have reviewed nicely the 

outstanding properties of gold nanoparticles which made them useful not only for 

bioanalytics but also for other research fields.[30] 

 

1.2.2. Carbon nanotubes 

Nanotubes are derived  from a graphene carbon lattice (i.e., the same as in graphite) 

and were discovered in 1991 by the Japanese electron microscopist Sumio Iijima who 

was studying the material deposited on the cathode during the arc-evaporation 

synthesis of fluerenes. They are described as closed cylindrical shape obtained by 

wrapping a graphene sheet.[31-36] There are mainly two types of CNTs which 

depends on the number of walls. Single walled carbon nanotube[SWCNTs] can be 

defined as a single rolled-up graphene sheet(Figure 1.9). They were found in 1993 
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and the diameter is between 1 to 3nm.[37,38] They self-organize forming bundles 

comprising even hundreds of tube. 

 

 

 

 

 

 

 

 

Figure 1.9: Carbon nanotube are obtained by wrapping a graphene sheet. 

 

Multi walled carbon nanotubes[MWCNTs] can be defined as several concentric 

rolled-up graphene sheets [Figure 1.9], perfectly graphitized and closed at the ends by 

carbon atom pentagons. The inner diameter varies from 1 to 3nm, and the outer 

diameter is usually between 2‒25nm which depends on the number of walls of 

graphene sheets. The space between two graphene surfaces is around 3.4Å which is 

slightly higher than the value of graphite (3.35Å). Iijima suggested that this difference 

is due to the combination of the graphene sheet curvature, the weak van-der waal 

forces between concentric tube.[33,39] The length of both types of carbon nanotubes 

are shown in Figure 1.10.  
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Figure 1.10: Curvature, diameter and length of the SWCNT and MWCNTs. 

 

1.2.2.1. Electronic Structure and properties of carbon nanotubes 

Carbon nanotube is the most important allotrope of carbon which is a one dimensional 

tube of atoms in hexagonal configuration with atoms by sp2 bond. There are different 

possible ways to roll a graphene to form a tube giving rise to the different chiral or 

achiral dispositions. Nanotube can be classified into different types on the basis of 

their chiral indices, and their structures can be specified through their chiral vectors 

represented by the chiral indices (n,m). The chiral indices and structure of CNTs 

depends upon their configuration. In the armchair configuration, the C-C bonds of two 

opposite sides of the hexagon are perpendicular to the tube axis while in the zig-zag 

configuration, those bonds are parallel to the tube axis which are shown in figure 1.8. 

The rest of position configurations, where the C-C bonds form an angle θ respective 

to the tube axis, are known as chiral structure which are shown in Figure 1.10. The 

chirality of nanotube can be expresses by the chiral vector C. 
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 ⎥
⎦

⎤
⎢
⎣

⎡

+
−=

nm
n

2
3arctanθ  (1.3) 

For the zig-zag structure, °=0θ , and the values (n,m) results in (n,0) or (0,m). 

For the armchair structure, °±= 30θ , and the values (n,m) results in (n,n). 

The rest of values (n, m) stand for chiral structures. 

The physical, chemical, and electronic properties of CNTs largly depend on their 

curvature and chirality. The armchair (n, n) nanotube shows metallic behaviour, while 

the zig-zag (n, 0) nanotubes exhibit semiconducting properties. The chiral (n, m) 

nanotubes perform metallic behaviour if the difference between n and m is a multiple 

of 3; otherwise, they behave as semiconductors.[41,42] The formation of carbon 

nanotubes from graphene is illustrated in Figure 1.10. According to the above 

statement, one third of the SWNTs are metallic, and two thirds are semiconductive. 

This fact has been confirmed by conductance measurements with Atomic Force 

Microscope (AFM) over individual nanotubes.[43] 

 



 

Figure 1.1
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many cases.[49] Hence, it has become important to quantify these non-covalent 

interactions and also to identify the factors that govern their strength. Besides, as 

nanomaterials show promising applications in biology and medicine, it is extremely 

essential to know how they interact with living organisms and environment.[47]  

Thus the non-covalent interactions lead to the formation of supramolecular assembly, 

whereas the covalent interactions lead to the formation of a classical molecule. 

Among the various existing non-covalent interactions cation-π, π-π interaction and 

XH-π interactions are most common in the case of CNSs. 

 

1.2.2.2.1. Cation-π interactions 

Cation-π interactions are arguably the strongest non-covalent interactions and they 

have been extensively studied in recent years. Exprimental and theoretical studies 

done in recent years, have clearly demonstrated that cation-π interactions play an 

important role in diverse chemical and biological processes.[48-51] In 1981, Kebarele 

has done the interaction of K+ with water and benzene in the gas phase. In systematic 

study of ion solvation by various solvents, Kebarle investigated the puzzling fact that 

benzene stabilizes K+ ions better in the gas phase than water does.[52] In 1993, 

Dougherty has been investigated the cation-π interactions in Li+, Na+, K+, and Rb+ 

interaction with various biological molecules.[53] Cation-π interaction has also 

invoked to rationalize specific drug-receptor interactions.[51,52] and to design both 

novel receptor binding pockets and more protein ligands.[53-55] It is also recognized 

as contributing significant to protein.[56-59] and DNA stability.[60,61] Both 

experimental and theoretical studies have been carried out on cation-π interactions, 

and have provided valuable insights into their nature.[48,62] The experimental and 
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theoretical study of cation-π interaction have demonstrated to be a powerful tool for 

studying such interactions at the atomic and electronic levels, and have proved 

capable of accurately predicting binding energies. Hence, quantum mechanical 

methods are now widely accepted as being complementary to experimental 

measurements on cation-π systems. Cation-π intractions are very sensitive to the 

nature of metal ion and size of π-system.[63]   

 

1.2.2.2.2. π-π interactions 

π-π interactions are one of the weak interaction in nature which have been recognized 

to impart both structure and functional properties to materials as well as 

biomolecules.[64] Carbon nanostructures have been shown to exhibits π-π 

interactions with different aromatic groups in various biomolecules.[65] The π-π 

stacking interactions of CNSs with aromatic molecules appears to be significant 

because of their extended π-conjugation, and they seem to play a significant role in 

explaining the versatile applications of CNTs and graphene.  

 

1.2.2.2.3. Anion-π interactions 

Anion-π interaction are one of the non covalent interaction in which the interaction of 

halides sush as Cl, F, Br and I with the simple aromatic compounds, are not very 

strong in nature. In recent study on anion-π interactions, these interaction between 

halides ions and graphene flakes have been found to be stronger than those with 

simple aromatic compounds like benzene. This unexpected strong binding interaction 

is an attribute to the effective donor-acceptor interaction between the halide ions and 

the CNSs.[66]  
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1.2.2.2.4. X-π interactions 

X-π interaction is also a weak interaction which are produced between the (X=C, O, 

N, S etc) and π-system. These unique interaction is a hydrogen- binding interaction in 

which π electron acts as the proton acceptor.[67] There are some group which has 

been done a series of studies of XH-π interactions involving various molecular cations 

and small molecules.[68-73]   

 

1.2.3. Graphene 

Graphene is an allotrope of carbon which was discovered by Adrew Geim in 2004.  

Graphene is the youngest known allotropes of carbon which is a two-dimentional and 

one-thick material consisting sp2 hybridized carbon atoms arranged in honeycomb 

structure.[74] These allotropes of carbon recently used in research area interest from 

biomedical to environment applications due to the unique physical and chemical 

properties. The exceptional properties of carbon nano-materials such as electronic, 

thermal, optical, mechanical and transport properties make them promising candidates 

for various potential applications. Graphene has been studied for the past sixty years 

in order to describe the properties of various carbon-based materials. It also provides 

an excellent condensed-matter analogue of (2+1)-dimensional quantum 

electrodynamics which makes graphene the most theoretically studied material in the 

recent years. Typically important properties of graphene are fractional quantum hall 

effect at room temperature.[75-77] an ambipolar electric field effect along with 

ballistic conduction of charge carriers,[78] tunable band gap [79] and high 

elasticity.[80]  
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of graphene: single-layer graphene (SG), bilayer graphene (BG) and few-layer 

graphene (number of graphene layers 10≤ ). Although SG and BG were first obtained 

by micro-mechanical cleavage.[78] since then, graphenes containing different number 

of layers have been prepared using diverse strategies.[81]  There are a few reports on 

some of the properties of few-layer graphenes, but, there are not many studies 

reporting changes in properties brought about the number of layers. The widespread 

applications of graphene have interested scientists wordwide. There are many 

experimental and theoretical studies in research interest on graphene nano materials. 

In these present work, it is theoretically investigated the graphene is used to improve 

its bio-sensing efficiency and selectivity towards the amino acids, nucleoacids, metal 

ions and various gas molecules. It is very important for graphene to interact with the 

differents molecular structures so that its electronic properties get changed. These 

theoretical studies are all of great practical interest for industrial, environmental and 

medical applications. On the other hand, the effect of molecular structure  towards the 

graphene/CNTs sheet on the binding strength has been estimated.  

 

1.3. Review of Literature 

There are several reviews [82-86] which nicely review the electron transfer, 

biomedical applications, optical properties,  imaging and use as biosensor of cabon 

nanostructures. Graphene has two main advantages over CNT regarding its 

application in electrochemical sensors and biosensors that are graphene does not 

contain metallic impurities and the production of graphene is cheap and easily 

accessible.[87-89] Graphene can easily connect to biomolecules via π-π stacking and 

hydrophobic interactions.[88,90] 
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Ruecha et al., has demonstrated the application of graphene as biosensor for the 

cholesterol.[91] Yang et al., demonstrated the application of graphene to detect 

pesticides.[92] The graphene-based sensors was used for detection of heavy metal 

ions such as Pb+2 and Cd+2.[93-95] Wang et al., have used graphene based sensor with 

the CdS quantum dots and molecularly imprinted polymers to detect 4-

Aminophenol.[96] The graphene based sensors have been reported for the detection of 

erythromycin [97] and tryptamine [98] with electrochemical sensors, and for the 

detection of S. Aureus with a piezoelectric sensor.[99,100] 

Several researchers have investigated the biodistribution of SWCNTs in several 

animal studies with pristine, covalently modified and non-covalently functionalized 

nanotube samples.[101-104] Some researcher have also reported that pristine and 

covalently modified SWCNTs that was found accumulated in animal body and caused 

inflammation, pulmonary/cardiovascular toxicity and oxidative stress.[101,105,106] 

Biopolymers (e.g. oligonucleotide strands and peptides) and organic polymers were 

used for the screening of corona phase recognition on SWCNTs and the corona phase 

structure can be screened for target specificity.[107-111] Several group of researchers 

have demonstrated SWCNT as sensors for short peptides and proteins.[112-115] 

An important application of SWCNTs is biomedical imaging agents. It is a ideal 

imaging probe in complex biological environments that needs to be biocompatible, 

bright and stable.[116-124] Fakhri et al., [125] studied of intracellular motion 

fluctuations by conjugating SWCNTs with kinesin-1 motor proteins in COS-7 cells. 

SWCNTs is also popular as super-resolution probes.[126-128] 

Graphene as biosensor was first demonstrated by Clark and Lyon in 1962.[129] There 

are several excellent reviews which focus on the synthesis, properties and biosensing 

performance of graphene and its derivatives for biomedical applications.[130-140] 



24 
 

The in vivo toxicity studies shown that biocompatibility of graphene and its 

derivatives largely depends on its lateral size, dosage, functionalization, charge, and 

reactive oxygen species.[141-144] The optical properties of graphene and its 

derivatives over other nanomaterials were nicely reviewed by the several groups.[146-

150] Several variety of graphene based electrochemical biosensors have been 

designed, which lead to a bright way for electrochemical biosensors.[151-155] There 

are many electrochemical graphene-based device schemes which were proposed for 

use in vivo for monitoring the dopamine, H2O2, L-Dopa (an intermediate precursor of 

the neurotransmitter dopamine), glucose, L-lactate, β-galactosidase-gene 

expressions.[156-160] 
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CHAPTER 2 

 

METHODOLOGY 

 

2.1. Introduction 

Classical Newtonian mechanics is the law of macroscopic objects, but it failed to explain 

certain properties of microscopic systems. Then quantum mechanics is developed to 

serve as the law governing the behaviours of both macroscopic, e.g. cosmological 

systems, and microscopic objects, such as electronics and nuclei. To describe the state of 

a microscopic system in quantum mechanics, it is postulated that a special function 

termed wave function exists as a function of the particles’ coordinates. Although the 

wave function has a time- dependent nature in principle, its time-independent, or in other 

words, its stationary form suffices in many application, specially in quantum chemistry.   

Computational chemiatry has become a powerful tool for the chemists in most of the 

research areas with the development of fast processors. The application of  computational 

chemistry based methods has emerged in many areas such as molecular modelling, 

nanotechnology, pharmaceutical chemistry and matrials science. There are theoretical 

methods and principles are descried in this chapter which are use in our studies. In our 

studies, we have used appropriate many methods as ab initio methods, density functional 

theory, semi-empirical methods etc. 

2.2 ab initio methods 

2.2.1. Quantum mechanical calculations 

The molecules are composed of the atoms and atoms are composed of nucleus as well as 

the electrons. Many atom has one electron in outer most orbits as hydrogen (H), helium 
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ion (He
+
), lithium ion (Li

+2
) etc.. The solution of Schrӧdinger equation are simple for 

hydrogen like atoms but other atom much complicated. For large number of electrons, the 

solution of Schrӧdinger equation has become simple for using computantional methods.  

The fundamental principle of quantum mechanics is to find a solution of the time- 

independent, non-relativistic Schrӧdinger equation for any chemical system,[1] and that 

appropriate system.[2-7] The wave function, Ψ exists for any chemical system, and that 

appropriate operators (functions), which act upon Ψ return the observable properties of 

the system. The operator, that returns the system energy, E, as an eigenvalue is called the 

Hamiltonian operator, 


H . Therefore, by solving Schrӧdinger equation, electronic 

structure and properties of any molecule may be deremined: 

 


H Ψ = E Ψ (2.1) 

The wave function represents nuclear as well as electronic motion together, the electronic 

wave function is separated from total wave function using Born Oppenheimer 

approximation[8-10]. When the nuclei are fixed at a particular distance, the electronic 

wave function can sufficiently provide all properties of the molecule. For a multi electron 

system electronic part of Hamiltonain operator of Schrӧdinger equation is written as: 

 


 
qp

pq

A P

APAp

p

e rrZH 112

2

1
 (2.2) 

This equation is written in atomic unit and the first term in eq. 2.2 is the kinetic energy of 

electron and nuclei whereas the third term is potential energy due to inter-electron 

interaction. Thus the modified Schroendiger wave equation for n electronic system is 

written as:[11] 

 ),...,2,1(),....,2,1(),...,2,1( nEnnH eeee    (2.3) 
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Where Ψe is the electronic part of the wave function. The complete treatment of quantum 

mechanical problem involving electronic structure is equivalent to comlete solution of the 

appropriate Schrӧdinger equation. Because of the inter electronic repulsion term, the 

Schrӧdinger equation for single atom is not separable so we obtain the solution Ψ0 for n 

electron is product of n single electronic wave function function. The product wave 

function is known as Hartree Product:[12] 

 Ψ0 = Ψ1(r1,θ1,φ1)Ψ2(r2,θ2,φ2) .............Ψn(rn, θn, φn) (2.4) 

Where Ψ0 is initial wave function starting from, accuracy of the calculated result that 

depends upon the choice of Ψ0. The electrons are fermions obeying the half spin Fermi-

Durac statistics.[13] One electron wave function are the molecular orbital which are the 

products of the spatial orbitals times the spin functions (α or β),[14] to satisfy the Pauli’s 

exclusion principle, the wave function must be antisymmetric.[15] The antisymmetric 

wave function may be derived from Slater Determinants.[16] The spin orbital Slater 

determinant for n electrons is written as: 

 
)()1(

)2()1(

)1()1(

)()(

2

)()(

1

)2()1(

2

)2()2(

1

)1()1(

2

)1()1(

1

............

............

............
1

n

n

n

n

nnnnN












  (2.5) 

The solution of equation 2.5 is obtained by using perturbation over the solution Ψ0 and a 

trial wave function is constructed with the help of Slater determinant by applying the 

variation principle. The equation of energy of the system given below is written in form 

of Dirac notation.[17-19] 

 
''

'''

|

||

ii

iei

e

H
E


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


  (2.6) 
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2.2.2. Hartree Self-Consistent Field Method 

The solution of the electronic Schrӧdinger wave equation of molecule, which is formed 

by writing the Slater type determinant. This determinant consists of the nuclear-nuclear 

interaction energy, which has constant value for a given geometry, the nuclear-electron 

attraction, which is dependent on one electron co-ordinate and the electron-electron 

repulsion, which depends on two electron co-ordinates.[20,21] 

The Hamiltonian is  

 He = nm

N
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ij
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where  one electron operator he describes the motion of i
th

 electron in field of all nuclei, 

gij is two electron operator giving the repulsion between two electrons while Vnm is the 

nuclear-nuclear interaction energy. The energy can be expressed as  
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Where, J operator represents the classical repulsion between the two charge distribution 

described by φ12(1) and φ21(2) 
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The K operator represents the exchange internal that has no classical analogue.[22] 

To determine the set of MO (Molecular Orbital) which has minimum energy or is 

stationary in respect to change orbital, variation is carried out in a manner that the MOs 

should remain orthogonal and normalized. This type of optimization is a termed as 

constrained and this can be achieved by means of Lagrange multipliers.[20,23] The 

Lagrange function is stationary with respect to the orbital variation: 

 )|( ijji

N

ij

ijEL     (2.12) 

Where L is the Lagrange function. Variation of the Lagrange function is written as  

 0)||(   ji

N

ij

jiEL   (2.13) 

 Fi = hi+ )( j

N

j

j KJ   (2.14) 

Where, Fi is the Fock Operator, whreas operator J is the electron repulsion term, known 

as the coulomb Operator while K is term as the exchange Operator. Hence, the Hartree 

Fock Equation can be written as below:[20,24] 

 iiiiF    (2.15) 

A set of functions that are the solutions of eq. 2.15 are called Self-Consistent Field 

Orbital and are determined through through an iterative method. The Hartree Fock 

method is known as mean field approximation in which the average electron-electron 

repulsion is taken into account.[25]  
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2.2.3. Roothaan Hall Equation  

 The direct solution of Hartree Fock Equation for molecular system of any size is not 

pratical so certain approximation methods are required. For achieving it, the MOs are 

expanded in term of basis functions, conveniently called atomic orbitals. The expression 

of orbital in terms of atomic orbitals has an advantage in the interpretability of the results. 

Since the nature of the chemical problems frequently involves relating properties of 

molecules with those of constitution atoms. 

    ii c  (2.16) 

The optimum value of the coefficient ic  is obtained by using the criteria of lowest 

calculated total energy. This leads to a set of self consistent LCAO molecular orbitals φi. 

Such an orbital will be best for any particular set of basis function. The application of the 

variational technique leads to Roothan Hall equation.[26] 

 ii CSF 



  )(  =0 (2.17) 

Where F  is the fock operator and S  is the overlap integral 
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 (2.18) 

The density matrix is defined as 

 j

MOocc

j

jCCD  
.

 (2.19) 

Roothan-Hall equations are set of algebraic equation as HF equations are differential 

equations. They were set by Hall [27] and Roothan[26] independently. The molecular 

orbitals expanded in the form of atomic orbital are not orthogonal, so by the method of 
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standard digitization technique we obtained a new set set of basis function '  and the 

solution is iteratively.[20] 

 

2.2.4. Computational scheme for solving Roothaan- Hall equation  

Hartree Fock method provides the solution of the Schrӧdinger equation considering 

average interaction of electrons i.e. distance between electrons and nucleus is taken into 

account and not the distance between electrons.  Hence, the motion of the electron is not 

corrected in HF equation.[28] The electron correlation is included in Configuration 

Interaction (CI)[29,30] and Moller-Plesset[31] perturbation theory. 

 

 Figure 2.1: Flow chart for a typical quantum-mechanical calculation. 
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2.3. Basis Set  

A basis set represents a set of functions used to describe the shape of orbitals in an atom. 

To solve the Schrӧdinger equation one has to optimize the wave function with the help of 

perturbations from the Hamiltonian operator to find the eigenvalues or associated 

energies with the equation. There is no straightforward method to obtain wave function 

of molecules as well as that of atoms in which distinct levels of orbital can easily be 

identified, i.e. 1s, 2s, 2p etc. To overcome this problem, the Linear Combination of 

Atomic Orbitals(LCAO) approach[31] is used to describe the molecular wave function 

through molecular orbitals. In Linear Combination of Atomic Orbitals (LCAO) approach 

each molecular orbital (one electron function) i  is expressed as a linear combination of 

n basis function a  

 



  



n

ii c
1

 (2.20) 

Where ic  are called Molecular Orbital Expansion Coefficient or simply MO 

coefficients. 

Generally the basis-functions are located at the centre of atoms and are therefore often 

called atomic basis functions. They are mathematical functions desined to give the 

maximum flexibility to the molecular orbitals. 

Basis set is a set of mathematical  functions used to expand the molecular orbitals in 

order to help solve the Schrӧdinger equation with each function centred(has its origin) at 

some point in the molecule (usually on the nuclei). All ab initio methods inherited basis 

set approximation for their calcaulations. An unknown Molecular Orbital(MO) can be 

considered as a function in the infinite coordinate system spanned by the complete basis 
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set. Expansion of an unknown molecular orbital function an unknown function in a set of 

known functions is not an approximation if using the complete basis set. Although, a 

complete basis set will mean involvement of an infinite number of functions, which will 

be impossible to calculate. On employing a finite basis set, only the component of the 

Molecular Orbital along with those coordinate axes can be represented which 

corresponds to the selected basis set, the poorer the representstion. The type of basis set 

function used also influences the performance.  

There are two general classes of basis set i.e. Slater Type Orbitals (STOs)[32, 33] and 

Gaussian Type Orbitals [GTOs].[20, 34] A Slater Type Orbital for an s-type atomic 

orbital has the form. 

 
2

)(   eNS s  (2.21) 

Where α is radial distance from the nucleus, Ns, is normalization constant, and ζ is a 

constant known as the orbital exponent, which governs with size of the orbital. A 

Gaussian Type Orbital for an s-type atomic orbital with the same orbital exponent as 

STO has the form 

 
2

)(   eNg g  (2.22) 

Where Ng is the normalization constant. The STO basis set has an advantage that they 

have direct physical interpretation and thus are naturally good basis for molecular 

orbitals. The STOs have the shortcoming that most of the required integrals needed for 

the SCF procedure must be calculated numerically, hence it is computationally expensive 

whereas wave functions with GTO basis set are much easier to compute. 

The smallest basis set, which represent one function for each type of occupied orbital in 

the separated atoms, are called minimal basis set.[35] The most used minimal basis set is 
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the the STO-3G set. This notation indicates that the basis set approximate the shape of a 

STO orbital by using  a single contaction of three GTO orbital. One such contraction 

would then be used for each orbital, which is definition of a minimal basis. There are 

STO-nG basis set n=2-6. The Pople basis set [36,37] are another family of basis set and 

they can written by the notation 6-31G*. This means that each core orbit is described by a 

single contraction of six GTO primitives which describes each core orbital and two 

contractions, of which one with three primitives and another with one primitive describe 

each valence shell orbital. The Pople basis sets are very popular for organic molecules. 

The Pople basis set notation can be modified by adding one or two asterisks(*), such as 

6-31G* or 6-311G**. A single asterisk means that a set of d primitives has added to 

atoms to atoms other than hydrogen as well. These are called polarization functions 

because they give the wave function more flexibility to change shape. One or two plus 

signs can also be added, such as 6-31+G* or 6-31++G*. A single plus sign indicates that 

diffuse functions have been added to atoms other than hydrogen. The second plus sign 

indicates that diffuse functions are far being used for all atoms. These diffuse functions 

far from the nucleus. Diffuse functions are used for anions, which have larger electron 

density distributions. Diffuse functions are used for describing interactions at long 

distances, such as vander waals interactions. The effect of adding diffuse functions is 

usually to change the relative energies of the various geometries associated with these 

systems. Basis sets with diffuse functions are also called augmented basis set.  

 

2.4. Density Functional Theory 

Density functional method is the alternative method which are based on the wave 

function based methods. DFT is based on determining the electron density, a physical 
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observable quantity, rather than wave function. Unlike, in itself DFT contains no 

approximations. Unlike HF and post-HF methods, there is no a priori way to establish 

how good a given and systematic way to improve upon it. It has however become clear 

that DFT methods often produce results of comparable quality to much more expensive 

post- HF methods that have their origins in the Thomas –Fermi-Dirac model.[38-39] In 

1998, Walter Kohn was awarded the Nobel prize in chemistry for his development of the 

DFT and ever-since DFT has become the most popular and useful computational 

approach to study many- electron systems. The computational based on DFT attained 

more reputation over the the years as it gives more information regarding the properties 

of the system at a lower cost than the wave function based methods. According to density 

functional theory, the energy functional are divided in three parts which are shown in 

following equation, 

 EDFT[ρ] = T[ρ] + Ene[ρ] + Eee[ρ] (2.23) 

Where, T[ρ] indicates the kinetic energy, Ene[ρ] shown as the attraction between the 

nuclei and electrons and Eee represents the electron-electron repulsion. The electron-

electron repulsion term may be divided into coulomb J[ρ] and exchange parts K[ρ] by 

implicitly including correlation energy in all the terms. Thus the equation becomes, 

 EDFT[ρ] = T[ρ] + Ene[ρ] + J[ρ] + K[ρ] (2.24) 

The Ene and J[ρ] terms are given by their classical expressions where n represents the 

number of nuclei, 
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One of the earlier attempts to use electron density instead of the conventional 

wavefunction to calculate the properties of molecules, was done by Thomas and 

Fermi[40]. In the 1927, based on the uniform electron gas, they proposed the following 

fundamental for the kinetic energy TTF[ρ]. 

  drrTTF )()3(
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3
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3

2

2   (2.27) 

Where, TTF[ρ] denotes the kinetic energy functional of the Thomas-Fermi(TF model. The 

expression from the exchange part K[ρ] is given by the Dirac notation and hence the 

model with inclusion of the exchange term is taken as Thomas-Fermi-Dirac(TFD) model. 
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Thus the total enrgy functional of the system ][TFDE is given as, 
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There are many drawbacks in the Thomas-Fermi model such as the assumption of a 

uniform electron gas model is poor for representing atoms and molecules. The 

importance of this simple Thomas-Fermi model is not how well it performs in computing 

the ground state energy, but more as an illustration that the energy can be determined 

purely using the electron density. 

Many density functional approximations(DFA) have been developed for practical 

applications. There are roughly three categories of density functional methods: (i) Local 

density approximation (LDA) methods assume that the density of the molecule is 

uniform throughout the molecules, and is typically not a very popular or useful method. 
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(ii) Gradient corrected (GC) methods look to account for the non-uniformaly of the 

electron density. (iii) Hybrid, as the name suggests, attempt to incorporate some of the 

more useful features from ab initio methods (specifically Hartree-Fock methods) with 

some of the improvements of DFT mathematics. The most significant advantage to DFT 

methods is a significant increase in computational accuracy without the additional 

increase in computing time.[41,42] 

A breakthrough in DFT and computational chemistry in generally appeared when Becke 

developed the hybrid density functional procedures.[43] Thus, Becke benchmarked DFT 

methods against a test of experimentally known ionization energies, electron affinities 

and proton affinities with high accuracy. He came up with a three-parameter (hybrid) 

density functional method to estimate the contributions of the exchange and correlation 

functions and optimized the values of three fit parameter (A, B, C) against the 

experimental data in the test set. There are many possibilities of combining the various 

exchange and correlation functional, but the most popular one has become the B3LYP 

method. Becke used B3PW91 rather than B3LYP in his original paper, but B3LYP is 

used as an example since it is the most popular DFT method.[43] Essentially the hybrid 

density functional method B3LYP has the following form:  

LYP

C

VWN

X

Becke

X

HF

X

Slater

X

LYPB

xc ECEEBEAAXE  )1(3  (2.30) 

Thus, it takes the local density approximation functions of Slater and Vosko-Wilk-Nusair 

relation, a correction term for the exchange due to Becke and Lee-yang-parr correction 

for nonlocal correction factors. The coefficient A, B, and C are essentially fit parameters 

obtained through fiting the energies of B3LYP/6-31G* calculations against 

experimentally obtained ionisation energies and electron affinities. These fit parameters 
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have created an accurate and low-cost computational method and as a result B3LYP has 

become one the widest used techniques in science over the past decade. 

The DFT functional used for the study of this thesis are as below: 

(i) B3LYP: Its detail is already discussed above. It is hybrid functional with 15% 

HF exchange: It is good performer for geometry optimization.[44] 

(ii) M06: This functional is based on meta-GGA approximations, because this 

include all terms that depend on the kinetic energy density, and are all based 

on flexible functional forms parametrized on high-quality benchmark 

databases. It is global hybrid functional with 27% HF exchange. It is good 

performer for main group thermochemistry, kinetics, excited states, non-

covalent interactions and transitions elements. This method described the 

dispersive interaction.[45] 

 

2.5. Dispersion corrected DFT 

Dispersion forces are ubiquitous long range attractive forces acting between 

instantaneous dipole and induced dipole that result from electron correlation between 

interacting systems. London developed the first modern theory on dispersion and 

explained them as arising from simultaneous electron correlation of the separated 

subsystems. These dispersion forces arise due to purely correlation effect and hence they 

cannot be reproduced in the HF level. The lack of an exact and explicit form for the 

exchange-correlation functional is the major drawback of DFT. Hence various dispersion 

correction methods have been invoked to obtain better and reliable density functionals. 
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 In order to tackle the dispersion correction several approaches have been adopted such as 

the nonlocal vdW density functionals, conventional and parameterized density 

functionals, and the semiclassical corrections DFT-D methods. In the year 2004, Dion et 

al. proposed a vdW-DF which is a non-local correlation functional that approximately 

accounts for dispersion interactions.[46] The exchange–correlation energy Exc of a 

system is expressed as,  

 NL

c

GGALDA

c

GGALDA

xxc EEEE  //  (2.31) 

The nonlocal term NL

cE  that describes the dispersion energy which contributes at short 

electron–electron distances to the correlation energy. Though it could successfully 

describe dispersion in a range of systems, the vdW-DF overestimates equilibrium 

separations and underestimates hydrogen-bond strength. In order to overcome this 

drawback Langreth and Lundqvist in 2010, proposed a second version of van der Waals 

density functional (vdW-DF2) by employing a more accurate semilocal exchange 

functional PW86.[46] The other vdW-DF functionals which are in use are VV09 and 

VV10.[47] 

Parameterization of standard DFT functionals to account for the exchange-correlation 

energy is another popular approach in developing functionals. The Wilson–Levy 

correlation functional has been used together with Hartree–Fock theory to evaluate 

interaction energies at intermediate separations for several weakly-bonded systems.[48] 

Tao-Perdew-Staroverov-Scuseria (TPSS) is a meta-GGA density functional for the 

exchange-correlation energy that satisfies exact constraints without empirical 

parameters.[49-50] Truhlar and co-workers developed M05 class of functionals using a 

semiempirical approach and various constraints such as the functionals are in uniform 

electron gas limit and assumed to be free of self correlation error.[51] Among the 
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Minnesota functional series, the M06-2X functional is considered to be the most accurate 

dispersion-uncorrected functional that gives good results for various noncovalent 

interactions. 

Grimme’s approach involves the semiclassical treatment of difficult dispersion 

interactions and combines the resulting potential with DFT which is termed as 

DFTD.[52, 53-55] The general form for the dispersion energy to be added with the 

Kohn–Sham DFT energy is 

 )(
...10,8,6
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   (2.32) 

Where, AB

nC  is the averaged (isotropic) nth-order dispersion coefficient for atom pair AB, 

ABR  refers to the internuclear distance, sn denotes the scaling factors typically used to 

adjust the correction to the repulsive behaviour of the chosen density functional and the 

term 𝑓damp corresponds to the damping function which determines the range of the 

dispersion correction to be included in the given functional. One of the limitations in 

empirical addition of the dispersion correction term is that the dispersion coefficients are 

assumed to be constants for different molecular environments. This limitation was 

addressed by Grimme in the revised DFT-D3 method where the dispersion coefficients 

are sensitive to the hybridization state of atoms in molecules.[54] B97D, B3LYP-D3, 

wB97xD and B2PLYPD are some of the dispersion corrected DFT functionals.  

 

2.6. The Hohenberg-Kohn Existence Theorem 

Hohenberg and Kohn established two fundamental theorems that marked the beginning 

of modern DFT.[56] The Hohenberg-Kohn theorem states the total energy of a non-
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degenerate ground state is a unique functional of the electron density of the system. Thus 

all properties of a system can be calculated from the ground-state density. The electron 

density can be integrated over all space to obtain the total number of electrons. 

 Ndrr  )(0  (2.33) 

The second Hohenberg-Kohn theorem states the ground state energy 0E  that can be 

obtained by applying variational principle. Accordingly, for every trial density function 

that satisfies the equation and 0)( rtr for all r, the following inequality holds, where, 

E_υ is the energy function. 

Later Kohn-Sham introduced a procedure, where iterative process analogous to the one-

electron wave function in HF is involved to reach the self consistency, which is popularly 

known as Kohn-Sham approach. 

 

2.7. Koopman’s Theorem 

In a system of 2N electrons for occupied orbitals, i  are estimates of the energy 

necessary to remove an electron from orbital i; for vacant orbitals, i  are estimates of the 

energy attending the addition of an electron to that orbital i.[57]  

The second assertion is easier to demonstrate. If we add an electron to a previously empty 

orbital M in a system of 2N electrons, that electron will have an energy composed of an 

one  electron term MMh . It will also repel all the 2N electrons and exchange with N of 

them- those who have like spin. 
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This is precisely the orbital energy for the previously vacant orbital M.  

If an electron is removed from one of the occupied orbitals P, it loses not only its kinetic 

energy and attraction for the nuclear framework (hPP) but also all repulsions with the 

pairs of electrons in the other (N-1) orbitals and exchanges with those electrons in the 

other orbitals that shares its shares its spin. 

So far we have 
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We have not taken account of the loss of a repulsion in MOP, which could be written 

  PPPPPP KJJ  2  (2.36) 

Adding this term, we have the desired result for the ionization energy 

 PP PFPIE  ||  (2.37) 

Koopman’s theorem provides a first- order approximation to ionization energies and 

electron affinities. There is no provision for relaxation of the charge distribution when an 

electron is added or removed. 

 

2.8. Electron Correlation 

The Hartree-Fock theory fails to expain the the electron correlation. This is the drawback 

of HF theory. One of the important limitations of HF calculations is that is takes account 
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for the average effect of electron repulsion but does not consider explicity electron-

electron interaction. In HF theory, the probability of finding an electron around an atom 

is determined by the electron to nucleus distance by between two electrons. The term 

electron correlation[58, 59-61] refers to the coupling or correlation of electronic motions 

with one another. The electron correlation leads to a reduction in the electron-electron 

repulsion energy. Electron correlation can generally be classified into three types: a) 

exchange b) dynamic c) non-dynamic electron correlation. The HF theory account for the 

exchange correlation which arises due to pairs of electrons having parallel spin. That is 

why the HF function satisfies the antisymmetry requirement of the Pauli principle due to 

which it vanishes when two electrons with the same spin have the same spatial 

coordinates. This basic correlation prevents two parallel-spin electrons from being found 

at the same position in space, this is often called Fermi correlation. The difference 

between the exact nonrelativistic energy (Eexact) and the HF energy (EHF) at the HF limit 

is the correlation energy (Ecorr). 

 HFexactcorr EEE   (2.38)
 

As the SCF wavefunction takes into account the interactions between electrons only in a 

average way (mean field approximation), it fails to incorporate the entire instantaneous 

(dynamic) interactions between electrons. Dynamic electron correlation arises due to the 

improper treatment of the electron repulsion between the electrons in motion leading to 

the accumulation of electrons around the nuclei of the system thereby overestimating the 

stabilization between the electron and nuclei. This results in the underestimation of the 

bond lengths in the molecules, and overestimation of the harmic force constants and 

harmonic frequencies.[62-63] 
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There are  a variety of theoretical methods that have been developed to include the 

electron correlation effects. These methods in general are reffered to as post –SCF 

methods as they add correlation corrections to the bases HF model. The popular 

theoretical methodologies which take account for the electron for the electron correlation 

are configuration (CI), multi configurational self consistent field (MCSCF) and 

Minnesota functional theory. The currently most popular pure and hybrid density 

functional theory (DFT) derives approaches which take care for electron correlation with 

a less computational effort compared to the other post-HF methods. 
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CHAPTER 3 

 

INTERACTION OF AMINO ACIDS WITH SINGLE WALLED 

CARBON NANOTUBE: A QUANTUM MECHANICAL STUDY 

 

3.1. Introduction 

The carbon nano-structures(CNSs) such as graphene and carbon nanotube have emerged 

as the promising nanomaterials for biomedical and environmental applications due to 

unique  physical and chemical properties such as a tunable band gap, room temperature 

Hall effect, high mechanical strength (200 times greater than steel), and high elasticity, 

thermal conductivity and high entangle network structure. The exceptional electrical 

properties of graphene (such as, high charge mobility and capacity, highly tunable 

conductance) makes it as an ideal for sensing applications.[1-3] Carbon nanostructures 

(CNSs) exhibit the non-covalent interaction such as cation-π, π-π and CH-π towards the 

small molecules, metal ions and biomolecules as amino acid, nucleic acids. The non-

covalent interaction of amino acids with various substrates and their proton affinity 

values have been studied.[4-5] The important aromatic amino acid for the interaction 

between a peptide and a single walled carbon nanotube has also been done in 

experimental studies.[6] A recent experimental study revealed that π-π noncovalent 

interactions between CNTs and the aromatic residue (Trp, Phe, Tyr) of the proteins were 

found to play a significant role in determining the strength of the CNT-protein 

interaction.[7] Subramanium et al. have brought out new insight to study the interaction 

of CNT and peptides.[8-13] The interaction between these can be seen in Figure 3.1. The 
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study of noncovalent  carbonaceous materials play a vital role in understanding various 

carbon nanostructures, such as diagnosis of life threatening diseases (sensors), cancers 

therapy (drug delivery system), DNA sequencing (personalized medicines).[12-14] 

Developing sensors based on CNT-biomolecule composites for amplified detection 

methods is an area of recent interest, and such sensors can be efficiently used for the 

detection of various carbon nanostructures as well as different biomaterials such as DNA, 

protein, and so on.[15]  Umadevi et al. investigated the adsorption of biological 

molecules such as amino acids, enzymes, antibodies and nucleic acids, metal ions as Na+, 

Ka+, Ca+2, Mg+2, Be+2 and small molecules as CO2, H2O, CO, NH3, H2O, CH4 on the 

surface of graphene/CNTs along with the significant changes in the energy as well as 

sensitivity and specificity of biosensor.[16-20] Wang et al.[21] carried out a study to 

understand the affinity of the specific peptides to CNTs and delineate contribution of the 

constituents of  amino acids to the binding strength of the peptides with CNTs. Further 

the studies on the structure-function-affinity of the peptides with the CNT have shown 

that phenylalanine has an important role to play in enhancement of the adsorption of 

peptides on the CNTs.[22] Li et al. demonstrated that polytryptophan peptides bind more 

strongly through their aromatic rings with the CNTs compared to the polylysine.[23] 

However, the role of interaction of these biomolecules with the CNTs and the extent to 

which the nanotube can be used is not understood much for these biological systems. 

Other studies on the adsorption of polynuclear aromatic compounds to CNTs, suggest 

that the π-π interactions play a critical role in the binding strength towards the 

nanotubes.[24-25] Dai and co-workers have investigated the potential of carbon nanotube 

to be used as gas sensors for detection of molecules such as NO2 and NH3.[26] Schedin et 
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al. reported their experimental observation that graphene – based sensors could detect 

even the adsorption of individual gas molecules.[27] Carbon nanostructures can absorb a 

number of species such as gas molecule, metal ions, polymers, organic molecules, and 

bio molecules such as proteins, nucleobases and DNA on their surface and these 

adsorption properties provide opportunities for potential industrial applications.[28-29] 

Several studies have been carried out on the immobilisation of proteins and nucleic acid 

on nanotube.[30-32] However recent studies elaborate on the appreciable changes in 

nanotube conductivity as bio molecules which are immobilised, directly or indirectly, on 

the CNT sidewalls.[33-35] Roman et al. used DFT method to investigate the adsorption 

of any few amino acids on (3, 3) CNT.[36] In the present work detailed theoretical 

calculations has been done between aromatic amino acids and single walled carbon 

nanotube which is discussed. 

 

3.2. Computational Details 

The calculations of the interaction between CNT and aromatic amino acids complex 

system were carried out using the density functional theory. The geometry of all the 

structures was optimized using B3LYP/6-31G* method. The both individual structures 

and complex structures were optimized. In this study, the binding energy of the complex 

system is calculated using the following equation (3.1). 

 Binding Energy = ACNTACNT EEE −−_  (3.1)  

The binding energy is defined as the difference between the total energy of the individual 

structures (ECNT; enrgy of carbon nanotube and EA; energy of amino acids) and the total 
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SWCNT behaves as semiconducting materials. Aromatic amino acid is placed in two 

different positions i.e. inside the CNT and outside the CNT placed parallel to the surface 

of CNT at a distance of 3.0Å to make sure that π-π interaction takes place which plays a 

crucial role in the non-bonded interaction. The binding strength of all the aromatic amino 

acid in both the positions (i.e. interior and exterior) is found to bind with different 

affinity. The calculated binding energy of the aromatic amino acids such as histidine, 

phenylalanine, tyrosine and tryptophan in the exterior position of carbon nanotube is -

8.00, -0.17, -0.65 and -0.79 kcal/mole  and interior position is -2.89, 4.66, 1.78 and 8.45 

kcal/mole respectively. Consequently, the aromatic amino acids have a strong affinity to 

bind in interior position of the CNT (12, 0). It is also observed from the results that the 

binding strength for tryptophan is greater in interior position than in the exterior position 

of the CNT (12, 0).  
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Table 3.1: The binding energy and HOMO-LUMO gap of the complex molecular system 
in the exterior position using B3LYP/6-31G*. 

Complex molecular system Binding Energy 
(kcal/mole) 

HOMO 
Energy (eV) 

LUMO 
Energy(eV) 

HOMO-
LUMO Gap 
(eV) 

CNT(12,0)_Histidine -8.00 -3.88 -3.48 0.40 

CNT(12,0)_Phenylalanine -0.17 -3.85 -3.44 0.41 

CNT(12,0)_Tyrosine -0.65 -3.88 -3.47 0.40 

CNT(12,0)_Tryptophan -0.79 -3.89 -3.48 0.41 

 

 

Table 3.2: The binding energy, HOMO-LUMO gap of the complex molecular system in 
the interior position using B3LYP/6-31G*. 

Complex  Molecular System Binding 
Energy 

(Kcal/mole) 

HOMO 
Energy 

(eV) 

LUMO Energy 
(eV) 

HOMO-
LUMO gap 

(eV) 

Cnt(12,0)_Histidine -2.891 -3.838 -3.481 0.357 

CNT(12,0)_Phenylalanine 4.656 -3.895 -3.487 0.408 

CNT(12,0)_Tyrosine 1.778 -3.839 -3.436 0.403 

CNT(12,0)_Tryptophan 8.447 -3.867 -3.470 0.397 

 

Tables 3.1 and 3.2 also shows that the HOMO-LUMO gap of the various aromatic amino 

acids in exterior and interior position of single walled carbon nanotube. The HOMO-

LUMO gap for the interaction of histidine with CNT (12, 0) varies from 0.36 to 0.40 eV 

for the interior and exterior position respectively. The binding energy of histidine 

increases with decreasing HOMO-LUMO gap of CNT (12, 0). The binding energy of 

phenylalanine and tyrosine is greater in interior position than in the exterior position of 
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CNT (12, 0) but there is no significant change of HOMO-LUMO gap of CNT(12,0) with 

increase in binding energy for phenylalanine. On the other hand the binding energy of 

tryptophan vary from -0.79 to 8.5 kcal/mole and the HOMO-LUMO gap of CNT (12, 0) 

vary from 0.41 to 0.40eV. So, it is clear that the binding energy of tryptophan is 

increasing with decrease in the HOMO-LUMO gap for CNT (12, 0) in interior position. 

Therefore, we can conclude that the tryptophan have strongest binding energy in interior 

position of single walled carbon nanotube. 

 

3.4. Conclusion 

The binding of a series of different aromatic amino acids with carbon nanotube has been 

comprehensively analysed. These calculations reveals that the binding energy preferences 

of aromatic amino acids are different in both positions respectively i.e. in exterior and 

interior positions. The binding energy of aromatic amino acid is greater in interior than 

the exterior position of single walled carbon nanotube.  For the exterior position the 

preferential order of the interaction for the aromatic amino acids with single walled 

carbon was histidine<tyrosine<tryptophan<phenylalanine while for the interior position 

the order is histidine<tyrosine<phenylalanine<tryptophan. The tryptophan prefers to bind 

to the inner side wall of carbon nanotube. The significant changes occur in the HOMO-

LUMO gap of the CNT(12,0) on the aromatic amino acids. This study can also be applied 

to develop novel bio- sensors, new carbon based drug delivery systems and sensing 

applications, focusing particularly on the mechanism of binding between biomolecule 

and carbon nanotube.   
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CHAPTER 4 

 

ADSORPTION OF SMALL GAS MOLECULES ON PURE AND AL-

DOPED GRAPHENE SHEET: A QUANTUM MECHANICAL STUDY 

 

4.1. Introduction  

Carbon is a versatile element of the earth’s crust and it is found on earth surface in 

different allotropes such as graphite, diamonds, charcoal and coke. The newer allotropes 

of carbon such as graphene, carbon nanotubes (CNTs) and fullerenes were gradually 

discovered.[1-3] Graphene is the youngest known allotrope of carbon which is a two-

dimensional and one-atom thick material consisting of sp2 hybridized carbon atoms 

arranged in honeycomb structure. These allotropes of carbon are extensively used in 

research areas from biomedical to environment applications due to their unique physical 

and chemical properties.[4] The exceptional properties of carbon nano-materials such as 

electronic, thermal, optical, mechanical and transport properties make them promising 

candidates for various potential applications.[5-7] It is observed from several 

experimental and theoretical studies that the transport and electronic properties are 

extremely sensitive to change in the local chemical environment.[8-10] Carbon 

nanostructures [CNSs] exhibit non-covalent interaction such as the XH-π, cation-π, 

anion-π and π-π interactions towards the small gas molecules, metal ions and 

biomolecules.[11-15] The XH-π weak interactions were extensively studied in recent 

years.[16-20] These interactions have been considered to be a unique type of hydrogen 

bonding interaction in which π electron acts as the proton acceptor.[21] Graphene is a 
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sensitive nano material which detects all the individual events when a gas molecule is 

adsorbed to or deadsorbed from its surface.[22] However, it is very difficult to prepare a 

perfect single layer graphene with zero band gap. Doping is one of the most efficient 

method to improve the electronic properties of the materials. Wang et al., have found that 

the sp2- hybridization affects and changes the electronic properties of the system when B, 

N, B-N is doped with PG (PG).[23] Lherbier et al., showed that the charge mobility and 

conductivity of graphene changes when B/N impurity atom is added to its surface.[24] 

Recently, there are several experimental studies on Al, Ga and Pd doped graphene sheets 

based gas sensor.[25,26] Interestingly, the nanoparticles such as Al, Ga and Pd 

incorporated the significant changes in the sensitivity and selectivity towards the gas 

molecules. The structure and physical properties of carbon nanostructures make them 

potential candidates as sensors to detect different type of gas molecules. Dai and co-

workers were the first to report the gas sensors based on carbon nanotubes to detect gas 

molecules such as NO2 and NH3.[27] Recently, Schedin et al., experimentally reported 

that graphene based gas sensors possess very high sensitivity such that the adsorption of 

individual gas molecules could be detected.[28] CNSs can absorb a number of species 

such as gas molecule, metal ions, polymers, organic molecules, and bio molecules such 

as proteins, nucleobases and DNA on their surface and these adsorption properties 

provide opportunities for potential industrial applications.[29-32] 

Roman et al., studied the adsorption of few amino acids on single walled carbon nanotube 

[CNT (3,3)] using DFT method. Roman et al., studied the adsorption of few amino acids 

on single walled carbon nanotube by using DFT method.[33] CNTs have also been found 

to be suitable candidate for the negative electrode of the Li-ion batteries, where the Li 
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diffuses between the positive and the negative terminals in ionic state.[34,35] Thus the 

fundamental understanding of the interaction of metals with CNTs in the ionic state is 

important. It is also important to know the role of various factors such as solvent and 

other chemical environment which influence such cation-π interaction.[36-38] Umadevi 

et al., have found that the charge transfer between graphane and t he molecules is an 

important factor in determining the binding strength of the complex molecular 

systems.[39] Zhang et al., studied that doped graphene strongly interacts with CO, NO 

and NO2 while NH3 interacts weakly.[40] Zou et al., found that the SiG has a higher 

chemical reaction toward the gas molecules due to doping of Silicon atom and shows the 

higher adsorption energy with CO, O2, NO2 and H2O.[41] In the current study, the Al-

doped graphene to improve its gas sensing efficiency and selectivity towards the various 

gas molecules were theoretically investigated. The gas molecule CCl4, CH4, NH3, CO2, 

CO, NO2, CCl2F2, SO2, CF4 and N2O, are all of great practical interest for industrial, 

environmental and medical applications. On the other hand, the effect of doping of the 

graphene sheet on the binding strength has been estimated. The charge transfer that 

occurred during the complex formation has also been explored. The change in the 

HOMO-LUMO gap of pure graphene and Al-doped graphene upon the binding of these 

gas molecules has also been estimated. 

 

4.2. Computational Methods 

The calculations of the interaction between PG, Al-dopd graphene and gas molecule is 

carried out using Density Functional Theory (DFT). The geometrical calculations of all 

structures have been done by using DFT method B3LYP/6-31G*.[45-46] In this study, 
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the individual gas molecules were adsorbed on the surface of PG and Al-doped graphene,  

thereafter  geometry optimization calculations were accomplished using Gaussian 09 

program suite.[47] It is important to note that complete geometrical configuration were 

tested but those shown are the lowest energy species feasible for the interaction of the 

compounds. Single point energy calculations have been done at the M06/6-31++G** [48-

51] level to fine-tune the energy.  

The adsorption energy (Ead) of the small gas molecule (X = CCl4, CH4, NH3, CO2, N2, 

CO, NO2, CCl2F2, SO2, CF4, H2) on the pure and Al-doped graphene is calculated by 

following equation:  

 Ead  = Egraphene_X/graphene@Al_X  - (Egraphene/Al@graphene + EX)  (4.1) 

Here Egraphene_X/graphene@Al_X represents the total energy of complex molecular system. 

Egraphene/graphene@Al and EX represent the total energies of the graphene and gas molecule 

respectively. The individual small gas molecule was placed parallel to the surface of 

graphene and doped graphene at the 3Å distance. The variation of the charge on gas 

molecules as well as on pure and doped graphene when the individual gas molecules are 

kept at the 3Å distance from its surface was calculated. The charge transfer has been 

considered as the sum of the all atoms in the pure and Al-doped graphene model system. 

Positive charge transfer values indicate the transfer of charge from graphene to the 

molecules, while negative charge values indicate the transfer of charge from the 

molecules to the pure and Al-doped graphene. The HOMO-LUMO gap of pure and Al-

doped graphene as well as their complexes at M06/6-31++G** level of theory were also 

calculated. All calculations were carried out using the Gaussian09 program suite. 
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Figure 4.1: Top view of the geometrical optimized structure of pure and Al-doped 

graphene (Graphene@Al) model system considered in this study.  

 

4.3. Results and Discussion 

The optimized structure of pure and Al-doped graphene and their complexes with small 

molecules are shown in Figure 4.1, 4.2 and 4.3. The initial configuration of all small 

gaseous molecules were assigned so that these are oriented exactly parallel to the pure 

and Al-doped graphene at 3Å from its surface. In the present study, pure and Al-doped 

graphene was considered to study the interaction of small gas molecule with X-π 

noncovalent interaction towards carbon nano materials. Table 4.1 and 4.2 summarizes our 

results on the adsorption energy, equilibrium graphene-molecule distance (d, defined as 

the distance of nearest atoms between graphene and molecule), the charge transfer (Q, 

Mulliken charge) and HOMO-LUMO gap for the most stable configurations of pure and 

Al-doped graphene adsorbed with various gas molecules in the our calculations as shown 

in Figure 4.2, 4.3 and Table 4.1, 4.2.  Subsequently, we look at the binding of the pure 

and Al-doped graphene with various gas molecules and the trend in the charge transfer. 
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The HOMO-LUMO gap of pure and Al-doped graphene with adsorption of various gas 

molecules were also investigated. When one impurity atom as Al is substituted for one C 

atom in graphene sheet, the optimized configuration of graphene sheet is dramatically 

distorted. The Al atom introduces the deformation of the six-membered ring (6MR) near 

the doping site to relieve stress as a result the Al atom protrudes out of the graphene 

sheet. The optimized  carbon-dopant atom distance (Al-C) is 1.751Å at B3YP/6-31G* 

which is in agreement with the previous study.[42] 

 

4.3.1. Adsorption energy and charge transfer  

The small gas molecules form X-π type complex with the pure and Al-doped graphene 

that are shown in Figure 4.2 and Figure 4.3. It observed the adsorption energy of small 

gas molecules complexes with pure and Al-doped graphene when the gas molecules are 

kept parallel to the graphene surface at 3Å distance. Table 4.1, 4.2 and Figure 4.4 

displays the adsorption energy, charge transfer and molecule sheet distance of the small 

gas molecules complexes with pure and Al-doped graphene at M06/6-31++G** level of 

theory. 
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Table 4.1. The Adsorption Energy (eV), Molecule Sheet Distance(Å), Charge Transfer 
(a.u.) and HOMO-LUMO Energy Gap (eV) at M06/6-31++G** level of 
theory. 

Carbon 
nano 

material 

Small gas 
molecule 

Adsorption 
Energy 

(eV) 

Molecule sheet 
distance (Å) 

Charge on gas 
molecule(a.u.) 

HOMO-
LUMO 
gap(eV) 

 
 

 
 
 

Pure 
Graphene 

CCl4 -0.394 4.498 -0.0196 0.3339 
CH4 -0.067 3.784 -0.0133 0.3336 
NH3 -0.145 3.357 0.0334 0.3336 
CO2 -0.122 3.626 0.0169 0.3336 
N2 -0.083 3.828 0.014 0.3339 
CO -0.110 3.732 0.0098 0.3336 
NO2 -0.996 3.573 0.025 0.8727 

CCl2F2 -0.119 3.355 0.0039 0.3336 
SO2 -0.279 3.578 0.0254 0.3339 
CF4 -0.150 3.404 0.0552 0.3336 
H2 -0.013 4.946 0.0006 0.3339 

N2O -0.123 3.634 0.0180 0.3340 
 

 

Table 4.2: The Adsorption energy (eV), Molecule sheet distance (Å), Charge transfer 
(a.u.), and HOMO-LUMO Gap(eV) at M06/6-31++G** level of theory. 

Carbon 
nano 

material 

Small Gas 
molecule 

Adsorption 
Energy(eV) 

Molecule Sheet 
distance(Å) 

Charge on gas 
molecule 

HOMU-
LUMO 

Gap(eV) 
 
 
 
 
 
 
Graphene
@Al 

CCl4 -1.354 3.920 -0.007 0.661 
CH4 -1.242 4.300 0.004 0.616 
NH3 -2.948 2.053 0.493 1.080 
CO2 -2.019 2.158 0.423 1.574 
N2 -1.279 2.210 0.837 0.444 
CO -1.255 2.344 0.276 0.494 
NO2 -3.867 1.894 -0.065 0.330 

CCl2F2 -1.361 3.956 0.020 0.579 
SO2 -1.608 3.579 0.045 0.599 
CF4 -1.354 3.920 0.138 0.662 
H2 -1.637 6.306 0.001 1.512 

N2O -1.409 2.163 0.518 0.453 
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Interestingly, a different trend in the case of small gas molecule interacting with pure and 

Al-doped graphene is observed, the adsorption energy of small gas molecules towards the 

Al-doped graphene is greater than PG. From Table 4.2 and Figure 4.2, the adsorption 

energy of all gas molecules is higher for the Al-doped graphene than that of pure 

graphite. 

For CCl4 and CH4 adsorbed on PG, the most energetically favorable configuration 

(Graphene_CCl4) is also identical. The adsorption of CCl4 and CH4 on PG is non-

covalent  interaction with the adsorption energy of -0.394eV and -0.067eV and the 

molecule sheet distance of 4.498Å and 3.784Å, respectively. The charge transfer from 

graphene to CCl4 and CH4 molecule is -0.0196a. u. and -0.0133a.u. which indicates that 

the PG acts as a donor while gas molecule as an acceptor. Therefore PG is less sensitive 

to the CCl4 than CH4 molecule. The most stable configuration of CCl4 and CH4 on 

graphene@Al is a configuration with the CCl4 and CH4 molecule parallel to the graphene 

sheet and a Cl atom of CCl4 and H atom of CH4 adsorbed on the top of an Al atom which 

is shown in Figure 4.3(a) and Figure 4.3(b), where the molecular sheet distance is 3.920 

and 4.300Å, respectively. The calculated Ead value is -1.354eV and -1.242eV which 

indicates that the graphene@Al has higher adsorption energy than PG with CCl4 and 

CH4.  

The NH3 molecule shows different adsorption configurations on pure and Al-doped 

graphene, showing a more complicated adsorption mechanism than the other molecules. 

On the PG, the configuration with the three hydrogen atoms of NH3 pointing towards the 

graphene plane is the favorable one [Figure 4.3(c)] which gives an adsorption energy and 

molecule distance of -0.145eV and 3.357Å, respectively. This result is consistent with 
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previous reports about NH3 adsorbed on carbon nanotubes(-0.14eV) and NH3 adsorbed 

on graphene(0 ~ -0.17eV) [43-44] which indicates a weak interaction between NH3 and 

the PG. On the Al-doped graphene, NH3 is attached to the Al atom with the N atom 

pointing at the sheet, which gives an adsorption energy of -2.948eV and an Al-N distance 

of 2.053Å [as shown in Figure 4.3(c) and Table 4.2]. The charge transfer from NH3 to 

graphene is 0.493a.u. which indicates that the graphene behaves as charge acceptor and 

NH3 molecule as charge donor. The adsorption energy of NH3 on Al-graphene (-

2.948eV) is much higher than that on the PG, which attributes to the strong interaction 

between the electron –deficient Al atom and the electron –donating N atom of NH3. It is 

also investigated that the Al-doped graphene undergoes an obvious distortion upon NH3 

adsorption [Figure 4.3(c)], indicating that the B site is transformed from sp2 to sp3 

hybridization which matched the previous study.[37] The molecular distance between Al 

and N is 2.053Å. This strong interaction is also evident in the electronic total charge 

density on Al-doped graphing system, which shows the large electron density overlap. 

The adsorption energy of this complex system is -0.122eV and molecule-sheet distance is 

3.626Å which are shown in Table 4.1 and Figure 4.2(d). The low adsorption energy and 

long molecule sheet distance indicate a weak interaction. When the CO2 molecule is 

adsorbed on PG, the calculated charge transfer of CO2 is 0.0169a.u. In this configuration, 

the CO2 molecule acts as charge donor. When the CO2 molecule is adsorbed on Al-doped 

graphene, the one oxygen atom of CO2 shows most stable configuration towards the Al 

atom of graphene@Al sheet. In this configuration, the adsorption energy and molecule 

sheet distance (O-Al) is -2.019eV and 2.158Å respectively. This result indicates that the 

interaction of CO2 with graphene@Al is much stronger than that of the PG due to large 
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transfer of charge. In this configuration, the charge transfer from CO2 to the 

graphene@Al is 0.423a.u. which  means that the CO2 molecule acts as charge donor and 

graphene@Al acts as charge acceptor. 

In case of graphene_N2 configuration, the N-N axis gets aligned parallel to the graphene 

plane along the axis of two opposite C atoms of the 6MR which was found to be the most 

stable configuration. The adsorption energy and the molecule sheet distance of this 

complex system is -0.083eV and 3.828Å, respectively as shown in Figure 4.4(a), Figure 

4.4(c) and Table 4.1. The charge transfer between N2 and graphene was calculated from 

Mulliken population analysis which are shown in Table 4.1. This result indicates that the 

interaction is weak in nature due to very small adsorption energy and charge transfer. 

When adsorbed on Al-doped graphene (graphene@Al), N2 adopts perpendicular 

oreintation with Al atom of graphene sheet. In this configuration,  the one  N atom of N2 

and Al atom of graphene@Al is very close as shown in Figure 4.3(e). The adsorption 

energy and the molecule sheet distance is -1.279eV and 2.210Å respectively [as shown in 

Figure 4.4(a) and Figure 4.4(c)]. The charge transfer from N2 to graphene@Al is 

0.837a.u. which indicates the N2 acts as charge donor. In this configuration, the 

adsorption energy of the complex system is higher than the graphene_N2 due to large 

transfer of charge which are responsible for strong interaction. 

The most stable configuration of CO molecule is similar to the CO2 and N2 which are 

aligned parallel to the PG plane along the axis of two opposite C atoms of the 6MR in the 

complex molecular structure. The adsorption energy and molecule sheet distance is -

0.110eV and 3.732 Å, respectively[as shown in Table 4.1]. When the CO molecule is 

adsorbed on PG, the charge calculated on the C and O atoms of the CO molecule are 
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0.100a.u. and -0.090a.u., respectively, while there is no charge on the carbon atoms of the 

PG. So, we can say that a very small charge is transferred from CO to the PG. Therefore, 

the low adsorption energy and very small charge transfer indicates weak physisorption. 

When the CO molecule is adsorbed on Al-doped graphene, CO molecule adopts a tilted 

oreintation with respect to the plane of the Al-containing 6MR, with the O atom close to 

graphene@Al. In this complex structure, the adsorbed energy and molecule sheet 

distance are found be -1.255eV and 2.344Å, respectively. The charge transfer from CO 

molecule to graphene@Al is 0.275au. In this configuration, the adsorption energy of 

graphene@Al_CO is higher than graphene_CO complex [as shown in and Table 4.2 and 

Figure 4.4(a)].  

The shortest distance and adsorption energy from PG to the nearest O atom of NO2 are 

3.573Å and -0.996eV respectively, which indicates a weak interaction between the NO2 

and PG. However, the adsorption energy of NO2 on PG can remarkably change the 

electronic properties of PG and the charge transferred from NO2 to PG is about 

0.02504a.u. It is clear that the PG behaves as charge acceptor. In other words, the PG is 

more sensitive to the NO2 molecule than any other gas molecule. For NO2 adsorbed on 

Graphene@Al (Al-doped graphene), the most stable configuration (Graphene@Al_NO2) 

is similar to that of graphene_NO2. But the oxygen atom of NO2 is bonded to the 

Graphene@Al as shown in Figure 4.2(g). The O-Al bond length is 1.894Å and the 

adsorption energy for Graphene@Al_NO2 is -3.867eV, which indicates that NO2 is 

chemisorbed on the Graphene@Al. In this configuration, the adsorption energy is greater 

than graphene_NO2 due to large charge transferred from Graphene@Al to NO2, about -



84 
 

0.064582a.u. which is shown in Table 4.2 and Figure 4.4(b). It is clear that the 

graphene@Al behave as charge donor while interacting with the NO2.  

For CCl2F2 adsorption on PG, the most energetically favorable configuration is similar to 

the graphene_CCl4 and graphene_CH4. In this configuration, the CCl2F2 is adsorbed to 

PG with one F atom of CCl2F2 pointing downwards as shown in Figure 4.2(h) and Table 

4.1. The adsorption of CCl2F2 on PG shows interaction with the adsorption energy of -

0.119eV with molecule sheet distance of 3.355Å, indicating the weak physisorption 

nature. The calculated charge transfer from CCl2F2 is only 0.004a.u. Therefore, the PG is 

not senstive to the CCl2F2. When the CCl2F2 is adsorbed on Al-doped graphene, both 

florine atoms of CCl2F2 gets close to the grapehe@Al. In this configuration, the 

adsorption energy, molecule sheet distance and charge transfer is -1.361eV, 3.956Å and 

0.02a.u., respectively which indicates that interaction is weak in nature due to very small 

charge transfer[as shown in Figure 4.4(b) and Table 4.2]. 

In the graphene_SO2 complex structure, the S atom of SO2 is close to the C atom of PG. 

The adsorption energy Ead and shortest distance from PG to the S atom of SO2 are -

0.279eV and 3.578Å, respectively, which are suggesting weak interaction between the 

SO2 and PG [as shown in Figure 4.4(c) and Table 4.1]. However, there is no change in 

the electronic properties of PG due to the low charge transfer, about 0.025a.u. from SO2 

to the PG. Therefore, PG is not sensitive to the SO2 molecule. As shown in Figure 4.3(i), 

the SO2 is adsorbed on Al-doped graphene, the S atom of SO2 gets close to the 

graphene@Al because the Al atom is negatively charged and S atom is positively 

charged. The charge on Al, S, O(98) and O(99) are  -0.283, 0.796, -0.373 and -0.378 a.u., 

respectively which indicates that Al atom repel both oxygen atom but attracts the S atom 
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because S atom becomes more positively charged. In this complex structure, the 

adsorption energy and molecule sheet distance between S and Al is -1.608eV and 3.579Å 

as shown in Figure 4.3(i) and Table 4.2. However, the charge transfer is very low from 

SO2 to grahene@Al, about 0.045a.u. 

For CF4 adsorption on PG, the most energetically favorable configuration is similar to the 

graphene_CCl4 and graphene_CH4. In this configuration, the CF4 is adsorbed to PG with 

one F atom of CF4 pointing downward as shown in Figure 4.2(j) and Table 4.1. The 

adsorption of CF4 on PG is the non-covalent interaction with the adsorption energy of -

0.150eV and the molecule sheet distance of 3.404Å, indicating the weak physisorption. 

The calculated charge transfer from CF4 is only 0.055a.u. Therefore, the PG is not 

senstive to the CF4. When the CF4 is adsorbed on Al-doped graphene, one florine atom of 

CF4 gets close to the grapehe@Al. In this configuration, the adsorption energy, molecule 

sheet distance and charge transfer is -1.354eV, 3.404Å and 0.135a.u. respectively. So we 

can say that the graphene@Al is more sensitive than PG towards the CF4 molecule 

[Figure 4.3(j) and Table 4.2]. In this complex, the graphene@Al acts as charge acceptor. 

The H2 molecule was initially placed parallel to the graphene. After full relaxation, a 

configuration with the adsorbed H2 axis gets aligned almost parallel to the graphene 

surface along the axis of two opposite C atoms of the 6MR and was found to be the most 

stable one for the PG. The adsorption energy of this system is -0.013eV and the molecule 

sheet distance is 3.946Å as shown in Figure 4.3(k) and Table 4.1which are suggesting 

weak interaction between H2 and graphene. The charge transfer between H2 and graphene 

is 0.0007a.u. In this configuration, PG is not sensitive towards the H2 molecule. When 

adsorbed on graphene@Al, H2 is oriented perpendicular to the Al-doped graphene plane, 
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with one H(97) atom close to the graphene@Al. In this complex structure, the adsorption 

energy, molecule sheet distance and charge transfer are -1.637eV, 6.306Å and 0.001a.u. 

respectively. Interestingly, the graphene@Al has more adsorption energy than PG. 

As shown in Figure 4.2(l), the most stable configuration of N2O adsorbed on 

PG(graphene_N2O) is similar to graphene_CO2, where the gas molecule axis is aligned 

parallel to the graphene plane along the axis of two opposite C atoms of the 6 MR. 

However, the N2O in graphene_N2O is located above the centre of the 6MR. The 

calculated adsorption energy, molecule sheet distance and mulliken charge are 0.123eV, 

3.634Å and 0.018a.u., respectively. The low adsorption energy and long molecule sheet 

distance are suggesting weak physisorption. However, it is found that the interaction is 

significantly improved when a C atom in the PG is replaced by an Al atom. Figure 4.3(l) 

shows that the most stable configuration of N2O adsorbed on graphene@Al, where the 

oxygen atom of N2O is close to the Al atom of graphene@Al. The adsorption energy Ead 

for graphene@Al_N2O is -1.409eV, which is clearly higher than that for graphene_N2O. 

The interaction distance between the N2O molecule and the graphene@Al decreases to 

2.163 Å, which indicates strong interaction. The charge transfer from N2O to the 

graphene is 0.518a.u. The large transferred of charge suggests that the local electronic 

properties of graphene@Al is remarkably changed due to the adsorption of N2O on 

graphene@Al. 
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The above mentioned results suggest that the PG has weak interaction towards all gas 

molecules. Introducing dopants like Al atom into the graphene significantly increases the 

molecule-graphene interaction. The order of adsorption energy for the small gas 

molecules complexes is 

NO2>CCl4>SO2>CF4>NH3>N2O>CO2>CCl2F2>CO>N2>CH4>H2 with PG while 

NO2>NH3>CO2>H2>SO2>N2O>CCl2F2>CF4>CCl4>N2>CO>CH4 with Al-doped 

graphene. Interestingly, our results predicted that Al doped graphene are more suitable 

for gas sensing applications, since they have stronger interactions with all small gas 

molecule than PG. The Al doped graphene particularly shows the highest sensitivity 

towards NO2, NH3 and CO2. 

 

4.3.2. HOMO-LUMO gap  

The primary requisite for a material to perform as a sensor is to undergo a change in its 

physical property on interacting with an analyte. Such changes can be monitored and 

recorded to determine the presence of the analyte. The HOMO-LUMO gap is defined as 

the energy difference between lowest unoccupied molecular orbital and highest occupied 

molecular orbital. It is the electronic property of any molecular system which is helpful to 

design new materials. In order to notice such depiction in the case of carbon materials, 

we have calculated the HOMO-LUMO gap of the PG and Al-doped graphene in the free 

state and in with the small gas molecules complexed. In general, in the case of X-π 

complexes, the HOMO-LUMO gap of SWCNT varies with orientation of small gas 

molecules on the PG and Al-doped graphene. It has been shown that the energy gap of 

PG is not significant but when the gas molecules is adsorbed on graphene@Al then 
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significant changes in HOMO-LUMO gap  is observed [as shown in Table 4.2]. So we 

can say that the variation in HOMO-LUMO energy gap of the graphene upon binding 

with the the various small gas molecule is  significant. 
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(d)           

         

 

Figure 4.4: (a) The adsorption energy Ead, (b) charge transfer, (c) molecule sheet 

distance and (d) HOMO-LUMO gap of small gas molecules with pure and 

Al-doped graphene complexes at the M06/-31++G** level of theory. The 

red line with solid red circles represents the variation for the aluminium 

doped graphene while the black line with black solid squares represent the 

variation for PG. The HOMO-LUMO gap for PG is 0.33 eV and for Al-

dope graphene is 0.22 eV without any gas molecules. 
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The adsorption energy of various small gas molecules such as CCl4, CH4, NH3, CO2, CO, 

NO2, CCl2F2, SO2, CF4 and N2O with the PG and (graphene@Al) has been 

comprehensively analysed. These calculations reveal that the adsorption energy has 

preferences of small gas molecules with the doping in graphene as well as molecule sheet 

distance. It can be seen from the results that the adsorption  energy of these gas molecule 
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gas molecules. Compared with PG, graphene@Al has a higher chemical reactivity 

towards all gas molecules due to the doping of Al atom and shows the higher adsorption 

energy with NO2, NH3 and CO2. The strong interactions between graphene@Al and the 

adsorbed molecules induces dramatic changes in the electronic properties of 

graphene@Al and make graphene@Al a promising candidates as gas sensing materials 

for NO2, NH3 and CO2. The Mulliken charge analysis reveals that gas molecule acts as 

charge donor and acceptor in different configuration towards the pure and Al-doped 

graphene and influence the physical properties of carbon materials, which leads to the 

sensitivity. It has also been found that HOMO-LUMO gap of the carbon nanotube is 

always affected by the binding of the small gas molecules. Significant changes occur in 

the HOMO-LUMO gap on PG and graphene@Al on interacting with gas molecules, 

which provides a handle to tune the electronic and conductivity properties of graphene 

through gas molecule complexation. These studies can also be applied to develop new 

carbon based materials and sensing applications, focusing particularly on the mechanism 

of binding of  various gas molecule with the graphene. It is hoped that our results would 

be helpful to develop novel carbon nano material based gas sensors.   
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CHAPTER 5 

 

INTERACTION OF ALKALINE EARTH METAL IONS WITH 

SINGLE WALLED CARBON NANOTUBE: A QUANTUM 

MECHANICAL STUDY 

 

5.1. Introduction 

Carbonaceous materials such as graphene and carbon nanotube are the promising class of 

materials for potential application as chemical and and bio-molecule sensors due to their 

unique  physical and chemical properties. These exceptional electrical properties of 

graphene (such as, high charge mobility and capacity, highly tunable conductance) are 

used as an ideal sensing element in electronic sensors.[1-3]. The physical, chemical and 

electronic properties of carbon nanotubes(CNTs) largely depend on their chirality and 

curvature. The carbon atom forming the structure of CNTs has sp2 hybridization. The 

CNTs are made by wrapping the graphene sheets in different ways. Carbon nanotube are 

classified into three types on the basis of their chirality (n,m) and curvature. m=0 defined 

as armchair CNT, n=m zigzag CNT and n≠m chiral CNT. Armchair (n, n) shows metallic 

behaviour, while zigzag (n,0) behaves as semiconductors. Chiral (n, m) nanotube exhibit 

metallic behaviour if the difference between n and m is a multiple of 3, otherwise, they 

behave as semiconductor.[4] Since the electronic properties depend upon the tube 

geometries; CNTs are found to be promosing materials for electronic devices in future. 

Carbon nanostructures exhibit the cation-π, anion-π and non-covalent interaction towards 

the small molecules, metal ions and biomolecules such as amino acid, nucleic acids. The 



97 
 

cation-π interactions were extensively studied in recent years.[4-8] These interactions are 

very sensitive to the nature of metal ion and size of π-system.[9-13] Lee et al., have 

observed a conductivity enhancement in CNT bundles doped with K and Br and 

suggested that doped CNT can represent a new family of synthetic metals.[14] The study 

of non-covalent fuctionalization of carbonaceous materials play a vital role in 

understanding various CNSs, such as diagnosis of life threatening diseases (sensors), 

cancer therapy (drug delivery system), DNA sequencing (personalized medicines).[15-

17] Developing sensors based on CNT and biomolecule composites for amplified 

detection methods is an area of recent interest, and such sensors can be efficiently used in 

the detection of various CNSs as well as different biomaterials such as DNA, protein, and 

so on.[18] CNSs can absorb a number of species such as gas molecule, metal ions, 

polymers, organic molecules, and biomolecules such as proteins, nucleobases and DNA 

on their surface and these adsorption properties provide opportunities for potential 

industrial applications.[19-22] Several studies have been carried out on the 

immobilisation of proteins and nucleic acid on nanotube.[23-25] However recent studies 

elaborate on the appreciable changes in nanotube conductivity as bio molecules which are 

immobilised, directly or indirectly, on the CNT sidewalls.[26-28] Roman et al., used DFT 

method to investigate the adsorption of few amino acids on CNT(3,3).[29] Wang et al., 

[30] carried out a study to understand the affinity of the specific peptides to CNTs and 

delineate contributions of the constituents amino acids to the binding strength of the 

peptides with CNTs. Further the studies on the structure-function-affinity of the peptides 

with the CNT have shown that phenylalanine has an important role to play in 

enhancement of the adsorption of peptides on the CNTs.[31] Li et al., demonstrated that 
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polytryptophan peptides bind more strongly through their aromatic rings with the CNTs 

compared to the polylysine.[32] However, the nature of interaction of these bio molecules 

with the CNTs and the extent to which the nanotube can be used as functionalization is 

not understood much in these biological systems. Other studies on the adsorption of 

polynuclear aromatic compounds to CNTs, suggest that the π-π interactions can play a 

critical role in the binding strength towards the nanotube.[33-34] Dai and co-workers 

have investigated the potential of carbon nanotube to be used as gas sensors for detection 

of molecules such as NO2 and NH3.[35] Schedin et al., reported their experimental 

observation that graphene – based sensors could detect even the adsorption of individual 

gas molecules.[36] CNTs have also been found to be suitable candidate for the negative 

electrode of the Li-ion batteries, where the Li diffuse between the positive and negative 

in the ionic state.[37-38] Thus the fundamental understanding of the interaction of metals 

with CNTs in the ionic state is important. It is also important to know the role of various 

factors such as solvent and other chemical environment which influence such cation-π 

interactions.[39-41] Umadevi et. al. have been found that the charge transfer between 

graphane and different molecules and ions is an important factor in determining the 

binding strength of the complexes.[42] In the current study, first systematic study of a 

series of di-cationic alkaline earth metal ions (Be+2, Mg+2, Ca+2) inside the single walled 

carbon nanotube [CNT (10, 0)] at different position has been performed. The effect of 

binding strength of metal ions at different positions inside the carbon nanotube is 

explored. The charge transfer during the complex formation and the change in the 

HOMO-LUMO gap are explored, which provide valuable information in tuning the 
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electronic and conductivity properties through metal ions complexation with single 

walled carbon nanotube. 

 

5.2. Computational Details 

The calculations of the interaction between CNT and metal ions carried out using the 

developed density functional theory. The geometrical calculations of all structures have 

been done by using DFT method B3LYP/6-31G*. In this study, the geometries of 

alkaline earth metal ions (Ca+2, Mg+2, Be+2) with single walled carbon nanotube 

(SWCNT) were optimized. Thereafter, the individual metal ions are made to pass through 

the middle position of CNT and the charge variation of the individual metal ions as well 

as on SWCNT [CNT (10, 0)] are carried out at each inner point of complexed system. It 

is important to note that competing geometrical configuration were tested but those 

shown are the lowest energy species feasible for the interaction of the compounds. The 

variation of the charge on alkaline earth metal ions as well as single walled carbon 

nanotube when the metal ions are going gradually inside the CNT (10, 0) was calculated. 

The charge transfer has been considered as the sum of the all atoms/ions and SWCNT. 

Positive charge transfer values indicate the transfer of charge from SWCNT to the metal 

ions; negative charge transfer values indicate the transfer of charge from the metal ions to 

the SWCNT. The single point energy and HOMO-LUMO gap by using B3LYP/6-

31++G** and M06/6-31++G** level of theory was performed. All calculations were 

carried out using the Gassian09 program package.[43] 
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Table 5.1: Calculated interaction energy(∆E) of complex molecular system, charge on 
alkaline earth metal ion (Be+2) and carbon nanotube and HOMO-LUMO Energy Gap 
using B3LYP method and 6-31++G** basis set. 

 

Alkaline 
Earth metal 
ion 

Different 
stages of 

CNT(10,0) 

Total 
energy 

(kcal/mol) 

∆E=E0-E 
(kcal/mol) 

Charge on 
Earth metal 

ions (au) 

Charge 
on CNT 

(au) 

HOMO-
LUMO Energy 

Gap (eV) 

 
 
 
 
 
 
 
 
 
 
 
 
 

Be+2 

1 ‐
1929464.49 0  -0.01 2.01 0.65 

2 ‐
1929464.52 0.03  -0.01 2.01 0.65 

3 ‐
1929464.13 ‐0.36  0.01 1.99 0.65 

4 ‐
1929462.77 ‐1.72  0.07 1.93 0.64 

5 ‐
1929461.16 ‐3.33  0.09 1.91 0.62 

6 ‐
1929460.46 ‐4.03  -0.02 2.02 0.62 

7 ‐
1929460.61 ‐3.88  -0.09 2.09 0.62 

8 ‐
1929461.54 ‐2.95  -0.12 2.12 0.64 

9 ‐1929462 ‐2.49  -0.18 2.18 0.65 
10 ‐

1929462.19 ‐2.3  -0.20 2.20 0.65 
11 ‐

1929461.79 ‐2.7  -0.15 2.15 0.64 
12 ‐

1929460.86 ‐3.63  -0.09 2.09 0.62 
13 ‐

1929460.49 ‐4.00  -0.08 2.08 0.62 
14 ‐

1929460.81 ‐3.68  0.05 1.95 0.62 
15 ‐

1929461.89 ‐2.6  0.09 1.91 0.62 
16 ‐

1929463.37 ‐1.12  0.04 1.96 0.64 
17 ‐

1929464.39 ‐0.1  0.00 2.00 0.65 
18 ‐

1929464.54 0.05  -0.01 2.01 0.65 
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Table 5.2: Calculated interaction energy(∆E) of complex molecular system, charge on 
alkaline earth metal ion (Mg+2) and carbon nanotube and HOMO-LUMO 
Energy Gap using B3LYP method and 6-31++G** basis set. 

 

 

Alkaline 
Earth metal 
ion 

Different 
stages of  

CNT(10,0) 

Total 
energy 

(kcal/mol) 

∆E=E0-E 
(kcal/mol) 

Charge on 
Earth metal 

ions(au) 

Charge on 
CNT (au) 

HOMO-
LUMO 

Gap (eV) 

 
 
 
 
 
 
 
 
 
 
 
 
 

Mg+2 

1 -
2045808.84 0.00 0.03 1.97 0.44 

2 -
2045808.79 -0.05 0.07 1.93 0.65 

3 -
2045808.05 -0.79 0.12 1.88 0.65 

4 -
2045805.97 -2.87 0.12 1.88 0.64 

5 -
2045803.15 -5.69 0.08 1.92 0.62 

6 -
2045801.37 -7.46 -0.01 2.01 0.62 

7 -
2045801.32 -7.52 0.02 1.98 0.62 

8 -
2045802.49 -6.35 0.11 1.89 0.64 

9 -
2045803.08 -5.76 0.17 1.83 0.65 

10 -
2045803.32 -5.52 0.18 1.82 0.65 

11 -
2045802.82 -6.02 0.15 1.85 0.64 

12 -
2045801.76 -7.08 0.06 1.94 0.62 

13 -
2045801.25 -7.59 -0.01 2.01 0.62 

14 -
2045802.36 -6.48 0.04 1.96 0.62 

15 -
2045804.61 -4.23 0.11 1.89 0.62 

16 -
2045807.07 -1.77 0.12 1.88 0.64 

17 -
2045808.54 -0.30 0.09 1.91 0.65 

18 -
2045808.88 0.04 0.04 1.96 0.62 
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Table 5.3: Calculated interaction energy(∆E) of complex molecular system, charge on 
alkaline earth metal ion (Ca+2) and carbon nanotube and HOMO-LUMO 
Energy Gap using B3LYP method and 6-31++G** basis set. 

 

 

 

 

 

Alkaline 
Earth metal 
ion 

Different 
stages of  

CNT(10,0) 

Total energy 
(kcal/mol) 

∆E=E0-E 
(kcal/mol) 

Charge on 
Earth metal 

ions(au) 

Charge on 
CNT(au) 

HOMO-
LUMO Gap 

(eV) 

 
 
 
 
 
 
 
 
 
 
 
 
 

Ca+2 

1 -2345419.70 0.00 0.33 1.67 0.41 
2 -2345417.82 -1.88 0.28 1.72 0.47 
3 -2345415.23 -4.47 0.25 1.75 0.54 
4 -2345411.62 -8.08 0.37 1.63 0.60 
5 -2345409.55 -10.15 0.53 1.47 0.65 
6 -2345409.80 -9.90 0.45 1.55 0.64 
7 

-2345409.31 -10.39 0.19 1.81 0.60 
8 -2345408.48 -11.22 0.06 1.94 0.55 
9 -2345407.93 -11.77 -0.02 2.02 0.53 
10 -2345407.73 -11.97 -0.03 2.03 0.54 
11 -2345408.12 -11.58 0.02 1.98 0.53 
12 

-2345408.68 -11.02 0.12 1.88 0.58 
13 

-2345409.64 -10.06 0.32 1.68 0.63 
14 

-2345409.55 -10.15 0.53 1.47 0.66 
15 

-2345410.28 -9.42 0.45 1.55 0.63 
16 

-2345413.53 -6.17 0.28 1.72 0.57 
17 

-2345416.76 -2.94 0.26 1.74 0.50 
18 

-2345418.93 -0.77 0.30 1.70 0.43 
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Table 5.4: Calculated interaction energy(∆E) of complex molecular system, charge on 
alkaline earth metal ion (Be+2) and carbon nanotube and HOMO-LUMO 
Energy Gap using M06 method and 6-31++G** basis set. 

 

 

 

 

 

Alkaline 
Earth metal 
ion 

Different 
stages of  

CNT(10,0) 

Total energy 
(kcal/mol) 

∆E=E0-E 
(kcal/mol) 

Charge on 
Earth metal 

ions(au) 

Charge on 
CNT(au) 

HOMO-
LUMO Gap 

(eV) 

 
 
 
 
 
 
 
 
 
 
 
 
 

Be+2 

1 -1928037.53 0.00 0.01 1.99 0.86 
2 -1928038.12 0.59 0.02 1.98 0.86 
3 -1928039.10 1.58 0.04 1.96 0.86 
4 -1928040.36 2.84 0.13 1.87 0.85 
5 -1928041.78 4.25 0.11 1.89 0.83 
6 -1928045.09 7.56 -0.01 2.01 0.83 
7 

-1928046.90 9.38 -0.23 2.23 0.83 
8 -1928049.52 12.00 -0.31 2.31 0.84 
9 -1928051.07 13.55 -0.41 2.41 0.86 
10 -1928050.56 13.03 -0.49 2.49 0.86 
11 -1928050.70 13.17 -0.33 2.33 0.85 
12 

-1928047.54 10.02 -0.29 2.29 0.83 
13 

-1928046.22 8.70 -0.12 2.12 0.83 
14 

-1928043.22 5.69 0.05 1.95 0.83 
15 

-1928040.79 3.26 0.14 1.86 0.83 
16 

-1928039.32 1.79 0.07 1.93 0.85 
17 

-1928038.40 0.88 0.02 1.98 0.86 
18 

-1928037.76 0.23 0.01 1.99 0.86 
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Table 5.5: Calculated interaction energy(∆E) of complex molecular system, charge on 
alkaline earth metal ion (Mg+2) and carbon nanotube and HOMO-LUMO 
Energy Gap using M06 method and 6-31++G** basis set. 

 

 

 

 

 

Alkaline 
Earth metal 
ion 

Different 
stages of  

CNT(10,0) 

Total energy 
(kcal/mol) 

∆E=E0-E 
(kcal/mol) 

Charge on 
Earth metal 

ions(au) 

Charge on 
CNT(au) 

HOMO-
LUMO Gap 

(eV) 

 
 
 
 
 
 
 
 
 
 
 
 
 

Mg+2 

1 ‐2044367.65  0.00  0.044 1.99 0.86 
2 ‐2044368.61  0.96  0.070 1.98 0.86 
3 ‐2044370.03  2.38  0.072 1.96 0.86 
4 ‐2044371.21  3.56  0.110 1.87 0.85 
5 ‐2044372.25  4.60  0.030 1.89 0.83 
6 ‐2044375.31  7.66  0.035 2.01 0.83 
7 ‐2044376.91  9.26  -0.050 2.23 0.83 
8 ‐2044380.19  12.54  0.008 2.31 0.84 
9 ‐2044382.11  14.46  -0.020 2.41 0.86 
10 ‐2044381.97  14.32  -0.049 2.49 0.86 
11 ‐2044381.53  13.88  0.018 2.33 0.85 
12 

‐2044378.01  10.36  -0.032 2.29 0.83 
13 

‐2044376.26  8.61  -0.001 2.001 0.83 
14 

‐2044373.83  6.18  -0.001 1.95 0.83 
15 

‐2044371.44  3.79  0.085 1.86 0.83 
16 

‐2044370.45  2.80  0.082 1.93 0.85 
17 

‐2044369.15  1.50  0.071 1.98 0.86 
18 

‐2044368.06  0.41  0.058 1.99 0.86 
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Table 5.6: Calculated interaction energy(∆E) of complex molecular system, charge on 
alkaline earth metal ion (Ca+2) and carbon nanotube and HOMO-LUMO 
Energy Gap using M06 method and 6-31++G** basis set. 

 

 

 

  

Alkaline 
Earth metal 
ion 

Different 
stages of  

CNT(10,0) 

Total energy 
(kcal/mol) 

∆E=E0-E 
(kcal/mol) 

Charge on 
Earth metal 

ions(au) 

Charge on 
CNT(au) 

HOMO-
LUMO 

Energy Gap 
(eV) 

 
 
 
 
 
 
 
 
 
 
 
 
 

Ca+2 

1 -2343977.37 0.00 0.34 1.66 0.56 
2 -2343977.30 -0.07 0.32 1.68 0.65 
3 -2343978.03 0.66 0.25 1.75 0.75 
4 -2343978.91 1.54 0.33 1.67 0.84 
5 -2343982.34 4.97 0.45 1.55 0.86 
6 -2343987.40 10.03 0.35 1.65 0.88 
7 

-2343989.15 11.78 0.00 2.00 0.86 
8 -2343991.16 13.79 -0.12 2.12 0.79 
9 -2343992.28 14.91 -0.29 2.29 0.73 
10 -2343992.38 15.01 -0.34 2.34 0.73 
11 -2343991.80 14.43 -0.20 2.20 0.76 
12 

-2343989.87 12.50 -0.06 2.06 0.84 
13 

-2343988.47 11.10 0.16 1.84 0.88 
14 

-2343984.93 7.56 0.47 1.53 0.87 
15 

-2343979.92 2.55 0.34 1.66 0.85 
16 

-2343978.24 0.87 0.27 1.73 0.79 
17 

-2343977.55 0.18 0.29 1.71 0.69 
18 

-2343977.24 -0.13 0.33 1.67 0.60 
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5.3.1. The interaction energy and charge transfer analysis 

The alkaline earth metal ions form cation-π type complexes with the CNT. The 

interaction energy of metal ions complexes with single walled carbon nanotube when the 

metal ion passes through from one end to another end of single walled carbon nanotube. 

Figure 5.2 and Table 5.1 displays the interaction energy of the metal ions complexes with 

SWCNT at B3LYP/6-31++G** level. It is clear from the Figure 5.2 and Table 5.1 that 

the interaction energy of alkaline earth metal ions complexes is better at the interior 

position than both ends of SWCNT. Interestingly, it observed a different trend in the case 

of metal ions where a strong binding strength is observed when the metal ions are passing 

in the middle of the SWCNT as compared to other positions. The order of the interaction 

energy of alkaline metal ions complexes is Ca+2 >Mg+2>Be+2 with zig-zag single walled 

carbon nanotube [CNT (10,0)] at B3LYP/6-31++G** level. Figure 5.3 and Table 5.2 

shows that the interaction energy of the same alkaline earth metal ions complexes with 

single walled carbon nanotube at the M06/6-31++G**. Consequently, we observed that 

the metal ions complexes such as Mg+2 and Be+2 have strong binding strength at 

particular position with single walled carbon nanotube. Interestingly, it is observed that a 

different trend in the case of metal ions where a strong binding strength is observed in 

interior as compared to the outside of SWCNT. The order of the interaction energy of 

alkaline metal ions complexes is Be+2  > Mg+2>  Ca+2 with zigzag single walled carbon 

nanotube [CNT (10, 0)] at M06/6-31++G** level. According to the B3LYP/6-31++G** 

method the interaction energy (∆E) of metal ions varies from 0 to -11.97 Kcal/mol but 

according to M06/6-31++G** the interaction energy (∆E) of metal ions varies from 0 to 

15.01Kcal/mol. The more positive interaction energy indicates the metal ions repels the 
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six membered ring of CNT(12,0). Due to this, the alkaline earth metal ions shows the 

weak interactions towards the CNT(12,0).  So it can observed  that the alkaline earth 

metal ions exhibit strong binding strength when the metal ions situated inside the 

SWCNT at B3LYP/6-31++G** level of theory. 

In order to gauge the mechanics of these foregoing binding interactions, the Mulliken 

charge transfer analysis at B3LYP/6-31++G**{ Figure 5.5 and Table 5.1} and M06/6-

31++G**{Figure 5.5 and Table 5.2} have done. Charge transfer is a phenomenon in 

which a large fraction of an electronic charge is transferred from one entity (charge 

donor) to another (charge acceptor). As result of the charge transfer electronic structure 

of the sensor materials will be affected, thus leading to changes in their electronic 

properties. The negative charge values on the alkaline metal ions in the optimized 

complexes clearly point out that these metal ions act as charge acceptors from the carbon 

nanotube. It is clear from Table 5.1-5.3 that the charge on CNT(10, 0) varies with 

alkaline earth metal ions complexes. After the interaction with single CNT(10, 0) within 

B3LYP/6-31++G** level, the net partial negative charge on the Be+2, Mg+2 and Ca+2 are -

0.20, -0.01 and -0.04au respectively.These are the highest charge transfer to the metal 

ions from the carbon nanotube. The low interaction energy and small charge transfer 

indicats weak physisorption. In this way the carbon nanotube becomes positively charged 

at similar position which are shown in Table1 and Figure 5.5(a), 5.5(b) and 5.5(c). On the 

other hand within M06/6-31++G** level the net partial negative charge on the Be+2, 

Mg+2, and Ca+2 is -0.49, -0.05 and -0.34 au respectively. It is also noted from Table (5.1- 

5.3) and Figure 5.5 (a, b and c) that for both methods, the Mg+2 metal ions is obtained 

with less negative charge than Be+2 and Ca+2. In the line of observation in the case of 
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interaction energy, the extend of charge transfer from CNT(10,0) to the alkaline metal 

ions is dependent of the orientation of metal ions whereas charge transfer is more in the 

interior  than the exterior position of SWCNT. Consequently, a comparative study 

between the two density functional method i.e. B3LYP and M06 shows that the 

B3LYP/6-31++G** method gives better accuracy than the M06/6-31++G** method for 

metal ions complexes with zigzag SWCNT [CNT (10, 0)]. 

 

5.3.2. HOMO-LUMO Gap 

The material has to undergo through a change in its physical properties on interacting 

with analyte if it has to perform as a sensor. These changes can be observed and recorded 

to confirm the presence of the analyte. The primary requisite for a material to perform as 

a sensor is to undergo a change in its physical property on interacting with an analyte. 

Such changes can be monitored and recorded to determine the presence of the analyte. 

The HOMO-LUMO gap is the difference between lowest unoccupied molecular orbital 

and highest occupied molecular orbital. This is the electronic properties of any molecular 

system which is helpful to design new materials. In order to notice such depiction in the 

case of carbon materials, the HOMO-LUMO gap of the CNT (10,0) in the free state and 

in the alkaline metal ions complexed is calculated. In general, in the case of cation-π 

complexes, the HOMO-LUMO gap of SWCNT varies with position of alkaline earth 

metal ions inside the carbon nanotube. It has been shown that the energy gap of CNT 

decreases when the metal ion such as Ca+2 is inside of SWCNT. On the other hand the 

energy gap of CNT increases when the metal ions such as Be+2, Mg+2 is inside SWCNT. 
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5.4. Conclusion 

The binding of series alkaline earth metal ions (Be+2, Mg+2, Ca+2,) with SWCNT has been 

comprehensively analysed. Our calculations reveal that the interaction energy preferences 

of metal ions varies at different positions of CNT (10, 0). It can be seen from our results 

that the order of interaction energy of these metal ions is Ca+2 >Mg+2>Be+2. So, the di-

cationic such as calcium ion prefers to bind inside the CNT(10, 0). The Mulliken charge 

analysis reveals that these metal ions acts as charge acceptors to CNT(10, 0) and 

influence the physical properties of carbon materials, which leads to the sensitivity. It has 

also been found that HOMO-LUMO gap of the carbon nanotube is always affected by the 

binding of these alkaline earth metal ions. Significant changes occur in the HOMO-

LUMO gap of the CNT (10, 0) on the metal ions, which provide a handle to tune the 

electronic and conductivity properties of CNTs through metal ion complexation. These 

studies can also be applied to develop new carbon based drug delivery systems and 

sensing applications, focusing particular on the mechanism of binding of  metal ions with 

carbon nanotube.   
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CHAPTER 6 

 

INTERACTION OF AROMATIC AMINO ACIDS WITH ZIG-ZAG 

CARBON NANOTUBE: A QUATUM MECHANICAL STUDY 

 

6.1. Introduction 

Graphene, two dimensional allotropes of carbon, is zero band gap semiconductor 

materials. Another form of carbon is one dimensional carbon nanotube which are made 

by wrapping of planar graphene.[1] These carbon nanostructures are promising materials 

for biomedical and environmental applications due to unique electronic, thermal, 

mechanical, and transport properties.[2-4] Comparing the properties and reactivity of 

these allotropes, which differ in their curvature, is interesting in its own right. The 

adsorption of various substrates such as gas molecules, metal ions, polymer, organic 

molecules and biomolecules such as proteins and DNA on CNT surfaces has attracted 

considerable attention because of the fundamental importance and potential 

applications.[5-6] Carbon nanostructures (CNSs) exhibit the non-covalent interactions 

such as cation-π, π-π and CH-π towards the small molecules, metal ions and biomolecules 

as amino acid, nucleic acids. The non-covalent interaction of amino acids with various 

substrates and their proton affinity values have been studied.[7-8] The important aromatic 

amino acid for the interaction between a peptide and a single walled carbon nanotube has 

also been done in experimental studies.[9] A recent experimental study revealed that π-π 

noncovalent interactions between CNTs and the aromatic residue (Trp, Phe, and Tyr) of 

the proteins were found to play a significant role in determining the strength of the CNT-
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protein interaction.[10] Subramanium et. al. have brought out new insight to study the 

interaction of CNT and peptides.[11-14] M.D. Studied that the zwetterionic-glycine 

adsorption is bound stronger to the CNT (10, 0) surface in comparision to non-ionic 

glycine counterparts, as well as on phenylalanine, histidine and cystein side chain 

groups.[15] A protein can interact with a nanoparticle to form a complex known as 

protein-corona, which defines the biological identity of the particle.[16-17] Because of 

further biological response of the body and the biodistribution of the nanoparticle in the 

body depend on the protein-nanoparticle complex; it is indispensable to understand the 

interaction of peptides with CNSs. Several experimental and computational studies have 

been performed to explore the binding strengths of different amino acids on the surfaces 

of CNTs and graphene.[6,18-21] The structures and unique properties of CNSs make 

them promising candidates for sensors to detect species with ultimate sensitivity such that 

the adsorption of individual gas molecules could be detected.[22] The π-π stacking 

interactions of CNSs with aromatic molecules appeared to be substantial significance due 

to their extended π orbital, and they seem to play a significant role in explaining the 

versatile applications of CNTs and graphene. In a recent study, Zou et. al. quantified the 

contribution of π-π interactions on the adsorption of organic pollutants on finite single-

walled CNTs.[23] Further, progress in the biomedical applications of CNTs in imaging 

and cellular delivery [24-27] is on the go. Bianco et. al. [24] showed that functionalized 

CNTs can be used as templates for delivering bioactive peptides to the immune system. 

CNTs as multifunctional biological transporters [28] and near-infrared agents for 

selective cancer cell destruction have also been demonstrated.[29] Leu et. al. used CNTs 

as non-viral molecular transporters for the delivery of short interfering RNA (siRNA) 
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into human T cells and primary cells. It is shown that the electronic structure of the CNT 

is highly sensitive to its environment.[30] The presence of electrostatic charges and 

adsorption of various molecules on the surface brings in large changes in conducting 

properties of the CNT, thus reflecting the perturbations in the electronic structure. More 

recently, it has further been shown that the electrical conductance of CNTs changes 

appreciably as promising CNT-based sensors for analytical applications in chemistry and 

biology.[31] In the current study, it has been theoretically investigated that the 

CNT(12,0) is used to improve its biosensing efficiency and selectivity towards 

biomolecules such as histidine, phenylalanine, tyrosine and tryptophan. It is very 

important for CNT (12,0) to interact with the biomolecules so that its electronic 

properties gets changed. The aromatic amino acids are all of great practical interest in 

drug delivery systems, environmental and medical application. The effect of binding 

strength of aromatic amino acids at different positions inside the carbon nanotube is 

explored. The charge transfer during the complex formation and the change in the 

HOMO-LUMO gap are also explored, which provide valuable information in tuning the 

electronic and conductivity properties through aromatic amino acids complexation with 

single walled carbon nanotube. 

 

6.2. Computational Details 

The calculations of the interaction between single walled zigzag carbon nanotube [CNT 

(12, 0)] and aromatic amino acids is carried out using the density functional theory. The 

geometrical calculations of all structures have been done by using one method B3LYP/3-

21G*. Initially, the individual aromatic amino acids are made to passing through the 
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SWCNT and the geometry optimization of all such structures were performed within 

density functional theory using of Gaussian 09 program suite.[32] It is important to note 

that competing geometrical configuration was tested, but those shown are the lowest 

energy species feasible for the interaction of the compounds. Interaction energy has been 

done at the B3LYP/3-21G* level to fine-tune the energy.  

The interaction energy (Ein) of the aromatic amino acids such as histidine, phenylalanine, 

tryptophan and tyrosine with CNT (12, 0) is calculated by the following equation.  

 Eint = E○ – E (6.1)  

Here E○ is the total energy of complex molecular systems for the initial position of 

aromatic amino acid with SWCNT. E represents the variation of total energy at different 

position of aromatic amino acids with SWCNT respectively. The individual aromatic 

amino acid was placed parallel inside to the surface of SWCNT. The variation of the 

interaction energy and charge on amino acids as well as SWCNT when the individual 

amino acids are passing through the SWCNT is calculated. The charge transfer has been 

considered as the sum of the all atoms in SWCNT model system and aromatic amino 

acids. Positive charge transfer values indicate the transfer of charge from SWCNT to 

amino acids, while negative charge values indicate the transfer of charge from amino 

acids to the SWCNT. Also the HOMO-LUMO gap of SWCNT- aromatic  amino acids 

complexes at B3LYP/3-21G* level of theory was calculated. All calculations were 

carried out using the Gaussian09 program suite. 

 

 



 

 

 

 

 

 

F

 

6

In

ar

n

b

(1

ph

 

 

 

 

 

F

Figure 6.1: 
n
m

.2.1. Model 

n this work,

romatic mol

anotube [C

iomolecules

12,0), a f

henylalanine

Figure 6.2: Z

Schematic r
nanotube an
models used

system con

 a wide ran

lecules with

CNT(12,0)] 

. In this inte

fundamental 

e(Phe), tyros

 

Zig-zag singl

representatio
nd a protein.
d to mimic th

nsidered in t

nge of mode

h their π-sur

model sys

eraction, wh

interaction

sine(Tyr), try

le walled car

134 

on of the inte
 The single 

his interactio

the study 

l system wa

rfaces. The F

stem which

en the arom

n of arom

yptophan(Tr

rbon nanotub

eraction betw
walled carb

on are shown

as considere

Figure 6.2 r

h is introd

matic amino a

matic acids

rp) with CNT

be model sys

ween a sing
bon nanotube
n in the inset

ed to study t

represents th

duced for 

acid passes t

s such as

T (12,0) is o

stem. 

gle walled ca
e and amino
t. 

the interactio

he zigzag ca

interaction 

through the 

s histidine(

obtained. 

arbon 
o acid 

on of 

arbon 

with 

CNT 

(His), 



 

 

 

 

 

 

 

 

 

 

 

 

F

 

6

T

ph

am

co

en

b

su

an

w

Figure 6.3: T

6.3. Results

The π-compl

henylalanine

mino acids 

onfiguration

nd to anothe

iomolecules

ummarizes r

nd HOMO-L

with various 

The optimiz

s and disc

lexes formed

e, tyrosine an

and CNT (1

n of all amin

er end of SW

 π-π nonco

results on th

LUMO gap 

amino acids

zed structure

ussion 

d by CNT 

nd tryptopha

12,0) and th

no acids was

WCNT. The

ovalent inter

he interactio

for the mos

s in our calc

135 

of individua

(12,0) with 

an is conside

heir complex

s assigned so

SWCNT w

raction towa

on energy, th

st stable con

culations tha

al aromatic a

various am

ered. The op

xes are show

o that these 

was considere

ards carbon

he charge tr

nfigurations 

at are show

amino  acids

mino acids s

ptimized stru

wn in Figure

are passing

ed to study t

n nano mate

ransfer (Q, m

of SWCNT

wn in Figures

s. 

such as histi

ucture of arom

e 6.2. The i

g inside from

the interacti

erials. Table

mulliken ch

T which inte

s (6.3 – 6.6

idine, 

matic 

initial 

m one 

on of 

e 6.1 

harge) 

eracts 

) and 



136 
 

Table 6.1. Subsequently, the binding of the SWCNT with various biomolecules and the 

trend in the charge transfer is observed. It is also investigated the HOMO-LUMO gap of 

SWCNT with the interaction of various aromatic amino acids. 

 

6.3.1. The interaction energy and charge transfer analysis 

The aromatic amino acids forms π-π complexes with single walled carbon nanotubes 

[CNT (12,0)]. The  investigated interaction energy of amino acid complexes with single 

walled carbon nanotube when the amino acids as histidine, phenylalanine, tyrosine and 

tryptophan pass through the CNT (12, 0). Figure 6.4-6.7 displays the optimized structure 

of the amino acid complexes with SWCNT at B3LYP/3-21G* method. The HOMO-

LUMO gap of CNT (12, 0) complexes with aromatic amino acids is calculated. It is clear 

from our results that the change in interaction energy, charge and HOMO-LUMO energy 

gap CNT (12, 0) with amino acids are significant. The interaction energies of four amino 

acids and CNT (12, 0) complexes at B3LYP/3-21G* level is shown in Tables 6.1-6.4, 

respectively. It is clear that the change of interaction energy of aromatic amino acids is 

more dramatic with CNT (12, 0). In order to guage the mechanics of these foregoing 

binding interactions, the Mulliken charge transfer analysis at B3LYP/3-21G*{Figure 6.8 

(a-d)} is also calculated. Charge transfer is a phenomenon in which a large fraction of an 

electronic charge is transferred from one entity (charge donor) to another (charge 

acceptor). As a result of the charge transfer electronic structure properties of the sensor 

materials will be affected. The negative charge values on the aromatic amino acids in the 

optimized complexes clearly points out that these aromatic amino acids act as charge 

acceptors from the carbon annotate. It is clear from Table 6.1- 6.4 the charge transfer 
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between amino acids and CNT (12, 0) are significant. Consequently, the aromatic amino 

acid complexes such as tryptophan has the stronger interaction energy than histidine, 

phenylalanine and tyrosine. According to B3LYP/3-21G* method, the interaction energy 

of ∆ECNT(12,0)_His, ∆ECNT(12,0)_Phe, ∆ECNT(12,0)_Tyr and ∆ECNT(12,0)_Trp are greater inside the 

carbon nanotube. The variation of the interaction energies of aromatic amino acids with 

CNT (12, 0) is shown in Figure 6.8(a-d). 
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Table 6.1. The Interaction Energy (kcal/mol), Charge Transfer (a.u.) and HOMO-LUMO 

Gap (eV) at B3LYP/3-21G* level of theory. 

Aromatic 
amino 
acid 

Different positions 
of  CNT(12,0) 

Total energy 
(au) 

∆E=E0-E 
(kcal/mol) 

Charge on 
Histidine 

(au) 

Charge on 
CNT(12,0)
     (au) 

HOMO-
LUMO Gap 

(eV) 

 
 
 
 
 
 
 
 
 
 
 
Histidine 

CNT(12,0)_His_01 -2634386.18 0.00 0.00 0.00 0.39 
CNT(12,0)_His_02 -2634395.12 8.94 0.00 0.00 0.35 
CNT(12,0)_His_03 -2634393.87 7.69 0.00 0.00 0.34 
CNT(12,0)_His_04 -2634395.00 8.82 -0.01 0.01 0.34 
CNT(12,0)_His_05 -2634393.64 7.46 -0.01 0.01 0.38 
CNT(12,0)_His_06 -2634393.61 7.44 -0.01 0.01 0.38 
CNT(12,0)_His_07 -2634393.87 7.70 0.01 -0.01 0.38 
CNT(12,0)_His_08 -2634393.27 7.09 -0.02 0.02 0.38 
CNT(12,0)_His_09 -2634393.07 6.89 0.06 -0.06 0.34 

CNT(12,0)_His_10 -2634393.57 7.39 0.02 -0.02 0.34 

CNT(12,0)_His_11 -2634395.24 9.06 0.06 -0.06 0.35 

CNT(12,0)_His_12 -2634395.13 8.95 0.04 -0.04 0.35 

CNT(12,0)_His_13 -2634406.28 20.10 0.04 -0.04 0.35 

CNT(12,0)_His_14 -2634406.12 19.94 -0.01 0.01 0.38 

CNT(12,0)_His_15 -2634406.12 19.94 0.00 0.00 0.38 

CNT(12,0)_His_16 -2634406.10 19.92 0.03 -0.03 0.38 
CNT(12,0)_His_17 -2634396.72 10.54 0.00 0.00 0.39 

 

 

6.3.2. CNT (12, 0) _Histidine optimized Molecular System 

The π-π interaction energies of histidine at different binding positions of CNT (12, 0) are 

summarized in Table 6.1. The variation of interaction energy and charge on histidine and 

CNT (12, 0) are shown in Figure 6.7 and Figure 6.8, respectively, which indicates a weak 
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interaction when the tyrosine passes through CNT (12, 0), because the interaction energy 

of histidine tends to be positive while coming towards the other side of CNT (12, 0). 

Consequently, the repulsion between histidine and CNT (12, 0) increases from 1 to 17 

positions. The maximum repulsion between histidine and CNT(12,0) occurs at position 

14 which shows weak interaction. In this configuration, the charge transferred from CNT 

(12, 0) to histidine at positions 1 to 6, 8, and 14 to 15, so the hisidine acts as charge 

acceptor and the CNT (12, 0) as donor, but at the position 7, 9 to 13 and 16 to 17, the 

charge is transferred from histidine to CNT(12,0), so the histidine acts as charge donor 

and CNT (12, 0) acceptor which are shown in Table 6.1 and Figure 6.8(a).   
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Table 6.2: The Interaction Energy (kcal/mol), Charge Transfer (a.u.) and HOMO-LUMO 
Energy Gap (eV) at B3LYP/3-21G* level of theory. 

Aromatic 
amino acid 

Different 
positions of  
CNT(12,0) 

Total energy 
(kcal/mole) 

∆E=E0-E 
(kcal/mol) 

Charge on 
phenylalanine 

(au) 

Charge on 
CNT(12,0) 
(au) 

HOMO-
LUMO 

Gap(eV)
 
 
 
 
 
 
 
 
 
 
 
 
Phenylalani
ne 

CNT(12,0)_Phe_
01 -2638170.16 0.00 0.000 0.000 0.408 

CNT(12,0)_Phe_
02 -2638170.38 0.22 0.000 0.000 0.381 

CNT(12,0)_Phe_
03 -2638163.17 -7.00 -0.003 0.003 0.389 

CNT(12,0)_Phe_
04 -2638159.16 -11.00 -0.012 0.012 0.395 

CNT(12,0)_Phe_
05 -2638168.45 -1.72 -0.002 0.002 0.395 

CNT(12,0)_Phe_
06 -2638167.22 -2.95 0.000 0.000 0.387 

CNT(12,0)_Phe_
07 -2638167.63 -2.53 0.026 -0.026 0.391 

CNT(12,0)_Phe_
08 -2638167.72 -2.45 0.238 -0.238 0.393 

CNT(12,0)_Phe_
09 -2638166.35 -3.81 0.034 -0.034 0.394 

CNT(12,0)_Phe_
10 -2638165.73 -4.43 0.276 -0.276 0.395 

CNT(12,0)_Phe_
11 -2638163.87 -6.29 0.352 -0.352 0.393 

CNT(12,0)_Phe_
12 -2638162.61 -7.55 0.018 -0.018 0.393 

CNT(12,0)_Phe_
13 -2638164.03 -6.14 0.192 -0.192 0.393 

CNT(12,0)_Phe_
14 -2638164.90 -5.26 0.088 -0.088 0.387 

CNT(12,0)_Phe_
15 -2638170.77 0.61 0.100 -0.100 0.381 

CNT(12,0)_Phe_
16 -2638173.64 3.47 0.042 -0.042 0.380 

CNT(12,0)_Phe_
17 -2638171.32 1.15 0.015 -0.015 0.381 

CNT(12,0)_Phe_
18 -2638170.62 0.46 0.001 -0.001 0.379 

 

 



145 
 

6.3.3. CNT (12, 0)_Phenylalanine optimized Molecular System 

The phenylalanine forms π-π type complexes with CNT(12,0) due to the presence of 

aromatic ring as shown in Figure 6.5. The interaction energy is observed when the 

phenylalanine passes through the CNT(12,0) which is shown in Figure 65. The 

interaction energy of this complex system is -11.000Kcal/mole which is shown in Table 

6.2. When the phenylalanine interacts with CNT (12, 0), calculated charge on 

phenylalanine CNT (12, 0) is -0.012 au and 0.012 au, respectively. In this 

configuration(4th  position),  the charge transfer is found to be maximum from CNT (12, 

0) to the phenylalanine than that of the other positions. At the fourth position of complex 

molecular system, the phenylalanine acts as charge acceptor and CNT (12, 0) donor, but 

at all other positions, they are acting as charge donor. The phenylalaine from position 3 to 

5 acts as charge acceptor while at other positions it acts as charge donor. The highest 

interaction energy and large charge transfer (from CNT(12,0) to histidine) indicates 

strong interactions, which are shown in Table 6.2 and Figure 6.5. Consequently, the 

phenylalanine exhibits stronger interaction energy due to large charge transfer, which is 

responsible for high sensitivity and selectivity. 
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complex formmed of CNTT (12, 0) and Tyrosine. 
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Table 6.3: The Interaction Energy (kcal/mol), Charge Transfer (a.u.) and HOMO-LUMO 
Energy Gap (eV) at B3LYP/3-21G* level of theory. 

Aromatic 
amino 
acids 

Different positions 
of  CNT(12,0) 

Total 
energy 

(kcal/mole) 

∆E=E0-E 
(kcal/mol) 

Charge 
on 

tyrosine 

Charge on 
CNT(12,0)

HOMO-
LUMO 

Gap 
 
 
 
 
 
 
 
 
 
 
 
       
Tyrosine 

CNT(12,0)_Tyro_01
-

2685102.81 0.00 0.00 0.00 0.39 

CNT(12,0)_Tyro_02
-

2685103.84 1.02 0.04 -0.04 0.39 

CNT(12,0)_Tyro_03
-

2685104.21 1.40 0.02 -0.02 0.39 

CNT(12,0)_Tyro_04
-

2685103.82 1.00 0.02 -0.02 0.39 

CNT(12,0)_Tyro_05
-

2685097.44 -5.37 0.00 0.00 0.39 

CNT(12,0)_Tyro_06
-

2685102.47 -0.35 0.02 -0.02 0.38 

CNT(12,0)_Tyro_07
-

2685098.53 -4.28 0.04 -0.04 0.38 

CNT(12,0)_Tyro_08
-

2685104.57 1.76 0.06 -0.06 0.39 

CNT(12,0)_Tyro_09
-

2685103.88 1.06 0.02 -0.02 0.39 

CNT(12,0)_Tyro_10
-

2685102.86 0.05 0.10 -0.10 0.38 

CNT(12,0)_Tyro_11
-

2685099.73 -3.08 0.09 -0.09 0.39 

CNT(12,0)_Tyro_12
-

2685099.91 -2.90 0.05 -0.05 0.39 

CNT(12,0)_Tyro_13
-

2685100.83 -1.98 0.03 -0.03 0.39 

CNT(12,0)_Tyro_14
-

2685102.53 -0.28 0.01 -0.01 0.38 

CNT(12,0)_Tyro_15
-

2685101.44 -1.37 -0.02 0.02 0.39 

CNT(12,0)_Tyro_16
-

2685105.12 2.31 -0.02 0.02 0.37 

CNT(12,0)_Tyro_17
-

2685106.86 4.05 0.00 0.00 0.38 

CNT(12,0)_Tyro_18
-

2685103.73 0.92 0.00 0.00 0.38 
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6.3.4. CNT (12, 0) _Tyrosine optimized Molecular System 

The variation of interaction energy and charge on tyrosine and CNT (12, 0) are shown in 

Table 6.3 and Figure 6.6, respectively. The interaction energy at position 5 indicates the 

strongest interaction when the tyrosine is passing  inside the CNT (12, 0). However, the 

interaction energy of tyrosine when it comes out of CNT (12, 0) remarkably changes the 

electronic properties of CNT (12, 0). In this configuration, the charge is transferred from 

tyrosine to CNT (12, 0) from position 2 to 14, so the tyrosine acts as charge donor and the 

CNT (12, 0) acceptor, but at the position 15 to 18, the charge is transferred from CNT 

(12, 0) to tyrosine, so the tyrosine acts as charge acceptor and CNT (12, 0) donor which 

are shown in Table 6.3 and Figure 6.9(c). 
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Figure 6.7: OOptimized structure of c
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complex formmed of CNTT(12,0) and TTryptophan.
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Table 6.4: The Interaction Energy (kcal/mol), Charge Transfer (a.u.) and HOMO-LUMO 
Energy Gap (eV) at B3LYP/3-21G* level of theory. 

Aromatic 
amino 
acids 

Different positions 
of  CNT(12,0) 

Total energy 
(kcal/mole) 

∆E=E0-E 
(kcal/mol) 

Charge on 
tryptophan 

Charge on 
CNT(12,0)

HOMO-
LUMO Gap 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Tryptophan 

CNT(12,0)_Trp_01 -2720265.98 0.00 0.00 0.00 0.39 

CNT(12,0)_Trp_02 -2720266.82 0.84 0.00 0.00 0.39 
CNT(12,0)_Trp_03 -2720275.59 9.61 -0.01 0.01 0.35 

CNT(12,0)_Trp_04 -2720265.83 -0.16 -0.01 0.01 0.39 
CNT(12,0)_Trp_05 -2720271.73 5.75 0.01 -0.01 0.37 
CNT(12,0)_Trp_06 -2720274.54 8.55 0.03 -0.03 0.33 
CNT(12,0)_Trp_07 -2720278.38 12.39 0.15 -0.15 0.32 

CNT(12,0)_Trp_08 -2720276.89 10.90 0.22 -0.22 0.34 

CNT(12,0)_Trp_09 -2720270.93 4.95 0.53 -0.53 0.35 

CNT(12,0)_Trp_10 -2720265.49 -0.49 0.50 -0.50 0.35 

CNT(12,0)_Trp_11 -2720262.32 -3.66 0.48 -0.48 0.39 

CNT(12,0)_Trp_12 -2720263.24 -2.74 0.57 -0.57 0.36 

CNT(12,0)_Trp_13 -2720261.27 -4.71 0.50 -0.50 0.37 
CNT(12,0)_Trp_14 -2720265.53 -0.45 0.36 -0.36 0.38 

CNT(12,0)_Trp_15 -2720266.75 0.76 0.39 -0.39 0.38 

CNT(12,0)_Trp_16 -2720275.10 9.12 0.20 -0.20 0.38 

CNT(12,0)_Trp_17 -2720276.14 10.15 0.08 -0.08 0.38 

CNT(12,0)_Trp_18 -2720272.69 6.71 0.01 -0.01 0.35 
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6.3.5. CNT (12, 0) _Tryptophan optimized Molecular System 

In the CNT (12, 0)_Trp complex structure, the tryptophan amino acid consists of two 

aromatic groups which closely interacts with benzene rings of CNT(12,0), the binding  

strength of π-π noncovalent interaction is increased when the tryptophan comes in middle 

position of the CNT (12,0). Due to this reason, the interaction energies of tryptophan 

tends towards negative, which indicates the strong interaction between them. 

Interestingly, the CNT (12, 0) exhibits strong interaction energies when the tryptophan is 

optimized. In this configuration, the charge is transferred from CNT (12,0) to tryptophan 

at position 3 and 4 but for all remaining positions, the charge is transferred from 

tryptophan to CNT(12,0). Consequently, the CNT (12,0) acts as a charge donor at 3 and 4 

while for remaining positions it behaves as charge acceptor. Due to variation of charge on 

CNT (12, 0), the change in interaction energies is significant which is showed in Table 

6.4 and Figure 6.8(d). 

 

6.3.6. HOMO-LUMO Gap 

The necessary conditions for a material to perform as a sensor is to undergo a change in 

its physical property on interacting with an analyte. These changes may be recorded to 

confirm the presence of the analyte. The HOMO-LUMO gap defined as the difference 

between lowest unoccupied molecular orbital and highest occupied molecular orbital. 

This is the electronic properties of any molecular system which is helpful to design new 

materials. In order to notice such depiction in the case of carbon nanomaterials, the 

HOMO-LUMO gap of the CNT (12, 0) in the free state and the aromatic amino acid 

complexes is calculated. In general, in the case of π-π complexes, the HOMO-LUMO gap 



154 
 

of SWCNT varies with the orientation of aromatic amino acids inside the different 

positions of CNT (12, 0). In case of histidine complexes, the HOMO-LUMO energy 

values of CNT (12, 0) vary from 0.3369 to 0.3886eV but for phenylalanine 0.3793 to 

0.4084 eV. In case of tyrosine and tryptophan complexes, the HOMO-LUMO energy 

values vary 0.3736 to 0.3943 eV and 0.3154 to 0.3943 eV. Consequently, there is a 

similar change in HOMO-LUMO gap of phenylalanine and tyrosine interaction, but 

HOMO-LUMO gap varies from 0.3154 to 0.3943 eV. It has been shown that the energy 

gap of CNT (12, 0) undergoes a significant change as shown in Table (6.1 ‒ 6.4) and 

Figure 6.10, the change in HOMO-LUMO gap is significant [as shown in Table 6.2]. 

Thus, the HOMO-LUMO energy value and the orbital distribution seems to be good 

evidence to explain the strength of interaction of the π complexes of CNTs nano-

materials. So it  can be said that the variation in HOMO-LUMO gap of the carbon 

nanotube upon binding with the various aromatic amino acids biomolecules is significant. 
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towards tryptophan biomolecule due to large π-π orbital distributions and shows the 

higher interaction energies with tryptophan. The strong interactions between CNT(12,0) 

and aromatic amino acids induces dramatic changes in the electronic properties of 

CNT(12,0) and make CNT(12,0) a promising candidate as biosensing materials for amino 

acids. The Mulliken charge analysis reveals that aromatic amino acids act as charge 

donor and acceptor in different configuration towards CNT (12,0) and influence the 

physical properties of carbon materials, which leads to the sensitivity. It has also been 

found that HOMO-LUMO gap of the carbon nanotube is always affected by the binding 

of aromatic amino acid biomolecules. Significant changes occur in the HOMO-LUMO 

gap of CNT (12,0) on biomolecules, which provides a handle to tune the electronic and 

conductivity properties of CNTs through biomedical complication. These studies can also 

be applied to develop new carbon based materials and sensing applications, focusing 

particularly on the mechanism of binding of various biomedical with the CNTs.  
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CHAPTER 7 

 

COMPUTATIONAL STUDY ON THE INTERACTION OF 

TRYPTOPHAN WITH GRAPHENE AND AL-DOPED GRAPHENE 

 

7.1. Introduction 

Graphene, two dimensional new material of carbon, is zero band gap semiconductor 

materials. The another important form of carbon are one dimensional carbon nanotube 

and 0 dimensional fullerene which are made by wrapping of planar graphene[1]. These 

carbon nanostructures are promising materials for biomedical and environmental 

applications due to unique electronic, thermal, mechanical, and transport properties [2-4]. 

There are important applications of graphene and its derivatives in different fields such as 

nanoelectronics, engineering nanocomposite materials, energy storage, field effect 

transistor, sensors, catalysis, biology, and also medicine have envisaged and that have 

been investigated [5-13]. The interaction of biomolecules and graphene and its 

derivatives are also used in biology and medicine applications. The large surface area 

(2630m2/g) of graphene facilitates the adsorption of biomolecules and gas molecules.[14-

20] Carbon nanostructures such as graphene and CNTs exhibits non-covalent interaction, 

such as the XH-π, cation-π, anion-π and π-π interaction towards the small gas molecules, 

metal ions and bio molecules.[21-25] Doping is one of the most efficient method to 

improve the electronic properties of the materials. The sensitivity of graphene to gas 

molecules can be enhanced by doping with metal atoms.[26] The detection of adsorbed 

molecules is possible because of its high conductivity and concordat charge transfer 
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between the interacting partners[27]. The adsorption strength of molecules on graphene 

can be tuned by doping graphene with elements such as boron, nitrogen, silicon, 

aluminum, phosphorus, and sulfur and also by topological defects [28-33]. The 

usefulness of pristine and doped graphene in the field of catalysis has been widely 

explored. The adsorption of CO molecules on the intrisinc and Al- doped graphene was 

studied [26] using DFT method. In these results, the Al-doped graphene (AlG) found 

strongly chemisorbs CO molecules while intrinsic graphene is weakly adsorbed. Wang et 

al., have found that the sp2- hybridization affected and changes the electronic properties 

of the system when B, N, B-N is doped with pure graphene (PG).[34] Lherbier et al., 

showed that the charge mobility and conductivity of graphene changes when B/N 

impurity atom is added to its surface.[35] Y. H. Zhang et al., studied that doped graphene 

strongly interacts with CO, NO and NO2 while NH3 interacts weakly.[36] Y. Zou et al., 

found that the SiG has a higher chemical reactions toward the gas molecules due to 

doping of silicon atom and shows the higher adsorption energy with CO, O2, NO2 and 

H2O.[37] The adsorption of modified nucleobases(MBs) on the surface of graphene(G), 

boron-doped graphene(BG), nitrogen-doped graphene(NG) and silicon-doped 

graphene(SiG) has been investigated using electronic structure calculation and associated 

analysis methods. It was found from the calculations that the MBs stack with the surface 

of G, BG, NG, and SiG models and that the π-π stacking interaction plays a dominant 

role in the stabilization of the intermolecular complexes[38]. In the present study, the 

AlG to improve its bio sensing efficiency and selectivity towards the histidine were 

theoretically investigated. On the other hand, the effect of doping of the graphene sheet 

on the interaction energy has been estimated. The charge transfer that occurred during the 
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complex formation has also been explored. The change in the HOMO-LUMO energy gap 

of graphene and AlG upon the binding of tryptophan (Trp) has also been estimated. 

 

7.2. Computational Methodology 

The calculations of the interaction between graphene/AlG and Trp (Trp) were carried out 

using the recently developed density functional theory. The geometrical calculations of 

all structures have been done by using B3LYP method and 3-21G* basis set. Initially, the 

individual Trp amino acids was established on PG and AlG  and geometric optimization 

calculations were performed within density functional theory using Gaussian 09 suite 

program [39]. It is important to note that competing geometrical configuration was tested, 

but those shown are the lowest energy species feasible for the interaction of the 

compounds. The present work is limited to the aromatic amino acids such as Trp. To 

evaluate the interaction energy (IE) of the Trp(X) on the G and AlG is calculated by 

following equation.  

 IE = EG_X/AlG_X – EG/AlG – EX (7.1) 

Here EG_X and EAlG_X represents the total energy of complex molecular system. EG/EAlG 

and EX represent the total energies of the graphene and Trp amino acids, respectively. 

The individual Trp was placed parallel to the surface of PG and AlG at the 3Å distance. 

The variation of the charge on Trp as well as on PG and AlG was calculated when the 

individual Trp molecule is kept at the 3Å distance from its surface. The charge transfer 

has been considered as the sum of all the atoms in the PG and AlG model system. 

Positive charge transfer values indicate the transfer of charge from the G and AlG to the 
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molecules, while negative charge values indicate the transfer of charge from the Trp to 

the G and AlG. The HOMO-LUMO energy gap of PG and AlG as well as their 

complexes was considered at B3LYP/3-21g* level of theory were also calculated. All 

calculations were carried out using the Gaussian09 program package. 

 

Figure 7.1: Top view of the geometrically optimized structure of pure and AlG model 

system considered in this study 

 

7.3. Result and discussion 

The optimized structure of PG and AlG and their complexes with Trp are shown in 

Figure 7.1 and 7.2. The initial configuration of Trp was assigned so that these are 

oriented exactly parallel to the PG and AlG at 3Å from its surface. In this work, PG and 

AlG were considered to study the interaction of Trp with π-π noncovalent interaction 

towards carbon nano materials. Table 7.1 and Table 7.2 summarizes our results on 

HOMO energy, LUMO energy and HOMO-LUMO energy gap of isolated PG (PG) and 

AlG at B3LYP method and 3-21g* basis set. Table 2 summarizes our results on 

interaction energy, charge on Trp, PG and AlG (Q, Mulliken charge), HOMO energy, 

LUMO energy and HOMO-LUMO energy using the same  basis set. The visualization of 

HOMO and LUMO energy density are shown in Figure 7.3 and Figure 7.4.  
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Subsequently, we look at the binding of the PG and AlG with Trp and the trend in the 

charge transfer. The HOMO-LUMO energy gap of PG and AlG with the interaction of 

Trp were also investigated. When one Al atom is substituted for one C atom in graphene 

sheet, the optimized configuration of graphene sheets is dramatically distorted. The Al 

atom introduces the deformation of the six-membered ring (6MR) near the doping site to 

relieve stress as a result the Al atom protrudes out of the graphene sheet. The optimized  

carbon-dopant atom distance (Al-C) is 1.748Å at B3LYP/3-21G* which in agreement 

with the previous study.[40]  

 

Figure 7.2: The optimized geometry of PG and AlG with Trp biomolecule complexes by 

B3LYP method and 3-21G* basis set. 
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Figure 7.3: The HOMO and LUMO of complexed and non-complexed forms of PG at 

0.02 isovalue 
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Figure 7.4: The HOMO (α and β) and LUMO (α and β) of complexed and non-

complexed forms of AlG at 0.02 isovalue. 
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Table 7.1: HOMO Energy, LUMO energy and HOMO-LUMO Energy Gap(eV) B3LYP 

method and 3-21G* basis set. 

Molecular structure HOMO Energy 

          (eV) 

LUMO Energy 

       (eV) 

HOMO-LUMO 

Energy Gap(eV) 

 Pure Graphene (PG) -3.8431 -3.5778 0.2653 

Al-doped Graphene 

(AlG) 

       α = - 4.6262 

       β = - 4.5381 

         α = - 2.8330 

         β = - 3.3620 

1.4846 

 

Table 7.2: Interaction Energy(kcal/mole), charge transfer, HOMO Energy, LUMO 

energy and HOMO-LUMO Energy Gap(eV) at B3LYP method and 3-21G* 

basis set. 

Complex 

Molecular 

structure 

Interaction 

Energy 

(kcal/mole

) 

Charge 

on Trp 

(au) 

Charge 

on G/AlG 

(au) 

Molecular 

Sheet 

Distance 

(Å) 

HOMO 

Energy 

(eV) 

LUMO  

Energy 

      (eV) 

HOMO-

LUMO 

Gap (eV) 

G + TRP 1.813 -0.0064 +0.0064 5.527     -3.8975     -3.6319  0.2656 

AlG +TRP -48.177 -0.01386 +0.01386 2.489  α = -4.1250 

β = -4.3031 

α = -2.7799 

β = -3.0896

 1.2892 

 

7.3.1. Interaction Energy and charge transfer 

The Trp form π-π type complex with the PG and AlG that are shown in Figure 7.2. It is 

observed the interaction energy of Trp complexes with PG and AlG when the Trp 

molecule is kept parallel to the PG/AlG surface at 3Å distance. Table 7.1 and Table 7.2 
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displays the interaction energy, charge transfer, molecule sheet distance and HOMO-

LUMO energy of Trp complexes with PG and AlG at B3LYP method and 3-21G* basis 

set. 

The Trp biomolecule shows different interaction configurations on PG and AlG, showing 

a more complicated interaction mechanism. On graphene, the configuration with the one 

hydrogen atoms of - NH2 pointing towards the PG plane is the favorable one [Figure 

7.2(a)] which gives an interaction energy and molecule distance of 1.813kcal/mole and 

5.527Å (distance measured between C73 and C108), respectively which indicates a weak 

interaction between Trp and the PG. On the AlG, Trp is attached to the Al (90) atom with 

the C(108) atom pointing at the sheet, which gives an interaction energy of -

48.177kcal/mole and an Al-C distance of 2.489Å [as shown in Figure 7.2(b) and Table 

7.2]. The charge transfer from graphene to Trp is 0.0064a.u. which indicates that the 

graphene behaves as charge donor and Trp biomolecule as charge acceptor. This result 

indicates that the interaction is weak in nature due to very small adsorption energy and 

charge transfer. The interaction energy of Trp on AlG is much higher than that on the PG, 

which attributes to the strong interaction between the electron –deficient Al atom and the 

electron –accepting C atom of Trp. The molecular distance between Al and C is 2.053Å. 

The high interaction energy and low molecular sheet distance indicates the strong 

interaction. This strong interaction is also evident in the electronic total charge density on 

AlG system, which shows the large electron density overlap. 
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7.3.2. HOMO- LUMO energy gap 

The HOMO-LUMO energy gap is defined as the difference between lowest unoccupied 

molecular orbital and highest occupied molecular orbital. It is the electronic property of 

any molecular system which is helpful to design new materials. Quantum mechanically, 

the interaction between two reactants takes place due to the of interaction of frontier 

molecular orbitals.[41] After interaction of Trp spices on the surface of AlG, some 

changes occur in its HOMO and LUMO energies. In order to notice such depiction in the 

case of carbon materials, the calculated HOMO-LUMO energy gap of the PG and AlG in 

the Free State and in with the Trp complexed. Figure 7.3 and Figure 7.4 shows the 

HOMO-LUMO outlooks for PG and AlG along with Trp complexes. As seen Figure 3, 

the HOMO of PG is mostly restricted on the C-C bonds whereas the the LUMO is 

situated on the conflicted site. After Al is doped on the PG, both α-HOMO and β-LUMO 

is dislocated on Al atom which results in more reactivity of AlG compared to PG which 

is shown in Figure 7.4(a) and 7.4(d). In general, in the case of π-π complexes, the 

HOMO-LUMO energy gap of  graphene varies with orientation of Trp on the PG and 

AlG. It has been shown that the energy gap of PG is not significant but when the Trp is 

adsorbed on AlG then significant changes in HOMO-LUMO energy gap is observed [as 

shown in Table 7.1 and Table 7.2]. So it can be said that the variation in HOMO-LUMO 

energy gap of the graphene upon binding with the the Trp biomolecule is significant. 
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7.4 Conclusion 

The interaction energy of Trp with the PG and AlG has been comprehensively analysed. 

These calculations reveals preferential order of binding of Trp for pure and AlG. It can be 

seen from the results that the interaction energy of Trp biomolecule is higher for the AlG 

than for the graphene. The PG shows weak sensitivity to the Trp biomolecule. AlG has a 

higher chemical reactivity towards Trp due to the doping of Al atom than PG and as it 

shows the AlG exhibits strong interaction towards the Trp. The strong interactions 

between AlG and Trp induces dramatic changes in the electronic properties of AlG and 

make AlG a promising candidates as bio-sensing materials for biomolecules. The 

Mulliken charge analysis reveals that Trp acts as charge acceptor and graphene as donor 

in different configuration towards the PG and AlG and influence the physical properties 

of carbon materials, which leads to the sensitivity. Significant changes occur in the 

HOMO-LUMO energy gap on PG and AlG on interacting with biomolecule, which 

provides a handle to tune the electronic and conductivity properties of graphene through 

biomolecule complexation. These studies can also be applied to develop new carbon 

based materials and sensing applications, focusing particularly on the mechanism of 

binding of Trp biomolecule with the graphene. It is hoped that our results would be 

helpful to develop novel carbon material based bio sensors. 
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CHAPTER 8 

 

GENERAL CONCLUSION 

 

The result discussed in the present work lead to some important conclusion which may be 

summarized as follows: 

A. The density functional theory (DFT) B3LYP with basis 6-31G** reproduce the 

proper geometry of the molecules under study. M062X method also provides other 

properties with accuracy. These methods can be used for geometry optimization 

with frequency calculation to check all frequencies must be real. The charge, 

geometrical parameters etc. thus obtained can be used for further calculations and 

interpretations of molecular properties. 

B. The binding energy preferences of aromatic amino acids are different in both 

positions respectively i.e. in exterior and interior positions of SWCNTs. The 

binding energy of aromatic amino acid is greater in interior than the exterior 

position of SWCNTs. For the exterior position the preferential order of the 

interaction for the aromatic amino acids with SWCNTs was 

histidine<tyrosine<tryptophan<phenylalanine while for the interior position the 

order is histidine<tyrosine<phenylalanine< tryptophan. The tryptophan prefers to 

bind to the inner side wall of carbon nanotube. The significant changes occur in the 

HOMO-LUMO gap of the CNT(12,0) on the aromatic amino acids. 

C. The adsorption energy of various small gas molecules such as CCl4, CH4, NH3, 

CO2, CO, NO2, CCl2F2, SO2, CF4 and N2O with the pure and Al-doped 
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graphene(graphene@Al) has preferences of small gas molecules with the doping in 

graphene as well as molecule sheet distance. It can be seen that the adsorption 

energy of these gas molecule is higher for the Al-doped graphene than for the pure 

graphene. Pure graphene shows weak sensitivity to the all gas molecules. Compared 

with pure graphene, graphene@Al has a higher chemical reactivity towards all gas 

molecules due to the doping of Al atom and shows the higher adsorption energy 

with NO2, NH3 and CO2. The strong interactions between graphene@Al and the 

adsorbed molecules induces dramatic changes in the electronic properties of 

graphene@Al and make graphene@Al a promising candidates as gas sensing 

materials for NO2, NH3 and CO2. The Mulliken charge analysis reveals that gas 

molecule acts as charge donor and acceptor in different configuration towards the 

pure and Al-doped graphene and influence the physical properties of carbon 

materials, which leads to the sensitivity. It has also been found that HOMO-LUMO 

gap of the carbon nanotube is always affected by the binding of the small gas 

molecules. Significant changes occur in the HOMO-LUMO gap on pure graphene 

and graphene@Al on interacting with gas molecules, which provides a handle to 

tune the electronic and conductivity properties of graphene through gas molecule 

complexation. 

D. The calculation of binding of a series of alkaline earth metal ions (Be+2, Mg+2, 

Ca+2,) with SWCNT reveal that the interaction energy preferences of metal ions 

varies at different positions of CNT (10, 0). It was observed that the order of 

interaction energy of these metal ions is Ca+2 >Mg+2>Be+2. The HOMO-LUMO gap 

of the CNT is always affected by the binding of these alkaline earth metal ions. 
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E. The study of interaction energies of aromatic amino acids such as histidine, 

phenylalanine, tyrosine and tryptophan with the SWCNT reveal that the energy has 

preferences of aromatic amino acid biomolecule with the doping in CNT (12,0) as 

well as charge transfer between them. It can also be observed that the interaction 

energy of these biomolecule is higher inside CNT (12,0) than that of outside. 

CNT(12,0) shows weak sensitivity when the aromatic amino acids oriented outside. 

F. The study of interaction energy of TRP with the graphene (G) and Al doped 

graphene (AlG) reveal that the interaction energy has preferences of biomolecule 

with the doping in graphene as well as molecule sheet distance. Significant changes 

occur in the HOMO-LUMO gap on PG and AlG on interacting with biomolecule, 

which provides a handle to tune the electronic and conductivity properties of 

graphene through biomolecule complexation. 

G. Developing chemical and bio sensors based on carbon materials has become an area 

of significant research interest since the physical and electronic properties of these 

materials are vulnerable to external enviroment. It is hope that our study will be 

helpful to develop novel carbon material based bio sensors. 
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ABSTRACT 

In the present study, the interaction of Aromatic amino acids with zig-zag Single Walled Carbon Nanotube CNT(12,0) is investigated 

using density of functional theory. It is found that among the four aromatic amino acid such as histidine, phenylalanine, tyrosine, 

tryptophan considered for the study, tryptophan has the strongest binding energy in the interior position of SWCNT than in the exterior 

position. The HOMO-LUMO energy gap of the complex molecular structure has been explored by B3LYP/6-31G* method before and 

after interaction. This work revealed that the HUMO-LUMO energy gap of the complex molecular structure with B3LYP/6-31G* method 

are in good agreement with the other theoretical studies. Our results are expected to serve useful insight to comprehend the binding 

affinity of the aromatic amino acid with zig zag CNT. 

 

Keywords – DFT,Aromatic amino acids, single walled carbon nanotube, noncovalent interaction, CNT based biosensors. 

 

1. INTRODUCTION 

Carbon nanostructures (CNSs) such as graphene and carbon nanotube are one of the most important materials in the field of recent 

research in nano sensors. The carbon nano-structures such as graphene and carbon nanotube have emerged as the promising 

nanomaterials for biomedical and environmental applications due to unique  physical and chemical properties such as a tunable band gap, 

room temperature Hall effect, high mechanical strength (200 times greater than steel), and high elasticity , thermal conductivity and high 

entangle network structure. The exceptional electrical properties of graphene (such as, high charge mobility and capacity, highly tunable 

conductance) makes it as an ideal for sensing applications.1,2,3 Carbon nanostructures (CNSs) exhibit the non-covalent interaction such as 

cation-π, π-π and CH-π towards the small molecules, metal ions and bio molecules as amino acid, nucleic acids. The noncovalent 

interaction of amino acids with various substrates and their proton affinity values have been studied.4,5 The importance of aromatic amino 

acid for the interaction between a peptide and a single walled carbon nanotube has also been studied through experiment.6 A recent 

experimental study revealed that π-π noncovalent interactions between CNTs and the aromatic residue (Trp, Phe, Tyr) of the proteins 

were found to play a significant role in determining the strength of the CNT-protein interaction.7Subramanium et al. have brought out 

new insight to study the interaction of CNT and peptides.8,9,10,11 The interaction between these can be seen in figure1. The study of 

noncovalent  carbonaceous materials play a vital role in understanding various carbon nanostructures, such as diagnosis of life 

threatening diseases (sensors), cancers therapy (drug delivery system), DNA sequencing (personalized medicines).12,13,14 Developing 

sensors based on CNT-biomolecule composites for amplified detection methods is an area of recent interest, and such sensors can be 
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efficiently used for the detection of various carbon nanostructures as well as different biomaterials such as DNA, protein, and so 

on.15Umadevi et al. investigated the adsorption of biological molecules such as amino acids, enzymes, antibodies and nucleic acids, metal 

ions as Na+, Ka+, Ca+2, Mg+2, Be+2 and small molecules as CO2, H2O, CO, NH3, H2O, CH4 on the surface of graphene/CNTs along with 

thesignificant changes in the energy as well as sensitivity and specificity of biosensor.16-20 Wang et al.21 carried out a study to understand 

the affinity of the specific peptides to CNTs and delineate contribution of the constituents of  amino acids to the binding strength of the 

peptides with CNTs. Further the studies on the structure-function-affinity of the peptides with the CNT have shown that phenylalanine 

has an important role to play in enhancement of the adsorption of peptides on the CNTs.22 Li et al. demonstrated that polytryptophan 

peptides bind more strongly through their aromatic rings with the CNTs compared to the polylysine.23 However, the role of interaction of 

these bio molecules with the CNTs and the extent to which the nanotube can be used is not understood much for these biological systems. 

Other studies on the adsorption of polynuclear aromatic compounds to CNTs, suggest that the π-π interactions play a critical role in the 

binding strength towards the nanotubes.24,25 Dai and co-workers have investigated the potential of carbon nanotube to be used as gas 

sensors for detection of molecules such as NO2 and NH3.
26Schedin et al. reported their experimental observation that graphene – based 

sensors could detect even the adsorption of individual gas molecules.27 Carbon nanostructures can absorb a number of species such as gas 

molecule, metal ions, polymers, organic molecules, and bio molecules such as proteins, nucleobases and DNA on their surfaceand these 

adsorption properties provide opportunities for potential industrial applications.28-29 Several studies have been carried out on the 

immobilisation of proteins and nucleic acid on nanotube.30,31,32 However recent studies elaborate on the appreciable changes in nanotube 

conductivity as bio molecules which are immobilised, directly or indirectly, on the CNT sidewalls.33,34,35 Roman et al used DFT method 

to investigate the adsorption of any few amino acids on (3, 3) CNT.36 In the present work detailed theoretical calculations has been done 

for interaction between aromatic amino acids and single walled carbon nanotube (CNT(12, 0)) using DFT method. 

 

2. COMPUTATIONAL DETAILS 

The calculations of the interaction between CNT and phenylalanine complex system was carried out using the density functional theory. 

The geometry of all the structures was optimized using B3LYP/6-31G* method for isolated individual structures as well as complex 

structures. In this study we calculated the binding energy of the complex system using the following equation (1). 

                        Binding Energy =  ACNTACNT EEE _ …………………… (1)  

The binding energy is defined as the difference between the total energy of the isolated individual structures (
CNT

E and AE , CNT = 

carbon nanotube and A = amino acids) and the total energy of the CNT-Amino acid complex ( ACNTE _ ). All calculations were done 

using Gaussian 09 program suit. 37 The complex structures thus generated by placing amino acid parallel to the surface of SWCNT at a 

distance of 3Å. These complex structures was optimized using B3LYP method and 6-31G* basis set. We also calculated the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) for the results thus obtained. 
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\Fig.1: The geometrical optimization of zigzag single walled carbon nanotube [CNT(12,0)] and representation of interaction of 

protein carbon nanotube. 

 

 

 

Fig. 2: The geometrical optimized geometry of aromatic amino acids. 

 

Prot

CNT(12,
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3. RESULTS AND DISCUSSION 

The optimized structure of aromatic amino acids and single walled carbon nanotube are shown in fig.1 and 2. The initial configurations 

of all four aromatic amino acid bases were assigned so that their aromatic rings are oriented exactly parallel to the CNT surface. The Fig 

3 and Fig 4 shows the aromatic amino acid interaction in exterior and interior position of  CNT (12,0). Aromatic amino acid is placed in 

two different positions i.e. inside the CNT and outside the CNT placed parallel to the surface of CNT at a distance of 3Å to make sure 

that π-π interaction takes place which plays a crucial role in the non-bonded interaction. The binding strength of all the aromatic amino 

acid in both the positions (i.e. interior and exterior) is found to bind with different affinity. The calculated binding energy of the aromatic 

amino acids such as histidine, phenylalanine, tyrosine and tryptophan in the exterior position of carbon nanotube is -7.952, -0.170, -0.649 

and -0.791kcal/mole  and interior position is -2.891, 4.656, 1.778 and 8.447 kcal/mole respectively. From these results it can observe that 

the binding strength for tryptophan is greater in interior position than in the exterior position of the CNT (12, 0). It is also observed that 

the binding energy of the aromatic amino acids is greater in interior position than in the exterior position of the single walled carbon 

nanotube (CNT (12, 0)).  

 

Fig. 3: Optimized geometry of four different adsorption states of aromatic amino acids on the exterior position of single walled 

carbon nanotube (CNT (12, 0)). 

 

CNT(12,0)_ CNT(12,0)_

CNT(12,0)_T CNT(12,0)_
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Table 1: B3LYP/6-31G* The binding Energy, HOMO-LUMO Energy Gap of  the complex molecular system in the exterior 

postion. 

Complex molecular system Binding Energy(kcal/mole) HOMOEnergy(eV) LUMO Energy(eV) HOMO-LUMO Gap(eV) 
CNT(12,0)_histidine -7.952 -3.876 -3.478 0.398 
CNT(12,0)_phenylalanine -0.170 -3.849 -3.442 0.407 
CNT(12,0)_tyrosine -0.649 -3.878 -3.474 0.404 
CNT(12,0)_tryptophan -0.791 -3.887 -3.482 0.405 
 

 

Fig. 4: Optimized geometry of four different adsorption states for aromatic amino acids in the interior position of single walled 

carbon nanotube (CNT (12, 0)). 

 

Table 2: B3LYP/6-31G* The binding Energy, HOMO-LUMO Energy Gap of  the complex molecular system in the interior 

postion of aromatic amino acid. 

Complex  Molecular 
System 

Binding Energy 
(Kcal/mole) 

HOMO Energy 
(eV) 

LUMO Energy 
(eV) 

HOMO-LUMO  gap 
(eV) 

Cnt(12,0)_Histidine -2.891 -3.838 -3.481 0.357 
CNT(12,0)_Phenylalanine 4.656 -3.895 -3.487 0.408 
CNT(12,0)_Tyrosine 1.778 -3.839 -3.436 0.403 
CNT(12,0)_Tryptophan 8.447 -3.867 -3.470 0.397 
 

Table 1 and 2 also show the HOMO-LUMO gap of the various aromatic amino acids in exterior and interior position of single walled 

carbon nanotube. The HOMO-LUMO gap for the interaction of histidine with CNT(12, 0) vary from 0.357 to 0.398eV for the interior 

and exterior position respectively. The binding energy of histidine increases with decreasing HOMO-LUMO energy gap of CNT (12,0). 

The binding energy of phenylalanine and tyrosine is greater in interior position than in the exterior position of CNT(12,0) but there is no 
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significant change of HOMO-LUMO energy gap of CNT(12,0) with increase in  binding energy for phenylalanine. On the other hand the 

binding energy of tryptophan vary from -0.791 to 8.447kcal/mole and the HOMO-LUMO energy gap of CNT(12,0) vary from 0.405 to 

0.397eV. The binding energy of tryptophan is increasing with decrease in the HOMO-LUMO energy gap for CNT(12,0) in interior 

position. Therefore, we also can say that the tryptophan have strongest binding energy in interior position of single walled carbon 

nanotube. 

 

4. CONCLUSION 

The binding of a series of different aromatic amino acids with carbon nanotube has been comprehensively analysed. Our calculations 

reveal that the binding energy preferences of aromatic amino acids are different in both positions respectively i.e. in exterior and interior 

positions. The binding energy of aromatic amino acid is greater in interior than the exterior position of single walled carbon nanotube.  

For the exterior position the preferential order of the interaction for the aromatic amino acids with single walled carbon was histidine < 

tyrosine < tryptophan < phenylalanine while for the interior position the order is histidine < tyrosine < phenylalanine < tryptophan. The 

Significant changes occur in the HOMO-LUMO energy gap of the CNT(12,0) on the aromatic amino acids, which are used to design the 

new nano-bio composite carbonaceous material. This study can also be applied to develop novel bio- sensors, new carbon based drug 

delivery systems and sensing applications, focusing particularly on the mechanism of binding between biomolecule and carbon nanotube.  
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Abstract. The interaction of small gas molecules (CCl4, CH4, NH3, CO2, N2, CO, NO2,CCl2F2, SO2, CF4, H2) on pure
and aluminium-doped graphenewere investigated by using the density functional theory to explore their potential applications
as sensors. It has been found that all gas molecules show much stronger adsorption on the Al-doped graphene than that
of pure graphene (PG). The Al-doped graphene shows the highest adsorption energy with NO2, NH3 and CO2 molecules,
whereas the PG binds strongly with NO2. Therefore, the strong interactions between the adsorbed gas molecules and the
Al-doped graphene induce dramatic changes to graphene’s electronic properties. These results reveal that the sensitivity of
graphene-based gas sensor could be drastically improved by introducing the appropriate dopant or defect. It also carried out
the highest occupied molecular orbital–lowest unoccupied molecular orbital energy gap of the complex molecular structure
that has been explored by M06/6-31++G** method. These results indicate that the energy gap fine tuning of the pure and
Al-doped graphene can be affected through the binding of small gas molecules.

Keywords. DFT; small gas molecules; graphene; aluminium-doping; non-covalent interaction; grapheme-based gas
sensors.

1. Introduction

Carbon is the versatile element on the earth’s crust and it
is found on the earth’s surface in different allotropes as
graphite, diamonds, charcoal and coke, respectively. The
newer allotropes of carbon were discovered such as graphene,
carbon nanotubes (CNTs) and fullerenes [1–3]. Graphene is
the youngest known allotrope of carbon, which is a two-
dimensional and one-atom thick material consisting of sp2

hybridized carbon atoms arranged in a honeycomb structure.
These allotropes of carbon are extensively used in research,
that is, from biomedical to environment applications due
to their unique physical and chemical properties [4]. The
exceptional properties of carbon nano materials, such as
electronic, thermal, optical, mechanical and transport prop-
erties make them promising candidates for various potential
applications [5–7]. From several experimental and theoretical
studies it is observed that the transport and electronic prop-
erties are extremely sensitive to change in the local chemical
environment [8–10]. Carbon nanostructures (CNSs) exhibit
non-covalent interaction such as the XH–π, cation–π, anion–
π andπ–π interaction towards the small gasmolecules, metal
ions and bio molecules [11–15]. The XH–π weak interac-
tions were extensively studied in recent years [16–20]. These
interactions have been considered to be a unique type of
hydrogen bonding interaction in which π electron acts as the
proton acceptor [14]. Graphene is a sensitive nano material,

which detects all the individual events when a gas molecule is
adsorbed to or de-adsorbed from its surface [21]. However, it
is very difficult to prepare a perfect single layer graphene with
zero band gap. Doping is one of the most efficient method
to improve the electronic properties of the materials. Wang
et al have found that the sp2 hybridization is affected and it
changes the electronic properties of the systemwhenB, N and
B–N are doped with pure graphene (PG) [22]. Lherbier et al
showed that the charge mobility and conductivity of graphene
changes when B/N impurity atom is added to its surface [23].
Recently, there are several experimental studies onAl, Ga and
Pd-doped graphene sheet-based gas sensor [24,25]. Interest-
ingly, the nanoparticles such asAl,Ga andPd incorporated the
significant changes in the sensitivity and selectivity towards
the gas molecules. The structure and physical properties of
CNSs make them potential candidates as sensors to detect
different types of gas molecules. Dai and co-workers were
the first to report the gas sensors based on CNTs to detect
gas molecules such as NO2 and NH3 [26]. Recently, Schedin
et al experimentally reported that graphene-based gas sen-
sors possess very high sensitivity such that the adsorption of
individual gas molecules could be detected [21]. CNSs can
absorb a number of species such as gas molecule, metal ions,
polymers, organic molecules and biomolecules such as pro-
teins, nucleobases and deoxyribonucleic acid (DNA) on their
surface and these adsorption properties provide opportunities
for potential industrial applications [27–30].

http://crossmark.crossref.org/dialog/?doi=10.1007/s12034-017-1478-x&domain=pdf
http://orcid.org/0000-0001-5867-1905
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Roman et al studied the adsorption of few amino acids
on a single-walled CNT by using the DFT method [31].
CNTs have also been found to be suitable candidates for
the negative electrode of the Li-ion batteries, where the Li
diffuse between the positive and negative in the ionic state
[32,33]. Thus, the fundamental understanding of the inter-
action of metals with CNTs in the ionic state is important.
It is also important to know the role of various factors
such as solvent and other chemical environments, which
influence such cation–π interaction [34–36]. Umadevi et
al have found that the charge transfer between graphane
and the molecules is an important factor in determining the
binding strength of the complex molecular systems [37].
Zhang et al studied that doped graphane strongly inter-
acts with CO, NO and NO2 while NH3 interacts weakly
[38]. Zou et al found that the SiG has higher chemical
reactions towards the gas molecules due to doping of sil-
icon atom and shows the higher adsorption energy with
CO, O2, NO2 and H2O [39]. In the current study, the Al-
doped graphene was theoretically investigated to improve
its gas sensing efficiency and selectivity towards the var-
ious gas molecules. The gas molecule CCl4, CH4, NH3,
CO2, CO, NO2, CCl2F2, SO2, CF4 and N2O, are all of great
practical interest for industrial, environmental and medical
applications. On the other hand, the effect of doping of
the graphene sheet on the binding strength has been esti-
mated. The charge transfer that occurred during the complex
formation has also been explored. The change in the high-
est occupied molecular orbital–lowest unoccupied molecular
orbital (HOMO–LUMO) energy gap of PG and Al-doped
graphene upon the binding of these gas molecules has also
been estimated.

2. Computational methods

The calculations of the interaction between PG, Al-doped
graphene and gas molecule is carried out using the density
functional theory. The geometrical calculations of all struc-
tures have been done by using one method B3LYP/6-31G*
[40,41]. Initially, the individual gas molecule is adsorbed
on the surface of PG and Al-doped graphene thereafter.
Geometry optimization calculationswere accomplished using
Gaussian09 suite program [42]. It is important to note that
complete geometrical configuration was tested but those
shown are the lowest energy species feasible for the inter-
action of the compounds. Single point energy has been done
at the M06/6-31++G** level to fine-tune the energy [43–46].
The adsorption energy (Ead) of the small gas molecule

(X = CCl4, CH4, NH3, CO2, N2, CO, NO2, CCl2F2, SO2,
CF4, H2) on the pure and Al-doped graphene is calculated by
the following equation (1).

Ead = Egraphene_X/graphene@Al_X

−(Egraphene/Al@graphene + EX) (1)

Here, Egraphene_X/graphene@Al_X represents the total energy of a
complex molecular system. Egraphene/graphene@Al and EX rep-
resent the total energies of the graphene and gas molecule,
respectively. The individual small gas molecule was placed
parallel to the surface of graphene and doped graphene at the
3 Å distance. The variation of the charge on gas molecules as
well as on pure and doped graphene when the individual gas
molecules are kept at the 3 Å distance from its surface was
calculated. The charge transfer has been considered as the
sum of all atoms in the pure and Al-doped graphene model
system. Positive charge transfer values indicate the transfer of
charge from graphene to themolecules, while negative charge
values indicate the transfer of charge from the molecules to
the pure and Al-doped graphene. The HOMO–LUMO energy
gap of pure andAl-doped graphene as well as their complexes
at M06/6-31++G** level of theory were also calculated. All
calculations were carried out using the Gaussian09 program
package.

3. Results and discussion

The optimized structure of pure and Al-doped graphene
and their complexes with small molecules are shown in
figures 1, 2 and 3. The initial configuration of all small gaseous
molecules were assigned so that these are oriented exactly
parallel to the pure and Al-doped graphene at 3 Å from its
surface. In this paper, pure and Al-doped graphene was con-
sidered to study the interaction of small gas molecules with
X–π non-covalent interaction towards carbon nanomaterials.
Tables 1 and 2 summarize our results on the adsorption energy,
equilibrium graphene–molecule distance (d, defined as the
distance of nearest atoms between graphene and molecule),
the charge transfer (Q, mulliken charge) and HOMO–LUMO
energy gap for the most stable configurations of pure and
Al-doped graphene adsorbed with various gas molecules in
our calculations as shown in figures 2, 3 and tables 1, 2.
Subsequently, we look at the binding of the pure and Al-
doped graphene with various gas molecules and the trend
in the charge transfer. The HOMO–LUMO energy gap of
pure and Al-doped graphene with adsorption of various gas
molecules were also investigated. When one impurity atom
as Al is substituted for one C atom in graphene sheet, the
optimized configuration of the graphene sheet is dramatically
distorted. The Al atom introduces the deformation of the six-
membered ring (6MR) near the doping site to relieve stress,
as a result the Al atom protrudes out of the graphene sheet.
The optimized carbon–dopant atom distance (Al–C) is 1.751
Å at B3YP/6-31G*, which is in agreement with the previous
study [47].

3.1 Adsorption energy and charge transfer

The small gas molecules form X–π type complex with the
pure and Al-doped graphene that are shown in figures 2
and 3. We observed the adsorption energy of small gas
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Figure 1. Top view of the optimized structure of pure and Al-doped graphene model system considered in this study.

Figure 2. Optimized geometries of pure graphene with small gas molecule adsorbed (a) CCl4, (b) CH4, (c) NH3,
(d) CO2, (e) N2, (f) CO, (g) NO2, (h) CCl2F2, (i) SO2, (j) CF4, (k) H2 and (l) N2O by M06/6-31++G** method.

molecule complexes with pure and Al-doped graphene when
the gas molecules are kept parallel to the graphene surface at
3 Å distance. Tables 1, 2 and figure 4 display the adsorp-
tion energy, charge transfer and molecule sheet distance of
the small gas molecule complexes with pure and Al-doped
graphene at M06/6-31++g** level of theory.
Interestingly, a different trend in the case of small gas

molecule interacting with pure and Al-doped graphene is

observed, the adsorption energy of small gas molecules
towards the Al-doped graphene is greater than PG. From table
2 and figure 2, the adsorption energy of all gas molecules is
higher for the Al-doped graphene than that of PG.
For CCl4 and CH4 adsorbed on PG, the most energetically

favourable configuration (Graphene_CCl4) is also identical.
The adsorption of CCl4 and CH4 on PG is non-covalent
interaction with the adsorption energy of −0.394 and
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Figure 3. Optimized geometries of aluminium-doped graphene (@Al shown as Al doping in pure graphene) adsorbed
with small gas molecules (a) CCl4, (b) CH4, (c) NH3, (d) CO2, (e) N2, (f) CO, (g) NO2, (h) CCl2F2, (i) SO2, (j) CF4,
(k) H2 and (l) N2O by M06/6-31++G** method.

Table 1. The adsorption energy (eV), molecule sheet distance (Å), charge transfer (a.u.) and HOMO–
LUMO energy gap (eV) at M06/6-31++G** level of theory.

Carbon
nanomaterial

Small gas
molecule

Adsorption
energy (eV)

Molecule sheet
distance (Å)

Charge on gas
molecule (a.u.)

HOMO–LUMO
gap (eV)

Graphene CCl4 −0.394 4.498 −0.0196 0.3339
CH4 −0.067 3.784 −0.0133 0.3336
NH3 −0.145 3.357 0.0334 0.3336
CO2 −0.122 3.626 0.0169 0.3336
N2 −0.083 3.828 0.014 0.3339
CO −0.110 3.732 0.0098 0.3336
NO2 −0.996 3.573 0.025 0.8727

CCl2F2 −0.119 3.355 0.0039 0.3336
SO2 −0.279 3.578 0.0254 0.3339
CF4 −0.150 3.404 0.0552 0.3336
H2 −0.013 4.946 0.0006 0.3339
N2O −0.123 3.634 0.0180 0.3340

−0.067 eV and the molecule sheet distance of 4.498 and
3.784 Å, respectively. The charge transfer from graphene to
CCl4 and CH4 molecule is−0.0196 and−0.0133 a.u., which

indicates that the PG acts as a donor, and the gas molecule
acts as an acceptor. Therefore, PG is less sensitive to the CCl4
than CH4 molecule. The most stable configuration of CCl4
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Table 2. The adsorption energy (eV), molecule sheet distance (Å), charge transfer (a.u.) and HOMO–
LUMO energy gap (eV) at M06/6-31++G** level of theory.

Carbon
nanomaterial

Small gas
molecule

Adsorption
energy (eV)

Molecule sheet
distance (Å)

Charge on gas
molecule (a.u.)

HOMO–LUMO
gap (eV)

Graphene@Al CCl4 −1.354 3.920 −0.007 0.661
CH4 −1.242 4.300 0.004 0.616
NH3 −2.948 2.053 0.493 1.080
CO2 −2.019 2.158 0.423 1.574
N2 −1.279 2.210 0.837 0.444
CO −1.255 2.344 0.276 0.494
NO2 −3.867 1.894 −0.065 0.330

CCl2F2 −1.361 3.956 0.020 0.579
SO2 −1.608 3.579 0.045 0.599
CF4 −1.354 3.920 0.138 0.662
H2 −1.637 6.306 0.001 1.512
N2O −1.409 2.163 0.518 0.453

and CH4 on graphene@Al is a configuration with the CCl4
and CH4 molecule parallel to the graphene sheet and Cl atom
of CCl4 and H atom of CH4 adsorbed on the top of Al atom,
which is shown in figure 3a and b, where the molecular sheet
distance is 3.920 and 4.300 Å, respectively. The calculated
Ead value is −1.354 and −1.242 eV, which indicates that the
graphene@Al has higher adsorption enegy than PGwithCCl4
and CH4.
The NH3 molecule shows different adsorption configu-

rations on pure and Al-doped graphene, showing a more
complicated adsorption mechanism than the other molecules.
On the PG, the configuration with the three hydrogen
atoms of NH3 pointing towards the graphene plane is the
favourable one (figure 3c), which gives an adsorption energy
and molecule distance of −0.145 eV and 3.357 Å, respec-
tively. This result is consistent with previous reports about
NH3 adsorbed on CNTs (−0.14 eV) and NH3 adsorbed
on graphene (0 ∼ −0.17 eV) [48,49], which indicates a
weak interaction between NH3 and the PG. On the Al-
doped graphene, NH3 is attached to the Al atom with the
N atom pointing at the sheet, which gives an adsorption
energy of −2.948 eV and an Al–N distance of 2.053 Å
(as shown in figure 3c and table 2). The charge transfer
from NH3 to graphene is 0.493 a.u., which indicates that
the graphene behaves as charge acceptor and NH3 molecule
as charge donor. The adsorption energy of NH3 on Al-
graphene (−2.948 eV) is much higher than that on the
PG, which attributes to the strong interaction between the
electron-deficient Al atom and the electron-donating N atom
of NH3. It is also investigated that the Al-doped graphene
undergoes an obvious distortion upon NH3 adsorption (fig-
ure 3c), indicating that the B site is transformed from sp2

to sp3 hybridization, which matched the previous study [35].
The molecular distance between Al and N is 2.053 Å. This
strong interaction is also evident in the electronic total charge
density on Al-doped graphene system, which shows large
electron density overlap.

The adsorption energy of this complex system is
–0.122 eV and molecule–sheet distance is 3.626 Å, which
are shown in table 1 and figure 2d. The low adsorption
energy and long molecule sheet distance indicate a weak
interaction. When the CO2 molecule is adsorbed on PG,
the calculated charge transfer of CO2 is 0.0169 a.u. In this
configuration, the CO2 molecule acts as a charge donor.
When the CO2 molecule is adsorbed on Al-doped graphene,
one oxygen atom of CO2 shows most stable configuration
towards the Al atom of graphene@Al sheet. In this config-
uration, the adsorption energy and molecule sheet distance
(O–Al) is −2.019 eV and 2.158 Å, respectively. This result
indicates that the interaction of CO2 with graphene@Al
is much stronger than that of PG due to large transfer of
charge. In this configuration, the charge transfer from CO2

to the graphene@Al is 0.423 a.u., which means that the
CO2 molecule acts as a charge donor and graphene@Al acts
as a charge acceptor.
In case of graphene_N2 configuration, the N–N axis gets

aligned parallel to the graphene plane along the axis of two
opposite C atoms of the 6MR, which was found to be themost
stable configuration. The adsorption energy and the molecule
sheet distance of this complex system is –0.083 eV and
3.828 Å, respectively as shown in figure 4a, c and table 1.
The charge transfer between N2 and graphene was calculated
fromMulliken population analysis, which is shown in table 1.
This result indicates that the interaction is weak in nature due
to very small adsorption energy and charge transfer. When
adsorbed on Al-doped graphene (graphene@Al), N2 adopts
perpendicular oreintation with Al atom of the graphene sheet.
In this configuration, the one N atom of N2 and Al atom of
graphene@Al is very close as shown in figure 3e. The adsorp-
tion energy and the molecule sheet distance is −1.279 eV
and 2.210 Å, respectively (as shown in figures 4a and c). The
charge transfer from N2 to graphene@Al is 0.837 a.u., which
indicates that N2 acts as a charge donor. In this configuration,
the adsorption energy of the complex system is higher than
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Figure 4. (a) The adsorption energy Ead, (b) charge transfer, (c) molecule sheet dis-
tance and (d)HOMO–LUMOenergygapof small gasmoleculeswith pure andAl-doped
graphene complexes at the M06/-31++G** level of theory. The red line with solid red
circles represents the variation for the aluminium-doped graphene whereas the black
line with black solid squares represent the variation for pure graphene. The HOMO–
LUMO gap for pure graphene is 0.33 eV and for Al-doped graphene is 0.22 eV without
any gas molecules.
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the graphene_N2 due to large transfer of charge, which are
responsible for strong interaction.
The most stable configuration of CO molecule is similar to

the CO2 and N2, which are aligned parallel to the PG plane
along the axis of two opposite C atoms of the 6MR in the com-
plexmolecular structure. The adsorption energy andmolecule
sheet distance is −0.110 eV and 3.732 Å, respectively (as
shown in table 1). When the CO molecule is adsorbed on
PG, the charge calculated on the C and O atoms of the CO
molecule are 0.100 and−0.090 a.u., respectively, while there
is no charge on the carbon atoms of the PG. Therefore, we can
say that a very small charge is transferred from CO to the PG.
The lowadsorption energy andvery small charge transfer indi-
cates weak physisorption.When the COmolecule is adsorbed
on Al-doped graphene, CO molecule adopts a tilted oreinta-
tion with respect to the plane of the Al-containig 6MR, with
the O atom close to graphene@Al. In this complex structure,
the adsorbed energy and molecule sheet distance are found
be −1.255 eV and 2.344 Å, respectively. The charge trans-
fer from CO molecule to graphene@Al is 0.275 a.u. In this
configuration, the adsorption energy of graphene@Al_CO is
higher than graphene_CO complex (as shown in table 2 and
figure 4a).
The adsorption energy and shortest distance from PG to the

nearest O atom of NO2 are −0.996 eV and 3.573 Å, respec-
tively, which indicates a weak interaction between the NO2

and PG. However, the adsorption energy of NO2 on PG can
remarkably change the electronic properties of PG and the
charge transferred from NO2 to PG is about 0.02504 a.u. It
is clear that PG behaves as charge acceptor. In other words,
PG is more sensitive to the NO2 molecule than any other gas
molecule. For NO2 adsorbed on AlG (Al-doped graphene),
the most stable configuration (Graphene@Al_NO2) is simi-
lar to that of graphene_NO2. However, the oxygen atom of
NO2 is bonded to the AlG as shown in figure 2g. The O–
Al bond length is 1.894 Å and the adsorption energy for
Graphene@Al_NO2 is −3.867 eV, which indicates that NO2

is chemisorbed on the graphene@Al. In this configuration,
the adsorption energy is greater than graphene_NO2 due to
large charge transferred from graphene@Al to NO2, about
−0.064582 a.u., which is shown in table 2 and figure 4b. It
is clear that the graphene@Al behave as charge donor while
interacting with the NO2.
For CCl2F2 adsorption on PG, the most energetically

favourable configuration is similar to the graphene_CCl4 and
graphene_CH4. In this configuration, the CCl2F2 is adsorbed
to PG with one F atom of CCl2F2 pointing downwards as
shown in figure 2h and table 1. The adsorption of CCl2F2
on PG shows interaction with the adsorption energy of
−0.119 eV with molecule sheet distance of 3.355 Å, indi-
cating the weak physisorption nature. The calculated charge
transfer from CCl2F2 is only 0.004 a.u. Therefore, the PG is
not senstive to the CCl2F2. When the CCl2F2 is adsorbed on
Al-doped graphene, both florine atoms of CCl2F2 get close to
the grapehe@Al. In this configuration, the adsorption energy,
molecule sheet distance and charge transfer is −1.361 eV,

3.956 Å and 0.02 a.u., respectively, which indicates that
interaction is weak in nature due to very small charge transfer
(as shown in figure 4b and table 2).

In the graphene_SO2 complex structure, the S atom of
SO2 is close to the C atom of PG. The adsorption energy
Ead and shortest distance from PG to the S atom of SO2

are −0.279 eV and 3.578 Å, respectively, suggesting a weak
interaction between the SO2 and PG (as shown in figure
4c, d and table 1). However, there is no change in the elec-
tronic properties of PG due to the low charge transfer, about
0.025 a.u. fromSO2 to thePG.Therefore, PG is not sensitive to
the SO2 molecule. As shown in figure 3i, the SO2 is adsorbed
on Al-doped graphene, the S atom of SO2 gets close to the
graphene@Al because the Al atom is negatively charged and
S atom is positively charged. The charge on Al, S, O(98) and
O(99) are −0.283, 0.796, −0.373 and −0.378 a.u., respec-
tively, indicating that Al atom repels both oxygen atoms but
attracts the S atom because S atom becomes more positively
charged. In this complex structure, the adsorption energy and
molecule sheet distance between S and Al is −1.608 eV and
3.579Å as shown in figure 3i and table 2. However, the charge
transfer is very low from SO2 to grahene@Al, which is about
0.045 a.u.
For CF4 adsorption on PG, the most energetically

favourable configuration is similar to the graphene_CCl4 and
graphene_CH4. In this configuration, the CF4 is adsorbed to
PG with one F atom of CF4 pointing downward as shown
in figure 2j and table 1. The adsorption of CF4 on PG is
the non-covalent interaction with the adsorption energy of
−0.150 eV and the molecule sheet distance of 3.404 Å, indi-
cating the weak physisorption. The calculated charge transfer
from CF4 is only 0.055 a.u. Therefore, PG is not senstive
to CF4. When CF4 is adsorbed on Al-doped graphene, one
florine atom of CF4 gets close to graphene@Al. In this con-
figuration, the adsorption energy, molecule sheet distance
and charge transfer is −1.354 eV, 3.404 Å and 0.135 a.u.,
respectively. Therefore, we can say that graphene@Al is
more sensitive than PG towards the CF4 molecule (figure 3j
and table 2). In this complex, graphene@Al acts as a charge
acceptor.
The H2 molecule was initially placed parallel to the

graphene. After full relaxation, a configuration with the
adsorbed H2 axis gets aligned almost parallel to the graphene
surface along the axis of two opposite C atoms of the 6MRand
was found to be themost stable one for the PG. The adsorption
energy of this system is −0.013 eV and the molecule sheet
distance is 3.946Åas shown infigure 3k and table 1,which are
suggesting weak interaction between H2 and graphene. The
charge transfer betweenH2 and graphene is 0.0007 a.u. In this
configuration, PG is not sensitive towards the H2 molecule.
When adsorbed on graphene@Al, H2 is oriented perpendicu-
lar to theAl-doped graphene plane, with oneH(97) atom close
to the graphene@Al. In this complex structure, the adsorp-
tion energy, molecule sheet distance and charge transfer are
−1.637 eV, 6.306 Å and 0.001 a.u., respectively. Interest-
ingly, the graphene@Al has more adsorption energy than PG.
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As shown in figure 2l, the most stable configuration of N2O
adsorbed on PG (graphene_N2O) is similar to graphene_CO2,
where the gasmolecule axis is aligned parallel to the graphene
plane along the axis of two opposite C atoms of the 6MR.
However, the N2O in graphene_N2O is located above the
centre of the 6MR. The calculated adsorption energy and
molecule sheet distance are 0.123 eV and 3.634 Å, respec-
tively. The low adsorption energy and long molecule sheet
distance are suggesting weak physisorption. However, it is
found that the interaction is significantly improved when a
C atom in the PG is replaced by an Al atom. Figure 3l
shows the most stable configuration of N2O adsorbed on
graphene@Al, where the oxygen atom of N2O is close to
the Al atom of graphene@Al. The adsorption energy Ead for
graphene@Al_N2O is –1.409 eV, which is clearly higher than
that for graphene_N2O. The interaction distance between the
N2O molecule and the graphene@Al decreases to 2.163 Å,
which indicates strong interaction. The charge transfer from
N2O to the graphene is 0.518 a.u. The large transferred charge
suggests that the local electronic properties of graphene@Al
is remarkably changed due to the adsorption of N2O on
graphene@Al.
The above mentioned results suggest that PG has weak

interaction towards all gas molecules. Introducing dopants
like Al atom into the graphene significantly increases the
molecule–graphene interaction. The order of adsorption
energy for small gasmolecule complexes isNO2>CCl4>SO2

>CF4 >NH3 >N2O>CO2 >CCl2F2 >CO>N2>CH4>H2

with PG and NO2>NH3>CO2>H2>SO2>N2O>CCl2F2>
CF4>CCl4>N2>CO>CH4 with Al-doped graphene. Inter-
estingly, our results predicted that Al-doped graphene are
more suitable for gas sensing applications, since they have
stronger interactions with all small gas molecules than PG.
The Al-doped graphene particularly shows the highest sensi-
tivity towards NO2, NH3 and CO2.

3.2 HOMO–LUMO energy gap

The primary requisite for a material to perform as a sensor
is to undergo a change in its physical property on interacting
with an analyte. Such changes can be monitored and recorded
to determine the presence of the analyte. The HOMO–LUMO
energy gap is defined as the difference between lowest unoc-
cupied molecular orbital and highest occupied molecular
orbital. It is the electronic property of any molecular sys-
tem, which is helpful to design new materials. In order to
notice such a depiction in the case of carbon materials, we
have calculated the HOMO–LUMO energy gap of the PG
and Al-doped graphene in the free state and in the small
gas molecule complexes. In general, in the case of X–π
complexes, the HOMO–LUMO energy gap of single-walled
carbon nanotube (SWCNT) varies with orientation of small
gas molecules on the PG and Al-doped graphene. It has
been shown that the energy gap of PG is not significant but
when the gas molecules is adsorbed on graphene@Al then
significant changes inHOMO–LUMOenergy gap is observed

(as shown in table 2). Therefore, we can say that the variation
in HOMO–LUMO energy gap of the graphene upon binding
with the various small gas molecules is significant.

4. Conclusion

The adsorption energy of various small gas molecules such
as CCl4, CH4, NH3, CO2, CO, NO2, CCl2F2, SO2, CF4 and
N2O with the pure and Al-doped graphene (graphene@Al)
has been comprehensively analysed.These calculations reveal
that the adsorption energy has preferences of small gas
molecules with the doping in graphene as well as molecule
sheet distance. It can be seen from the results that the adsorp-
tion energy of these gas molecules is higher for the Al-doped
graphene than for the PG. PG shows weak sensitivity to
all gas molecules. Compared with PG, graphene@Al has a
higher chemical reactivity towards all gas molecules due to
the doping of Al atom and shows higher adsorption energy
with NO2, NH3 and CO2. The strong interactions between
graphene@Al and the adsorbed molecules induce dramatic
changes in the electronic properties of graphene@Al and
make graphene@Al a promising candidate as gas sensing
materials for NO2, NH3 and CO2. The Mulliken charge
analysis reveals that the gas molecule acts as charge donor
and acceptor in different configurations towards the pure
and Al-doped graphene and influence the physical proper-
ties of carbon materials, which leads to the sensitivity. It
has also been found that HOMO–LUMO energy gap of the
CNT is always affected by the binding of the small gas
molecules. Significant changes occur in the HOMO–LUMO
energy gap on PG and graphene@Al on interacting with
gas molecules, which provides a handle to tune the elec-
tronic and conductivity properties of graphene through gas
molecule complexation. These studies can also be applied
to develop new carbon-based materials and sensing appli-
cations, focusing particularly on the binding mechanism of
various gas molecules with graphene. Developing chemical
and gas sensors based on carbonmaterials has become an area
of significant research interest since the physical and elec-
tronic properties of these materials are vulnerable to external
enviroment. It is to hope that our results would be helpful to
develop novel carbon material-based gas sensors.
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