
APPLICATION OF NANOMATERIALS IN 

SENSORS 

 

M.Sc. Thesis 

 

By 

JITHIN T S 

 

 

 

DISCIPLINE OF PHYSICS 

INDIAN INSTITUTE OF TECHNOLOGY INDORE 

JULY 2017 



APPLICATION OF NANOMATERIALS IN 

SENSORS 

 

A THESIS 

 

Submitted in partial fulfilment of the 

requirements for the award of the degree 

of 

Master of Science 

by 

JITHIN T S 

 

DISCIPLINE OF PHYSICS 

INDIAN INSTITUTE OF TECHNOLOGY INDORE 

July 2017 



                          INDIAN INSTITUTE OF TECHNOLOGY 

INDORE  

 

CANDIDATE’S DECLARATION 

I hereby certify that the work which is being presented in the thesis entitled APPLICATION 

OF NANOMATERIALS IN SENSORS in the partial fulfillment of the requirements for 

the award of the degree of MASTER OF SCIENCE and submitted in the DISCIPLINE 

OF PHYSICS Indian Institute of Technology Indore, is an authentic record of my own 

work carried out during the time period from July 2016 to June 2017  under the supervision 

of Dr. Sudeshna Chattopadhyay, Associate Professor, Discipline of Physics IIT INDORE. 

The matter presented in this thesis has not been submitted by me for the award of any other 

degree of this or any other institute. 

 

JITHIN T S 

-------------------------------------------------------------------------------------------------------- 

This is to certify that the above statement made by the candidate is correct to the best of 

my/our knowledge. 

 

Dr. Sudeshna Chattopadhyay 

-------------------------------------------------------------------------------------------------------- 

JITHIN T S has successfully given his/her M.Sc. Oral Examination held on 4th July 2017. 

 

Signature of Supervisor of MSc thesis                                      Convener, 

DPGC 

Date:                  Date:  

 

Signature of PSPC Member      Signature of PSPC Member  

Date:         Date: 

 

 



ACKNOWLEDGEMENTS 

I feel great respect and admiration for my advisor Associate Prof. Dr. Sudeshna 

Chattopadhyay. While she has always encouraged me to develop my positive qualities, she 

has also most patiently and kindly pointed out my inadequacies as a researcher and helped 

me overcome them. It has indeed been my pleasure and privilege to have worked with her. 

I would also like to thank her for the courses she has taught us. Her ideas and intuition have 

contributed a lot to this thesis. I hope I have learnt some of her ways of doing physics. 

I would like thank Dr. Chelvam Venkatesh, Assistant. Professor, Discipline of Chemistry, 

IIT Indore for providing small molecule ligands for my project work. 

I would also like to acknowledge IIT Indore for providing basic infrastructure and extending 

all the necessary facilities. I would also like to acknowledge Sophisticated Instrument Centre 

(SIC), IIT Indore for SEM studies. This work was partially supported by the Department of 

Science and Technology (DST), India, Project No. SB/S2/CMP-077/2013 and Council of 

Scientific and Industrial Research (CSIR), India, Project No. 03 (1310)/14/EMR-II. 

I am thankful to Dipayan Pal for his constant support and teachings throughout my project 

work. I am also thankful to my group members Akash, Ajaib, Dipayan and Rinki for their 

kind support and help. 

 

 

 

 

 

 

 



Abstract 

Metal nanoparticles are of strong interest for their unusual optical and electronic properties 

with potential for new and improved device applications. Specifically, the scattering enabled 

by Surface Plasmon Resonance on metal nanoparticles open up the potential for the 

implementation of very sensitive sensors. It has been demonstrated that Surface Plasmon 

resonance can be used for the detection of a single molecule. Gold (Au) nanoparticles (NPs) 

are free electron metals which shows strong resonance peak in the visible spectral region 

and their biocompatibility making them suitable for biosensors. Au NPs that are soluble in 

aqueous solution over a broad range of pH and ionic strength values and that are capable of 

selective uptake by folate receptor positive (FR+) cancer cells. The method of sensing relies 

on the change in the absorbance spectrum of a self-assembled monolayer of colloidal gold 

on glass, as a function of biomolecular binding to the surface of the immobilized colloids. 

In this work, Au NPs are conjugated with ligands DUPA and Pteroate, which have 

component functional groups compatible with disease cells (eg: prostate-specific membrane 

antigen, folate cells etc). The conjugated Au NPs are characterized using various 

spectroscopic techniques including UV-Visible, FTIR. The analysis of UV-Visible data is 

performed using classical electrodynamic theory (Mie theory). Theoretical calculation of 

various physical parameters such as dielectric function of the ligand and embedded medium, 

thickness of ligand layer over Au nanoparticle, size of the Au NPs,  are calculated from the 

theoretical analysis and by fitting the experimental data with the theoretical model. 

The dependence of the optical properties of spherical Au NPs on particle size and 

wavelength were analyzed theoretically using Mie scattering theory, where the complex 

refractive index of Au was corrected for the effect of a reduced mean free path of the 

conduction electrons in small particles. To compare these theoretical results to experimental 

data, gold nanoparticles of the size 5 nm and 100 nm were characterized with SEM and UV-

Vis spectroscopy. Excellent agreement is found between the theoretical model and 

experiment.  
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Chapter 1 

INTRODUCTION 

 

Nanoscience primarily deals with synthesis, characterization, exploration, 

and exploitation of nanostructured materials. These materials are 

characterized by at least one dimension in the nanometer range. A 

nanometer (nm) is one billionth of a meter, or 10−9m [1]. Nanomaterials 

have attracted lots of attention due to their tremendous potential in 

extensive fields, ranging from biology, physics, and chemistry to 

electronics, and also already proven their superior functionality to 

conventional materials [2–4]. The unique property of nanomaterials comes 

from their size, morphology, and structure, and frequently a ligand shell 

structure plays a key role in their distinct behavior and feature as it 

determines an interaction with environments [4–8]. They finds vast range 

of potential applications in the fields of sensors , nano-electronics, 

optoelectronics, energy conversion [4,9]. The development of 

nanotechnology in conjunction with biotechnology has significantly 

expanded the application domain of nanomaterials in various fields. For the 

last decades imperative utilization of nanomaterials has acquired paramount 

importance in the field of biosensor and this has led to the invention of 

precise and powerful analytical tools using biological sensing element as 

biosensor [10]. Noble metal nanoparticles, due to their prominent property 

of biocompatibility, are treated as a good candidate for the biosensor 

development. Gold nanoparticles (AuNPs) provide non-toxic carriers for 

drug and gene delivery applications [11]. With these systems, the Au core 

imparts stability to the assembly, while the monolayer allows tuning of 

surface properties such as charge and hydrophobicity. An additional 

attractive feature of Au NPs is their interaction with thiols, providing an 

effective and selective means of controlled intracellular release [12]. In 

another approach, optically responsive delivery systems can be designed by 

incorporation of Au nanospheres with small molecule ligands. In this 

chapter we emphasize on nanomaterials and  their structural  classification 
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[13], role of  AuNPs  in biosensors and scattering theories for spherical 

objects. 

1.1 Nanomaterials 

These are the materials characterized by at least one dimension in the 

nanometer range. A nanometer (nm) is one billionth of a meter, or 10−9m. 

One nanometer is approximately the length equivalent to 10 Hydrogen or 5 

Silicon atoms aligned in a line. On nanoscale, some physical and chemical 

material properties can differ significantly from those of the bulk structured 

materials of the same composition [3]; for example, the theoretical strength 

of nanomaterials can be reached or quantum effects may appear [14]; 

crystals in the nanometer scale have a low melting point (the difference can 

be as large as 1000°C) and reduced lattice constants, since the number of 

surface atoms or ions becomes a significant fraction of the total number of 

atoms or ions and the surface energy plays a significant role in the thermal 

stability. Therefore, many material properties must now be revisited in light 

of the fact that a considerable increase in surface-to-volume ratio is 

associated with the reduction in material size to the nanoscale, often having 

a prominent effect on material performance. Historically, fundamental 

material properties such as elastic modulus have been characterized in bulk 

specimens using macroscopic and more recently microscopic techniques. 

However, as nanofabrication advances continue, these bulk properties are 

no longer sufficient to predict performance when devices are fabricated 

with small critical dimensions. Promising applications of nanomaterial in 

medicine and/or biology have attracted a lot of attention and have become a 

fast-growing field. One of the attractive applications in nanomedicine is the 

creation of nanoscale devices for improved therapy and diagnostics [11]. 

Such nanoscale devices or nanorobots serve as vehicles for delivery of 

therapeutic agents, detectors or guardians against early disease and perhaps 

repair of metabolic or genetic defects. For applications in medicine, the 

major challenge is “miniaturization”: new instruments to analyze tissues 

literally down to the molecular level, sensors smaller than a cell allowing to 

look at ongoing functions, and small machines that literally circulate within 

a human body pursuing pathogens and neutralizing chemical toxins. 
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Researchers expect to develop new commercial applications for 

nanotechnology for the next several years. They include: advanced drug – 

delivering systems, including implantable devices that automatically 

administer drugs and sense drug levels; medical diagnostic tools, such as 

cancer – tagger mechanisms and “lab-on-a-chip” diagnostics for 

physicians; cooling chips or wafer to replace compressors in cars, 

refrigerators, air conditioners and other devices using no chemicals or 

moving parts; sensors for airborne chemicals or other toxins; solar fuel 

cells and portable power to provide inexpensive, clean energy; 

etc.[11,15,16]. 

1.2 Classification of nanostructured materials (NSMs) 

One of the basic results of the materials science is the insight that most 

properties of solids depend on the microstructure. A reduction in the spatial 

dimension, or confinement of particles or quasi-particles in a particular 

crystallographic direction within a structure generally leads to changes in 

physical properties of the system in that direction. Hence the classification 

of nanostructured materials and systems essentially depends on the number 

of dimensions which lie within the nanometer range [13]: 

1.2.1 Two-dimensional nanostructures (2D): 2D nanostructures (or 

quantum well) [13,17]  have two dimensions outside of the 

nanometric size range; e.g. filamentary structures where the 

length is substantially greater than the cross-sectional 

dimensions 2D nanostructures have been extensively studied by 

the semiconductor community because they can be conveniently 

prepared using techniques such as molecular beam epitaxy 

(MBE) [18]. 
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                       nz 

Figure 1 (a): Schematic representation of two dimensional nano structure. 

Along z direction dimension of the structure is reduced in nanoscale. 

 

1.2.2 One-dimensional nanostructures: Nanostructures – wires 

rods, tubes and belts – whose lateral dimensions fall anywhere 

in the range of 1-100 nm. It is generally accepted that one 

dimensional (1D) nanostructures provide a good system to 

investigate the dependence of electrical and thermal transport or 

mechanical properties on dimensionality and size reduction (or 

quantum confinement) [13,19].. 

 

 

Figure 1 (b): Schematic representation of one dimensional nano structure.  

Along z and x direction dimension of the structure is reduced in nanoscale. 

y  

y 

x 
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1.2.3 Zero-dimensional nanostructures : Zero dimensional (0D) 

structures are the systems confined in three dimensions, e.g. 

structures typically composed of consolidated equiaxed 

crystallites;  The most common representation of zero-

dimensional nanomaterial is nanoparticles or quantum dots and 

nanopores [20]. 

 

 

Figure 1 (c): Schematic representation of one dimensional nano structure. 

Along z, x and y direction dimension of the structure is reduced in 

nanoscale. 

1.3 Sensors 

In the broadest definition, a sensor is an object whose purpose is to 

detect events or changes in its environment, and then provide a 

corresponding output. Major part of a sensor is transducer whose purpose is 

to convert one form of signal to another easily accessible form. A simple 

sensor classification based on transducer action are: biosensor, physical 

sensor and chemical sensor [21,22]. A self-contained integrated device 

which is capable of providing specific quantitative or semi-quantitative 

analytical information using a biological recognition element which is in 

direct spatial contact with a transducer element is called  biosensor (e.g. 

glucose sensor) [9]. Physical sensor is a device detects physical stimulus 

(e.g.: light intensity, temperature etc.) and chemical sensor transforms 

chemical information, ranging from the concentration of a specific sample 

component to total composition analysis, into an analytically useful signal 

(e.g.: moisture sensor) [21] .Designing a good sensor depends on many 

factors which includes, sensitivity, range, stability, repeatability, linearity, 

error time and frequency response. 
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Figure 2: Components of biosensor 

1.3.1 Role of nanomaterials in biosensors 

The nanostructured materials (NSMs) employed in sensor 

development include nanowires, semiconductor particles, various allotropes 

of carbon and imprinted polymeric spheres [23]. Nanoparticles, in general, 

exhibit physical properties that not only differ from the parent bulk 

material, but also from other nanoparticles that are of different dimensions. 

This uniqueness offers more opportunity to fine-tune a sensor in order to 

discriminately detect one component of a complex mixture. Nanomaterials 

have shown tremendous potentials to impact the broad field of biological 

sensing. One of the main challenge in bio-sensor development is the 

efficient signal capture of bio-recognition event[24]. Nanomaterials are 

promising candidates in order to increase sensitivities and lower detection 

limit down to even an individual   molecule due to their ability to 

immobilize an enhanced quantity of bioreceptor units at reduced volume. 

Nanomaterials, with extremely small sizes and appropriate surface 

modifications, allow intimate interaction with target biomolecules. A 

variety of nanostructured materials with unique optical, electric, magnetic, 

electrochemical and thermal signatures have been used to detect molecular 

biomarkers with extreme high sensitivities [4,7,25]. 
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The sensing mechanism is based on converting target binding 

events into physical signals that can be amplified and detected. 

Nanomaterials have been widely used for in vitro detection of molecular 

biomarkers of many diseases (such as cancer, neurodegenerative diseases, 

and infectious diseases, among others) released into patient’s body fluids 

during disease progression. Biomarkers are molecules that increase in 

concentration during the onset of cancer, and they can be measured in 

serum and tissue for early cancer detection [11]. Accurate, sensitive 

measurement of proteins is of general importance to a broad range of 

applications in addition to cancer detection and monitoring, including 

systems biology, medical diagnostics for other diseases, proteomics, and 

drug development. Measurement of collections of protein cancer 

biomarkers is the most promising for reliable early cancer detection.  For 

example, detecting 5 or more biomarkers for a given cancer by liquid 

chromatography-mass spectrometry (LC-MS) has provided nearly 100% 

reliable diagnostics [26]. In contrast, single biomarkers often have low 

positive predictive value. 

1.4 Gold nanomaterials 

Au  based structures such as NPs have widely been used as building blocks 

for sensing devices in chemistry and biochemistry fields because of their 

unusual optical, electrical and mechanical properties [27]. Au NPs, with 

diameter between 1 nm and 100 nm, have been extensively used in 

chemical and biological sensors because of their excellent physical and 

chemical properties. When illuminated with electromagnetic waves, Au 

NPs exhibit  a characteristic  phenomenon which is known as surface 

plasmon resonance (SPR) and it depends greatly on particle size and shape 

[22]. The SPR peak is tunable by manipulating the size of Au NPs, and this 

property cannot be observed on bulk Au and Au NPs with a diameter 

smaller than 2 nm. The SPR peak is not only sensitive to size and the 

shape, but also many factors such as protective ligand, refractive index of 

solvent, inter particle distance and temperature [28]. Therefore, the red-

shifting and the broadening of the peak are observed when Au NPs are 

aggregated due to analyte binding. Aptamers are single-stranded DNA or 
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RNA molecules that can bind target molecules with high affinity and 

specificity [29]. The conformation of an aptamer usually changes upon 

binding to its target analyte, and this property has been used in a wide 

variety of sensing applications, including detection based on fluorescence 

intensity, polarization, energy transfer, electrochemistry or color change. 

Researchers have described a protocol for the preparation of aptamer-linked 

Au NPs purple aggregates that undergo fast disassembly into red dispersed 

nanoparticles upon binding of target analytes. This method has proved to be 

generally applicable for colorimetric sensing of a broad range of analytes. 

Apart from absorption and scattering properties, Au NPs also display 

fluorescence properties which could be utilized in sensor fabrication. 

Photoluminescence can be generated from GNPs under certain conditions, 

such as laser and ultraviolet (UV) excitation [30]. Au NPs can enhance or 

quench the fluorescence of fluorophore depending on the distance between 

the fluorophore and the particle [31]. In addition to all these, Au NPs 

features include bio-compatibility, good optical and electronic properties, 

relatively simple production and modification [4,12]. 

1.5 Plasmons 

The electronic and optical properties of NPs are determined by both their 

size and shape. Metal NPs have mainly been studied because of their 

unique optical properties. Nanoparticle colloidal solutions of noble metals, 

copper, silver, and Au show very intense color, which is absent in the bulk 

material as well as for the individual atoms. Their origin is attributed to the 

collective oscillation of the free conduction electrons induced by an 

interacting electromagnetic field [32]. These resonances are also denoted as 

surface plasmons. Mie was the first to describe them quantitatively by 

solving Maxwell’s equations with the appropriate boundary conditions for 

spherical particles [33]. The total extinction cross section composed of 

absorption and scattering is given as a summation over all electric and 

magnetic multipole oscillations. The Mie theory has the advantage of being 

conceptually simple and has found wide applicability in explaining 

experimental results [33]. One of the most simple but nevertheless very 

utile models to describe the response of a metallic particle exposed to an 
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electromagnetic field was proposed by Paul Drude  at the beginning of the 

20th century and further extended by Hendrik Lorentz five years later [22]. 

Drude assumed a microscopic description of the electron dynamics in a 

metal in classical terms, and obtained the equation of motion of a damped 

oscillator where the electrons are moving between heavier, relatively 

immobile background ions: 

Drude-Sommerfeild model  of a free electron gas [34] 

𝑚𝑒

𝜕2𝑟

𝜕𝑡2
+ 𝑚𝑒𝛾𝑑

𝜕𝑟

𝜕𝑡
= 𝑒𝐸0𝑒−𝑖𝜔𝑡 

where 𝛾𝑑 describes a phenomenological damping term, 𝑚𝑒 the effective 

free electron mass, e the free electron charge and ω and 𝐸0 are the 

frequency and amplitude of the applied electric field respectively. Solving 

above equation which directly leads to the dielectric function of Drude 

form 

         ∈ (𝜔) =∈∞−
𝜔𝑝

2

(𝜔2+𝑖𝛾𝑑𝜔)
   where  𝜔𝑝

2= 
4𝜋𝑁𝑒2

𝑚0
 

Here 𝜔𝑝 is the volume or bulk plasma frequency (electron density, 𝑛𝑒 = 

3/(4π𝑟𝑠
3), 𝑟𝑠 is the electron gas parameter and takes the value 0.16 nm for 

Au and silver  and ∈∞ describes the ionic background in the metal[4]. If we 

neglect γd and ∈∞ for the moment, the Drude dielectric function simplifies 

to  ∈ (𝜔) = 1 − 𝜔𝑝
2 /𝜔2 and we can distinguish two frequency regions: If ω 

is larger than 𝜔𝑝,  ∈ (𝜔) is positive and the corresponding refractive index 

n = √∈ (𝜔) is a real quantity. But if ω is smaller than 𝜔𝑝,  ∈ (𝜔) becomes 

negative and n is imaginary. An imaginary refractive index implies that an 

electromagnetic wave cannot propagate inside the medium. 

1.6  Mie scattering and Rayleigh scattering 

The Mie theory and Rayleigh approximation are two basic methods 

to study the electromagnetic (EM) scattering of uncharged spherical 

particle, and when the particle radius is much smaller than the incident 

wavelength, they are equivalent, but whether the Rayleigh approximation is 

still equivalent to Mie theory when we use them to calculate the EM 
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scattering of small charged particle, there is still no any report published to 

discuss this problem [35]. 

Formal light scattering theory may be categorized in terms of two 

theoretical frameworks. One is the theory of Rayleigh scattering that is, 

strictly speaking as originally formulated, applicable to small, dielectric 

(non-absorbing), spherical particles [35,36]. Another theory is the Mie 

scattering [37] that encompasses the general spherical scattering solution 

(absorbing or non-absorbing) without a particular bound on particle size. 

Accordingly, Mie scattering theory has no size limitations and converges to 

the limit of geometric optics for large particles. Mie theory, therefore, may 

be used for describing most spherical particle scattering systems, including 

Rayleigh scattering. However, Rayleigh scattering theory is generally 

preferred if applicable, due to the complexity of the Mie scattering 

formulation. The criteria for Rayleigh scattering is that 𝑥 << 1 and |𝑚| 𝑥 ≪

1 , where 𝑥 is the dimensionless size parameter given by the expression 

[35] 

𝑥 =  
2 𝜋 𝑟

𝜆
 , where 𝑥 is the spherical particle radius, and  is the scattering 

wavelength and m is the complex refractive index of the scattering particle 

commonly represented as 

m = n – ik. In this notation, n indicates the refraction of light (i.e. n equals 

the speed of light in vacuum divided by the speed of light in the material), 

while the complex term is related to absorption. The magnitude of the 

refractive index m, as needed for the Rayleigh criteria, is given by the 

expression |𝑚| = ( 𝑛2 +  𝑘2)1/2 

When the particle is charged, the values from Rayleigh approximation are 

much larger than the ones from Mie theory, and with the inclination angle 

increasing, the value from Rayleigh approximation keeps a constant 

[35,36], but for Mie theory it has a step change, for example, the scattering 

intensity in particle charged zone is much smaller than the one when 

particle uncharged, but for the zone where no charge distributed, the 

scattering intensity equal to the value when particle entirely uncharged. So, 

the Rayleigh approximation and the Mie theory are not still equivalent 

when used them to calculate the scattering field of charged spherical 
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particle. That’s because Rayleigh method is an electrostatic approximation, 

which just consider the modification of the dipole polar moment in particle 

interior, but ignored the effect of incident electromagnetic wave on the 

movement of net electron which distribute on the particle surface. 

However, the Mie method which based on Helmholtz equation hasn’t this 

shortage, so the Rayleigh approximation and the Mie theory are not still 

equivalent in this condition.  
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Chapter 2 

Theoretical background 

2.1 Formulation of theoretical model using Mie theory for 

Homogeneous sphere 

An electromagnetic field incident on an object will be scattered in 

all directions. Hence, incident and scattered fields have different properties, 

which depend on the physical (optical properties) and geometrical (size and 

shape) characteristics of the target and its surroundings [33,38]. Mie theory 

presents the solution for the electromagnetic scattering by a sphere of 

radius, R embedded in a homogeneous and isotropic medium illuminated 

by a plane wave. 

Mie theory of light scattering by a homogeneous sphere is used for many 

problems of nanomaterials, atmospheric, optic and also in other fields in 

physics. The application of Mie theory still needs modern computers for 

numeric calculations of many functions and coefficients involved [31]. 

The two independent variables in Mie theory are the 

(1) size parameter 𝑥 =  
2 𝜋 𝑟

𝜆
  where 𝑟 is the radius of scattering sphere, 

𝜆 wavelength of incident plane wave. 

(2) Complex refractive index of sphere relative to surrounding medium. 

The key parameters for Mie calculations are the Mie Coefficients 𝑎𝑛 and 

𝑏𝑛 to compute the amplitudes of the scattered field. The coefficients are 

determined by the boundary conditions of the fields at the sphere surface 

[33]. 

The Mie total extinction efficiency 𝑄ext  for a homogeneous sphere is 

expressed as infinite series: 

𝑄ext =
2 π

x2
∑(2 n + 1) Re (an

2 + bn
2)                       (1) 

Where 𝑎𝑛 and 𝑏𝑛 are expressed as 

𝑎𝑛 =  
𝛹𝑛(∝)𝛹𝑛

|(𝑥) − 𝑚𝛹𝑛(𝑚𝑥)𝛹𝑛
|(𝑥)

𝜉(𝑥)𝛹𝑛
|(𝑚𝑥) − 𝑚𝛹𝑛(𝑚𝑥)𝜉𝑛

|
(𝑥)

                              (2) 
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𝑏𝑛 =  
𝑚𝛹𝑛(𝑥)𝛹𝑛

|(𝑥) − 𝛹𝑛(𝑚𝑥)𝛹𝑛
|(𝑥)

𝜉(𝑥)𝛹𝑛(𝑚𝑥) − 𝑚𝛹𝑛(𝑚𝑥)𝜉𝑛(𝑥)
                              (3) 

where m is the ratio of refractive index of the sphere n to that of the 

surrounding medium 𝑛𝑚, x is the size parameter given as 2𝜋𝑛𝑚R/𝜆, 𝛹𝑛 and 

𝜉 are the Riccati-Bessel functions, and the prime represents first 

differentiation with respect to the argument in parentheses. The Index n 

runs from 1 to ∞, but the infinite series occurring in Mie formulas can be 

truncated at a maximum, 𝑛𝑚𝑎𝑥 

𝑛𝑚𝑎𝑥 = 𝑥 + 4 𝑥
1

3 + 2                                    (4) 

 

Below characteristic sizes (2 R <<  𝜆 ) the electrodynamic effect of the 

local field enhancement, described by Mie theory, become independent of 

radius of homogeneous sphere. In this case retardation effects that lead 

radiative plasmon damping disappear and the extinction cross section is 

given by dipole absorption, only 

 𝑄𝑒𝑥𝑡 =
9∈𝑚

3
2 𝑉0𝜔

𝑐

∈2

[∈1+2∈𝑚]2+∈2
2                                              (5) 

𝑉0 is the spherical particle volume and ∈𝑚 and ∈ (𝜔 ) = ∈1 (𝜔 ) + ∈2 (𝜔 ) 

denote the dielectric functions of the surrounding medium and particle 

material respective.The cluster properties are thus attributed to the material 

properties of the bulk material. This cross section has a narrow resonance 

whose position 𝜆 1 and the shape is governed merely by the dielectric 

function and the dipole resonance frequency is determined by the condition 

  ∈𝟏 (𝜔) =  −2 . ∈𝒎     (𝑖𝑓 ∈2 𝑖𝑠 𝑠𝑚𝑎𝑙𝑙)                                            (6) 

2.2 Mie theory for Core – shell spherical nanoparticle particle 

Efficiency equation (1) remains same for core-shell nanoparticles but their 

Mie coefficients 𝑎𝑛 and 𝑏𝑛 gets modified and are given by [39] 

𝑏𝑛 =  
 𝛹𝑛(𝑦)[𝛹𝑛

| (𝑛2𝑦)− 𝐴𝑛 𝜒𝑛
|

 (𝑛2𝑦)]− 𝑛2𝛹𝑛
| (𝑦)[𝛹𝑛(𝑛2𝑦)− 𝐴𝑛𝜒𝑛(𝑛2𝑦)] 

𝜉𝑛(𝑦) [𝛹𝑛
| (𝑛2𝑦)− 𝑛𝜒𝑛

| (𝑛2𝑦)]−𝜉𝑛
|

(𝑦)[𝛹𝑛(𝑛2𝑦)− 𝐴𝑛𝜒𝑛(𝑛2𝑦)]
                           (7) 

 

𝑏𝑛 =  
𝑛2 𝛹𝑛(𝑦)[𝛹𝑛

| (𝑛2𝑦)− 𝐵𝑛 𝜒𝑛
|

 (𝑛2𝑦)]− 𝛹𝑛
| (𝑦)[𝛹𝑛(𝑛2𝑦)− 𝐵𝑛𝜒𝑛(𝑛2𝑦)] 

𝑛2𝜉𝑛(𝑦) [𝛹𝑛
| (𝑛2𝑦)−𝐴𝑛𝜒𝑛

| (𝑛2𝑦)]−𝜉𝑛
|

(𝑦)[𝛹𝑛(𝑛2𝑦)− 𝐵𝑛𝜒𝑛(𝑛2𝑦)]
                           (8) 

Where 𝐴𝑛 and 𝐵𝑛 are given by 
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𝐴𝑛 =  
𝑛2𝛹𝑛(𝑛2𝑥)𝛹𝑛

| (𝑛1𝑥)−𝑛1𝛹𝑛
| (𝑛2𝑥)𝛹𝑛(𝑛1𝑥)

𝑛2𝜒𝑛(𝑛2𝑥)𝛹𝑛
| (𝑛1𝑥)− 𝑛1 𝜒𝑛

|
 (𝑛2𝑥)𝛹𝑛(𝑛1𝑥)

                                         (9.1) 

𝐵𝑛 =  
𝑛2𝛹𝑛(𝑛1𝑥)𝛹𝑛

| (𝑛2𝑥)−𝑛1𝛹𝑛
| (𝑛2𝑥)𝛹𝑛(𝑛1𝑥)

𝑛2𝜒𝑛
|

 (𝑛2𝑥)𝛹𝑛(𝑛1𝑥)− 𝑛1 𝜒𝑛(𝑛2𝑥)𝛹𝑛
| (𝑛1𝑥)

                                                 (9.2) 

 

In these expressions, 𝑛1 and 𝑛2 are the refractive indices of the core 

and shell relative to the surrounding medium, 𝑥 = 𝑘 𝑟1  and y = k. 𝑟2 are 

the size parameter of core and shell nanoparticle respectively. 𝑟1 𝑟2 are the 

radius of core and shell, respectively and 𝛹, 𝜉 and 𝛹|, 𝜉| are Riccati–Bessel 

functions and their derivatives [33]. 

The extinction cross section (𝑄𝑒𝑥𝑡) of a small concentric sphere that is 

below characteristic size is given by, 

𝑄𝑒𝑥𝑡 = 4 . 𝑥 𝐼𝑚 {
(∈𝑠ℎ𝑒𝑙𝑙−∈𝑚)(∈𝑐𝑜𝑟𝑒−2∈𝑠ℎ𝑒𝑙𝑙)+(1−𝑔)(∈𝑐𝑜𝑟𝑒−∈𝑠ℎ𝑒𝑙𝑙)(∈𝑚+2∈𝑠ℎ𝑒𝑙𝑙)

(∈𝑠ℎ𝑒𝑙𝑙+2∈𝑚)(∈𝑐𝑜𝑟𝑒+∈𝑠ℎ𝑒𝑙𝑙)+(1−𝑔)(2∈𝑠ℎ𝑒𝑙𝑙−∈𝑚)(∈𝑐𝑜𝑟𝑒−∈𝑠ℎ𝑒𝑙𝑙
}               (10) 

Where ∈𝑐𝑜𝑟𝑒 (𝑜𝑟 ∈𝑐) is the complex dielectric function of the core 

material, ∈𝑠ℎ𝑒𝑙𝑙 (𝑜𝑟 ∈𝑠)  is that of shell, ∈𝑚 is the dielectric function of 

surrounding medium, g is the volume fraction of the shell layer and x is the 

size parameter [33,40]. 

𝑔 =
[(𝑅𝑐𝑜𝑟𝑒+𝑅𝑠ℎ𝑒𝑙𝑙)3−𝑅𝑐𝑜𝑟𝑒

3 )]

(𝑅𝑐𝑜𝑟𝑒+𝑅𝑠ℎ𝑒𝑙𝑙)3                                                                    (11) 

𝑥 =
2𝜋𝑅∈𝑚

1/2
 

𝜆
 . R, 𝜆  are radius of sphere and wavelength respectively. 

 

Extinction coefficient (EC) of the metal particle is given by 

EC = 
𝑄𝑒𝑥𝑡 𝑉𝐹

(2.303𝑅)
  where 𝑉𝐹 is the Fermi velocity. According to Drude free-

electron model, the complex dielectric function ∈ (𝜔) of core is, 

∈𝑐𝑜𝑟𝑒 (𝜔) =∈∞−
𝜔𝑝

2

𝜔(𝜔+
𝑖

𝜏
)
 ,  𝜔𝑝: bulk metal optical plasmon resonance 

frequency and 𝜔𝑝
2= 

4𝜋𝑁𝑒2

𝑚0
,   ∈∞: dielectric constant of bulk metal. 

In the case of many metals, the region of absorption up to the bulk plasma 

frequency (in the UV) is dominated by the free electron behavior, and the 

dielectric response is well described by the simple Drude model. According 

to this theory, the real and imaginary parts of the dielectric function may be 

written as 



15 
 

∈1=∈∞−
𝜆2

𝜆𝑝
2    , ∈2=  

𝜆3

𝜆𝑝
2  𝜏∗ ,  𝜏∗ = 2𝜋𝑐𝜏 , 𝜏:  relaxation time. 

Therefore, 

∈𝑐𝑜𝑟𝑒 (𝜔) =∈∞−
𝜆2

𝜆𝑝
2+i 

𝜆3

𝜆𝑝
2  𝜏∗                                       (12) 

                                                = ∈1+i∈2 

equation (12) in (11) gives 

∴ 𝑄𝑒𝑥𝑡 =  4. 𝑥. 𝐼𝑚 (
𝑁1+𝑁2

𝐷1+𝐷2
)                                           (13) 

Where, 

𝑁1 = (∈𝑠−∈𝑚)(∈1+ 𝑖 ∈2− 2 ∈𝑠) 

𝑁2 = +(1 − 𝑔)(∈1+ 𝑖 ∈2−∈𝑠ℎ𝑒𝑙𝑙)(∈𝑚+ 2 ∈𝑠ℎ𝑒𝑙𝑙) 

𝐷1 = (∈𝑠+ 2 ∈𝑚)(∈1+ 𝑖 ∈2+∈𝑠) 

𝐷2 = (1 − 𝑔)(2 ∈𝑠−∈𝑚)(∈1+ 𝑖 ∈2−∈𝑠) 

Simplifying equation (13), 

⇒ 𝑄𝑒𝑥𝑡 =  4. 𝑥. 𝐼𝑚 (
𝑁3 + 𝑁4

𝐷3 + 𝐷4
) 

Where, 

𝑁3 = (∈𝑠−∈𝑚)(∈1+ 2 ∈𝑠) + (1 − 𝑔)(∈1−∈𝑠)(∈𝑚+ 2 ∈𝑠) 

𝑁4 = (∈𝑠−∈𝑚) ∈2 𝑖 + (1 − 𝑔)(∈𝑚+ 2 ∈𝑠) ∈2 𝑖 

𝐷3 = (∈𝑠+ 2 ∈𝑚)(∈1+ 2 ∈𝑠) + (1 − 𝑔)(2 ∈𝑠− 2 ∈𝑚)(∈1−∈𝑠) 

𝐷4 =∈2 𝑖[(∈𝑠+ 2 ∈𝑚) + (1 − 𝑔)(2 ∈𝑠− 2 ∈𝑚) 

On rearranging, 

⇒ 𝑄𝑒𝑥𝑡 = 4. 𝑥. 𝐼𝑚 (
(𝑁5+𝑁6)(𝑁7−𝑁8)

(𝐷5+𝐷6)(𝐷7−𝐷7)
)                                                          (14) 

Where, 

𝑁5 = (∈𝑠−∈𝑚)(∈1+ 2 ∈𝑠) + (1 − 𝑔)(∈1−∈𝑠)(∈𝑚+ 2 ∈𝑠) 

𝑁6 = (∈𝑠−∈𝑚) ∈2 𝑖 + (1 − 𝑔)(∈𝑚+ 2 ∈𝑠) ∈2 𝑖 

𝑁7 = (∈𝑠+ 2 ∈𝑚)(∈1+ 2 ∈𝑠) + (1 − 𝑔)(2 ∈𝑠− 2 ∈𝑚)(∈1−∈𝑠) 

𝑁8 =∈2 𝑖[(∈𝑠+ 2 ∈𝑚) + (1 − 𝑔)(2 ∈𝑠− 2 ∈𝑚)] 

𝐷5 = (∈𝑠+ 2 ∈𝑚)(∈1+ 2 ∈𝑠) + (1 − 𝑔)(2 ∈𝑠− 2 ∈𝑚)(∈1−∈𝑠) 

𝐷6 =∈2 𝑖[(∈𝑠+ 2 ∈𝑚) + (1 − 𝑔)(2 ∈𝑠− 2 ∈𝑚)] 

𝐷7 = (∈𝑠+ 2 ∈𝑚)(∈1+ 2 ∈𝑠) + (1 − 𝑔)(2 ∈𝑠− 2 ∈𝑚)(∈1−∈𝑠) 

𝐷8 =∈2 𝑖[(∈𝑠+ 2 ∈𝑚) + (1 − 𝑔)(2 ∈𝑠− 2 ∈𝑚)] 

Substituting for ∈1=∈∞−
𝜆2

𝜆𝑝
2    and  ∈2=  

𝜆3

𝜆𝑝
2  𝜏∗ in equation (14) 
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⇒ 𝑄𝑒𝑥𝑡=4𝑥
𝜆3

𝜆𝑝
2  𝜏∗ (

𝑉1−𝑉2

𝑉3+(
𝜆3

𝜆𝑝
2  𝜏∗)2𝑉4

)                                  (15) 

Where, 

V1=[(∈𝑠−∈𝑚) + (1 − 𝑔)(∈𝑚+ 2 ∈𝑠)] [(∈𝑠+ 2 ∈𝑚) (∈∞−
𝜆2

𝜆𝑝
2) + (1 − 𝑔)(2 ∈𝑠−

2 ∈𝑚) (∈∞−
𝜆2

𝜆𝑝
2 −∈𝑠)] 

V2 = [(∈𝑠+ 2 ∈𝑚) + (1 − 𝑔)(2 ∈𝑠− 2 ∈𝑚)][(∈𝑠+ 2 ∈𝑚)] 

V3 =[(∈𝑠+ 2 ∈𝑚)(∈∞−
𝜆2

𝜆𝑝
2+2∈𝑠) + (1 − 𝑔)(2 ∈𝑠− 2 ∈𝑚)(∈∞−

𝜆2

𝜆𝑝
2 −∈𝑠)]2 

V4 = [(∈𝑠+ 2 ∈𝑚) + (1 − 𝑔)(2 ∈𝑠-2∈𝑚)]2 

∴ expression for extinction coefficient becomes 

EC = 
 𝑉𝐹

(2.303𝑅)
 × 4

2𝜋𝑅∈𝑚
1/2

 

𝜆

𝜆3

𝜆𝑝
2 𝜏∗ (

𝑉1−𝑉2

𝑉3+(
𝜆3

𝜆𝑝
2  𝜏∗)2𝑉4

) 

or    EC= 10.92 
𝑉𝐹 ∈𝑚

1/2
 

𝜆

𝜆3

𝜆𝑝
2 𝜏∗ (

𝑉1−𝑉2

𝑉3+(
𝜆3

𝜆𝑝
2  𝜏∗)2𝑉4

)                                         (16) 

In order to include both the peaks (bare Au and thiolate), above equation is 

modified as, 

EC= 10.92 
∈𝑚

1/2
 

𝜆

𝜆3

𝜆𝑝
2  𝜏∗ (

𝑉1−𝑉2

𝑉3+(
𝜆3

𝜆𝑝
2  𝜏∗)2𝑉4

) + A 
𝑤

((𝑥−𝑥𝑐)2+(
𝑤

2
)2)

                     (17) 

The monolayer of the shell coating of the Au core modifies the condition 

for plasmon oscillations. Surface plasmon modes occur in the composite 

particle when the denominator in equation (16) 

is zero, i.e., when 

∈𝑐= −2. ∈𝑠

(∈𝑠. 𝑔 +∈𝑚 (3 − 𝑔))

∈𝑠 (3 − 2. 𝑔) + 2. ∈𝑚. 𝑔)
 

For monolayer shells that are thin relative to the core, g ≪ 1, the condition 

for resonance becomes 

∈𝑐= −2. ∈𝑚− 2. 𝑔
(∈𝑠−∈𝑚)

3
 

which reduces to the usual resonance condition for uncoated 

spheres as g→zero: 

              ∈1 (𝜔) =  −2 ∈𝑚 
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2.3  Size dependence of optical material function 

Mie theory for metal clusters shows cluster-size effects in the optical 

spectra. This leads to theoretical models for the size dependencies of the 

dielectric functions and the definition of a relevant parameter which can be 

compared to experiment. Within the Drude-Lorentz-Summerfield free-

electron model [4,41] 

∈ (𝜔) =  ∈∞−
∈𝑝

2

𝜔2 + 𝑖𝜔𝛾
 

 

Where the plasma frequency 𝜔𝑝 =
𝑛 𝑒2

𝜖0 𝑚𝑒𝑓𝑓
 depends on the electron density 

n and on the proper electron effective mass 𝑚𝑒𝑓𝑓. Using the expression for 

∈ (𝜔) in equation (𝑄𝑒𝑥𝑡for bare) and putting value of g = 0, and rewriting 

equation (17) in terms of a simple Lorentzian, the full width at half maxima 

being given by phenomenological damping constant 𝛾. 

𝑄𝑒𝑥𝑡 =  𝐶0
𝛾

(𝜔−𝜔1)2+(
𝛾

2
)2

                                (18) 

In classical theory of free electron metals, the damping is due to the 

scattering of the electrons with phonons, electrons, lattice defects, or 

impurities. Mean free path (MFP) in Au is about 45 nm with an electron 

phonon collision time of 35 fs. For very small particles these interactions 

(collisions) of the conduction electrons with the particle surface dominate 

and this results in a reduced effective MFP. According to this model, the 

damping constant 𝛾 then depends on the particle radius R: 

𝛾(𝑅) =  𝛾𝑏𝑢𝑙𝑘 +
𝐴𝑉𝐹

𝑅
                                 (19) 

where A includes details of the scattering processes. 

The approximation can be viewed in another form, 

𝑘 . 𝑎 ≪  1                                             (20) 

𝑘 = 2 𝜋/𝜆 is the wave vector. For the Au NP, the equation (20) ideally 

holds good for particle size less than 25 nm [30] 
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Chapter 3 

       EXPERIMETAL TECHNIQUES 

3.1 Fourier Transform IR Spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) is a vibrational 

spectroscopic technique [42], meaning it takes advantage of asymmetric 

molecular stretching, vibration, and rotation of chemical bonds as they are 

exposed to designated wavelengths of light. Fourier transform is to 

transform the signal from the time domain to its representation in the 

frequency domain. In Infrared spectroscopy, IR radiation is passed through 

a sample. Some of the infrared radiation is absorbed by the sample and 

some of it is passed through (transmitted). The resulting spectrum 

represents the molecular absorption and transmission, creating a molecular 

fingerprint of the sample. Like no two unique molecular structures produce 

the same infrared spectrum. This makes infrared spectroscopy useful for 

several types of analysis [42,43]. FTIR is a method for measuring all of the 

infrared frequencies simultaneously, rather than individually, was needed. 

A solution was developed which employed a very simple optical device 

called an interferometer. The interferometer produces a unique type of 

signal which has all of the infrared frequencies “encoded” into it. The 

signal can be measured very quickly, usually on the order of one second or 

so. Thus, the time element per sample is reduced to a matter of a few 

seconds rather than several minutes.  FTIR can provide the following 

information [42]: 

• It can identify unknown materials 

• It can determine the quality or consistency of a sample 

• It can determine the number of components in a mixture 
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Figure 3: Schematic representation of FTIR measurement. 

In this work, FTIR spectra of Au NPs conjugated with small ligands in the 

range of 500–4000 cm−1 were recorded using Fourier Transform Infrared 

Spectrometer (FTIR), Tensor 27, BRUKER. FT-IR spectroscopy provides 

information about the components (functional group) of the conjugated 

system. 

3.2 UV-Visible spectroscopy 

Molecular spectroscopy that involves study of the interaction of Ultra violet 

(UV)-Visible radiation with molecules is called UV-Vis spectroscopy [45]. 

The visible and ultra violet spectra of ions and molecules are associated 

only with the transitions between the electronic energy levels of certain 

types or functional groups of molecules. UV range extends from 100-400 

nm, of which 100-190 nm range is known as ultraviolet and 190-400 nm is 

known as near ultraviolet. Visible range extends from 400-800 nm. 

The absorption of radiation involves transfer of energy to the medium and 

this process is a specific phenomenon related to the characteristic molecular 

structure [45]. For a given excitation process a molecule absorbs a discrete 

quantity of energy corresponding to only one frequency which should give 

rise to an absorption line. However, since a group of same molecules exist 

in a number of vibrational and rotational energy state corresponding to each 

electronic level, a series of absorption peak or band is obtained. The UV–
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vis absorption spectra of bare Au NPs and small molecule conjugated Au 

NPs dispersed in buffer were monitored by UV-Vis spectrophotometer 

(Perkin Elmer lamba-35). Results are as given in  Fig.6. 

3.3 Scanning Electron microscopy (SEM) 

The SEM is a microscope that uses electrons instead of light to form an 

image. The main components of a typical SEM are electron column, 

scanning system, detector(s), display, vacuum system and electronics 

controls [46]. The electron column of the SEM consists of an electron gun 

and two or more electromagnetic lenses operating in vacuum. The electron 

gun generates free electrons and accelerates these electrons to energies in 

the range 1-40 keV in the SEM. The purpose of the electron lenses is to 

create a small, focused electron probe on the specimen. Most SEMs can 

generate an electron beam at the specimen surface with spot size less than 

10 nm in diameter while still carrying sufficient current to form acceptable 

image. Typically the electron beam is defined by probe diameter (d) in the 

range of 1 nm to 1 µm, probe current (𝑖𝑏) – pA to µA; and probe 

convergence (α) – 10−4 to 10−2 radians [46,47]. 

In order to produce images, the electron beam is focused into a fine probe, 

which is scanned across the surface of the specimen with the help of 

scanning coils. Each point on the specimen that is struck by the accelerated 

electrons emits signal in the form of electromagnetic radiation. Selected 

portions of this radiation, usually secondary (SE) and/or backscattered 

electrons (BSE), are collected by a detector and the resulting signal is 

amplified and displayed on a TV screen or computer monitor. The resulting 

image is generally straightforward to interpret, at least for topographic 

imaging of objects at low magnifications. The electron beam interacts with 

the specimen to depth approximately 1 µm. Complex interactions of the 

beam electrons with the atoms of the specimen produce wide variety of 

radiation. The need of understanding of the process of image formation for 

reliable interpretation of images arises in special situations and mostly in 

the case of high-magnification imaging. In such case knowledge of electron 

optics, beam-specimen interactions, detection, and visualization processes 
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is necessary for successful utilization of the power of the SEM. In this 

study, we investigated Au NPs using Field Emission Scanning Electron 

Microscope (FE-SEM), Supra-55 Zeiss. 
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Chapter 4 

RESULTS AND DISCUSSIONS 

4.1 FTIR measurements and results 

Optical measurements of ligands DUPA, Pteroate and bare silicon substrate 

were carried out using Bruker Tensor 27 FTIR spectrometer with 

wavenumber range 4500-500 cm-1. Figure.4 shows the FTIR spectrum of 

small ligands DUPA, Pteroate and its conjugation on Au NP of size 

dimensions 5 and 100 nm. 
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Figure 4 (a): FTIR spectra of Pteroate 
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Figure 4 (b): FTIR spectra of DUPA 
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Figure 4 (c): FTIR Spectra of 5 nm Au NP conjugated with Pteroate 
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Figure 4 (d): FTIR Spectra of 5 nm Au NP conjugated with DUPA 

4000 3500 3000 2500 2000 1500 1000 500
0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

 

 

T
ra

n
sm

is
si

o
n

wavenumber (cm
-1
)

CH2

O-Si-O

CO

 

Figure 4 (e): FT-IR Spectra of 100 nm Au NP conjugated with Pteroate. 
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Figure 4 (f): FT-IR Spectra of 100 nm Au NP conjugated with DUPA 

 

 

 

 

 

Figure 5 (a): Structure of Pteroate 

 

Figure 5 (b): Structure of DUPA 
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Table 1: Results from FTIR measurement 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is well known that vibrational properties are a manner of structural 

characterization, and a great number of reports present the infrared (IR) and 

Raman spectra covering the mid- IR range, corresponding to modes with a 

fundamental frequency of 350−3500 cm−1[33]. These modes are localized 

in the organic tail-group (R-), allowing one to establish that it remains 

intact; the R-group conformation and ordering may also be deduced from 

the details of such spectra. Unfortunately, this region is notoriously 

insensitive to the structure and bonding in the headgroup region, that is, the 

Au−S bonding network, as well as to the Au−Au modes of the core. 

From the FTIR spectrum presence of functional groups such as NH, CH2, 

CH, CO in ligands are detected. Hence, we confirm about the conjugation 

of ligands onto the Au NPs while studying the spectra of Au NPs 

conjugated with ligands. The thiol group which is active in both IR and 

Raman mode but Raman spectroscopy can produce proper intense peak 

Functional 

group 

Observed peak position 

(c𝑚−1) 

Expected peak position 

(c𝑚−1) 

 Pteroate 

ligand 

DUPA 

ligand 

N-H stretch – 

Amines, 

Amides 

3304 3301 3400-3250 

O-Si-O 803.2 788.8 798 

 

C-H 

 

3223.5, 

3210.4, 

3183.5 

 

3217.4, 

2307.6, 

3183.1 

3217, 3210 (symmetric 

stretches), 3185 

(asymmetric stretch) 

C-O 1400.4 1402.7 1400 (carboxylic acid) 
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compared to the IR spectrometer result. Unfortunately, thiol stretching 

frequency is not obtained from FTIR spectra of this study. In general, for 

thiol detection Raman spectroscopy is the preferred one. 

4.2 UV-Vis measurements and results 

Figure.6 shows the UV-Vis spectra of bare Au NP and its conjugation with 

small ligands DUPA and Pteroate. It is observed that a spectral blue shift 

that depends on the nanoparticle size. As the size of the nanoparticle 

increases, surface plasmon peak position is shifted towards the longer 

wavelength region. In addition to the peak position, shape and width of 

absorbance spectra also depends on the size of nanoparticle. 
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Figure 6 (a): UV-Vis spectra of 5 nm Au NP conjugated with DUPA. 
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Figure 6 (b): UV-Vis spectra of 5 nm Au NP conjugated with Pteroate. 
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Figure 6 (c): UV-Vis spectra of 100 nm Au NP conjugated with DUPA. 
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Figure 6 (e): UV-Vis spectra of 5 nm bare Au NP. 
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Figure 6 (f): UV-Vis spectra of 100 nm bare Au NP. 

From the UV-Vis spectra (Fig.6) it is clear that, resonant wavelength red-

shifts strongly with increasing dimension of core (Au). Red shift observed 

in the resonant peak of coated NPs with respect to the bare NPs, indicates 

the successful conjugation ligand over the surface of Au NPs. For 5nm Au 

NP peak shift is 4.4 ± 0.3 nm, and for 100 nm it is 5.8 ± 0.3 nm. Also, Au 
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NP conjugated with ligands shows larger full width at half maxima 

(FWHM) than bare Au NPs. 

4.3 Fitting of the experimental data with Theoretical model from   Mie 

theory                                                                              
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Figure 7 (a): Theoretical fitting of spectra of Au NP conjugated with 

DUPA using equation (17). Red dotted line represents calculated data. 

Black line represents experimental data. 
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Figure 7 (b): Theoretical fitting of spectra of Au NP conjugated with 

Pteroate using equation (17). Red dotted line represents calculated data. 

Black line represents experimental data. 
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Figure 7 (a) represents the calculated absorbance (dashed line) spectra of 

Au NP conjugated with Pteroate using equation (17). Solid line represents 

experimental spectra. For the calculation of extinction coefficient, the  bulk 

Au dielectric constant (∈∞) is taken as  12.2 and bulk Au plasmon 

wavelength (p) is taken the value 131 nm [40]. In the absorbance versus 

wavelength spectrum, two peaks are observed in which one peak is due to 

the Au NPs and the other one is contributed by the small molecule 

conjugated on the surface of the Au nanoparticle. A good theoretical fit is 

obtained which matches with the experimental data. Fitting parameters 

includes dielectric constant of shell, dielectric constant of medium and 

volume fraction. Value obtained volume fraction from fitting data is used 

for the further calculations for finding thickness of the small molecules 

conjugated with the Au NPs. 

 

Table 2: Extracted parameters from theoretical fits 

Material 

 

Dielectric 

constant of 

shell 

 

Dielectric 

constant of 

medium 

 

Volume fraction 

(dimensionless) 

 

Au NP 

conjugated 

with DUPA 

 

2.13±0.03 

 

2.11±0.02 

 

0.50±0.002 

 

Au NP 

conjugated 

with 

Pteroate 

 

2.14±0.03 

 

2.05±0.02 

 

0.50±0.002 
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Figure 8: Fitting of calculated absorption spectra (dashed red line) of bare 

AuNP with experimental data (black line) using equation (18). 

Figure.8 represents calculated absorption spectra of bare Au NP using 

equation (18).   FWHM value from the fit is 104.06 nm for the bare Au NPs  

For the calculation part Fermi velocity of surface free electrons in bulk Au 

is taken to be VF = 1.9 × 106 ms-1  and the value for bulk Au damping 

constant is taken  

𝛾𝑏𝑢𝑙𝑘 =  1.1×1014 𝐻𝑧 [48]. Core size of the Au NPs thus obtained from 

calculation is 5.3 nm. 

4.4 Calculation of shell thickness 

Volume fraction is a dimensionless quantity which is related to the radius 

of spherical Au NPs and thickness of the shell (small ligand molecules). 

The expression for volume fraction is 

𝑔 =
[(𝑅𝑐𝑜𝑟𝑒 + 𝑅𝑠ℎ𝑒𝑙𝑙)

3 − 𝑅𝑐𝑜𝑟𝑒
3 )]

(𝑅𝑐𝑜𝑟𝑒 + 𝑅𝑠ℎ𝑒𝑙𝑙)3
 

Radius of the spherical nanoparticle can be calculated by obtaining full 

width at half maxima (FWHM) from theoretical fit of the bare Au 

nanoparticle. FWHM (equivalent to the damping constant of oscillations of 

surface plasmons in Au NPs) thus obtained is substituted in equation (19) 

and hence radius of the spherical Au nanoparticle can be estimated. 

Substituting value of 𝑅𝑐𝑜𝑟𝑒 in equation (11) and expanding, we get 
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 𝑅𝑠ℎ𝑒𝑙𝑙
3 + 𝐴 𝑅𝑠ℎ𝑒𝑙𝑙

2 + 𝐵 𝑅𝑠ℎ𝑒𝑙𝑙 + C = 0                                                  

Where A, B and C are constants which depends on the radius of the sphere. 

Above equation is a cubic equation whose solution gives the shell 

thickness. It can be solved by some numerical methods like Bisection 

formula or Newton Raphson formula. 

Table 3: Results from Mie Theory calculations 

Material Dielectric 

constant 

of shell 

Dielectric 

constant of 

medium 

Volume 

fraction 

(dimensionless) 

Size of 

core 

(nm) 

Thickness 

of shell 

(nm) 

Au NP 

conjugated 

with 

Pteroate 

2.14±0.02 

 

2.05±0.02 0.50±0.002 5.3±0.2 1.4±0.21 

Au NP 

conjugated 

with DUPA 

2.11±0.02 2.11±0.02 0.49±0.002 5.3±0.2 1.3±0.21 
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4.5 Final Model 

4.5.1 Model 1 

 

 

 

 

 

 

           Figure 9 (a)                                                             Figure 9 (b) 

Figure 9 represents the schematic diagram of the Au NP-ligand structure. 

Calculated Au NP core size is 5.3 nm with an error bar ±0.2. Theoretically 

predicted thickness of small ligand DUPA around Au NP is 1.3±0.21 and 

corresponding thickness of Pteroate around Au NP is 1.4±0.28 nm. 

Dielectric constant for DUPA and Pteroate are 2.11 and 2.14 respectively 

with in error of 0.034. 

4.5.2 Model 2 

In this model the sample is assumed to be a mixture of Au NP and ligands. 

A combination of equation (18) (for core) and Lorentzian function (for 

ligand dye) has been used for the theoretical fit of UV-Vis data.  

Au + DUPA 

5.3 
nm 

1.4 nm 1.3 nm 

Au + Pteroate 

5.3 
nm 
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Figure 10 (a): UV-Visible spectra of AuNP conjugated with Pteroate. 

Dotted line and solid line are respectively theoretical fitting and 

experimental spectra (model 2).  
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Figure 10 (b): UV-Visible spectra of Au NP conjugated with DUPA. 

Dotted line and solid line are respectively theoretical fitting and 

experimental spectra (model 2).  

It is found that model two result in poor fit compared to model 1. Goodness 

of fit is estimated by calculating reduced Chi square value of fit. 
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4.5.3   Comparison of model 1 and model 2 

In model 1, the Reduced Chi-square value of the systems Au + DUPA and 

Au + Pteroate are 3.4×10−8 and 6.7×10−8 respectively. From the model 2, 

the corresponding values of Reduced Chi-square are 4.84×10−7 and 

5.07×10−7. This confirms the acceptability of model 1 than model 2. 

4.6 Development of general theoretical expression to fit the 

experimental data for the UV-Vis absorption of the metal (Au) 

nanoparticles (corresponding to the plasmon resonance) for 

wide range of particle size (0.02 nm to 4 micron) from general 

form of Mie theory 

According to Mie theory the expression for extinction coefficient for bare 

nanoparticle is expressed as [33] 

𝑄ext =
2 π

x2
∑(2 n + 1) Re (an

2 + bn
2)                                (21) 

The equation (21) is used for simulating extinction spectra of Au NPs 

ranging from 5 to 100 nm in diameter. The mean free path approximation 

did in Mie theory and thus obtained extinction formula (equation 17) is 

applicable only for small particles which satisfies the condition  

 𝑘 . 𝑎 ≪  1 , where 𝒌  is the wave vector and 𝒂 is the diameter of the 

nanoparticle. However, for larger particles which does not satisfies the 

condition 𝑘 . 𝑎 ≪  1, then we adopt for general Mie theory formula. 

 

Figure 11 shows the calculated spectra of the extinction coefficient Qext for 

Au  nanospheres (5, 10, 50, 95,100 and 105 nm). It is observed that, blue 

shift in resonance peak position as the size of the Au NP decreases. 

For the calculation part, the complex refractive index for Au at different 

wavelengths are obtained from reference work [34]. Refractive index 

values at intermediate wavelengths are obtained the interpolation of 

experimental data.  Simulation of the extinction spectra has performed 

using Matlab software. The code for calculating Mie coefficients and 
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extinction coefficient are taken from Christian Matzler [35] and we 

vectorized  code for the simulation. 

  

Figure.11 (a): Wavelength dependence of the imaginary part of complex 

refractive index for Au. 

 

Figure 11 (b): wavelength dependence of the real part of complex 

refractive index for Au. 
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Complex refractive index of Au  

Size parameter 

𝒙 =  
𝟐 𝝅 𝒓

𝝀
   

Number of terms in Mie series 

𝒏𝒎𝒂𝒙 = 𝒙 + 𝟒 𝒙
𝟏

𝟑 + 2                             

Mie coefficients 

𝐚𝐧 𝐚𝐧𝐝 𝐛𝐧 

Extinction coefficient 

𝐐𝐞𝐱𝐭 =
𝟐 𝛑

𝐱𝟐
∑(𝟐 𝐧 + 𝟏) 𝐑𝐞 (𝐚𝐧

𝟐 + 𝐛𝐧
𝟐) 

Input 

Figure 12: Schematic representation; steps for calculating 

Extinction coefficient from Lorentz-Mie theory 
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Figure 13: Calculated extinction efficiency (Qext) in dependence of 𝜆 for 

particle diameters of 5, 10, 50, 95,100,105 (from bottom to top). 

 

 

Figure.14: Comparison of experimental absorption spectra (solid lines) of 

bare Au NP with predictions of the Mie theory (dotted lines). 

Diameter of Au NP calculated from theoretical fit is 100±0.8 nm. 
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Figure.15: Comparison of experimental absorption spectra (solid lines) of 

bare Au NP with predictions of the Mie theory (dotted lines). 

Diameter of Au NP calculated from theoretical fitting is 5±0.4 nm 

Figure.13 shows calculated extinction efficiency (Qext) in dependence 

of 𝜆 for particle diameters of 5, 10, 50, 95,100,105 (from bottom to 

top).The spectrum indicates that as the size of the particle Figure 14 and 15 

shows the comparison of calculated extinction coefficient with 

experimental data using general formula for Mie theory for bare Au NP of 

diameter 100 nm and Bare 5 nm respectively. Good agreement between the 

theoretical data with the experimental data shows that general formula for 

Mie theory holds well for nanoparticle diameter ranging from 5 to 100 nm. 
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Figure 16: SEM image of Au NP sample. Diameter is found to be 103 nm. 

Table 4: Results from Mie Theory calculations 

 

 

 

 

 

 

 

 

 

 

 

 

 

Diameter of the Au NP 

(nm)  

Surface Plasmon 

Resonance position 

(nm) 

5 519      FWHM: 69 nm 

10 521      FWHM: 52 nm 

15 522      FWHM: 48 nm 

45 544 

50 546 

55 549 

95 571 

100 574 

105 577  
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Table.4 shows results obtained from general form of Mie theory. It is found 

that as particle size decreases the  peak resonance peak position is shifted 

towards lower wavelength region. This phenomena of shifting of resonance 

position called  blue shift is attributed from quantum confinement effect of 

free electrons present in the metal [14]. For the   particle size below  the 

mean free path length of metals (for Au = 45 nm) ; plasmon width increases 

with decrease in size (inversely proportional). These results are shown in 

table.4.  
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Chapter 5 

Summary conclusion and scope for future work 

5.1 Summary and conclusion  

We have shown that Mie theory can provide an excellent method for 

studying the behavior of scattered light. Using strictly defined limitations 

basic Mie theory can be used to model scattering of an evanescent wave by 

a spherical particle. With Drude’s approximation in complex dielectric 

function for the metal nanoparticle Mie theory get simplified and is applied 

to relatively small NPs [34]. From the theoretical fit, shell thickness, 

Dielectric constant for shell (DUPA and Pteroate) and medium are 

calculated. Using expanded version of Mie theory size of the core structure 

is calculated which agrees with the SEM results. Since Drude 

approximation is not valid for particles having larger size in general above 

45 nm (mean free path at room temperature) we adapted general form of 

the Mie theory for the size calculation of Au NP. The general form of Mie 

theory can also be applied for particles with dimension below characteristic 

size of the metal NP. 

Conjugation of small molecules DUPA and Pteroate on to the Au NP are 

confirmed by studying FTIR spectra of the conjugated system. 

Unfortunately, thiol stretching frequency is not found in the FTIR spectra 

of the sample. 

MATLAB software was used for simulating extinction spectra of Au NPs . 

Simulated spectra shows that as the particle size decreases blue shift in the 

resonance peak position is observed. This blue shift is attributed by 

Quantum confinement phenomena. 

5.2 Plan for future work 

• We have Au NP conjugated with ligands DUPA and Pteroate with 

core size 100 nm for which thickness of the ligand has to be 

calculated. General form of Mie theory can be applied to this 

system for investigating thickness of ligand attached with the core. 
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•  FTIR spectrum shows no characteristic frequency for thiol stretch. 

Study of sample using Raman spectra can give visible intense peak 

for thiol stretch. 

• Mie theory can also be extended for studying band gap energy of 

metal NPs, cluster effects and determining the concentration of 

sample.  

• Study of temperature and PH effects on the surface plasmon 

resonance of the Au-ligand core-shell structure is inevitable for the 

real life application of the samples. 

• In our Mie theory calculations the only parameter which varies   for 

different metals is their respective refractive index relative to the 

medium refractive index. Therefore with known refractive indices 

our calculation methodology can be applied to other free electron 

metals like Silver and Copper. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



45 
 

References 

[1] C.N.R. Rao, A.K. Cheetham, Science and technology of 

nanomaterials: current status and future prospects, J. Mater. Chem. 11 

(2001) 2887–2894. doi:10.1039/B105058N. 

[2] J. Hu, T.W. Odom, C.M. Lieber, Chemistry and Physics in One 

Dimension:  Synthesis and Properties of Nanowires and Nanotubes, 

Acc. Chem. Res. 32 (1999) 435–445. doi:10.1021/ar9700365. 

[3] K.L. Aillon, Y. Xie, N. El-Gendy, C.J. Berkland, M.L. Forrest, Effects 

of nanomaterial physicochemical properties on in vivo toxicity, Adv. 

Drug Deliv. Rev. 61 (2009) 457–466. doi:10.1016/j.addr.2009.03.010. 

[4] M.M. Alvarez, J.T. Khoury, T.G. Schaaff, M.N. Shafigullin, I. 

Vezmar, R.L. Whetten, Optical Absorption Spectra of Nanocrystal 

Gold Molecules, J. Phys. Chem. B. 101 (1997) 3706–3712. 

doi:10.1021/jp962922n. 

[5] V.V. Pokropivny, V.V. Skorokhod, Classification of nanostructures 

by dimensionality and concept of surface forms engineering in 

nanomaterial science, Mater. Sci. Eng. C. 27 (2007) 990–993. 

doi:10.1016/j.msec.2006.09.023.  

[6] A. Puzder, A.J. Williamson, F.A. Reboredo, G. Galli, Structural 

Stability and Optical Properties of Nanomaterials with Reconstructed 

Surfaces, Phys. Rev. Lett. 91 (2003) 157405. 

doi:10.1103/PhysRevLett.91.157405. 

[7] S. Cuenot, C. Frétigny, S. Demoustier-Champagne, B. Nysten, 

Surface tension effect on the mechanical properties of nanomaterials 

measured by atomic force microscopy, Phys. Rev. B. 69 (2004) 

165410. doi:10.1103/PhysRevB.69.165410. 

[8] D. Aldakov, F. Chandezon, R.D. Bettignies, M. Firon, P. Reiss, A. 

Pron, Hybrid organic-inorganic nanomaterials: ligand effects Eur. 

Phys. J. - Appl. Phys. 36 (2006) 261–265. doi:10.1051/epjap:2006144. 

[9] M.M. Rahman, A.J.S. Ahammad, J.-H. Jin, S.J. Ahn, J.-J. Lee, A 

Comprehensive Review of Glucose Biosensors Based on 

Nanostructured Metal-Oxides, Sensors. 10 (2010) 4855–4886. 

doi:10.3390/s100504855. 

[10] C. Jianrong, M. Yuqing, H. Nongyue, W. Xiaohua, L. Sijiao, 

Nanotechnology and biosensors, Biotechnol. Adv. 22 (2004) 505–518. 

doi:10.1016/j.biotechadv.2004.03.004. 

[11] S.D. Brown, P. Nativo, J.-A. Smith, D. Stirling, P.R. Edwards, B. 

Venugopal, D.J. Flint, J.A. Plumb, D. Graham, N.J. Wheate, Gold 

Nanoparticles for the Improved Anticancer Drug Delivery of the 

Active Component of Oxaliplatin, J. Am. Chem. Soc. 132 (2010) 

4678–4684. doi:10.1021/ja908117a. 

[12] M.-C. Bourg, A. Badia, R.B. Lennox, Gold−Sulfur Bonding in 2D and 

3D Self-Assembled Monolayers:  XPS Characterization, J. Phys. 

Chem. B. 104 (2000) 6562–6567. doi:10.1021/jp9935337. 

[13] V.V. Pokropivny, V.V. Skorokhod, Classification of nanostructures 

by dimensionality and concept of surface forms engineering in 

nanomaterial science, Mater. Sci. Eng. C. 27 (2007) 990–993. 

doi:10.1016/j.msec.2006.09.023. 



46 
 

[14] M.F. Crommie, C.P. Lutz, D.M. Eigler, Confinement of Electrons to 

Quantum Corrals on a Metal Surface, Science. 262 (1993) 218–220. 

doi:10.1073/pnas.0601755103. 

[15] I. Chowdhury, R. Prasher, K. Lofgreen, G. Chrysler, S. Narasimhan, 

R. Mahajan, D. Koester, R. Alley, R. Venkatasubramanian, On-chip 

cooling by superlattice-based thin-film thermoelectrics, Nat. 

Nanotechnol. 4 (2009) 235–238. doi:10.1038/nnano.2008.417. 

[16] S. Wu, Y. Du, S. Sun, Transition metal dichalcogenide based 

nanomaterials for rechargeable batteries, Chem. Eng. J. 307 (2017) 

189–207. doi:10.1016/j.cej.2016.08.044. 

[17] R.A. Vaia, H. Ishii, E.P. Giannelis, Synthesis and properties of two-

dimensional nanostructures by direct intercalation of polymer melts in 

layered silicates, Chem. Mater. 5 (1993) 1694–1696. 

doi:10.1021/cm00036a004. 

[18] D. Wu, L. Wu, M. Zhang, Y. Zhao, Viscoelasticity and thermal 

stability of polylactide composites with various functionalized carbon 

nanotubes, Polym. Degrad. Stab. 93 (2008) 1577–1584. 

doi:10.1016/j.polymdegradstab.2008.05.001. 

[19] L.C. Palmer, S.I. Stupp, Molecular Self-Assembly into One-

Dimensional Nanostructures, Acc. Chem. Res. 41 (2008) 1674–1684. 

doi:10.1021/ar8000926. 

[20] D. Loss, D.P. DiVincenzo, Quantum computation with quantum dots, 

Phys. Rev. A. 57 (1998) 120–126. doi:10.1103/PhysRevA.57.120. 

[21] C. Jianrong, M. Yuqing, H. Nongyue, W. Xiaohua, L. Sijiao, 

Nanotechnology and biosensors, Biotechnol. Adv. 22 (2004) 505–518. 

doi:10.1016/j.biotechadv.2004.03.004 

 [22] S. Zeng, X. Yu, W.-C. Law, Y. Zhang, R. Hu, X.-Q. Dinh, H.-P. Ho, 

K.-T. Yong, Size dependence of Au NP-enhanced surface plasmon 

resonance based on differential phase measurement, Sens. Actuators B 

Chem. 176 (2013) 1128–1133. doi:10.1016/j.snb.2012.09.073. 

[23] C.E. Rowland, C.W. Brown, J.B. Delehanty, I.L. Medintz, 

Nanomaterial-based sensors for the detection of biological threat 

agents, Mater. Today. 19 (2016) 464–477. 

doi:10.1016/j.mattod.2016.02.018. 

[24] Y. Zhang, Q. Wei, The role of nanomaterials in electroanalytical 

biosensors: A mini review, J. Electroanal. Chem. 781 (2016) 401–409. 

doi:10.1016/j.jelechem.2016.09.011. 

[25] K.-H. Lin, A. Strachan, Thermal transport in SiGe superlattice thin 

films and nanowires: Effects of specimen and periodic lengths, Phys. 

Rev. B. 87 (2013) 115302. doi:10.1103/PhysRevB.87.115302. 

[26] P.D. Wagner, M. Verma, S. Srivastava, Challenges for Biomarkers in 

Cancer Detection, Ann. N. Y. Acad. Sci. 1022 (2004) 9–16. 

doi:10.1196/annals.1318.003. 

[27] A. Gharatape, R. Salehi, Recent progress in theranostic applications of 

hybrid gold nanoparticles, Eur. J. Med. Chem. (n.d.). 

doi:10.1016/j.ejmech.2017.06.034. 

[28]  S. Cuenot, C. Frétigny, S. Demoustier-Champagne, B. Nysten, 

Surface tension effect on the mechanical properties of nanomaterials 

measured by atomic force microscopy, Phys. Rev. B. 69 (2004) 

165410. doi:10.1103/PhysRevB.69.165410. 



47 
 

 

[29] O.C. Farokhzad, J. Cheng, B.A. Teply, I. Sherifi, S. Jon, P.W. 

Kantoff, J.P. Richie, R. Langer, Targeted nanoparticle-aptamer 

bioconjugates for cancer chemotherapy in vivo, Proc. Natl. Acad. Sci. 

103 (2006) 6315–6320. doi:10.1073/pnas.0601755103. 

[30] J. Santhoshkumar, S. Rajeshkumar, S. Venkat Kumar, Phyto-assisted 

synthesis, characterization and applications of gold nanoparticles – A 

review, Biochem. Biophys. Rep. 11 (2017) 46–57. 

doi:10.1016/j.bbrep.2017.06.004. 

[31] S. Roy, An insight of binding interaction between Tryptophan, 

Tyrosine and Phenylalanine separately with green gold nanoparticles 

by fluorescence quenching method, Opt. - Int. J. Light Electron Opt. 

138 (2017) 280–288. doi:10.1016/j.ijleo.2017.03.057. 

[32] G.C Cho, T. H.. Bakker, Dekorsy, Generation and Relaxation of 

Coherent Majority Plasmons, Phys. Rev. Lett. 77 (1996) 4062-4066, 

doi: https://doi.org/10.1103/PhysRevLett.77.4062 

 

 [33] C.F. Bohren, D.R. Huffman, Absorption and Scattering of Light by 

Small Particles,(1983), Wiley New York, pp. 120-123. ISBN: 
9783527618156 

[34] A. Derkachova, K. Kolwas, Size dependence of multipolar plasmon 

resonance frequencies and damping rates in simple metal spherical 

nanoparticles, Eur. Phys. J. Spec. Top. 144 (2007) 93–99. 

doi:10.1140/epjst/e2007-00112-1. 

[35] X. Li, L. Xie, X. Zheng, The comparison between the Mie theory and 

the Rayleigh approximation to calculate the EM scattering by partially 

charged sand, J. Quant. Spectrosc. Radiat. Transf. 113 (2012) 251–

258. doi:10.1016/j.jqsrt.2011.09.020. 

[36] Y. Harada, T. Asakura, Radiation forces on a dielectric sphere in the 

Rayleigh scattering regime, Opt. Commun. 124 (1996) 529–541. 

doi:10.1016/0030-4018(95)00753-9. 

[37] X. Jia, J. Shen, H. Yu, Calculation of generalized Lorenz-Mie theory 

based on the localized beam models, J. Quant. Spectrosc. Radiat. 

Transf. 195 (2017) 44–54. doi:10.1016/j.jqsrt.2016.10.021. 

[38] X.-D. Wang, Z.-X. Cui, H.-J. Zhang, X. Zheng, B. Chen, Z.-S. Wang, 

A new proof of Mie effect in light scattering, Opt. - Int. J. Light 

Electron Opt. 124 (2013) 6194–6196. doi:10.1016/j.ijleo.2013.06.001. 

[39] H. Suzuki, I.-Y. Sandy Lee, Mie scattering field inside and near a 

coated sphere: Computation and biomedical applications, J. Quant. 

Spectrosc. Radiat. Transf. 126 (2013) 56–60. 

doi:10.1016/j.jqsrt.2012.09.006. 

[40] P. Mulvaney, Surface Plasmon Spectroscopy of Nanosized Metal 

Particles, Langmuir. 12 (1996) 788–800. doi:10.1021/la9502711. 

[41] P.K Jain, K. Seok,E. Sayed, Calculated Absorption and Scattering 

Properties of Gold Nanoparticles of Different Size, Shape, and 

Composition:  Applications in Biological Imaging and Biomedicine, 

The Journal of Physical Chemistry B, 14 (2006)7238-7248, doi: 
10.1021/jp057170o  

[42] M.A. Mohamed, J. Jaafar, A.F. Ismail, M.H.D. Othman, M.A. 

Rahman, Chapter 1 - Fourier Transform Infrared (FTIR) 



48 
 

Spectroscopy, in: Membr. Charact., Elsevier, 2017: pp. 3–29. 

doi:10.1016/B978-0-444-63776-5.00001-2. 

[43] H. Martin Garraffo, L. D. Simon, J. W. Daly, T. F. Spande, T. H. 

Jones, Cis- and trans-configurations of α,α′-disubstituted piperidines 

and pyrrolidines by GC-FTIR; application to decahydroquinoline 

stereochemistry, Tetrahedron. 50 (1994) 11329–11338. 

doi:10.1016/S0040-4020(01)89276-0. 

[44] A. Bendini, L. Cerretani, Preliminary evaluation of the application of 

the ftir spectroscopy to control the geographic origin and quality of 

virgin olive oils, journal of Food Quality, 30 (2007), 424-437, doi: 

10.1111/j.1745-4557.2007.00132.X  

 [45] E. Peintler-Kriván, P.S. Tóth, C. Visy, Combination of in situ UV–

Vis-NIR spectro-electrochemical and a.c. impedance measurements: 

A new, effective technique for studying the redox transformation of 

conducting electroactive materials, Electrochem. Commun. 11 (2009) 

1947–1950. doi:10.1016/j.elecom.2009.08.025. 

[46] Lee, R. Edward, Scanning electron microscopy and X-ray analysis, 

(1993) PTR Prentice Hall, ISBN: 0138137595 

[47] C.W. Oatley, W.C. Nixon, R.F.W. Pease, Scanning Electron 

Microscopy, Adv. Electron. Electron Phys. 21 (1966) 181–247. 

doi:10.1016/S0065-2539(08)61010-0. 

[48] P.B. Johnson, R.W. Christy, Optical Constants of the Noble Metals, 

Phys. Rev. B. 6 (1972) 4370–4379. doi:10.1103/PhysRevB.6.4370. 

 

 

 

 

 

 


